|l nterplay of Proton Transf et
ProtConpled El ectron Transfe
MetMddi &t edogen Fi xation

Thesis by
Benjamin David Matson

In PartialFulfillment of the Requirements for
the degree of

Doctor of Philosophy

Caltech

CALIFORNIA INSTITUTE OF TECHNOLOGY

Pasadena, California

2018
(Defended Februar§", 2019



a 2018

Benjamin David Matson



ACKNOWLEDGEMENTS '

My time here at Caltech has been one of the most challenging yet rewarding periods
of my life and there are so many people who have supported me on this journey. First off, |
need to thank my advisor, Jonas, for ngkme into his lab and allowing me to grow as a
scientist. Jonas gave me the freedom to research new areas for our group and allowed me to
really identify the types of chemistry | was truly passionate about. While the road has not

always been smooth, Jonaas there to redirect me and get me to where | am today.

Next | 6d nrhyicdwerketsmtheé Ret@ra lkb. Several students in front of me,
John Anderson, Jon Rittle, Sid Creutz, and Dan Suess, paved the way forcttemistry
that has defined myhesis. During my time here, | have had the distinct pleasure of
collaborating with many great chemists and friends. Most notably, Matthew Chalkley,
Trevor Del Castillo and | have had the pleasure of working on several fruitful projects. They
are truly exeptional chemists whose experimental experéseguided me greatly along my
Ph.D. In addition to Bichemistry, | have had the opportunity to work on denitrification
chemistry with Tanvi Ratani. Tanvi provided numerous experimental breakthroughs really
took a difficult project to the next level and | am happy to have played a (small) part in that.
In addition to scientific breakthroughs, Matt, Tanvi, Gaél Ung and Miles Johnson have
pl ayed an invaluable role in oOtempedmor al ed

through many bad days in the lab and has kept to grounded and focused.

Outside the lab, | have had the chance to do amazing things with truly great people.

Paul Walton, Jenna Bush, Noah Duffy, Josh Buss, Mark Nesbit and Kareem Hannoun have



\Y
joined me on many hiking and backpacking trips to see some of the raosfub@laces

in the country and have been amazing friends all along the way. Paul, Mart;, aind Beau

Prichett alsgrovided a great outlet in the form of our band, The 818s. Regulascribed

as fna participanto in some | ocal festival
rewarding and tons of fun. To make up for the nerdys of playing in a band, | have also

had the chance to make great friends while playing Dungeonsragdr3 at Caltech. Matt

Davis, Richard Mossesso, Elizabeth Bernhardt, Nick Cowper, Noah and Trevor have made

this quintessentially geeky garore of the most fun experiences of my time at Caltech.

Finally, | would like to thank my family for their incredésupport over the last 5
years. My parents and my sister, Jennifer, have always been there for me during this time.
Their humor and | ove has kept me going thr
through over the years. | also want to thank mandma who, unfortunately, did not get to
see me make it all the way through my Ph.D. She was always so proud of me and provided
constant support over the years. all my family and friends, | thank them for sticking by
my through the years. Even when &asvpreoccupied, too busy to keep in touch or just
grumpy, they have always been by my sidamltruly lucky to be surroundday so many

wonderful people.



ABSTRACT

Mitigation of the hydrogen evolution reaction (HER) is a key challengelettive
small molecule reduction catalysiacluding thenitrogen () reduction reactions (IRR)
using H/e currency. Here we explore, via DFT calculations, three iron model systéims, P
(E = B, Si, C), known to mediate bot,RR and HER, but with ifferent selectivity
depending on the identity of the auxiliary ligand. It is shown that the respective efficiencies
of these systems for.RR trend with the predictediM bonds strengths of two putative
hydrazido intermediates of the proposed catalytidegyREFe(NNH)" and REFe(NNH).
Bimolecular protorcoupled electron transfer (PCET) from intermediates with weadk N
bonds is posited as a major source pindtead of more traditional scenarios that proceed

via metal hydride intermediates and prot@msfer/electron transfer (PT/ET) pathways.

Studieson our most efficient molecular iron catalysts3Pe]", reveal that the
interaction of acid and reductant, G@b, is critical to achieve high efficiency for NH
leading to the demonstration of eledatalytic NRR. Stoichiometric reactivity shows that
Cp*2Co is required to observe productiveHNbond formation with anilinium triflate acids
under catalytic conditions. A study of substituted anilinium triflate acids demonstrates a
strong correlation leeen (Ko and the efficiency for Nk} which DFT studies attribute to
the kinetics and thermodynamics of @pbd protonation. These results contribute to the
growing body of evidence suggesting that metallocenes should be considered as more than
singleelectron transfer reagents in the pretmupled reduction of small molecule substrates
and that ringfunctionalized metallocenes, believed to be intermediates on the background

HER pathway, can play a critical role in productive bémthing steps.



Vi

PUBLISHED CONTENT AND CONTRIBUTIONS

1. Matson, B. D.; Peters, J. Gemediated HER vs MRR: Factors that Determine
Selectivity in BfFe(N) (E = B, Si, C) CatalysModel SystemsACS Catalysi2018 8,
14481455 https://pubs.acs.org/doi/abs/10.1021/acscatal. 7b03068

| performed all calculations and wrote the manuscript for this work.

2. Chalkley, M. J.; Del Castillo, T. J.; Matson, B. D.; Roddy, J. P.; Peters,Chat@lytic
N2-to-NHz Conversion by Fe at Lower Driving Force: A Proposed Role for Metallecene
Mediated PCET ACS Central Science 2017, 3, 217223.
http://pubs.acs.org/doi/full/10.1021/acscentsci.7b00014

| performed all calculations, assisted in the analysis of catalytic and spectroscqmodiata

wrote portions of this manuscript



Vii

TABLE OF CONTENTS
ACKNOWIEAGEIMENTS. ...ttt e e et e e e e e aeeeeas 1L,
AD ST T @CT €€ it e———————— v
Published Content and ContribULIONS.............uiiiiieiiee e e Vi
Table OfCONENIE € € € . . e Vii
Detailed Table of CONENTS.........cooiiiieeeece e e e e e e e e Vi
LISt Of FIQUIBS. ...ttt ettt e e et e e e e e e e e e e mmme s e e Xiii
IS 00 1= ] [ USRS XVii
LiSt Of ADDIeVIAIONS. ......icceeeeeeiiiiiii ettt e e e e e e e e e e e eeeee e e e e e eennaaaeeeeenees XX
Chapter 1. INtrOQUCTION. .......ceiiiiiieie et mmmmne e e e e e e e 1

Chapter 2. Fenediated HER vs PRR: Factors that Determine Selectivity isFPe(N)
(E =B, Si, C) Catalyst Model SySta8m.........ccc.uuvrimiiiiiiiiiiiiiieeeeeene e 14

Chapter 3. Catalytic Nto-NHz Conversion by Fe at Lower Driving Force: A PropBsgde
for MetalloceneMediated PCET.............ooooiiiiiiiiiiieee e 43

Chapter 4. FéMediated Nitrogen Fixation with a Metallocene Mediator: Explorikg p

Appendix 1.Supplementary Data for Chapter 2............coeiiiiiiiiiiis 100

Appendix2Suppl ement ary Data four..Chapt.erll3eeécée

Appendi x 3. Supplementary DéataeéeéereéChapter



viii

DETAILED TABLE OF CONTENTS

Chapter 1. INtrOAUCTION .......oeiiiiiiieiee ettt e e e aeennnee s 1
1.1.0peNING REMAIKS......ooiiiiiiiiiiiieeeee i e 2
1.2 N2RR Using Soluble Transition Metal Catalysts...............ccccvvvimmmeeeeeeenns 5
1.3 Selectivity for NRR VS HER.........iiiiiiiiiiiiiiiiiieecee sttt 7
1.4. ProtorrCoupled Electron Transfer ingRR...........cooviiiiiiiimm v 9

1.5. Method for Predicting-HH Bonds Strengths éUéildg DFTEé

1. 6. Conclusionséééeéeécéeéececeécecerieece.

1.5 Cited REIEIENCES. ... et 12

Chapter 2. Fenediated HER vs PRR: Factors that Determine Selectivity isFPe(N)

(E = B, Si, C) Catalyst Model Systems.......ccccccuuiriiiiiiiiiiiiiiiineee 14
2.1 INTFOAUCTION ...t 15
2.2. Computationadlethods. ... 17
2.3 RESUILS ANd DiSCUSSION.......cuiiiiiiiiiiiiieeeeeeee e 19

2.3.1.DFT Support for Slow FBrotonation and Fé&xHy Formation......21

2.3.2 Calculation of BDFk.+ Values for FéNxHy Intermediates.......... 24
2.3.3.Calculated Reduction Kinetics offFe(NNH)*..........ccccvvneee.e. 27
2.3.4 Calculated PCET Reactions............cccccuviiiiiiiieeeeeeemeee e 29



2.3 CONCIUSIONS. .. e e eaam s 37

S T 2 C] (=] (=] A [0S TR 38

Chapter 3Catalytic N-to-NH3z Conversion by Fe at Lower Diing Force: A Proposed

Role forMetalloceneMediated PCET ..., 43.
B INETOAUCTION .t e et e e e eae e e e 44
3.2, RESUIS. .o e AD

3.2.1. Catalysis Using [P3BFe][BAt, Cp*2Co and [RNH-n)][OTf] .....46
3.2.2. Fe Speciation Under Turnover Conditions...................commmmmne:49

3.2.3. DFT Predictedfp6 s and BDFEs. . . . .....b5bl

3.3 DI CUSSION. ..ttt e ey —— 55
B4, CONCIUSIONS. ..o e e e e r e e 56
R 2 LC] (=] (=] A 611 TR T T TR 57

Chapter 4Chapter 4. FdMediated Nitrogen Fixabin with a Metallocene Mediator:

"""""

"""""""""""

4 . 1. I ntroductionéééeéeééeecécéececéecépleeeecece

,,,,,,,,,,,

4 . 2. Results and Discussionééeéeééérncéeéeececeée

"""""""""""

"""

4. 2.2. Computational Studieseée@éececécée
4. 2.2. Electrolysis Studiesééécéeecécéé

,,,,,,,,,,,,,,,,,,,,,

4 . 3. Conclusionéééeecééeececéeceeececeeggxreeece.



X

4. 4. Ref érerpcesé&€&ccecééecceceéeée. ee92.

