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ABSTRACT

This thesis, directly and indirectly, focuses on mechanisms and strategies for the 6H"/6e"
reduction of N> to NH3 (nitrogen reduction; N2R) using well-defined molecular catalysts. In
nature, nitrogenases reduce N> to NH3, but nitrogenases can also reduce cyanide to CHs and
NH3, making CN™ and N reduction interesting to compare. We describe the highly selective
catalytic reduction of CN™ to NH3 and CH4 by a mononuclear Fe-catalyst related to Fe-based
N2R systems. Mechanistic studies suggest several intermediates, including iron isocyanides
(FeCNH), aminocarbynes (FeCNH,), and aminocarbenes (FeC(H)NH:"), allowing a
comparison to NoR. We then show the 2H"/2e” equilibration of iron cyanide to the iron
aminocarbyne complexes of these early intermediates of catalysis. Such reversible triple
bond activations are rare. We show that key to this transformation is the H-bond facilitated
multisite proton-coupled electron transfer (MS-PCET).

Next, seeking alternative ways to drive N>R, a photodriven approach is explored. The
Hantzsch ester (HEH:), a dihydropyridine, is utilized as a 2H"/2e” photoreductant, and when
partnered with a suitable catalyst (Mo) and an organic buffer (collidine/collidinium;
Col/ColH") under blue light irradiation allows for photodriven N>R. Catalysis is enhanced
by addition of a photoredox catalyst (Ir). This photodriven N>R is thermodynamically
comparable to the industrial hydrogenation of Ny, but light is used to drive the reaction.
Mechanistic studies of the Ir-free conditions show that Col-buffer is essential for transferring
H'/e” from HEH> to N>. An H-bonded pre-association can form between [ColH]" and HEH>,
allowing for rapid oxidative quenching of the excited HEH,. Subsequently, the base
deprotonates HEH,'", circumventing back electron transfer. In net ColH" and HEH", two
potent H-atom donors are generated. This reagent combination is competent for the
photoreduction of organic substrates as well. Lessons from this mechanistic study drove the

M_to-Sm" reduction, an appealing prospect

development of photodriven methods for Sm
given Sml, being a potent and selective reductant, including for NoR. HEH» can serve either
as a direct photoreductant or as the reductive quencher for an Ir photoredox catalyst. Both
methods for Sml> generation translate to proof-of-concept photodriven, Sm-catalyzed

reductive cross-coupling reactions.
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Chapter 1

Introduction



1.1 Motivation

This thesis explores the reductive protonation of triply bonded small molecules, such
as dinitrogen (N>2) and the cyanide anion (CN"). Particularly critical is the reduction of No.
All nitrogen in biomolecules is sourced from N», primarily through its industrial and
biological reduction to ammonia (NH3).! NH;3 also holds potential as a solar fuel due to its
energy density and the availability of N».?

The industrial Haber-Bosch reaction, critical to synthetic fertilizer production,
hydrogenates N> to NHs.! This is a mildly exothermic reaction, but requires high
temperatures and pressures, as well as a catalyst to activate kinetically inert N» (Figure 1.1).
These reaction conditions are associated with high energy requirements and favor large,
centralized NH3 production. In addition, the H> for the Haber-Bosch process is sourced from

steam reformation of methane, resulting in considerable CO2 emissions.'

Hydrogenation of N, Biological N, reduction Proton-coupled reduction of N,

Kinetic barrier Large Large
GVereerie with overpotential overpotential
T and P achieved by required
ATP hydrolysi (to date)

N,+8 H* +8e
+16 ATP

N,+ 6 H"+6 e

N, + 3 H,
2 NH, 2 NH; + H, 2 NH,
+16 (ADP +P))

Figure 1.1. The energy input for industrial, biological, and chemically/electrochemically
driven N2R.

As an alternative, N> can be reductively protonated by 6H'/6¢™ at ambient conditions
to yield NH; (nitrogen reduction, N2R), with heterogeneous,® homogeneous,* and enzymatic?
examples. However, to overcome the barriers associated with N> activation, examples of NoR
utilize a chemical overpotential — ATP hydrolysis in biological N2R® or a highly cathodic
overpotential or strong reductants in heterogeneously/homogeneously catalyzed N2R (Figure
1.1).*7 The works discussed herein are directly or indirectly concerned with this

overpotential. Two major topics are covered: the Fe-catalyzed chemical reduction of CN™, a
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reaction with interesting parallels to N>R, and the development of photodriven N>R and
resulting photochemical insights. This introduction will provide context for these two topics
and present some overarching themes.

1.2 Definitions relating to proton-coupled electron transfers

This thesis concerns proton-coupled reductions, a field that suffers from a variety of
similar and ever-developing terms. It is therefore useful to define some phrases as I use and
understand them.®® A proton-coupled reduction (used interchangeably with reductive
protonation) involves the addition of H'/e™ to a substrate, forming X—H bonds during
substrate reduction. Relevant to this thesis is the 6H"/6¢e™ reduction of N2 to 2 equivalents of
NH; and the 7H'/6e” reduction of CN™ to yield CH4 (methane) and NHs. Both these
transformations require a catalyst to activate the substrate, but the reagent(s) supplying H"

and e are also critical.

A. Mechanisms of PCET from donor (D) to acceptor (A) B. Thermodynamics of PCET
PKA(XH)
X—H X
8y,
p =
E(XH"°)1L \y\& ﬂ E(X)
X+'H B PO X
XH

E(ox"/red ﬂ ﬂ E(ox"/red)

B*-H + ox" ~——T B + ox
PKA(BH")

+

H* H* pKA( )
5 A KcpeT OF Kpat A
Ka(BH)
e e B*-H + red - B + red
@o
'°s
KET ka
e
D A
=

BDFEy._;; = 23.06 £ + 1.37 pKx + Cg (eqn 1.1)

Figure 1.2. Mechanisms and thermodynamics of proton-coupled electron transfer.

Proton-coupled reductions might involve one or more proton-coupled electron
transfer (PCET) steps. PCET implies that the transfer of a proton and an electron from a
donor to an acceptor is kinetically or thermodynamically coupled. A PCET mechanism may
still occur via sequential proton transfer (PT) and electron transfer (ET), e.g., via a pre-
equilibrium (Figure 1.2A). If the PT and ET are kinetically coupled, we might designate the
step as a concerted proton-electron transfer (CPET) or a hydrogen atom transfer (HAT). The
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distinction lies in whether the H" and e are transferred to different orbitals (CPET) or the
same orbital (HAT).!°

An important mode of PCET reactivity is multisite-PCET (MS-PCET).!"!? In the
reductive direction, such reactions involve transferring the H" and e  from different
molecules to form one X—H bond. The entropic barrier associated with these termolecular
steps often requires pre-coordination of one of the reagents, e.g., via H-bonding.

The thermodynamics of net H" transfer between PCET reagents can be readily
compared using the Bordwell equation (Figure 1.2B, eqn 1.1).!*!* The inputs of reduction
potential, acidity, and a solvent-dependent constant (Cg) allow us to calculate the bond
dissociation free energy (BDFE) for a (net) HAT donor or a combination of reagents that
perform MS-PCET (designated as effective BDFE; BDFEcr). The BDFEcrr values
determined can be related to the thermodynamics of a proton-coupled reduction. For
example, BDFEsr can be compared to BDFE(H2)u-n or BDFE(NH3)N-H, ave tO assess the
thermodynamics of hydrogen evolution reaction (HER) or N2R, respectively.”!> Similarly,
the BDFE.fr can inform the kinetics of a reductive protonation. Simply stated, the weakest
X—H bond formed during reductive protonation of a substrate is rarely much weaker than the
BDFE.r supplied by reagent(s).”!® This basic principle can be used to rationalize and predict
much of the reactivity discussed herein.

1.3 Biological Reductions of Dinitrogen and Cyanide

With this framework in place, we can introduce the proton-coupled reductions
discussed in this thesis. Given our interest in modeling enzymatic reactivity to test and
constrain mechanistic hypotheses, we first introduce the biological context for N> and CN~
reduction. Nitrogenase enzymes are the only class of enzymes known to reduce N2 to NH3.>¢
This occurs at a metal-sulfur cluster active site, [MFe;SoC] (M =V, Fe or Mo, abbreviated
as [FeM]-cofactor; Figure 1.3 depicts the [FeMo]-cofactor, also know as FeMoco).!” Two
equivalents of NH3 are generated, alongside one equivalent of Hz, with two ATP hydrolyzed
per ET (i.e., 16 ATP are hydrolyzed per N> reduced, Figure 1.3). Nitrogenase enzymes are
selective for NH3 among N-fixed products, although the [VFe]-protein produces some

hydrazine (N2H4; 4 € product).'® Many parts of the mechanism of biological N2R remain
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poorly understood, such as the site(s) of N2 binding, the six N—H bond formations, and the

N-N bond cleavage step. However, the existence of [FeFe]-nitrogenases'® and spectroscopic

20,21

evidence from the heterometallic cofactors™~" suggest one or more Fe-sites play a key role

in substrate binding and reduction.

R%‘ SRS \ DTN

O- Mo""S Fe—,C Fe S FeS(cys)
(his)N \S/ W Ng? < o\

\S/F e—S

FeMo-cofactor - Active site of MoFe-protein

Ratio:NoH4/NH3
Ni in:
itrogenase > 2 NH; + Hy + 16 ADP MoFe protein: 0.0

g
Ny +8H" +8e” +16 ATP 2040 °C VFFe protein: 0.001-0.01

(1 atm)

] Ratio: CH3NH2/CH4
Nitrogenase » NH; + CH, + 12 ADP MoFe protein: 0.4
25 °C, 1 atm Ar VFe protein: 0.6-1.1

Trace C,H,4, CoHg and CHoNH

HCN+6H" +6 e + 12 ATP

Figure 1.3. Comparison of N reduction and HCN reduction at nitrogenase enzymes.

Interestingly, nitrogenases can reductively protonate several other substrates,

including triply bonded small molecules like acetylene (HCCH),?

methyl isocyanide (CNMe),?* and hydrogen cyanide (HCN).?®> Similar to N2R, these

carbon monoxide (CO),?

reactions occur at the [FeM]-cofactor and require ATP to drive ET. HCN is reduced to
primarily CH4+NH3 (6 € product) and methyl amine (CH3NH3; 4 ¢ product), with methyl
imine (CHoNH; 2 e product) and trace C, products (ethane and ethylene) also detected
(Figure 1.3).162627:28 Unlike the reduction of Na, the coevolution of H» is not required. The
isolobal analogy between substrate and products in cyanide and nitrogen reduction has
motivated the mechanistic comparison of these two proton-coupled reductions.?*°
1.4 Catalytic N2 reduction with well-defined molecular complexes

Well-defined molecular complexes, more amenable to spectroscopic studies and

systematic variation, can also reduce N to NH3.*3! These systems can guide hypotheses



7
relating to substrate reduction at the nitrogenase active site and provide strategies for more
efficient NoR.

Building on studies of the protonation of terminal dinitrogen complexes (M—N2; M
= Mo or W) to yield NH3,*>* Yandulov and Schrock demonstrated the first example of the
catalytic reduction of N> to NH3 with a well-defined molecular catalyst.?!** This first
catalytic system used a (trisamidato)amine molybdenum ((N3N’Mo)) precatalyst and
decamethylchromocene (Cp*2Cr; E12(Cr'V™) =—1.47 V vs. F¢"° in THF; all redox potentials
are vs. F¢™® in THF)® and 2,6-dimethylpyridinium ([LutH]BArs, pKa 9.5 in THF, all pK,

in THF)*® as the e~ and H" sources.

Acid Reductant
N (N3N')Mo-N,
KII + 8LUtH[BAr"] + 6Cp,Co —————————> 2 NH,BAr",] + 8Lut + 6 Cp,Co[BAr]
N (PNP)MoBr
N + 8ColH[OTf] + 6Cp*Co ———————> 2 NH,OTf] + 8Col + 6Cp*,Co[OTf]
N (PNP)MoBr3 il
Kj' + 6 ROH + 6Smlp —— 2 NH;3 +  6(Sm")Ix(OR)
N P3BFe*[BArT,]
m + 8 PhyNH,[OTf] + 6Cp*Co ——————— 2 NH4OTf] + 8 PhoNH + 6 Cp*,Co[OTf]

N2 ) PP
Br — r2
| N(HIPT) |,P'Bu, PhP=rel
(H|PT)N'—M0\ 7 \N'MC/)—BI' " P,PFQ
(L NHIPT) =gl EY
\/ tBuzBr
HIPT = 3,5-(248PCgH,),CeH3 B Bl
(N3N')Mo—N, (PNP)MoBrs (Ps")Fe
E=B,SiorC

Figure 1.4. Conditions and catalysts for molecular catalytic N2R critical to the work
discussed in this thesis.

In 2011, Nishibayashi and coworkers introduced the bis(phosphino)pyridine pincer-
molybdenum complex, [(Mo)(N2)2)2(u-N2)] as a precatalyst for NoR.37 This first report
used cobaltocene (Cp2Co; E12(Co™™) =—1.33 V) and LutH[OTf] as the e /H" source. Later
it was shown that using trihalide precatalysts, (PNP)Mo'"X3 (X =1 or Br), and a more potent
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reductant, decamethylcobaltocene (Cp*,Co; Eip(Co™") = —-1.97 V), and 2.4.6-
trimethylpyridinium triflate ([ColH]"; pKa 10.4) acid, yields and rates improved.*® Further
improvements were achieved using Smlx (E12(Sm™™) = —1.55 V) as a reductant and alcohol
as the proton source (ROH, e.g., ethylene glycol).** These Sm-based reactions yield
Sm™(OR) as the spent acid/reductant. Since this report, remarkable progress has been made
in recovering such reagents*’ including a photochemical method presented in Chapter 6.

The proposed role of Fe in biological N>R has motivated the study of Fe-catalyzed
NoR. The Peters group reported the first example of catalytic N>R using an iron
tris(phosphino)borane precatalyst (P3®Fe) and initially with [H(OEt2)2]BAr"4 (pKa < 0) and
reductant KCs (E(K”") <—3 V) as the H'/e™ source.*! Subsequent studies have shown that
softer reagents, Cp*,Co and chlorinated anilinium triflates (ArNH3[OTH]; pKa 1.2 to 8.0, best
yields with pK, 4.3), showed improved yields.*>* Interestingly, the N-fixed products of Fe-
catalyzed N2R can be shifted from NH3 to N2Hy by shifting the precatalyst,** acid/reductant
choice,® or irradiation.*

Mechanistic experiments and the characterization of intermediates have allowed
detailed mechanistic pictures to be built up for these described molecular systems. The Chatt
cycles, initially used to describe stoichiometric N2 protonations, have found significant utility
in describing the Schrock group’s Mo-catalyzed N>R and the Fe-catalyzed systems described
by the Peters group.**” The Chatt cycles are monometallic pathways starting from terminal
dinitrogen complexes (M—N=N; Figure 1.5). In the Distal Chatt cycle, 3H"/3¢" are first added
to Np, with N—N bond cleavage giving an equivalent of NH3 and a metal nitride (M=N). The
nitride is then reductively protonated to yield a 2" equivalent of NHs. The Alternating Chatt
cycle sequentially forms Ng—H and N,—H bonds and can yield NoHs from hydrazyl
intermediates (MN(H)NH>). However, evidence from both W and Fe complexes has shown
that stoichiometric reactivity of the respective terminal hydrazido complexes (M=N—NH>)
can also yield NoHa.?>* It is proposed that No—H bond formation from the hydrazido yields
the hydrazyl intermediate, allowing for N2H4 formation (this is designated as the Hybrid
Distal-to-Alternating cycle). Therefore, hydrazidos are often the selectivity-determining

intermediate in N2R (at least for N-fixed products).
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While hydrazidos are selectivity-determining intermediates, the overpotential of

molecular N2R via a Chatt cycle is proposed to be determined by the 1% N—H bond formation,

i.e., to form the metal diazenido (M—N=N—-H). In fact, there is often a close correlation

between BDFEN-u(M(NN—H)) and the BDFEcfr of acid/reductant combinations used in the
described catalytic reactions.’

Another pathway relevant to catalytic N2R is the nitride splitting pathway. Access to

a bimetallic dinitrogen complex allows splitting into two metal nitrides* that can be

reductively protonated to yield NH3 (Figure 1.5).* N2R with (PNP)MoBr; precatalysts

(Cp*2Co/ColH[OTf] or SmI/ROH as reactants) are thought to proceed through this

mechanism via a [Mo'-N=N—Mo'] intermediate.*°

Nitride splitting pathway

- lM—NEN—M] =

=N

& i Distal Chatt pathmi/_?y

~u -1 o

z -—

~/H*
—NH;

==

N — 1+
l!l e /H
Il
M

=z—2Z

e H*
N

N Hybrid H N
l Chatts & H* N 2e2Ht I
pathway . |

e /H*
+ N2, =i N2H4

N
|
Alternating Chatt pathway
Figure 1.5. Mechanisms of catalytic N>R at well-defined molecular complexes.
1.5 Cyanide Reduction
The role of HCN as a non-native substrate of nitrogenase has motivated the study of
cyanide reduction. ATP-independent reductions of CN~ with extracted or synthetic Fe—S

clusters have been reported using Eu'(DTPA)/pH 8 buffer or SmIy/[LutH]JOTf as a

reductant/acid.’!*233% These Fe—S cluster-catalyzed reactions yield substantial C2+ products
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(~20%) regardless of the choice of precatalyst or conditions. While the observed Ca+ products
are undoubtedly interesting, this does suggest a mechanism that diverges from that observed
by nitrogenase under ATP-dependent conditions. In addition, a lack of spectroscopic or
mechanistic data has limited comparisons to NzR. Electrochemical reduction and
hydrogenation of HCN using heterogeneous catalysts have also been demonstrated.>>~°

A. Synthesis of hydrazidos and aminocarbynes  C. Reactivity of diazenido and isocyanides

Ph .
Ho _H|[OTs | Ph< F‘BF,; Limited Well
N N N N precedent —I " precedent H_|
N 2HOTs N C HBF4 N -H N I\Il
N{ — I\/lll N’ o ,\w i H* h‘ i H* i
1° 2 1© Me,cOo MO N ----» N G C
3 OTs N, O, M M M M
Mo = Mo(dppe), CMe;, - ) _
dppe = 1,2-bis(diphenylphosphino)ethane le_ V e le €
B. 6 e Reduction at P,EFe H H
N=N Et,O N [T e llxll’ m BTG l'\ll
B =18°C__  2NHs N — N — C
xs CP72C0 P,BFe* catalytic M M M
ArNH3[OTf]
D. Protonation of hydrazidos and aminocarbynes
SiEa—C=
P5;°'Fe-C=N %290 l}le Protonation l}le Only C-atom
*+ —€ ~ 5 NH3 + CH4 N at N, and Ny C protongtion
s CP™2Co (sub)stoichiometric ~ \| described M described
ArNH;[OTH]

Figure 1.6. Comparison of molecular CN™ reduction and NoR. ArNH3 = 25 C'PhNH..

Stoichiometric reductions of cyanide and isocyanide with well-defined molecular
complexes have also been explored, often using the framework provided by the Chatt
cycles.’”*® The monoprotonation of d® alkyl and aryl isocyanide complexes yields
aminocarbynes,> %6162 analogs of the hydrazidos invoked in N2R (Figure 1.6A).% Further
protonation of these complexes can yield primary amines, consistent with 6 ¢~ reduction of
the isocyanide ligand. However, low amounts of CH4 suggest hydrolysis is a considerable
side reaction.®**%* Our laboratory has previously shown stoichiometric CN™ reduction to
CH4 and NHj3 at a mononuclear Fe-complex with a tris(phosphino)sylil ligand (P3%).%° This
reaction resembles the Fe-catalyzed N>R with similar catalysts and reagent combinations
(Figure 1.6B). Iron aminocarbynes were characterized and invoked as intermediates of this

cyanide reduction.



11

With the molecular reduction of N> and CN™ introduced, we can highlight some key
contrasts explored in Chapters 2 and 3. The CN™ ligand is more basic than N, with linear
(£C—N—H ~ 180°) isocyanide geometries that maintain the C—N triple bond readily available
(Figure 1.6C).%® By contrast, the N, ligand requires greater activation before it can be
protonated, with diazenido species typically featuring bent geometries and decreased N—N
bonding. These differences might allow for different mechanisms of early N—H bond
formation.

Following early N—H bond formation, the differing reactivity of hydrazidos and
aminocarbynes might provide interesting contrasts. As noted, transition metal hydrazidos
often determine selectivity for NH3 or NoHs via N or No—H bond formation, with catalytic
and stoichiometric evidence for both reactivity patterns,3*#3Error! Bookmark not defined..67.68.69 3,
contrast, examples of aminocarbyne protonation exclusively show C—H bonds to yield

aminocarbenes,’%’!7?

an interesting observation in light of the selectivity for CHs and NHj3
observed in many CN™ reduction reactions (Figure 1.6D). However, discussions of the
frequently observed selectivity for CH4 and NH3 were lacking in the literature.

1.6 Photodriven N2R: Motivation and approach

As noted, N>R requires an energy input, which, under ambient conditions with
molecular catalysts, is supplied by a chemical overpotential from strong reductants and/or
acids (Figure 1.1). How to lower this overpotential is a fascinating question that has
motivated a lot of beautiful chemistry, and I would direct readers to some of the chemistry
developed in parallel with my own thesis work.”>’* However, zooming out, it is striking that
despite considerable improvements in turnover number, utility, rate, and selectivity, the
overpotential for chemical N2R has not improved in 20 years. This motivated the exploration
of alternate methods to generate high overpotentials.

An alternate approach to achieve large chemical overpotentials with otherwise mild
reagents is to use light as the additional energy input. While small molecule activations such
as hydrogen evolution,”” CO, reduction (CO2R),’® and water oxidation’’ have received
considerable attention, such an approach had not previously been disclosed in the molecular

N2R literature. Proposed examples of photodriven N2R with semiconductors, including in
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concert with nitrogenase, have been reported, but low yields and/or high amounts of non-N»
derived NH3 remain issues.”®7%8081

Upon excitation by a photon, the reducing power of a photoreductant or photocatalyst
increases, allowing it to be the strong reductant required for N2R. Based on this principle, we
envisioned a chemical system for which a dark reaction has an overpotential for N>R close
to 0, but upon irradiation, sufficient driving force is generated by photogenerated reductants
(Figure 1.7C, left panel). Such a system might provide a thermodynamic analog of the Haber-
Bosch reaction, but instead of temperature and pressure, the reaction would be driven by

light.

Concept: Photodriven of N,R Strategy #1: Photoreductant

; h .
Kinetic barrier \ Ho-carrier <=== *H,-carrier M(NyHy)

overcome with

light
H,"*-carrier M(NyHy)~
N, + 3 *H,-carrier Strategy #2: Pnotoredox catalyst
\4
)//—\\ PS )
H,-carrier —~_"PS M(NxHy)
N,+3 Ijl;carrier
2 NH, + carrier H,"*-carrier o M(NxHy)

Figure 1.7. Concept for photodriven N>R with molecular complexes. The overpotential
required for NoR with molecular catalysts is supplied by excitation; two strategies are
shown.

Ideally, H> could be used directly, but while there are examples of photoactivation of
H, or Ny, integration into catalytic N2R cycles remains challenging.32%384 As an alternative,
H-carriers, reagents with labile H-atoms with a comparable overpotential for hydrogenation
to Hz can be used.®>¢ Such reagents can be directly photoexcited®”*® or used in conjugation
with a photoredox catalyst.>*® Unlike alkyl amines, common reductive quenchers in
photodriven CO2R or HER, H»-carriers allow a large pK. window for added buffers or acids,
desirable attributes for NoR, where a low pKa is often required. In addition, clean oxidation

of the carrier would allow for careful thermodynamic analysis.



13

The challenge then becomes how to, upon irradiation, convert the H/e™ stored in the
Ha-carrier into reagents competent for the proton-coupled reduction of N». Using conditions
for thermal N>R as a guide, we envisioned two strategies in which the Ha-carrier might be
activated to reduce N2R intermediates (generalized as M(NxHy)). A photoactive H-carrier
could directly reduce M(NxHy) from the excited state (Figure 1.7, Strategy 1). Examples of
such systems being employed in photodriven small molecule reductions are limited, but
photooxidants, particularly quinones, have found use in water oxidation.”'*>%*> Alternatively,
an explicit photosensitizer could be used (Strategy 2). Following excitation, the
photosensitizer can then be reduced by the H)-carrier to generate a persistent reduced
photosensitizer. ET from the reduced photosensitizer to M(NxHy), in net transfers e~ from
the Ho-carrier. In both strategies, the oxidized Ha-carrier is a potent donor for 2H'/e” allowing
for further ET and PT steps in N2R.%*% The inclusion of a buffer was posited to help facilitate
these PT steps.
1.7 Hantzsch ester photoreductions

In short, both strategies worked, although the photoreductant strategy operates by a
mechanism quite different from what we first envisioned. Attempting to understand this
mechanism motivated investigations into the photochemistry of a specific H»-carrier, the
Hantzsch ester (HEH>; Figure 1.8A), and given its importance in the latter half of this thesis,
a short introduction is warranted.

HEH; is a dihydropyridine, similar to biological energy carriers like NADH. It was

196 87,9798

first synthesized in 1881°° and has been known as a photoreductant for over 60 years.
The capabilities and limitations of the excited state of HEH, (*HEH:) can be summarized in
two key photophysical properties (Figure 1.8B): the excited state reduction potential,
E(HEH,"/*HEH,) = — 2.5 V and excited state lifetime, t12 = 200 ps.”® *HEH, will reduce
many substrates, but the short, excited state lifetime limits diffusional reactivity. Therefore,
*HEH; will reduce substrates that can pre-associate HEH> in the ground state (Figure 1.8C).
n-stacked electron donor-acceptor (EDA) complexes are the most common mode by which

such interactions have been described, utilized both in the reduction of simple organic
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compounds and to activate R*-donors such as Katritzky salts ([>**""PyrR]BF4)'® and N-

hydroxyphthalimide esters.!?!:192
A. HEH, as an Hy-carrier B. HEH, excited state
H H roperties
EtozcriCOzEt Efoz"r\LICOZEt " EHER, HEH,)
l N l — 2H*/2e- SN -2.5V (vs Fc*)
: t4o 200 ps
- rlE Droey 0.02
HEH, fluor, V-
C. HEH, favors inner-sphere photoinduced electron transfer
sub™
sub K  sub hv  Sub
b | ] el HEH,* —>= HE
HEH; HEH, *HEH, - 2H%e”

Figure 1.8. Key parameters of Hantzsch ester photoreactivity and potential utilization in
selective reduction of substrates.

A question that arises when exploring HEH: photochemistry is the potential utility.®®
Are these photocatalyst-free reactions mere curiosities, or might they offer advantages
beyond saving a few mol% precious metal photocatalysts? The short lifetime of *HEH>
might provide a potential avenue by which one can achieve selectivity in photoreductions.
Unlike long-lived or persistent photocatalysts, HEH> photoreductions require pre-association
of the oxidant. This could allow for selective reductions in a pool of potential redox partners
if one of them more strongly pre-associates to HEH>. This motivates the further exploration
of HEH: photochemistry beyond its application in N2R, particularly understanding modes of

pre-interaction and subsequent photoinduced electron-transfer steps.

1.8 Overview of the individual chapters

In Chapter 2, we developed conditions for the catalytic reduction of CN™ to CH4 and
NH; with high selectivity at a mononuclear Fe-site, P35 Fe using excess reductant ((C¢He)2Cr;
E(Cr"%) =—1.22 V) and acid (PhoNH2[OTf]) to supply the required 7H"/6e". Following this
discovery, we explored the mechanism of this reduction reaction, finding that terminal iron

aminocarbynes (P3;%FeCNH,) and iron aminocarbenes (P3>FeC(H)(NH2)]") as likely



15
intermediates. This mechanism is then compared to CN™ reduction at Fe—S clusters and N>R
at tris(phosphino)iron complexes, emphasizing the high selectivity for CH4 and NHj.

In Chapter 3, the initial steps of catalytic CN™ reduction, the 2H"/2e~ conversion of
P35FeCN to P35 FeCNH>, are examined in detail. We demonstrate that these species can
interconvert reversibly, an unusual observation in small-molecule triple bond reductions. The
reductive reaction is studied over a wider range of conditions, with the previously measured
thermochemistry of early N—H bonds of the iron cyanide platform found to be powerful
predictors of reactivity. In addition, we analyze the kinetics of iron cyanide reduction to the
iron aminocarbyne, finding that H-bonding to iron cyanide is key to a low barrier
transformation. Finally, we evaluate factors enabling reversibility and discuss implications
for lowering the driving force in Fe-catalyzed N2R.

In Chapter 4, we develop conditions for the blue-light-driven reduction of N> to NH3
using (PNP)MoBr; as a catalyst, HEH; as the H»-donor, and Col-buffer. Unusually for a
photodriven reduction reaction, an explicit photocatalyst was not required to observe NaR.
Still, the inclusion of an Ir-photocatalyst ([Ir(ppy)2(dtbbpy)|BArs) boosted yields and rates.
Under either set of conditions, the conversion of HEH> to the 2H"/2e™ oxidized form, HE,
allows for careful assessment of the thermodynamic effects of irradiation and suggests the
possibility of photoreductant recovery/recycling. These conditions were also found to be
competent for the reduction of nitrate to ammonia and acetylene to ethylene (with trace
ethane).

Given the unusual efficiency of photodriven NoR in the absence of a photocatalyst,
in Chapter 5, we investigate the mechanism of this reaction further, focusing on the
interaction of HEH; and Col-buffer. Through spectroscopic study, a detailed mechanism for
the activation of HEH» by Col-buffer is proposed. In short, we observe H-bonding between
HEH; and [ColH]" in the ground state. [ColH]" readily quenches *HEH>, via a static
quenching pathway, proposed as ET between the pre-associated species. Transient
absorbance and EPR data suggest the base plays a critical role, rapidly deprotonating HEH, ™.
This results in the (net) formation of two potent H-atom donors, ColH® and HEH", with the
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reduction of organic substrates used to benchmark their reactivity. Finally, some lessons for
the photoreactivity of HEH: are discussed.

Finally, in Chapter 6, given the importance of Sml as a selective one-electron
reducing reagent for organic and inorganic reactions motivates the development of methods
for Sm'"" regeneration. However, photochemical methods illustrated to date were limited.
Using lessons from Chapters 4 and 5, we developed conditions for the reduction of Sm'™
precursors to Sml> via both a photoreductant approach with HEH, and a photoredox
approach using HEH> as a reductive quencher with a photocatalyst, [Ir(ppy)2(dtbbpy)]PFe.
Subsequently, we developed a proof-of-concept catalytic Sm-mediated ketone-acrylate

coupling reaction.
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Chapter 2

Catalytic Cyanide Reduction to Methane and Ammonia at a Mononuclear Fe-site

Adapted from:
Johansen, C. M.; Peters, J. C. J. Am. Chem. Soc. 2024. 146, 5343-5354.
DOI: 10.1021/jacs.3¢12395.
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2.1 Introduction

Nitrogenases catalyze nitrogen reduction to ammonia (N2R) as well as the reductive
protonation of non-native substrates, 3 including cyanide (CN"),>6.7:8910.1LI2.13 Thege are
mechanistically fascinating bio-organometallic transformations which, for the case of CN™
(and CO/CO; as well), may involve metal-to-carbon intermediates such as alkyls, carbenes,
and carbynes/carbides that are conceptually related to posited intermediates of N2R (e.g.,
NNH, NNHz, NH).

Whereas substantial attention from the synthetic community has been directed
towards functional NoR models with associated mechanistic studies,'*!>!¢ there has been
only limited attention paid to catalytic cyanide reduction by comparison. !-18:19-202122 Gjven
potential mechanistic parallels between catalytic N2 and CN™ reduction, including an
isolobal relationship between aminocarbynes (e.g., M=CNR2)?*->*2326 and their hydrazido
(M=NNR2) counterparts,?’*®? mechanistically well-defined CN~ reduction catalysts
present an attractive target for further study. In contrast to terminal hydrazido systems, the
reductive protonation of terminal carbynes to liberate products (e.g. CH4/NH3) has rarely
been observed.?>*%313233 Indeed, catalytic transformations involving bona fide carbyne

3435 are essentially without

intermediates, outside of the scope of metathesis reactions,
precedent.

Towards these objectives, our lab reported in 2016 a single-site iron model system
capable of mediating the (sub) stoichiometric reductive protonation of CN~ to CH4 and
NH3.?®> We also characterized a number of species as plausible intermediates of the overall
transformation, most notably the carbyne complex (P3)Fe(CNH2)" (P;S represents a
tris(phosphino)silyl ligand; Figure 2.1, top).?’ The product distribution observed mimics
that of ATP-dependent cyanide reduction by nitrogenases (Figure 2.1, middle), where the
major observed products under most conditions studied are methane and ammonia (6 e~
reduction); methylamine (H3CNHy; 4 ¢ reduction) and methyleneimine (H2C=NH; 2 e
reduction) can also be observed as minor products, along with trace ethane and

ethylene >>-26-27-28
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Prior study (our lab): Single-site iron system mediates CN™ reduction

Et,0
Pr,p—Fe [Fei:N] —78°C NH; + CH,
—

(sub)stoichiometric

X3 { [A(r:l\T ;ingf }

possible carbyne - — . .+
(Ps5)Fe intermediate? Fe=C—NH,
notation used: structurally similar (P3S’)Fe carbynes and hydrazidos

(P5%)Fe(CN) = [FeCN] 10

+ _ +/0 _
Fe=N—NH, = Fe=C—CH; Fe=C—O0SiMe;

Prior studies: Npase and FeS-cluster precursors mediate catalytic CN™~ reduction

NH; + CH, oy _S 4-
: | (EtS)FelnaXt &rsiFel NFe SEt_l
major (EtS) \’SS/Fef\\S, Fe/\ S'y (SEY)

>,
products S ¥ S
: [FesSo(SE),]*

NH3 / CH4 and C,. products produced
CH3NH, also produced ' mechanistic data is lacking

HCN
6e/6H"

This study: Catalytic CN~ reduction by a well-defined single-site [Fe]-system and
associated mechanistic studies

proposed
+/0 Iintermediates
[FefN] EtO  NHy + CHy [ | +0 .
catalytic b N'-;I H,oN H_|

(CeHe),Cr RT b Il I s 2

X {[Ph NH ]OTf} = 70 turnovers C C C
Cl highly selective | | Il I

new e~ /H" source Fe Fe Ee

Figure 2.1. Summary of prior studies on stoichiometric and catalytic cyanide reductions
mediated by iron complexes as context for this study.®?223-2644

Several synthetic Fe—S clusters have also been shown to catalyze cyanide reduction
and exhibit substantially higher selectivities for C—C coupled products than has been
observed with nitrogenase enzymes as the catalysts (Figure 2.1, middle).!%!1:12:20.21.22
Catalytically relevant species in trans20formations employing such clusters as precatalysts
are ill-defined and to date associated mechanistic information has not been forthcoming.

Against this backdrop we have sought conditions for catalytic cyanide reduction
via our well-defined (P3%)Fe-system, ideally manifesting product distributions akin to
nitrogenases (chiefly favoring the C; products CHs4 and CH3NH;) and amenable to
mechanistic scrutiny. This study presents our findings (Figure 2.1, bottom).

Guided by measured and estimated thermochemical parameters (Figure 2.2A),3¢ we
show herein that the iron complex (P3;%)Fe(CN) (abbreviated as [FeCN]) efficiently
catalyzes cyanide reduction in the presence of acids and reductants. By employing a

combination of synthetic, >’Fe Mossbauer, optical, and theoretical studies, we outline a
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mechanistic scheme for the catalytic cycle, which can be juxtaposed with that of catalytic
nitrogen fixation mediated by analogous iron complexes.

2.2 Results
2.2.1 Canvassing conditions for more efficient [FeCN] reduction

To target the catalytic reduction of CN™ we sought conditions for the proton-coupled
reduction of [FeCN] to produce NH3/CH4 (or CH3NH>) and an [Fe] byproduct that might re-
enter a catalytic cycle. In our original report,® we described the proton-coupled reduction of
[FeCN] using excess [>**“'PhNH;3]OTf and Cp*2Co (pKa 4.5 for [>>*“'PhNH;3]OTf in THF;
all pK,’s reported in THF;*® E° =—1.9 V for Cp*2Co; all redox potentials are reported in THF

and referenced to Fc*?).7

Such reaction mixtures invariably afforded low yields of NH3/CH4
(Figure 2.1A) despite being effective for catalytic NoR.*3

Curiously, in our original study we had observed that the cationic aminocarbyne,
[FeCNH,]OTY, prepared via double protonation of [FeCN][Na(12-c-4)2],% decays upon
warming to liberate 0.09 equiv NH3z/Fe and 0.07 CH4/Fe (Figure 2.2), with [FeCNH]OTf
and [FeOTf{] as the major Fe-products. This NH3 yield represents ~50% of that theoretically
possible for a disproportionation reaction assuming a stoichiometry of five equivalents of
[FeCNH:]OTT providing five H-atom equivalents ([FeCNH2]'— [FeCNH]" + H'/e") to

reduce one equivalent [FeCNH>]OTf to NH3 and CH4 (Eqn 2.1).

6 [FeCNH,] — 5[FeCNH]OTf + [FeOTf] + NH; + CH, (Eqn2.1)

Based on thermochemical data (Figure 2.2A),%¢ removal of a H'/e™ pair from
[FeCNH,]" is equivalent to removal of 1H"/1e” from an acid/reductant pair with pK, ~ 7
and E° ~ —1.3 V. Reagents suiting these values would be significantly milder than [**
CIPhNH;]OTf and Cp*2Co. Hence, once [FeCNH»]" is formed in situ via reductive
protonation of [FeCN] (pKa 5.6), comparatively mild reagents should drive net CN~
reduction. Because [FeCN] can be converted to [FeCNH]OTf with a reductant strength of
E°=—1.3V, we deduced that the 7H"/6e™ reduction of [FeCN] should be accessible with
reductants at E°~—1.3 V.
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Gratifyingly, stirring [FeCN] with (CeHe)2Cr (E° = —1.2 V, Figure A.23)*° and

[PhoNH2]OTS (pKa 3.2)*° in Et2,0 at —78 °C and then allowing the reaction mixture to warm

to RT overnight yielded 0.75 equiv NH3/Fe (75% yield per reductant) with [FeOTf] as the

major Fe product (Figure 2.2B, and Figure A.9). Moreover, it was established that [FeOTf]

reacts cleanly with excess [TBA][CN] to reform [FeCN], setting the stage for catalysis
(Figure A.10).

A. Pertinent thermochemical data for [Fe]-system

21V
[FeCN] [FECN]™

I

4—06//7)
7 estimated
-13 BDFEy_ values
[FeCNH]* [FeCNH]

estimated from data
for [FeCNH(Me)]*" O/ a
d/spropomonates [F CNH2] [Fe CNH2]

to NHy/CHy in soln

B. Targeting conditions for catalytic CN~ reduction

(CGHG)QCF E°=-12V
[PhoNHLJOTF pK, = 3.2 (in THF)
[FeCN] » [FeOTf] + NHj3
* Et,0, -78 °C 0.75 equiv
per [Fe]

[TBAJ[CN], — [TBAJOTf

Figure 2.2. Thermochemistry and reagents for stoichiometric [FeCN] reduction. (A)
Relevant, previously measured, thermochemical data (values in THF at 25 °C; E° in
referenced to Fc™?).2% (B) Exploring new conditions for reductive protonation of [FeCN].

2.2.2 Catalytic CN™ Reduction

Thus, using [FeCN] (0.72 mM) as a precatalyst, in a reaction mixture containing
140 equiv [TBA][CN] (100 mM), 480 equiv [PhoNH2]OTf, and 360 equiv (CeHe)2Cr in
Et20 at 25 °C, yielded 28+5 equiv NH3/Fe after 80 minutes (Table 2.1, entry 1).
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Using these same catalytic conditions, we also analyzed the gaseous products. CH4

was observed as the major reduced carbon product, with a yield of 25+4 equiv of CH4/Fe,
consistent with a net 7H'/6e” reduction of CN~ (Eqn 2.2; yield based on consumed

(CeHe)2Cr 1s 47+8%).

CN™ + 7H*+6e — CH, + NH; (Eqn2.2)

Under these conditions trace Cz products ethylene and ethane were also identified
(0.4 equiv C2H4 and 0.3 equiv C2Hs per Fe). These products correspond to 10H/8¢™ and
12H"/10e™ reductions of CN™. Combined, these C, evolving reactions accounted for less
than 2% of the consumed reductant. Hence, the [FeCN] catalyst is nearly quantitatively
selective for C; products, as is observed via the nitrogenase enzyme.?*?® H, accounts for
most of the remaining reducing equivalents (yield based on (CsHs)2Cr: 29£11 %). Neither
CH3NH: (4e™ product) or CHoNH (2¢7) was detected, regardless of initial temperature,
using [FeCN] as a catalyst.

Curiously, whereas synthetic iron catalysts for N2R have shown highest efficiency
at low temperatures due to mitigated HER (Hydrogen evolution reaction) and entropically
favored N, binding,*! no such advantage is observed for catalytic cyanide reduction by
[FeCN] (entries 2-4). Instead, background HER via combination of this reductant and acid
is comparatively slow (vide infra). Also, CN™ binds favorably to [Fe(Il)] at RT. For
reactions started at —78 °C catalytic turnover is slow, reflecting a slow OTf for CN™
metathesis step needed to turn the system over (vide infra); most of the observed catalysis
occurs as the reaction is warmed. For a catalytic reaction run at —20 °C and quenched after
20 minutes, 1.7 equiv NH3 was detected, demonstrating that catalytic turnover occurs at

this temperature, but is relatively slow.
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[FeCN] (0.72 mM)
[PhoNH,]OTf (480 equiv/[Fe])
(CsHs)-Cr (360 equiv/[Fe])

s - on
Et,0, 25 °C, 12 hrs
NH CH Yield per
Entry  Change from standard conditions (equiv;Fe) (equiv4/Fe) red(t:/c)taant
b
il None 2815 25+4 4718
2 -78°C—> 25°C 3346 3343 55+10
3 -20°C—> 25°C 3548 - 58+13
4 0°C—>25°C 26+2 - 4343
o 2.9 mivi [FeCNJ® 9.7140.2 - 65%1
6 0.15 mM [FeCN]P 7314 - 24+1
7 No [FeCN]P <0.4 <0.3 <1
8 No [TBA][CN]P 0.7 = 1.2
9 8.0 mM FeCl, as cat. 0.3 - 5.5
10 8.0 mM CrCl, as cat.® <0.05 - <1
11 2.9 mM (PhBP®";)FeBr as cat. 1.4+0.7 1.0::0.1 1243¢
12 2.9 mM (P,8)Fe[BArf,] as cat. 2.3+0.3 1.6 15.6+0.6
13 Cp,Co instead of (CgHg),Cr 2.810.8 - 1214
14 Cp*,Cr instead of (CgHg),Cr 13.543 - 3216
15 [FeOTf] as cat. 32 - 53
16 Reloaded catalysis® 4.1+1.0 - 6.8+1.7

Table 2.1. Results for the catalytic reduction of CN~ to ammonia. (a) Yields assume net
6 ¢ reduction to generate NHs. (b) Catalysis initiated at =78 °C and then allowed to warm
gradually to 25 °C (total reaction time of 12 hours). (c) This yield includes 0.6+0.2 equiv
CH3NHo,. (d) After 80 min catalysis under standard conditions (entry 1), soluble Fe species
were extracted into Et,O and then re-exposed to the standard catalytic conditions.

Increasing the catalyst loading to 2.9 mM (entry 5) modestly increased the NH3
yield relative to reductant present (65+1%). Lowering the catalyst loading (0.15 mM; entry
6) improved the TON for produced NH3 (73+4 equiv) but led to a corresponding drop in
yield per (CsHe)2Cr (24+1%).

A catalyst-free reaction yielded no detectable NH3, CHa, or other gaseous carbon
products (entry 7). This conclusion is further supported by experiments with [TBA][!*CN]
as the cyanide source. '*C NMR spectroscopy of catalytic runs using [TBA][!*CN]
confirmed the formation of '3CH4 and consumption of '*CN~ (Figures A.5 and A.6). By
contrast, a corresponding catalyst-free reaction (under otherwise identical conditions)

showed negligible consumption of *CN~ and no observable '*CHa. These observations
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collectively establish the Fe-catalyst is required for consumption of substrate and
responsible for the NH3 and CH4 products.

Catalysis run in the absence of [TBA][CN] produced 0.7 equiv NH3, with [FeC'°N]
used to demonstrate that this NH3 arose solely precatalyst reduction and not N2R (entry 8,
Figure A .4).

The nature of the phosphine-ligated iron catalyst appears to be critical. FeCl
instead of [FeCN] produced only 0.3 equiv NH3 under the standard conditions (entry 9),
and CrCl, instead of [FeCN] produced no detectable NH3; (entry 10). The
tris(phosphino)iron complexes (P3®)Fe[BAr'4]'® and (PhBP™3)FeBr*? (P;® represents a
trisphosphine borane ligand; PhBP'™'; represents a trisphosphine borate ligand) showed
very moderate activity as (pre)catalysts compared to [FeCN] (entries 11-12). Curiously,
for (PhBP*"3)FeBr, a small amount of methylamine, CH;NH> (0.6+0.2), was detected as a
product. These iron phosphine precatalysts produce CH4 as the major hydrocarbon product,
but with a lower selectivity. The ratio of C2/C; products produced is 0.16 and 0.11 for
(PsB)Fe[BArf4] and (PhBP5)FeBr, respectively (Table A.3), compared to 0.02 for
[FeCN].

While (CsHs)2Cr is the favored reductant for CN™ reduction, other reductants
including Cp2Co (E° =—1.33 V, Figure A.25; entry 13) and Cp*,Cr (E° =—1.47 V, Figure
A.27; entry 14) were modestly competent. The low yields for these reductants do not appear
to correlate with the reduction potential of the chemical reductant. Instead, we attribute the
strong attenuation in yield to enhanced background HER. Accordingly, we find that the
rate of reaction of each reductant independently with [PhoNH2]OTf (to produce H»), as
measured by cyclic voltammetry, inversely correlates with the NH3 TON observed in a
catalytic run when CN™ is present under the standard conditions (see appendix, section
A.8.2 for details).

To summarize, we have established a highly selective catalytic system for NH3 and
CH4 production via reductive protonation of CN™; the choice of catalyst ([FeCN]) and

reductant ((CsHs)2Cr) are crucial for observing high turnover and significant yields.
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2.2.3 Mechanistic studies
Scheme 2.1 provides a working outline for the catalytic CN™ reduction cycle
starting from [FeCN], emphasizing early intermediates of the cycle. To guide the following
discussion, summary remarks concerning a plausible pathway are as follows: [FeCN] is
first protonated (step a) to form independently characterized [FeCNH]",?® which is then
reduced (to [FeCNH]; step b) and protonated (step c¢) to afford the independently
characterized aminocarbyne, [FeCNH2]"?° [FeCNH:]" is in redox equilibrium with
[FeCNH:] in the presence of (CsHs)2Cr (step d). These carbyne intermediates are suggested
to be rate contributing to overall CN™ reduction (see below). Along the ET-PT pathway,
[FeCNH2] can be protonated to form a posited carbene intermediate (step e),
[FeC(H)(NH>)]". This carbene is modeled via independent generation of its methylated
analogue, [FeC(H)(NMe:)]" via protonation of [FeCNMe:] (see below). This observation,
and computational evidence, each lend support to C—H bond formation to produce
[FeC(H)(NH2)]" during catalysis. A direct PCET (proton-coupled electron transfer)
pathway from [FeCNH:]" to [FeC(H)(NH2)]" is also plausible (step f). Finally, a series of
downstream (as yet undefined), facile reductive protonation steps of [FeC(H)(NH2)]" are
proposed to release NH3 and CH4 along with [FeOTf] (step g); the latter is returned to
[FeCN] via metathesis with [TBA][CN], a step (h) that is turnover limiting.