Chapter5 Predicting BDFE Values Using BFTeéeeééeéec:
5.1. Introductionéééécééecééecéecéenoeeéeceéecee
5.2. Calibration of GaPhase BDFEKVal ues éée éee&@&é&ée é . é91

5.3. Solution Phase BDEEVal ues ééééééééeéee&aé . .69

5.4. Transition Metal Bound BDRIg Values é ¢ ¢ é é ¢ é é éé . . . @7é .

5. 5. Concl usé ddhs&ceececaecceéeée. eéé .98

5. 6. References@ééececcececeec éeé. é.é6¢é98
Appendix 1.Supplementary Dataf@hapter 2. e 100

Al. 1. General Computational DEetéadi0l séééé

111111111

Al2.FeH Bond Formati onéééécéééééééén?
Al. 3. BDFE Calcul ationsééécéeéeceeecrwwaeececece
Al.4. Approximation of FFe(NNH) Radi us é é é é é é.£ é é184

Al.5. Calcul ated Reorgani zatiom.1B:iergi e

,,,,,,,,,,,,,,

,,,,,,

Al. 7. Summary of Wiberg Indices&d@écéceceé
Al.8. Comparison of Calculated t12 Known

Al. 9. Referenceseéeéceeeéep.éeetéee é ebéeet e 813,

Appendix 2.Supplementary Data for Chap@r............cevvviiiiiiiiieieeeeeeeee e 115



A2.1. Experimental Details............ooeeeeeiiiiiiiiiiiiieeeee 116
A2.1.1. General ConSIderations...........coueeeeeeeeeeeeeeeeaeeaeaannnnnneens 116
A2.1.2. Physical Methods............cccuiiiiiiccceemeeeeeeeeeeeee e 116
A2.1.3. Mossbauer SpectroSCOPY...........cocccceemeuiiiiiiiiiiiiieieeeeee e 117
A2.1.4. Ammonia and Hydrazine Quantification............................ 117
A2.1.5. EPR SPECIISCOPY........mummmmmeeiaaaieeeeeeeeeeiieeeeesanniiiniaa s 119
A2.1.6. Computational Methods.........cceeeiviiieiiiiiiiii 119

A2.2. SYNNELIC DELAIIS........cceeiiiiiii i s 120
A2.2.1. General Procedure for the 8ess of the Acids........cce........ 120

A2.3. Ammonia Production and Quantification StudieS..............ccceeeeeen. 120
A2.3.1. Standard NkiGeneration Redion Procedure.............ccc....... 120
A2.3.2. Amnonia Production Studies with [PANH2][OTH]................. 123

A2.4. NHs Generation Reaction With Periodic Stitate Reloading................ 124

A2.5. TimeResolved HQuantification of Background Acid and CGitZo......... 125

A2.6. MOSSDAUET SPECIIA. ... ceeaciiiiieeeee et 126
A2.6.1. RapidFreeze Mossbauer ofHFe............ccoeeveeeeeieceenne, 126
A2.6.2. RapidFreeze Mossbauer of#Fe" and Reductant................. 127
A2.6.3. Details of Individual RFQ Mossbaugpectra.................ceeu... 130

A2.7. EPR SPCIA.....coiiiiiiiiiiiie e et 136

A2.7.1. Preparation of RapiereezeQuench EPR ofatalytic Mixture136
A2.7.2. Preparation ohe Reaction of #Fe" with Reductant............. 137

A2.7.3. Preparation of Cp€o, PBFe" and BBFe(N:) Samples...........138



Xii

A2.8. Details on DFT Estimates oKpand BDEH.........cccuvvvivimiiiiiiiiiiiieeeen. 143

A2.8.1. Computational Estimate dkpin ELO...........cceevvvivviiieennnnnnn. 143

A2.8.2. Computational Estimates of BRE.........cccccoevciiiiiiieniennnnnnn, 143

A2.9. REIEIENCES. ...t e e e e e e 146

Appendix 3 Supplementary Data for Chapter.4d...........cccoooiiiiiiiiiiiieeeen e 157
A3.1. Experimental Detail seéeéeéeéldecéccéce
A3.1.1. General Considerationld9%écecécée

A3.1.2. Gas Chromotogéeapbdg écecédBEecéé

/////

A3.1.3. Mossbauer Spectroscoplpeééceé
A3.14. Ammonia Quantificationéé®leéééecéeé

,,,,,,

A3.1.5. Computational MethodslBleéeeécéée
A3.2. Synthetic Detail séééeéécéeclbreécecéé
A3.2.1. General Procedure forl52 he Syt
A3.3. Ammonia Generation Detail sle¥eééecée
A3.3.1.StandardNkGener at i oné Pédbeceda.r .eEs.
A34HMoni toring Detail séééééeéééceééeEbbeceécecéc
A3.4. 1. Standard Background R&mction
A3.42.HBEvol uti on Ki net iécésétecééecécéd. asd

,,,,

A3. 5. Mossbauer Spectroscopyééeeclexrececeé

A3. 6. EPR Spectroscopyeéeeéeééééecceléleee. . é



Xiii
A3.6.1. General Procedueéeé. f @el6élEPR Sp

A3. 6. 2. Comment of Stoichi omel62 i ¢ Re

A3.7.Acid Quenchof PFeN;é é 6 6 6 6 é 6 6 é 6 ééé. . é éé #65.

A3.

A3.

A3.

A3.7.1. Standard Acid Quench 15 ocedul

A3.8.2. Procedure for Measuring Solubility 8FF'PhNH] [ OT] 467. . é

9. Controlled Potential Electle® | ysi s
10. ComputatioBhnabébDétackééceeélds
A3.10.1 Calculation of Acid Di74soci at
A3.10.2. Determination of PT,17£T and

A3.10. 3. BDFE Cal cul ati onséeécélg7eééécéé

A3.11.XRay Photoel ectro Spectroscoplg0 Det ai |

,,,,,,,,,,,,,,,,,

/////////////////

ReferencesééééééeécéeéeéeeeececerBecee. . é



Xiv

LIST OF FIGURES

Chapter 1. INtrOQUCTION. .......coiiiiiiiee e e 1..

Figure1.JFe Moco and BiologicalédNéééd@g.88naseceeée

///////////

////////////

Figure 1.3. OverviewoffFe Cat al yzed HERéé é ¢ éégeéé¢ééé

Figure 1.4. PropoéGMetBeéaéeeaéeééots Cp* Co

Chapter 2. Fenediated HER vs PRR: Factors that Determine Selectivity isFPe(No)

(E =B, Si, C) Catalyst Model Systems............cceuvvvveeerrcmmmmmmnmeceeeeeeeeeen. 14
Figure 2.1 Schematic Depiction of MR/HERIron Catalysts Studied............. 16
Figure 2.2Formation of BEFE(NNHFL) ........ceovimeeeeeee e 20
Figure 2.3BDFEn.1 Values of Selected Fe(Ny) Species............ccccvvvrrrrrrennne. 26

Figure 2.4Calculated Fre&nergy Changes for Selected PCET Reactions.30
Figure 2.5 Mechanistic Overview for lRR andHER..............cccccoiieiinn 32

Figure 2.6. Wiberg Bond Indices for F&fy) Species...........uuvvvvviiiiiiineannnnnn. 37..

Chapter 3. Catalytic Nto-NH3z Conversion by Fe dtower Driving Force: A Proposed
Role for MetallocendVediated PCET............oooiiiiiiiiiiiiiiiieeeeeeeee e 43

Figure 3.1. Summanyf conditions used fd¥>-to-NH3 conversion by $Fe'.......45

Figure 3.2. Mdssbauer of a freeqeenched catalytic reaction.............cc........ 51

Figure 3.3. Calculated fremnergy changes for the protonation of &Jx.......... 53



XV

Chapterd. Chapter 4. Fdlediated Nitrogen Fixation with a Metallocene Mediator:
ExploringKaEf f ect s and Demonstrati ng63El ectr

,,,,,,

Figure 4.1ElectronEfficienciesfor BPBF e and Nit 66§ én a H5& € é .
Figure 4.2 Kinetics and Thermodynamicsof G&0 Pr ot onat i Gh ééé é é
Figure 4.3Kinetics and Thermodynamics offFe(NNH) For mat i @51 é é .

,,,,,,,,,,,,

Figure4.4CyclicVolta mmogr ams ééééeééeéeééeée. emeéeeeé.

Chapter 5. Predicting BDFE Values U89 ng DF"
Figure 5.1. Plots of BDRlaicvs BDFE: forKnownGasPhas e Val u@sééeéé.

Figure 5.2. Normal PbabiltyPld s f or Errors i@ém™abl e 5.

Appendix1Suppl ement ary Data for Chapt eérlOdt éeéceé
Figure A1l.1. StructuresforHé¢ For mat i on é é é é é é.e&é&leze

Figure A1.2. Plotof Calculatedv Li t er at ur e BDFE vi#3 ueséé:

Appendix 2. Supplementary Data for Chapter 3..........cccoooviiiiimmmiiieeeeie e 115
Figure A2.1. 1H NMR Spectrum ofNHa][CI].......cocvevreeiieiieieceee e 124
Figure A2.2. Mossbauer Spectrum CollectedRAIPFe..........ccoevvervennennee. 129
Figure A2.3. Mossbauer of a 5 Min Reaction Quench:Cp*+ RBFe'............ 130
Figure A2.4. Mossbauer of a 5 Min Reaction QuenchzCp* PEFe'............. 132

Figure A2.5. Mossbauer of a 5 Min Catalytic Reactioei@h....................... 133



Figure A2.6. Mossbauer of a 30 Min Catalytic Reac@aench..................... 135
Figure A2.7. EPR Spectrum offifFe(No)][Na(12-crown-4)]..........cccevveveennee. 138
Figure A2.8. EPR Spectrum offFe][BArTa]......ccoovveeieeeeeee e 139
Figure A2.9. EPR Spectrum of GIE0..........cccciiiiiiiiiiiicceeeeee e 140
Figure A2.10. EPR Spectrum of Go + RBFe" + PlNHo.......ccvevevene 141
Figure A2.11. EPR Spectrum of GIZ0 + PEFE€"........cooiiiiiecee e 142

Appendix 3. Supplementary Data for .XBhapter

Figure A3.1. Catalyzed/Uncatalyzed Fbrmation from§¢“'PhNH] [ O T f19¢é . .
Figure A3. 2. Freeze Quench MosslsGuer S
Figure A3.3. EPR SpgumofaFreezQuenc hed Cat al ytl6x Mi xt |
Figure A3.4. EPR Spectrum offiFeN;][Na(12-c-4);] + 2°C'PhNH*¢ . . . ¥64

Figure A3.5. BDFEacand BDFE:P | ot t ed wi t h Best H®8t Li ne
Figure A3.6. XPSofUnexps ed SurfaceééeééeéeélBxeée. .

Figure A3.7. XPS of Exposed SurfIgeéééeée:d



XVii

LIST OF TABLES

Chapter 2. Fenediated HER vs MRR: Factors that Determine Selectivity isFiPe(N\)
(E =B, Si, C) Catalyst Model SyStemMS...........uuvveeeeiiiiiiieeeieee e 14

Table 2.1Calculated parameters fosFe(NNH)" A PEFe(NNH).................. 29

Chapter 3. Catalytic Nto-NHz Conversion by Fe at Lower Ding Force: A Proposed
Role forMetalloceneMediated PCET...........oooooiiiiiiiiiiceee e 43
Table 3.1. N-to-NHs Conversion with FM Complexes (M = Fe, Qé € ......... 48

Table 3.2. Calculated{a Values and BDEs of Selected Species..................54

Chapter 4. Chapter 4. fediated Nitrogen Fixation with a Metallocene Mediator:
ExploringiKaEf f ect s and Demonstrati ng63El ectr

Table4.1.pKaVal ues and Catalyst EEBEBieRiébDCci es é ¢

Table 4.2. Yields and Faradaic Efficienciesofffdr om CPE Ex p8r i ment

Chapter 5. Predicting BDFE Values U893 ng DF’

Table 5.1. Errors Obtainedfrombkig e 5. 1éééééééééééeudééé

/////////

//////



XViii
Appendix1.Suppl ement ary Data for Chaptel004ééeéeéeé
Table A1.1. Summaryof BDFEB$s ed f or Cal i brati a0OBé é é é e é
Table Al1.2. Volume and Calculated Radius §ffPe S p e c i e.s.éé@4é
Table Al1.3. Summary of Calcul.édt e Reor g
Table Al1.4. Wiberg Bond Irides for BEFe(Ne) Co mp | e x eéséééé. ¥0@
Table A1.5. Wiberg Bond Indices fBsfFe(NNH)C o mp | e x e.é é é 408

Table A1.6. Wiberg Bond Indices fBscFe(NNH2) Co mp | e.x.€ 6 é . 108 .

Table A1.9. Comparisonof Calctlee t o Known Exper ill2ent al

Appendix 2. Supplementary Data for Chapter 3.........ccoovvvviiiiiiiiiiiiiiiiee e, 115
Table A2.1. NH Generation USINgPFE ..........coeeveeeeiieeeeeeeee e, 121
Table A2.2. NHGeneration USiNgFPFeN..........cceveviriiviiieicieecieeeieeeiene, 122
Table A2.3. NH Generation UsingBCoNY ......c..ccooeviiiiiiicccee e, 122
Table A2.4. NH Generation USiNggP'CONo....c....ovveveeeeieeeeeeecte e 123
Table A2.5. NH Generation Using$fFe" With Reloading.................ccom...... 125
Table A2.6. TimeResolved BackgroundAQuantification................cccccevernn. 126
Table A2.7. Fit Parameters for FIQUre A2.2...........uuueeeeieeiieeeiieiiieeeeiieeeea e 129
Table A2.8. Fit Parameters for Figure A2.3..........oovviviiiiiieeeeiiiiiiiieeeeee 131
Table A2.9. Fit Parameters for FIQUre A2.4...........c.oevviiiieeeiciciiiiiiiiieeeee 133

Table A2.10. Fit Parameters for Figure A2.5.......ccoooviiieeeeeeeee e, 134



XiX

Table A2.11. Fit Parameters for FIQure A2.6. .. cccceeeieeiimiiiieiiiiiiiieeeeee 136
Table A2.12. Comparison of Mossbauer Parameters.. . e eeeeeeeeeennnnn. 142
Table A2.13. CalculateDH Values and Literate BDE Values....................144
Table A2.14. Calculated Entropy for Selected XH afAdbecies.................. 145

Appendix3. Suppl ementary Data for Chaptlehr 4é¢éé
Table A3.1. NMR Quantification for NHGeneration usingPFe'é . . é é &54 .
Table A3.2. Data for BackgroundQu ant i fi cati onéeéeérgéeé. . éc
Table A3.3. Time Points for Calyzed HEv ol ut i onééééeéeée¥e. . . éé
Table A3.4. Time Points for UncatalyzedlHHlv o | ut i onééeéeéé¥r . . e éé
Table A3.5. Simulation Parameter®¥lfor Mc
Table A3.6. ComparatiidHz and H Yields for OTfand BATsA c i d é é d466¢é
Table A3.7. Controlled Potentiall7El ect r
Table A3.8. Overview of Paramet e¥’8 Used

TableA39Dat a Used to Generate the P178t i n F



LIST OF ABBREVIATIONS

atm Atmosphere

Avg Average

BArfs B(3,5CeH3(CFs)2)4

BDE Bond Dissociation Enthalpy
BDFE Bond Dissociation FreEnergy

C Constant

ca circa

calc Calculated

CN Cyanide

CNHx Generic CNderived ligand with x H atoms
Cp Cyclopentadienyl

Cp* Pentamethylcyclopentadienyl

CV cyclic voltammogram

DFT Density Functional Theory

DME 1,2-dimethoxyethane

e Electron

EPR Electron paramagnetic resonance
eq Equation

equiv Equivalents

E° Reduction potential

Fc’©  Ferrocene/Ferrocenium couple

XX



FeMoco Iron-Molybdenumcofactor
GC gas chromatography

G Gauss

g Gram

oOn Electron gfactor

GC Gas chromatography

GHz Gigahertz

H Enthalpy

HIPT hexaisopropytterphenyl
HOMO HighestOccupied Molecular Orbital
Hz Hertz

iPr isopropyl

IR Infrared

K Kelvin

Keq Equilibrium constant

L Generic neutral dative ligand
LUMO LowestUnoccupied Molecular Orbital
kcal Kilocalorie

M  Concentration in molarity
max Maximum

Me Methyl

mg Milligram

XXi



XXii
MHz Megahertz
mL  Milliliter
mM  Millimolar
mm  Millimeter
mV  Millivolt
mmol Millimole
MO Molecular orbital
mol Mole
n generic number
nm nanometer
NMR Nuclear magnetic resonance
NxHy Generic nitrogenous ligand with x N atoms and y H atoms
NNHyx Generic nitrogenous ligand with 2 N atoms and x H atoms
o ortho
OTf Triflate (OSQCR)
Ph Phenyl
pKa Acid dissociation constant
R Generic organic group
RT Room temperature
S Entropy
P8 (0-'PrP(GsHa))sB-

Ps¢ (0-'PrP(GsHa))sC-



PsS' (0-'ProP(GsHa))sSi-

TBA Tetran-butyl ammonium

tBu tertButyl

TEMPO 2,2,6,6tetramethylpiperidindN-oxide
THF Tetrahydrofuran

TMS Trimethylsilyl

UV Ultraviolot

V Volt

XRD X-ray diffraction

Nu Proximal nitrogen atom of a bound Ngand
Np Terminal nitrogen atom of a bound Ngand
2 Highfrequency electromagnetic radiation
Q Mossbauer quadrupole splitting

chemical shift or Mossbauer isomer shift

¢

° Degree

°C Degrees Celsius

U Extinction coefficient in units of Mcm?

d« Hapticity of order x

& Wavelength

amax Wavelengh of local maximum intensity
€ Bridging

e A Microamps

xxiii



XXV

3xy Vibrational frequency between atoms x and y
F Summation
0 Sigma symmetry orbital or interaction
0 * Sigma symmetry antibonding interaction

Pi symmetry orbital or interaction
" * Pisymmetry antibonding interaction
Q. Half-life
A Angstrom
12-C-4 12-crown4
'H Hydrogenl
’H Hydrogen2
113 Boron11
13C carboni13
5N Nitrogen15
3P Phosphorus1
2-MeTHF 2-Methyl-tetrahydrofuran
def2xxx Basis sets for DFT

TPSS, at. DFT functiond



Chapter 1. Introduction



1.1. Opening Remarks

The global nitrogen cycle is a crucial biogeochemical cycle and underpins much of
life on Earth! In particular, the conversion of dinitrogenzjNo ammonia (NH) provides
a means by whiclatmospheric i a relatively inert gas thaha k es up 78 % of
atmosphere, can be converted to a bioavailable form,(N8; and NQ).! The fixation
of N2can occur via noiiological natural processes, aghe splitting of N by lightning,
or via biological and industrial process&sThe latter two processes have garnered
significant interest in chemistry and biolotyy.

The industrial process by which2Ns fixed, referred to as the HabBosch
process,s performed on a massive scale and the drastic increase in the human population
in the 2" century is often credited to its use in fertilizer productiathile the Haber
Bosch process continues to be a major source of bioavailable nitrogen globaliytexgro
for up to 80% of nitrogen in the human body, the high temperatures and pressures required

has led to interest in developing a more energy efficient précess.
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Figure 1.1. (Top) Biological nitrogen fixation is catalyzed by the mmlybdenum
cofactor (FeMoco) in nitrogenase enzymes. (Bottom) Possible mechanisms by which a

single Fe site can catalyze the reaction.

Biological nitrogen fixation has provided ideal inspiration in the development
synthetic N fixation processe$Studies on the nitrogenase enzymeehesvealed three
major subtypesiron-molybdenum nitrogenase, vanadimon nitrogenaseand all iron
nitrogenas&.The most well studied of these, the molybderiton nitrogenase, contains
the ironmolybdenum cofacto(FeMoco; Figure 1.1). In recent years, structumgction
studies on FeMoco have led to increased interest in the mechanism by witiah bie
reduced at a single Fe centéit a single metal site, two limiting mechanisms have been
proposed, referred tas the distal pathway and the alternating pathway (Figure 1.1,
bottom). The distal mechanism is characterized by the early release of the first equivalent

of NHzs, with concomitant formation of a terminal nitride intermediate, Fe(N). In contrast,
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the altenating mechanism is associated with the late release of the first equivalens of NH
and is characterized by the formation of diazene, Fe(NHNH) and hydrazine, N¢+{HH
intermediateg.In addition to these limiting mechanisms, hybrid mechanisms are gimila
plausible. A notable example of a hybrid mechanismisthead | e dto-adldti esrtnadt i n g
mechanism, in which Fe(NMNH2) and/or Fe(NHNH) are formed without initial
formation of an Fe(NHNH) species.
In the study of synthetic systems for Nidrmation designated in this work as the

nitrogen reduction reaction fRR), the hydrogen evolution reaction (HER) competes for
acid and reductant equivalents. Suppression of this unproductive pathway is crucial to
increasing the efficiency of a system fosRR, generally reported as the %NHere
equivalentAs such, elucidation of the mechanistic interplay betwegRRNand HER is
perhaps the most important factor in the increasing the efficacyRR Matalyst systems.

Central to mechanistic studies into mydtbton, multielectron catalyst systems,
including NRR, is the interchange between proton transfer (PT), electron transfer (ET),
protoncoupled electron transfer (PCET) and hydride transfer (HT). Accordingly,
mechanistic steps foraRR can be charactead by PT and ET as separate kinetic steps or
by the concerted transfer of a proton and one or two electrons (PCET or HT, respectively).
Given that NRR necessarily involves the net addition of @tdm (H) equivalents, the
synchronous and/or asynchronoladivery of H and & to the N substrate produces drastic

changes in the intermediates produced in the process and, thus, the selectivity of the system.