OTf
l-||_| He /H—| oTf

H

N N N N
lclzl [Ph,NH,JOTE ||| (CeHe)oCr g [Ph,NH,]JOTf |
L ———————— > C
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Fe a Fe ~[(CeHe)Cr] Fe c Fe
b /
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Scheme 2.1. Proposed mechanism for CN™ reduction to NH; and CH4 as catalyzed by
[FeCN].
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2.2.4 Probing catalyst resting state and deactivation

To probe speciation during catalysis, we prepared [>’FeCN] to facilitate monitoring
the catalysis by >’Fe Mossbauer spectroscopy via low temperature quenching of catalytic
runs initiated at 25 °C. Related studies proved insightful for N2R catalysis by related Fe
systems. 043

Freeze-quenching (77 K) the catalysis after one minute at 25 °C, we found
[*"FeOTf] as the sole iron-species present (see section $6.2).* This result points to [FeOTf]
as the catalyst resting state, with metathesis step (h) being turnover limiting. Consistent
with this observation, [FeOTf] performs analogous to [FeCN] as a catalyst (Table 1, entry
15). Freeze-quenched snapshots at later reaction times show attenuation in the signal for
[*’FeOTf] and the growth of unknown iron species. After 80 min, all of the [°’FeOTf] has
been consumed; the remaining iron species showed poor activity following extraction and
(re)subjection to catalytic conditions at 25 °C with fresh acid, reductant and [TBA][CN],
yielding only an additional 4.1£1 equiv NH3 (entry 16). NMR analysis of the post-catalysis
mixture revealed evidence of a diamagnetic iron hydride (possibly [Fe(H)(NHPh>)]) with
the (P;5")Fe platform intact, as well as free Si(H)P3 (Figure A.13). Relatedly, iron hydrides
(e.g., [Fe(H)(N2)]) have been shown to be off cycle sinks during catalytic NoR. 434346

While our mechanistic studies have focused on the most efficient catalyst, [FeCN],
initial studies of the reactivity of (P3®)Fe[BAr'4] and (PhBP*"5)FeBr suggest that these
less efficient precatalysts are also less stable to excess CN™. When reacted with 20 equiv
[TBA][CN] in Et;O (in the absence of acid or reductant), free phosphine is observed,
indicating partial demetallation as a pathway for deactivation, offering a plausible reason

for the lower turnover numbers (Figure A.14 and A.15).
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2.2.5 Early N-H Bond Forming Steps
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Figure 2.3. UV-vis data showing in situ formation of [FeCNH2]OTf (pink trace, 6 s after
acid addition) in the reduction of [FeCN] (blue trace) to [FeOTf] (orange trace, 240 s after
acid addition).

Since metathesis to produce [FeCN] from [FeOTf] appeared to be turnover limiting
we turned to stoichiometric experiments to probe the role/s of early intermediates of
reductive protonation in this catalysis.

Exposing a solution containing a mixture of [FeCN] and a large excess (20 equiv)
of (Ce¢He)2Cr (unreactive in the absence of acid) to [PhoNH2]OTf (20 equiv, added via
syringe) caused distinct color changes that could be monitored by UV-vis spectroscopy
(Figure 2.3). While higher energy absorptions (A < 600 nm) are complicated by the

absorption spectrum of (CsHg)2Cr*°

, the lower energy transitions provide a useful handle
for the iron speciation. Upon addition of the acid (all 20 equiv) at RT, the characteristic
near IR absorption of [FeCN] (Amax = 905 nm, FWHM = 100 nm; blue trace) decayed
rapidly (t12 < 6 s) and a new, broader absorbance characteristic of [FeCNH2]" (Amax = 929
nm, FWHM = 250 nm; pink trace) was observed.?® This feature decayed more slowly (1,2
~ 40 s under the conditions studied) with simultaneous growth of a shoulder that extends
further into the near-IR, and a strong absorption centered at 485 nm (orange trace). These
latter features are consistent with formation of [FeOTf], as was also confirmed by 'H NMR
spectroscopy (Figure A.12). Products were also analyzed (1.0 equiv NH3/Fe and 0.9 equiv
CHa/Fe). These data demonstrate the aminocarbyne [FeCNH»]" as an observable on-path

intermediate in the conversion of [FeCN] to [FeOTT]. Isosbestic points at 520 nm and 900
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nm establish that no further downstream intermediates build-up as [FeCNH]" is converted
to [FeOTf] during liberation of NH3 and CHa.

To interrogate shorter-lived intermediates, we next studied the consumption of
[FeCN] at lower temperature, using fewer equivalents of reductant and acid. Mixing
[*’FeCN] with [PhoNH2]BArfs and (C6He)2Cr (2.5 equiv each) in Et2O at =78 °C for 1
minute, followed by freeze-quench (77 K) and analysis by Mdssbauer spectroscopy,
showed primarily [*’FeCNH,]BAr" (Figure 2.4A; 6 =0.13 mm s ™' and AEq =1.47 mm s~
1, again supporting the proposed intermediacy of [FeCNH>]" during catalysis.? These low
temperature conditions also allowed identification of the first intermediate of protonation,
[*’FeCNH]BAr"s (8 = 0.407 mm s and AEq =3.20 mm s!),% as a minor component,
consistent with step (a) (Scheme 1).

We also obtained evidence for a facile redox equilibrium between [FeCNH2]"° and
(C6He)2Cr™, as can be expected based on the estimated difference in their reduction
potentials (E°(Fe™) ~—1.2 V, E°(Cr"%) = —1.2 V; see section S8.3 for data). Relatedly, the
available data imply that single electron reduction of [FeECNH,]" to [FeCNH:] (step d) is
feasible under conditions relevant to the catalysis. Accordingly, addition of 2.5 equiv
[PhoNH,]BAr"s to a THF solution of [FeCN] at —80 °C resulted in the immediate formation
of [FeCNH]BAr"4 (Figure 2.4B, blue trace).?>*” Following this, the solution was titrated with
0-6 equiv (CsHe):Cr to study its response (Figure 2.4B). During the addition of the 1%
equivalent of (C¢He)>Cr, UV-vis maxima for [FeCNH]" (800 nm and 610 nm) decreased in
intensity and new maxima appeared reflecting the growth of [FeCNH>]" (929 nm and 570
nm; pink trace). Isosbestic points at 570 nm and 860 nm establish no other intermediates
build up. Upon addition of further equivalents of (C¢He)Cr, the signals for [FeCNH,]"
attenuate with corresponding growth of a strong absorbance with a shoulder around 560 nm
(orange trace). These changes are consistent with the reduction of [FeCNH:]" to [FeCNH2].
Still, even after addition of 6 equiv (CeHq)>Cr a large fraction of [FeCNH,]" remained.*®
These results confirm a redox equilibrium between [FeCNH2]"" and (CsHe)2Cr' (step (d)).
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Figure 2.4. Formation of aminocarbynes. (A) *’Fe Mdossbauer spectra of reaction of
[FeCN] with [PhoNH2]BArs and (CsHe)2Cr or Cp2Co. (B and C) UV-vis data for reaction
of [FeCN] with [PhoNH2]BArfs and (CeHe)Cr (B) or Cp2Co (C) to form early
intermediates [FeCNH]BAr"4 (blue trace), [FeCNH2]BArfs (pink trace) and [FeCNH:]°
(orange trace).

As expected for such a redox-equilibrium, cobaltocene, a stronger reductant than
(CeHe)2Cr (E°(Cp2Co®7?") = —1.3 V), completely reduces [FeCNH,]" to [FeCNHa].
Accordingly, °’Fe Madssbauer spectra of the reaction between [>’FeCN] with
[PhoNH,]BAr"s and Cp2Co (2.5 equiv each) at =78 °C in Et;O reveals the formation of a
single new species (6 =0.02 mm s~' and AEq=0.99 mm s!; Figure 2.4A). These parameters
closely resemble those of [FeCNMe:] (5§ =0.06 mm s ' and AEq=1.12 mm s7!),” consistent
with formation of [FeCNH;]. Complete formation of [FeCNH] with only 2.5 equivalents
of reductant differs markedly from conditions using (CsHe)>Cr. Titrations monitored by
UV-vis spectroscopy using Cp2Co still showed [FeCNH:]" as an intermediate upon
addition of just 1 equiv of Cp2Co to a mixture of [FeCN] and [PhoNH2]BArY, (Figure 2.4C,
pink trace). Upon addition of a 2" equiv of Cp>Co, [FeCNH2]" is fully consumed with

concomitant formation of [FeCNH:] (orange trace).

2.2.6 Evidence for C—H Bond Formation via Fe=C(H)NH:"

+/0

The intermediacy of iron carbynes [FeCNH2]™" in catalytic CN~ reduction

corresponds to the intermediacy of isolobal hydrazidos [FeNNH]"?", during Fe-catalyzed
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N2R . 27:28:2949.50 With this analogy in mind, we wondered whether iron carbynes might be
selectivity determining in CN™ reduction, with final N—H bond formation releasing NH3
(analogous to Ng—H bond formation in N2R via hydrazido intermediates), resulting in the
observed 6 e products (CHs and NH3), possibly via a transient carbide [Fe(C)]
intermediate. Computational evidence and a study of the reactivity of the methylated
carbyne [FeCNMez] complex instead support C—H bond formation via a carbene
intermediate, [Fe=C(H)(NH)]", as the next step of the cycle. This path implies that the
aminocarbyne is not selectivity determining in the present system; C—N bond cleavage
occurs later in the catalytic cycle.

As intermediates downstream of [FeCNH:] cannot be identified during the CN~
reduction process, we studied the reactivity of the more tractable, methylated [FeCNMex]
analogue (Scheme 2). Thus, a reaction between [FeCNMe;] and [PhoNH2]OTf in the
absence of added reductant affords a new paramagnetic species, observed via UV-vis and
'H NMR spectroscopy (see SI, section S9); some competing oxidation to [FeCNMe:]"
(with loss of H») is also observed in the reaction mixture, frustrating isolation and
purification of the new species. Nonetheless, on the basis of reactivity and >’Fe Mssbauer
(vide infra), we assign the product of protonation as the aminocarbene [FeC(H)(NMe2)]".
Its formation is reversible; [FeCNMe:] is cleanly regenerated upon addition of

triazabicyclodecene (TBD) base (Scheme 2.2 and Figure A.32).
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Scheme 2.2. Protonation and proton-coupled reduction of [FeCNMe;] as a model of
[FeCNH:z] reactivity.
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[FeECNMe:] also reacts with 10 equiv [PhoNH>]OTf in the presence of 10 equiv
(CeHp)2Cr in THF at room temperature, and is gradually converted to [FeOTf] over a period
7 days, with MeoNH (0.25 equiv) and (curiously) MesN (0.5 equiv) detected as the N—
containing products.’! Notably, we had previously observed that [FeCNMe:] is not reduced
in combination with Cp*>Co and [>**“'PhNH;]OTf.>

While formation of [FeOTf] from [FeCNMe:] is slow in the presence of
[PhoNH2]OTf and (CsHs)2Cr (at 10 equiv each), the [FeCNMe:] is consumed rapidly (ti2
~ 1 minute at 25 °C) and the same paramagnetic (presumed) carbene species is now also
observed as an intermediate. Hence, reacting [FeCNMe>] with excess (CsHes)2Cr and
[PhoNH2]OTf and freeze-quenching the reaction after 5 minutes, revealed a new major
species with the parameters § = 0.40 mm s and AEq =2.25 mm s! (Figure A.37),
consistent with an S = 1 [FeC(H)(NMe2)]" species with parameters similar to previously
characterized S = 1 (P35)Fe''-L" species (L = CO, CNR or N»).>%>? Taken together these
data are highly consistent with [FeC(H)(NMe:)]" as an intermediate during the reductive
protonation of [FeCNMe:] to liberate [FeOTf] and the amine products and suggest
[FeC(H)(NH2)]" would form readily via protonation of [FeCNH>] during CN™ reduction

catalysis.
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A. Relative energy (in kcal mol™") for [FeC(H)NH,]*® and isomers
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Figure 2.5. Computational study of bond strengths of early N—H bonds (A) Comparing
energies of isomers in specified spin states for [FeC(H)(NH2)]™°. (B) Calculated N—H bond

and C—H bond dissociation free energies (BDFE’s). Experimentally determined values are

provided in parenthesis, for carbynes these are estimated from [FeCN(H)(Me)]"°.%¢

To gain further support for this proposed [Fe=C(H)(NH:)]" intermediate we turned
to computational methods to explore the energy of aminocarbene species versus other
plausible isomers. The TPSS functional®® and a def2-TZVP basis set on Fe, with a def2-
SVP basis set on all other atoms,>* reliably replicates experimentally estimated BDFEs for
complexes similar to those discussed here.>> We thus used this approach to compare
plausible isomers, with specified spin states, under the addition of H" to the [FeCNH,]""°
carbynes (Figure 2.5A). We find that iron carbenes [Fe=C(H)(NH2)]" in their

corresponding S = 1 and S = 1/2 spin states, respectively, are the lowest energy isomers

(AGrel = 0 kcal mol ™) when compared to their corresponding ammonium carbyne isomers
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([Fe=C—NH;3]"%; AGiel = 45-66 kcal mol™) and iron carbyne hydrides ([(H)Fe=C—NH,]"°;
AGie = 7-25 keal mol ™). Alternative spin states of the iron carbenes (S = 0 or 3/2) are also
higher in energy (AGri = 9 and 29 kcal mol™, respectively). The small AGre of
[(H)Fe=C—NH]" is interesting given that iron hydrides can be catalytic sinks for this
system;*® isomerization between the on-path iron carbene and this iron carbyne hydride
might be a relevant deactivation pathway.

The thermodynamic favorability of C—H bond formation (over N—H bond
formation) can be rationalized by considering the basicity of the N and C atoms of the iron
aminocarbyne. [FeCNH,] features a planar sp>-hybridized N atom, suggesting substantial
n donation from N, which can be expected to make the N atom less basic than the carbyne
C atom. Such a scenario would favor C atom protonation, as observed.

Computationally the carbene [FeC(H)(NH2)]"° C—H bonds (51 — 55 kcal mol™") are
much stronger than the carbyne [FeCNH,]"° N—H bonds (39-40 kcal mol™!; Figure 2.5B),
consistent with the conversion of carbyne to carbene being a thermodynamically favorable
step in [FeCN] reduction (Figure 2.6). However, the build-up of [FeCNH>]" as an
observable intermediate when [FeCN] is reduced to NH3 and CH4 (Figure 3), and the slow
protonation observed for [FeCNMe]° (Scheme 2.2), suggest a significant kinetic barrier in
converting [FeCNH2]"° to [FeC(H)(NH2)]"® (Figure 2.6). This can be rationalized by a
rehybridization at carbon with a corresponding change in spin state upon protonation,

which would correlate with a significant kinetic barrier.
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Figure 2.6. Proposed qualitative energy barriers for transformation of [FeCN] to [FeOTf{]
with key intermediates, [FeCNH>]" and [FeC(H)(NH2)]" indicated.

2.3 Discussion
2.3.1 Comparison to other Fe-based Catalysts

As introduced above, reported Fe-catalysts for cyanide (or HCN) reduction have
exclusively been Fe—S clusters, either as the protein active sites of nitrogenase

525262712813 the extracted cofactors (e.g., FeMoco),!®!12 or synthetic

enzymes,
clusters.?2!22 The extracted cofactors and synthetic clusters studied have been shown to
reduce CN™ using weak acids (lutidinium or pH 8 buffered solutions) and lanthanide (II)
reductants (Smlz or Eu''(DTPA)) as a source of H/e™ equivalents. Invariably these systems
have produced substantial amounts of Ca+ products, accounting for 20-40% of the total
reduced carbon products, in addition to C; products, including CHs4 (and NH3) or
CH;NH,, 10:11:1220.21,22

By contrast, the [FeCN] catalyst studied herein shows <2% C:+ products. Curiously,
its reactivity profile more closely resembles that of HCN reduction by MoFe nitrogenase,
where C+ products account for <0.1% of the total reduced carbon.?> Still, [FeCN] shows
much higher selectivity for the 6 e” reduction products (CH4 + NH3) than has been observed
for the nitrogenases studied (MoFe and VFe variants), which also show significant
CH;3NH: production (MoFe, CH3NHz : CHs= 0.39; VFe, CH3NH, : CHs= 0.66-1.1).28 The
complex (PhBP™*3)FeBr, while a less active catalyst system for CN~ reduction (Table 1,
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entry 10), more faithfully captures the selectivity of nitrogenases, producing substantial
CH3NH; as well as (CH4 + NH3). As functional models, the (P3®)Fe— and (P;%)Fe—systems
we have studied are distinct in that both have been shown to display catalytic activity for
N2R and CN™ reduction, akin to ATP-dependent nitrogenase enzymes. '>1643
2.3.2 Mechanistic findings

The data presented above allow us to posit several important intermediates we
believe to be on path for catalytic CN™ reduction by [FeCN] (Scheme 1), and to further
consider the observed selectivity. A key observation from low temperature U V-vis titrations
includes the finding that [FeCN] is readily protonated by [PhoNH2]OTf. The resulting
isocyanide [FeCNH]" can be reduced by (CsHe)>Cr, and the resulting [FeCNH]° product is
rapidly protonated to afford the observable aminocarbyne [FeCNH:]". With (C¢Hg)2Cr
present as the reductant, [FeCNH,]" and [FeCNH;] have been shown to be in redox
equilibrium.

While we observe downstream conversion of [FeCNH,]" to [FeOTf] at room
temperature (associated with liberation of NH3 and CHs), we have been unable to
characterize intermediates of this transformation, even at low temperature. However, by
reconciling computational data with the observed reactivity of a methylated analogue,
[FeCNMe:], we favor a C—H bond forming step to produce [FeC(H)(NH2)]" as the next
intermediate from [FeECNH:]" along the catalytic pathway (possibly via ET-PT (steps d and
e in Scheme 1) or PCET (step f)). This Fischer-type aminocarbene would plausibly be on
path for either CH4 + NH3 (6 €7), or CH3NH:> (4 €°), products. The selectivity determining
C—N bond cleaving step that produces the 6 ™ products in this system must therefore occur
at a later stage of the catalytic cycle, with additional (and facile) 4H"/4¢™ transfers (Scheme
1, step g).

From the Fischer carbene (or its one electron reduced congener) several pathways
can account for CHs and NHj3 products (depicted in Figure 2.7A). Guided by theoretical
studies, we can, qualitatively at least, compare them. Ultimately, each specific H" and e~
step likely needs to be examined to fully account for CH4 and NH3/CH3NH; selectivity, as
has been the case for NH3/N,H4 selectivity during NoR (Figure 2.7B).2%2%° However,
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acknowledging increased error in theoretical calculations when studying changes in charge
state,® we have opted to limit our present considerations to the thermodynamics of the
addition of a net H-atom to [FeC(H)x(NH2)]"° (x = 1, 2) species, and the associated C—N
bond strengths of the ammonium intermediates, [FeC(H)x(NH3)]"°, that form. The
combined H'/e™ transfers (Figure 2.7A) are referenced to the combination of (CsHe)2Cr
(") and [PhoNH,]OTf (H'; see appendix A for details).

We consider three pathways in Figure 2.7A (i-iii) as an expansion on step g
introduced in Scheme 1. Pathways i-iii proceed either via cationic or neutral intermediates
and we use +/0 to differentiate between these charge states in the figure.

Starting from the aminocarbene +/0 intermediates, addition of the next H'/e
equivalent at N would yield an ammonium carbene, [FeC(H)(NH3)]"°, which could
liberate NH; and an iron methylidyne, [Fe=C—H]"°. The methylidyne is envisioned to be
reductively protonated to form CH4 and [FeOT{] (Figure 2.7A, pathway 7). The plausibility
of iron methylidyne intermediacy in this P35'Fe catalyst system is supported by our recent
report of the isolation and structural characterization of the methylated analogues
[P3SFe=C—CH;]"° 4

Alternatively, C—H instead of N—H bond formation from [FeC(H)(NH2)]""° would
yield an iron alkylamine product. We consider computationally such a species as two spin-
isomers, a low spin (S = 0, 1/2) n’-iminium adduct ([Fe(n>~CH2NH,)]"’) and an
intermediate spin (S = 1, 3/2) n'-alkylamine ([Fe(n'-CH2NH2)]"). In [Fe(n'-CH2NH2)]™°
intermediates, N—H bond formation is likely kinetically favorable (see below), but from
the n?-iminium adduct we anticipate similar barriers for C—-H and N—H bond formation.
From either alkylamine isomer, N—H bond formation would yield an alkylammonium
product [FeC(H)2(NH;3)]™° (pathway ii). C—N bond cleavage releases NH; and an iron
methylidene ([Fe=CH»]"®). While we have not previously characterized a terminal
P3SIFe=CR; carbene (for R = H or alkyl), cationic, diamagnetic iron methylidenes,
[CpFe(L2)=CH>]" (L = phosphine or CO), have been synthesized by O-atom protonation

of a corresponding methoxymethyl iron complex, followed by C—O bond cleavage.®’%>
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Such a scenario is akin to the C—N bond cleavage suggested here. Addition of a further
2H"/2¢", releases CH4 from [FeCHa]™.

A CH;3NHj selective pathway, (iii)”° has also been considered, where the addition of
H/e” to the C—atom of [Fe(>-CH2NH2)]"° results in a methylamine adduct, [FeNH,CH;3]™°.
The latter should readily liberate CH3NH> upon reduction, as has been demonstrated for the
ammonia-complex, [P35'FeNH;]".%

Computational analysis of the intermediates along these three pathways shows that
C—H bond formation is always thermodynamically favored. Consequently, if the strongest
bond is always formed, CN™ reduction would produce CH3NH; instead of CH4 and NH3
(Figure 2.7A; pathway iii). Hence, to account for the observed CH4 and NH; products, we
propose the bulky ‘Pr-groups on the P55 ligand limit access to the carbyne C-atom and
thereby kinetically favor N—H bond formation. This leads to ammonium intermediates
[FeC(H)x(NH3)]™ (x = 1,2) that ultimately liberate NH; (and then CHa; Figure 2.7A,
pathway 7 and i7). This rationalization accommodates the observed mixture of CH3NHz and
NHj3 observed when using (PhBP™3)FeBr as a catalyst instead of [Fe] (Table 1, entry 10);
the 4-coordinate Fe center in (PhBP™3)FeBr affords a more accessible carbyne
intermediate C-atom.®' Accordingly, the rate of C—H bond formation can compete with
N-H bond formation and CH3NH: is an observable product. Relatedly, we suspect that the
increased steric bulk at N in [FeCNMe:] slows the rate of N—H bond formation, leading to
the observed product distribution (2:1 Me3N:Me>NH).
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A. Computationally proposed pathway(s) for C-N bond cleavage (step g in Scheme 1). Values in parentheses are
computed AG’s in kcal mol~'. The notation +/0 denotes a positive or neutral charge. For example, (+22)* along path i
implies AG = +22 kcal mol~' for the addition of a H*/e~ equiv to [Fe=C(H)(NH,)]"* to produce [Fe=C(H)(NH3)]*.
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Figure 2.7. Mechanism of C—N bond cleavage and comparison to N—N bond cleavage. (A)
Plausible pathways i — iii for C—N bond cleavage via step g in Scheme 1 for CN™ reduction
by the P35'Fe-system, attempting to rationalize selectivity, with associated thermodynamic
data for stepwise ¢ /H" transfers en route to product, with values for both cationic (+) and
neutral (0) species. Pathway ii° is our favored pathway. (B) Comparison with N—N bond
cleavage in Fe-mediated NoR by the P3PFe-system, accounting for NHj3 versus NoHa
selectivity.?*>° (C) Comparison of N-N and C—N bond strengths in N> and HCN and their
further reduced derivatives.®?



45
With these considerations, we next compare the NH3/CHg selective pathways (i and
if). We favor pathway (ii)° as a pathway involving exothermic and mildly endergonic steps,

with C—N bond cleavage occurring from [FeCH>NH3]°. Considering pathways (i)"°

, they
feature highly endergonic N—H bond formation steps (+22 and + 20 kcal mol !,
respectively). As this step is followed by exothermic C—N bond cleavage and reductive
protonation of the resulting methylidyne, pathways (i)"”° may nevertheless be kinetically

t. Path (ii)" features downhill or mildly endergonic steps. We nevertheless

competen
disfavor this pathway (compared to (ii)°) due to the high favorability of the diamagnetic
[Fe(n>-CH2NH2)]" (—20 kcal mol™! compared to [Fe(n!-CH2NH2)]"), with subsequent H’
addition at C rather than N being very exothermic from [Fe(n?-CH2NH)]".

Our favored path (ii)° points to a selectivity determining step at the addition of a
(net) H' to [Fe(n'-CH2NH,)]% the latter constitutes a 4H"/4e™ intermediate of [FeCN]
reduction. By contrast, the proposed selectivity determining intermediate during N2R is
[FeNNH:], a 2H"/2¢” intermediate (Figure 2.7B). Compared to isolobal N=N, C=N"
requires a greater degree of reduction before C—N bond cleavage can occur. This is
consistent with the respective C—N and N—N sigma bond strengths: while their triple bond
strengths are similar, the bond weakening upon decrease in bond order is much greater for
N (Figure 2.7C).%?

In addition to the high selectivity for CH4 and NHs, CN™ reduction of [FeCN] has
high C; selectivity compared to other Fe-catalysts. When considering the origin of this
selectivity, it is worth noting that the addition of multiple cyanide ligands bound to Fe has
not been observed during catalysis or chemical experiments. This might be critical for the
high selectivity for Ci products. The precedent for C—C coupling of CO or CNR ligands at
mononuclear metal sites requires two of these ligands bound to the metal prior to coupling.
64,65.66.67 The sterically encumbered, four-coordinate P3S-ligand hinders the facile addition
of multiple equivalents of CN™, maintaining the trigonal bipyramidal geometry during
catalysis.%® We propose that this results in the high yields for C; products. Accordingly, the
more flexible (P3?)Fe-platform'**° and the less encumbered (PhBP™"3)Fe-platform®' both
have high C,/C; ratios (0.16 and 0.11, respectively) compared to [FeCN] (0.02). Relatedly,
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a previously synthesized and stable compound, (PhBP*";)Fe(CNR),, demonstrates that
(PhBP™3)Fe could accommodate two CN™ ligands (or further protonated derivatives) in a
5-coordinate structure, likely needed for Cz product formation.®
Finally, it is interesting to compare the strength of the reductant used herein for the
CN' reduction ((CsHg)2Cr; E °=—1.2 V), with a common reductant used for N2R via related
iron catalysts Cp*>Co (E° = —1.9 V). Proposed pathways for catalysis require a turnover
limiting potential (E° = —2.0 V) that generates an FeN>™ species before protonation (to
generate FeN>H) can occur, necessitating reductants as strong as Cp*2Co.>34070
By contrast, the basicity of the CN™ ligand enables protonation of [FeCN] prior to
an ET step.?>*¢ Consequently, the turnover limiting potential is that of [FeCNH]"° (E(Fe''")
= —1.3 V), not [FeCN]%~ (E(Fe'"") = —2.1 V), allowing the use of a comparatively mild
reductant like (CsHs)2Cr. If initial protonation, or PCET, occurs before any independent ET
steps, the turnover limiting potential for catalysis can be significantly less reducing. Indeed,
Schrock’s original triamidoamine Mo-N; catalyst system is thought to proceed via an initial
PT step, and it is compatible with correspondingly milder reductants (e.g., Cp*>Cr) for

turnover.'>7!-7?

2.4 Conclusions

In conclusion, we have described the catalytic reductive protonation of CN™ to
primarily NH3 and CH4, by a mononuclear Fe-complex, with selectivities comparable to
those observed for CN™ reduction by nitrogenase. We also report mechanistic studies that
show terminal iron aminocarbynes (FECNH>) intermediates, which are structurally similar
to iron hydrazido intermediates (FENNH2) of Fe-mediated N2R, as on-path in the CN™
reduction cycle. Experimental and computational studies suggest that these aminocarbynes
undergo further C—H bond formation(s) prior to C—N bond cleavage, resulting in the
selectivity observed, in contrast to iron hydrazidos during N2R. Via this study, a terminal
transition metal carbyne is hence invoked as a critical intermediate in the catalytic reductive

protonation of a robust small molecule (CN").
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Chapter 3

Reversible, equilibrium interconversion of an iron cyanide and an iron aminocarbyne

via an H-bond mediated proton-coupled electron transfer
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3.1 Introduction
The storage of chemical energy as solar fuels has motivated the development of
proton-coupled reductions of small molecules at ambient conditions and low applied
overpotential.!? This effort requires catalysts that lower the kinetic barriers and level the
energy between intermediates , as well as strategies to deliver multiple H'/e™?
Considerable progress has been made towards the reversible interconversion of 2H'/2e”
energy carriers (e.g., H/Ha, CO2/HCO,H, CO2/CO, 02/H>0,) with molecular,*>6789

10,11

heterogeneous!®!! and enzymatic examples.!?!*!%!°> By contrast, examples of the deep (>

0’16,17,18,19,20,21,22,23 which would

2 ¢) reductions of small molecule triple bonds, N> or C
yield desirable energy carriers, like NH3; or CH30H, require a considerable thermodynamic
driving force at ambient conditions. Likewise, the corresponding oxidation reactions,
ammonia and methanol oxidation requires a large driving force.?+232627:28.29:30 The Jowest
driving force conditions reported for N> reduction to NH3 (Nitrogen reduction, N2R) and

oxidation of NH3 to N> (ammonia oxidation, AO) occur at an overpotential of ~80 kcal

mol™! per equiv N> (Scheme 3.1).!8:26
[Mo]-N,
N, + 8 LutH* + 6 Cp,Co — > 2 NH,* + 8 Lut + 6 Cp,Co*
ambient
conditions

AGpar = —75 kcal mol™! (lowest to date)

[RU2]—NH3
8NHy ————— N, + 6NH,* + 6¢"

Eqn(Ruy) = -0.25 V vs Fct0

AGpo = —95 kcal mol™! (lowest to date)

’I‘z _ Cl N,’ Cl
(HIPTN—Mo_ NHIPT) Ny \ NRu=SN )
(| INGHIPT) U O, [I"NN
N Z 0—Ru-Jl0
Lut \\ Z
HIPT = 3,5-(245PCqH,),CeHs NED
[Mo—Nj] [Ruzl-NHs

Scheme 3.1. Lowest overpotential catalytic NoR and AO with molecular complexes
reported to date.'®26

As a complementary approach to the study of these catalytic reactions, the

development and characterization of systems that can undergo multiple reversible H'/e~
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transfers during triple bond activation might aid the development of new strategies for
efficient small molecule reduction. Pioneering studies by Meyer and coworkers have
demonstrated multiproton-and-electron reversible interconversions of transition metal
oxos with the corresponding aquo complexes.’!*> However, examples of reversible
reduction of transition metal activated small molecule triple bonds are limited to the
2H"/2e” reduction of Os-bound MeC=N to the corresponding imine (Figure 3.1).* The
bidirectional 2H"/2¢" interconversion of a tungsten cyanide complex (W(CN)) and the
corresponding aminocarbyne (W(CNH>)) (Figure 3.1), provides another notable example
of triple bond activation.** However, this reaction does not occur at equilibrium, requiring

a AE > 1 V between the oxidative and reductive reactions.

Prior work: Reversible and bidirectional triple-bond activations

+ +
< Me

E=03V 2 equivPhOH H__  _H

]

N -

=-1.81V N
”l (pH 2.5) He 2 ”l —_— |
N _— N H C -— C
| | | 2 equiv PhO~ Ml
Os Os W E=_78V w

Os = Os(tpy)(NSAr)CI W = (dppe),WCI
Prior work (our lab): Catalytic reduction of CN™ at a mononuclear Fe-site

P/Pr.
[TBAJICN] Catalyst iPrp— Fe 2
[FeCN] Spipr, =
+ CH4 + NH3 @,Sl w2
TH'+6e @
---------- Catalytic reagents ---------- (PsS)Fe

combined strength

(CeHg)2Cr
Ee 122V sy BOFEN b e
BDFEf 1 C|: 39 kcal mol™’
[PhyNH]OTf 36 keal mol M aminocarbyne
pKa 3.2 Fe intermediate
This work: Reversible 2 H*/2 e~ transfer to form/break weak N-H bonds
F
A |BAF. )
N ! 1 equiv [HAJBAI", A1
Il [HAIBAF, N 2 equiv Reducant |
Il BABATS ) e,
| A = anilines, (|3 1 equiv Base Il
e g?llz;?;ﬁfﬁes Fe 2 equiv Oxidant e

* H-bond mediated, multi-site proton coupled electron transfer
« Occurs over wide range of pK, with AG = 0 kcal mol™!

Figure 3.1. Background on reversible small molecule activation and CN™ reduction as
context for this study.?>33-3436

Our laboratory recently reported conditions for the catalytic, 7 H'/6 e reduction of
[TBA][CN] to CH4 and NH; at a mononuclear iron tris(phosphino)sylil platform, P;5'Fe
(abbreviated as [Fe] throughout this report), using (CsHs)>Cr and [Pho,NH>]OTfas e and H"
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source, respectively (Figure 3.1, middle).?* In this study, the 2H"/2e™ reduction product of
the [Fe—C=N] precatalyst,** a terminal iron aminocarbyne [Fe=C—NH,], was observed as a
catalytic intermediate (Figure 3.1, middle). Aminocarbyne formation occurred at a mild
thermodynamic overpotential*® and despite weak N—H bonds (Figure 3.1) the aminocarbyne
was stable at low temperature (—80 °C). The close BDFE matches of the species (Figure 3.2)
indicate an energy match between [FeCN], [FeCNH] and [FeCNH:]. These attributes
suggested the 2H'/2e™ equilibration of [FeCN]«<[FeCNH,] might be observable and could
provide an interesting point of comparison for early N—H bond formation in N2R (nitrogen
reduction).>®3”

Reversible interconversion of [FeCN]«—[FeCNH], would require reagents that can
approach both the reductive ([FeCN]—[FeCNH:]) and oxidative ([FeCNH>]—[FeCN])
proton-coupled redox reactions at minimal driving force. In the catalytic conditions,
reduction of [FeCN] (pKa 5.6, all pK.’s in THF, Figure 3.2) occurred via initial proton
transfer (PT) to [FeCN] by the strong acid [PhaNH>]OTf (pKa 3.2).2>*° However, as proton-
coupled oxidation of [FeECNH:] would require a base capable of deprotonating [FeCNH:]"
(the related methylated analogue [FeCN(H)Me]" has pK, 7.1), we initially sought alternative
strategies to reduce [FeCN] utilizing weaker acids.

21V

[FeCN]™

estimated

N |
PR BDFEN_ 1 F:’;a BDFEN values
A

56 38 keal mol™!
-1.3V 23V

[FeECNH]* =———== [FeCNH] ——= [FeCNH]"

N K

estimated from data{ PK, BDFEN_H 2 PRa

for [FeCNH(Me)]*® | 7.1 ' 40 kcal mol™' || 24

-

. —1.3V
[FECNH,]* === [FeCNH,)]

Figure 3.2. Pertinent thermochemical measurements for [FeCN], [FeCNH(Me)] (as a
model for [FeCNH,]), and relevant intermediates. Values are measured in THF at 25 °C.3¢
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Noting that H-bonding to terminal cyanide ligands is well-established,*® and H-
bonds, in turn, can facilitate multisite-proton coupled electron transfers (MS-PCET),*

40.41,42

pathways with lower enthalpic barriers than stepwise alternatives, we targeted such a

strategy for [FeCN] reduction.
BDFE ¢ = 23.06 E° + 1.37 pK, + C; (eqn 3.1)
AG = 2 BDFE¢¢ — (BDFEN_p; + BDFEN_y,) (eqn 3.2)

MS-PCET strategies also allow ready tuning of the thermodynamic driving force by
decoupling acid/base and reductant/oxidant pairs.**** The combined reagent strength can be
estimated using the effective bond dissociation free energy (BDFE.fs; eqn 3.1), a measure of
the net thermodynamic H-atom donor ability of a reagent pair, with inputs
E(reductant/oxidant), pKa(acid/base), and a solvent and temperature dependent constant Cg,
which is 59.9 kcal mol™! in THF at 25 °C.***** Comparing the BDFE. to the BDFEN-u of
[FeCN—H] (38 kcal mol™) and [FeCN(Me)—H] (40 kcal mol™'; an analogue of [FeCNH:])
allows for an estimate of driving force (AG; eqn 3.2) for [FeCNH>] formation, and a helpful
metric for choosing reagents that might allow an equilibrium reaction. Using these principles,
we develop the rapid equilibrium 2H"/2¢ interconversion between [FeCN] and [FeCNH;]
(Figure 3.1, bottom).

3.2 Results
3.2.1 Characterization and reduction of H-bonded adduct to [FeCN]

To target H-bond formation between [FeCN] and acid, we wanted to remove
competitive Bronsted basic sites in solution (e.g., solvent, counteranion), thereby favoring
acid coordination to Nen.*

The addition of [PhNH;3]BA1"4 (pKa 8.0)* to [FeCN] in EtO at —80 °C resulted in a
color change from red to purple. This color change can be monitored by UV-vis with the
diagnostic d-d transition of [FeCN] (absorption maxima: 530 nm, 909 nm, Figure B.1)

shifting slightly (new maxima: 550 nm and 895 nm), but less than upon the full protonation
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to [FeCNH]BAT"4 (absorption maxima: 600 nm and 790 nm). >’Fe Mdssbauer of the frozen
mixture of [*’FeCN] + 2.5 equiv [PhNH;3]BAr"s showed a single new species with Mdssbauer
parameters § = 0.44 mm s™' and AEq =2.06 mm s™! (Figure 3.3), similar, but distinctly shifted
from starting material, [*’FeCN] (§ = 0.44 mm s and AEg = 1.77 mm s). IR data shows a
slight shift in vc=n upon adding acid (2075 cm ™!, compared to 2082 cm ™! in the absence of
acid), consistent with slight activation of the CN™ ligand. These data together support the
formation of an H-bonded adduct, [FeCN--HNH,Ph]|BA1"..

With this H-bonded complex in hand, we explored its reductive chemistry. The
addition of 2.5 equiv Cp*>Cr (E(Cr"™"™M=—1.47 V)* to a solution of [FeCN] and 2.5 equiv
[PhNH3]BArf4 at =80 °C in Et,0 was monitored by UV-vis and rapid consumption (12 <10
s) of [FeCN-~HNH,Ph]" was observed, with a new shoulder growing in at 590 nm, consistent
with the formation of [FeCNH;] (Figure B.13). As we have previously observed, the
aminocarbyne is stable at —80 °C, but under these conditions, upon warming to 0 °C, it decays
to reform [FeCN]. Monitoring this reaction by °’Fe Mdssbauer spectroscopy confirmed the
formation of [FeCNH,] with the parameters § = 0.04 mm s and AEq = 0.98 mm s,

diagnostic for the aminocarbyne (Figure 3.3).°

S (mm s™")

-4 =2 0 2 4
[FeCN] '\ /‘ v \ ’
+ 3 equiv [PhNH;]BArf,

‘5 i
[FeCN] \ (
+ 3 equiv [PhNH,]BArF, % M~
+ 3 equiv Cp*,Cr kY / \ l’

v oV
[FeCN] ‘ f.\ / \ ;
+ 3 equiv [LutH]BArf, f

+ 3 equiv Cp*,Cr

[FeCN] \
+ 7 equiv [PhNH,]BArF, /\,

+ 7 equiv Cp,Co

u [FeCN--HAJ*
o [FeCNH,]

Figure 3.3. °’Fe Mdssbauer spectra of selected reactions of [FeCN] with acid and
reductant.*8
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Interestingly, the first N—H bond formation, converting [FeCN] to [FeCN—H], cannot

be (readily) accounted for via stepwise proton and electron transfers, as [PhNH3]" is not

acidic enough to protonate [FeCN] and Cp*,Cr does not reduce [FeCN] (Figure 3.2). Along

with the observed H-bonded complex, these observations align with our initially posited MS-

PCET reaction, although kinetic studies (vide infra) provided more reliable evidence of this
mechanism.

This reagent combination is competent for reducing [FeCN] to release NHa: reacting

[FeC'>N] with 20 equiv Cp*>Cr and 20 equiv [PhNH;]OTf yields "NH3 (0.2 equiv NH3/Fe).

However, these yields are much lower than for the reduction of [FeCN] by the catalytic

reagents [PhoNH,]OTf and (C6He)2Cr (0.75 equiv NH3/Fe). 2

Table 3.1. Comparison of reagent strengths and the observation of aminocarbyne
formation.

A |BArf,

H H H
N 2.5 equiv I 2.5equiv N7
Il anear, i red &

—. e

| Et0,-80°c ¢ Il
Fe ’ FI e

e

A = PhNH,, Lut or Et3N red = Cp,Co or Cp*,Cr

BDFE AG

Reagent strength: (kcal mol") (kcal mol-")

Cp*,Cr  [PhNH;]BAr, 37 -5 Complete formation
(-1.47V) (pK, 8.0) of [FeECNHj]
Cp*,Cr [LutH]BArF, 39 -1 Partial formation of
(-1.47V) (pK, 9.5) [FECNHj,]
Cp,Co  [PhNH;]BArf, 40 +2 Partial formation of
(-1.33V) (pK, 8.0) [FECNH,]
Cp,Co [LutH]BArF, :
(-1.33V) (K, 9.5) 42 +6 No reaction
Cp*,Cr  [Et;NH]BAr, )
(~1.47V) (K, 13.7) 45 +11 No reaction

3.2.3 Thermodynamics of aminocarbyne formation

With the rapid reduction of [FeCN] to [FeCNH2>] established, we used eqn 3.1 and
3.2 to assess reaction thermodynamics. For the combination Cp*>Cr (E(Cr"™'") =—-1.47 V)?
and [PhNH3]" (pKa 8.0)* the BDFEs = 37 kcal mol™!, giving AG = —5 kcal mol™! (Table
3.1). Reductions with either slightly weaker acid or reductant would shift AG towards 0.
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Accordingly, reacting [>’FeCN] with 3 equiv [LutH]BAr's (Lut = 2,6-
dimethylpyridine; pKa 9.5)* followed by 3 equiv Cp*>Cr in Et:O at —80 °C, freeze-
quenching and analyzing by °’Fe Mdssbauer spectroscopy revealed two major species
formed in about a 1:1 ratio, assigned as [FeCNH_], and [FeCN--HLut]" (Figure 3.3 and Table
3.1). The observation of unconsumed starting material is consistent with this reaction's small,
estimated driving force (AG = —1 kcal mol!; Table 3.1).* Alternatively, the reaction of
[P’FeCN] with 7 equiv Cp.Co (cobaltocene; E(Co™™M=1.33 V)* and 7 equiv
[PhNH;]BArfs at —80°C similarly analyzed by >’Fe Mdssbauer also shows a mixture of
[FeCNH:] and [FeCN--HNH>Ph]" (Figure 3.3 and Table 3.1; AG = +2 kcal mol™).>
As expected, when the BDFEcf is increased further using either Cp*:Cr/[Ets-
NH]BAT1"4 (AG = +11 kcal mol™!, Table 3.1 and Figure B.18) or Cp.Co/[LutH]BAr"4 (AG =
+6 kcal mol™!, Table 3.1 and B.14) no reduction of [FeCN] was observed by UV-vis.

3.2.3 Establishing reversibility

H H He H
\T/ 1) Lut m m 1) [LutH]BAI, T
¢ 2)[Cp*,CrlBArf, (I: ? 2) Cp*,Cr c
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Figure 3.4. Reversible interconversion of iron cyanide and iron aminocarbyne. (Top) UV-
vis titration of [Cp*,Cr]BArfs (4.5 mM) into 1.5 mM [FeCNH,] with Lut (4.5 mM), at
—80°C in THF. (Bottom) UV-vis titration of Cp*>Cr (4.5 mM) into 1.5 mM [FeCN] with
[LutH]BAr4 (4.5 mM) at —80°C in THF.
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Having demonstrated that the 2H"/2e™ reduction of [FeCN] to [FeCNH] can occur
at AG = 0, we attempted the reverse, proton-coupled aminocarbyne oxidation to confirm a
bidirectional reaction. We have previously developed the in situ synthesis of [FeCNH;] with
[K]BAr"4 via the low temperature (—80°C) double protonation of generated [FeCN]Ko (see
appendix section B.2.2 for details).?®> Generation of [FeCNHz] in this fashion in THF,>!
followed by addition of Lut (3 equiv), and finally the titration of [Cp*,Cr]BAr's (0 to 3
equiv), we observed the growth of a feature around 900 nm associated with formation of
[FeCN'H—Lut]BAr"s, demonstrating the oxidation of [FeCNH,] —[FeCN] (Figure 3.4, left
panel). However, only partial oxidation is observed, consistent with a reaction close to
equilibrium. The isosbestic point at about 790 nm indicates a clean transformation. To
confirm that this reaction was occurring at equilibrium, we also assessed the reductive
reaction under identical conditions. Cp*>Cr was titrated into a mixture of [FeCN] and 3 equiv
[LutH]BAr"s in THF at — 80 °C, observing now a partial bleaching of the diagnostic feature
at 900 nm and an isosbestic point at 790 nm (Figure 3.4, right panel).
Both the oxidative and reductive titrations establish mixtures of [FeCN] and
[FeCNH:], consistent with the AG ~0 for the [LutH]BArf4/Cp*,Cr reagent pair. This

confirms this reaction as a 2H"/2e" reversible equilibrium.
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3.2.4 Exploring a wider range of reagent strengths

CNH]* N 3 equiv [HAJBAr",

Il 3 equiv Reductant
B

Detect
products by
Et,0, -80°C UV-vis

5 minutes

A
[ ¢
[FeCNH,]* F|e

[FeCN]

[FECNH,]

[FeCNJ-

5 10 15 20
pK, (in THF)
Detected products:

A [FeCNH,| B [FeCN-HA’ ¥ [FeCN-HAJ* =—= [FeCNH,]
« [FECNH,J* » [FeCN-HA]* ¢ [FeCN HAJ* [FeCNH,J*

Figure 3.5. Pourbaix diagram for reaction of 2 equiv reductant and acid with [FeCN].
Markers show observed products, while lines indicate predicted products based on the
previously measured thermochemistry.

With equilibrium reversibility between [FeCN] and [FeCNH:] established, we next
explored the reduction of [FeCN] over a wider range of acid and reductant strengths by UV-
vis spectroscopy. To solutions of [FeCN] at —80°C in Et;O, acids (pKa 3.2 — 21) and
reductants (E°eqd =—1.22 V to —1.96 V) of varying strength were added. Over this range, we
observed a variety of [FeCN] reduction products, which can be plotted against the reagent
strengths as a Pourbaix diagram (Figure 3.5). In short, our previously measured
thermochemistry accurately predicts the observed products, albeit with some interesting
deviations (vide infra).