1.2. NRR Using Soluble Transition Metal Catalysts

In this thesis, research efforts aimefucidating the role of PT, ET and PCET in
N2RR are presented. Particular attention is paid to the impact these mechanistic steps have
on the overall selectivity of the systems. Over the last decade, our group, and others, have
uncovered several methodsr fsansition metal mediated >NR via alteration of the
catalyst, as well as the stoichiometric reagents (acid and reduftdity research
presented in this thesis is based on the most diverse class of catalysts, nameRet(ie P

=B, C or Si) basedystems (Figure 1.2).
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Figure 1.2. (Top) Overview of BfFe catalysts, acids and reductants discussed in this
thesis. (Bottom) Proposed mechanisms for each set of reageat&nfra).

In initial work on NRR by RFFe(N\)' based catalysis, all three casts studied
(E = B, C or Si) were shown to be formally catalytic upon the addition of strong reductant,
KCs (E°< T 3. 0 *%Figurs 1.2, @and acid, [H(OB#][BAr 4] (HBAr"s, BArT, =
tetrakis(3,5-bis(trifluoromethyl)phenyl)borate:a < 0.0; Figure 1.239The RBFe system
was found to be the most efficient catalyst, with efficiencies fog INHo 45 + 3%. While
still catalytic, the B°Fe and B°Fe systems were found to be less efficient feRR|, with
efficiencies up to 36 £ 6% drb + 3%, respectively. More recent studies have revealed
that a related catalyst, {fFe][BAr"4], can achieve much higher efficiencies faRR (up
to 77%) using a decamethylcobaltocene reductantATOp*E°= T 2. 0 "%Yandas Fc
2,5-dichloroaniliniumtriflate acid (B>“'PhNH3][OTf]; pKa= 4.1)%¢

Of particular interest to the studies presented herein is the role that the acid and
reductant choice play in the plausibility of PT, ET and PCET based mechanisms. Notably,
the KG/HBArF, cocktail should bassociated with increased favorability of asynchronous
PT and ET steps, given the strength of these reagents and the lack of stable intermediates
formed upon reaction beegn them. In contréas, weobdve shown t hat
Cp*2Co/[RPhNH;][OTf] is associatedvith an increased role of PCET mechanisms due to
the formation of a highly active PCET reagent, a protonated@p* s peci e% ([ Cp*

CsMesH)]"), under catalyst conditions.



1.3. Selectivity for NRR vs HER

In chapter 2, the interplay of,RR and HERn catalysis using K€and HBAF4is
explored in depth! The use of K€and HBAF, provides the most complete comparison
between FFFe catalysts discussed, as all three systems (E = B, C or Si) are formally
catalytic, but with drastically different effiaieies for NRR and HER. Beyond the
differing N2RR efficiencies discussed previously, the efficiencies for HERAR&P(44%)
and BSFe (88%) have been shown to trend in the opposite direction, consistent with HER
being a major source of:RR efficiency bss.

Investigating this difference indRR and HER efficiencies via density functional
theory (DFT) point to the &Fe(NNH)*° intermediates, and their stability, as key players.
Despite the relative lack of PCET reactivity from thesk@BAr", interaction directly, we
invoke bimolecular PCET between reactiv&fe(NHy) species as the major source of
HER on the these scaffolds (Figure 1.3). In particular, while the FegNiNIgredicted to
be the only species capable of bimolecular HER on $hsdaffold, the cationic species,
Fe(NNH)*, on R“S'are predicted to be loriyed and highly reactive for bimoleculapH

release (Figure 1.3).
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Figure 1.3.Overview of predicted HER mechanisms offFfe systems, as discussed in

chapter 2.

In additionto the Fe(NNH)*° species, predicted to be major sources of HER under
catalytic conditions (using KEEHBArF,), the diazenido species, Fe(NNH), are predicted to
be extremely reactive intermediates and are invoked as sourcetahkl stoichiometric
oxidation of BfFe(Nv) species®"9 In addition, the bimolecular coupling of Fe(NNH)
species is predicted to become relevant in catalytic systems in which protonation reactions

are slowed, i.e. with the use of anilinium triflate acids. The solubility aditilanium acids
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in ELO is quite low and, accordingly, is associated with slower PT under turnover
conditions. As a result, PCET reactivity from the @ps/[FPhNH;][OTf] combination is

therefore invoked as the source of increasgiRiRNefficiencies usingiese reagents.

1.4. ProtonCoupled Electron Transfer in 2RR

Chapters 3 and 4 are focused on our discovery that a protonated
decamet hyl cobal t oc™€sMesH)]$ ikelg semes as HCETpreaGemt( d
under conditions in which Cp€o serves theeductant and®3PhNH][OTf] serves as the
acid sourcé® More specifically, chapter 3 outlines our initial discovery theRR using
Ps®Fe can be accomplished with increased efficiency using reagents which substantially
lower the overpotential of the syste(ca. 100 kcal/mol lower). To rationalize this
counterintuitive observation, we invoke the formation of a protonated metallocene species,
[ Cp* E@NesH)]*, and suggest that it serves as a PCET reagent under turnover

conditions (Figure 1.4).
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[Cp*Co(n*-CsMesH)][OTf]

N ®
Fe=—N=—=NH [Cp*Co(n*-CsMesH)]

Vo

Fe—N N PCET Cp*,Co

\

Figue14.(t op) Proposed s t%CsMesH)i ntermarifite dishussed Cp *
in chapters 3 and 4. (bott omfCMeH)]pastsasd me c |

Fe=N===:NH, [Cp*,Col®

a PCET reagent.

In chapter 4, we expand upon this discovery via a thorough study on eloe adff
pKaon the efficiency for BRR vs HER. By alteration of the electronics of the aryl ring in
[RPhNH][OTf] acids, catalytic turnover is achieved overk&pnits using CpsCo as the
reductant. Further, the efficiency forRR is shown to increaseith acid strength and
HER is shown to concomitantly decrease. Using DFT, we suggest that the rate©b Cp*
protonation as the likely source of thiKgeffect. As the final piece of evidence for the

potenti al r 6QsMesH) fin NERR pcatalyie (yiglds of NH are achieved
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electrochemically using as®Fe catalyst, diphenylammonium acid jRHK2]* and a
Cp*2Co cacatalyst. Under electrolytic conditions we suggest thabCp*may be acting

as a PCET mediator, as well as an ET shuittle.

1.5. Methodfor Predicting E-H Bonds Strengths Using DFT

The final chapter of this thesis discusses efforts to increase the accuracy of DFT
predicted bond dissociation fremergies (BDFER) of transition metal boundiE bonds.
The importance of BDFE4 predictions ge apparent in all chapters in this work and in
chapter 5, the accuracy of these calculations are discussed as a function of DFT functional
and solvent of interest. Most notably it is reported that all functionals tested show similar
accuracy for gaphaseBDFEsH predictions, assuming proper calibration with known
literature values. It is further shown that reproduction of solvated BRkEsignificantly
less accurate than gpbhase values, but that values in several common organic solvents,

DMSO, MeCN ad GHs can be reproduced with acceptable accuracy.

1.6. Conclusions

In sum, the following chapters will outline research efforts aimed at elucidating the
mechanism by which®#Fe (E = B, C or Si) catalyzes HER angRR. Particular attention
is paid to hav the choice of reductant and acid source can dictate the rates of PT, ET and
PCET. Notably, bimolecular coupling of reactive®Re intermediates via PCET is
presented as a likely mechanism for competing HER. Further, evidence for the formation

ofareack e PCET r e a ¢-€sNesH), isrededtad (ag a background HER
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intermediate that can be intercepted h§F@ species to undergo productivéHNbond
formation.

The following chapters rely heavily on the use of DFT for efficient prediction of
BDFEeH values, Ka values, E values and the kinetics associated with each of these
reaction. The calculation of known values highlights the accuracy and utility of these
calcul ationsd predictive power. Thud%e on a
value of DFT calculations in elucidating the mechanism by which fprdton, mult
electron reactions precede as well as key factors that can be used to inform the design of

future, more efficient systems.
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2.1. Introduction

The reduction of nitrogen @\ to ammonia (NH) by nitrogenase enzymes (the
nitrogen reductionreaction: NRR) has garnered substantial interest in the synthetic
inorganic community for several decadda.particular, the structural characterization of
the FeMecofactor of biological nitrogen fixatioh,and mechanistic uncertainties
associated witlthis process,have motivated studies of synthetic (primarily Mo and Fe)
model systems that mediateRR in the presence of proton and electron equivalents in
organic solvent® The mechanisms of these systems are at various stages of understanding.
Expeaimentaf-® and theoretical (predominantly Mo}tudies have been undertaken to

provide insight.
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Singlesite iron model complexes, such aR(N)' and REFe" (Figure 1),
catalyze NRR under a variety of conditions and driving forces, with reportedtsaiies
(to date) for NH generation as high as 72% based on reductant congmnealddition,
conditions have been reported under whigtFB(N.)' and RSFe(N\)' also catalyze BRR
to varying degrees, with thes#Fesystem being far more efficient #te Hdrogen
evolution reaction (HER) than:RR compared toFe and EFe’d®We are naturally
interested in understanding the mechanism/s by which catalysis in these respective systems
occurs, and in exploring alternative systems that might funsimonarly. Of interest to
the present study is the interplay between efficiency for #RRN\Nand HER on thesPFe
scaffold and its isostructural congenetSfe and E-Fe. In particular, can we elucidate
some of the salient factors that dictate ovgnadtiuct selectivity for Nklversus Hin these

respective systems?

H,
H*/e

Unproductive Pr, Productive
HER En ii N2RR

P,EFe(NNH,)
(E=B, Si, C)
H*/es N2 NHs

Figure 2.1. Schematic depiction of RR/HER iron catalysts studied herein to explore key

factors dictating product selectivity.
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Herein we use DFT calculations &xplore this question. We examine the
comparative feasibility of HER via protaoupled electron transfer (PCETiom several
putative Fe(\NHy) early intermediates, using electronic structure calculations coupled with
predicted NH bond strengths, therrdgnamic driving forces, and electrtransfer (ET)
kinetics as mechanistic probes. Acknowledging the likelihood that numerous and
potentially competing factors may be at play, the formation, electronic structure, and
reactivity of a key common intermediatée(NNH)", is highlighted to be an important

factor in the divergent selectivity profile offFe (and B°Fe) relative to the$'Fe system.

2.1. Computational Methods

All calculations were performed using dispersion corrected density functional
theory(DFT-D3) using Grimmes dispersion correction. 10 All calculations were done using
the full RsEFe scaffold with the TPSS functiohbhnd a def2ZIl ZVP basis set on transition

metals and a def8VP basis set on all other atofds.

All stationary point geometts were optimized using NWChem 6.313 or Orca
3.0.3 To ensure consistency in grid size, all reported single point and thermodynamic
energies were performed using Orca 3.0.3. Frequency calculations were used to confirm
the presence of true minima and tatan gas phase fremnergy values at 195 K ().
Solvation corrections were performed using the COSSMD continuum model® The
solvation free energy was approximated using gas phase and solvated single point energies

(DGsov @ sdm - Egag. Finally, the freeenergy of the solvated species at 195 K was
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calculated using the gghase freeenergy and the solvation fremergy (Goin,195x =

Ggas,195K+ DC':‘solv)-16

The accuracy of the described computational methodology was measured by
comparison to severakperimental benchmarks of interest. In addition to ensuring good
agreement between computed and crystallographically determined structural data,
experimentally determined bond dissociation enthalpies (BRIFEf the compounds
PsSFe(CNHY, PsSFe(CNH), PsSFe(CNMeHY, PsSFe(CNMeH) and FFe(NNMeHY
could be faithfully reproduced within +2 kcal/mol (See SI for full descriptidys a
further point of calibration, the calculated singi@plet energy gap and the redox
potentials of BFFe(NNMe) and BSFe(NNMe)* are in good agreement with the
experimentally determined values (within £1.5 kcal/mol, and =3 kcal/mol (£130 mV vs

Fc'0), respectively ; see Appendiy. ™’

Reduction kinetics were calculated using the standard Marcus equation relating
aci vation barrier with driving=fs®nre%heand t o
innersphere reorganizati on ise)nwas estimatédassuming e ct r
non-adiabatic behavior and by calculating the difference between the poigit energies
of the relevant species in its ground state and the corresponding single point energy of this

ground state in the oxidized or reduced geometry (Eq. 1).
ats,ET: [E(Fé)xox) .|- E(Fé)xred)] + [E(Féedred) T E(FéEdox)] (21)

Theoutersphere reorganization energy was calculated by assuming a barrier of 1.0

kcal/mol for the reduction of PFe(NNH)* f ol | owed by € usihgethid at i on
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bar r i @ras caleuldteddy Eq 1. A continuum solvation model was used to support
thi sos vaue (See Si for full descriptiody.Reduction barriers for# Fe(NNH)* were

subsequently calculated relative &¥Pe(NNH,)".

2.2. Results and Discussion

To set the stage for the present study, previously reported catabyt@NNH3
conversion studies bysFFe (E = B, C, and Appendix A) under an atmosphere;@dN 1 7 8
°C in EBO, using KG and [H(OE%)J][BArfs (HBArFs, BArf, = tetrakis(3,5
bis(trifluoromethy)phenyl)borate) as the reductant and acid sotirtestablished $Fe
as the most efficient catalyst foroRR; the highest reported efficiency for this system
(under these conditions) was 45 + 3% (48 equiv acid; 58 equiv reductant). For comparison,
the RSFe system provided a conversion efficiency of only 5 + 3%. THEePatalyst
system was reasonably active at 36 + 6% (note: ~25% lower substrate loading was used
for this R°Fe valué®). Measurement of HER activity establishestRe(No)' (88% per
added acid equiv) as a significantly more efficient HER catalyst titieb)’ (40% per
added acid equiv) under analogous condittI&RR catalysis by #Fe (E = B, Appendix
A) has also been studied in the presence of milder reagents (e.gCoCphd
[H2NPH][OTf] or [H3NPh]J[OTf]); under these conditions only the®Pe systemis

catalytically active.
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Previous studies; E = B, Si

[Na(12-crown-4),] [BArF,]
N NH
||| _I ” 2 _‘
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’Przp Fe \P"P[‘Z 4 Pr2P Fe P"Prz
Pr,  2MeTHF Py
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P3EFe(No)” PsEFe(NNH,)*
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/\Gs\ =17 @“ AGs; =~ 20

PsEFe(NNH)

DFT calculations

Figure 2.2. (top) Previous experimental work showing the formationsdF®(NNH,)* (E

= B or Appendix A) via protonation with excess atfi¢l(bottom) Calculated free energy
changes (in kcal/mol) fothe formation of BFFe(NNH,)* via PFFe(NNH) (E = B or
Appendix J.

Previous studies of the#e and B°Fe systems have also explored the generation
and characterization of early stage intermediates of tRRNatalysig¢® "9 Most salient,
low temperature protonation o&fFe(No)' (E = B, Appendix A) with excess HBAy
affords the doubly protonatedsTe(NNH,)* species (Figure 29 As expected,
corresponding DFT calculations (this work) are consistent with thermodynamically
favored formation of Fe(NNH) via proton transfer (Figure 2); another favorable proton

transfer forms EFFe(NNH)".
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2.2.1. DFT Support for Slow Fe Protonation and Fast FélxHy Formation

Although metal Kdride (Mi H) species are most typically invokediaermediates
of transitionmetal catalyzed HER we do not think FieH species are the primary players
in H> formation by the present systems. Several experimental observations are consistent
with this idea. Foremost among them is that low temperatuditiau of stoichiometric
acid (e.g., HBAW) to any of the anions,sFFe(N)", causes overall oxidation to their
corresponding neutral productstPe(Nv), along with release of 0.5 equiv..f+9This is
notewortH because for E = Si or C the diamagnetjdiitie products, £Fe(N\)(H), are
very stable species and are formed during catalysis as end prddudts. posit that
reactive BFFe(NHH,) intermediates instead undergo net bimolecular HAT reactions to
liberate B via NxHy-ligandmediated stepsvida infra). While iron Hdrides (FéH) can
tie up the population of active catalyst, in our view they are unlikely to be intermediates of

the dominant HER pathway.

To speak to this pothesis computationally, we focus on one acid source, HBAr
as it has ben the subject of the most extensive comparative $fldie solidstate
empirical formula of HBAF,; reveals the presence of two ethers per HBAr
([(Et20)H][BAr F4]).2° To determine the preferred solutistate structure of this acid,
optimizations wergperformed in which a EOH" species was provided with 0, 1 or 2
explicit EbO molecules with which to Jdrogen bond. We found that [¢EX)>H]" was
lowest in freeenergy, with [(E2O)sH]" and [EtOH]* higher in energy by +7.0 and +8.2

kcal/mol, respectively.
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The structure of HBAR is particularly crucial for Fe protonation, as a-pre
equilibrium formation of the [ROH]" appears to be required, as evidenced by relaxed
surface scans. The need for digation of EtO prior to Fe protonation provides a lower
bound on the barrier of +8.2 kcal/mol. The requirement &JB{* as the active acid, as
opposed to [(ED)H]", is presumably steric in origin and may speak, in part, to the
importance of bulky ispropyl substituents in these catalysts. Our lab recently reported that
a structurally related#20s(N)’ complex is an active catalystRR 2! In contrast to the
PsEFe(N)' catalysts, stoichiometric HBAraddition can protonate at the metal, generating
Os H species that are not catalytically active feRR. Steric access to the larger Os center

is presumably less restricted than it is for Fe.

The structure of HBAR is particularly crucial for Fe protonation, as a-pre
equilibrium formation of the [Et20H appears to be required, as evidenced by relaxed
surface scans. The need for dissociation of Et20 prior to Fe protonation provides a lower
bound on the barrier of +8.2 kcal/mol. The requirement of [Et20H]+ as the active acid, as
opposed to [(Et20)2H]+sipresumably steric in origin and may speak, in part, to the
importance of bulky isopropyphosphino substituents in these catalysts. Our lab recently
reported that a structurally relatesPPs(N\p)- complex is an active catalyst foeRR. 21
In contrastd the REFe(Nv)' catalysts, stoichiometric HBAraddition can protonate at the
metal, generating G species that are not catalytically active foRR. Steric access to

the larger Os center is presumably less restricted than it is for Fe.
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The steric prble of the Fe(N) uni t suggests thadN funct
should not be subject to the same-pgeiilibrium. This is consistent with relaxed surface
scans, which show that the Nnit can be protonated in a concerted, low energy step in
whichanEO mol ecul e i s favorabl y -atomsSubsegoeatd by

proton transfers yield Fe(NNH) with a low kinetic barrier (.® kcal/mol).

Fe H formation is thermodynamically favored for all three scaffolds. We therefore
presume that theodninant source of HER for these systems is not viddFermation, but
that Hdride species are formed over the course of catalysis as thermodynamic products.
We presume that both HER andRR, under the conditions explored in this work, are
operating undekinetic control. In subsequent results and discussion, thermodynamics are

assumed to be relevant within the context of kinetic parameters.

In addition to restricting our analysis to a single acid, HBAwe focus on Kgas
a reductant for several reasons. Most salient is thaikiBie only reductant that has been
shown to produce catalytic yields of MNFbr all scaffolds considered. This observation is
attributed to the requirement of FejNformation during catalysidVhile PBFe(N.)' can
be formed with weaker reductants, namely £, the more reducings®“Fe(N\)' is
believed to be inaccessible under these conditions. Additionally, it has been noted that,
when using K€ and HBAF,, HER proceeds with similar inifisates on ¥Fe and BFFe

scaffolds? possibly due to Fe(l reduction being a common rate limiting step.

Despite the need to restrict the scope of this study to a specific catalysis cocktalil,

many of the conclusions should extend to other conditieperted for NRR catalysis
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using REFe (and related) complexes. In particular, the BRFEalues reported herein are
acid and reductant independent and hence provide insight into the anticipated stability and

reactivity profiles of key early intermedistef NbRR.

2.2.2. Calculation of BDFE-+ Values for F& NxHy Intermediates

Early stage intermediates of the type Fe(NNH) and Fe(NMke expected to be
highly reactive’®"thermochemical calculations reveal the presence of extremely vieak N
H bonds in thee systems, as shown by their calculated bond dissociation enthalpies
(BDFEniH; Figure 2.3). In particular, as yet unobservalféd=B(NNH) intermediates are
predicted to have extremely weak Ml bonds (< 40 kcal/mol), and should therefore be
subject to raj bimolecular loss of Hand generation of #Fe(N). By contrast, the
BDFEn.4 values of candidatesFFe(NtHy) intermediates that are further downstream (e.g.,
Fe(NeH4), Fe(NH), Fe(NH)) are predicted to be significantly larger (Figure 2.3). This
notion is consistent with the solution stability of characterized examples of such
downstream intermediates, contrasting the high degree of solution instability of earlier

intermediates.

Of particular interest herein is that the BD¥rEvalues for the PFe(NNH)™ (n
=0, 1) system are lower than those fgt'® for a given overall charge. As discussed later,
these different BDF&H values are rooted in the different valence electron counts, and

hence electronic structures, of the respectif&systems.



25
For adlitional context, it is useful to consider reported BRfEdata for a related
PsSFe(CN)system. The relevant®re(CNH) species, isoelectronic witl?Pe(NNH), is
calculated to have a weak BDirk of 43.5 kcal/mol, in close agreement to that of 41.4
kcd/mol determined experimentally.4h Accordingly;5Pe(CNH) loses 0.5 equiv H
rapidly in solution to afford $£'Fe(CN). In contrast, its oxidized cation>Pe(CNHY, has
a much higher BDF&H (61.8 kcal/mol (calc); 61.9 kcal/mol (exp)); this speciestable

to H loss in solution and can be isolated and structurally characterized.