Using strong acids and relatively weak reductants, such as [PhoNH2]BAr*4/(C¢He)2Cr
or Cp2Cr (E(Cr'™™=-1.11 V), the cationic aminocarbyne, [FeCNH]BAr"4, is the major
product. This is in line with our previous report, where only upon addition of a larger excess
of (CsHe)2Cr is the [FeCNH2]"° reduction accessed.?® Neither of these reductants are of
sufficient strength to reduce [FeCNH]" (E(Fe™) =—1.27 V, Figure 3.2), however, the
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presence of excess [PhoNH2]BArfs should give rapid protonation of in situ formed
[FeCNH]°, driving product formation towards [FeCNH,]", the favored product.

As stronger reductants and weaker acids are used, [FeCNHz] becomes the favored
product and varying the acid pKa. from 8.0-15.4, if paired with a reductant of sufficient
strength such that BDFEer = 39 kcal mol™' an equilibrium of [FeCN]«<>[FeCNH2] is
established. The relationship between reagent strength and products is consistent, with 59.4
mV/ApK, expected for a 2H'/2e  transfer. Notably, despite these thermochemical
measurements being made in THF at 25 °C, the values reasonably accurately predict
reactivity in Et2O at —80 °C. Considering that reagent strengths are often measured at 25 °C,

17.52 these

while many reactions, such as Fe-based NoR, are performed at lower temperatures
results demonstrate that room temperature thermochemical values can still accurately predict

reaction products.

g-value
25 3 21

[FeCNJ[Na(12-c-4),]
[FeCN] + Cp*,Co o
+[TBDHBA", /-’

[FeCN] + Cp*,Co ‘
+ TMGHIBAF,

[FeCNMe])

Inset /] \ / [Fe'CN]J[HTBD]
of gy / ol .
Fe-C: 1.914 A
) ‘ ‘ C=N: 1.172A
260 200 20 Nex—Niygo: 2.943,2.864 A

B (mT)

Figure 3.6. Formation of [Fe!CN][HTBD]. (Left) EPR spectra of [Fe!CN][HTBD] and
[Fe!CN][HTMG] with reference complexes [Fe!CN][Na(12-c-4).] and [Fe!'CNMe]".
(Right) Solid-state structure of [FeCN][HTBD] with thermal ellipsoids displayed at 50%
probability, H-atoms except H-bonding protons omitted for clarity.

Our previous thermochemical measurements do not predict the reactivity of [FeCN]

with weak acids (pKa >18) and strong reductants (E(red”) ~ —2.0 V). Reacting [FeCN] with
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Cp*2Co (decamethylcobaltocene; E(Co™™) = —1.96 V)*? and [TBDH]BAr"s (TBD =
Triazabicyclodecene, pKa 21)* results in partial consumption of starting material (Figure
B.24), despite the thermochemical measurements suggesting no reaction should occur (AG
=49 kcal mol ). Analysis by continuous wave-EPR (cw-EPR) demonstrates that the product
is not [FeCNHz] but a new S = 15 species. The freeze-quenched reaction of [FeCN] with
Cp*2Co and [TBDH]BAr"s generates a spectrum similar to [FeCN][Na(12-c-4),].%
However, a slight shift in g (g1 = 2.23 compared to gy = 2.21 for [FeCN][Na(12-c-4)2],
Figure 3.6A) is observed, suggesting mild activation of the CN™ ligand. This degree of
activation is much less than for the previously characterized bona fide iron isocyanide
[FeCNMe].*

We posited that these observations could be attributed to the formation of H-bonded
adduct to [FeCN]  ([Fe'CN--HTBD]°), resulting in a slightly activated CN™ ligand, which
also shifts the E°(Fe'", such that more Fe' is observed. This assignment was confirmed by
independent synthesis of the adduct [Fe'CN-“HTBD]’ via the low-temperature addition of
[TBDH]OTTf to [FeCN][Na(12-c-4).], which allowed crystallization and analysis by XRD
(Figure 3.6B). Particularly diagnostic was the C—N bond length of this new adduct (1.172
A), which is much closer to [FeCN][Na(12-c-4)2] (1.170 A)** than [FeCNMe] (1.186 A).3
The short distance between Nen and Ntep (2.94 and 2.86 A) is consistent with an H-bond
interaction between the acid and [FeCN]".>* This complex also displays an activated vc=n
(1978 cm™ compared to 2014 cm™ for [FeCN][Na(12-c-4)2]).

[TMGH]BAr"s, which should establish an equilibrium mixture of
[FeCN]«—[FeCNHz] (AG = +0.6 kcal mol!), instead also generates a similar cw-EPR
spectrum (Figure 3.6A), with a slightly shifted gj, suggesting that this reduced H-bonded

adduct can also be favored over full N—H bond formation.

3.2.5 Probing electrochemical reversibility
Given the precedent for electrochemically reversible multiproton-and-electron
activations we were motivated to explore electrochemical reductions of [FeCN] as well. The

cyclic voltammogram (CV, Figure 3.7, blue trace) of [FeCN] (1 mM) in 0.2 M [TBA]PF¢ in
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THF displays to two reversible redox couples, an oxidative E(Fe™) = —0.38 V and a
reductive feature E(Fe'™) = —2.07 V.3 Upon the addition of [PhNH3]OTf (pK, 8.0; 5 to 20
equiv, Figure 3.7 red trace and Figure B.64), the reductive peak shifts to £ =—1.31 V. The
charge passed in this new couple is about ~ 2x that of [FeCN]"® or [FeCN]”" couples,
consistent with a 2e” redox reaction. This transformation occurs at BDFE. = 40 kcal mol™,
similar to BDFEN-H, ave. As expected for an electrochemical H'/e™ transfer the redox couple
is sensitive to the addition of base, shifting cathodically when increasing the amount of
[PhNH2] (Appendix B). These observations are all consistent with the 2 e  reduction
expected for the interconversion of [FeCN]/[FeCNH2].

[FeCN]*0

[FeCNJo- $

+ 20 equiv

@N@ow

(pK, 8.0)

+ 20 equiv
“|oTf
mQ-H
10 pA
(PK, 8.0) I H

-2 -1.5 -1 -05 0
V vs. Fc*™0

Figure 3.7. Cyclic voltammogram of [FeCN] 1 mM (blue trace) with 20 equiv
[PhNH3]OTS (red trace) or [+“20MepyrH]OTS (yellow trace) added. All voltammograms
collected in in 0.2 M [TBA][PFs] in THF at 100 mV s! scan rate.

Unlike the chemical reductions which can be described by simple thermodynamic
equations (eqn 3.1 and 3.2) over a large pKa/Erd range, the electrochemical reduction of
[FeCN] is highly sensitive to acid choice (Figure B.63). As an example, addition of 20 equiv
[+C126-MepyrH]OTS (pKa 8.0, Figure 3.7, yellow trace) to [FeCN] , despite having the same
pKa as [PhNH3]", does not yield a fully reversible 2 e couple by CV. We note that these
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electrochemical measurements are conducted at 25 °C in a more coordinating solvent in the
presence of electrolyte, all factors that should disfavor H-bond formation. Hypothesizing
that this might contribute to the lack of reversibility with [*C}-26-Me
the Kbond (eqn 3.3) with [PhNH3]OTf and [+C2MepyrH]OTS in THF at 25 °C with 0.2 M
[TBA][PFs] to reveal a stronger Ki.bond With [PhNH3]" (Kibona(PhNH3") = 60+ 10 M Kn.

bon d(4-Cl-2,6-MepyrH+) =20+5 M-l).

pyrH]OTf we measured

[FeCN-HA(OTH)]
[FeCN][HA(OTH)]

Ky-pon (HA) = (eqn 3.3)

Consistent with this weaker H-bonding pre-equilibrium, the cyclic voltammogram of
[FeCN] in the presence of [*“>¢MepyrH]OTS approaches reversibility as the acid loading is
increased further (Figure B.67).

3.2.6 Kinetics of [FeCN] reduction

Finally, we wanted to study the mechanism of reduction of [FeCN] to [FeCNH] with
intermediate strength acid/reductant, such as the initially described Cp*>Cr/[PhNH;3]BAr"y
combination.>* As previously noted, [FeCN] reduction with these reagents is rapid at —80 °C.
To slow the reaction rate, we switched the solvent to a eutectic mixture of 4:1 2-
MeTHEF:THF, which has a freezing point of =160 °C and sufficient viscosity at —145 °C to
study this transformation.>® Under these conditions, we found that Cp*,Cr is insufficiently
soluble for kinetic studies; we therefore turned to a more soluble reductant of comparable
strength, ®'Cp>Co (1,1-diethylcobaltocene; E(Co™) = —1.45 V; Figure B.69). The addition
of 'Cp,Co in pseudo-first order excess via syringe to a solution of [FeCN] (1.2 mM) and
[PhNH3]BAr's (3.6 mM) showed complete consumption of the diagnostic [FeCN] peak at
895 nm within 120 s (Figure 3.8 A). Plotting of In(abssos) vs time demonstrated this reaction
to be first order in [FeCN] (Figure 3.8B), and use of [PhND;]BAr’s showed a small, normal
kinetic isotope effect (KIE) of 1.4+0.1.
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Figure 3.8. Kinetic data for reaction of [FeCN] with [PhNH3]BAr"4 and *'Cp,Co. All data
presented collected at -145 °C in 4:1 2-MeTHF:THF (A) [FeCN-~HNH,Ph|BAr"s (red
trace) is reduced upon addition of *'Cp,Co (Grey traces every 2 seconds, blue trace after
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120 s). (B) Plot of log(Abs(recny) against time using either [PhNH;3]BAr!s (Blue trace) or
[PhNDs]BArfs (Red trace) with 1.2 mM [FeCN] and 25 equiv E'Cp2Co. (C) kobs for 1% order
decay of [FeCN-~HNH2Ph]BAr"4 upon addition of [*'Cp.Co] plotted against [F'Cp2Co]. (D)
kand plotted against starting [FeCN] concentration. The ratio of [PhANH3]BAr"s:[FeCN] was
kept constant (at 3). (E) kana plotted against [FeCN] to [PhNH3]BAr"4 ratio. Error bars for
the Ist data point in plots (E) and (F) represent errors for the 2nd order rate constant
determined from the slope in (C).

The pseudo-first order rate constant showed dependence on the reductant
concentration, but not [FeCN] or the [PhNH3]BAr"4:[FeCN] ratio (Figure 3.8C-E and Figure
3.9A) consistent with a rate law = k[*'Cp2Co][FeCN], where k> =1.17+£0.07 M s1. A
mechanistic model consistent with these observations is the 1% reduction event being rate
limiting with partial proton transfer also occurring in this rate-limiting step (Figure 3.9B).
However, since the reaction is independent [PhNH;3]BArf4:[FeCN] ratio, this would require
a pre-association of the acid and [FeCN], e.g., through H-bond formation. This supports an
H-bond mediated MS-PCET to form the 1% N-H bond as the rate-limiting step of
aminocarbyne formation (Figure 3.9B).

As the 1 N—H bond formation is the rate-limiting step, it is difficult to study the
mechanism of the 2™ N—H bond formation. Nonetheless, two mechanisms seem plausible,
likely depending on the specific reagent combinations (Figure 3.9C). For combinations of
strong acids and weak reductants (e.g., [PhNH3]BAr"4/%'Cp,Co), we would expect a PT-ET
mechanism to form the 2" N—H bond, with [FeCNH] being rapidly protonated to give
[FeCNH]", which can be reduced to [FeCNH:]. The acidity of [FeCN(H)Me]" (pKa 7.1)
provides a useful guide as to what acids might access this protonation. However, reagent
combinations utilizing weak acids and strong reductants to form [FeCNH:] (e.g.,
[pyrrH]BArF4/(Me4Cp)2Co; pyrr = pyrrolidine, M*Cp = tetramethylcyclopentadienyl), this 2™
protonation should not be accessible, nor should reduction of the intermediate [FeCNH] to
[FeCNH]™ (Figure 3.2).°° Instead, we propose the disproportionation of in situ formed
[FeCNH] to yield 0.5 equiv [FeCN] and 0.5 equiv [FeCNH>], similar to what we have
previously observed for [FeNN—H].’® Accordingly, attempts to generate [FeCNH]° in
solution via reduction of [FeCNH]", protonation of [FeCN]™ or deprotonation of [FeCNH,]"

rapidly converge to 1:1 mixtures of [FeCN]:[FeCNH>] (see appendix section B.2.3).
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A. Summary of mechanistic studies
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Figure 3.9. Summary of kinetic studies and proposed mechanism of 1% and 2" N—H bond
formations.

3.3 Discussion

Reversibility can be observed in the chemical and electrochemical reduction of
[FeCN] to [FeCNH:] (Figure 3.10). This contrast the reduction of transition metal dinitrogen
complexes (M—N=N) to the corresponding hydrazidos (M=N—NH>), where the overpotential
is limited by formation of the diazenido complex (M=N=NH). Equilibrating over multiple
early intermediates would allow for lower overpotential for N2R (and perhaps other small
molecule reductions), motivating an analysis of the factors allowing for reversibility

interconversion between [FeCN] and [FeCNH3].



69

AG* I
AGinrs Fe=C=N

- H
Fe—C=N H .
2 [LUtH]BArF, + 2 Cp*,Cr  [LUtH]BAI, + Cp*,Cr ?
* F
[Cp™CrBA, +Lut 5 (cpr,CriBAFF, + 2 Lut

Figure 3.10. Energy diagram for reduction of [FeCN] to [FeCNH:].

Two attributes of the [FeCNHx] platform appear critical: small kinetic barriers for the
N—H bond formation (Figure 3.10, 4G*) and energy leveling (AGint) of the intermediate
[FeCNH] and the starting material ([FeCN]) and product ([FeCNH2]). The small kinetic
barriers, which we attribute, at least for the 1% (and limiting) N—H bond formation, to the
MS-PCET mechanism facilitated by the initial H-bond formation.** As noted for many MS-
PCET reactions, the H-bond removes the entropic barrier of associated with the termolecular
rate-limiting step.’®* The importance of this H-bond is readily apparent in our
electrochemical studies, where formation of the H-bond pre-complex appears to be a
requirement for achieving reversible transformations under electrochemical conditions.

While the design of reagents for efficient transfer of H'/e™ to substrates is by no

42,43,57,58,59,60,61 have

means trivial, strategies, particularly the tethering of H" and e~ donors,
been detailed and demonstrated in many applications including N>R.®*% By contrast,
strategies for energy leveling (lowering AGiNT) between early intermediates of deep
proton-coupled reductions are less well-defined, meriting further discussion. Early N—H
bond formation during N>R catalyzed by P3PFe (P;® = trisphosphinoborane ligand)
specifically the conversion of the neutral dinitrogen complex (P32Fe—N=N) to the neutral
hydrazido (P3®Fe=N—NH>) provides a useful case study. The products and intermediates
of this reaction should have the same spin states as the conversion of [FeCN] to [FeCNH3].
However, the 1 H/ 1 e~ intermediate, the iron diazenido (P3®FeNNH), has a notably weaker
N-H bond (BDFEN-1 = 27 kcal mol!) than the 2H"/2e” product P3®FeNNH, (BDFEN- =
38 kcal mol "), resulting in a large AGint.®* Equilibration would require stabilizing the iron
diazenido with respect to the terminal dinitrogen adduct and neutral hydrazido.

Several reports demonstrate that transition metal diazenidos can be stabilized by

the addition of Lewis acids.®>%%768 However, these interactions are too strong and have

yielded persistent Lewis acid-stabilized diazenido species, not lower overpotentials for
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NoR (Figure 3.11A and B). To achieve lower overpotential N>R we emphasize that the
effect of a Lewis acid on the whole sequence P3®FeNN, P;PFeNNH and P;®FeNNH, must
be considered.

A. Formation of early N-H bonds with intermediate strength Lewis acid

H
Fe=N=N

£ I S N
e=N—N-H

2 X-H LA
+ LA
LA —N=N ’
Fe—N=N" e, Fe=N-N"H
2 X-H X—H + XA 2X LA
B. Formation of early N—-H bonds with strong Lewis acid
/H
Fe=N=N
E CHeX — N\ H
e=N-N-H
Fe—N=N N2 X
2 X-H
+ LA + LA
+ LA
LA H
Fe—N=N | Fe:N_N..\H
2 X-H Fe=N=N 2X LA
X-H + XLA

C. ECW model applied to early N-H bond in N,R
-AH=Ejp Eg+ Cy Cg + W (eqn 3.4)

, BDFE, BDFE,
Lewis Base o ¢ BDFEwn | ZnNTMS,),)  (LeBMes)
(Lg) (kcal molt) ‘B o~ 2 :
B (kcal mol1) (kcal mol™)
PSFeNN (0.8 0 -
P:8FeNNH | 2.8 0.4 27 31 4
P.BFeNNH, | 21 0 38 35 35

Figure 3.11. Proposed energy diagrams for early steps of NoR with intermediate (A) and
strong (B) Lewis acids. For simplicity the transfer of H'/e™ from an X—H donor is depicted.
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To guide this analysis we employed the empirical ECW model of Lewis acid-base
pair interactions (eqn 3.4), which estimates Lewis adduct enthalpies from Eas
(electrostatic) and Ca/ (covalent) parameters, providing a useful way to classify Lewis
bases both in strength and hardness/softness.®-’® This also allows us to estimate the bond
strengths of intermediates across a range of Lewis acids (see Table B.8). The
computationally estimated Ep and Cp parameters for P3PFe(N;), P3;®Fe(NNH) and
P;BFe(NNH;), show Cp values close to 0, but larger Ep values of 0.8, 2.7 and 2.1,
respectively. These Ep suggest that the iron diazenido is the strongest Lewis base, allowing
for it to be stabilized relative to P3®Fe(NN) and P3PFe(NNH.). It also provides a guide for
what Lewis acids are of an appropriate strength, with Zn(NTMS:), and BMe; being two
possible candidates (Figure 3.11C).
Interestingly, comparing these computationally derived ECW parameters to other
Lewis bases we find that both the diazenido and hydrazido resemble carbonyls (see Figure
B.71). Lanthanide reductants, like Sml,, have long been known to provide excellent
selectivity for carbonyl-cross couplings via inner-sphere reduction.’’’? It is therefore
perhaps not surprising that lanthanide reductants have found significant utility in molecular
N2R in recent years as well.**»”37* Further tailoring these reagents might allow targeted
energy-leveling and ultimately allow more efficient NoR. Experiments to validate these

hypotheses are underway.
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Chapter 4

Catalytic transfer hydrogenation of N2 to NH3 via a photoredox catalysis strategy

Adapted from:
Johansen, C. M.T; Boyd, E. A.T; Peters, J. C. Sci. Adv. 2022. 8, eade3510. DOI:
10.1126/sciadv.ade3510.

1 These authors contributed equally to this work.
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4.1 Introduction

Multi-electron reductive transformations of small molecule substrates (e.g., No,
CO2, NO3") are challenging to mediate in homogeneous catalysis and most typically
require considerable energy input via harsh chemical reagents and/or conditions to be
driven forward. The nitrogen reduction reaction (N2RR) offers a case in point; substantial
progress has now been made in molecular catalyst design but significant overpotentials are
generally needed to observe NHj; product.!** For nitrogen reduction (N2R), kinetic
challenges also prevail for enzymatic and heterogeneous catalysis that require substantial
energy inputs, via ATP hydrolysis for the former and high temperature and pressure or
electrochemical overpotential for the latter,*>° despite a thermally favorable Gibbs free
energy of formation, AG{(NH3) (Figure 4.1A).

The organometallic catalysis field has pursued photochemical strategies as a means
of driving small molecule reductions, with considerable success being achieved for CO»
reduction (CO2R, typically by 2 ¢ /2 H") as the target transformation.”® Such strategies are
still challenged by the widespread use of sacrificial donors whose oxidation products are
not readily recycled. While design schemes are envisaged to someday couple photodriven
CO2R catalysis with water oxidation, photodriven transfer hydrogenation using a suitable
precatalyst offers an approach to reductive small molecule catalysis, especially if the net
Hz-donor (Ha-carrier; Figure 4.1B) derives from a structure than can be efficiently
recycled, for example via hydrogenation or electrochemically.

Reduced Hantzsch esters (HEH2, Figure 4.1B) and chemically related structures
(e.g., reduced acridine, phenanthridine) have been explored for thermally and
photochemically driven reductive hydride (H; NADH-like) and H-atom transfers in
organic synthesis.” Moreover, they are highlighted for their chemical (and electrochemical)
recyclability via net hydrogenation of the spent pyridine-type oxidation product.'®!
Whereas the types of transformations they participate in are most typically two-electron
processes, they are also tempting to explore for deeper multi-electron reductions of the type
pursued in small molecule reductive catalysis. Focusing on N2R,'? we noted that despite

long known and still debated studies of photocatalytic nitrogen fixation using
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semiconductors, >3

and photodriven N>R mediated by nitrogenase coupled with
CdS,'®!7 as yet there were no examples of photochemically driven catalytic N>R using
well-defined molecular systems. Hence, photoinduced N2R via transfer hydrogenation
from a Hantzsch ester or related donor, which requires the donors to engage in successive
transfers to mediate a deep 6 € /6 H' reduction process, provides an excellent test case of

this strategy for small molecule substrates.

A. Direct hydrogenation of N, to NH; C. This study:
—4.3 keal mol™! —6.1 keal mol™”
3H, + N, ———— > 2NHj3 3HEH, + N, ————» 2 NH; + 3HE
AG
AG{(NH n
(NH3) dark rxn
B. A strategy for photodriven transfer Photodriven catalytic transfer
hydrogenation of N, to NH3; hydrogenation of N, to NH3
catalyst Mo catalyst
hv acid/base (1:1)
3 Hy-carrier + N, ———— 2 NH; + 3 carrier 3HEH, + Ny ——— > 2NH; + 3HE
via [Hy-carrier]* Blue LED
1 atm N,
3H,(or6e /6H") RT
envisioned recycling of carrier Mo catalyst acid/base
Brt
. -P'Bu OoTf~
Hantzsch ester (HEH,) as Ha- 7= X N
antzsch ester ( ») as Hy-carrier /_\N—Mo—Br /b\ /fj\
H H P/E! N N
EtO,C o COEt _H, EtO,C_~ | CO,Et lBuzr H +
—_
N AG SN BAI,
z
H —1.2 kcal mol! ] ,B_|
= N S
HEH, HE Addition of a |
photoredox catalyst i, l .\\‘N =
Hantzsch ester as a photoreductant enhances NH; |\N i
yield & rate Ny R By
Ee=-18Vv  HEH; [
0 Blue LED 0 .
-HE- I dtbbpy)[BATr’
)j\/Br HE-HBr )l\/H (PpY)2(dtbbpy)[ 4]
Ph Ph Other multielectron reductions demonstrated:
E for [HEH,]* :
25V HCCH + HEH, —> H,CCH, + HE
NO; + 4 HEH, + H* — NH; + 4HE + 3H,0

Figure 4.1. Thermodynamics and strategies for hydrogenation of N». (A) Thermodynamics
of hydrogenation of N, to NH3;! (B) Schematic of an overall design for light-driven transfer
hydrogenation of N»; chemical structure of the Hantzsch ester used in this study (HEH,);"”
representative reduction of a-bromo acetophenone;'® (C) Net stoichiometry and estimated
driving force of transfer hydrogenation from HEH> to N> forming NH3; photodriven (blue
LED) process described in this study, in the absence and presence of a photoredox catalyst.
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All thermochemical values are given in MeCN at 25 °C with ferrocenium/ferrocene (Fc*°)
as reference potential.

Considering thermodynamic parameters relevant to the aforementioned goals, in its
ground state the first C—H bond dissociation free energy (BDFEc-u) of HEH> is 62.3 kcal
mol™! in MeCN at 25 °C (all following thermochemical values are defined at these
conditions), which is not weak enough to bimolecularly liberate H,.'® Photoexcitation of
HEH», however, renders an excited state that is highly reducing (Eox for [HEH2]* is ~-2.6
V vs Fc™; Fc = ferrocene).!®?* Photodriven (blue LED) reduction of a-bromo
acetophenone to acetophenone by HEH: illustrates its capacity to deliver an H» equivalent
(Figure 4.1B)." For a dark N2R reaction, we estimate the overpotential for reduction of N>
by HEH: to generate NH3 as 1.8 kcal mol™' ((AAG{NH3), Figure 4.1C). Using light (blue
LED), we show herein that it is indeed possible to catalyze photoinduced transfer
hydrogenation from HEH> to N> using Nishibayashi’s molybdenum pre-catalyst (Figure
4.1C)*! at atmospheric pressure and 23 °C. The inclusion of an Ir-photoredox catalyst
(Figure 4.1C) within this system, while not necessary for turnover, enhances the yields and
rates of NH3 generation.

For our present catalysis system, we noted that a photoreduction step from the
excited state of HEH», [HEH:]*, liberates the ground state radical cation HEH,"™", which is
a sufficiently strong oxidant (Erea = 0.48 V vs Fc™°) to be deleterious to N>R.'® We therefore
reasoned that inclusion of a base to deprotonate HEH>™" (pK, ~ —1) would be prudent.'®
However, the presence of a moderate Bronsted acid is typically required for chemically
driven N2R, suggesting a buffered system might be needed. A collidine/collidinium
(abbreviated Col/[ColH]"; Col = 2,4,6-trimethylpyridine) mixture was chosen as Col will
readily deprotonate HEH>™" while [ColH]*, with a pKa of 15 in MeCN,?> has been
previously shown to be compatible with chemically driven N>R using (PNP)MoBr3 as a
pre-catalyst (PNP = 2,6-bis(di-tert-butylphosphinomethyl)pyridine) with (Cp*).Co
(E12(Co™My =—1.91 V; Cp* = pentamethylcyclopentadienyl) as the reductant.?!??
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4.2 Results

[MoBr3] (2.3 mM)
[ColH]JOTf/Col (124 mM)

N 3 HEH, - ]
tatm * (124mM) " 1f o500 12 278N * 3 HE
H150 Blue LED 34 W
"standard conditions"

B e NH; NH; yield/

Entry Change from “standard conditions (equivi Mo) HEH, (%)
1 none 9.5+ 1 26.5+3
2 0.57 mM Mo 21.8+0.8 15.1+0.6
3 no Mo <0.1 <0.3
4 no light <0.1 <0.3
5 no buffer 09+0.2 26+05
6 5 equiv Col/[ColH]OTf 29+0.2 8.0+ 0.6
7 benzene instead of THF 47+01 13£0.3
8 216 equiv Col/[ColH]OTf 20.3+1.1 56+ 3
9 10 equiv [TBA]Br 8.8+0.3 236+0.8
10  with [IBArf, 24+ 4 67+ 10
11 with [IIBAr,, 5 equiv Col/[ColH]OTf 15.8+0.8 442
12 with [I)BArf, t=1/2 h instead of 12 h 18.6+0.9 52+3
13 t=2hinsteadof12h 76x2 21+6
14 with [I)BArf,, 5 equiv Col/[ColH]OTf,0.57 mM Mo 2604 18404
15 with [I]BArF,, 5 equiv Col/[ColH]OTf, no light <0.1 <0.3
16 with [I)BAr,, 5 equiv Col/[ColH]OTf, no Mo <0.1 <0.3
17 with [IBArf,, 5 equiv Col/[ColH]OTf, no HEH, <0.1 <0.3
18  with [I|BArf,, Hy-carrier = 9,10-dihydroacridine 6.4+0.3 17.7+0.8
19 with [I]BArf,, Ho-carrier = 5,6-dihydrophenanthridine 46+08 132

with [Ir 4, Hp-carrier = 1-benzyl-1,4-dihydronicotinamide 2+0. 3x0.
20 ith [I|BAr",, H, i 1-benzyl-1,4-dihydronicotinamid 1.2+ 0.1 3303
21 with [I]BArf,, 0.5 atm H,, 0.5 atm N, 144 36x9
22  with [Ir(dF(CF3)ppy).(dtbbpy)]PFs,t = 2 h instead of 12 h 22+06 61
23  with [If]PFg,t=2h instead of 12 h 21+4 58+ 10
24 with [Ir(p-F(Me)ppy),(dtbbpy)]PFg, t= 2 h instead of 12 h 22+1 62+ 3
25  with Ir(ppy)s, t =2 h instead of 12 h 7+1 19+ 4
26 with [I]BArf,, no Col/[ColH]OTf 74+04 20.7 =1

"standard conditions"
[TBA][NQa] »  NH;
18 equiv Ar atmosphere

B e NH; NH; yield/

Entry Change from “standard conditions (aquiviMo) HEH, (%)
27  none 9.8+1.2 739
28  with Mo, with [IF]BArf, 104+0.5 77+ 4
29 noMo 1.7+£0.3 13£2
30  no Mo, with [If]BAr, 42+£12 319
31 no light, with Mo, with [I]BAr", 0.1+ 0.05 0.7+ 0.3

C.H "standard conditions"
2112 o 02H4 + CzHG
(54 equiv) Ar atmosphere

« g _m CoHy CoHg Total yield/

Entry Change from “standard conditions (equiviMo) (equiviMo) HEH, (%)
32  none? 10+ 2 15£0.3 24+5
33 with Mo,? with [If]BArF,® 6+1 1.1+0.3 15+3
34 noMo 0.054+ 0.008 <0.03 <03
35  no Mo, with [Ir]BArf,2 2+2 0.08+0.08 4=3
36 no light, with Mo, @ with [I]BArF,,© <0.01 <0.01 <0.04

Table 4.1. Catalytic yields for photodriven transfer hydrogenation of N> to NH3, NO3™ to
NHs;, and acetylene to ethylene and ethane . Reactions performed with 2.3 mM [Mo]Br3
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concentration, using a single 34 W Kessel H150 Blue lamp unless otherwise noted. All yields
reported are an average of at least two runs. All runs with Ir used 2.3 mM photosensitizer
loading unless otherwise noted. “3.6 mM [Mo]Brs. ?3.6 mM Ir. Ir = [Ir(ppy)2(dtbbpy)|BArFs;
ppy = 2-phenylpyridinyl; dtbbpy = 4,4'-di-tert-butyl-2,2'-bipyridine; BAr"s = tetrakis(3,5-
bis(trifluoromethyl)phenyl)borate; dF(CF3)ppy = S-trifluoromethyl-2-(3,5-difluoro-phenyl)-
pyridine;  p-F(Me)ppy = 5-methyl-2-(5-fluoro-phenyl)-pyridine; PFse =
hexafluorophosphate).

We find that [Mo]Br3 (1 equiv at 2.3 mM) in the presence of 54 equiv each of

HEH,, [ColH]OTTf (OTf = triflate), and Col in THF, under an N; atmosphere and blue LED
irradiation at 23 °C for 12 hours, yields 9.5 = 1 equiv NH3/Mo (Table 4.1, entry 1).
Assuming HEH: is a 2 e” donor in this process provides an NHj3 yield with respect to HEH>
of ~25%. Use of N confirmed N as the source of the NH3 produced (Figure C.1). To
cement this interpretation, using either '’N-labeled HEH: or '°N-labeled Col/[ColH]OTf
produced only '“NHs. Analysis of the organic products following catalysis revealed
complete consumption of HEH», with the fully oxidized Hantzsch ester pyridine (HE) as
the major organic biproduct, consistent with HEH> acting as a 2 € /2 H" donor. We note
that the yield of HE is ~90%; similarly, ~10% of the initial buffer loading is not recovered
(Figure C.5). In addition to HE and recovered buffer, a complex mixture of organic species
is observed following catalysis. A significant component of this mixture is generated
independently via irradiation of HEH> and buffer in the absence of metal catalysts (Figure
C.6), possibly as a result of light-induced reductive coupling as has been previously
observed upon irradiation of HE in the presence of amine reductants.?* Another factor
limiting NHj selectivity per HEH> concerns background hydrogen evolution under blue
light irradiation (see Figure C.8).

Higher yields of NH3 per Mo center could be obtained by decreasing the [Mo]Br3
loading (21.8 &+ 0.8 equiv/Mo; entry 2), but with a loss in the yield of NH3 with respect to
HEH>. The Mo-catalyst and irradiation were required to generate NH3, and yields were
substantially lower without the added buffer (entries 3-5). Attempts to use catalytic
amounts of Col/[ColH]OTTf (5 equiv per [Mo]Br3) substantially lowered the NH3 yields

(entry 6). The reaction run in benzene instead of THF solvent remained catalytic but gave
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attenuated yields (4.7 = 0.1 equiv NH3/Mo; entry 7), likely due to the lower solubility of
[ColH]OTf in benzene.

While future studies are needed to probe the mechanism of this transformation, the
fate of photoexcited [HEH:]* is likely key. Two limiting scenarios to consider are the direct
reduction of NoR intermediates by [HEH:]* (Figure C.16), or the reduction of the
[ColH]OTf to [ColH]' radical, which then reacts with M(Nz) (Figure 4.2A) to form an N—
H bond via M(N2H). Pyridinyl radicals have been posited as possible intermediates of N2R
in thermally driven catalysis with molecular systems.? Increasing the buffer concentration
to 216 equiv/Mo boosted the NH3 yield to 20.3 + 1.1 equiv NH3/Mo (entry 7). This
observation points to a pathway whereby reduction of [ColH]OTf by [HEH:]* dominates
(Figure 4.2A), consistent with the high reactivity expected of [HEH2]* (Eox ~—2.6 V; pKa
~—=20; BDFEc_n~-8.5 kcal mol™"), as well as its short solution lifetime (0.419 ns in DMSO
solvent at 25 °C).'%20 Accordingly, steady state-fluorimetry studies show efficient
quenching of [HEH>]* upon titrating in [ColH]OTTf (Figure C.9). Similar titrations of Col
revealed less efficient quenching (Figure C.10). However, as some NH3 can be detected
under irradiation even in the absence of buffer (entry 4), other photoinduced pathways for
N-H bond formation via HEH» are clearly accessible. The addition of 10 equiv of
tetrabutylammonium bromide (TBABr) had no effect on the NH3 yield (entry 8),
suggesting that reductive Br™ loss from the precatalyst is not a limiting factor.

Figure 4.2A provides a generalized mechanistic outline to help illustrate how a
photon might facilitate delivery of H> from HEH> to M(N>»), to first generate an M(NNH>)
intermediate, and ultimately NH3 via successive Ho-transfers. For simplicity we show only
this one scenario in Figure 4.2A but emphasize that other scenarios, including the early
generation and then reduction of a terminal nitride intermediate (Mo=N + HEH, —
Mo(NHz) + HE) (Figure C.17), are also very plausible.?® A recent study showed that a
Mn"=N can be photoreduced by 9,10-dihydroacridine to liberate NH;3.?
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A. HEH, as photoreductant B. [Ir]BArF 4 as photoredox catalyst

HEH *[|r|||]+
? HEH, hv

hv
l M(N>) <N2ﬁ/r 2 NHs [Ir”']*

HES HEH,™

ColH"
. M(Ny) M(N5)
4e . 4H" ColH A
Y

¢

HEH,™ Col Y \ N,
M(N,H) Col
M(N,H)
HEH® .
ColH*
4e
HE HE 4 H+
Y
M(NNH.,) — M(NNH,) —

Figure 4.2. Possible scenarios for photodriven transfer hydrogenation from HEH> to N»
mediated by a metal catalyst and buffer system (Col/[ColH]"). (A) Scenario in absence of
photoredox catalyst, in which [HEH:]* is oxidatively quenched by [ColH]" to generate
[ColH]". (B) Scenario with photoredox catalyst, in which [Ir'']"* is reductively quenched
by HEH». Pathways involving N=N bond cleavage to yield M=N intermediates (not shown)
are also plausible (Figure C.17).

Limitations stemming from a short [HEH>]* excited-state lifetime and low quantum
yield (0.031)*° for HEH> motivated us to explore a photosensitizer to enhance this
photodriven catalysis. To test this idea, [Ir(ppy)2(dtbbpy)]BAr"s ([Ir]BA1Fs; E1p(Ir'™h) =
—1.90 V) was chosen as its reduction potential is close to that of Cp*2Co and hence should
be compatible with N>R using [Mo]Br3.2!"2

Including [Ir]BAr*s with [Mo]Br3 (1 equiv, both at 2.3 mM), in addition to 54 equiv
each of HEH, and Col/[ColH]OTf in THF, under an N, atmosphere and blue LED
irradiation for 12 hours at room temperature, yields 24 + 4 equiv of NH3/Mo (entry 10).
Assuming HEH: is a 2 ¢ /2 H' donor, these conditions correspond to an overall NH3 yield

of 67 = 10% with respect to HEH,. Furthermore, in the presence of the Ir photosensitizer,
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catalytic amounts of buffer can be used, producing 15.8 + 0.8 equiv NH3/Mo (entry 11). In
addition to higher yields, the inclusion of [Ir]BAr’4 enhances the photocatalytic rate; the
catalysis is ~80% complete after 30 minutes (entry 12). By contrast, under Ir-free
conditions, 2 hour reaction times are required to achieve ~80% completion (entry 13).
Comparing this photodriven Mo-catalyzed N>R via HEH; with thermally driven Mo-
catalyzed N2R using (Cp*)2Co and [ColH]OTT as reported by Nishibayashi, we find the
NH3 yields with respect to reductant to be quite similar (69% for the latter case).?!

As in the Ir-free process, lowering the [Mo]Br3; loading increased turnover for NH3
with catalytic buffer (26.0 £ 0.4 equiv NH3/Mo, entry 14), but with decreased total yield.
No NH3 is produced without irradiation (entry 16), and the presence of [Mo]Br3; and HEH»
are likewise essential (entries 16-17). Similar to the Ir-free reaction, HE was found to be
the major organic product (>80%) and complete consumption of HEH> was observed.
Solvent screening suggests that the reaction is most efficient when all components are
soluble (see Table C.5). By contrast, other catalytic N2R methods rely on low solubility of
either the acid or reductant to attenuate competing H> evolution, demonstrating an
advantage to using a terminal H-atom source which is not competent for H» release in the
ground state.'

A range of candidate Hz-carriers should be explored in future studies to identify
donors whose spent products can be recycled efficiently, perhaps in situ, via hydrogenation
with Hz or electrochemically (2 €/2 H"). In an initial survey, the Ir-photosensitizer
cocatalyst enables catalytic production of NH3 under irradiation with 9,10-dihydroacridine
or 5,6-dihydrophenanthridine as the Hz donor (6.4 £+ 0.3 equiv NH3/Mo and 4.6 + 0.8 equiv
NHs/Mo, respectively, entries 18-19). While non-catalytic, N2-to-NH3 conversion is also
achieved with [Ir]BArfs and the hydride donor 1-benzyl-1,4-dihydronicotinamide (1.2 +
0.1 equiv NH3/Mo, entry 20). In the absence of [Ir]BAr4, none of these H, or H™ carriers
are competent for the photoinduced NoRR (see Table C.2). The reaction with HEH>
tolerates a 1:1 mixture of N2 and Hz (1 atm total pressure, 14 + 4 equiv NH3/Mo, entry 21),
indicating that the Mo-catalyst is not (at least irreversibly) poisoned by H» under these

conditions, important for considering downstream recycling of the spent donor.
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In addition to varying the Hx-carriers we have examined the effect of varying the
Ir-photosensitizer. [Ir(dF(CF3)ppy)2(dtbbpy)]PFs yielded substantially less NH3 (entry 22)
than [Ir]PFs (entry 23) or [Ir]BArfs (entries 10 and 12, Table 4.1).
[Ir''(dF(CF3)ppy)2(dtbbpy)] is also less reducing (Ei12(Ir'""M) = —1.75 V),?° possibly
pointing to a redox based cut-off for photodriven N>R. Accordingly, [Ir(p-
F(Me)ppy)2(dtbbpy)]PFs (E12(Ir'""™) = —1.88 V) restores the yields observed in the parent
system (entry 24).3° However, Ir(ppy)s, despite having the strongest reduction potential
(E1p(If'™™My = —2.57 V), gave attenuated NH3 yields (entry 25) and therefore suggests
multiple factors may be at play.
Figure 4.2B provides a working model to account for the role of [Ir]BArfs. Upon

M** reductive quenching by HEH, would generate [Ir''], as has

excitation of [Ir'"']" to [Ir
been established in related reductions of organic substrates (Figure 4.2B).° This proposed
pathway is consistent with the lack of enhancement observed with Ir(ppy)s, with which
reductive quenching by HEH, is very uphill(E12(*Ir'"™) = —0.08 V, (E12(HEH,"") = 0.48
V).?? The resulting radical cation HEH>™" is then deprotonated by Col, mitigating back-
electron transfer from [Ir'!]. As noted above, [Ir''] is assumed to be sufficiently reducing to
generate an M(N2)™ species from M(Nz). The former would then undergo protonation by
[ColH]" to form an N—H bond via M(N,H), which itself can be reduced further by diffusing
HEH’ to generate M(NNH>). As noted for Figure 4.2A, this series of steps is plausible but
is only one of several related scenarios that may be viable (e.g., [Ir"]] might be oxidized by
[ColH]" instead of a [Mo]-species) and future mechanistic studies are needed.

In contrast to the Ir-free conditions, the system with the photosensitizer remains
catalytically competent even without added buffer, albeit with an attenuation in turnover
(7.4 £ 0.4 equiv NH3/Mo, entry 22). Presumably, under a Col/[ColH] -free cycle, the
liberated radical cation HEH>'" (formed via reductive quenching) can be consumed via
proton or H-atom transfer with a [Mo]NxHy intermediate.

Having established photodriven transfer hydrogenation as a viable strategy for N2R,
we have begun to explore the deep reduction of other substrates. While success here will

ultimately be best realized by exploring a broader array of transition metal catalysts,
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promising early results with the [Mo]Br3 catalyst discussed herein include the complete
reduction of nitrate to ammonia (8 ¢ /9 H') and acetylene to ethylene (major product, 2 €~
/2 H") and ethane (minor product, 4 € /4 H"). These transformations have been previously
explored by photochemical methods, including with semiconductors as for N».>!*? Also of
relevance is the photoinduced hydroalkylation of alkynes using Hantzsch ester derivatives,
though transfer hydrogenation from HEH> to acetylene has not to our knowledge been
previously reported.

Reduction of [TBA]NO3 with HEH> in the presence of buffer and [Mo]Br3; under
blue LED irradiation and argon atmosphere yields 9.8 + 1.2 equiv NH3/Mo, representing a
73 £ 9% yield with respect to HEH> (Table 1, entry 27). The reaction carried out with
[TBA]NOs yielded "NH; (Figure C.13), confirming NOs as the source of N-atoms. In
contrast to N2R, addition of [Ir]BArfs did not enhance catalysis (entry 28). Distinct from
N> as the substrate where no background reactivity is observed (entry 3), there is some
background reactivity for NO3;™ even in the absence of the Mo-catalyst; this reactivity is
enhanced by the Ir-photocatalyst (entries 29-30; see section C.5.5 for further discussion).
Only trace NH3 was detected in the absence of light (entry 31).

The reduction of acetylene under the same conditions (HEH2, Col/[ColH]OTf
buffer, and [Mo]Br3 under blue LED irradiation and argon atmosphere) provides a mixture
of ethylene and ethane in a ~6:1 ratio and a total yield of 24 + 5% with respect to HEH>
(entry 32). Addition of [Ir]BA1Y4 to this reaction marginally decreases the yield (entry 33).
However, as in the NOs™ reduction reaction, [Ir]BAr"s enhances Mo-free reactivity (entries
34-35). Again, no reduced products could be detected in the absence of light (entry 36). In
sum, each of these three substrates (N2, NO;~, HCCH) illustrate the capacity of HEH: to

deliver H» equivalents via photodriven transfer hydrogenation.
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4.3 Discussion

Reagent strengths BDFEgs AAG; (NH3)
HEH HEH®
BDFE +  BDFE 51.4 kcalmol™" 1.8 keal mol™
62.3 kcal mol™ 40.5 kcal mol™
*[HEH s
[ L 2l + C;}(I: 15.5 kcal mol™! 109 kcal mol™
-25V 15
I .
TPPYCALERY) - Col 29.3 keal mol™' 68 keal mol”"
a

-19V 15

BDFEes = 23.068(Eoy) + 1.37(pKa) + C (eqn 4.1)

AAG;(NH3) = 3((BDFE})/2 - BDFEer)  (eqn 4.2)
Figure 4.3. Estimated BDFE.+ values and corresponding AAG#NH3) for the
transformations of interest herein. Values estimated using eqns 4.1 and 4.2.

To close, it is instructive to consider the thermodynamics of the photodriven N>R
system described here and its hypothetical dark reaction (Figure 4.1C). To do this one can
compare the BDFE.sr (Figure 4.3, eqn 4.1), a measure of the thermodynamics of H-atom
transfer from a set of reagents, to the BDFE of H» (103.9 kcal mol!).3#3%3¢ The difference
between these values provides an overpotential for N> hydrogenation, expressed as
AAGH{NH3) (eqn 4.2).3” For the dark reaction, the BDFE. is the average of the first (C—H)
and second (N—H) BDFE’s for HEH> and HEH", respectively, correlating to a very small
overpotential (AAGy(NH3) = 1.8 kcal mol™!).!® NHj synthesis via transfer hydrogenation
from HEH; to N is therefore thermodynamically comparable to N> hydrogenation by the
Haber-Bosch process. Where the latter uses high temperature and pressure to overcome the
high kinetic barrier, the photodriven process described here obtains excess driving force
directly from visible light. More specifically, under conditions that exclude the
photosensitizer, using the estimated excited-state reduction potential of [HEH2]* and the
pKa of [ColH]" to estimate BDFE.g, blue light affords access to a large added driving force
(AAGHNH3) = 123 kcal mol™!; Figure 4.3) to push the transfer hydrogenation forward. In
the presence of the Ir-photosensitizer, a smaller but still significant driving force
(AAGHNH3) = 68 kcal mol™) is available. Regardless, the key point is that light generates

an overpotential from an otherwise unreactive source of 2 ¢ /2 H' stored within HEH, that
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is sufficient to perform, via successive transfers, a net 6 ¢ /6 H" reduction of N> in the

presence of an appropriate catalyst and cocatalyst buffer, with additional benefit gained

from inclusion of a photoredox cocatalyst. Important future goals for the work presented

here include extensive mechanistic studies as well as studies aimed at in situ recycling of

the spent HE back to HEHo.
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Chapter 5

On the Mechanism of Photodriven Hydrogenations of N2 and Other Substrates by

Hantzsch Ester: Buffer is Key to Generation of Reactive H-atom Donors
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5.1 Introduction
The utility of proton-coupled electron transfer (PCET) in small molecule reductions
(e.g., N2) and organic transformations has motivated the development of reagents and
catalysts with weak (net) X—H bonds capable of driving the reductive protonation of
substrates.!?**> Photoinduced weakening of X—H bonds offers a promising strategy;
following excitation the X—H bond dissociation free energy (BDFEx-n) can decrease
dramatically, converting unreactive X—H bonds into potent H-atom donors (Figure
5.1A).%7 Model studies have for example demonstrated such reactivity via ruthenium
photosensitizers with acidic ligands®® and photoexcited metal hydrides.!® Further, this

L1213 6r HY/e™ equivalents

strategy has recently been utilized in catalytic systems with Hp,
derived from an acid and an electrode (Figure 5.1A).!* While these strategies show
promise, it remains a challenge to photogenerate species featuring highly reactive H'/e”
equivalents with sufficiently long lifetimes to facilitate PCET to highly unactivated
substrates, such as Ny, unactivated alkenes, carbonyls, or CO.

Recently, our laboratory,'® followed closely by a report from Nishibayashi and
coworkers, ' introduced photocatalytic NoR using a well-defined synthetic system. In our
study, catalytic blue-light-driven transfer hydrogenation of N> to 2 NH3 (i.e., nitrogen
reduction, N2R) using 3 equivalents of the Hantzsch ester (HEH>) as a source of the H'/e”
equivalents required for this transformation. An N>R catalyst, PNPMoBr3; ([MoBr3]; PNP,
2,6-bis(di-tert-butylphosphinomethyl)pyridine),'”-'® was used to activate N, but curiously
a 1:1 mixture of [ColH]OTT:Col (Col-buffer; Col = 2,4,6-trimethylpyridine; Figure 5.1B)
was needed for efficient NoR. While this specific reagent cocktail showed substantial N2R
activity even in the absence of a photoredox catalyst (e.g., Ir), other dihydropyridines we
have canvassed required the addition of a photoredox catalyst; addition of an Ir photoredox
catalyst enhanced the N>R reactivity with HEH» as well. The related Nishibayashi study

focused on systems using a photoredox catalyst to facilitate NoR.!
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A. Photogeneration of weak X—H bonds for substrate reduction
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B. Multielectron N, reduction via HEH, photoactivation
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C. Mechanism of photoreduction by HEH, with Col-buffer in the absence
of a photoredox catalyst
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Figure 5.1. Photogenerated H-atom transfer reagents. (A) Photogeneration of PCET-
donors for reductive reactions.!!'* (B) Photodriven transfer hydrogenation for N>R
reduction with [MoBr3], HEH,, and Col-buffer.!’ (C) The mechanism proposed in this work
for reduction by HEH> and Col-buffer.

The Mo-catalyst activates N> for proton-coupled reduction, but thermally driven
N2R with [MoBr3] still requires a combination of highly reactive acids and reductants
capable of generating (net) H-atom equivalents with effective bond dissociation free energy
(BDFEcs) of ~30 kcal mol!.1%!171920 This corresponds to an overpotential of ~+65 kcal
mol ™' per NH3 formed. By contrast, a hypothetical dark reaction using HEH» has an

overpotential of only +6 kcal mol !.!°
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Our prior report speculated that N>R occurred via a mechanism similar to thermal
N2R by generating the required overpotential via irradiation of HEH: in the presence of
Col-buffer. Specifically, we suggested that access to the reducing excited state of HEH>
(*HEH») was critical for photodriven N>R. Further, we suggested that *HEH> reduces
[ColH]OTT to generate ColH’, a potent PCET donor. Here, we directly probe these
hypotheses, providing evidence largely in support of the initially proposed scheme but also
detailing how Col-buffer increases the photoreducing capacity of HEH; (Figure 5.1C).

Given the proposed role of HEH», it is useful to briefly review its photochemistry.
The excited state of HEH> can be accessed by blue-light irradiation. Curiously, while the
thermochemistry of *HEH» suggests it is a highly potent donor of e  or H'/e”
(E(HEHy"/*HEH2) = —2.5 V; BDFEc—n = —7 kcal mol !, Figure 5.2A),2! its observed
reactivity had previously been limited to activated organic substrates with extended
electron-poor m-systems, e.g., nitroarenes,?? imines,?* a-bromoketones,?* and electron-poor
alkenes (Figure 5.2B).? This has been rationalized by the short lifetime and low quantum
yield of *HEH, (Figure 5.2A).2*?% The available data suggests that ground state pre-
association between HEH» and substrate is required to observe substrate reduction; m-
stacked, electron donor-acceptor (EDA) complexes between the electron-rich
dihydropyridine and electron-poor aromatics are commonly invoked (Figure 5.2B). As
such, substrate reduction is kinetically limited by the substrates’ ability to form this pre-
association complex, rather than the thermodynamics of HAT/ET from *HEH to the
substrate.

A contrast to the direct hydrogenation of substrates by HEH> is its use as a
photoreductant in combination with R’-donors, such as Katritzky salts ([>**T'PyrR]BF4)*’
or N-hydroxyphthalimide esters (Figure 5.2C).2%2%3" Here, a m-stacked EDA complex
forms between HEH> and the R’-donor. Irradiation results in electron transfer to release R".
As a pre-interaction between HEH> and substrate is not required in such a scenario, a wider
range of substrates have been explored, e.g., Giese acceptors, %’ pyridines,'*? and Ni cross-

coupling intermediates (Figure 5.2C).!%!
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Figure 5.2. Overview of HEH> excited state properties and reactivity.?*7-3°

Recent reports, including our previous study, ' utilize HEH> as a photoreductant in
transition metal or lanthanide-catalyzed reduction reactions where, based on the substrates,
n-stacked EDA complexes are not likely operative.3!3233:3435:3637 However, despite the
increasing utility of these HEH»-driven photoreductions, limited mechanistic data hampers
the development of new reactivity.>®

Against this backdrop, we have interrogated the activation of HEH> by Col-buffer
owing to its relevance to photodriven N2R. A mechanism is mapped by addressing ground
and excited state interactions of HEH> and buffer, and by monitoring the formation of
organic radicals (Figure 5.1C). We find that an H-bonded adduct between [ColH]" and
HEH: precedes the productive irradiation pathway. Following excitation of this associated
pair, ET from HEH, to [ColH]" furnishes ColH'. The latter is a potent H-atom donor
(BDFEN-1 = 28 kcal mol™!). [HEH]™", the byproduct of this ET step, is deprotonated by
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Col to generate the HEH' radical and reforming [ColH]" as well. HEH" serves as a second
reactive H-atom donor. These pyridinyl radicals can reduce diverse substrates without the

kinetic limitations observed by direct HEH> photoreductions.

5.2 Results
5.2.1 N2R dependence on irradiation wavelength, buffer, and dihydropyridine

As noted, our previous report proposed blue light excitation of HEH> during
photodriven N>R. However, we had used broad (400-500 nm) LED lamps, which overlay
with the UV-vis spectra of both HEH» and the [MoBr3] catalyst (Figure 5.3). To more
reliably determine the photosensitized species during catalysis, we compared the N2R
reaction products at different irradiation wavelengths to the absorbance spectra of
components of the catalytic reaction (akin to an action spectrum).>”

Comparing the NH3/Mo yield (Figure 5.3) at different wavelengths (Kessil™ LED
H160 lamps at specific wavelengths; see Figure D.1 for emission spectra) to the UV-vis
spectra of the reaction components, we find a relationship between N2R and wavelength
consistent with irradiation of HEH:> (light blue trace, Figure 5.3) as a requisite to produce
NHj3. Only when the strongly absorbing n-n* transition of HEH», with onset at ~435 nm
(slightly red-shifted upon addition of Col-buffer, dark blue trace), is excited are the NoR
products NH3 and oxidized Hantszch ester (HE, see Table D.2) observed. Specifically, we
found that with loadings of 2.3 mM [MoBr3], 124 mM HEH;, and 124 mM Col:[ColH]OTf
in THF solvent, irradiating for 12 hours with 20 W at 427 nm and 440 nm reduced N> to
NH;3 (6.6 £ 0.9 and 1.5 + 0.5 equiv NH3/Mo, respectively); no NH3 was produced at 456
nm. While the overlap between the HEH, absorbance and the lamp emission spectra
increases with lower wavelength across this series, [MoBr3] (yellow trace) absorbs
similarly at 427, 440, and 456 nm. If [MoBr3] excitation is required for N>R, such
significant differences in NHj3 yield as a function of wavelength would not be expected.
This conclusion is supported by the exploration of photodriven N>R with a different
precatalyst, PCPMoCls (PCP = 1,3-bis((di-fert-butylphosphino)methyl)benzimidazol-2-
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ylidene),*® under otherwise identical conditions. The same trend is observed; N2R occurs

when irradiating at 440 or 427 nm but not at 456 nm (Table D.3).

[MoBr3] (2.3 mM)
[ColH]OTH/Col (124 mM)

N> . 3HEH;

» 2 NH; + 3 HE
1atm = (124 mM) THF, 23°C, 12 h ’

Varying LED wavelength and intensity

20 & — HEH, + Col-buffer + [MoBr;]
5 — HEH, + Col-buffer
5 HEH,
2157 1 [MoBr;] 1.,
: 5
P o
%10 - é
T o 80 Wintensity | <
= 7 X 20 W intensity
ST A
0F : : : : 0
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Figure 5.3. Plot of NH3 yields per Mo at varying wavelengths (Black crosses and circles,
left-hand axis) against the optical spectra of reaction components. Optical spectra were
collected at catalytic concentrations in a 1 mm path length cuvette.

Oxidized Hantzsch pyridine (HE) is observed as the organic product for a balanced
N2R reaction. With [MoBr3], when irradiating at 456 nm, only 12% of HEH: is converted
to HE, consistent with the consumption of HEH> and N>R being coupled. Further,
irradiation at 440 nm at 20 W intensity for 12 hours results in incomplete consumption of
HEH». Accordingly, when the light intensity and reaction time are increased (40 W, 24
hours), the NH3 yields increase (4.6 = 0.3 equiv NH3/Mo). In this latter case, all of the
HEH; was consumed, with about 85% recovered as HE. The amount of recovered HE is
similar to what we previously reported using broader wavelength LEDs. '

Increasing the irradiation intensity at 427 nm (80 W, 12 hours) results in a

substantial boost of the NH3 yield (20.4 £ 0.6 equiv NH3/Mo). These yields are more than
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double those achieved in our previous report at the same catalyst and reagent loading,
emphasizing the importance of irradiation wavelength and intensity. By lowering the
catalyst loading (0.575 mM [MoBr3]), the yields increase further to 28 + 3 equiv NH3/Mo,
the highest yields achieved for molecular photodriven N2R in the absence of precious
metals (see Table D.1). Somewhat higher yields have been reported using a structurally
related precatalysts, a Ir photocatalyst and a dihydroacridine organic H-atom donor. '¢

Lower wavelength light (390 nm light) shows high N2R yields (15.8 £ 1.7 NH3/Mo)
even at low (20 W) intensity, consistent with more efficient excitation of HEH» (Figure
D.18). However, increasing the intensity at this wavelength (80 W, 12 hours), only gives a
slight boost in yield (17.6 = 0.4 NH3/Mo). A 390 nm irradiation, the HE yields decrease
(HE recovered ~70%; Table D.2), suggesting increased side-reactivity, possibly via C—C
coupling between HEH and ColH". Still higher energy photons (370 nm) sharply decrease
the NH3 yield (4.3 £ 2.2 equiv/Mo). In addition to (likely) increased side-reactivity as
deeper UV absorbances are excited, the excitation efficiency of HEH> drops at 370 nm.

We also explored a range of other buffers and dihydropyridines for photodriven
N2R, detailed in the Appendix D (see Figure D.2 and Table D.7). These studies established
that any significant deviation of the structure of the Col-buffer or the dihydropyridine
substantially attenuates NH3 yields. The present study therefore focuses on the mechanism
of HEH:> activation by Col-buffer to understand how NzR is facilitated by this particular

combination of reagents.

5.2.2 Study of ground state interactions between HEH: and Col-buffer

Adding buffer to HEH: results in a red shift of the onset of the intense HEH> n-*
transition. The same shift is observed in the presence of just [ColH]OTT, but not Col alone,
consistent with the primary interaction being between [ColH]OTf and HEH (Figures 5.4A
and D.15). Similar red-shifts have been observed upon the formation of n-stacked EDA

2210010141 o Lewis acid coordination to HEH> (presumably though the

complexes
carbonyls).*>*** This suggests two plausible pre-interaction scenarios between [ColH]" and

HEH»: H-bonding through the carbonyls, or n-stacking.
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The HEH> v(C=0) bands were probed (IR, 10 mM) as a function of added
[ColH]OTT (0 to 160 mM, Figure 5.4B). A decrease in the intensity of the v(C=0) bands
at 1698 and 1685 cm! is observed as acid is added. New features grow in concomitantly;
a blue-shifted feature appears at 1735 cm ™! and a red-shifted shoulder at ~1600 cm™'. These
shifts are consistent with H-bonding to one of the ester carbonyls, weakening this
vibrational frequency, and in turn strengthening the other v(C=0). A series of 4-phenyl
substituted Hantzsch ester derivatives exhibits a similar splitting of vibrational modes in
ethanol solvent (compared to solution state IR in aprotic solvents), albeit with a smaller
magnitude.*

Computational methods (TPSS functional* def2-TZVP orbitals* using a CPCM to
model the THF solvent*®) provide additional insight into the pre-association of HEH> and
[ColH]". Evaluating possible interactions, we find that while both arrangements are slightly
disfavored over the free HEH2/[ColH]", an H-bonded complex is favored over a n-stacking
interaction (AGH-pond = +1.3 kcal mol™!, AGr.stack = +3.5 kcal mol™'; Figure 5.4C). For the
H-bonded complex, time-dependent DFT (TD-DFT; a TPSSh functional* and def2-TZVP
basis set*’) calculations predict a red-shift in the UV-vis spectrum (Alabs, max, cale = + 4 nm;
Figure D.78) as well as an increase in the vibrational frequency of one C=0 mode (Avcalc
= +7 cm’!; Figure D.79) and decrease of the other mode (Aveac = —40 cm™). In contrast,
for the n-stacked EDA complex, the observed spectroscopic changes are not reproduced
computationally: the optical spectrum predicts a low energy EDA band (Aabs, max, cale = 600
nm; Figure D.78) and a slight decrease of both vibrational modes (Avcaic =2, =2 cm™;
Figure D.79). Based on these experimental observations and computational predictions, we

favor an H-bonded pre-association between HEH, and [ColH]".
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Figure 5.4. Study of ground-state interactions between HEH, and [ColH]". (A) UV-vis
spectra of HEH> and [ColH]OTT. (B) Solution state infrared spectra of HEH and [ColH]".
(C) Computational analysis of possible pre-interaction complexes of HEH: and

[ColH]OTY.

5.2.3 Photophysical studies

To study the interaction of Col-buffer with the excited state of HEH>, we turned to

photophysical measurements. Steady-state fluorescence spectroscopy data show that HEH»

(in the absence of acid and base) is excited by Aexe < 430 nm, with a distinct emission

spectrum (Aem max at 455 nm, Figure 5.5A) and a low fluorescence quantum yield (0.018;

Figure D.20). The excited state decay establishes a lifetime ti2= 200 ps (Figure D.23). The
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short excited-state lifetime and low quantum yield match previous reports for HEH in
DMSO or MeCN.2*?¢ The small Stokes shift and short lifetime are consistent with
population of a singlet excited state, as has been observed in MeCN.26

The addition of [ColH]OTT red-shifts the excitation spectrum of HEH> slightly. In
addition, substantial quenching is observed upon adding [ColH]OTT, yielding a Stern-
Volmer*’ quenching constant of Ksy =22 M™! (Figure 5.5B and C). By contrast Col as base
does not quench *HEH; or noticeably perturb the emission profile (Figure D.22).

Iy

~ 1 + Ksy[ColH(OTf)] (eqn 5.1)
licoi(orn]

Ksy = (Kstar + Kdyn) (eqn 5.2)

The lifetime quenching effect of [ColH]OTf on *HEH, was measured to establish
a small dynamic quenching constant Kayn = 1.4 M ™! (Figure 5.5C, light blue line, and Figure
D.25). Since this constant is an order of magnitude lower than the Stern-Volmer quenching
constant (see eqn 5.1 and 5.2), the data point to *HEH:> undergoing primarily static
quenching by [ColH]OTf. To interrogate the initially formed product/s of *HEH:
quenching by [ColH]OTTf, we turned to transient absorption spectroscopy. The excitation
of HEH; (1.2 mM) at 355 nm in the presence of [ColH]OTf (12 mM) was measured and
shows the formation of a long-lived species (112 ~ 16 ps, Figure 5.6A, and C) with a
maximum at 550 nm, and concomitant bleaching at 370 nm, consistent with HEH>

consumption. This signal only forms in the presence of [ColH]OTT.
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Figure 5.5. Steady-state fluorescence measurements of HEH: in the presence of
[ColH]OTY. (A) Emission (Right) and excitation (left) spectra of HEH> (0.5 mM) in the
absence (solid red) and presence of [ColH]OTf (20 mM, dashed blue). (B) Steady-state
emission quenching of HEH; (0.5 mM) by [ColH]OTT (0 to 160 mM). (C) Steady-state and
lifetime quenching plots of HEH:> in the presence of [ColH]OTf and Col.

Based on time-dependent density functional theory (Figure D.82) predictions of the
absorption spectra of several candidate organic species ([HEH:]"*, HEH', *HEH,, and

ColH"), we find that the observed absorption is most consistent with assignment as
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[HEH2]"" (red bars in Figure 5.6C). Dihydropyridine radical cations, albeit to our
knowledge not [HEH:]"", have been generated via similar flash-photolysis experiments in
the presence of electron acceptors, with transient absorption maxima ranging from 550-

650 nm 48,49,50

-4
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Figure 5.6. Transient absorption measurements of HEH; in the presence of [ColH]OTf and
Col in THF. (A) Absorption decay of signal generated from HEH> (0.5 mM) in the presence
of [ColH]OTTf (12 mM) was monitored at 550 nm. (B) Same as A, but with added Col (60
mM). (C) TA spectrum of short-lived radical species. Intensity decreases from 1.5 ps (blue
trace) to 35 ps. TD-DFT predicted absorbance maxima for HEH," © at 541 and 586 nm,
indicated by red bars.

In the presence of both [ColH]OTf and Col, we find that a similar signal decays
faster (Figure 5.6B and Figure D.29). An explanation for this observation involves the
deprotonation of [HEH2]"" by Col as a new decay pathway. Plotting the lifetimes as a
function of base concentration allows determination of a deprotonation constant (k= 2.4 +
0.6 10° M! s!'; Figure D.40). This value matches data for previously reported
deprotonations of dihydropyridine radical-cations.>*!

The formation of [HEH,]™" is readily rationalized by electron transfer from *HEH,
to [ColH]OTT, which would also furnish ColH’. Ground-state pre-association of HEH> with
[ColH]OTTf (vide supra) via a H-bond interaction sets the stage for ET. Following

excitation, ET from *HEH: (Eox = —2.5 V) to the associated [ColH]OTf (Ered = —2.0 V)2
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is favorable and would account for the static quenching pathway. Electron transfers through
H-bonds are well precedented.>>34

In addition to observed ET from *HEH> we wondered if excited state proton
transfer from *HEH> might play a role in catalysis. However, the excited state pK. of HEH>
was measured to 23.8 + 0.9 in MeCN (see section A11), representing a weak acid, and in

the context of this report a much weaker acid than the buffer ((ColH]OTf/Col, pK, 15).%

5.2.4 Detection and characterization of photogenerated organic radicals by EPR
spectroscopy

To study ground-state populations of organic species that may build up when HEH»
and Col-buffer are irradiated, we turned to EPR spectroscopy. HEH> (100 mM), Col (100
mM), and [ColH]OTf (100 mM) in THF were irradiated with blue light and freeze-
quenched after 1 minute and then analyzed by continuous-wave (CW) EPR. The data show
formation of an S = 1/2 species with g = 2.002, consistent with an organic radical (Figure
5.7A). While narrow and in low yield (~10 uM), the radical is also characterized by a
diagnostic apparent sextet (Figure 5.7B) in the 2" derivate spectra. The intensity and
spectral shape are unchanged upon varying the time of freeze-quenching (1 to 60 minutes;
Figure D.42); both light and HEH, were required to observe any signal. While signals
attributable to organic radicals could also be observed in the absence of Col-buffer, these
had lower intensity and were distinct from those generated by HEH> and Col-buffer (Figure
D.43). The apparent sextet can be formed in either toluene or 2-MeTHF, implying this

signal is not related to the solvent (Figure D.46).
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Figure 5.7. EPR detection of organic radicals. (A) CW-EPR spectra generated by
irradiating HEH> or d>-HEH> (100 mM) with Col-buffer (100 mM). Red atoms have been
isotopically labeled to aid the assignment of the observed organic radical(s). (B) 2"
derivative spectra from irradiating HEH; or d>-HEH> (100 mM) with Col-buffer (100 mM).
Fits generated from proposed parameters. (C) 2" derivative spectra comparing '°N labeling
in either HEH, or Col-buffer, N—D labeling (both [ColD]OTf and di-HEH:) and
comparison of same isotopologues using d>-HEH> (Cs-deuteration). Acquisition
parameters: temperature = 77 K; MW frequency = 9.38 GHz; MW power = 2 mW;
modulation frequency = 100 kHz; modulation amplitude = 0.1 mT; conversion time = 20.5
ms.

To aid assignment we synthesized a series of isotopologues, including ’N-HEH,,
5N-Col buffer, d»-HEH, (double deuterated at Cs—H positions), di-HEH, (N-H
deuterated), [ColD]OTS, d5-HEH,, and '’N-d>-HEH,. Spectra generated with d>-HEH,
show a collapse of much of the hyperfine structure, suggesting significant coupling to the
C4 H-atom(s) (Figure 5.7A and B). Other changes upon labeling were subtler but could be
identified by careful comparison of 2™ derivative spectra (Figure 5.7B and C). Given the
significant spectral change observed using d>-HEH>, comparison of labeled samples (!°N

or N—D) to samples prepared with either natural abundance HEH> (Figure 5.7C, traces i-
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i11) or d>-HEH: (traces iv-vi) were used to confirm differences that might be observed more
reliably. '°N-labeling of either Col-buffer (traces i and iv) or HEH: (traces ii and v)
demonstrated changes in the spectra only upon labeling HEH», suggesting an HEH>-
derived radical. We also observed changes in the 2™ derivative spectra upon N—D labeling,
using both H and D-labeled at the C4—H positions to confirm this (traces iii and vi).

To account for these observations and provide reasonable simulated fits, a species
with coupling to two types of H atoms, one C4—H (aiso = 24 MHz) and one N—H (aiso = 11
MHz), as well as coupling to the HEH> N-atom (aiso =12 MHz) is proposed. The relative
magnitudes of these values closely match previous hyperfine values measured for
carbonyl-substituted pyridinyl radicals.’”-*® This analysis points to HEH" as the species in
question, expected following rapid deprotonation of [HEH:]"" invoked in the photophysical
measurements discussed above.
5.2.5 Substrate reduction studies and benchmarking the effective driving force for H-atom
delivery by irradiation of HEH2 and Col-buffer

The spectroscopic data discussed above suggests that irradiation of HEH> in the
presence of Col-buffer generates HEH® and (by implication) ColH’. These pyridinyl
radicals serve as potential donors of H-atom equivalents to Mo-bound N>R intermediates
(Mo—NxHy), and other substrates. Unsaturated organic substrates can allow for estimation
of the driving force for net H-atom delivery; this motivated reactivity studies to calibrate

the advantage of Col-buffer for chemical transformations beyond N2R.
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Figure 5.8. Photoreduction of toINO; by HEH> and Col-buffer.

HEH; photoreductions are well established, though studies of these reactions in
the presence of Bronsted acids or bases are rare;>>> the effects of Col-buffer on organic
photoreductions by HEH> had not been explored. For the substrates examined here, HEH»
photoreductions show improved yields and increased selectivity for more reduced
products, with Col-buffer displaying distinct behavior. For example, the photoreduction of
toINO> (4-nitrotoluene) by HEH> in the absence of buffer occurs over 72 hours to yield
primarily toINHOH (4-tolyl hydroxylamine).?? By contrast, irradiation of HEH, (124 mM)
in the presence of toINO> (41.3 mM, 0.33 equiv per HEH») and Col-buffer (124 mM) for
just 12 hours furnished primarily aniline (2.7:1 ratio toINH2:toINHOH, Figure 5.8A) and a
high total yield of reduced products (97%). Using an imidazolium/imidazole buffer instead
(Imid; pKa 15.1 compared to pK, 15.0 for Col in MeCN, Figure 5.8A)% furnished lower
yields for reduced products and favored toINHOH, pointing again to Col-buffer as special.
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The chemical quantum yield for toINO; reduction was determined to be 0.029(2) in
the presence of Col-buffer. This value is greater than the measured fluorescence quantum
yield of HEH; (0.018), intimating enhanced reactivity in the presence of Col-buffer (Figure
5.8B). The quantum yield for toINO> reduction decreases fivefold in the absence of Col-
buffer. Additionally, measurements of the quantum yield with the C4—H (Ha. ; Figure 5.8B)
and N—H (Hp) deuterated isotopologues of HEH> and Col-buffer were performed to probe
the kinetic isotope effects (KIE) for toINO> reduction. Curiously, while there is no KIE
using d>-HEH:> (deuterated C4—H bonds, KIE, 0.99 + 0.06), N—D deuteration (d;-HEH> and
d1-Col-buffer, KIEp) shows a small, inverse KIE (0.84 £ 0.09).

Computational studies suggest that the proposed H-bonding pre-equilibrium
between HEH: and Col-buffer can be used to rationalize these KIE data. By computation,
the preferred conformation of HEH; and Col-buffer is free HEH> and an H-bonding homo-
dimer [ColHCol]".®® However, the H-bond interaction of HEH2 and [ColH]" is only
slightly uphill (AG = 3.0 kcal mol™'; Figure 5.8C). Shifting this equilibrium towards the H-
bond interaction of HEH» and [ColH]OTf should favor substrate reduction.
Thermodynamically, the proton (versus the deuteron) will favor the stronger H-bond of the
[ColHCol]" homo-dimer. Accordingly, computationally derived EIE, and EIEp
(equilibrium isotope effects) provide values of 0.97 and 0.80, within the error of the
experimentally measured KIEs for toINO> reduction.

HEH> and Col-buffer are also competent for the reduction of other N—O bonds
(Figure 5.9), including nitroalkanes ("PrNO> to "PrNHz; 30 + 5% yield per HEH>), nitrate
(INOs3] to NHs, yield 35 + 2% per HEH,, confirmed by '°N-labeling; Figure D.10), and
amine N-oxides (MesN—O to MesN, yield 91 + 5%). Electron-rich aromatic aldehydes +
Me2NPHCHO and *M¢OPhCHO can also be photoreduced by this approach, with the major
product being a diol, consistent with radical addition of H' to the aldehyde to form the a-
hydroxybenzyl radical, followed by bimolecular pinacol coupling. The low yields for
pinacol coupling of aldehydes by HEH: in the absence of buffer is consistent with previous
reports.”> HEH2 could not reduce less activated carbonyls, such as aliphatic ketones

(benzylacetone), or activated aromatic esters (dimethylterphatalate), even with Col-buffer.
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Figure 5.9. Photoreduction of organic substrates by HEH> (124 mM) and [ColH]OT{/Col
(124 mM of each) in THF. All reactions run for 12 hours using Blue LED H150 lamps at
68 W except where noted. *Reaction run using H160 427 nm lamp (40 W) for 4 hours to
minimize background reactivity. All yields given from the average of a minimum of two
experiments.

This scope of substrates allows us to bracket the thermodynamic driving force for
H'/e” transfer accessed by irradiation of HEH»/Col-buffer. When analyzing the
computationally derived BDFEo-u (TPSS def2-TZVP; Figure 5.9) following the addition
of an H-atom to substrates, we find that only substrates with a sub—H" BDFEo-#, calc ~ 27
kcal mol™! or higher can be reduced. This suggests that irradiation of HEH,/Col-buffer
generates a driving force for H/e™ transfer equivalent to a BDFE ~27 kcal mol ™. This bond
strength is comparable to some of the weakest isolable or in situ formed thermally
generated PCET reagents.%! Highly reactive photogenerated PCET donors have also been
detailed.!!:!462
We find that the reactivity observed correlates closely with the weak BDFE
calculated for [ColH]" (BDFEN-H, cale = 27 kcal mol ') or [HEH2]™* (BDFEN-#, cale = 26 kcal

mol ') as the donor/s of H-atoms during photoreduction. By contrast, other C/N—H bonds
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that might be invoked in solution, such as HEH' (BDFEx-n, cac = 32 kcal mol ',
BDFE-estimated = 41 kcal mol™!, see section S11)?! or HEH, (BDFEN-#, catlc = 70 kcal mol ™)
feature stronger N/C—H bonds: these species should not be competent to reduce the less
activated substrates, at least at the first H'/e™ transfer step.

The role of [HEH2]™ (BDFEN-#, calc = 26 kcal mol™!) as a potential PCET donor
during irradiation cannot be ruled out (see Figure D.72 for a representative scheme).
However, as [HEH:]"" is rapidly deprotonated by Col, we surmise this pathway is at most
a minor contributor to substrate reduction, pointing to highly reactive [ColH]" as the
probable primary donor of H'/e".

5.3 Discussion
The data obtained via this study allow us to propose a mechanistic outline by which
HEH; and Col-buffer interact to reduce substrates. This is illustrated in Figure 5.10 via the

elementary steps a to h.

{HEH,
- ColH* hy
b
HEH,™
: HEH; H-bonded
ColH’ ' .+ pre-complex
/{CO|H
d JRRRTRN So-er - a
HEH,
HEH2.+ ColH*
Y

%
ColH*
\ Col HEH® HE
sub g/ » subH’ M subH,

Figure 5.10. Proposed mechanism for 2 H'/2e™ reduction of substrates by HEH> mediated
by Col-buffer with steps a-h labeled.
HEH; and [ColH]OTf associate via an H-bonded adduct (a) in a pre-equilibrium first

step. Excitation (b) results in ET from *HEH> to [ColH]OTfT to furnish the charge-transfer
product (¢), which then dissociates to release free ColH' and [HEH:]"" (d). Back ET (BET,

e) competes with this step but the reaction is driven forward by deprotonation of [HEH2]™"
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by Col to produce HEH" and [ColH]" (f). Additionally, charge-transfer through an H-bonded
complex may present a distinct advantage to the forward process. Following the ET step the
H-bond strength should decrease; ColH'/[HEH:]™" is a much weaker acid/base pair than
[ColH]/HEH..%> By contrast, rapid unimolecular fragmentations are often required
following ET in m-stacked EDA complexes to avoid BET.(41) Once formed, [Col-H]
(BDFEN-H, estimated = 28 kcal mol™!, see section S11) can transfer an H-atom to substrate (g),
regenerating Col. Further reactivity of [HEH]  may proceed by direct reduction of the semi-
reduced substrate (subH", h) or by disproportionation to yield HE and HEH:> (see Figure D.64
for a representative scheme).

Based on this mechanistic outline, we can rationalize the improved efficiency upon
adding Col-buffer. Pre-association of [ColH]" and HEH,, and subsequent static quenching
to produce ColH", decouples substrate reduction from the pre-association step. Instead,
forward reduction is determined by the ability to transfer H® from [Col—H]" to substrate,
which, given the low BDFEN-1 (28 kcal mol ™) of [Col—H]", will occur for many substrates.
This scenario is comparable to the generation of R* from R*-donors and HEH», where R =
H. Whereas *HEH, is thermodynamically potent (BDFEc-u = —7 kcal mol ') for PCET, it
is kinetically challenged in terms of productive reactivity. Adding Col-buffer generates a
kinetically accessible weak N—H bond. Additionally, the buffer-free reaction is likely also
limited by rapid BET between reduced substrates and [HEH.]'", as [HEH2]"" is not
effectively removed from solution by deprotonation (Figure D.75). This model suggests
that while the primary mechanism of *HEH; oxidation is quenching by acid, the presence
of base is also crucial for efficient substrate reduction. The special combination of Col-
buffer and HEH: in photodriven N2R (and other reductions discussed herein) can be traced
to [ColH]" being a reducible acid with a low propensity for parasitic homocoupling as the
reduced radical (ColH") as well as the presence of carbonyl substituents in the 3,5-positions
of HEH,, necessary for H-bonding with [ColH]" in the pre-association step.

An instructive comparison can be made between the excited state reactivity of
*HEH» and a recently developed 12-aryl dihydrobenzoacridine photocatalyst (Figure

5.11A, acrH).%* Enhanced reducing power is observed for the latter upon addition of an
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exogenous base (e.g., MeTBD; MeTBD = 7-Methyl-1,5,7-triazabicyclodecene). A
multisite-PCET (MS-PCET) oxidation® of the *[acrH] N—H bond, with substrate (e.g.,
aryl bromides) serving as oxidant, is proposed. Analogously, one can view *HEH>
reactivity in the presence of Col-buffer as a MS-PCET oxidation of the C—H bond, with
[ColH]" serving as the oxidant and Col as the base (Figure 5.11B, right). While the base is
not strictly required to drive the overall transformation (*HEH: should readily reduce

[ColH]"), it is necessary to circumvent BET.

A. Excited state N-H . -
B. *HEH, C—H bond MS-PCET oxidat
bond MS-PCET oxidation 2 C-H bond MS-PCET oxidation

base
2 Col

AMeOphBr

*acrH

| * *

NN HEH, HEH,
L,N\) = base Col = base [ROISm"|, = base
MeTBD [ColH]" = oxidant  [Sm"I,](OR) = oxidant

4MeOppBr = oxidant

C. Proposed new mode of *HEH, utilization

0 base OX™  paseH* Requirements:
o] H O H + ox coordinates ester
EtO SO ~COzEt ¢ E(oxiox)>-25V
e | | + Rapid deprotonation
* N N

. of [HEH,]*" (pKa —1)
H H

Figure 5.11. A framework for viewing the reactivity of *HEH: as the oxidation of the C—H
bond relevant to Col-buffer interaction is described and extended to previous work
exploring Sm™!! reductions.

In MS-PCET oxidations pre-association of the base with substrate via an acidic
X—H bond is typically operative, with the substrate then being oxidized.*® The carbonyl
groups of HEH» allow pre-association of the oxidant instead of the base, resulting in
oxidation of the less basic *HEH> C—H bond. Interestingly, as the C—H bond is oxidized
we anticipate a large reorganization energy due to a change in hybridization (sp’ to sp?)

and a poorer H-bonding interaction with the C-atom of the semi-oxidized species (HEH").
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This should mitigate the rate of back-PCET (in analogy to BET) compared with an O/N—H
bond oxidation, resulting in more efficient reduction of [ColH]" to ColH".

As an additional point of comparative context, it has been found that *HEH> can

111 11T

reduce Cr' as well as Sm'"-alkoxides (see Chapter 6) to their corresponding divalent metal
products and alcohol.?!** The photogenerated Sm" and Cr!! products can be utilized in Sm-
catalyzed cross-coupling and a catalytic-in-Cr Nozaki—Hiyama—Kishi reaction. Initial
carbonyl coordination of the Lewis acidic metal ion may be operative in these systems, as
observed with [ColH]" here (Figure 5.11B).

Taken together, these observations point to a new mode for direct reductions by
*HEH, (Figure 5.11C). A Lewis acidic oxidant capable of both coordinating the ester
carbonyl functionality and undergoing ET from *HEH; (E = —2.5 V) is key. Addition of a
base helps to avoid BET. Utilizing these simple principles we anticipate the development
of photoreductions of oxophilic, redox-active moieties by HEH>, which in turn may

catalyze desired reductive photochemistry.
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Chapter 6

Photodriven Sm(III)-to-Sm(II) Reduction for Catalytic Applications
Adapted from:
Johansen, C. M.T; Boyd, E. A.T; Tarnopol, D. E.; Peters, J. C. J. Am. Chem. Soc.
2024. 146, 25456-25461. DOI: 1010.1021/jacs.4c10053.

1 These authors contributed equally to this work.
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6.1 Introduction

Samarium diiodide (Smly) is an exceptionally versatile single-electron reductant. The
large and labile coordination sphere of Sm" can recruit one or multiple substrates and
additives to achieve selectivity in both organic synthesis and small-molecule reductions
(Figure 6.1A).1*** However, Sml, is employed stoichiometrically in all but a few select
cases>®’® because its reactions typically terminate in the formation of highly stable
Sm'"-alkoxide species. Catalytic regeneration of the Sm" state requires abstraction of OR™
by a stoichiometric oxophile (EX) to generate a Sm'! species that can be reduced by a
relatively mild reductant (Figure 1A). The difficulty associated with this transformation has
been cited as a motivation for the development of a variety of alternative photo- and
electrochemically driven methods for ketyl radical generation.”!%!1:12.13

Early strategies for reductive Sm catalysis relied on harsh combinations of halosilane
oxophiles (R3SiX) and low valent metals (Mg° for X = Cl; Zn° for X = I) or an applied
electrochemical potential as the reductant,!#15:16:17.18.19.2021.22 1y 5 collaborative effort with
the Reisman laboratory, we recently disclosed comparatively mild silane-free thermal and
electrochemical conditions for catalytic turnover of Sml> in reductive coupling of ketones
and acrylates through combination of cationic Brensted acids with either Zn° or an applied
potential of —1.55 V vs Fc"® (Fc™® = ferrocenium/ferrocene; all potentials referenced to
Fc™0).2

Given the growing interest in (metalla)photoredox catalysis,?* photodriven strategies
for Ln""" catalysis remain surprisingly underexplored.?>?° In a strategy recently showcased
by the groups of Borbas?” and Nemoto,?® photosensitizers are incorporated into the secondary
coordination spheres of Ln"' complexes (Ln = Sm, Eu; Figure 6.1B). Intramolecular

I

oxidative quenching of the excited sensitizer by the Ln" center produces a potent Ln!

reductant which can carry out a variety of transformations.
While this and other strategies show promise,?>?%?"-8 the chelating ligand platforms

11

used thus far in photodriven Ln™"" catalysis (cryptands, bidentate phosphine oxides) restrict

the coordination sphere and/or shift £°(Ln""") to strongly negative potentials, belying direct
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translation to the rich stoichiometric chemistry of Sml>(L), as an inner sphere reductant (L =
solvent molecule, typically THF).

Lewis acidic metal ions are commonly used to template substrates in photodriven
reductive coupling reactions.'®?%*° Recently, in contrast to the use of photocatalysts, several
Lewis acid-mediated photoreductions utilize the blue-light absorbing Hantzsch ester (HEH>)
as a photoreductant (E(HEH,"/*HEH,) = —2.5 V).31323334 Photoexcited HEH, (*HEH>)
carries out Cr'" reduction in a catalytic-in-Cr photodriven Nozaki-Hiyama—Kishi reaction
(Figure 6.1C).% Alternatively, HEH> acts as a photoreductant in a Gd(OTf);-mediated Giese
addition of an N-hydroxyphthalimide (NHPI) ester-derived alkyl radical into a,B-unsaturated
ketones or lactone (Figure 6.1C).%¢ In the latter study, an interaction between Gd and HEH,
is observed, but Gd™ reduction to Gd" is not accessible even by *HEH,.?

Based on these precedents we noted that *HEH> should be capable of reducing Sm'!-
species such as Smlz (E°(Sml3/(Sml, + 1)) = —1.58 V; Figure E.35). Because Sm and Gd
are similar in size and oxophilicity, we envisioned that photoexcitation of HEH> bound to

M ¢could also result in intramolecular oxidative quenching to produce Sm" (Figure 6.1D).

Sm
Crucially, however, a more dynamic Sm-chromophore interaction might allow access to
coordinatively unsaturated Sml>(L), species which could carry out inner-sphere reduction in
a photodriven Sm-catalyzed cross-coupling reaction. Importantly, both HEH, and its 2H"/2e~
oxidized congener, HE, are weak bases and are therefore compatible with the acidic

m_

conditions necessary for recovery of inactive Sm™'—OR species by protonolysis.
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6.2 Results
Gratifyingly, HEH, proved competent as a photoreductant for Sm™-to-Sm"
conversion. Monitoring the UV-visible absorption spectrum of a solution of Smlz (2 mM),
HEH; (60 mM) and 2,6-lutidine base (Lut, 60 mM) following irradiation at 440 nm for 5 min
in THF reveals the characteristic profile of blue SmIx(THF), with Amax at 555 and 618 nm
(Figure 6.2A, left panel). Extended irradiation (120 minutes) results in increasing Sml
generation, with maximum yield ~25%. Interestingly, in the absence of base this reaction
does not proceed (Figure E.17), likely due to rapid back-electron transfer (BET) between
HEH," and Sml.. However, HEH>™" can be deprotonated in the presence of base,
circumventing BET.
We next evaluated conditions for photogeneration of Sml,(THF), from Sm(O'Pr); as
1

-alkoxide. Irradiation of Sm(O'Pr); (2 mM), tetra-n-heptylammonium iodide

("HepsNI, 6 mM), and HEH; (60 mM) at 440 nm in THF shows no evidence of Sml,

a model Sm

formation (Figure E.19). However, upon the addition of only 1.5 equiv of the acid bis-
trifluoromethylsulfonylimide (HTFSI) to Sm(O'Pr);, Smlx(THF), is generated upon
irradiation with "HepsNI and HEH: (Figure 6.2A, right panel). Parallel CV studies
demonstrate that no Sml; is generated from Sm(OPr); at this acid loading (Figure 6.2B,
compare light and dark blue traces), and current attributable to Sm'™ reduction (presumably
of an intermediate mixture of solvated “SmI(O'Pr),” and “SmI,O’Pr”’) does not onset until
—2.3 V. In contrast to Smlz, no external base is needed, suggesting that the Sm-bound
alkoxide might additionally serve the role of deprotonating HEH,™" to avoid BET. UV-vis

studies reveal that addition of the colorless Sm''—

O'Pr species (grey trace in Figure 6.2A)
gives rise to a significantly red-shifted shoulder in the HEH> absorption profile (compare

light and dark red traces in Figure 6.2A), consistent with pre-association.
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Figure 6.2. Photogeneration of Smlz. (A) UV-vis spectra following photoreduction of
Sml; (left) and LaSm(‘OPr)I; to form Smlz. CVs of Sm(OPr); (2 mM) in the presence of
iodide and proton sources in THF.

The modest yields and rates of these reactions motivated the study of Sm'! reduction
with a photoredox catalyst to overcome the low quantum yield and excited state lifetime (220
ps in MeCN)?” of HEH,. We selected [Ir(dtbbpy)(ppy)2]” ([Ir™]")*® as a photosensitizer,
which could undergo reductive quenching by a sacrificial electron donor to generate Ir'!, Ir!!
is thermodynamically capable of reducing Smls to Sml, (E°(Ir'™™) = —1.94 V, Figure 6.2B
and Figure E.36).
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Figure 6.3. Photogeneration of Sml, with Ir photocatalyst. (A) Photoreductions of Sm'!
species with [Ir]PFs photocatalyst. (B) Rationale for net photoinduced proton- and
electron-transfer from HEH> to [Sm'"-OR] species.

Irradiating Sml3 or SmLOPr (2 mM) with [Ir'"]PFs (0.2 mM), HEH, (60 mM) as
sacrificial reductant, and Lut (60 mM) rapidly generates Sml> (80% or 30% conversion in 2
min, Figure 6.3A). Again, the weak base Lut enhances the process (Figures E.20-E.21).

The accelerated reduction of SmI,OPr is curious, as electron transfer from Ir!" to this
Sm'™ species is uphill by 400 mV (Figure 6.2B). A rationale for these observations is
provided in Figure 6.3B: reductive quenching of *[Ir'"]" by HEH, generates not only the
strong reductant Ir'!, but also the strong acid HEH,>™ (pK, —1 in MeCN),**** the combination
of which can carry out net proton-coupled electron transfer to Sm™-O’Pr.*! Proton transfer
from HEH,"* to a Sm'"~O'Pr species, likely via proton relay mediated by Lut, liberates ‘PrOH
and [Sml]".*? The latter can then be reduced to Sml, by Ir'l.

Development of Sm-catalysis leveraging diverse ligand coordination to modulate
reactivity is an attractive goal. Exploration of Sm' generation in the presence of potential

coligands was carried out pursuant to these interests.
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Figure 6.4. Photogeneration of Sm! with alternate ligands. (A) Ligand coordinated Sm-
species generated by a photoredox approach. See Appendix E for relevant
electrochemical data. Choice of a sufficiently reducing photocatalyst remains crucial to
observe Sm'". (B) UV-vis spectra following photogeneration of SmBr; and
Sm(HMPA)4*".

Satisfyingly, Sm" is readily photogenerated from Smls by [Ir"]" and quencher
(HEH> or Et3N) in the presence of several protic additives (ethylene glycol, N N-
dimethylaminoethanol, Figures E.23-E.24),>*4%% including a chiral aminediol (Figure
6.4A, Figure E.25) that has been utilized in several enantioselective Sml

transformations. #4748
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The reduction potential and reactivity of Sm' is highly sensitive to coordination of
Lewis-basic additives (HMPA, Br; Figure 6.4A).* While [Ir'] is insufficiently reducing to
access such species, the more reducing photocatalyst 3DPA2FBN, % when paired with the
more reducing quencher 9,10-dihydroacridine and Et3N as base, mediates generation of both
SmBr2 and Sm(HMPA)s** (Figure 6.4B). 3DPA2FBN also facilitates Sm™ reduction and
binding to the chiral BINAPO ligand (Figures 6.4A and E.34).>!5

Having established two different photochemical approaches to Sm' generation, we
targeted an intermolecular ketone-acrylate coupling as a model reaction to benchmark
photodriven Sm-catalysis (Table 6.1). This reaction is representative of the qualities that set
Sml; apart as a stoichiometric reductant. Inner sphere electron transfer to one or both of the
carbonyl substrates is obligatory based on comparison of outer-sphere reduction potentials.?
Importantly, a Sm-alkoxide is generated as the byproduct of lactonization, enabling
evaluation of the ability of a set of conditions to overcome this critical barrier to generalizable
Sm catalysis.

Irradiation of ketone 1 (0.04 mmol), phenyl acrylate (2 equiv), and SmIx(THF)> (10
mol %) in the presence of HEH; (4.0 equiv) in 2-MeTHF (0.02 M) at 440 nm for 90 min
yields lactone 2 in 76% yield (Table 6.1, entry 1, method A). Addition of a photoredox
catalyst ([Ir]PFes, 1 mol%) with pyridine (2 equiv) results in an increase in yield to 89%
(Entry 1, method B). Light and Sm were required for catalytic formation of 2 by either
method (entries 3 and 4). Sm(OTY); is a competent precatalyst with 50 mol% Mgl» included
as an iodide source (entry 4). Substitution of Gd(OTf); for Sm(OTf)3 results in trace product

formation, supporting a key role for Sm" in catalysis (entry 5).



128

o)
o o Smiy(THF), (10 mol %) 0
method A or method B
- A >
o OPh  2-MeTHF (0.02 M), 25 °C, 90 min O
; Blue LED 440 nm, 40 W
</O 2.0 equiv </O
1 2
Method A: HEH; (4 equiv)
Method B: HEH, (4 equiv), [IF]PFs (1 mol %) and pyridine (2 equiv)
e Yield (%) Yield (%)
Ey 2L Method A Method B
1 None 76 89
2 No Irradiation 4 4
3 No Sm 0 0
4 10 mol% Sm(OTf), / 50 mol % Mgl, instead of Sml, 60 85
5 10 mol% Gd(OTf); / 50 mol % Mgl, instead of Sml, 0 6
6 2 equiv pyridine added 72 N
7 No pyridine - 82
8 2 equiv Et;N added (A)/instead of pyridine (B) 5 15
9 5,6-dihydrophenanthridine instead of HEH, 0 77
10 15 min 29 60
11 Ethyl acrylate instead of phenyl acrylate 31 58
Entry 12 13 14 152
2 o 0
OH CO,Bu
Product o O O
Me Me Me
Ph +-CF3py o
3 4 5 6
method A: 32% <95% 77% 43%
method B: 77% 90% 49% 29%

Table 6.1. Photodriven Sm-catalyzed coupling of ketones and phenyl acrylate to form
lactone products. Yields were determined by 'H NMR analysis. For additional reaction
data, see Table E.2. *fert-butyl acrylate used as coupling partner; lactonization observed
only upon acidic workup.