Considering these collected data and observations, and additional data discussed
below, we presume that the earliestRR intermediates in PFesystems are very
important fo determining NRR versus HER selectivity; they engage in bimolecular H
evolving reactions that compete with productiveRR. We next consider aspects of the

Hi H bondforming steps in these earlyTPe(NHy) intermediates in more detail.
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Figure 2.3.BDFEnin values (in kcal/mol) for selected®e(NHy) species?

Ps5Fe(NNH) species are plausible candidates to consider with respect to selectivity
since bimolecular Hevolving reactions can presumably result from their extremely weak
NT H bond2.3;8RY kpal/ma). BSFe(NNH), with a BDFin estimated to be
8.2 kcal/mol lower than for®Fe(NNH), might be reasonably expected to liberatmbire
readily, thereby attenuating it$RR efficiency. However, the BDRa, for Ps°Fe(NNH)
is calculatedo be even lower (17.3 kcal/mol) than fa®Pe(NNH) (23 kcal/mol), despite

the fact that F*Fe(No)' is appreciably more efficient for RR. Hence, a trend is not

evident on the basis of the Fe(NNH) intermediates, at least as related to their relative
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BDFEnin values. Fe(NNH) intermediates are readily protonated to form FefgNNH
species in solution at low temperature (Figure 2.2). This likewise suggests that Fe(NNH)
intermediates are unlikely to be primarily responsible for HER under catalytic cosdition

when a large excess of acid is preséht.

Ps5Fe(NNH) BDFEwin values provide a more tractable trend: the respective
calculated values are 38.2 kcal/mol faPiRe, 34.4 kcal/mol for $Fe, and 22.9 kcal/mol
for PsSFe; the BFFei NNH; species that exhitsi the most efficient BRR activity exhibits

the strongest N bond, and the least efficient exhibits the weakest (Figure 2.3).

2.2.3. Calculated Reduction Kinetics of #Fe(NNH2)*

To gain further insight into the respective roffR(NNH)*° (E = B, Sj C) species might

play in dictating product selectivity sAFe(NNH)" reduction kinetics were derived using

the standard Marcus equation relating the driving force and total reorganization energy
with the ET activation barriéf Comparison of the optimid Fe(NNH) and Fe(NNH)*

redox pairs reveals significant differences in their respective reduction potentials and inner

Ssphere reorgamig)zati on energies (@&

The RBFe(NNH)" species is predicted to have a considerably more positive
reduction pot e'MtthamaBSFe(NNH)® (21 1V. 9v sV ;FcTabl e 2.
from their different valence electronic counts and electronic structures (see below). Given
their dramatic dference in reduction potentials, the barrier for reduction (G*) is expected

to sharply increase in moving from B to Si. Relative reduction barrier calculations,
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assuming G* = 1.0 kcal/mol for the reduction gtfRe(NNH,)*, predict activation barriers
that are #5 times higher in energy for the reduction ofPFe(NNH,)* versus
PsBFe(NNH)* (Table 2.1). While the reduction of all three species should be more than
readily accomplished by the strong reductans K&SFe(NNH,)" species are predicted

to be significantly longer lived than the®Fe(NNH:)* congener.

The RBFe(NNH)" intermediate is predicted to have a lower propensity fer H
liberating PCET reactivity, and is also predicted to be reduced much more rapidly. Since
the reaction of two £Fe(NNH2) molecules is a more probable source ofd# this
scaffold, the efficiency for BRR on BBFe should be strongly coupled to the rate at which
PsBFe(NNH) can be productively consumed (i.e., protonated to forgiePNHNH)* or
Ps8Fe(NNHs)"). Mechanistic experiments to address these scenarios are ongoing. For
example, a recent study has provided experimental evidence $fa¢(RNH) is
protonated by acid at low temperature to liberaf8&N)" and NH;, presumably via

PEFe(NNHs)".

We conclu@ that facile reduction ofsPFe(NNH,)* to P®Fe(NNH), relative to
that for RSFe(NNH)* and B°Fe(NNH)*, is one important factor in determining its
comparative efficiency for MRR. As further elaborated below, lofiged PsEFe(NNH,)*
intermediates canjia bimolecular PCET pathways, instead lead to unproductive HER.
This HER activity, however, is dependent on both adored PFFe(NNH,)* intermediate,
and the presence of a highly reactive PCET reagent, such:85e{NINH,) species. We

have previouslyostulated that $£Fe(NNH) formation is required for the release of the



29
first equivalent of NH and thus suggest that this species may be a crucial intermediate in
both HER and BRR 97

Table 2.1. Calculated thermodynamic and kinetic parameters for $£Fe(NNH2)* a
PsEFe(NNH2)2

PEFe(NNH)™ + € A PsFFe(NNH)

E° (vs F¢0) M ET G*rel Kre”
E=B T1.2 23 1.0 1
E=Si T1.9 30 4.4 2x10*
E=C 1T2.0 30 5.2 2x10°

%Energies are in kcal/mol, unless noted otherwiGé,e values were calculated assuming
a PBFe(NNH)* reduction barrier of 1.0 kcal/mdkei I € X RI[G{e)&BT] where T =

195 K.

2.2.4. Calculated PCET Reactions

The differences in NH bond strengths and relative rates afFR(NNH)*
reduction, with corresponding implications for product selectivity, are further highlighted
by calculating the thermodynamic and kinetic parameters for several PCET reactions of
interest (Figure 2.4ABC). In particular, comparative driving forces werailesdd for
unproductive bimolecular PCET reactions that generatieetiveen FFFe(NNH)"™ (n =
0,1; E = B, Si, C) and £Fe(NNH.). Consistent with the calculated BDiE values

(Figure 2.3), the $#'Fe, and to a lesser extent th&fe, system shows a higihpropensity
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to undergo PCET to liberatextdnd the corresponding reduced R&lHy species. This is
especially apparent in the reaction between tWf&NNH,)* species, and in the cress

reaction between ansfe(NNH)* cation and a neutrabFFe(NNH,) speies.

In the former case, twosFFe(NNH)* (E = Si, C) species react in a very favorable
step to form 0.5 equiv Hand R*Fe(NNH) ( qp&e = 117 .5 kcal / mol a
respectively; Figure 2.4A). The reaction barrier is expected to be dominated in this case by
the work required to bring two cationic species together in solution (~5 kcal/mol; see
APPENDIX A), highlighting the reactiveNature of Ps®SFe(NNH,)*. In contrast,
P8Fe(NNH)*'s hows a correspondi ngchey +3ukdalimolyin PCET
its seltcombination to liberate Hand BBFe(NNH)';2% Ps2BFe(NNH)* is also much more

readily reduced to$Fe(NNH,) (Table 2.1).

@ H H
I i //N ~H
I i I
Prop—Fe PP iprp_Fe PPz iprp_pe  FPR2
| ~PPr, | ~PPr, | ~PPr
E-o el T\ Boie .’.\: Si- v \
P3EFe(NNH,)* P3BFe(NNH,) P5SiFe(NNH;)
(E=B, i)
AGeale
E=B E=Si
A
PsEFe(NNHz)* ——> P EFe(NNH)* +3.1 175
-0.5H,
B
PsEFe(NNH,) ——> PsFFe(NNH) -22.7 -54.9
-0.5H,

€ PyFFe(NNH,)* PyEFe(NNH)*

PsEFe(NNHz) -Hy  PsEFe(NNH) o =

Figure2.4 Cal cul at ed f r ggankealin®l 195K) forlsevaragpaitative( qpG
PCET reactions that evolveeH
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The bimolecular reaction between cationgEFR(NNH,)* with P*Fe(NNH) to
produce Hand the correspondingfe(NNH)" and BREFe(NNH)byproducts is predicted
to be favorable for all three systems (Figure 2.4C). However stheFAe systems proceed

with far more driving force than thefFe system.

Favorable driving forces are also predicted for all three systems in self reactions of
PsfFFe(NNH) to produce Hand REFe(NNH), but again thesPSFe systems proceed with
far more driving force (Figure 2.4B). While the bimolecular reactionseF&NNH) with
itself is therefore a presumed source efdt each system, in sum the“P'Fe sytems are
more likely, under each of the considered bimolecular reactions, to libesate atcord

with their efficiency for HER versusJRR relative to the $8Fe system.

Given that the reduction otPSFe(NNH,)* is predicted to be comparatively slow,
one might expect such a species to bupdas an intermediate. This possibility warrants
future experimental studies aimed at in situ detection. At the present stage, we can suggest
that a high (relative) concentian of BRSFe(NNH,)*, and a high predicted propensity for
HER via reaction of this species with either itself g7 #Fe(NNH), leads to unproductive
PCET steps that evolvexlds competitive with downstream keduction steps that lead to

N2RR. This isone important factor in determining selectivity.
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species and pertinent BDkig values.

Since the BPFe(NNH.)" intermediate is predicted to have a lower propensity for
Ho-liberating PCET reactivity, and is also predicted to be reduced much more rapidly, the
reaction of two FPFe(NNH) molecules is a more probable source pfd this scaffold;
the efficiency for NRR on RBFe should therefore be related to the ratewhich
Ps2Fe(NNH) can be productively consumed (i.e., protonated to forgiefNHNH,)" or

PsBFe(NNHs)"). Mechanistic experiments to address these scenarios are ongoing. For
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example, a recent study has shown th8F®(NNH,) can be protonated by strongdhat

low temperature to liberatesHe(N) and NH;, presumably via #Fe(NNHs)*.1’

While the R°Fe scaffold provides a less definitive comparison, the calculated
BDFEni+ values and Hevolving PCET thermodynamics suggest that the dominant source
of HER onthe RSFe scaffolds may be the reaction between Fe()MHd Fe(NNH)*.

The highly reducing naturef Ps°Fe(NNH)*, as for the F¥' scaffold, suggests it should be
comparatively longdived, and thus more likely to undergo PCET witfyfRR(NNH). The
similarity between BFe and B°Fe in their thermodynamics for the reaction between two
Fe(NNH)" species (Figure 2.4A) does not correlate with their disparate £oNH
efficiencies. Substantial differences in their predicted thermodynamics for the reaction
between Fe(NNB) and Fe(NNH)* (Figure 2.4C) are more in line with the observed trend.
This type of bimolecular reactivity may be an important source of HER onzthFe

scaffolds (Figure 2.5).

2.2.5. Wiberg Bond Indices of EEFe(N«Hy) Species

We next @amine how each # auxiliary, and the correspondingPe(NNH,)
valence at iron, confers variability in bonding to, and the electronic structure of, thg NNH
ligand, as a means of further considering corresponding reactivity differences of

Ps5Fe(NNH,) species.

Wiberg bond indices provide a means to examine how the localized bonding

between various atoms, expressed as a bond ffidtmanges as a function of the NINH
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reduction state (i.e., NNH to NNH We have suggested elsewhere that the relative
flexibility of the R® ligand, owing to a weak and dative-Beinteraction, may allow for
stabil i zat iyoimermedfates FMaareNM¥H -bonding is accompanied by
pyramidalization at the Fe center, and a corresponding lengthening of tlige Fe
distance’®%®> The RS ligand is expected to give rise to a more shared, covalé®i Fe
interaction, irrespective of the NNkeduction state, and thePsystem may be expected

to fall in the middle of these extrent®s.