Both methods are competent in the presence/absence of pyridine (entries 1, 6, and 7),
but yields are greatly diminished in the presence of a stronger base (Et;N, entry 8). This
suggests that the dynamics of Sm-alkoxide protonation play an important role in turnover.?’
Interestingly, the wuse of a dihydropyridine without carbonyl groups, 5,6-
dihydrophenanthridine, only shows product formation with [Ir]" (entry 9). In the absence of
Ir, the specific interaction between Sm and HEH appears to be required. The Ir-catalyzed
reaction is also faster, achieving 60% conversion in 15 minutes, compared to 29% by method
A (entry 10).

Methods A and B were tested against alternative coupling partners to assess their
relative efficacies. When using less activated substrate pairs (aliphatic ketones and alkyl
acrylates, entries 1, 11 and 12), method B is favored, perhaps because these slower cross-

11T

couplings require rapid Sm™-to-Sm conversion. Method A is preferred when using aryl
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ketones (entries 13-15), as method B gives considerable pinacol-coupled side-products
(Table E.3). With method A, selective inner-sphere photogeneration of Sm" by Sm"-HEH»
may favor Sm'-mediated cross-coupling, while with method B background Ir-mediated
substrate reduction to homocoupled products can dominate.

A proposed mechanism for this photodriven lactonization reaction (by method A) is
presented in Figure 6.5. The mechanism can be divided into two parts, a photoreduction side
in which Sm™ is reduced to Sm'!, and a Sml cross-coupling side where the organic substrates
are coupled. Starting from Sml(OPh), coordination to HEH> (as demonstrated in Figure
6.2A) followed by excitation to *HEH; allows for the proton and electron transfer required
to generate Sml,, with PhOH and HEH" as additional products. Subsequently, Sml, couples
the acrylate and ketone to form a radical intermediate.>*>* HEH" is capable of reducing this
intermediate as a potent H-atom donor, although alternative schemes for reduction of the
radical intermediate can be envisioned (Figure E.45). Following reduction and lactonization,
2 is formed along with SmI>(OPh).

With [Ir]", a similar mechanism is proposed, differing in the regeneration of Sm",
which can be regenerated from Sm™

for full scheme).

-alkoxide as depicted in Figure 6.3B (see Figure E.46

o]
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Figure 6.5. Proposed mechanism of Sm cross-coupling under Ir-free conditions (method
A).
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6.3 Conclusions
In summary, we have demonstrated photodriven generation of Smly(THF), from

SmIH

precursors using both a photoreductant and a photoredox catalyst. These conditions
translate to proof-of-concept photodriven reductive Sm-catalyzed ketone-acrylate coupling.
Distinct from reported methods, photodriven Sm-catalysis occurs in the absence of
competing Lewis-acidic metal additives and byproducts (e.g., Mg** and Zn?'

salts), !4 15:1617.18,19.20.2122.23 \which may be of utility in development of Sm-catalysis with

3,18,43,46,47,48,49,

ligands. 3051 These findings are anticipated to facilitate applications of Sm-

catalysis beyond the types of thermally driven transformations studied thus far.
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A.1. Experimental section
A.1.1 General Considerations
All manipulations were carried out using standard Schlenk or glovebox techniques
under an N> atmosphere. Solvents were deoxygenated and dried by thoroughly sparging with
N, followed by passage through an activated alumina column in a solvent purification
system by SG Water, USA LLC. Nonhalogenated solvents were tested with sodium
benzophenone ketyl in tetrahydrofuran (THF) to confirm the absence of oxygen and water.
Deuterated solvents were purchased from Cambridge Isotope Laboratories, Inc., degassed,
and dried over activated 3-A molecular sieves prior to use. [FeCN],! [FeCNMez],'
[P3BFe]BAr"s,2 PPB(*2P)sFeBr,> [PhoNH,]OTE,* KCs,! [H(OEt)2]BArfs,> [TBA]['*CN]®
were synthesized using literature methods. (CsHe)2Cr, Cp*2Cr and Cp2Co were purchased

from Strem and used without further purification.

A.1.2 Physical Methods

NMR: Nuclear Magnetic Resonance (NMR) measurements were recorded with a
Varian 400 MHz spectrometer. 'H NMR chemical shifts are reported in ppm relative to
tetramethylsilane, using 'H resonances from residual solvent as internal standards.’

UV-Vis: Ultraviolet-visible (UV-vis) absorption spectroscopy measurements
were collected with a Cary 50 UV-vis spectrophotometer using a 1 cm path length quartz
cuvette. All samples had a blank sample background subtraction applied. Temperature
regulation for UV-Vis measurements was carried out with a Unisoku cryostat. Time
course UV-Vis spectra were collected with the Scanning Kinetics application of the Cary
WinUV software.

Mossbauer spectra: °'Fe Mossbauer spectroscopy measurements were recorded
on a spectrometer from SEE Co. (Edina, MN) operating in the constant acceleration
mode in a transmission geometry. The sample was kept in an SVT-400 cryostat from
Janis (Wilmington, MA). The quoted isomer shifts are relative to the centroid of the
spectrum of a metallic foil of a-Fe at room temperature (RT). Solution samples were

transferred to a sample cup, freeze-quenched with liquid nitrogen inside the glovebox,
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and then immersed in liquid N> until mounted in the cryostat. Data analysis was
performed using version 4 of the program WMOSS (wmoss.org), and quadrupole

doublets fit Lorentzian lineshapes.

A.2 Ammonia production and quantification studies
A.2.1 Standard NH3 Generation Reaction Procedure

All solvents are stirred with Na/K for >2 hours and filtered prior to use. In a nitrogen-
filled glovebox, the precatalysts ([FeCN] or other Fe-complexes) are weighed in individual
vials.* The precatalysts are then transferred quantitatively into a Schlenk tube using benzene.
The benzene is then lyophilized to provide a fluffy powder of precatalyst at the bottom of the
Schlenk tube. The tube is then charged with a stir bar, and the acid ([PhoNH2]OTf), reductant
(e.g., (C¢Hp)2Cr)) and [TBA][CN], all added as solids. The tube is sealed and cooled to 77 K
in a cold well. To the cold tube 1 mL Et,O solvent is added to produce the desired precatalyst
concentration. For reactions run above -20 °C additional Et,O was added taking into account
the headspace of the tube and the vapor pressure of Et;O such that the reaction volume
remained 1 mL. The temperature of the system is allowed to equilibrate for 5 minutes and
then the tube is sealed with a Teflon screw-valve. This tube is passed out of the box into a
liquid N2 bath and transported to a fume hood. For experiments run at -78 °C, the tube is then
transferred to a dry ice/isopropanol bath, where it thaws and is allowed to stir for a minimum
of three hours before warming. For experiments run at -20 °C, the tube is instead transferred
to a 3:1 ice:NaCl bath, where it thaws and is allowed to stir for a minimum of one hour before
warming. For experiments run at 0 °C, the tube is transferred to an ice bath where it thaws
and is allowed to stir for a minimum of three hours before warming. For experiments run at
25 °C, the tube is transferred to a water bath where it thaws and is allowed to stir for a
minimum of 80 minutes. To ensure reproducibility, all experiments were conducted using 10
mm egg-shaped stir bars, and stirring was conducted at ~600 rpm.

* In cases where less than 2.3 umol of precatalyst were used, stock solutions were

used to avoid having to weigh very small amounts.
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A.2.2 NH3 detection by '"H NMR
Following the completed reaction, the reaction flask was cooled to 77 K and allowed
to freeze. The reaction vessel is then opened to atmosphere and to the frozen solution is
slowly added an excess KO'Bu as a solid (in at least two-fold excess with respect to acid)
and THF (2 mL). This solution is allowed to freeze, then the headspace of the tube is
evacuated, and the tube is sealed. The tube is then allowed to warm to RT and stirred at RT
for at least 10 minutes. An additional Schlenk tube is charged with HCI (3 mL of a 2.0 M
solution in Et,O, 6 mmol) to serve as a collection flask. The volatiles of the reaction mixture
are vacuum transferred into this collection flask. After completion of the vacuum transfer,
the collection flask is sealed and warmed to RT. Solvent is removed in vacuo, and the
remaining residue is dissolved in a known amount of (1 mL or 0.5 mL) DMSO-ds containing
1,3,5-trimethoxybenzene as an internal standard. Integration of the '"H NMR peak observed
for NHs" (8 7.25 t, J = 52 Hz, 4H) is then integrated against the two peaks of 1,3,5-
trimethoxybenzene to quantify the ammonium present. A typical spectrum is shown in Figure
A.1. MeNH3Cl (when detected) is characterized in a similar fashion with the integration of
diagnostic peaks (MeNH3.Cl ¢ 7.78, br, 3H, & 2.35, q, J = 8 Hz, 3H) against 1,3,5-

trimethoxybenzene. A typical spectrum is shown in Figure A.2.

A.2.3 Reload experiments

For the reload experiments (Table 2.1 entry 16), catalysis is set up as detailed in
section A.1, except that following the sealing of the tube, it was allowed to thaw inside the
glovebox and stirred for 80 minutes at 25 °C. After 80 minutes, the reaction mixture is filtered
through a Celite pipette, with the flask and filter cake washed with an additional 2x(1 mL)
dry Et,0O. The extracted Et,O soluble products are added to a fresh Schlenk flask, and the
solvent is removed in vacuo.

The (fresh) tube is then charged with a stir bar, the acid ([PhoNH2]OTY), reductant
((CsHe)2Cr)) and [TBA][CN]. The tube is sealed and cooled to 77 K in a cold well. To the
cold tube Et>O is added, taking into account the headspace of the tube and the vapor pressure

of Et20 such that the reaction volume remained 1 mL at 25 °C. The temperature of the system
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is allowed to equilibrate for 5 minutes and then the tube is sealed with a Teflon screw-valve.
This tube is passed out of the box into a liquid N> bath and transported to a fume hood. The
reaction is warmed to room temperature and allowed to stir for 12 hours. The reloaded tube
is analyzed as detailed in section A.2.2.

The first catalytic run is also analyzed for NH3 (as detailed in section A.2.2), with the
solids remaining on the Celite pipette being added back to the flask.

A.2.4 A note on error bars and the solubility of species during catalysis

Compared to similar N> reduction reactions, somewhat greater error between
individual runs is observed.*> We attribute this to the relative heterogeneity in the reaction
mixture. [Pho,NH>]OTf is insoluble in Et2O, while [FeCN], (C¢Hs)2Cr and [TBA][CN] are all
sparingly soluble. As a result, sufficient and consistent stirring was required to achieve
reproducibility, but some variation was observed.

The relatively low catalyst solubility also necessitated the lyophilization of the
precatalyst, particularly for low-temperature experiments. The increased surface area of
lyophilized materials helps more rapidly solubilize the catalyst, which was found to be
crucial to achieving efficient catalysis. Attempts to counteract these effects, e.g., by using
THF for increased solubility, gave lower yields (Table A.1 runs A3 and B3), possibly due to

a greater rate of background hydrogen evolution.



A.2.5 NH3 detection results

Table A.1. Catalytic yields for reduction of [TBA][CN] to yield NH3. *Assuming 6 ¢
reduction. "CH3;NH> products also taken into account as a 4 ¢ product.

[PhNH,]OTF
(348 mM)
Reductant
meACN] — 2 MW -
(100 mM) 1 mL Et,0
initial temp ->RT
Catalyst Ioadlng COI’]dItIOI’]S., NH: Yield per
(umol) ([FeCN] is ((CeHe)2Cr is the .
Entry (equiv/ reductant
catalyst reductant Fe) (%)°
unless specified) unless specified) °
Al 0.72 umol 25 °C, Et,0 20.5 34.1
B1 0.72 pmol 25 °C, Et.0 32.8 54.6
Cc1 0.72 pmol 25 °C, Et,0 24.3 40.5
D1 0.72 umol 25 °C, Et,0 325 54.2
Table2.1, | 5 75 umol 25 °C, Et,0 2815 47+8
entry 1
El 0.72 pmol -20 °C, Et;0 27.6 46
F1 0.72 pmol -20 °C, Et;0 43.4 72
Table 2.1, 1 4 72 ymol ~20 °C, Et20 35:8 58+13
entry 2
Gl 0.72 pmol 0 °C, Et,0 27.6 46
H1 0.72 pmol 0 °C, Et.0 24.3 40.5
Table 2.1, | 5 75 umol 0 °C, Et,0 2612 43+3
entry 3
11 0.72 pmol -78 °C, Et20, 16.2 23
J1 0.72 umol -78 °C, Et;0 39.0 55
K1 0.72 pmol -78 °C, Et;0 30.7 a4
L1 0.72 pmol -78 °C, Et;0 46.2 66
Table 2.1, | 4 7 umol ~78 °C, Et20 3316 55£10
entry 4
M1 2.9 umol -78 °C, Et,0 9.5 63
N1 2.9 umol -78 °C, Et,0 10.0 66
Table 2.1, 1 5 9 umol ~78 °C, Et20 9.7:0.2 | 65:1
entry 5
01 0.15 pmol -78 °C, Et;0 76.5 25.5
P1 0.15 pmol -78 °C, Et;0 69 23
Table 2.1, | 4 15 ymol ~78 °C, Et20 7314 2411
entry 6
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Catalyst Ioadlng Condltlons_, NH: Yield per
(umol) ([FeCN] is ((CeHe)2Cr is the .
Entry (equiv/ reductant
catalyst reductant Fe) (%)°
unless specified) unless specified) °
Q1 No catalyst -78 °C, Et;0 <0.05 <1
R1 No catalyst -78 °C, Et.0 <0.05 <1
Table2.1, No catalyst -78 °C, Et;0 <0.05 <1
entry 7
S1 Table No [TBA][CN],
2.1, entry | [FeC'®N] -78 °C, Et,0 0.7 1.1
8 precatalyst
T1 Table
2.1,, ;ec:;ol ~78 °C, Et,0 0.3 5.5
entry 9 H
U1 Table
2.1,, erclz ~78 °C, Et20 <0.03 <0.5
8 umol
entry 10
PhB(CH2'PraP)3 1614
V1 FeBr -78 °C, Et,0 ) 9.1
(2.9 umol) MeNH.
2 H (equiv/Fe)
PhB(CH2'PraP)3 16785
W1 FeBr -78 °C, Et,0 ) 15.1
(2.9 umol) MeNH.
JH (equiv/Fe)
. 1.4+0.7
PhB(CH2'Pr2P)s
+
Table 2.1, FeBr _78°C, E4,0 +0.6+0.2 12+3b
entry 11 2.9 umol MeNH:
d (equiv/Fe)
B F
X1 [Ps"Fe]BArs 78 °C, Et,0 2.2 14.7
2.9 umol
B F
Y1 [Ps"Fe]BArs 78 °C, Et,0 2.4 16.0
2.9 umol
B F
Table 2.1, | [Ps*Fe]BArs ~78 °C, Et,0 2.3:0.1 | 15.3%0.6
entry 12 2.9 pmol
71 0.72 umol 25°C, B0, CpaCo | 4 ¢ 6
reductant
A2 0.72 umol 25°C, B0, CpaCo |5 3.3

reductant
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Table 2.1, 1 2 mol 25°C, Et20, CpaCo | 5 0108 | 46413
entry 13 reductant
Catalyst Ioadlng COI’]dItIOI’]S., NH: Yield per
(umol) ([FeCN] is ((CeHe)2Cr is the .
Entry (equiv/ reductant
catalyst reductant Fe) (%)°
unless specified) unless specified) °
25 °C, Et,0,
B2 0.72 umol (Co ncr reductant 10.9 18.2
25 °C, Et,0,
C2 0.72 pmol (Co ncr reductant 16.1 26.8
25 °C, Et20,
Table 2.1, | 25 mol (Cp*)aCr 13.5¢3 | 2245
entry 14
reductant
D2, Table
2.1, entry | 0.72 umol 25 °C, Et,0 32.4 54
15
E2 0.72 umol 25 °C, Et,0 3.1 5.2
F2 0.72 pmol 25 °C, Et,0 5.1 8.5
Table 2.1,
o + +
entry 16 0.72 umol 25 °C, Et,0 4.1+1 712
Additional catalytic runs
Catalyst Ioadlng COI’]dItIOI’]S., NH: Yield per
(umol) ([FeCN] is ((CeHe)2Cr is the .
Entry (equiv/ reductant
catalyst reductant Fe) (%)°
unless specified) unless specified) °
A3 0.72 umol -78 °C, THF 12.3
B3 0.72 umol -78 °C, THF 16.7 27.8
0.72 umol -78 °C, THF 14.5+2.2 244
C3¢ 2.9 umol -78 °C, Et,0 2.3 46
D3¢ 2.9 umol -78 °C, Et,0 3.6 72
E3°¢ 2.9 umol -78 °C, Et,0 4.1 82
2.9 umol -78 °C, Et;0 3.310.6 66112

¢loadings of 30 equiv (CsHs)2Cr

(87 mM)/ 40 equiv [PhoNH>]OTf (116 mM)/ 6 equiv [TBA][CN] (17.4 mM).
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Figure A.1. Typical spectra for '"H NMR detection of [NH4]Cl (triplet, /=52 Hz at 7.31
ppm), with 10 pmol 1,3,5-trimethoxbenzene (TMB) added.
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Figure A.2. Typical spectra for 'H NMR

of [NH4]C1 (8 7.31 ppm (t), J=52 Hz)

and [CH3NH;3]CI (8 7.78, br, 3H, § 2.35, q, J = 8 Hz, 3H), with 5 pmol 1,3,5-

trimethoxbenzene (TMB) added.
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Figure A.3. "H NMR detection of ['"NH4]CI (8 7.1 ppm (d), /=72 Hz) from reduction of
[FeC'>N] (360 equiv (CsHe)2Cr and 480 equiv [PhaNH2]OTY), in the absence of
[TBA][CN], quantified with 10 umol 1,3,5-trimethoxybenzene (TMB) added. Lack of
['“NH4]ClI rules out possible background NaR.

?r | BArf,

. P'Pr,
Fe it 'Pr,Pp—Fe
2 PrP |:>I|:>r.2 E \Plp~'§>
I\ Bullll
B
Ph
PhB(PP)3FeBr [P3BFe][BA]

[FeCN]
Figure A.4. Structures of molecular complexes employed as precatalysts.
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A.3 Detection and quantification of gaseous products
A.3.1 General considerations

When using standard catalytic conditions, the acid, reductant and cyanide all
constitute an appreciable wt% ([PhaNH2]OTf wt. 12 %, (CsHe)2Cr wt. 6 % and [TBA][CN]
wt. 4 %) of the reaction mixture and have an unknown effect on the solubility of gaseous
organic products. We find that these reagents result in a greater amount of CH4 absorbed in
solution than expected for Et2O alone.

To initially quantify the amount of CHs produced, 4 tubes with chemical reagents
([TBA]J[CN], [PhoNH2]OTf and (Ce¢Hs)2Cr, standard loadings table 1 entry 1) with and
without [FeCN] (0.72 mM) and with and without 500 pL. CH4 added (at 25°C, 1 atm equals
20.5 pmol or 29.4 equiv per [Fe] at 0.72 mM catalyst loading) were prepared. After
completion of the reaction, an aliquot from the headspace was injected on an HP 5890 GC-
FID (30 M column length, 0.280 mm column diameter, He carrier gas), and the respective
ratios of the CH4 peak were compared (retention time=3.7 min). Using these measurements,
the CH4 yields were calculated (Table A.2). While we did not quantify C; products they were
observed as possible minor components in the GC-FID, motivating the use of a gas analysis
method on a different instrument that was previously calibrated for quantification of other
gases CoHa, C2Hg, and Ho.

With the amount of CH4 quantified, samples were manually injected on a combined
GC-FID/TCD (SRI 8610C, in Multi Gas 5 configuration equipped with HayeSep D and
Molsieve SA columns). Hydrocarbons were detected by a S4 methanizer-flame ionization
detector (FID), and the hydrogen was detected by a thermal conductivity detector (TCD). Ho,
C2Hs, and C,H4 were calculated with respect to CHy4 (Table A.3 and Table A.4). Using this
same internal calibration, gaseous products from reactions run at room temperature and with

the tris(phosphine) iron precatalysts were also quantified.



145

Table A.2. Detection of CH4 with control and leak test

[Ph,NH,]OTF
(348 mM)
(CeHe)2Cr
(261 mM)

1 mL Et,0
~78°C »>RT

w/wo [FeCN] (0.72 mM)
w/wo CH,4 added (20 pumol)

[TBAICN
(100 mM)

\
@)
T

N

Sample Signal Area | Amount of Amount of | Amount of CHa
CH,4 CH4 added CH,4 produced
detected
[Fe] 1754 0 pmol 22.3 umol 22.0 umol
[Fe]+0.5mL | 3655 20 pmol 46.4 pumol 26.1 umol
CH4 (27.8
equiv)
No Fe 28 0 pmol 0.3 umol
No Fe + 0.5 1575 20 pmol 20 pmol
mL CHs4 (27.8
equiv)
Average 2412 pmol
3313 CH4 per Fe

A.3.2 Quantification of additional gases

To quantify the additional gaseous products observed, a GC-FID/TCD was used with

a previously measured calibration curve. It was assumed that gas absorption (in the reaction

mixture) was similar across gasses, as such the headspace gasses were used to calculate the

ratios of Ho/CH4, C2H4/CHa4, and C2He/CHa. This same internal calibration gaseous products

at room temperature were also quantified in runs C and D, with ""BPsFeBr precatalysts in

runs D and E and P3PFe[BAr'4] precatalyst in runs F.



Table A.3. Summary of quantification of additional gaseous products.
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Catalyst
[Ph,NH,]OTf
(348 mM)
(CeHe)2Cr
[TBA]ICN] (261 mM) » Gaseous products
(1oomm) 1 mLEO
initial temp ->RT
Catalyst Initial | CHa CoHs CoHe C2/C1
(Loading) T equiv/Fe H. equiv/Fe | equiv/Fe equiv/Fe ratio
(yield%/Cr) | (yield%/Cr) | (yield%/Cr) | (yield%/Cr)
[FeCN] -78°C | 3313 53+15 0.28+0.02 0.21+0.02 0.015
(0.575 mM) (55+5%) (29+8%) (0.6£0.04%) | (0.6+0.04%)
[FeCN] 25°C | 274 53120 0.33 0.2610.10 0.022
(0.575 mM) (4516%) (29+11%) (0.7%) (0.7£0.3%)
PhBP;FeBr -78°C | 1.0+0.1 5.1+0.1 0.09+0.01 0.06+0.01 0.11
(2.9 mM) (7.3+1%) | (1120.2%) | (0.7¢0.1%) | (0.8+0.1%)
Ps8Fe[BArfs] | -78°C | 1.6 16 0.1 0.1 0.16
(2.9 mM) (11%) (36%) (0.1%) (0.1%)
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Table A.4. Quantification of additional gases and room temperature catalysis.
*Headspace concentrations are relative based on GC-calibration.

Gas CH4 H2 C2Ha C2Hs
Run A (20
mL reaction
volume) Area 744 238 13.3 8.7
Headspace
concentration® | 3250 ppm | 4195 ppm 27 ppm 19.4 ppm
Ratio to CH4 - 129% 0.8% 0.6%
Run B (20
mL reaction
volume) Area 762 366 15 10
Headspace
concentration®* | 3334 ppm | 6485 ppm 31 ppm 22 ppm
- 195% 0.9% 0.7%
Average
ratio to CHa 162+46% 0.85+0.07% | 0.65+0.07%
Yield per Fe 33+3 53+15 0.28+0.02 0.21+0.02
Yield per
(CeHe)2Cr 55+5 29+8% 0.6x£0.04% 0.61£0.04%
Room temperature gas analysis
Run C (150
mL reaction
volume) Area 118.9 108.7 2.4 0.6
Headspace
concentration®* | 406 ppm | 995 ppm 4.6 ppm 2 ppm
Ratio to CH4
runs(A+B) 92% 220% 1% 0.5%
Run D (150
mL reaction
volume) Area 101.2 54.2 2.4 1.4
Headspace
concentration®* | 302 ppm | 443 ppm 4.6 ppm 4.9 ppm
Ratio to CHs
(runs A+B) 70% 100% 1% 1.1%
Average
ratio to CHa 160+60% 1% 0.8+0.3%
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Yield per Fe 2714 53120 0.33 0.26%0.10
Yield per
(CeHe)2Cr 45+6 | 29+11% 0.7% 0.7+0.3%
Gas CH4 H2 C2Ha C2Hse
Catalytic run with P"BPsFeBr (2.9 mM)
Run E (20 Area 105.3 109.7 19.4 9.2
mL reaction
volume)
Headspace 360 ppm 2012 ppm 37 ppm 21 ppm
concentration*
Ratio to CH4 11% (0.9 61% (5 1.1% (0.09 0.6% (0.05
runs(A+B) equiv) equiv) equiv) equiv)
Run F (20 Area 127.7 114 19 10.8
mL reaction
volume)
Headspace 434 ppm | 2091 ppm 36 ppm 26 ppm
concentration*
Ratio to CH4 13% (1.1 64% (5.3 1.1% (0.09 0.8% (0.07
(runs A+B) equiv) equiv) equiv) equiv)
Average 12+1% 38.5£0.5% 1.1% 0.7+£0.01%
ratio to CHa
Yield per Fe 1.0£0.1 | 5.1+0.1 0.09+0.01 0.06+0.01
Yield per 7.3x1% | 11+£0.2% 0.7+0.1% 0.8+0.1%
(CsHg)2Cr
Catalytic run with (P38Fe)BArf; (2.9 mM)
Run G (20 Area 182 356 21.6 12.5
mL reaction
volume)
Headspace 622 ppm | 6530 ppm 41.2 ppm 43.9 ppm
concentration*
Ratio to CH4 19% (1.6 | 198% 1.2% 1.3%
runs(A+B) equiv)
Yield per Fe 1.6 16 0.1 0.1
Yield per 10.6% 36% 0.9% 1.1%

(CsHe)2Cr
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Figure A.5. Typical trace for GC-FID (top) and TCD (bottom) of gases detected, with CHa,
C2H4, C2Hs and Hy highlighted.

A.4 Additional control experiments
A.4.1 Monitoring of [TBA]'*CN consumption by NMR

To monitor the consumption of [CN]™ and the formation of methane derived from
[CN], [TBA]['*CN] was used in a '*C NMR experiment. Two J. Young NMR tubes were
loaded with [TBA]['*CN] (100 mM), (CsHs)>Cr (261 mM), and [PhoNH>]OTf (348 mM);
one of these tube was also loaded with [FeCN] (2.9 mM). The tubes were cooled to -78 °C,
ds-THF was added, and the tubes were sealed. The tubes were allowed to warm up slowly
with occasional mixing (by hand, every 10 minutes) for the first 2 hours of the reaction. Upon
completion, analysis by '*C NMR showed that only the tube loaded with [FeCN] had
consumed *CN™ and produced *CHa.

The use of THF was required to get sufficient solubility of reaction components,
given the worse mixing in the J. Young tube. It was confirmed that setting up catalysis in

THEF still yields NH3 (14.5+2.2, Table A.1, runs A3 and B3).
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CsHg signal
Catalyst Ph,NH/

Fe—CN thNHz [TBAJ[*CN]
[TBAJ['*CN] ————— >

[PhoNH,]OTF
(CeHe)oCr
THF,
-78 °C—HRT
- k R N I

No catalyst

[TBA['*CN] — ——— >
[PhoNH,]OTS I
(CeHe)2Cr ’L J
THF,
-78 °CRT WMWMM A J\,MJ oo

Figure A.6. '3C NMR spectra showing the reaction of [TBA]['*CN] with (Ce¢Hp):Cr,
[PhoNH>]OTT in the presence and absence of [FeCN] catalyst. As compared to the peaks
corresponding to PhoNH/[PhoNH,]" ['3CN] is only appreciable consumed in the presence
of [FeCN] (top spectrum).

[LiI["3CHg] 13CH, signal
+ -
[PhoNH,]OTF
D gl | (SO A onabe,
Catalyst
Fe—CN
[TBA]['*CN] —————
[PhyNH,]OTF
(CeHe)2Cr
THF, MJ
78 °C>RT y ’M VW{“ WWWWNW W’W‘WMWWWM

Figure A.7. 3*C NMR spectra showmg the reaction of [TBA][”CN] with (CeHe)2Cr,
[PhoNH2]OTS in the presence of [FeCN] catalyst, with a '3CH4 peak (5 — 4.8 ppm, s), as
compared to a sample generated upon the addition of acid to [Li]['*CHa].

A.4.2 Using [FeC'>N] precatalyst.

To determine that the precatalyst CN™ ligand is consumed, we used [FeC'°N] labeled
precatalyst but otherwise set up catalysis as usual (i.e., using natural abundance [TBA][CN]).
Low reactant loading conditions were used to not swamp out the '*N signal (2.9 mM FeC"°N,
6 equiv [TBA][CN], 30 equiv (CsHe)2Cr/ 40 equiv [PhoNH,]OTY). 0.8 equiv ['"NH4]CI is
detected along with about 3 equivalents ['*NH4]CI by 'H NMR, consistent with most of the
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bound [FeC!*N] ligand being consumed. Catalysis with similar loading yielded similar

amounts of NH3 (Table A.1 entry C3-E3).

15N

I

C

6 equiv [TBAJ[CN] Fle
30 equiv (CgHg),Cr

40 equiv [Ph,NH,]OTf Et,0

Y

0.8 equiv ""NH; + 3.0 eq NH;

§ 7 [}

L - 78 °C—>RT

—[Fe] -
( ( (
Jr ) J) -

T ¢ TT g

T T T T T r T T T T T T T T T T T T T T
7.6 7.5 7.4 7.3 7.2 7.1 7.0 6.9 6.8 6.7 6.6 65 6.4 63 6.2 6.1 6.0 5.9 5.8 5.
1 (ppm)

Figure A.8. "H NMR detection of ['’NH4]ClI (triplet, J= 52 Hz at 7.32 ppm), and ['*°NH4]Cl
(doublet, J =72 Hz at 7.32 ppm) with 10 umol 1,3,5-trimethoxbenzene (TMB) added.

A.5 Additional NMR experiments
A.5.1 Stoichiometric reactions

A.5.1.1 Reduction of [FeCN]

[FeCN] (2 mg, 2.9 umol) was deposited in a Schlenk flask as a lyophilized powder,
followed by the addition of (CsHe)>Cr (3.6 mg, 6 equiv, 17.4 umol) and [PhoNH2]OTf (7.4
mg, 8 equiv, 23 umol). The flask was cooled to —78 °C, and Et;O (1 mL) was added via
syringe. The flask was allowed to warm up slowly overnight and, after completion, was
brought back into the glovebox. The solvent was removed in vacuo, and the contents were

taken up in CsDs and analyzed by 'H NMR to find P;5FeOTf as the only detectable Fe-
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species. In a separate experiment, the contents of the flask were worked up as described in

section A.2.2.

|
oTf ‘
Fe

6 equiv (CgHg)2Cr ‘ ‘ '|
(|3N 8 equiv [PhoNH,]OTf oTf ‘ }

Fe  Et,0,-78 °CHRT Fe ‘ ‘ /’ N
12 hours ' (o \

Remove solvent in vacuo, redisolve in CgDg |

r - r . T v . - . - T - v - v . r v T - T . v
a5 40 35 30 25 20 10 5 0 5 10 15

Figure A.9. 'H NMR of reaction of [FeCN] with 6 equiv (CeHs)Cr and 8 equiv
[PhoNH2]OTT in Et2O. After completed reaction, solvent was removed in vacuo and the
sample was redissolved in CsDs. '"H NMR showed that the [Fe] product was primarily
[FeOTf], green boxes for comparison to authentic sample.

A.5.1.2 Metathesis of [FeOTf] to [FeCN]

[FeOTf]® (5 mg, 6 pmol) and [TBA][CN] (8.8 mg, 10 equiv, 60 pmol) were stirred
in EtO at room temperature for 5 minutes, color change (orange to red) suggested a change
in Fe-speciation consistent with [FeCN] formation. The solvent was removed in vacuo, and
the contents were redissolved in CsDg to confirm [FeCN] formation by 'H NMR. 'F NMR
showed mostly free TfO™ but some [FeOTT].
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Figure A.10. '"H NMR of reaction of [FeOTf{] \;;ith 10 equiv [TBA][CN] in Et,0, stirred at
25 °C for 5 minutes at room temperature. 'H NMR showed that the [Fe] product was
primarily [FeCN], red boxes for comparison to authentic sample.
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Figure A.11. ’F NMR of reaction of [FeO:Ff] with 10 equiv [TBA][CN] in Et,0, stirred
at 25 °C for 5 minutes at room temperature. '°F NMR showed that the '"F-product was
primarily TfO™.

A.5.1.3 Reduction of [FeCN] at room temperature

To confirm the assignment of [FeOT{] in Figure 2.3 (see main text), a parallel NMR
experiment was run. In the glovebox, [FeCN] (2 mg, 2.9 pmol) was deposited in a J. Young
tube as a lyophilized powder, followed by the addition of (C¢Hs)>Cr (12 mg, 20 equiv, 68
umol) and ds-THF (0.6 mL). [PhoNH2]OTf (22 mg, 20 equiv, 68 umol) was added as a solid.
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Within 5 minutes of acid addition, a 'H NMR of the reaction was collected, confirming the
formation of [FeOTf]. CHs and NH3 were confirmed in separate experiments, with the

reaction being sampled or quenched after a 10-minute reaction time.

20 equiv (CgHg),Cr
CN 20 equiv [PhyNH,]OTf

oTf
| ————% ]

Fe dg-THF F
12 hours ¢

20 equiv (CgHg).Cr
CN 20 equiv [PhyNH,]JOTf ?Tf
Fe dg-THF Fe
5 min
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Figure A.12. 'H NMR of reaction of [FeCN] with 20 equiv (CsHs)2Cr and 20 equiv
[PhoNH2]OTf in THF. After 5 minutes, multiple Fe-species are formed, including [FeOTT]
and an unknown species (orange boxes). Overnight, this species disappears, and [FeOTf]
is the only identifiable Fe-species.

A.5.2 Analysis of post-catalysis products

Catalysis was setup as described in section 2.1. To more readily detect [Fe] products,
the higher loadings (2.9 mM [FeCN]; Table 1, entry 5) were used. After completed catalysis
(12 hours), the reaction flask was brought back into the glovebox. The flask was filtered and
extracted with additional Et,O. The solvent was removed in vacuo, redissolved in CsDs, and
analyzed. Fe—H species were detected, notably a doublet of triplets at 6 —15.5 ppm. In
addition, no [FeOTf] was observed (characteristic peaks & 31.5, —4.5 ppm were not

observed).
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Figure A.13. '"H NMR and *'P NMR (inset) detection of extracted post-catalysis products,
integrated against 1,3,5-trimethoxbenzene internal standard. Peak at 8 -15.5 ppm, td (J =
81.2 Hz; 11.4 Hz) is consistent with a hydride bound to P3®Fe with %Jp-n couplings. For
comparison 8(Fe-H; P35 Fe(N2)(H)) has previously been characterized with td (J = 83.2 Hz;
19.8 Hz).?
A.5.3 Stability measurements of other iron phosphine precatalysts

To assess possible reasons for poorer performance from the (P3®)Fe[BArfs] and
(""BP3)FeBr, these catalysts (2.3 mM) were reacted with excess (20 equiv) [TBA][CN] in
Et,O. Analysis of the reaction mixture by *'P NMR after 15 minutes revealed free ligand
from both precatalysts. In addition, a low spin Fe-bound product was observed upon the

reaction of [TBA][CN] with ""BP;FeBr, possibly arising from the formation of
[P"BP3Fe(Br)(CN)] .



156

BArF,
20 equiv
NG [TBAJ[CN]

By f Et,0

PPr,

7 160 15 80 70 50 40
f1 (ppm)

Figure A.14. >'P NMR of reaction of (Ps®)Fe[BAr"s] with [TBA][CN] in EtO. Sharp peak
at —6.8 ppm is consistent with unligated phosphine, with another broad peak (-3 ppm) also
observed.

F| 20 equiv
JPtp” S [TBAJ[CN]

Et,0

00 9% 80
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Figure A.15. 3'P NMR analysis of reaction of (""BP3;)FeBr with [TBA][CN] in Et,0.
Sharp peak at — 5.9 ppm is consistent with unligated phosphine. Another major peak at
56.3 ppm suggests the formation of diamagnetic Fe-species, perhaps from the formation of
formation of [P"BP;Fe(Br)(CN)]™ or [P"BP3Fe(Br)(CN).]” with the CN™ ligand binding
inducing a change of spin state from (*"BP3)FeBr (S = 1). Additional, small peaks are also
observed (65 ppm, 63 ppm, 4 ppm).

70
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A.6 Mossbauer data
A.6.1 Note on the fitting of Mossbauer spectra

Data analysis was performed using version 4 of the program WMOSS
(www.wmoss.org), and quadrupole doublets fit Lorentzian lineshapes. Simulations were
constructed from the minimum number of quadrupole doublets required to attain a quality fit
to the data (convergence of ¥r?). Quadrupole doublets were constrained to be symmetric.
Using the non-linear error analysis algorithm provided by WMOSS, the errors in the
computed parameters are estimated to be 0.02 mm s for & and 2% for AEq.
A.6.2 Freeze-Quenched Mossbauer spectroscopy of catalytic reactions

A.6.2.1 General procedure for freeze-quenched catalytic reactions

All solvents are stirred with Na/K for > 2 hours and filtered prior to use. In a nitrogen-
filled glovebox, the desired >’Fe species (0.0023 mmol) is quantitatively transferred using
benzene to a Schlenk flask and then lyophilized to yield a powder. That flask is charged with
a stir bar and the other catalytic reagents as solids (analogous to catalytic reduction as
described in section A.2.1). The tube is then chilled to 77 K in the glovebox cold-well and
allowed to equilibrate for five minutes. To the chilled tube is added 1 mL of Et;O and this
flask is allowed to equilibrate for another five minutes. The flask is then transferred to a stir
plate, where it is allowed to thaw. When the stir bar is freed from the frozen solvent and
begins to stir the time is started. At the time noted, the stirring is stopped, and using a pipette,
the reaction mixture is transferred in one portion to a Mossbauer cup sitting in a vial. The
vial is then placed into the 77 K cooled cold well, allowing the reaction mixture to freeze in
approximately twenty seconds. The sample is allowed to equilibrate for 20 minutes before
being removed from the glovebox, immediately submerged in liquid nitrogen, and then
mounted following standard procedure.

The resulting signals had broad °’Fe Mdssbauer spectra, for which meaningful fits
could not be readily generated. However, noting the chemistry of [FeCN] in the presence of
excess [PhoNH2]OTf and (CeHe)Cr (Figures 2.3 and A.12) and the known spectra of
[FeOTH] (8 = 0.66 mm s, AEq = <0.2 mm s}, black line in figure A.14 is centered at 0.66
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mm s') we are reasonably confident that [FeOT{] is present at early times. NMR analysis of

the mixtures at 80 minutes shows no evidence of [FeOTf] (Figure A.13).
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Figure A.16. ’Fe Mdssbauer spectra of freeze-quenched catalytic reactions reacting
[*"FeCN] (2.9 mM) with 90 equiv (C¢He)>Cr, 120 equiv [PhoNH>]OTf and 35 equiv
[TBA][CN] in Et2O for variable time. [FeOTf], reported as a species with 6 = 0.66 mm s~
! AEq=<0.2 mm s’ is observed within 1 minute (Black line at 0.66 mm s™').!° Over time,
other species appear, but we have not been able to assign them to known Fe-species.

A.6.3 Mossbauer spectroscopy of reactions of [FeCN] with reductant and acid

A.6.3.1 General Procedure for Freeze-Quenched Reactions

All solvents are stirred with Na/K for > 2 hours and filtered prior to use. In a nitrogen-
filled glovebox, the desired >’Fe species (0.0023 mmol) is dissolved in 0.3 mL Et,O and
cooled to —78 °C in a stirring vial in the glovebox cold well. Acid ([PhoNH2]BA14, 0.00575
mmol) was added in 0.1 mL Et,O. Reductant ((CsHs)2Cr or Cp2Co, 0.00575 mmol) was
added in 0.3 mL to the chilled vial. The reaction was allowed to stir for 5 minutes before it
was rapidly transferred to a pre-chilled Mossbauer cup. The cold well was then changed from
—78°C (195 K) to 77 K and the solution froze within 5 minutes. The Mdssbauer cup was kept
at 77 K for minimum 20 minutes before being rapidly taken out of the glovebox and

submerged in liquid N2 and then mounted following standard procedure.
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Figure A.17. >’Fe mossbauer spectrum of reaction of [>’FeCN] with 2.5 equiv each of
(C6He)2Cr and [PhoNH2]BArF4. Spectra fit as two species.
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Figure A.18. ’Fe Mossbauer spectrum of reaction of [°’FeCN] with 2.5 equiv each of
Cp2Co and [PhoNHz]|BArfs. Spectra fit as a single species, 8 = 0.03+£0.01 mm s, AEq =
0.99+0.01 mm s\
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A.6.4 Alternative synthesis of [FeCNH:] Mossbauer sample
A.6.4.1 Synthetic procedure

[FeCN] (20 mg, 29 umol) was dissolved in 0.5 mL THF in a 20 ml vial. The solution
was cooled to —78 °C, and excess KCg was added. The reaction mixture was then filtered
through a pipette loaded with a filter paper, Celite, and KCg 3 times to form (proposed)
[FeCN]Ko>. The reaction mixture was filtered a final time to remove graphite and excess KCs,
giving a jet-black solution. This in situ formed material was used directly to form [FeCNH3].
Alternatively, transferring this solution to a Mossbauer cup while maintaining the
temperature, freezing the reaction mixture at 77 K, and analyzing by >’Fe Mdssbauer
revealed a Mossbauer spectrum with parameters § = 0.20 mm s, AEq =0.18 mm s~ (Figure
A.19 A), with a minor impurity.

For generation of [FeCNHz], 2 equiv [H(OEt)2]BArfs (59 mg, 58 umol) dissolved
in 0.3 mL THF, was added slowly to in situ formed [FeCN]K», with an orange solution
formed. Transferring this solution to a Mdssbauer cup while maintaining the temperature,
freezing the reaction mixture at 77 K, and analyzing by °’Fe Mdossbauer revealed a
Mbssbauer spectrum with parameters & = 0.02 mm s™'; AEq = 0.96 mms™ (Figure A.19 B),
with some oxidized material also formed. The parameters of the major species fit those

observed for [FeCNH,] synthesized with [Pho,NH>]BAr"4 and Cp>Co.
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Figure A.19. °'Fe mdssbauer of reaction of [*’FeCN] with KCs (excess) to form proposed
[P’FeCN]K> (spectra A) and reaction of proposed [*’FeCN]K> with 2 equiv
[H(OEt2)2]BAr's to form [FeCNH;] (spectra B).
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A.7. UV-visible measurements

A.7.1 General procedure for room temperature reduction of [FeCN] monitored by
UV-vis spectroscopy

A 1 cm path length cuvette was loaded with [FeCN] (1 mM) and (CsHs)2Cr (20 mM)
in THF in the glovebox. The cuvette was sealed with a septum with N> flowed through the
septum to maintain an O»-free atmosphere. To this solution, [PhoNH>]OTf was rapidly added

via syringe, and the reaction was monitored, collecting a spectrum every 6 seconds.
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Figure A.20. Inset shows absorbance peak at 495 nm, which has previously been noted as
characteristic for [FeOTf]. This peak grew in with a 112 = 40 s. Zoomed out spectrum
shows isosbestic point at 510 nm and sharp absorption at 495 nm characteristic of [FeOTT].

A.7.2 General procedure for low-temperature UV-vis spectroscopy (Figure 2.4 B
and C)

A 1 cm path length cuvette was loaded with [FeCN] (1 mM) in THF in the glovebox.
It was sealed with a septum. It was brought out and allowed to equilibrate at the given
temperature for 20 minutes. The temperature was maintained at -80°C, with constant stirring
during data collection. The acid was dissolved in 0.5 mL THF and added to the temperature-
equilibrated cuvette. This resulted in the immediate formation of [FeCNH]" (Figure A.21).
Then, 2 equivalents of reductant were dissolved in 1 mL THF in the glovebox, brought out

of the glovebox, and titrated into the solution via syringe. A spectrum was collected 2 minutes
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after each addition of reductant. In the case of (Cs¢Hs)Cr an additional 4 equivalents of
reductant were dissolved in an additional 1 mL of solvent to continue the titration. The
spectra were plotted against molar absorptivity, adjusting for the change in concentration of

[Fe] throughout the titration experiment (Figure 2.4B and C).
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Figure A.21. UV-vis spectrum of starting [FeCN] (red) and after addition of
[PhoNH2]BAr"s (blue) in THF at -80 °C. Features match what has been previously observed
for [FeCN] and [FeCNH] .11
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A.8. Electrochemical measurements
A.8.1 General procedure
Electrochemical measurements were conducted with a glassy carbon working
electrode, a platinum wire counter electrode, and Ag/AgOTf (ImM AgOTf in 0.2 M
[TBA][OTH(]) reference electrode isolated by a CoralPor™ frit (obtained from BASi) and

referenced externally to Fc™°

. Unless otherwise specified, NaK dried THF was used as
solvent, with 0.2 M [TBA]JOTT electrolyte. Measurements were conducted with a CH

Instruments 600B electrochemical analyzer.

A.8.2 Acid reduction current with different reductants

To test the ability of each reductant to perform the hydrogen evolution reaction, we
used electrochemical methods. Beginning the oxidized form of the reductants ([red]BAr's;
red = (C¢He)2Cr, Cp2Co, Cp*2Cr) for each [red]BAr's the current associated with reduction
is enhanced upon addition of [PhoNH2]OT{. The increase in current is proposed to occur due
to a catalytic EC mechanism (Figure A.20), with the reduction of [red]BAr4 followed by
protonation and hydrogen evolution. The increase in current upon the addition of acid to each
reductant becomes a measure of the rate of reaction between the reductant and [PhoNH2]OTT,
proposed to reflect the rate of background hydrogen evolution during catalysis.

[red]BArs (Red = (CéHe)2Cr, Cp2Co, Cp*>Cr) was prepared in an analogous way to
[Cp*2Co]BAr"s!! previously. 1 mM solutions were prepared in [TBA]OTT electrolyte (0.2

M) in THF. Acids were added as solids to avoid a change in concentration of [red]BArFs.
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Figure A.22. Proton reduction by chemical reductants as measured by cyclic voltammetry.
(A): Cyclic voltammograms of [red]BArfs (1 mM) in 0.2 M [TBA]OTS, with 0 equiv
[PhoNH,]OTf (dashed) and 50 equiv [PhoNH2]OTS (solid lines) (100 mv s™! scan rate).
After addition of [PhoNH>]OTfT catalytic current is observed, but to a differing extent. The
catalytic current measures the rate of reaction between acid and reductants. (B): Comparing
the acid free current to the catalytic proton reduction current (icas/ip) we find that icat/ip
correlates inversely to TON (NH3), with (CsHe)2Cr > Cp2Co > Cp*>Cr being the order of
NH3z TON and (CsHg)2Cr < Cp2Co < Cp*:2Cr being the order of ica/ip. Interestingly, there
is no correlation between icat/ip and the reduction potential of the different reductants. (C)
Proposed mechanism for electrochemical acid reduction, mediated by [red]BArFs,
exemplified for red = (CsHs)2Cr.
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Figure A.23. Cyclic voltammograms of [(CsHe)2Cr]BArs (1 mM, dashed lines) in 0.2 M
[TBA]OTY, with increasing [PhoNH>]OTf added from 0 (blue trace) to 50 equiv (red trace)
at 100 mV s™! scan rate.
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Figure A.24.Cyclic voltammograms of [(CsHe)Cr]BAr s (1 mM, dashed lines) in 0.2 M
[TBA]OTY, with 50 equiv [Pho,NH>]OTf added, with varying scan rate from 25 (blue trace)
to 1600 mv s™! (red trace).
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Figure A.25.Cyclic voltammograms of [Cp2Co]BAr"s (1 mM, dashed lines) in 0.2 M
[TBA]OTY, with increasing [PhoNH>]OTf added from 0 (blue trace) to 50 equiv (red trace)
at 100 mV s™! scan rate.
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Figure A.26. Cyclic voltammograms of [Cp2Co]BAr"s (1 mM, dashed lines) in 0.2 M
[TBA]OTT, with 50 equiv [PhoNH2]OTf added, with varying scan rate from 50 (blue trace)
to 800 mv s™! (red trace).
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Figure A.27. Cyclic voltammograms of [Cp*>Cr]BA1's (1 mM, dashed lines) in 0.2 M
[TBA]OTY, with increasing [PhoNH>]OTf added from 0 (blue trace) to 50 equiv (red trace)
at 100 mV s™! scan rate.
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Figure A.28. Cyclic voltammograms of [Cp*>Cr]BAr"4 (1 mM, dashed lines) in 0.2 M
[TBA]OTT, with 50 equiv [PhoNH2]OTf added, with varying scan rate from 25 (blue trace)
to 1600 mv s™! (red trace).
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A.8.3 Electrochemical mechanistic studies with [FeCN]

Studies of the electrochemistry of [FeCN] support that catalysis can occur with weak
reductants like (C6H)>Cr. We have previously measured the reduction potential of [FeCN]%~
at Erea=—2.07 V vs. F¢™°,! which is not accessible using (CsHe)2Cr reductant (Eox=—1.22 V).
Upon addition of [PhoNH2]OTf to a solution of [Fe''CN] in THF with 0.2 M [TBA]PFs
electrolyte at 25 °C, we observed that this Fe'/Fe' couple shifts to £° ~—1.2 V (Figure A.29,
inset), close to what has been previously observed for [FeCNH] [BArf4] (Erea=—1.27 V).!

Upon closer inspection, this new reductive couple was composed of two features that
partially overlap, with current maxima at £, = —1.15 V and E, = —1.28 V (Figure A.29).,
attributed to E([FeCNH]™?) and E([FeCNH]"?), respectively. The irreversibility of the first
peak (E°1»=—1.10 V) is attributed to the rapid protonation of electrochemically generated
[FeCNH]. The second peak (E°1,=—1.23 V) is irreversible at high acid loadings and slow
scan rates (Figure A.30), which is consistent with a multielectron process occurring after the

protonation  of electrochemically  generated [FeCNH:z]. Using normalized

current ipormatizea = i/VV shows a decrease in current with increasing scan rate, as
expected for a catalytic current.

These cyclic voltammetry experiments support our proposed early steps for catalysis.
It is worth noting that the measured reduction potential of [FeCNH2]"° (-=1.23 V) would
suggest the formation of an equilibrium of these species when (Ce¢He).Cr (—1.22 V) is
employed as a reductant, as we observe experimentally (Figure 2.4). Based on this analysis,
we cite the E°([FeCNH2]"") as ~—1.2 V in the main text. The electrochemical and chemical

reactions, as described, are summarized in Figure A.31.
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Figure A.29. Cyclic voltammograms monitoring the titration of [PhoNH2]OTf to [FeCN],
at 100 mV s’ scan rate: 0 to 3 equiv shown in inset, 3 equiv to 20 equiv shown in main
figure.
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Figure A.30. Cyclic voltammograms monitoring scan rate dependence for [FeCN]
reduction in the presence of 20 equiv [PhoNH,]OTf from 10 mV s to 75 mV s
Normalized current decreases with scan rate as expected for a multielectron process.
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Figure A.31. Proposed scheme for cyclic voltammetry measurements.

A.9. Generation of proposed [FeC(H)(NMe2)|*

For ease of the reader, 'H-NMR, UV-vis, and >’Fe Mgssbauer data associated with
the synthesis of the proposed carbene species [FeC(H)(NMe»)]" are all collated in section
A.9, instead of having the individual spectra in the appropriate spectroscopic sections.
A.9.1 Generation of UV-vis spectrum of [FeC(H)(NMe2)|* in the absence of
reductant

A cuvette of dilute [FeCNMe>]' (1 mM) in THF was prepared in the glovebox and
sealed with a septum. It was brought out of the glovebox and cooled to 0 °C, with a positive
flow of N> supplied with a needle. After equilibration, 5 equiv [PhoNH2]OTfin 0.25 mL THF
were added by syringe, and the reaction was monitored. Within 20 minutes, the initial peak
at 420 nm had been consumed with new maxima appearing at 585 nm and 790 nm, as well
as a feature that grows beyond the detection limit of the spectrometer (1100 nm). The
addition of 10 equiv strong base (TBD) resulted in a loss of these new features and restoration

of the initial absorbance at 420 nm, diagnostic for [FeCNMex].
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Figure A.32. UV-vis monitoring of reaction of [FeCNMe»] (orange trace) and 5 equiv
[PhoNH2]OTf to form [FeC(H)NMe:] (pink trace). 5 minutes between scans, reaction run
at 0 °C. The product was monitored to ensure no further reactivity occurred. Excess TBD
was added, and the spectrum rapidly regenerated the initially observed spectra of
[FeCNMe:] (Black, dashed trace).

A.9.2 Generation of UV-vis spectrum of [FeC(H)(NMe2)|* with reductant.

A cuvette of [FeCNMe:]' (1.5 mM) in THF was prepared in the glovebox and sealed
with a septum. It was brought out of the glovebox with a positive flow of N2 supplied with a
needle during UV-vis monitoring. The cuvette was cooled to —20°C, and after equilibration
(10 min), 10 equiv [PhoNH2]OTf in 0.25 mLTHF was added via syringe, followed by 10
equiv (CsHs)2Cr in 0.5 mL THF (also added by syringe). The reaction was monitored, with
the absorption maxima at 420 nm associated with [FeCNMe;] consumed with and new
maxima growing in at 790 nm, as well as a feature that grows beyond the detection limit of
the spectrometer (1100 nm). These new maxima matched the spectra for the proposed
[FeC(H)(NMez)]" formed from the reaction of [FeCNMe: ] with [PhoNH>]OTf (Figure A.32).

High energy transitions were obscured by (C¢He)>Cr"".
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Figure A.33. UV-vis monitoring of reaction of [FeCNMe:] (pink trace) and with 10 equiv
[PhoNH2]OTf and 10 equiv (CeHe)2Cr to form [FeC(H)NMez]" (pink trace) at room
temperature. 30 seconds between scans.

A.9.3 [FeC(H)(NMe2)]* generation for NMR experiments

A J. Young NMR tube was loaded with [FeCNMe;] (5 mM) in dg-THF (0.5 mL) in
the glovebox. [PhoNH2]OTf (25 pumol, 10 equiv) was added as a solid, and 'H NMR was
collected. The formation of [FeCNMe:]", Hz and a new species were observed. Characteristic
peaks (that do not overlap with acid or [FeCNMe:]"), for this new species were at 23.4 ppm,
5.08 ppm, -2.00 ppm. Addition of (CsHe)>Cr (25 pmol, 10 equiv) resulted in complete
consumption of [FeECNMe:]" and an increase concentration of the new species. Over time,
this species decays to form [FeOTf]. After one week, [FeOTf] was the only major
paramagnetic Fe-species left. The contents of the tube were cooled to -78°C and transferred
to a Schlenk flask, which was subsequently frozen to 77 K. Once frozen, the flask was opened
to air, and KO'Bu was added as a solid. The volatiles were vacuum transferred onto a
receiving flask of 3 ml 1 M HCI in Et,O. The receiving flask was thawed, and solvent was
removed in vacuo to leave a solid precipitate. This was taken up in ds-DMSO with a known
amount of 1,3,5-trimethoxybenzene added, with [Me:NHz]Cl and [MesNH]Cl both
detectable as volatile basic products (Figure A.36).
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Figure A.34. 'H NMR spectra of reaction of P;SFeCNMe; with 10 equiv [PhsNH2JOTF
(top) and reaction of P35 FeCNMe, with 10 equiv [PhoNH>]OTf and 10 equiv (CsHe)2Cr
(bottom). Peaks diagnostic for [FeCNMez]",! [FeOTf],> H.’ and the proposed

[FeC(H)(NMe,)]" are highlighted.
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Figure A.35. Reaction of P;SFeCNMe, with 10 equiv [PhoNH2]OTf and 10 equiv
(CsHp)2Cr (bottom), monitored overtime. Peaks diagnostic for [FeOTf] and the proposed

[FeCHNMe:] are highlighted.
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Figure A.36. Volatile basic products from the reaction of P35 FeCNMe, with 10 equiv
[PhoNH2]OTf and 10 equiv (CsHe)2Cr, with [Me2NH»]Cl (6 8.8, br, 2H, 6 2.48, t, J= 6 Hz,
6H) and [Me3NH]CI (3 10.6, br, 2H, § 2.69, d, J = 5.2 Hz, 9H) products.
A.9.4 Mossbauer experiment

The Mossbauer spectrum of this proposed carbene species ([FeC(H)(NMez)]") was
generated by reacting [FeCNMez] (25 mg, 35 umol) with 10 equiv (CsHs)2Cr (72 mg, 350
umol) and 10 equiv [PhoNH2]OTTf (95 mg, 350 umol) in 0.8 mL THF at room temperature

for 5 minutes. The reaction was transferred to a Mdssbauer cup and frozen at 77 K.
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Blue 0.40+0.01 2.25+0.01 54 % [FeC(H)(NMe,)]*
Red 0.65%0.05 0.5+0.1 26% [FeOTS]
Green 0.04+0.05 1.02+0.1 19 % [FeCNMe;]

Figure A.37. Mossbauer spectrum of reaction of P3SFeCNMe, with 10 equiv each of
(CeHe)2Cr and [PhoNH2]OTTf. The major species (blue) is proposed to be [FeC(H)(NMe2)]",
with the other species matching previously characterized [FeOTf]'° and [FeCNMez].!

A.10 Derivation of estimated BDFE for early N—H bonds

To derive the early N—H bond Bond Dissociation Free Energies (BDFE), we have
used previously measured values,'® but with updated Cg constants, which have, since our
initial publication, been measured in THF (Cg = 59.9 kcal mol™),'? allowing us to derive
BDFEs and not only BDEs. For clarity, the thermochemical parameters previously measured
are presented again in Table A.5. The BDFEs are derived using these values.

In addition, we derive the BDFE.s for the combination of (CsHe)>Cr/[PhoNH2]OTE

used as a reference for the AG derived for H'/e™ addition in Figure 2.7 in the main text.
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Table A.5. Eox and pK, for [FeCNHx] species and (CsHe)2Cr and [PhoNH2]OTf used to
derive BDFEn.z and BDFE.r.

Compound Eox (vs. Fc*/% in THF) pKa (in THF)
[FeCN] -0.38V

[FeCNH]* -0.17V 5.6
[FeCNH] -1.27V

[FeCN(Me)H]* 7.1
[FeCN(Me)H] -1.27V

[FeCNMe] -1.31V

(CeHs)2Cr -1.22V

[PhaNH,]OTf 3.2

Estimation of the N-H BDFE of [FeCNH]":

[FeCNH]" = [FeCN] + H* 1.37(pK. ([FeCNH]")) = 7.7 kcal mol™!
[FeCN] = [FeCN] "+ e 23.06(Eox([FeCN])) = —8.8 kcal mol !

H+e =H

Cg = 59.9 kcal mol™!

[FeCNH]" = [FeCN]" + H' BDFEn_u([FeCNH]) = 58.8 kcal mol”!

Estimation of the N-H BDFE of [FeCNH]:

[FeCNH] = [FeCNH]" + &= 23.06(Eox([FeCN])) = —29.3 kcal mol™!
[FeCNH]" = [FeCN] + H* 1.37(pKa ([FeCNH]")) = 7.7 keal mol™!

H+e=H

C: =59.9 kcal mol™!

[FeCNH] = [FeCN] + H' BDFEx u([FeCNH]) = 38.3 keal mol™!

Estimation of the N-H BDFE of [FeCN(Me)H]":

[FeCN(Me)H]" = [FeCNMe] + H" 1.37(pK. ([FeCN(Me)H]")) = 9.7 kcal mol ™!
[FeCNMe] = [FeCNMe]" + ¢~ 23.06(Eox([FeCNMe])) = —30.2 keal mol ™!

H+e=H

C: =59.9 kcal mol™!

[FeCN(Me)H]'= [FeCNMe]” + H*  BDFEx_u([FeCN(Me)H]") = 39.4 kcal mol™!

Estimation of the N-H BDFE of [FeCN(Me)H]:

[FeCN(Me)H] = [FeCN(Me)H]* + ¢~ 23.06(Eox([FeCN(Me)H])) = —29.3 keal mol™!
[FeCN(Me)H]" = [FeCNMe] + H' 1.37(pKa ([FeCN(Me)H]")) = 9.7 kcal mol™!

H+e=H

C: =59.9 kcal mol™!

[FeCN(Me)H] = [FeCNMe] + H*  BDFEn_u([FeCN(Me)H]) = 40.3 kcal mol™!

Estimation of the BDFE.¢r of (CsHs)2Cr/[PhoNH2]OTH:

(CsHe)2Cr = (CeHeo)aCr * + & 23.06(Eox((CeHe)2Cr)) = —28.1 keal mol™!
[PhoNH,]" = [PhoNH] + H'  1.37(pKa ([PhaNH2]Y) = 4.4 keal mol™!

H+e =H

Ci = 59.9 kcal mol™!

(CsHe)2Cr/[PhoNH,]OTS 2 [(CeHe)2Cr]OTH/PhoNH + H' BDFEes= 36.2 keal mol™!
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A.11 Computational Methods
A.11.1 General overview of computational details

As stated in the main text for our computational studies, we employed the TPSS
functional'® and a def2-TZVP basis set on transition metals and a def2-SVP basis set on all
other atoms,'* which we have previously demonstrated accurately replicate BDFEs on
similar platforms.!> The ORCA open-source software package was used.'¢

The numerical frequencies of the minimized structures were calculated to ensure that
these structures represented local minima and not saddle points. Entropic and internal energy
contributions were calculated at 195 K, 253 K, 273 K, and 293 K to compute the AGr at these
temperatures.

For the analysis in Figure 2.6, a comparison of the lowest energy isomers is presented
in Tables A.6, A.7, and A.8. Key bond lengths and their comparison to relevant
crystallographic data are presented in Table A.9. For the analysis in Figure 2.7, the energy
of each pathway is presented in Figures A.38 and A.39. The final step(s) to convert the final
intermediate in pathways i-iii (as defined in Figure 2.7) to an on-path species [FeCNH]"? is
presented in Figure A.39. The calculations to derive the AG in Figure 2.7 and Figure A.38,
A.39 are summarized in Tables A.10-A.14.

A.11.2 Treatment of H"

The treatment of S(H") in calculations can be a source of systematic error in DFT
calculations, therefore it is useful to detail how this value has been derived. We have taken
an ab initio approach to S(H") using the 'PRINTTHERMOCHEM function in ORCA 5.0""
to calculate the translational entropy and internal energy of H" at temperatures 195 K, 253 K,
273 K, and 293 K. These values are used directly to derive the AG{H") values as presented
in Table A.9.

A.11.3 Calculating AG for bond formations in Figure 2.7

In the analysis of step g in Figure 2.7, we use the computations presented in Figures

A.38-A.39 and Tables A.10-A.14 to guide the discussion. However, for clarity for bond

formation steps, we reference these H-atom transfers from the addition of H™ from
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[PhoNH2]OTf and e from (CeHe)2Cr to the BDFEef of this reagent combination, derived in
section A.10 to be 36.2 kcal mol™.

For example, for the addition of an H-atom to [FeC(H)(NH2)]" to [FeC(H)(NH3)]",

the BDFEN.1 of this bond is 14 kcal mol™! (Table A.11). The AG, as reported in Figure 2.7

and Figures A.38-A.39, is then given as AG = BDFE ¢ — BDFEN_ =36-14 =+22 kcal mol”
1

Table A1.6. Table of experimental'® and computationally derived bond dissociation free
energies and comparison to relevant experimental values.

BDFE 55¢ BDFEjsa BDFE;73 BDFEzss  BDFEnggk exp
(kcal mol-1) (kcal mol-) (kcal mol-1) (kcal mol-1) (kcal mol-)
P.SFeCNH,* — P,SFeCNH* +H" 42 40 39 38
P.SFeCHNH,* — P,SFeCNH*, +H* 55 53 53 52
P.SFeCHNH, — P,SFeCNH, +H* 49 48 47 47
P.SFeCNH, — P,5FeCNH +H- 38 36 35 35
P.SFeCN(Me)H* — P,SFeCNMe* +H* 41
P.SFeCN(Me)H — P,SFeCNMe +H- 40

Table A.7. Computationally derived free energies of intermediates of (P35FeCNH, + H").

Spln AGf 195 AGf 253 AGf 273 AGf 298 AGrel,195 AGrel 253 A(;rel 273 AGrel 298

Compound state  (Eh) (Eh) (Eh) (Eh) (kcal mol) (kcalmol) (kcalmol-) (kcalmol-)
P.SiFe(CNH,)* species
P,SFeC(H)(NH,)*| triplet | -4076.57 -4076.59 -4076.59 -4076.60, 0.0 0.0 0.0 0.0
P,SFeC(H)(NH,)*| singlet | -4076.55 -4076.57 -4076.58 -4076.59 9.3 95 9.6 9.7
P,SFeC(H)(NH,)*| quintet | -4076.51 -4076.53 -4076.53 -4076.54 39.1 38.7 386 384
P,SFeCNH,* singlet | -4076.50 -4076.51 -4076.52 -4076.53 45.1 456 457 46.0
P,SFeCNH,* triplet | -4076.46 -4076.48 -4076.49 -4076.50) 65.5 65.7 65.8 65.9
P,SFe(H)CNH,* | singlet | -4076.56 -4076.57 -4076.58 -4076.59 6.9 7.7 7.8 8.0
P,SFeC* singlet | -4019.92 -4019.94 -4019.94 -4019.95 . - - -
P,SFeC*+NH, singlet | -4076.48 -4076.51 -4076.51 -4076.52 53.3 51.2 50.5 496
P.SFe(CNH,) species
P,SFeC(H)(NH,) | doublet | -4076.73 -4076.75 -4076.75 -4076.76 0.0 0.0 0.0 0.0
P,SFeC(H)(NH,) | quartet | -4076.68 -4076.70 -4076.71 -4076.72 28.6 284 284 28.3
P,SFeCNH, doublet | -4076.62 -4076.64 -4076.65 -4076.66 66.1 66.0 66.0 65.9
P,;SFe(H)CNH, | doublet | -4076.70 -4076.72 -4076.72 -4076.73 18.5 19.1 19.1 19.0
P,SFeC doublet | -4020.10 -4020.12 -4020.13 -4020.14 - - - -
P,SFeC + NH, | doublet | -4076.67 -4076.69 -4076.70 -4076.71 39.2 36.9 36.0 35.0
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Figure A.38. Thermodynamic barriers for CH4 and NH3 selective pathways i-ii.
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Table A.18. Computationally derived free energies of early intermediates of P35FeCN
reduction.

Compound  Spinstate AG; s (Eh) AG;,s; (Eh) AG;y; (Eh) AG 4 (Eh)

P,SFeCNH* triplet -4075.40  -4075.42  -4075.43  -4075.44
P,SFeCNH doublet -4075.58  -4075.60 -4075.60 -4075.61
P,SFeCNH,* doublet -4075.98  -4075.99  -4076.00 -4076.01
P.SFeCNH, singlet -4076.14  -4076.16  -4076.17  -4076.18

Table A.9. Experimentally'%1° and computationally derived key bond lengths and
comparison with known crystallographic data.

In general, the Fe—P and Fe—Si bonds are very reliably reproduced computationally.
Increased error is observed in the C—N bond. This is likely partially attributable to the use
of methylated analogs (due to the instability of the compounds) and the hydrogen bonds
formed to N—H in P35FeCNH" and P3FeCNH,". The Fe—C bond length is consistently
overestimated by about 0.05 A by DFT.

Compound C-N(A) | Fe-C Fe=Pave Fe-Si <Fe-C-N
(A) (A) (A)
P;SFeCNH*  Computed 1.186  1.857  2.368 2331 177.1
PsSFeCNH*  Crystal.  1.144  1.913 2384 2305  178.4
P.SFeCNH  Computed 1.228  1.774  2.266 2289 1756
P;SFeCNMe  Crystal 1.186 1.821 2.273 2.273 177.6
P;SFeCNH,*  Computed 1.317 1.684 2.316 2.358 176.5
P:SFeCNH,*  Crystal 1223 1.799  2.314 2311 174.2
P:SFeCNMe;* Crystal  1.310  1.736  2.364 2358 1738
Ps;SFeCNH; Computed 1.337 1.675 2.214 2.310 1791
P;5FeCNMe, Crystal 1.328 1.710 2.230 2.305 177.8
P;SiFeCH* Computed 1.65 2.30 2.38
Ps;SFeCMe* Crystal - 1.70 2.34 2.39 -
P:SFeCH Computed 1.65 2.21 2.32
PsSFeCMe Crystal - 1.67 2.25 2.33 -
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Table A.10. Computationally derived energies of small molecules relevant to calculations.

Compound Spinstate AG; s (Eh) AG,,q; (Eh) AG,;; (Eh) AGi . (Eh)

HCN singlet -93.47 -93.48 -93.48 -93.48
MeNH, singlet -95.86 -95.87 -95.87 -95.87
CH, singlet -40.51 -40.51 -40.51 -40.51
NH, singlet -56.57 -56.57 -56.57 -56.57
He doublet -0.5062 -0.5086 -0.5094 -0.5105

Table A.11. Table of computationally derived energies of isomers and spin states of
P3;5Fe(CNH,4). Values derived here are used in Figures 2.7, A.37, and A.38.

AGrel,195 AGrel,253 AGrel,273 AGrel,298
AG;g5 AGiy; AGy;; AGy, (kcal (kcal (kcal (kcal

Compound Spin state (Eh) (Eh) (Eh) (Eh) mol-')  mol') mol')  mol)
P,SFeCHNH,* + H- - -4077.07 -4077.10 -4077.10 -4077.11 0 0 0 0
P,SFeCHNH,* doublet |-4077.10 -4077.12 -4077.13 -4077.14 -17 -15 -14 -14
P,SFeCH* doublet |-4020.55 -4020.57 -4020.58 -4020.59|- - - -
P,SFeCH* + NH, doublet |[-4077.12 -4077.14 -4077.15 -4077 .16, -29 -30 -30 -30
P,SiFeCH,NH,* quartet [-4077.13 -4077.15 -4077.15 -4077.16) -34 -32 -32 -31
P,SFe(n?-CH,NH,)*| doublet |-4077.16 -4077.18 -4077.19 -4077.20 -54 -52 -52 -51

Table A.12. Table of computationally derived energies of isomers and spin states of
P35IFe(CNHs.). Values derived here are used in Figures 2.7, A.37, and A.38.

AGrel,195 AGrel,2.">3 AGrel,273 AGreI,ZSB
AG; 95 AGiy; AG;y; AG,, (kcal (kcal (kcal (kcal

Compound Spin state (Eh) (Eh) (Eh) (Eh) mol') mol')  mol)  mol)
P,SFeCHNH, + H -4077.24 -4077.26 -4077.26 -4077.27 0 0 0 0
PooFeCHN, singlet |-4077.26 -4077.28 -4077.29 -407730  -17 17 -6 -16
P,SFeCH singlet  [-4020.74 -4020.76 -4020.77 -4020.78 - - -
P.SFeCH + NH, singlet [-4077.31 -4077.33 -4077.34 -4077.35 -47 -48 -48 -48
P,SFeCH,NH, triplet  [-4077.32 -4077.34 -4077.34 -4077.35 -52 -51 -50 -50

P.SIFe(n>-CH,NH,) singlet |-4077.32 -4077.34 -4077.35 -4077.36 -54 -52 -52 -51
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Table A.13. Table of computationally derived energies of isomers and spin states of
P35IFe(CNHs)*. Values derived here are used in Figures 2.7, A.37, and A.38.

AGrel,195 AGrel,253 AGrel,273 AGreI.29!3
AG; s AG;y; AGq,;; AG,, (kcal (kcal (kcal (kcal

Compound Spin state (Eh) (Eh) __ (Eh) (En)  mol') mol) mol") mol)
P;SFe(n>CH,NH,)* + H. -4077.67 -4077.69 -4077.70 -4077.71 0 0 0 0
P;SFeCH,NH;* triplet  |-4077.73 -4077.75 -4077.75 -4077.76 -37 -36 -36 -35
P;SFeCH,* triplet  |-4021.16 -4021.17 -4021.18 -4021.19}- - - -
P;SFeCH,* singlet |-4021.15 -4021.17 -4021.18 -4021.19} = - .
P;SFeCH," + NH, triplet  |-4077.72 -4077.74 -4077.75 -4077.76 -34 -35 -35 -36
P;SFeNH,CH,* triplet  |-4077.78 -4077.80 -4077.80 -4077.81 -70 -69 -68 -68

Table A.14. Table of computationally derived energies of isomers and spin states of
P35IFe(CNHs). Values derived here are used in Figures 2.7, A.37, and A.38.

AGrel.195 AGrel,253 AGrel,273 AGreI.ZSB
AG; 95 AG;y; AGiy; AGiy (kcal (kcal (kcal (kcal

Compound Spin state (Eh} (Eh) (Eh) (Eh) mol)  mol') mol')  mol)
P;SFe(n?-CH,NH,) + H. -4077.83 -4077.85 -4077.86 -4077.87 0 0 0 0
P;SFeCH,NH, doublet |-4077.87 -4077.89 -4077.90 -4077.91 -28 27 27 -26
P,SiFeCH, doublet |-4021.34 -4021.36 -4021.37 -4021.38 . - -
P;SiFeCH, + NH, doublet |-4077.91 -4077.93 -4077.94 -4077.95 -50 -51 -51 52
P;SFeNH,CH, doublet |-4077.93 -4077.95 -4077.96 -4077.97, -64 -63 -63 -62
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Supplementary Information for Chapter 3
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B.1 Materials and Methods
B.1.1 General Considerations
All manipulations were carried out using standard Schlenk or glovebox techniques
under an N> atmosphere. Solvents were deoxygenated and dried by thoroughly sparging with
N, followed by passage through an activated alumina column in a solvent purification
system by SG Water, USA LLC. Nonhalogenated solvents were tested with sodium
benzophenone ketyl in tetrahydrofuran (THF) to confirm the absence of oxygen and water.
Deuterated solvents were purchased from Cambridge Isotope Laboratories, Inc., degassed,
and dried over activated 3-A molecular sieves prior to use. [FeCN],! [FeCNHz]BAr"s,'!
[FeCN][Na(12-c-4):],! [FeCNH]BAr"s,! [FeCNMe],> [H(OEt):]BArf4,> M#Cp,rCo,* and
triflate acids ((AH]OTY)’ and [BAr'4] acids ((AH]BA1 4)® were synthesized using literature
methods. (CsHe)2Cr, Cp*>Cr and Cp2Co, Cp2Cr, Cp*>Co, BCp2Co were purchased from
Strem and used without further purification. All bases were purchased from Sigma and
purified before use, liquid bases (aniline, lutidine, collidine, pyrrolidine, triethylamine,
tetramethylguanidine) were distilled, solid anilines (2-chloroaniline, 4-chloroaniline and
diphenylamine) were sublimed and triazabicyclodecene was recrystallized from by cooling

a saturated Et,O solution to -35°C and decanting.

B.1.2 Physical Methods

NMR: Nuclear Magnetic Resonance (NMR) measurements were recorded with a
Varian 400 MHz spectrometer. '"H NMR chemical shifts are reported in ppm relative to
tetramethylsilane, using 'H resonances from residual solvent as internal standards.”

UV-Vis: Ultraviolet-visible (UV-vis) absorption spectroscopy measurements were
collected with a Cary 50 UV-vis spectrophotometer using a 1 cm path length quartz cuvette.
All samples had a blank sample background subtraction applied. Temperature regulation
for UV-Vis measurements was carried out with a Unisoku cryostat. Time course UV-Vis
spectra were collected with the Scanning Kinetics application of the Cary WinUV software.

Mossbauer spectra: Mossbauer spectra were recorded on a spectrometer from

SEE Co. (Edina, MN) operating in the constant acceleration mode in a transmission
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geometry. The sample was kept in an SVT-400 cryostat form Janis (Wilmington, MA).
The quoted isomer shifts are relative to the centroid of the spectrum of a metallic foil of a-
Fe at room temperature (RT). Solution samples were transferred to a sample cup, freeze-
quenched with liquid nitrogen inside the glovebox, and then immersed in liquid N> until
mounted in the cryostat. Data analysis was performed using version 4 of the program
WMOSS (www.wmoss.org) and quadrupole doublets were fit to Lorentzian lineshapes.

EPR Spectroscopy: X-band EPR spectra were obtained on a Bruker EMX
spectrometer. Samples were collected at powers of 2 mW with modulation amplitudes of
4.00 G, modulation frequencies of 100.00 kHz, over a range of 1800 to 4500 Gauss. Spectra
were baseline corrected. EPR spectra were modeled using the easyspin program.®

IR Spectroscopy: Infrared measurements were obtained on a Bruker Alpha
spectrometer equipped with a diamond ATR probe (solid state) or in the liquid state in a
cell with KBr windows.

X-Ray Crystallography: XRD studies were carried out at the Beckman Institute
Crystallography Facility on a Briikker Kappa Apex II diffractometer (Mo Ka radiation).
Structures were solved using SHELXS or SHELXT and refined against F2 on all data by
full-matrix least squares with SHELXL. The crystals were mounted on a glass fiber under

Paratone N oil.

B.2 Experimental procedures
B.2.1 Direct generation of [FeCN--HTBD]"

To confirm the assignment of the reaction of [FeCN] + Cp*,Co + [TBDH]BAr'4 as
an H-bonded adduct, [FeCN-~HTBD]® we developed the direct synthesis of this species.

A solution of [FeCN][Na(12-c-4)2] (20 mg, 19 umol) in 1 mL THF was cooled to
—78°C and [TBDH]OT( (5.5 mg, 19 pmol) in 0.5 mL was added dropwise. The solution was
allowed to stir for 30 minutes, after which it was filtered into and layered with pentane. All
operations were done in the cold-well using pre-cooled glassware and solvent. Upon storage

at —35°C overnight, dark orange crystals formed. However, substantial amounts of a red
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complex (assumed [FeCN]) were also observed. Still, crystals sufficient for XRD could be
selected, allowing crystallographic analysis.

B.2.2 Stepwise generation of [FeCNH2]

N N | K2 2 equiv NH,
Il xs KCg Il [H(OEt,)]BAr", |
Cf THF ? THE ﬁ
Fe ~78°C Fe ~78°C Fe
in situ in situ
characterized characterized
(spectra A) (spectra B)

B.2.2.1 Generation of Mossbauer sample

[FeCN] (20 mg, 29 umol) was dissolved in 0.5 mL THF in a 20 ml vial. The solution
was cooled to =78 °C, and excess KCg was added. The reaction mixture was then filtered
through a pipette loaded with filter paper, cellite, and KCg 3xtimes to form. The reaction
mixture was filtered to remove graphite and excess KCsg to give a jet-black solution. This in
situ formed material was used directly to form [FeCNHz]. Alternatively, transferring this
solution to a M@ssbauer cup while maintaining the temperature, freezing the reaction mixture
at 77 K, and analyzing by >’Fe Mdssbauer revealed a Mdssbauer spectrum with parameters
§=0.20mm s™!, AEq=0.18 mm s (Figure B.54A), with a minor impurity.

For generation of [FeCNH:], 2 equiv [H(OEt,),]BArfs (59 mg, 58 umol) dissolved
in 0.3 mL THF, was added slowly to in situ formed [FeCN]K», with an orange solution
formed. Transferring this solution to a Mdssbauer cup while maintaining the temperature,
freezing the reaction mixture at 77 K, and analyzing by °’Fe Mdossbauer revealed a
Méssbauer spectrum with parameters § = 0.02 mm s™'; AEq = 0.96 mms™ (Figure B.54B),
with some oxidized material also formed. The parameters of the major species fit those
observed for [FeCNH] synthesized with [PhoNH2]BAr"4 and Cp>Co.

B.2.2.2 Generating UV-vis sample of [FeCNH:]

[FeCN] (1 mg, 1.4 umol) was dissolved in 2 mL THF in a 20 ml vial. The solution
was cooled to =78 °C, and excess KCg was added. The reaction mixture was then filtered
through a pipette loaded with filter paper, cellite, and KCg 3xtimes to form. The reaction

mixture was filtered to remove graphite and excess KCsg to give a jet-black solution. This in



190
situ formed material was transferred to a cuvette, which was sealed with a septum. The
cuvette was transferred out of the glovebox into a pre-cooled UNISOKO apparatus at —80°C
and kept air-free by continuous purging by an N> needle.

For generation of [FeCNHz], 2 equiv [H(OEt2)2]BAr"s (2.9 mg, 2.8 pmol) dissolved
in 0.5 mL THF, was added slowly to in situ formed [FeCN]K,, with an orange solution
formed (see Figure B.24). Addition of a third equivalent [H(OEt), |BArfs resulted in clean
oxidation to [FeCNH,]", with characteristic peaks at 900 nm and 520 nm.

B.2.3 Attempts to generate [FeCNH]
B.2.3.1 Reduction of [FeCNH]*

A solution of [*’FeCNH]BAr‘4 (3 mg, 2.1 pmol) was dissolved in 0.5 mL 2-MeTHF
and cooled to —115°C. Cp*>Cr (0.6 mg, 2.1 umol) in 0.2 mL 2-MeTHF was added, and the
solution was allowed to stir for 1 minute, rapidly transferred to a pre-cooled Mdssbauer cup,
and frozen to 77 K. The resulting Mossbauer sample was loaded and analyzed, showing a
1:1 mixture of [FeCN] and [FeCNH:] (see Figure B.56).

B.2.3.2 Protonation of [FeCN][Na(12-c-4):]

A solution of [*’FeCN][Na(12-c-4)2] (2 mg, 1.9 pmol) was dissolved in 0.5 mL 2-
MeTHF and cooled to —115°C. [H(OEt,):]BArs (1.9 mg, 1.9 umol) in 0.2 mL 2-MeTHF
was added, the solution was allowed to stir for 1 minute, rapidly transferred to a pre-cooled
Mossbauer cup and frozen to 77 K. The resulting Mdssbauer sample was loaded and
analyzed, showing a 1:1 mixture of [FeCN] and [FeCNH], as well as some unreacted
starting material (see Figure B.55).

B.2.3.3 Deprotonation of [FeCNH2][BArF4]

A solution of [FeCNH2][BA1 4] (2 mg, 1.9 pmol) was dissolved in 2.5 mL 2-MeTHF,
added to a cuvette that was sealed with a septum, brought out of the glovebox, into a pre-
cooled UNISOKO apparatus and cooled to —130°C. NEt3 (1 mg, 1.5 pl, 9.5 pmol) in 0.5 mL
2-MeTHF was added. Analysis by UV-vis showed peaks consistent with the formation of
[FeCN] and [FeCNHz] (see Figure B.25).
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B.3 UV-vis spectroscopy
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Figure B.l. UV-vis spectra of [FeCN-HNH,Ph|BAr's compared to [FeCN],
[FeCNH]BAT"s.
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Figure B.2. Shift in position of d-d transition of UV-vis maxim upon varying acid strength,
solid lines represent [FeCN] (green) and [FeCNH]|BAr'4 (orange).

B.3.1 Titrations demonstrating reversible interconversion of [FeCN] and [FeCNH:]
B.3.1.1 Oxidation of [FeCNH:]|

A cuvette with [FeCNHz] (2 mg, 2.9 umol) was generated at —80 °C (see section
S2.3.2), sealed with a septum, with a N> needle constantly purging to ensure an air-free
system. Lut (3 equiv, 0.9 mg, 8.7 umol) in 0.5 mL THF was added via syringe. Then
[Cp*2Cr][BArf4] (3 equiv, 10.3 mg, 8.7 pmol) in 0.5 mL was titrated via syringe with

22



192
spectrum collected between every addition of oxidant, with peaks consistent with [FeCNH;]
disappearing and [FeCN] forming. THF had to be used to generate [FeCNH>]; attempts using

Et,0O were unsuccessful due to the low solubility of [FeCN]K> under these conditions.
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Figure B.3. UV-vis titration of [Cp*2Cr]BAr’4 (3 equiv per Fe) into mixture of [FeCNH;]
(1.2 mM) and Lut (3 equiv per Fe) (Blue) in THF at —80°C. The final trace (Red) shows
consumption of [FeCNH;] and formation of [FeCN].

B.3.1.2 Reduction of [FeCN]

A cuvette was loaded [FeCN] (2.5 mg, 3.6 umol) in 3 mL THF with [PhNH;3]|BAr4
(3 equiv, 10.6 mg, 10.8 umol) at —80 °C sealed with a septum, with a N> needle constantly
purging to assure an air-free system. To this, Cp*,Cr (3 equiv, 3.5 mg, 10.8 pmol) in 0.5 mL
was titrated via syringe with a spectrum collected between every addition of reductant, with
peaks consistent with [FeCN] disappearing and [FeCNH:] forming. THF had to be used to
generate [FeCNHz].
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Figure B.4. UV-vis titration of [Cp*2Cr] (3 equiv per Fe) into mixture of [FeCN] (1.2 mM)
and [LutH]BArs (3 equiv per Fe) (Red) in THF at —80°C. The final trace (Blue) shows
consumption of [FeCN] and formation of [FeCNH2].

B.3.2 Generation of Pourbaix diagram
B.3.2.1 General procedure

A cuvette was loaded with [FeCN] (1.25 mM) in Et;O and sealed with a septum
inside the glovebox. The cuvette was then taken out of the glovebox and loaded into a
UNISOKO cooling apparatus connected to the UV-vis. The cuvette was cooled to —80°C
and allowed to equilibrate for at least 10 minutes. Spectra were typically collected every
minute while equilibrating to ensure no ice formation on the cuvette. The system was kept
air-free by an Nz needle through the septa. Acid [HA]BA1Ys (2.5 equiv) in 0.5 mL Et,O was
added via syringe, and the reaction was allowed to equilibrate for an additional 5 minutes.
Reductant (2.5 equiv) was then added via syringe, and the reaction was monitored by UV-
vis.

Products were assigned by comparing the spectra to known spectra of [FeCNH]",
[FeCN], [FeCNH]" and [FeCNH,]. In addition, when uncertain, °’Fe Mdssbauer, cw-EPR,
and reductant titrations were used to aid the assignment. The reagent strengths are presented

in Table B.2, along with the observed products formed. The driving force for [Fe]-products
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based on previous thermochemistry,” is presented in Table B.2. The individual UV-vis
spectra are presented in Figures B.5-B.23 and Table B.1.

B.3.3.2 Thermodynamic considerations for Pourbaix diagram
For the generation of the Pourbaix diagram (Figure 3.5), the general procedure and
summary of resulting products are provided in section 3.3. In Figure 3.5, the lines provide
the predicted products. To supplement this analysis, we provide a Table B.2 which shows
the AG (kcal mol-1) for the formation of the 4 products formed, [FeCNH:], [FeECNH]",
[FeCN] and [FeCNH:]" given by equations B.1-B.4. If all products are disfavored, [FeCN]
(or [FeCN]HA") is the predicted product.
For a given reductant E(red”®) and acid (pK,), BDFE.sr is given by:
BDFE.sr=23.06 E(red™®) + 1.37 pKa(acid) + Cs (eqn B.1)
where Cg=59.9 kcal mol™! in THF
Based on the thermochemistry of [FeCNHy] (main text Figure 3.5)? the AG (kcal
mol ™) for various products is as follows:
AG(FeCNH») = 2*(BDFEcsr — 39) (eqn B.2)
AG(FeCNH") = 1.37(pKa(acid) —5.6) (eqn B.3)
AG(FeCN") =23.06(E(red™) —2.1V) (eqn B.4)
AG(FeCNH>") = 1.37(pKa(acid) — 7.1) + (BDFEer— 38) (eqn B.5)
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Table B.1. Summary of product formation studies varying acid and reductant for [FeCN]
reduction, reduction potential, and acid used to calculate BDFE.s and AG using eqn B.1-

B.4.

Reductant (V vs Acid (pK, in THF) BDFE AG Products

Fc™t) (kcal mol (kcal mol
) ")

Cp,Cr (-1.11) [#C'PhNH,]BAr", (5.6) 420 5.4 [FECN--HAJ*

Cp,Cr (-1.11) [+C'PhNH,]BArf, (5.6) 439 92 [FECN--HAJ*
(CeHg),Cr (-1.22) [Ph,NH,]BArf, (3.2) 36.2 6.3 [FECNH,]*
(CeHg),Cr (-1.22) [#C'PhNH,]BAr", (5.6) 394 03 [FECNH,]*
(CgHs),Cr (-1.22) [+C'PhNH,]BArf, (7.0) 414 29 [FeCN]«—[FeCNH,]*
Cp,Co (-1.33) [Ph,NH,]BArf, (3.2) 336 114 [FECNH,]

Cp,Co (-1.33) [+C'PhNH,]BArf, (7.0) 38.8 10 [FeCN]«—[FeCNH,]
Cp,Co (-1.33) [PhNH,]BArF, (8.0) 402 18 [FeCN]«—[FeCNH,]
Cp,Co (-1.33) [LutH]BArF, (9.5) 422 5.9 [FeECN-HAJ*
Cp*,Cr (-1.47) [PhNH,]BArF, (8.0) 370 47 [FeCNH,]

Cp*,Cr (-1.47) [LutH]BArF, (9.5) 39.0 06 [FeCN]—[FeCNH,]
Cp*,Cr (-1.47) [ColH]BArF, (10.4) 40.2 19 [FeCN]J—[FeCNH,]
Cp*,Cr (-1.47) [Et,NH]BArF, (13.7) 44.8 10.9 [FECN-HAJ*
Me4Cp,Co (-1.76) [Et;NH]BArF, (13.7) 38.1 24 [FECNH,]
Me4Cp,Co (-1.76) [pyrrH]BArf, (15.6) 407 28 [FeCN]«~[FeCNH,]
Me4Cp,Co (-1.76) [TMGH]BArf, (17.8) 437 88 [FECN--HAJ*
Cp*,Co (-1.94) [pyrrH]BArF, (15.6) 36.5 55 [FECNH,]

Cp*,Co (-1.94) [TMGH]BArf, (17.8) 395 05 [FECN-HTMG]°
Cp*,Co (-1.94) [TBDH]BArf, (21.0) 43.9 9.3 [FeECN-HTBD]°
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Table B.2. Thermodynamics of [Fe]-product formations for [FeCN] reduction, using
different acids and reductants and eqn B.2-B.5

Redu;tcalr/'n(;t)(v VS Acid (pK, in THF) AG (kcal mol) for products
[FECNH,] [FECNH]* [FECNJ [FECNH,J*
Cp,Cr (-1.11) [2C'PhNH;]BArF, (5.6) 5.4 0.0
Cp,Cr (-1.11) [4-C'PhNH;]BArF, (5.6) )02 "9
(CeHg)-Cr (-1.22) [PhoNH,]BArF, (3.2) -6.3 -3.3
(CeHg)-Cr (-1.22) [2C'PhNH;]BArF, (5.6) 0.3 0.0
(CeHg)-Cr (-1.22) [4-C'PhNH;]BArF, (7.0) 4.1 "9
Cp,Co (-1.33) [PhoNH,]BArF, (3.2) -11.4 -3.3
Cp,Co (-1.33) [4-C'PhNH;]BArF, (7.0) -1.0 "9
Cp,Co (-1.33) [PhNH;]BArf, (8.0) 1.8 3.3
Cp,Co (-1.33) [LutH]BArF, (9.5) 519 513
Cp*,Cr (-1.47) [PhNH;]BArf, (8.0) -4.7 3.3
Cp*,Cr (-1.47) [LutH]BArF, (9.5) -0.6 5.3
Cp*,Cr (-1.47) [ColH]BArF, (10.4) 1.9 6.6

Cp*,Cr (-1.47)

[Et;NH]BArF, (13.7)

Me4Cp,Co (~1.76)

[Et;NH]BArF, (13.7)

Me4Cp,Co (~1.76)

[pyrrH]BArf, (15.6)

Me4Cp,Co (~1.76)

[TMGH]BAr, (17.8)

Cp*,Co (-1.94)

[pyrrH]BArF, (15.6)

Cp*,Co (-1.94)

[TMGH]BA', (17.8)

Cp*,Co (-1.94)

[TBDH]BAIF, (21.0)
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S3.3.3 UV-vis spectra of reactions of [FeCN] with acid and reductant
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Figure B.5. UV-vis titration of Cp2Cr (2.5 equiv per Fe) into mixture of [FeCN] (1.2 mM)

and [>“'PhNH;]BA1"s (2.5 equiv per Fe) (Red) in Et;O at —80°C. The final trace (Blue)
shows no consumption of [FeCN] starting material.

m 1) 2.5 equiv [*“'PhNH3]BAr

c 2) 2.5 equiv Cp,Cr _ No reaction
o Et,0, -80 °C Blue

Dark Red
1000 .

900

800 -

700 -

600

500

400 -

300 -

Molar absorptivity/cm‘1 M

200 -

100 -

0
400 500 600 700 800 900 1000
Wavelength/nm

Figure B.6. UV-vis titration of Cp2Cr (2.5 equiv per Fe) into mixture of [FeCN] (1.2 mM)
and [*“'PhNH;3]BA1s (2.5 equiv per Fe) (Red) in Et;O at —80°C. The final trace (Blue)
shows no consumption of [FeCN] starting material.