Changes in the respective bond indices afe¢ifeameworks have been determined
between pairs of PFe(NNH) and EFFe(NNH,) species (E = B, C, Appendix A), related
by formal addition of an Fatom to the former. Interestingly, thé IN bond indices are
essentially invariant across all complexes studiedicating that differences in BDfy
are mostly dependent on the relative bonding throughitRei i N manifold2® The most
salient data, reproduced in Figurge Rgi6N
Fel E, NT N and NiiMbomddheonadem,l] FEekF&T NT N),
the net difference in thBBDFEx.+ value, for each pair on moving from Fe(NNH) to

Fe(NNH).

As expected, the F& bond order weakens slightly from Fe(NNH) to Fe(NNH

for E = B, and stays constant for bothasid C. The respective change atNkgis also

informative. For the B system, a significant increase is observed (1.6 to 1.9), reflecting a

build-up in pibonding in BBFe(NNH), akin to lowspin (pseudotetrahedral) iron imides

ar

i s

[
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of the type BPFe(NR). For cparison, a previously characterize®fe(NR) species (R

= 4-OMe-Ph) is predicted to have anif&bond order of 1.8 (see Appendix A).

By contrast, the FNU i ndex for Si i's sharply at
reflecting a corresponding decrease in piding. While this difference must partly reflect
a less flexible F&i interaction, it also reflects the electronic structure resulting from an
extra electron in the frontier orbitals of tRE {Fe-Si}’ system relative tdA {Fe-B}®.
Interestingly, BBFe(NNH,) is pyramidalized at l\whereas Nis planar for B5Fe(NNH).
This observation can again be rationalized by the assignmentof@afow n 1 r-on Ai m
l i kedo el ect r o rB}*PEFe(NNH), it nat for {ReDi}’ RSFeNNH),
wheresubstantial spin leaks onto the NN$tibunit (19% on £Fe(NNH)). The C system
provides an interesting further comparison, with spin leakage onto the Nmtalling
between these two extremes (12% cfFR(NNH)). An increase inthe FIIU i nd e x

occursfrom Ps‘Fe(NNH) to R°Fe(NNH,) (1.2 to 1.4), but dlis predicted to remain planar.

There also appears to be a strong trend between the degree of change in the total
Fel NT N bond or der [OBRREmReTh&B axd § systemsl shdawHitde
change inx ( Fe1 NT N) , with a correspongddflog si gni
Fe(NNH) to Fe(NNH) (7.0 and 17.9 kcal/mol, respectively). However, tifeFB system
starts at a much weaker BDEE of 17.3 kcal/mol for *Fe(NNH) (compared to 31.2
kcal/molforR®Fe).Thi s observation is consistent wit
for B and 2.9 for C). Thus, the comparative stability £#F@(NNH), with its much higher

BDFEn-+ relative that in B°Fe(NNH), appears to reflect a higher degree of instability in
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P:“Fe(NNH) (relative to the same comparison for E = B). This idea is further supported by
Wiberg bond indices of thesFFe(\) species, which show a total bond order of 4.0 across

the F&Ni N unit for all three scaffolds (Figure 2.6).

In sharp contrast, thBsFe system has a relatively h
PsSFe(NNH), but this value decreases dramatically is®FR(NNH). There is
correspondingly very little change in tBBDFEn-H, reflecting a comparatively very weak
N-H bond in BSFe(NNH). The instaility of PsSFe(NNH), with an electronic structure
that places substantial unpaired spin on NN#ing to the {FeSi}’ configuration,
presumably contributes to the cathodically shifted reduction potential predicted for
PsSFe(NNH)* relative to RBBFe(NNH)*, and also its propensity for facile PCET to liberate

Ho.

In sharp contrast, thesBFe system has a relatively h
PsSFe(NNH), but this value decreases dramatically is®F@(NNH). There is
correspondingly very little change indlBBDFEn.+, reflecting a comparatively very weak
N-H bond in BSFe(NNH). The instability of B5Fe(NNH), with an electronic structure
that places substantial unpaired spin on NMNing to the {FeSi}7 configuration,
presumably contributes to the cathodically shifted reduction potential predicted for
PsSFe(NNH)* relative to BBFe(NNH)*, and also its propensity for facile PCET to liberate

Ho>.



N
126
N
| 1.0
Fe
‘ 0.5
E
(E=B, Si, C)
> (Fe-N—N) = 4.0
H 08 H 0O.8ea.
N N\‘H
I 1.8 I! 19
04| N 02| N
Il1.6 H* 19
Fe —— Fe
! ABDFEp. ;= +7 !
, 0.5 N-H 0.4
B B
2.(Fe-N-N)=3.8 > (Fe-N-N)=3.5
H 08 H
N | 0.8ea.
Il 1.8 1'4/,N~H
%I 12N/
Il 1.6 H* 2100 foo2
Fe e Gl Fe
| 0.7 ABDFEny=-1 | 07
Si Si
2.(Fe-N-N)=3.8 2(Fe-N-N)=2.9
H 0.8 H
°N 14 Illag ea.
115 TN
02| N N7/ H
1.2 H* 14 10 /0.1
Fe —_— Fe
' 05 ABDFEj;=+17 05
C C
Y(Fe-N-N)=29 Y (Fe-N-N)=2.9

37

Figure 26. Selected total Wiberg dnd indices for EFFe(N\), Ps*Fe(NNH) and

Ps5Fe(NNH)

speci es,

values are reported in kcal/mol.

2.3. Conclusions

al only kvo m dh

o hee tDBDFENH( Fe T NI

Exploring the chemical basis for.RR versus HER selectivity for a molecular

catalyst is important to future catalyst design. The DFT study described herein suggests
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that PCET reactions involvingsfFe(NNH)"™ species likely play an important role in the
efficiency of N-to-NH3 conversion catalysis bysFFe model systems. Theseaaations
enable predictions qualitatively consistent with previous stoichiometric and catalytic
experiments. The comparative stability oFfRe(NNH,)"* intermediates, as predicted by
calibrated BDFin values and redox potentials, emerges as one of gheriamt factors
in determining selectivity for PRR versus HER in these systems. Corresponding Wiberg
bond indices intimates as an especially weiquipped ligand for supportingRR at Fe,
due to its high degree of flexibility and the valence electaumt it confers to Fe in the
reduced intermediates®Fe(NNH). Our study suggests that increasing the rate at which
an RFFe(NNH) intermediate is productively consumed so as to avoid bimolecular HER,
possibly via rapid PCET reagents, may be a promisinterto increasing efficiency for

NHs production.

Looking beyond these iron model systems, our study underscores the potential utility of
DFT-predicted BDF-+ determinations towards the rational design of catalystsf@RN
Intermediates with weak iINH bonds (e.g., M(NNH) and M(NNE)) are highlighted as
important sources of Hproduction via bimolecular PCET. Such a scenario is distinct from

HER activity via more traditional met&lydride intermediates.
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Chapter 3. Catalytic No-to-NH3 Conversion by Fe at Lower Driving Force: A Proposed
Role for MetalloceneMediated PCET
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3.1. Introduction

The reduction of Nto NHs is critical for life and is performed on a massive scale both

industrially and biologicall. The hi gh stability of t he

catalysts and higkenergy reagents/conditions to achieve the desired transformation.

Synthetic studies of catalytico;Mo-NHz conversion by model complexes are of interest to
constrain hypotheses amerning the mechanism/s of biological (or industria)fidation
and to map fundamental catalyst design principles for raldtiron reductive
transformations.

Interest in Fe model systems that catalyzeédNNHz conversion has grown in part due to
the postulate that one or more Fe centers in the Fetactor of FeMenitrogenase may
serve as the site obMinding and activation during key bottleaking andmaking step$.
Previous examples of synthetic molecular Fe catalysts that medi&eN¥H3 conversion
operate with high driving force, relying on a very strong adik ga. 0) and reductant (E°

< 1 3. 0 ¢ Incantrast,cseveral Mo catalysts have been shown to facilitate- N

NHs conversion with significantly lower driving foréeThere isthus interest in exploring

NI
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the viability of Femediated catalytic Nto-NHs conversiorunder less forcing conditions
from a practical perspective, and to continue assessing these systems as functional models

of biological nitrogenases.

‘Pry P—Fe:
| ‘P’F_rz
B I
N2 + g + H NH3
Et,0,-78 °C
e H* AAH;
(E vs Fc™0) (pK, in THF) (keal/mol)
Cp*,Co [PhNH;][OTI] 6
(-1.96 V) (7.8)
Cp*,Co [Ph,NH,][OT1] 77
(-1.96 V) 4.1)
F
KC; HBAIF, > 156
(£-3.0V) (ca. 0)

Figure 3.1. Summary of conditions used for catalytie-te-NH3 conversion by EBFe'

highlighting the estimated enthal pic drivi

In this chapter, it is demonstrated that catalytic conversiors &6 NHs by PsBFe" (P38 =
tris(o-diisopropylphosphinophenyl)borane) can be achieved with a significantly lower
driving force by coupling CpCo with [PhNH:]* or [PhNH]" (Figure 3.1). Such
conditions additionally afford unusually high selectivity and catalytic turnover far8NH
Moreova, it is noted that the use of milder reagents as reductant and acid engenders a
higher effective bond dissociation enthalpy (BDFE; eq 3:1Yhis may in turn afford
access to proteooupled electron transfer (PCET) pathways (e.g.,.FeN-- FeNH)

distinct from electron transfer (ET)/proton transfer (PT) pathways, thus enhancing overall
catalytic efficiency.

BDFEeffective= 1.37(1Ka) + 23.06(F) + Cs (3.1)
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Theoretical considerations, including DFT calculations, are discussed that suggest the
viability of a decamethylcobaltocemeediated PCET pathway in this system; by extension
we suggest metallocemeediated (e.g., Cp€r) PCET pathways may be operative in

previously studied Mo and Feixing systems that use metallocene reductahts.

3.2. Resuis
3.2.1 Catalysis Using [EBFe][BAr F4], Cp*2Co and [RaNH 4-n)][OTf]

Various observations oBFe complexes in the presence of acids and reductants suggested
that this system might be capable oftd-NH3 conversion with lower driving force than

that originally reported. Accordingly, we had observed that the treatmegitreNg- with

KCg and weaker acids Ka > 0) led to greater than stoichiometric Nférmation (e.g.,

under unoptimized conditions [2methylanilinium][OTf] afforded 2.1 equiv N¥per

Fe)1° Similarly, the treatment of £FeNy with [H(OEL),][BArF4] (HBAr s, BArt, =
tetrakis(3,5bis(trifluoromethyl)phenyl)borate) and weaker reductants led to modest yields
of NHs. For example, underunoptimized conditions we had observed that
decamethylcobaltocene (Ci&Zo) and HBAF, afforded 0.6 equiv Nklper Fel%!! Most
recently, an apparent catalytic response was observed during a cyclic voltammetry
experiment atthePFeN” c ou p | e (FE'Qupdn addition ef excess HBAmunder

an N atmosphere. Electrolytic \djeneration by PFefwas obser ved™at 1 2.
in EkOrand Na/ Hg (*id THF)®vould isstedd e used forfb-NHs

conversion catalysis (albeit less selectively and with low turnover). Finally, mixhfg'P

with Cp*CoinEtO at 1 7 8 ,deferatesisoreeeM as observed by ¥and
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EPR and Mossbauer spectroscopy (See Appendix 2), suggesting thab@pprinciple

a sufficiently strong reductant to trigger catalysis BRFe".