N

I
(o]
|
Fe

198

H BArF,
2.5 equiv |
: N 1 equiv BArF4 2 equiv NH,
[PhaNH2IBAT, I(! (CeHe)oCr (CeHe)Cr (I:
—_—
S -
Ev0.80°C I Eu0,—s0°C ||| Euo,-so°c Il

Blue

= 300

Molar Absorbtivity/

400 500 600 700 800

Wavelength/nm

900 1000 1100

Figure B.7. UV-vis titration of (C¢Hs)2Cr (0-6 equiv per Fe) into mixture of [FeCN] (1.2
mM) and [PhoNH2]BArs (2.5 equiv per Fe) (Red) in Et20 at —80°C. Initially, [FeCNHz]"
is formed. Upon addition of more equivalents of reductant, some [FeCNH>] begins to form.
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Figure B.8. UV-vis monitored addition of (CsHs)2Cr (2.5 equiv per Fe) into mixture of
[FeCN] (1.2 mM) and [*“'PhNH;]BAr's (2.5 equiv per Fe) (Red) in Et;O at —80°C. The

final trace (Blue) shows consumption of [FeCN] and formation of [FeCNH,]"

. Upon

addition of acid to [FeCN] (yellow trace is without acid), a mixture of [FeCN]«>[FeCNH]"

1s established.
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Figure B.9. UV-vis monitored addition of (Cs¢Hs)2Cr (2.5 equiv per Fe) into mixture of
[FeCN] (1.2 mM) and [*“'PhNH;]BAr's (2.5 equiv per Fe) (Red) in Et;O at —80°C. The
final trace (Blue) shows partial consumption of [FeCN] and a mixture of
[FeCN]«<>[FeCNH:]".
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Figure B.10. UV-vis monitored titration of Cp2Co (2.5 equiv per Fe) into mixture of
[FeCN] (1.2 mM) and [>*“'PhNH;]BAr's (2.5 equiv per Fe) (Red) in Et;O at —80°C. The
final trace (Blue) shows consumption of [FeCN] and formation of [FeCNH:]. Upon
addition of one equivalent of Cp2Co (light blue trace), [FeCNH:]" is formed. Upon addition
of acid to [FeCN] (dark red trace is without acid), a mixture of [FeCN]«—[FeCNH]" is
established.
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Figure B.11. UV-vis monitored titration of Cp2Co (2.5 equiv per Fe) into mixture of
[FeCN] (1.2 mM) and [*“'PhNH;]BArs (2.5 equiv per Fe) (Red) in Et;O at —80°C. The
final trace (Blue) shows consumption of [FeCN] and formation of [FeCNH:]. Upon
addition of one equivalent of Cp2Co (yellow trace), [FeECNH:]" is formed.
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Figure B.12. UV-vis monitored titration of Cp2Co (2.5 equiv per Fe) into mixture of
[FeCN] (1.2 mM) and [PhoNH2]BAr!s (2.5 equiv per Fe) (Red) in Et2O at —80°C. The final



201

trace (Blue) shows consumption of [FeCN] and formation of [FeCNH:]. Upon addition of
one equivalent of Cp,Co (yellow trace), [FeCNH2]" is formed.
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Figure B.13. UV-vis monitored titration of Cp2Co (5 equiv per Fe) into mixture of [FeCN]
(1.2 mM) and [PhNH3]BA1fs (5 equiv per Fe) (Red) in Et20 at —80°C. The final trace
(Blue) shows consumption of [FeCN] and partial formation of [FeCNH:].
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Figure B.14. UV-vis monitored addition of Cp>Co (2.5 equiv per Fe) into mixture of
[FeCN] (1.2 mM) and [LutH]BAr"4 (2.5 equiv per Fe) (Red) in Et2O at —80°C. The final
trace (Blue) shows no consumption of [FeCN].
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Figure B.15. UV-vis monitored titration of Cp*>Cr (2.5 equiv per Fe) into mixture of
[FeCN] (1.2 mM) and [PhNH3]BAr4 (2.5 equiv per Fe) (Red) in Et;O at —80°C. The final
trace (Blue) shows consumption of [FeCN] and formation of [FeCNH2].
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Figure B.16. UV-vis monitored addition of Cp*;Cr (5 equiv per Fe) into mixture of
[FeCN] (1.2 mM) and [LutH]BAr"s (5 equiv per Fe) (Red) in Et2O at —80°C. The final
trace (Blue) shows formation of consumption of [FeCN] and formation [FeCNH:].
Comparing [FeCN] before (yellow trace) and after addition of [LutH]BAr"4 shows changes

similar to those observed upon addition of [PhNH3]BAr'4, suggesting formation of an H-
bond.
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Figure B.17. UV-vis monitored addition of Cp*>Cr (2.5 equiv per Fe) into mixture of
[FeCN] (1.2 mM) and [ColH]BAr"4 (2.5 equiv per Fe) (Red) in Et,O at —80°C. The final
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trace (Blue) shows formation of partial consumption of [FeCN] and concomitant formation
[FeCNH:]. Comparing [FeCN] before (yellow trace) and after addition of [ColH]|BArF,
(dark red) shows changes similar to those observed upon addition of [PhNH;]BAr"s,
suggesting formation of an H-bond.
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Figure B.18. UV-vis monitored addition of Cp*>Cr (2.5 equiv per Fe) into mixture of
[FeCN] (1.2 mM) and [EtsNH]BAr"s (2.5 equiv per Fe) (Red) in Et,0 at —80°C. The final
trace (Blue) shows no consumption of [FeCN]. Comparing [FeCN] before (dark red trace)
and after addition of [EtsNH]BAr"s shows changes similar to those observed upon addition
of [PhNH3]BAr's4, suggesting formation of an H-bond.
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Figure B.19. UV-vis monitored addition of M**Cp>Co (2.5 equiv per Fe) into mixture of
[FeCN] (1.2 mM) and [EtsNH]BAr"s (2.5 equiv per Fe) (Red) in Et,0 at —80°C. The final
trace (Blue) shows consumption of [FeCN] and formation of [FeCNH2].
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Figure B.20. UV-vis monitored addition of M**Cp,Co (2.5 equiv per Fe) into mixture of
[FeCN] (1.2 mM) and [pyrrH]BAr'4 (2.5 equiv per Fe) (Red) in Et,O at —80°C. The final
trace (Blue) shows partial consumption of [FeCN] and concomitant formation [FeCNH3].
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Figure B.21. UV-vis monitored addition of M**Cp,Cr (2.5 equiv per Fe) into mixture of
[FeCN] (1.2 mM) and [TMGH]BATr"s (2.5 equiv per Fe) (Red) in Et20 at —80°C. The final

trace (Blue) shows no consumption of [FeCN].
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Figure B.22. UV-vis monitored addition of Cp*,Co (2.5 equiv per Fe) into mixture of

[FeCN] (1.2 mM) and [pyrrH]BAr'4 (2.5 equiv per Fe) (Red) in Et,O at —80°C. The final
trace (Blue) shows formation of [FeCNH2] and consumption of [FeCN].
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Figure B.23. UV-vis monitored addition of Cp*>Co (2.5 equiv per Fe) into mixture of
[FeCN] (1.2 mM) and [TMGH]BAr"4 (2.5 equiv per Fe) (Red) in Et,0 at —80°C. The final
trace (Blue) shows formation of [FeCN]™ and partial consumption of [FeCN]. Comparing
[FeCN] before (red trace) and after addition of [TBDH]BAr's shows modest changes
compared to those observed upon addition of [PhNH;3]BAr s, suggesting only a weak
interaction between [FeCN] and [TMGH]BATrs.
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Figure B.24. UV-vis monitored addition of Cp*,Co (2.5 equiv per Fe) into mixture of
[FeCN] (1.2 mM) and [TBDH]BATr"4 (2.5 equiv per Fe) (Red) in Et,0 at —80°C. The final
trace (Blue) shows formation of [FeCN]™ and consumption of [FeCN]. Comparing [FeCN]
before (red trace) and after addition of [TBDH]|BArfs shows small changes compared to
those observed upon addition of [PhNH3]BArfs, suggesting only a weak interaction
between [FeCN] and [TBDH]BAr'..
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B.3.4 Additional UV-vis experiments
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Figure B.25. UV-vis monitored addition double protonation of [FeCN]K; (red) to yield
[FeCNH:] (Blue), which is similar to [FeCNMe:] with a shoulder at 620 nm and a maxima
growing towards 490 nm. Addition of a third equivalent [H(OEt2)2]BAr's results in clean
oxidation to [FeCNHz]|BAr'4 (yellow).
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Figure B.26. UV-vis monitored deprotonation of [FeCNH2]BAr"s (Blue) by NEt; to yield a
mixture of [FeCN] (characteristic peak at 900 nm) and [FeCNH] (Mixture in red).
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B.3.5 Measurement of equilibrium constants for H-bond formation in THF with
[TBA][PFs]
B.3.5.1 General procedure

A cuvette was loaded with [FeCN] (1 mM) in THF in 0.2 M [TBA][PFs], sealed with
a septum inside the glovebox, and then taken out of the glovebox. The system was kept air-
free by an N; needle through the septa. Acid [HA]JOTT (0 to 100 equiv) was titrated into the
cuvette, with spectra recorded between titrations. The analyzed spectra were normalized to
account for the decreasing concentration of [FeCN].

B.3.5.2 Data analysis

The differences between the UV-vis spectra of the H-bonded and non-H-bonded
species are subtle, limiting the possibility of measuring the equilibrium constant at a single
wavelength. Accordingly, we used a multivariate approach to analyzing the data and
extracting equilibrium constants.” The following methodology was implemented in
Matlab™,

For a set of collected data of titrations at varying acid concentration, the data can be
presented as a matrix Y (dimensions: (wavelengths) x (acid concentrations)). Defining a
matrix A as the absorbance spectra of j number of species in solution (dimensions:
(wavelengths) x (j concentrations) and a matrix C as the concentration of j species with
varying acid concentration (dimensions: (j) x (acid concentrations)) we define an equation:

Y=AC + R (eqnB.6)
where R is the residual.
Building a model around the equilibrium:
[FeCN][HA(OTf)] = K[FeCNHA(OTf)] (eqn B.7)

We can readily calculate the matrix C(K) for a given equilibrium constant. Seeking
to minimize R? for a given K we can calculate the absorbance spectra A’(K) using equation
eqn B.8.

A’(K) = Y(C(K)") (eqn B.3)
Where C*(K) is the pseudo-inverse of C(K).

This allows us to define R as a function of K
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R(K) = A’(K)C(K)(eqn B.9)

which the square R? can be minimized against K.

To analyze the model's predicted absorbances of [FeCN] and [FeCN-~HA(OTY)] are
printed along with the residuals. In addition, the absorbance at 563 nm and 880 nm, areas
with larger divergence, were used to estimate the concentration of [FeCN] and
[FeCN-~HA(OTYf)] and compared to the calculated concentration. The error bars were
determined by testing varying sizes of K to see when the predicted absorbances+error bar
could capture ~70% of the measured absorbances.

B.3.5.3 Titration experiments

\

400 800 1000 1100
Wavelength (nm)

Figure B.27. UV-vis monitored titration of [PhNH3]OTf (0 to 100 mM) into [FeCN] 1 mM
in THF with 0.2 M [TBA][PF¢] at 25 °C.

Abs
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Figure B.28. UV-vis monitored titration of [*¢26MepyH]OTSf (0 to 100 mM) into [FeCN]
1 mM in THF with 0.2 M [TBA][PF¢] at 25 °C.

B.3.5.4 Outputs from Multivariate Fitting Model
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Figure B.29. Predicted spectra (left) of [FeCN] and [FeCN~HNH,Ph(OTf)] with residual
spectra shown in grey. Calculated solid lines (red) were compared to those implied by
absorbances (right), with error bars indicated. An equilibrium constant of K = 62 £15 M™!
was determined.
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Figure B.30. Predicted spectra (left) of [FeCN] and [FeCN-H(*“"2¢™pyr)(OTf)] with
residual spectra shown in grey. Calculated solid lines (red) were compared to those implied
by absorbances (right), with error bars indicated. An equilibrium constant of K =20+ 5 M~
! was determined.

B.4 Kinetic studies
B.4.1 General procedure

Kinetic analysis was performed by UV-vis, using the Cary ScanningKinetics
program to record UV-vis traces (every 6 seconds). A cuvette was loaded with [FeCN] and
[PhNH3]BAr's in 4:1 2MeTHF:THF, sealed with a septa in the glovebox. It was then taken
out and loaded into a UNISOKO cooling apparatus connected to the UV-vis. The cuvette
was then cooled to —145°C and allowed to equilibrate for at least 20 minutes. Spectra were
typically collected every minute while equilibrating to ensure no icing on the cuvette and
sufficient stirring. The system was kept air-free by an N> needle through the septa.

After equilibration, the reductant was added via syringe. A thick syringe (18 gauge)
was found to be most suitable, as the greater force of addition allowed for faster mixing of
the solution. Similarly, the needle had to be long enough to be submerged in the ethereal
solution, such that the reductant was added directly into the solution, not on top of the liquid.
With these precautions, mixing was fast enough (<10 s) that kinetic analysis was possible,
monitoring the decay of [FeCN] by loss of the characteristic peak at 895 nm. The kinetic
values are summarized in Table B.3. Plots of Absges vs. t and log(A895) vs. t are supplied in
Figure B.32-B.47. It was found that the data generally fit a 1 order plot, not a 2™ order plot
(Figure B.31).
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The error was analyzed for the kobs and k2nd derived for each individual kinetic run

(Table B.3). The mean error for each run (0.06 M s! for k2,4) closely resembles the spread

in values for the straight-line plot used to derive kang (£0.07 M s™1),

Table B.3. Summary of kinetics data with slope and associated rate constants derived from

slope.
Concentrations (mM) | Ratio to [FECN]
Run FeCN[':‘,ﬂ';dEthZCo [PBhANrI;:’]E‘CpZCO Slope Koo (57) | Ky (M 5°1) Notes
A 12 37 19.4 3 16 | -1.35£0.09 |2.254+0.15-102| 1.16+0.08 |Varying reductant
B 12 35 43.0 3 37 -3.0¢0.2 | 5.0+0.4-102 | 1.17£0.09 i
C 12 35 33.1 3 28 [-2.19+0.08 (3.66+0.13-102 1.11+0.04
D 1.1 3.4 47.7 3 42 -3.310.2 | 5.5+0.3-102 | 1.1640.07
E 12 36 244 3 20 -1.5£0.25 | 2.5+0.4-102 | 1.02+0.17
F 12 35 352 3 30 |-2.52+0.09 |4.21+0.15-102| 1.19£0.04
G [12 36 31.1 3 26 [ -1.88+0.06 [3.13+0.10-102 1.0140.03
1.17+0.07 k,.q averaged
H |21 6.4 29.9 3 14 | -2.06+0.06 |3.44+0.10-102| 1.15+0.03 | Varying [FeCN]
I 1.7 51 26.5 3 16 | -1.75£0.09 |2.914£0.15-102| 1.10+0.06 i
J 14 43 37.1 3 26 -3.0¢0.4 | 5.0+¢0.7-102 | 1.3440.19
K 12 70 38.1 6 33 -3.120.14 | 5.24+0.2-102 | 1.36+0.06 Varying acid
L 1.1 1041 20.9 9 19 | -1.54£0.07 |2.574£0.12-102| 1.23+0.06 i
M 11 133 258 12 23 -1.84¢0.10 | 3.0£0.2-102 | 1.16+0.07
N 11 135 209 12 19 | -1.6440.07 [2.734+0.11-102| 1.31+0.05
oDb)| 12 35 33.1 3 28 |[-1.72+0.06 (2.86+0.09-102 0.86+0.03 | Deuterated acid
PD)[12 35 33.1 3 28 [-1.66+0.04 [2.76+0.06-102 0.83+0.02 [ Deuterated acid
K, @veraged,
0.85:0.02 deuterated
KIE 1.37+0.06
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Figure B.31. Plots of log(abs) vs. t (1* order) and 1/Abs vs. t (2" order) of [FeCN] decay
after the addition of reductant. Straight-line is only observed for 1* order plot, suggesting
a reaction first order in [FeCN]. This was confirmed (Figure 3.8D, runs H-J), where no
difference was found in the k2n¢ when varying [FeCN].

B.4.2 First-order plots for individual runs
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Figure B.32. Trace of Absgos vs. t (left) and log(Abs895) vs. t plot (right) for run A.
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Figure B.33. Trace of Absgos vs. t (left) and log(Abs895) vs. t plot (right) for run B.
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Figure B.34. Trace of Absgos vs. t (left) and log(Abs895) vs. t plot (right) for run C.
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Figure B.35. Trace of Abssgos vs. t (left) and log(Abs895) vs. t plot (right) for run D.
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Figure B.36. Trace of Abssgos vs. t (left) and log(Abs895) vs. t plot (right) for run E.
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Figure B.37. Trace of Absgos vs. t (left) and log(Abs895) vs. t plot (right) for run F.
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Figure B.38. Trace of Abssgos vs. t (left) and log(Abs895) vs. t plot (right) for run G.
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Figure B.39. Trace of Absgos vs. t (left) and log(Abs895) vs. t plot (right) for run H.
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Figure B.40. Trace of Absgos vs. t (left) and log(Abs895) vs. t plot (right) for run L.
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Figure B.41. Trace of Abssgos vs. t (left) and log(Abs895) vs. t plot (right) for run J.
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Figure B.42. Trace of Absgos vs. t (left) and log(Abs895) vs. t plot (right) for run K.
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Figure B.43. Trace of Absgos vs. t (left) and log(Abs895) vs. t plot (right) for run L.
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Figure B.44. Trace of Abssgos vs. t (left) and log(Abs895) vs. t plot (right) for run M.
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Figure B.45. Trace of Absgos vs. t (left) and log(Abs895) vs. t plot (right) for run N.
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Figure B.46. Trace of Abssgos vs. t (left) and log(Abs895) vs. t plot (right) for run O.
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Figure B.47. Trace of Abssgos vs. t (left) and log(Abs895) vs. t plot (right) for run P.

B.5 ¥"Fe Mossbauer spectroscopy
B.5.1 Note on the fitting of Mossbauer spectra

Data analysis was performed using version 4 of the program WMOSS
(www.wmoss.org) and quadrupole doublets were fit to Lorentzian lineshapes. Simulations
were constructed from the minimum number of quadrupole doublets required to attain a
quality fit to the data (convergence of yr?). Quadrupole doublets were constrained to be
symmetric. Using the non-linear error analysis algorithm provided by WMOSS, the errors in
the computed parameters are estimated to be 0.02 mm s! for § and 2% for AEq,.
B.5.2 Freeze-Quenched Mossbauer spectroscopy of reduction reactions

General Procedure for Freeze-Quench Mdssbauer Spectroscopy of reactions. All

solvents are stirred with Na/K for > 2 hours and filtered prior to use. In a nitrogen filled
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glovebox, the desired >’Fe species (0.0023 mmol) is dissolved in 0.3 mL Et,O and cooled to
-78 °C in a stirring vial in the glovebox cold well. Acid was added in 0.1 mL Et,O. Reductant
was added in 0.3 mL to the chilled vial. The reaction was allowed to stir for 5 minutes before
it was rapidly transferred to a pre-chilled Mossbauer cup. The cold well was then changed
from -78°C (195 K) to 77 K and the solution froze within 5 minutes. The Mdssbauer cup was
kept at 77 K for minimum 20 minutes before being rapidly taken out of the glovebox and

submerged in liquid N> before being mounted on the Mdssbauer spectrometer.
B.5.3 Freeze-Quenched ’Fe Mossbauer spectra of individual reactions

F
H,NPh | BAr 4

H
N 2.5 equiv :
|c|:| [PhNH]BAI, m

-
| Et,0,-80°C |
Fe
Fe
§= 6.436 ._\.E'Q =206

RN A AL AN o . s farfadnsetn
& WM\ i FEEE Ay

% PN ¥

i

-4 -3 -2 -1 0 1 2 3 4

5/mms’’

Figure B.48. Freeze-quenched Mdssbauer of reaction of [FeCN] with [PhNH3]BAr"4.
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Figure B.49. Freeze-quenched Mdssbauer of reaction of [FeCN] with [PhNH;3]BAr"s and
Cp*:Cr.
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Figure B.50. Freeze-quenched Mdssbauer of reaction of [FeCN] with [LutH]BAr4 and
Cp*:Cr.
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Figure B.51. Freeze-quenched Mdssbauer of reaction of [FeCN] with [PhNH2]BAr"4 and
Cp*:Cr.
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Figure B.52. Freeze-quenched Mdssbauer of reaction of [FeCN] with [ColH]BAr"4 and
Cp*:Cr.
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Figure B.53. Freeze-quenched Mdssbauer of reaction of [FeCN] with [pyrrH]|BArf4 and

Me4Cp2Co.
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Figure B.54. Freeze-quenched Méssbauer of reaction of [FeCN] with [PhoNH2]BAr"4 and
Cp2Co.
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57Fe spectra A
d(mms™) AEq (mms™) r (mms) Rel. area
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57Fe spectra B
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Figure B.55. Mdssbauer spectrum of reaction of P35'FeCN with sequentially KCs (excess),
spectra A and 2 equiv [H(OEt2)2]BArF4.
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Figure B.56. Freeze-quenched Mdssbauer of reaction of

[H(OEt2),]BAr*s.
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Figure B.57. Freeze-quenched Mossbauer of reaction of [FeCNH]BAr"s with Cp*>Cr.

B.6 IR spectroscopy
B.6.1 Solution state IR measurement of [FeCN--HNH2Ph]|BAr¥4

B.6.1.1 General procedure
Inside the dry box a 5 mM solution of [FeCN] in 2-MeTHF 1 mL, was loaded into

an IR-cell with KBr-windows and cooled to —=78°C in the cold-well. After equilibration (15
minutes), the cell was rapidly removed from the cold-well and placed in an IR holder,

allowing the beam to transport to the cell. After collection, the same procedure was followed,

but 2.5 equiv [PhNH;3]BArfs (12.5 mM) was added.
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Figure B.58. IR comparison of [FeCN] with and without 2.5 equiv [PhNH]OTf added.
The weak shift of ven suggests weak activation of [FeCN] consistent with an H-bond.

B.6.2 Solid state IR measurement of [FeCN--HTBD]
B.6.2.1 General procedure

Inside the dry box a, 10 mM solution of [FeCN][Na(12-c-4)] (5 mg, 4.7 umol) in
0.5 mL Et,O was cooled to —78°C. [TBDH]BAr's (4.7 mg, 1 equiv) was added, and the
reaction was allowed to stir for 5 minutes. 10 mL benzene was added slowly, such that it
froze rapidly, upon addition. Subsequently, the solvent was removed in vacuo with care taken
such that the benzene remained frozen, forming a lyophilized powder. This solid was then
analyzed by IR, showing a slightly activated vcn = 1978 cm™ compared to 2014 cm™! in the
[FeCN][Na(12-c-4)] starting material. This stretch was confirmed to be from CN™ ligand by
using the [FeC'>N][Na(12-c-4),]; the resulting vcisy = 1944 cm™! is consistent with isotopic

labeling (1947 cm™ assuming harmonic oscillator model).
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Figure B.59. Solid state IR of [FeCN-“HTBD] and [FeC'°>N-~-HTBD].

B.7 EPR spectroscopy
B.7.1 Generation of cw-EPR samples

The reaction of [FeCN] with weak acid ((TMGH]BAr's or [TBDH]BAr"4) and
Cp*2Co was monitored by cw-EPR. A 0.5 mL solution of [FeCN] (4 mM) in 2-MeTHF was
cooled to —78°C, and acid (5 equiv) and reductant (5 equiv) were added as solids. The
solution was allowed to stir for 5 minutes, then rapidly transferred to a X-band EPR tube,
frozen at 77 K, and then analyzed.

Samples of [FeCN][Na(12-c-4);] + [TBD]OTf and [FeCN] with Cp*,Co were

prepared analogously, but only acid or reductant was added.
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260 280 300 320 340 360
B/mT
EPR spectra of [FeCN--HTBD]° at 77 K in 2-MeTHF
Fit parameters: g =[2.225, 2.069, 2.013]
P; =0, 48, 84] P,= [0, 60, 72]; P53 =[O0, 65, 47]
Linewidth= 0.5
Hstrain = [240, 110, 43];
MW frequency = 9.37 GHz

Figure B.60. X-band EPR spectra of independently synthesized [Fe!CN-“HTBD]° (blue
trace), collected at 2 mM concentration in 2-MeTHF at 77 K with fit (orange trace).

g value
25 24 23 22 21 20 1.9

' ' '9=2.208

g=2.231

L/

[FeCN][Na(12-c-4)]

R

[FeCN]
+ 5 equiv Cp*,Co
)
[FeCN]

+ 5 equiv Cp*,Co
+ 5 equiv [TBDH]BAr",

[FeCNJ[Na(12-c-4)]
+ 2 equiv [TBDH]BArf,

260 280 300 320 340 360
B/mT

Figure B.61. X-band EPR spectra of compounds and reactions listed, collected at 2 mM
concentration in 2-MeTHF at 77 K. Lines at g = 2.31 and 2.208 used to highlight shift in
g between H-bonded and non H-bonded [Fe'CN]™ species.
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60

[FeCN]
40 F + 5 equiv Cp*,Co
+ 5 equiv [TBDH]BAr",

[FeCN]
20 45 equiv Cp*,Co
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1500

[FeCN]
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1000} ;5 equiv [TBDH]BAr
[FeCN] SEr—
500 +5equivCp*,Co / 4
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Figure B.62. Integral (top) and double integral (bottom) of X-band EPR spectra of
compounds and reactions listed, collected at 2 mM concentration in 2-MeTHF at 77 K.
Double integral shows that reaction with [TBDH]BAr*4 accounts for ~ double the intensity
of the reaction without acid.
B.8 Electrochemical methods
B.8.1 General procedure

Electrochemical measurements were conducted with a glassy carbon working
electrode, a platinum wire counter electrode, and an Ag/AgOTfT reference electrode isolated

0 Unless

by a CoralPor™ frit (obtained from BASi) and referenced externally to Fc
specified, NaK-dried THF was used as a solvent, with 0.2 M [TBA][PFs] electrolyte.

Measurements conducted with a CH Instruments 600B electrochemical analyzer.
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+ 20 equiv [AH]OTf

0.2 M TBAPFg THF
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No acid

DBUH* 20.0
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Figure B.63. Cyclic voltammetry of [FeCN] (1 mM, dashed lines) in 0.2 M [TBA]PFs, in
THF with added acid (20 mM [acid]OTf) at 100 mV s™! scan rate. 2pK, from ref '°; °pK,

measured in section B.9.
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Figure B.64. Cyclic voltammetry of [FeCN] (1 mM, dashed lines) in 0.2 M [TBA]PFs, in
THF with added [PhNH3]OTf (2 to 20 mM [acid]OTY).
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Figure B.65. Cyclic voltammetry of [FeCN] (1 mM, dashed lines) in 0.2 M [TBA]PFs, in
THF with added 20 mM [PhNH;]OT{. Scan rate is varied from 25 mV s to 800 mV s™'.

<— Increasing base

-1.75 -15 -1.25 -1
V vs. Fc*0

Figure B.66. Cyclic voltammetry of [FeCN] (1 mM, dashed lines) in 0.2 M [TBA]PFs, in
THF with added 20 mM [PhNH3]OTf and varying amounts of [PhNH>] (8 mM to 50 mM).
Scan rate is 100 mV s\,
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47 48 45 a4 48 42 E
Vvs. Fc*0
Figure B.67. Cyclic voltammetry of [FeCN] (1 mM, dashed lines) in 0.2 M [TBA]PFs, in
THF with added [+“">*MepyrH]OTS (10 to 60 mM; red to blue). Scan rate is 100 mV s™.

B.8.2 Additional comment on cyclic voltammograms of [FeCN] with acids

The differences observed between chemical (Figure 3.5) and electrochemical
reductions (Figure B.63) are worth commenting on beyond the limited discussion in the main
text. Monitoring chemical reduction of [FeCN] for a wide range of pKa (7.0-15), the
formation of the thermodynamically favored products is observed to occur rapidly, and in
the case of Lut, equilibration is demonstrated. Monitoring the electrochemical reduction of
[FeCN], we observe only strong acids (pKa ~8) display reversible behavior. We attribute this
to the weaker H-bonds formed under electrochemical conditions and a faster timescale of
measurement that might disfavor sluggish reactions. In addition, for the oxidative half-wave,
there is no shift of redox peaks with acid pKa, suggesting that the oxidation of [FeCNH2>] is
no longer redox-coupled, so only acids that for reduction of [FeCN] to [FeCNH:] close to
E([FeCNH]"°) might display a reversible 2H"/2e” wave.
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Figure B.68. Cyclic voltammetry of starting M**Cp.Co (1 mM, dashed lines) in 0.2 M
[TBA]PF, in THF with varying scan rate from 25 (red trace) to 1000 mv s (blue trace).

Measured reduction potential measured as E°=—1.76 V vs Fc™°.
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Figure B.69. Cyclic voltammetry of starting *Cp,Co (I mM, dashed lines) in 0.2 M

[TBA]PFs, in THF with varying scan rate from 25 (red trace) to 1000 mv s™! (blue trace).

Measured reduction potential measured as £°=—1.45 V vs Fc™°,
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B.9 Measurement of pKa by NMR
B.9.1 General procedure

The acidity of +-C26-Me

pyr had not been measured in THF. Given its central use in
our discussion of the electrochemical reduction of [FeCN], we wanted to measure the acidity
in THF against PhNH> to provide a tight and internally consistent comparison.

Using a method similar to what our group has previously used,'! we started with an
NMR tube with a known concentration of [*+“2¢MepyrH]OTf. Varying amounts of a PhNH»
stock solution were added, and the shifts of 'H NMR peaks were recorded. By comparing
the position (as indicated in Figure B.70) to the acid (BH") and base (B) of the two

components, we estimated the relative ratio of [acid]/[base] for both species.

(5obs - 6B)
[BH*] = ————= % [B] (eqn B.10)
(Ogu+ — 0p) ot
[B] = [Blto: — [BH] (eqnB.11)
These values were used to estimate Keq, exp the equilibrium constant for each spectrum.
“l [PhNH,][*¢~ ©~MepyrH+]
The average of these values was used to determine Keq = 0.90£0.03 M™!, which via the pK,

of PhANH: (pKa 8.0),'” allows us to determine the pK, of +26-Mepyr.

eqn (B.12)

pK, (¥ #™MepyrH*) = pK,(PhNH; ") — logyo(Key) eqn(B.13)
= 8.0 — 10g,,(0.9) = 8.0
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Figure B.70. Titration of [PhANH.] in [*C26MepyrH]OTf in THF as monitored by 'H NMR.
Peaks used to calculate acid/base ratio and positions of peaks in authentic acids and base
are indicated as shown. Amount of [PhNH>] added increases from A to F.

Note: All spectra were measured in hg-THF with solvent suppression applied and with
spectra shimmed on the 'H peaks through the lock-channel.

Table B.4. Table with peak positions recorded based on Figure B.71 with subsequent
amounts of titration components calculated along with Keqexp and Keq with associated error
bars.

PhNH, Vol 1Hp§;le Conc. Conc. 1Hp§;v]R Conc. Conc. K
Entry |added N PP [¢-C-28-Me-pyrH]* [4-C-26-Me-pyr] ', [PhNH,]* [PhNH,]| sS4 &
equiv) (ME) [FC28¥epyr & My ) | PONF Ty gy | M)
(ppm) (ppm)
Acid 0.6 7.82 7.50
Base 7.05 6.98
A 0.9 0.61 7.46 5.2 46 7.25 48 44 | 0.94
B 1.8 062 7.35 3.8 5.9 7.17 6.3 11.1 | 0.90
C 27 063 7.27 2.7 6.8 7.12 6.9 19.0 | 0.91
D 36 064 7.23 2.2 7.2 7.09 7.1 266 | 0.87
E 55 0.66 7.18 1.5 7.6 7.06 7.6 42.3 | 0.88
F 76 068 7.15 1.1 7.7 7.04 7.6 59.1 | 0.86
Keq, exp
(M-1) 0.90
Error
(M-1) 0.03
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B.10 Computational studies and implementation of ECW model
B.10.1 General overview of computational details

For our computational studies we employed the TPSS functional'? and a def2-TZVP
basis set on transition metals and a def2-SVP basis set on all other atoms,'* which we have
previously demonstrated accurately replicate BDFEs on similar platforms.'* The ORCA
open source software package was used.!> The numerical frequencies of the minimized
structures were calculated to ensure that these structures represented local minima and not
saddle points. The energies of relevant structures are displayed in Table B.6.
B.10.2 ECW model

The ECW model was used to classify the strength and type of Lewis basicity
displayed by P3;®FeNN, P;PFeNNH and P;PFeNNH,. Using the calculated gas phase
enthalpies of the PsBFeNN(H)x LA (x = 0,1 or 2) adducts and the known C4 and Ea
parameters of five Lewis acids (HNCS, PhOH, PhSH, BF; and BMe;s, see table B.6). A
minimal solution was then found to these five simultaneous equations. An additional binding
energy (AHgisp) of ~8 kcal mol™!, a weak dispersive interaction, was also found as the Lewis
acidity trended towards 0, this was accounted for as an additional parameter in the five

simultaneously solved equations.

_AH = CACB + EAEB - AHdiSp eqn(B. 14‘)

The Cg and Eg parameters also allow us to compare P3PFeNN(H)x to other known
Lewis bases, this is shown in Figure B.71.
With these determined values the Lewis adduct strength, we can also predict the

BDFEn.n of stabilized diazenido and hydrazido complexes using eqn B.15

BDFEX—H...LA = BDFEx_H + (AHX—H - AHx) eqn(B. 15)



238

Table B.6. Ea and Ca parameters of Lewis acids used to determine Eg, Cs and AHuisp for
P3BFeNN, P3;FeNNH and P3PFeNNH,.

Lewis Ea Co W
acid (kcal mol™)"?(kcal mol™)"? (kcal mol™)
BFs 6.1 2.87 0

BMes 2.9 3.6 0

PhOH 2.27 1.07 0

PhSH 0.58 0.37 0

HNCS 2.85 0.7 0

Table B.7. Computed Ep, Cp and AHais, parameters for P3;PFeNN, P3;FeNNH and
P;BFeNNH,.

Lewis base A Co AHisp
(kcal mol™)"?(kcal mol™)"? (kcal mol™)
PsBFeNN 0.9+0.3 0.0+£0.35 9.8
PsPFeNNH 2.8104 0.4+0.7 8.7
P:®FeNNH2  2.1+0.5 0.0+£0.8 76
3
X
25 S ® Amine
..
e '. ® N-heterocycle
S 2 Carbonyl/Nitrile
o *® o
© @ Ether
£ 3-5
© PY ® S/Se donors
2 s ©
- eL-0
® @ Phosphines
0.5 FeNN
»
e  ® % FeNNH
0 L]
1 1 3 5 7 FeNNH2

Cg (kcal mol1)1/2

Figure B.71. Comparison of Eg and Cp parameters for P3®FeNN, P3;FeNNH and
P3BFeNNH, with other Lewis bases.



Table B.8. Estimated BDFENx-u for Lewis acid stabilized adduct of P;BFeNN, P;FeNNH

and P;PFeNNH,.
Lewis acid BDFE(Fel:lNH) BDFE(FeI}INHz)
(kcal mol ™) (kcal mol ™)
None 26.9 38.2
CH2Cl2 26.3 36.7
HCCIl3 27.2 36.2
'BuOH 27.5 36.3
CsHsNH 276 36.1
CsH170OH 27.7 36.2
HNCO 27.7 36.0
HNCS 28.2 35.5
(CH3)3SnCl 28.2 39:5
CF3CH20H 28.5 356
SO2 28.8 36.0
“MephoH 28.5 35.6
PhOH 28.6 35.6
+CPppoH 29.0 35.4
cobalt(ll) protoporhyrin
IX dimethyl ester IX e 9945
2 296 35.7
(CF3)2CHOH 294 35.1
ZnTPP 295 35.1
ICI 30.0 349
Cd[N(Si(CH3)2]2 30.1 35.0
1/2[Pd(1r-ally)Cl]2 30.3 35.1
(CF3)3COH 304 34.8
Zn[N(Si(CHs3)3)2 31.1 346
1/2[Rh(COD)2Cl]2 314 346
Cu(HFacac)2 31.7 34.7
IBr 32.2 346
Ga(C2Hs)3 31.2 334
InMe3 323 33.2
BMes 93.5 33.8
1/2[MeCo(Hdmg)2]2 34.0 33
BF3 334 329
1/2[Rh(COD)2Cl]2 35.0 329
AlMes 35.9 314
SbCls 46.1 294
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B.11 X-ray crystallographic data

Figure B.72. ORTEP plot of [FeCN][HTBD] with H-atoms and disorder (in TBDH")
shown.
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Table B.9. Comparison of XRD parameters for [FeCN][HTBD] to [FeCN] species'-? and
[TBDH]BPh4.'¢

[FeCN]J[HTBD] [FeCN][Na(12-c-4),] [FeCNMe] | [TBDH]BPh,

C-N (A) 1172(3) 1170(2) 1.186(2) -
Fe-C (A) 1.914(2) 1.949(2) 1821(2) -
Fe-P (A) 2.2670(7) 2.252(1) 2.287(1) ;
Fe-P (A) 2.2378(7) 2.231(1) 2.2729(8) ;
Fe-P (A) 2.2353(6) 2.2242(4) 2.2560(7) -
Mea’z A(\'):e'P) 22467 2262067 2271967 -
Fe-Si (A) 2.2209(7) 2.242(1) 2.2732(8) ]
N.-C (A) 1341(3) ; ; 1328
N.-C, (A) 1.328(3) ] ; 133
N,-C, (A) 1327(3) ; ; 133

N, rao-New (A) 2.943(3) - B} )
Ny rao-New (A) 2.864(3) = B} )

<P-Fe-P° 131.04(2) 128.08(3) 122.87(2) -
<P-Fe-P° 114.92(3) 114.11(3) 117.82(2) -
<P-Fe-P° 108.58(2) 111.70(3) 112.49(2) =
S<P-Fe-P 354.54 353.89 353.18 -

<Fe-C-N° 177.8(2) 177.4(2) 177.6(1) -




Table B.10. Data relevant to crystal structure of [P35 FeCN][HTBD].

I Table 1 Crystal data and structure refinement for P;5FeCN[HTBD] I

Identification code

Empirical formula

Cy;HgsN,SiPsFe

Formulaweight 805.85
Temperature/K 100.0
Crystal system monoclinic
Space group P2,/c

a/A 11.5710(4)
b/A 18.3047(6)
c/A 21.3059(7)
a/® 90

B/° 103.861(2)
v/° 90
Volume/A® 4381.3(3)
z 4
Peacg/cm? 1.222
w/mm- 4.302
F(000) 1732.0
Crystal size/mm? ?x?x?

Radiation

20 range for data collection/®

CuKa (A= 1.54178)
6.448 to 158.584

Indexranges -14<h<14,-22<k<20,-26<1<26
Reflections collected 108896

Independent reflections 9339 [Ryy; = 0.0640, Ry, =0.0268]
Data/restraints/parameters 9339/0/501

Goodness-of-fit on F2 1134

Final R indexes [I>=20(1)]
Final R indexes [all data]
Largest diff. peak/hole / e A2

R, = 0.0418, WR, =0.1316
R, = 0.0493, WR, =0.1402
0.46/-0.58
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C.1 Materials and Methods
C.1.1 General Considerations

All manipulations were carried out using standard Schlenk or glovebox techniques
under an N> atmosphere. Solvents were deoxygenated and dried by thoroughly sparging with
N, followed by passage through an activated alumina column in a solvent purification
system by SG Water, USA LLC. Nonhalogenated solvents were tested with sodium
benzophenone ketyl in tetrahydrofuran (THF) to confirm the absence of oxygen and water.
Deuterated solvents were purchased from Cambridge Isotope Laboratories, Inc., degassed,
and dried over activated 3-A molecular sieves prior to use.
C.1.2 Reagents

HEH,,! PNPMoBr;,>2  [ColH]OTf?  [P:BFe]BArfs  (P® = tris[2-
(diisopropylphosphino)phenyl]borane),® BTH»,* NaBA1s,> "'N-Col,® phenH>,” phenazH>,?
[TBA]['*NOs]° were prepared according to literature procedures. Triflic acid, ethyl
acetoacetate, and 37% aqueous formaldehyde were purchased from Sigma Aldrich and used
without further purification. Ir(ppy)s, Ir(ppy)2(dtbbpy)[PF¢], [Ir(dF(CF3)ppy)2(dtbbpy)]PFs,
[Ir(p-F(Me)ppy)2(dtbbpy)|PFs were purchased from Strem and used without further
purification. [TBA]NO;3; was purchased from Alfa Aesar, and was dissolved in THF, filtered
over activated alumina to dry to purify prior to use. N, was obtained from Cambridge
Isotope Laboratories, Inc. (Lot number: 1-25854/XZ732957). SNH4Cl (99% >N, 98%
purity) and Na>NO; (98% '°N, 98% purity) were purchased from Cambridge Isotope
Laboratories, Inc. and used without further purification. Collidine was purchased from Sigma
Aldrich and was distilled prior to use. 9,10-dihydroacridine (98%) was purchased from
Combi Blocks and used without further purification. 1-benzyl-1,4-dihydronicotinamide was
purchased from TCI and used without further purification. Acetylene (99.6% purity) was
purchased from Matheson Gas. Tetrahydrofuran (THF) used in the experiments herein was
stirred over Na/K (> 12 hours) and filtered over activated alumina or vacuum-transferred
before use unless otherwise stated.

Photoinduced reactions were performed using Kessil® 34 W 150 Blue lamps.
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C.1.3 Physical Methods

NMR: Nuclear Magnetic Resonance (NMR) measurements were recorded with a
Varian 400 MHz spectrometer. '"H NMR chemical shifts are reported in ppm relative to
tetramethylsilane, using 'H resonances from residual solvent as internal standards. '

UV-Vis: Ultraviolet-visible (UV-vis) absorption spectroscopy measurements were
collected with a Cary 50 UV-vis spectrophotometer using a 1 cm path length quartz cuvette.
All samples had a blank sample background subtraction applied.

EPR Spectroscopy: All X-band continuous-wave electron paramagnetic
resonance (CW-EPR) spectra were obtained on a Bruker EMX spectrometer using a quartz
liquid nitrogen immersion dewar on solutions prepared as frozen glasses in 2-MeTHF.

Steady-state fluorimetry: Steady-state fluorimetry was performed in the Beckman
Institute Laser Resource Center (BILRC; California Institute of Technology). Samples for
luminescence measurements were prepared in dry THF and transferred to a 1-cm
pathlength fused quartz cuvette sealed with a high-vacuum Teflon valve (Kontes). Steady-
state emission spectra were collected on a Jobin S4 Yvon Spec Fluorolog-3-11 with a

Hamamatsu R928P photomultiplier tube detector with photon counting.

C.1.4. Synthetic details
I5N-labelled 2,6-Dimethyl-3,5-dicarboethoxy-1,4-dihydropyridine ('>N-HEH>).
Adapted from ref 1. Aqueous formaldehyde (37%, 78 pL) and ethyl acetoacetate
(280 pL, 2.19 mmol) were placed in a 10 mL round-bottom flask equipped with a stir bar
and fitted with a reflux condenser. '’NH4Cl (305 mg, 5.7 mmol) in 1 mL H,O was added
to a 1 mL aqueous solution of NaOH (228.3 mg, 5.7 mmol). The resulting solution of
SNH4OH was added to the flask through the neck of the condenser. The condenser neck
was rinsed into the flask with 0.5 mL ethanol. The reaction mixture was heated at reflux
for 1.5 hrs and then chilled in an ice bath. The resulting precipitate was collected by
filtration and washed with cold ethanol (~3 mL) and Et>O to yield the title compound as a
pale yellow powder (60 mg, 22% yield). 'H NMR (400 MHz, DMSO-dc) 6 8.28 (d, 'Jun=
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94.6 Hz, 1H), 4.05 (q, J= 7.1 Hz, 4H), 3.11 (s, 2H), 2.11 (d, /= 2.9 Hz, 6H), 1.19 (t, J=
7.1 Hz, 6H) ppm.
I5N-labelled 2,4,6-Dimethylpyridinium ('*N-[ColH]OTf).

An identical procedure to what has previously been reported with unlabeled Col was
employed.” '"H NMR (400 MHz, DMSO-ds) 6 14.87 (broad s, 1H), 7.57 (d, *Jun = 2.8 Hz,
2H), 2.62 (d, *Jun = 2.9 Hz, 6H), 2.49 (s, 3H) ppm.
[4,4'-Bis(1,1-dimethylethyl)-2,2’-bipyridine-N1,N1']bis[2-(2-pyridinyl-N)phenyl-
Cliridium(III) Tetrakis(3,5-bis(trifluoromethyl)phenyl)borate ([Ir]BArFs).

Ir(ppy)2(dtbbpy)[PFs] (100 mg, 0.11 mmol) and Na[BAr"4] (92.2 mg, 0.10 mmol,
0.95 eq) were stirred in 5 mL Et20 at room temperature for 1 hour. The solution was filtered
through celite, layered with pentane, and stored at -40°C overnight to yield the title
compound as yellow crystals (161 mg, 90% yield). '"H NMR (400 MHz, MeCN-d5) & 8.48
(s, 2H), 8.06 (d, 2H, J= 8.2 Hz), 7.93-7.76 (m, 6H), 7.74-7.64 (m, 10H), 7.58 (d, /J=5.8 Hz,
2H), 7.50 (dd, J = 5.9, 1.9 Hz, 2H), 7.03 (t, J = 6.8 Hz, 2H), 6.91 (t, /= 6.8 Hz, 2H), 6.28
(d, J =6.3 Hz, 2H), 1.40 (s, 18H) ppm.

C.2 NH3 generation experiments
C.2.1 Standard NH3 Generation Reaction Procedure

All solvents are stirred with Na/K for >2 hours and filtered prior to use. In a nitrogen-
filled glovebox, the precatalysts ([MoBr3;] and/or [Ir]BArf4) (2.3 pmol) are weighed in
individual vials.* The precatalysts are then transferred quantitatively into a Schlenk tube
using THF. The THF is then evaporated to provide a thin film of precatalyst at the bottom of
the Schlenk tube. The tube is then charged with a stir bar and the acid and Hantzsch ester
(HEH>») are added as solids. The tube is cooled to 77 K in a cold well. The base ([Col]) is
dissolved in 1 mL solvent. To the cold tube is added the 1 mL solution of base and solvent
to produce a concentration of precatalyst of 2.3 mM. The temperature of the system is
allowed to equilibrate for 5 minutes, and then the tube is sealed with a Teflon screw-valve.
This tube is passed out of the box into a liquid N> bath and transported to a fume hood. For

experiments run at -78 °C, the tube is then transferred to a dry ice/isopropanol bath, where it
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thaws and is allowed to stir under blue LED irradiation at -78 °C for a minimum of three
hours before warming. For experiments run at 23 °C, the tube is instead transferred to a water
bath where it thaws and is allowed to stir for 12 hours. To ensure reproducibility, all
experiments were conducted in 200 mL Schlenk tubes (50 mm OD) using 10 mm egg-shaped
stir bars, and stirring was conducted at ~600 rpm. Both the water bath and the dry
ice/isopropanol bath were contained in highly reflective dewars. The Blue LED was placed
above the bath as close to the stirring reaction.

* In cases where less than 2.3 umol of precatalyst were used, stock solutions were used to
avoid having to weigh very small amounts.
C.2.2 NHs Generation Reaction Procedure under Partial H2 Atmosphere

Catalytic runs done under a mixture of Hz and N> were conducted similarly to those
under N> atmosphere, with a few differences described below. The loadings were the same
as in Table 4.1, Entry 10.

Catalysis is performed in the same Schlenk tubes as under N2, which are charged
with precatalyst, HEH,, [ColH]OTT, and a stir bar in a nitrogen-filled glovebox as described
above. After addition of the solids, the tube is wrapped in aluminum foil and the base (Col)
is added in 1 mL of Na/K dried THF at room temperature. Half of the headspace volume is
then removed using a calibrated bulb and then backfilled with H> which has been passed
through a liquid nitrogen trap. The aluminum foil is removed, and the reaction is allowed to
stir under Blue LED irradiation for 12 hours. Variation from the standard procedure (addition
of THF/Col at room temperature and allowing to stir without irradiation for 30 min before

exposing to blue LED) were found to not perturb the yield of NH3.

C.2.3 NH3 detection by optical methods

Reaction mixtures are cooled to 77 K and allowed to freeze. The reaction vessel is
then opened to atmosphere and to the frozen solution an excess of a solution of HCI (3 mL
of'a 2.0 M solution in Et2O, 6 mmol) is added over 1-2 minutes. This solution is allowed to
freeze, then the headspace of the tube is evacuated, and the tube is sealed. The tube is then

allowed to warm to RT and stirred at RT for at least 10 minutes. Solvent is removed in vacuo,
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and the solids are extracted with 1 M HCl(aq) and filtered to give a total solution volume of
10 mL. A 5 mL aliquot is taken and washed repeatedly with n-butanol to remove Hantzsch
pyridine (HE) and collidinium. After n-butanol washing additional 1 M HCl(aq) is added to
give a final total volume of 5 mL. From these 5 mL solutions, a 100 uL aliquot is analyzed
for the presence of NH3 (present as [NH4][Cl]) by the indophenol method. Quantification
was performed with UV-vis spectroscopy by analyzing the absorbance at 635 nm.!! When
specified, a further aliquot of this solution was analyzed for the presence of NoHg (present as
[N2H5][C1]) by a standard colorimetric method.!? Quantification was performed with UV-vis
spectroscopy by analyzing the absorbance at 458 nm.