Treatment of B®Fe" with Cp*2Co and [PBNH_][OTf], [PhoNH2][BAr F4], or [PhNH][OTH]

iNELO at 178 Afatmosphire affordsncatalytic yields of NfTable 3.1).
Notably, the highest selectivity for Nfobtained among this series (72% at standard
substrate loading; Entry 1) is significantly improved compared to all previously described
(molecular) Fe catalysts forNo-NH3 conversiorf2Tripling the initial substrate loailg

(Entry 2) nearly triples the Ndfroduction with only modest loss in efficiency for BH
(63%). Preliminary attempts to further increase the initial substrate loading have led to
substantially decreased efficiency (Entry 3). However, substrate reloading experiments
(Entries 4 and 5) maintain greater than 50% efficiency fos dlidrall; a turover number

for NHz generation via two reloadings has been achieved as high as 89 (84 + 8; Entry 5).
This is the highest turnover number yet reported for a (molecupatig-NH3 conversion
catalyst under any conditiohs.

The use of the more soluble acid §Rki;][BAr 4] (Entry 6) provides significantly lower,

but still catalytic, yields of Nkl Thismore soluble acid presumably increases background
reactivity with Cp%Co (See Appendix 2). Perhaps more significantly, [P5NHT] is a
considerably weaker acid than pRiH-J[OTT] (Figure 3.1), but still provides substantial
catalytic yields of NH(Entries 7 and 8) and at efficiencies that compare well with those
obtained previously using HBArand KG despite a difference in driving force of nearly

100 kcal/moltt
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Table 3.1. N-to-NH3 Conversion with PsEM Complexes (M = Fe, Co)

Catalyst Cp*2Co Acid Equiv. % Yield
(equiv) (equiv) NHa3/Fe (NH3/e)
1 PfFe 54 108 128+05 72+3
2 PfFe 162 322 34+1 63 +2
3 PfFe 322 638 26.7+09 25+1
42 PfFe' [162]x2 [322]x2° 56 +9 52+9
5a Ps®Fe’ [162]x3 [322]x3® 848 52+5
6 PfFe 54 108 8+1 42+ 6
7 PfFe 54 108 7+1 38+7
8 PfFe 162 322 16 +3 29+4
9 PsSIFeN 54 108 1.2+01 61
10 PECoNy 54 108 1.1+04 62
11 PsSICoN, 54 108 0+0 0+0
The catalyst, acid, Cp€o, and O wer e seal ed i°QunderamBssel e
atmosphere followed by warming to 178 AC al

of at least 2 runs; for individual experiments See Appendik@. these experiments the
reaction was allowed to prodenegd tfoori 139 6h cAuC
furnished with additional substrate and solvEfNH2]J[OTf]. [PhNH2][BATr ).

IPhNH][OTH].

We also screened several related phospligiaged F&N2 and Cd N2 complexe$® under

the new standard reaction conditions withfH,][OTf] and Cp*Co (Entries 911) but
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found that none of these other systems were competent catalysts. While we anticipate other
catalyst systems for Ao-NHs conversion may yet be found that function under the
conditions described heréfertain feature of the BBFe system correlate with unusually
productive catalysi&*

Also significant is that whensPFe' is loaded with 322 equiv [BNH2][OTf] and 162 equiv
Cp*2CoinEtO at 178 AC, o dre detectet &<\l eduiy peo Fe; sék
Appendix 3. We had previously reported that catalyticrBduction with KG and HBAF,

yielded no detectable hydrazine, but observed that if hydrazine was added at the outset of
a catalytic run, it was consumé&tiVhen 5 equiv of bHs were added at the beginning of a
catalytic run (again with 322 equiv [fNH][OTf] and 162 equiv CpCo), only 0.22 equiv

of NoH4 (4.4% recovery) remained after workup. This result indicates that liberated
hydrazine can also be reduced or disproportiahateler the present conditions. ThakHbl

is detected to any extent in the absence of initially add¢th Nnder these conditions
indicates that a lateiNN cleavage mechanism to produce dNELg., alternating or hybrid
crossover) is accessibi&!® Whether such a pathway is kinetically dominant is as yet

uncleartl16

3.2.2. Fe Speciation under Turnover Conditions

The RBFe speciation under turnover conditions was probed via figuazech Mossbauer
spectroscopy: The Mossbauer spectrum of a catalytic reaction mixture after five minutes
of reaction time (Figure 3.2) reveals the presence of multiple species featuring well
resolved sets of quadrupole doublets. The spectrum is satisfactorily simulated with

PBFeNo ( U0 =55 mmés3I24 mm/spE€ 32%; Figure 3.2 greenPRNy ( U =
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0. 40 mmé=s098 mm/IpE 26%; Figure 2 bldé}’an unknown BBF e speci es |
= 0. 42 mg/ 184 mm/seqpiB%,; Figure 3.2 yellow), and a final species that is
modeled witht = 0. 96 m;m+ 31O ecnm/aen @R4%gpEgure 3.2 orange). The

broad nature of this last signal and its overlap with other features in the spectrum prevents

its precise assignment, but its high isomer shift and large quadrupole splitting are
suggestie of a tetrahedra§= 2 Fe(ll) complex® The Mdssbauer spectrum of a catalytic

reaction mixture after 30 minutes was also analyzed (See Appendix 2). The spectrum still
shows BPFeN: (53%), the same unknowns#Fe species (18%), and again a tetrahedral,
high-spin Fe(ll) component (22%). Howeveg?Pe'i s now present o U = 0.
= 2.55 mm/sec, 8%) andsH#eN is no longer observed. The reloading experiments
described above provFeeée speoingsevepdsaent he
population; interpretation of the relative speciation via spectroscopy should hence bear on

the mechanism of the overall catalysis.

& (mmisec)
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Figure 3.2. Méssbauer spectrum at 80 K with 50 mT applied parallel field of a freeze
guenched catalytic reaction (54 equiv €@pd, 108 equiv [PINH][OTf], 1 equiv
P8[>"Fe]") after five minutes of reaction time.

The appearance of a presumed ksgin S= 2), tetrdedral Fe(ll) species during catalysis
(ca. 25%) might arise via dechelation of a phosphine arm. This species could represent an
off-path state, or a downstream deactivation product. Interestingly, under the present
catalytic conditions we do not obserte tborohydridenydrido species#£( d1)Fe(H)(L)
(L = N2 or H); this species was postulated to be arpath resting state during-Mo-NHs
conversion catalysis using HBArand KG and was the major component observed at
early times (ca. 60% at5mith)l t t heref ore appears Fbat a
species are in a catalytically-path state at early reaction times under these new catalytic
conditions.

Additionally, the presence of a significant degree SFBN: (Figure 2) at an early time
point is distinct from conditions with HBAr and KG.!! This observation is consistent
with the notion that protonation og#FeN; is slowed under the present conditions, likely
as a result of the insolubility of the triflasalt [PRNH2][OTf] and its attenuated acidity
relative to HBAF4.7*%!°Clearly, differences in the rates of key elementary steps under the
new conditions described here may lead to new mechanistic scenarios-tieiNN3

conversion.

3.2.3. DFTPredictedpKabs and BDFEs

The improved catalytic efficiency at significantly lower driving force warrants additional

consideration. When using HBAand KGwe have previously suggested that protonation
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of Ps8FeNy, which itself can be generated bsduction of BFFeN, to produce FFFe
N=NH is a critical first step; #FeN=NH can then be trapped by acid to produce
spectroscopically observable®Pe=N-NH,".*® These steps, shown in eq 32aepresent

an ET-PT pathway. A PIET pathway, whereFeN: is sufficiently basic to be protonated
to generate $FeN=NH" as a first step, followed by ET, is also worth considering (eq
3.3ab). A direct PCET pathway (eq 3.4) whereakbm delivery to BBFeN: occurs, thus
obviating the need to access eithg€tf@N> or P°Fe-N=NH*, needs also to be considered.
P:BFeN. + € - Ps®FeNs (3.2a)

PfFeN + H' - P:®FeN=NH (3.2b)

PfFeN, + H" - P:®FeN=NH" (3.3a)

Ps®FeN=NH* + € - P:®FeN=NH (3.3b)

PfFeN + H- - PFeN=NH (3.4)

Initial PT to RBFeN: to generate #FeN=NH"* (eq 3.3a) is unlikely under the present
conditions due to the high predicted acidity @fFe-N=NH" (pKa= T 3. 7 ; esti mat
DFT; See Appendix 2); efficient generation of such a species seems implausible for acids
whose K0 s calculated at 1.4 (BENH2") and 6.8 (PhNEl) in EtO (Table 3.2). We
note that [PENH][OTf] does not react productively withs#FeN: at-78 °C in EtO, as
analyzed by Mdssbauer spectroscopy.

Focusing instead on the PCET pathway (eq 3.4), the-&@#dulaed BDEy.+ for Ps®Fe-
N=NH (35 kcal/mol; Table 2; See Appendix 2 for detdfl& larger than the effective
BDE® of either Cp3Co/PhRNH2" or Cp%Co/PhNH" (25 and 31 kcal/mol, respectively).
This suggests that PCET (eq 3.4) is plausible on thermodynamiodg. Given that we

have employed Cp€o in this study, and that this and alsoCp and Cp3Cr have been
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effective in other MHixing molecular catalyst systeri§,we have explored via DFT
several putative metallocewerived PCET reagents. Based on @inalysis we describe
below, we propose that protonated metallocenes may serve as discrete and highly active

H- sources for PCET.

Figure 3.3.(A) Calculated freeenergy changes for the protonation of &3 (B) DFT

optimized structure afndeC p * C*eCgMasH)* (methyl protons omitted for clarity). (C)
The unfavorable reduction of 2lgtidinium by Cp*%Cr with the calculated free energy
change. (D) The favorable protonation of @pr by lutidinium with the calculated free

energy change.

Accordingly, we find that the formation ofende and exoC p * CeCtMasH)™ are
predicted to be thermodynamically favorable via protonation ofCpby either PINH,"
orPhANH* (121 and 113 kcal/ mol?2'Werhave pakewated thee | vy ;

BDEcn6 s f cendo &ndexdC p * CleCgMisH)" as 31 kcal/mol (Figure 3.3B; Table


















































































































































































































































































































































































