C.2.4 NH; detection by "TH NMR

Reaction mixtures are cooled to 77 K and allowed to freeze. The reaction vessel is
then opened to atmosphere and to the frozen solution an excess (with respect to acid) NaO'Bu
solution in MeOH (0.25 mM) is added over 1-2 minutes. This solution is allowed to freeze,
then the headspace of the tube is evacuated, and the tube is sealed. The tube is then allowed
to warm to RT and stirred at RT for at least 10 minutes. An additional Schlenk tube is charged
with HCI (3 mL of a 2.0 M solution in Et0, 6 mmol) to serve as a collection flask. The
volatiles of the reaction mixture are vacuum transferred at RT into this collection flask. After
completion of the vacuum transfer, the collection flask is sealed and warmed to RT. Solvent
is removed in vacuo, and the remaining residue is dissolved in 0.7 mL of DMSO-ds
containing 20 mM 1,3,5-trimethoxybenzene as an internal standard. Integration of the 'H
NMR peak observed for NH4" is then integrated against the two peaks of trimethoxybenzene
to quantify the ammonium present. This '"H NMR detection method was also used to
differentiate ['“NH4][Cl] and ['*NH4][CI] produced in the control reactions conducted with
5N, I’N-Col/[ColH]OTf, or '’'N-HEH..



C.2.5 NH3; detection results

C.2.5.1 Catalytic results in main text (Table 4.1)
Table C.1: Catalytic yields for photodriven transfer hydrogenation of N2 to NHs.
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PNPMoBr3
Col/[ColH]OTf
N, + 3 HEH, 2NH; + 3HE
THF, 23 °C
12 hrs
Blue LED
[Mo]
load HEH: NH: N:H4
(umol acid base Ir equiv equiv equiv/ | NH;3 yield/
Run | Conditions ) (umol) (umol) (pmol) /Mo /Mo Mo HEH: (%)
Table 4.1, entry 1: Standard conditions
Al THF, 23 °C 2.3 124.2 124.2 0 54 9.5 -
B1 THF, 23 °C 2.3 124.2 124.2 0 54 83 -
C1 THF, 23 °C 2.3 124.2 124.2 0 54 10.8 -
THF, 23 °C 2.3 124.2 124.2 0 54| 9.5+1 26.5£3
Table 4.1, entry 2: 0.575 mM [MoBr;]
D1 THF, 23 °C 0.575 124.2 124.2 0 216 22.6 -
El THF, 23 °C 0.575 124.2 124.2 0 216 20.9 -
THF, 23 °C 0.575 124.2 124.2 0 216 | 21.8+0.8 15.1+06
Table 4.1, entry 3: No Mo
F1 THF, 23 °C 0 124.2 124.2 0 54 <0.1 <0.1
Gl THF, 23 °C 0 124.2 124.2 0 54 <0.1 <0.1
THF, 23 °C 2.3 124.2 124.2 0 54| <01 <0.1 <0.3
Table 4.1, entry 4: No light
THF, 23 °C
H1 no light 23 124.2 124.2 0 54 <0.1 <0.1
THF, 23 °C
11 no light 23 124.2 124.2 0 54 <0.1 <0.1
THF, 23 °C
no light 23 124.2 124.2 0 54 <0.1 <0.1 <0.3
Table 4.1, entry 5: No buffer
J1 THF, 23 °C 23 0 0 0 54 0.74 -
K1 THF, 23 °C 23 0 0 0 54 1.11 -
THF, 23 °C 23 0 0 0 54 | 0.9+0.2 2.6+0.5
Table 4.1, entry 6: 5 equiv Col/[ColH]OTf
L1 THF, 23 °C 23 11.5 11.5 0 54 2.7 <0.1
M1 THF, 23 °C 23 11.5 11.5 0 54 32 <0.1
N1 THF, 23 °C 2.3 11.5 11.5 0 54 2.8 -
THF, 23 °C 2.3 11.5 11.5 0 54 | 2.940.2 <0.1 8.1+0.6
Table 4.1, entry 7: benzene instead of THF
Ce¢He,
01 23 °C 2.3 124.2 124.2 0 54 4.8 -
Ce¢He,
P1 23 °C 2.3 124.2 124.2 0 54 4.6 -
Ce¢He,
23 °C 2.3 124.2 124.2 0 54 | 4.7£0.1 13+0.3
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[Mo] HEH: NH3 N2H4
load acid base Ir equiv | equiv equiv/ | NH;3 yield/
Run Conditions | (umol (umol) (pmol)  (pmol) /Mo /Mo Mo | HEH: (%)
Table 4.1, entry 8: 216 equiv Col/[ColH]OTf
Q1 THF, 23 °C 2.3 496.8 496.8 0 54 19.5 -
R1 THF, 23 °C 2.3 496.8 496.8 0 54 21.1 -
THF, 23 °C 2.3 496.8 496.8 0 54 | 20.3+0.8 5642
Table 4.1, entry 9: with 10 equiv TBABr
S1 THF, 23 °C 2.3 124.2 124.2 0 54 9 -
T1 THF, 23 °C 2.3 124.2 124.2 0 54 8.6 -
THF, 23 °C 2.3 124.2 124.2 0 54| 8.840.3 23.6+0.8
Table 4.1, entry 10: Added [Ir]BArf,
Ul THF, 23 °C 2.3 124.2 124.2 2.3 54 29.8 -
Vi THF, 23 °C 2.3 124.2 124.2 2.3 54 20.6 -
W1 THF, 23 °C 2.3 124.2 124.2 2.3 54 20.5 -
X1 THF, 23 °C 2.3 124.2 124.2 2.3 54 254 -
THF, 23 °C 2.3 124.2 124.2 2.3 54 24+4 67+10
Table 4.1, entry 11: Added [Ir]BArFs, 5 equiv Col/[ColH]OTf
Y1 THF, 23 °C 2.3 11.5 11.5 2.3 54 16.02 <0.1
71 THF, 23 °C 2.3 11.5 11.5 2.3 54 16.6 <0.1
AA1 | THF, 23 °C 2.3 11.5 11.5 2.3 54 14.7
THF, 23 °C 2.3 11.5 11.5 2.3 54 | 15.840.8  <0.1 44+2
Table 4.1, entry 12: Added [Ir]BArfs, t=%h
THF, 23 °C't
AB1 =%h 23 124.2 124.2 2.3 54 19.5 i
THF, 23 °C t
AC1 =%h 2.3 124.2 124.2 2.3 54 17.7 i
THF, 23 °C t
=1/2h 2.3 124.2 124.2 2.3 54 | 18.6+0.9 52+3
~75 % completion compared to entry 10
Table 4.1, entry 13: t=2h
THF, 23 °C
AD1 t=2h 2.3 124.2 124.2 0 54 4.9 -
THF, 23 °C t
AE1 =2h 2.3 124.2 124.2 0 54 7.9 -
THF, 23 °C't
AF1 =2h 2.3 124.2 124.2 0 54 10 -
THF, 23 °C't
=2h 2.3 124.2 124.2 0 54 7.6£2 21+6
~80 % completion compared to entry 1
Table 4.1, entry 14: Added [Ir]BArFs, 5 equiv Col/[ColH]OTH, 0.575 mM [MoBr3;]
AG1 | THF,23°C 0.575 11.5 11.5 2.3 216 26.83 -
AH1 | THF, 23 °C 0.575 11.5 11.5 2.3 216 25.96 -
THF, 23 °C 0.575 11.5 11.5 2.3 216 | 26+0.4 18.4+0.4
Table 4.1, entry 15: Added [Ir]BArFs, 5 equiv Col/[ColH]OTHT, no light
THF, 23 °C
All no light 2.3 11.5 11.5 2.3 54 <0.1 <0.1
THF, 23 °C
AJl no light 2.3 11.5 11.5 2.3 54 <0.1 <0.1
THF, 23 °C
no light 2.3 11.5 11.5 2.3 54 <0.1 <0.1 <0.3
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[Mo] HEH: NH3 N2H4
load acid base Ir equiv equiv equiv | NH;3 yield/
Run Conditions | (umol (umol) (pmol)  (nmol) /Mo /Mo /Mo | HEH: (%)
Table 4.1, entry 16: Added [Ir]BArFs, 5 equiv Col/[ColH]OTf, no [MoBr3;]
AK1 | THF,23°C 0 11.5 11.5 2.3 54 <0.1 <0.1
AL1 | THF,23°C 0 11.5 11.5 2.3 54 <0.1 <0.1
THF, 23 °C 0 11.5 11.5 2.3 54 <0.1 <0.1 <0.3
Table 4.1, entry 17: Added [Ir]BArFy, 5 equiv Col/[ColH]OTf, no HEH:
AM1 | THF, 23 °C 2.3 11.5 11.5 2.3 0 <0.1 <0.1
AN1 | THF,23°C 2.3 11.5 11.5 2.3 0 <0.1 <0.1
THF, 23 °C 2.3 11.5 11.5 2.3 0 <0.1 <0.1 <0.3
Table 4.1, entry 18: Added [Ir]BArfs, subH; = 9,10-dihydroacridine
AO1 | THF,23°C 2.3 124.2 124.2 2.3 542 6.7 -
AP1 THF, 23 °C 2.3 124.2 124.2 2.3 542 6.1 -
THF, 23 °C 2.3 124.2 124.2 2.3 54* | 6.4+0.3 17.7+0.8
29,10-dihydroacridine used instead of HEH,
Table 4.1, entry 19: Added [Ir]BArFs4, subH; = 5,6-dihydrophenanthridine
AQ1 | THF,23°C 2.3 124.2 124.2 2.3 540 4.5 -
AR1 | THF, 23 °C 2.3 124.2 124.2 2.3 54° 5.1 -
THF, 23 °C 2.3 124.2 124.2 2.3 54° | 4.6£0.8 132
b5 6-dihydrophenanthridine used instead of HEH,
Table 4.1, entry 20: Added [Ir]BArFs, subH; = 1-benzyl-1,4-dihydronicotinamide
AS1 THF, 23 °C 2.3 124.2 124.2 2.3 54¢ 1.31 -
AT1 THF, 23 °C 2.3 124.2 124.2 2.3 54¢ 1.12 -
THF, 23 °C 2.3 124.2 124.2 2.3 54¢ | 1.240.1 3.3+0.3
°1-benzyl-1,4-dihydronicotinamide used instead of HEH,
Table 4.1, entry 21: Added [Ir]BArFs, 0.5 atm H3, 0.5 atm N»
THF, 23 °C
Pno=Pm=
AU1 0.5 atm 2.3 124.2 124.2 2.3 54 16.1 -
THF, 23 °C
Pno=Pm=
AV1 0.5 atm 2.3 124.2 124.2 2.3 54 11.0 -
THF, 23 °C
Pno=Pm=
0.5 atm 2.3 124.2 124.2 2.3 54 14+4 3619
Table 4.1, entry 22: Added [Ir(dF(CF3)ppy)2(dtbbpy)|PFs, t=2h
THF, 23 °C
AW1 t=2h 2.3 124.2 124.2 2.3 54 1.8 -
THF, 23 °C
AX1 t=2h 2.3 124.2 124.2 2.3 54 2.6 -
THF, 23 °C
t=2h 2.3 124.2 124.2 2.3 54 | 2.240.6 6+1
Table 4.1, entry 23: Added [Ir]PFs, t=2h
THF, 23 °C
AY1 t=2h 2.3 124.2 124.2 2.3 54 18.4 -
THF, 23 °C
AZ1 t=2h 2.3 124.2 124.2 2.3 54 23.5 -
THF, 23 °C
t=2h 2.3 124.2 124.2 2.3 54 21+4 58+10

Table 4.1, entry 24: Added [Ir(p-F(Me)ppy)2(dtbbpy)|PFs, t=2h
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N:2H4
[Mo] HEH; NH3 equi
load acid base Ir equiv equiv viIM NH3; yield/
Run Conditions | (umol  (pmol) (umol)  (umol) /Mo /Mo 0 HEH: (%)
THF, 23 °C
BA1 t=2h 2.3 124.2 124.2 2.3 54 21.5 -
THF, 23 °C
BB1 t=2h 2.3 124.2 124.2 2.3 54 23.1 -
THF, 23 °C
t=2h 2.3 124.2 124.2 2.3 54 22+1 62+3
Table 4.1, entry 25: Added Ir(ppy)s, t=2h
THF, 23 °C
BC1 t=2h 2.3 124.2 124.2 2.3 54 7.8 -
THF, 23 °C
BD1 t=2h 2.3 124.2 124.2 2.3 54 5.8 -
THF, 23 °C
t=2h 2.3 124.2 124.2 23 54 71 19+4
Table 4.1, entry 26: Added [Ir]BArfs, no Col/[ColH]OTf
THF, 23 °C
BE1 t=2h 2.3 124.2 124.2 2.3 54 7.03 -
THF, 23 °C
BF1 t=2h 2.3 124.2 124.2 2.3 54 7.83 -
THF, 23 °C
t=2h 2.3 124.2 124.2 2.3 54| 74404 20.7+1
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C.2.5.2 Additional catalytic experiments

Table C.2: Canvassing H: carriers

PNPMoBrg
Col/[ColH]OTf
N> + 3 subH, = 2NH; + 3sub
THF, 23 °C
12 hrs
subH, = H,-carrier Blue LED
HH O
@)Lw y : X (]
; QD O~ Q0 AL
) N N N N H
Ph H H i
BNAH phenasz BTH2 acrH, phenH,
(1-benzyl-1,4-dihydronicotinamide) (5,10-dihydrophenazine) (2-phenylbenzothiazolin) (9,10-dihydroacridine) (5,6-dihydrophenanthridine)
subH NH3
[MoBr;  acid base Ir 2 N2H4 yield/
Ru ] load (umol (pmol (pmol equiv | NHzequiv equiv/iM subH:
n subH> (nmol) ) ) ) /Mo /Mo 0 (%)
A2 BNAH 23 1242 1242 0 54 0.55 -
B2 BNAH 23 1242 1242 0 54 0.30 -
BNAH 23 1242 1242 0 54 0.4+0.1 1.2+0.3
PhenazH
C2 2 23 1242 1242 2.3 54 <0.1 -
PhenazH
D2 2 23 1242 1242 2.3 54 <0.1 -
PhenazH
2 23 1242 1242 2.3 54 <0.1 <0.1
E2 BTH, 2.3 1242 1242 2.3 54 <0.1 -
F2 BTH, 2.3 1242 1242 2.3 54 <0.1 -
BTH» 2.3 1242 1242 2.3 54 <0.1 <0.1
G2 AcrH» 2.3 1242 1242 0 54 0.09 -
H2 AcrHy 2.3 1242 1242 0 54 0.24 -
AcrH, 2.3 1242 1242 0 54 0.16+0.08 0.5+0.2
12 PhenH, 2.3 1242 1242 0 54 0.216 -
J2 PhenH, 2.3 1242 1242 0 54 0.205 -
0.211+0.00 0.660.0
PhenH, 2.3 1242 1242 0 54 8 2




Table C.3. Additional time course experiments.
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NH3
Mo HEH: NH; yield/
loading acid base Ir equiv equiv N:H4 HEH:>
Run | Conditions | (umol) (umol) (pmol) (pmol) /Mo /Mo equiv/Mo (%)
THF, 23
A3 °Ct=2h 2.3 124.2 124.2 2.3 54 24.5 -
THF, 23
B3 | °C t=2h 2.3 124.2 124.2 2.3 54 25.5 -
THF, 23
°Ct=2
hours 2.3 124.2 124.2 2.3 54 25+0.5 69.4+1.5
Approximately 100% completion compared to Table 4.1, entry 10
THF, 1t, 10
C3 min 2.3 124.2 124.2 2.3 54 8.2 - 22.8
Approximately 30% completion compared to Table 4.1, entry 10
Table C.4 Catalysis using [ColH]OTf or Col instead of buffered solution
NH;
Mo HEH: NH; yield/
loading acid base Ir equiv equiv N:H4 HEH:
Run | Conditions | (nmol) (umol) (pmol)  (nmol) /Mo /Mo equiv/Mo (%)
A4 | THF, 23°C 2.3 496.8 0 0 54 5.8 -
B4 | THF, 23°C 2.3 496.8 0 0 54 5.5 -
THF, 23°C 2.3 496.8 0 0 54 5.65+.15 15.7+£0.4
C4 | THF, 23°C 2.3 0 496.8 0 54 1.2 -
D4 | THF, 23°C 2.3 0 496.8 0 54 2.0 -
THF, 23°C 2.3 0 496.8 0 54 1.6+0.4 4.7+1.1




Table C.5. Solvent screen
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PNPMoBr;
In(ppy)=(dtbpy)[BAI'4]
Col/[ColH]OTf
N, + 3HEH, » 2NH; + 3HE
Solvent,
Initial temp.—23 °C
12 hrs
Blue LED
NH;
Mo HEH: yield/
loading acid base Ir equiv NH; N2H4 HEH:
Run | Conditions | (umol) (pmol) (pmol) (pmol) /Mo equiv/Mo  equiv/Mo (%)
THEF, -78
AS —23°C 2.3 11.5 11.5 2.3 54 15.47 -
THF, -78
B5 —23°C 2.3 11.5 11.5 2.3 54 16.06 -
THF, -78
—23°C 2.3 11.5 11.5 2.3 54 15.740.3 44.8+0.8
Cs Tol, 23°C 2.3 11.5 11.5 2.3 54 7 -
D5 Tol, 23°C 2.3 11.5 11.5 2.3 54 7.3 -
Tol 23°C 2.3 11.5 11.5 2.3 54 7.15+0.15 19.8+0.8
Tol, -78
E5 —23°C 2.3 11.5 11.5 2.3 54 13.01 -
Tol, -78
F5 —23°C 2.3 11.5 11.5 2.3 54 14.24 -
Tol, -78
—23°C 2.3 11.5 11.5 2.3 54 13.6+0.6 38+2
Et,0, -78
G5 —23°C 2.3 11.5 11.5 2.3 54 4.08 -
Et,0, -78
H5 — 23°C 2.3 11.5 11.5 2.3 54 3.97 -
Et,0, -78
— 23°C 2.3 11.5 11.5 2.3 54 4.0+0.1 11.2+0.2
THF, -78
15 —23°C 2.3 11.5 11.5 2.32 54 7.4 -
THF, -78
J5 —23°C 2.3 11.5 11.5 2.32 54 11.7 -
THF, -78
—23°C 2.3 11.5 11.5 2.32 54 9.6+£2 27+7
K5 | MeCy, 23°C 2.3 124.2 124.2 0 54 <0.1 -
L5 | MeCy, 23°C 2.3 124.2 124.2 0 54 <0.1 -
MeCy, 23°C <0.1 <0.3

Ir(ppy)s used as photosensitizer
Tol = toluene; MeCy = methylcyclohexane

Solubility of reagents:

Collidine: Soluble in THF, Et;0O, Toluene, C¢Hs, MeCy

Collidinium triflate: Soluble in THF, insoluble in Et>O, Toluene and CsHs, MeCy
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[MoBr3]: Soluble in THF, Toluene and C¢Hs. Sparingly soluble in Et,O, MeCy
HEH:: Partially soluble in THF, Et;0O, Toluene and CsHe. Most soluble in THF, MeCy
[Ir]BA1f4: Soluble in THF, Et,0, partially soluble in C¢Hg and Toluene

Table C.6 Attempted catalysis with [P3BFe]|BArF,

NH;

Fe HEH: NH; yield/

loading acid base Ir equiv equiv N:H4 HEH>

Run | Conditions (nmol) (pmol)  (pmol)  (pmol) /Fe /Fe equiv/Fe (%)
A6 | THF,23°C 2.3 124.2 124.2 2.3 54 <0.1 <0.1
B6 | THF, 23°C 2.3 124.2 124.2 2.3 54 <0.1 <0.1

THF, 23°C 2.3 124.2 124.2 2.3 54 <0.1 <0.1 <0.1
C6 | THF, 23°C 2.3 124.2 124.2 0 54 <0.1 <0.1
D6 | THF, 23°C 2.3 124.2 124.2 0 54 <0.1 <0.1

THF, 23°C 2.3 124.2 124.2 0 54 <0.1 <0.1 <0.1

C.2.6 NH3 detection results from SN-HEH:, 1N-Col/'>N-[ColH]OTf and >N
experiments
C.2.6.1 >Nz experiments

Catalytic runs done under a >N, atmosphere were conducted similarly to those under
a "N atmosphere, with a few differences described below. The loadings were the same as
in Table 4.1, Entry 1.

Catalysis is performed in the same catalytic tubes as natural abundance experiments,
which are charged with precatalyst, HEH>, [ColH]OTT, and a stir bar in a nitrogen-filled
glovebox, as described above. After addition of the solids, the tube is then cooled to 77 K in
a cold well. The base (Col) is added by micropipette to the frozen tube by opening the Kontes.
The Kontes was closed, and the tube was kept frozen, then passed out of the glovebox into a
liquid N> bath. The headspace of the tube is evacuated while still submerged in liquid No.

Na/K dried THF is filtered, and 1 mL is placed into a separate Schlenk tube. The
solvent undergoes freeze-pump thaw cycles (3 cycles) and is then vacuum transferred into
the catalysis tube. This tube is allowed to warm up briefly and charged with "N via a
vacuum bridge. The tube is refrozen at 77 K and then transferred to a water bath, where it

thaws and is allowed to stir under Blue LED irradiation for 12 hours.
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C.6.2 SN-HEH:2, >N-Col/">N-[ColH]OTf experiments
Catalytic runs were set-up as described in C.2.1 but using either ’N-HEH; as H,-
carrier or '’N-Col/[ColH]OTf as buffer using the same conditions as Table 4.1, Entry 1.

A B
'657.60 7.55 7.50 7.45 7.40 7.35 7.30 7.25 7.20 7.15 7.407.357.30 7.25 7.20 7.15 7.10 7.05 7.00 6.95 6.
Chemical Shift (ppm) Chemical Shift (ppm)
c D
Wygnn = 71 Hz

7.55 7.50 7.45 7.40 7.35 7.30 7.25 7.20 7.15 7.1 7.65 7.60 7.55 7.50 7.45 7.40 7.35 7.30 7.25 7.
Chemical Shift (ppm) Chemical Shift (ppm)

Figure C.1. 'H NMR (DMSO-ds, 400 MHz) of: A) “NH4Cl obtained from reaction of
natural abundance reactants under '*N, (Ir-free conditions in Table 4.1, entry 1); B)
"“NH4Cl obtained from reaction of '’N-labeled HEH, (otherwise natural abundance
reactants) under '*N; (Ir-free conditions in Table 4.1, entry 1); C) *NH4Cl obtained from
reaction of '°N-labeled Col/[ColH]OTf (otherwise natural abundance reactants) under N
(Ir-free conditions in Table 4.1, entry 1); D) '"’NH4CI obtained from reaction under >N
(otherwise natural abundance reactants, Ir-free conditions in Table 4.1, entry 1).

C.2.7 Analysis of non-NH3 catalysis products
After a complete catalytic run, instead of quenching the reaction (with acid or base)

the solvent from the reaction mixture was removed in vacuo. The resulting film was taken

up in minimal DMSO-ds and analyzed by NMR.
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Figure C.2. 'H NMR (DMSO-ds, 400 MHz) of the nonvolatile products of the Mo-
catalyzed reaction of HEH», [ColH]OTT, [Col], and N> under blue LED irradiation (Table

4,1, entry 1).

8.49
7.05

135

\131

EtO,C COyE
s !
)
N

® [ColH]OTHCal

L
i

1.007
4.10{
5.997
6.225

95 90 85 80 7.5 7.0 65 6.0 55 50 45 40 35 3.0 2.5 20 1.5 1.0 0.5 0.0
Chemical Shift (ppm)

Figure C.3. 'H NMR (DMSO-ds, 400 MHz) of the nonvolatile products of the
Col/[ColH]OTf-, Ir- and Mo-catalyzed reaction of HEH, and N under blue LED
irradiation (Table 4.1, entry 11, catalytic buffer).

C.2.8 TH NMR time course experiments

Procedure: A J.Young NMR tube was loaded with [MoBr3], HEH», [ColH]OTHY, Col,

and N> and irradiated under blue LED. Conditions (concentration, temperature) were the
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same as in Table 4.1, entry 1, but using THF-ds as solvent. Slightly slower reaction times are

attributed to less efficient illumination and lack of stirring in the NMR tube compared to

Schlenk flasks.
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Figure C.4. 'H NMR (THF-dg, 400 MHz) time course of the Mo-catalyzed reaction of
HEH,, [ColH]OTT, Col, and N> under blue LED irradiation in a J. Young tube (Table 4.1
entry 1) (left). Relative ratio of HE and HEH> plotted over time (right).

15 min

2880 min

N ARl

T £d 3

s T T T T T T T T T T T
5 14 13 12 1 1 9 8 7 6 5 4 3 2 1 0
1 (ppm)

Figure C.5. 'H NMR (THF-ds, 400 MHz) of 15 minutes and 48 hour time points of the
reaction of the Mo-catalyzed reaction of HEH», [ColH]OTT, Col, and N> under blue LED
irradiation in a J.Young tube (Figure C.4). Integrals of HEH» and HE quartet peak at ~ 4.0
ppm are compared to constant THF solvent residual peaks to estimate total recovery of
HEH: and HE. Approx. 90% is recovered. Similarly, integrals of Col/[ColH]OTf aromatic
peak at ~ 7.0 ppm are compared to constant THF solvent residual peaks to estimate total
recovery of Col/[ColH]OTT. Approx. 90% is recovered. *indicates minor organic impurity
that grows in, see Figure C.6.
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Figure C.6. 'H NMR (THF-ds, 400 MHz) before irradiation and at indicated timepoints
following blue LED irradiation of the reaction of HEH, with 1 equiv Col and 1 equiv
[ColH]OTf in a J. Young tube. Integration relative to the THF residual peak at 3.58 ppm
indicates that after 48 hours, 79% of HEH> and 10% of the total initial buffer loading are
consumed, while HE is produced in 16% conversion along with the same major organic
side product peaks observed in NoR with [MoBr3] (Figure C.4 and C.5).
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Figure C.7. '"H NMR (THF-ds, 400 MHz) before irradiation and at indicated timepoints
following blue LED irradiation of HE with 1 equiv Col and 1 equiv [ColH]OTf in a J.
Young tube. No reaction is observed.
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Figure C.8. '"H NMR (THF-ds, 400 MHz) of 15 minutes to 240 min of the Mo-catalyzed
reaction of HEH», [ColH]OTT, Col, and N> under blue LED irradiation in a J.Young tube
(Figure C.4). The H, peak (4.54 ppm)'® grows in over time.
C.3 Steady-State Fluorescence Measurements
C.3.1 Procedure for Fluorimetry Studies

1 cm quartz glass cuvettes were loaded with 0.5 mM HEH: solutions in dry THF,
with varying concentrations of quencher (either Col or [ColH]OTY) in a nitrogen glovebox.
Stock solutions were used to assure consistency. Solutions were excited at 390 nm
wavelength to avoid interference of the excitation wavelength and steady-state fluorescence

spectra. Experiments were conducted at 23 °C.
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Figure C.9. Steady-state fluorescence of HEH, (0.5 mM) with varying amounts of
[ColH]OTf (18 mM to 144 mM) (Top). Stern-Vollmer quenching plot of I¢/Ic against
concentration of [ColH]OTf (bottom). Slope is 42+2.4 M~!; R? =0.98.
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C.3.2 Calculation of Stern-Volmer quenching constants

calculate the Stern-Vollmer quenching lifetime using the equation:

lo/lc =1+ k4 10 [Q] (eqn C.1)
kq = slope/to (eqn C.2)

°C (0.419 ns) provide a useful estimate.!” Accordingly, the quenching constants are:

keorr=1.020.1 - 10" M ! 57!
kcol= 342 - 109 1\/[_1 S_1

264

Figure C.10. Steady-state fluorescence of HEH:2 (0.5 mM) with varying amounts of Col
(18 mM to 144 mM) (Top). Stern-Vollmer quenching plot of Io/Ic against concentration of
Col (bottom). Slope is 1.3+0.9 M !,

Using the previously measured excited state-lifetime measured (to) for HEH> we can

While 1o has not been measured in THF at 25 °C, the measurements in DMSO at 25
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While these values have considerable errors, particularly the Col quenching, these
nonetheless provide useful order of magnitude estimates. The large rate constant for kcorzr+

suggests the presence of static quenching pathways.

C.4 UV-visible measurements
C.4.1 Procedure for UV-vis measurements.

1 cm quartz glass cuvettes were loaded with 0.1 mM HEH; solutions in dry THF
inside the glovebox. The cuvette was taken out of the glovebox, and spectra were collected.
Concentrated (50 mM) solutions of Col or [ColH]OTf were titrated into the cuvettes. The
Col or [ColH]OTT solutions had 0.1 mM HEH: added to maintain the HEH> concentration
throughout the experiments. Titrations were done under a sparging N> atmosphere to

maintain an O free environment. Experiments were conducted at 23 °C.
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Figure C.11. UV-vis of HEH> (0.1 mM) with 0 mM (blue) to 14 mM (red) Col
concentration.
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Figure C.12. UV-vis of HEH> (0.1 mM) with 0 mM (blue) to 11 mM (red) [ColH]OTf
concentration.

C.5 Reduction of [TBA]NO3

Proposed balanced equation:
[TBAINO3 + 4 HEH, + [COIH]OTf ——3 NH, + 4 HE + 3 H,0 + Col + [TBAJOTf

Scheme C.1. Balanced equation for the catalytic reduction of [TBA]NO3 to generate
NHs.

C.5.1 Standard [TBA]NO3 Reduction Generation Reaction Procedure

Catalytic experiments for the reduction of [TBA]NO3 were conducted in a manner
similar to the reduction of N (section S1.1). All solvents are stirred with Na/K for >2 hours
and filtered prior to use. In a nitrogen-filled glovebox, the precatalysts ([MoBr3] and
[Ir]BArf4) (2.3 umol) are weighed in individual vials.* The precatalysts are then transferred
quantitatively into a Schlenk tube using THF. The THF is then evaporated to provide a thin
film of precatalyst at the bottom of the Schlenk tube. The tube is then charged with a stir bar,
and the [TBA]NO3, acid, and Hantzsch ester (HEH 2) are added as solids. The tube is cooled
to 77 K in a cold well, and the base ([Col]) is added. The tubes were passed out of the
glovebox without warming and thoroughly degassed. 1 mL of degassed (three freeze-pump
thaw cycles) THF solvent was vacuum transferred into the catalytic tube. The tube was

allowed to warm briefly and was backfilled with argon. The tube is instead transferred to a
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water bath, where it thaws and is allowed to stir for 12 hours. To ensure reproducibility, all
experiments were conducted in 200 mL Schlenk tubes (50 mm OD) using 10 mm egg-shaped
stir bars, and stirring was conducted at ~600 rpm. The water bath was contained in highly
reflective dewars. The Blue LED was placed above the bath as close to the stirring reaction
as possible.

C.5.2 NH3 detection

NH; was detected by '"H NMR, as detailed in C.2.4 NH3 detection by 'H NMR.
C.5.3 Catalytic reduction of [TBA]'NO3

Catalytic runs were set-up as described in S5.1 but using [TBA]'>NOs;.

C.5.4 Catalytic reduction of [TBA]NO3

Table C.7. Catalytic yields for photodriven transfer hydrogenation of [TBA]NO3 to NH3
[Mo]Br; (2.3 mM)
[ColH]OTf/Col (54 equiv)
HEH, (54 equiv)
[TBAINO; > NH,
THF, 23 °C, Blue LED, 12 h

[TBA] NH;
[MoBr3] NO; yield/
load acid base HEH, equiv/M|NH; equiv| HEH,
Run | Conditions | (umol) (pumol) (umol) Ir (umol) /Mo 0 /Mo (%)
Table 4.1, entry 27: Standard conditions for reduction of [TBA]NO3
A7 | THF,23°C | 2.3 1242 124.2 0 54 18 8.5
B7 | THF,23°C | 2.3 1242 124.2 0 54 18 11.0
THF,23°C | 2.3 1242 124.2 0 54 18 9.8+1.2 73+9
Table 4.1, entry 28: with [MoBr3] , with [Ir]BArYy
C7 | THF,23°C | 2.3 1242 1242 23 54 18 9.9
D7 | THF,23°C | 2.3 1242 124.2 2.3 54 18 10.9
THF,23°C | 2.3 1242 124.2 2.3 54 18 | 10.4+0.5 77+4
Table 4.1, entry 29: No [MoBr3]
E7 | THF,23°C | 2.3 1242 124.2 2.3 54 18 2
F7 | THF,23°C | 2.3 1242 124.2 2.3 54 18 1.4
THF,23°C | 2.3 1242 124.2 2.3 54 18 1.7+£0.3 1342
Table 4.1, entry 30: No [MoBr3] , with [Ir]BAr¥y
F7 | THF,23°C | 2.3 1242 124.2 2.3 54 18 3.0
G7 | THF,23°C | 2.3 1242 1242 2.3 54 18 5.4
THF,23°C | 2.3 1242 124.2 2.3 54 18 4.2+1.2 31+9
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Table 4.1, entry 31: no light, with [MoBr3] , with [Ir]BArfy

THF, 23 °C
H7 No light 23 1242 1242 23 54 18 0.1
THF, 23 °C
17 No light 23 1242 1242 23 54 18 0.1
THF, 23 °C
No light 23 1242 1242 23 54 18 ]0.1+0.05| 0.7+0.3
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Figure C.13. 'H NMR (DMSO-ds, 400 MHz) of: A) 14NH4C1 obtained from reaction of
natural abundance [TBA|NO3 with HEH», buffer, and [MoBr3] under blue light irradiation
(Table C.7 entry A7); B) '"’NH4Cl obtained from reaction of [TBA]'>’NOs with HEH>,
buffer, and [MoBr3] under blue light irradiation; C) "“NH4ClI obtained from reaction of
natural abundance [TBA]NO; with HEH,, buffer, [MoBr3] and [Ir]BAr’4 under blue light
irradiation (Table C.7, entry C7); D) >NH4Cl obtained from reaction of [TBA]'>°NOs with
HEH,, buffer, [MoBr3] and [Ir]BArs under blue light irradiation; E) *NH4Cl obtained
from reaction of natural abundance [TBA]NO; with HEH,, buffer, and [Ir]BArfs under
blue light irradiation (Table C.7, entry F7); F) NH4Cl obtained from reaction of
[TBA]*’NOs with HEH,, buffer, and [Ir]BAr"4 under blue light irradiation.
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C.5.5 Comment on nitrate reduction in the absence of light or [MoBr3].

It is worth commenting on the fact that [TBA]NOs reduction can occur both in the
absence of light and [MoBr3], albeit with diminished yields. This differs from NoR where
both are required and no NH3 can be detected. Nitrate differs as a substrate from N> in that it
is more activated and forms relatively stable intermediates during reduction (NO>", NO), and
the thermodynamics of reduction are more favorable. This is illustrated in Figure C.14,
showing the thermodynamics between different intermediates in the reduction of N2 and
NOs™ (in aqueous solution vs NHE). Therefore, a molecular catalyst might not be required
to activate the substrate prior to reduction/protonation and stabilize intermediates that form
during reduction. The role of [MoBr3] might, therefore, be primarily as a Lewis acid or a
solubilizing agent. Ultimately, these results suggest that higher yields/efficiencies and
possibly even nitrate reduction without illumination may all be possible with a more careful
choice of catalyst and warrant further exploration.
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Figure C.14. Comparison of AG (in kcal mol™') in aqueous solution of pH 0 referenced to
NHE.!*!* While the 6 e reduction and 8 e reduction of N> and NOs ", respectively, are

both downhill, only the intermediates of NOs3™ are also thermodynamically favored to
form.
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C.6 Reduction of acetylene
Proposed balanced equations:
CoHy + HEH; — C,H, + HE
CoHy + HEH; — CyHg + HE

Scheme C.2. Balanced equations for the catalytic reduction of acetylene to generate
ethylene and ethane.
C.6.1 Standard acetylene reduction reaction procedure

Catalytic experiments for the reduction of acetylene were conducted in a manner
similar to the reduction of N> (section S1.1). All solvents are stirred with Na/K for >2 hours
and filtered prior to use. In a nitrogen-filled glovebox, the precatalysts ([MoBr3] and
[Ir]BA1Ys) (2.5 pmol) are weighed in individual vials. The precatalysts are then transferred
quantitatively into a Schlenk tube using THF. The THF is then evaporated to provide a thin
film of precatalyst at the bottom of the Schlenk tube. The tube is then charged with a stirbar
and [ColH]OTf and Hantzsch ester (HEH2) are added to the vial as solids. The tube is
wrapped in aluminum foil and Col and THF-ds (0.7 mL) are added. The tube is sealed, passed
out of the glovebox, and degassed (three freeze-pump thaw cycles). The desired volume of
acetylene gas is added using a calibrated bulb while the tube is cooled in liquid nitrogen. The
headspace of the tube is then backfilled to 1 atm with argon while cooled in a dry ice/acetone
bath. The tube is transferred to a water bath and is irradiated with Blue LED for the time
specified. The water bath was contained in highly reflective dewars. The Blue LED was
placed above the bath as close to the reaction as possible.

After 12 hours of irradiation, the volatiles of the reaction mixture are vacuum
transferred into a J. Young NMR tube of known volume containing a known amount of 1,3,5-
trimethoxybenzene. In the 'H NMR spectrum of the resulting sample, the peaks
corresponding to ethylene (5.36 ppm) and ethane (0.85 ppm) are distinguishable when
present.'? Integration to the internal standard provides the yield of dissolved gases. Henry’s

constant for each gas in THF'> was used to estimate their partial pressures in the headspace.
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Table C.8. Catalytic yields for photodriven transfer hydrogenation of acetylene to ethylene

and ethane.
[Mo]Brs (2.3 mM)
Col/[ColH]OTf (54 equiv)
HEH, (54 equiv)
CyH, »>  CyHy + CyHg
54 equiv THF, 23 °C, Blue LED, 12 h
Ar atmosphere
[Mo] acid HEH, | CoHs  CyHs
load (umol base Ir equiv | equiv equiv/ | Total yield/
Run | Conditions |(umol) )  (umol) (umol) /Mo /Mo Mo HEH:> (%)
Table 4.1, entry 32: standard conditions
A8 | THF, 23 °C 2.5 135 135 0 54 8.2 1.3
B8 | THF, 23 °C 2.5 135 135 0 54 114 1.7
THF, 23 °C 2.5 135 135 0 54 10£2 1.5+0.3 24+5
Table 4.1, entry 33: with [MoBr3], with [Ir]BArF,
C8 | THF, 23 °C 25 135 135 2.5 54, 6.4 1.3
D8 | THF, 23 °C 2.5 135 135 2.5 54 4.9 0.9
THEF, 23 °C 2.5 135 135 2.5 54 6+1 1.1+0.3 15+3
Table 4.1, entry 34: no [MoBrs3], no [Ir]BArF,
E8 | THF, 23 °C 2.5 135 135 0 54 0.048 <0.03
F8 | THF, 23 °C 2.5 135 135 0 54 0.059 <0.03
0.054+
THF, 23 °C 2.5 135 135 0 54| 0.008 <0.03 <0.3
Table 4.1, entry 35: no [MoBrs3], with [Ir]BAr¥y
G8 | THF, 23 °C 0 135 135 2.5 54 0.8 0.02
H8 | THF, 23 °C 0 135 135 2.5 54/ 3.0 0.14
0.08+
THF, 23 °C 0 135 135 2.5 54| 242 0.08 443
Table 4.1, entry 36: with [MoBrs3], with [Ir]BArF4, no light
THF, 23 °C
I8 no light 2.5 135 135 2.5 54 <0.01 <0.01
THF, 23 °C
J8 no light 2.5 135 135 2.5 54| <0.01 <0.01
THF, 23 °C
no light 2.5 135 135 2.5 54| <0.01 <0.01 <0.04
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Figure C.15. '"H NMR (THF-ds, 400 MHz) of the volatiles obtained from the acetylene
reduction reaction in Table C.8: A) Standard conditions (Table C.8, entry AS8); B) No
[MoBr3] (Table C.8, entry E8); C) No irradiation (Table C.8, entry I8). *Trace pentane.

C.7. Additional mechanistic schemes

A. HEH," reduces M(N;)

HEH,

hv
] M(N5) <N2ﬁ/y 2 NH3

HEH,*

HEH, ™
Col M(Nz)_

ColH*
4e,4H
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M(N2H)
HEH’

HE
M(NNH,) —

Figure C.16. Mechanistic scenario in absence of photoredox catalyst in which [HEH,]" is
quenched by a M(N») intermediate.
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A. HEH»>™ as photoreductant B. [Ir]BArF4 as photoredox catalyst
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= HEH,
; d T
ColH

\ Mitride
ColH" splitting

) [M—NEN—MI ColH™*
Y A
HEH,* OO Y C

Col

M=NH k M. No

HEH" M

HE ] ‘/ ] ,
| (' NH4 HE NH4
. Y it
) e /H
|'\.,!|—{‘-~|||-|2 ﬂ/ M_NH2

Figure C.17. Possible scenarios for photodriven transfer hydrogenation from HEH> to N»
mediated by a metal catalyst and buffer system (Col/[ColH]"). These schemes depict a
mechanism in which N cleavage occurs and the subsequent M=N is hydrogenated. (A)
Scenario in the absence of photoredox catalyst, in which [HEH2]* is oxidatively quenched
by [ColH]" to generate [ColH]". (B) Scenario with photoredox catalyst, in which [Ir'']"* is
reductively quenched by HEH..

C.8 Derivation of thermodynamic values.
C.8.1 Summary of thermochemistry of Hantzsch ester (HEH2) and derivatives
Table C.9 lists BDFEx_n, pKa, and Eox values for various protonation and oxidation
states of HEHa. As has been established by Mayer and coworkers, ¢ bond dissociation
enthalpies (BDEs) can be converted to BDFEs based on the assumption that the entropies
of R—H and R’ are similar. Subtraction of 7S°(H")sotv (6.37 kcal mol™! in MeCN) from the
BDE values reported in ref. 4 yields the estimated BDFE values in Table C.9. With these
values and reported potentials of oxidation, relevant pK, values were then estimated using

the thermodynamic cycles laid out below.
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Table C.9. Reported and estimated thermochemical values for various protonation and
oxidation states of HEH: relevant to this study. “ kcal mol!in MeCN at 298 K. * V vs. Fc*"°
in MeCN at 298 K. “Ref. 4. ¢ Estimated using the Eoo reported in ref. 17.

BDE® BDFE® Eox pKa
HH
Etoz(ﬂozﬂ
] 68.7 (C-H),  62.3 (C-H), ] _
N 86.6 (N-H)°  80.2 (N-H) 0.48 318 (N-H)
HEH;
H
EtO,C.__~__CO,Et
|N| 46.9 (N-H)*  40.5 (N-H)
H
HEH®
HH
EtO,C CO,Et
| ++| ~1.0 (C-H)
N
H
HEH"*
HH
EtO,C CO,Et
| -0.695¢
N
HEH"
[HEH,]* 8.5 (C-H)“ -2.5¢ —20(N-H)¢

Estimation of the N-H pK. of HEH>:

HEH' +¢ = HEH™  —23.06(Eo(HEH)) = 16 kcal mol
H =H"'+e —Cg=-52.6kcal mol!
HEH, = HEH' + H" BDFEn n(HEH>) = 80.2 kcal mol™!
HEH> = HEH + H™ 137(pKy)

pKa,N_H(HEHz) =31.8

Estimation of the C-H pK, of HEH,"™:

HEH: +e = HEH, —23.06(Eox(HEH2)) =—11.1 kcal mol™!
H =H"'+e —Cg=-52.6kcal mol!
HEH, = HEH' + H" BDFEc n(HEH,) = 62.3 kcal mol™
HEH," = HEH + H'  1.37(pKa)

pKacn(HEH™) = —1.0
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Estimation of the excited-state N—H pK, of [HEH:]*:

HEH>* & HEH, -23.06(E00) =-70.8 kcal mol™
HEH, = HEH + H" 1.37(pKan-u(HEH))) = 43.6 kcal mol™!
HEH»* = HEH + H™ 1.37(pKa)

pKan-u(HEH2*) =-20

Estimation of the excited-state BDFEc 1 of [HEH2]*:

HEH>* 2 HEH>  —23.06(E00) =—70.8 kcal mol™
HEH, = HEH + H"* BDFEc n(HEH,) = 62.3 kcal mol™!
HEH:* = HEH + H" BDFEc_u(HEH:*) = 8.5 kcal mol™!

C.8.2 Derivation of effective BDFE values (BDFEesr) relevant to this work

C.8.2.1 Derivation of BDFE.sr for H2-carrier
Estimation of BDFE.¢ for HEH>:

1, HEH, = % HEH' + % H' % BDFEc y(HEH,) = 31.2 kcal mol ™!
Y HEH = % HE + % H' % BDFEn 5(HEH") = 20.3 kcal mol”!
1, HEH, 2 % HE + H* BDFEcn(HEH,) = 51.4 kcal mol™!

Estimation of BDFEe¢ for acrHy:

acrH, = acrHy™ + e 23.06(Eox(acrHz)) = 11.3 kcal mol™! (Ref 18)

acrHa™" = acrH" + H'BDE(acrHz™) — TS°(H")sotv = 43.5 — 6.37 keal mol ™! = 37.1 kcal mol™
(Ref 51)

e +tH=H AG =26.0kcalmol! (Ref16)

acrHo = acrH"'+ H-  AG(acrHz)u- = 74.4 keal mol™!

Y5 acrHa 2 Y5 acrH™ + %5 H % AG(acrHa)u- = 37.2 kcal mol ™!

VaacrH' 2 Yo acr + 2 H 2 1.37(pKa) = 8.7 kcal mol ™! (Ref 19)

Y H +%H = %H, % AG =-38 keal mol™! (Ref 16)

Y Hy=H % BDFEn u(Hz2) = 52 kcal mol !

% BNAH + % [ColH]" = A BNA + % Col + H  BDFEcs(acrHz) = 59.9 keal mol™!

Estimation of BDFEc¢ for phenHb:

Y, phenH, = V5 phenH' + %2 H' %2 BDFEc_n(phenH:) = 33.1 kcal mol™! (Ref 4)
Y phenH" = % phen + % H'% BDFEn_n(phenH") = 19.1 kcal mol™" (Ref 4)
Y phenH, = % phen + H BDFEcs(phenH) = 52.2 kcal mol™!
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Estimation of BDFE.¢ for BNAH:

BNAH isa 1 H" /2 ¢ donor. As such, to balance the equation for the 6 H'/6 ¢ reduction of
No, we posit that [ColH]OTf must also be consumed giving a balanced reaction:

N2 +3 BNAH + 3 [ColH]" — NH3 + 3 [BNA]" + 3 Col

To estimate BDFEc, we instead combine the hydricity of BNAH and the acidity of
[ColH]OTf

Y, BNAH = 1 BNA + % H ¥ AGBNAH)i = 29.5 keal mol™! (Ref 18)

Yy [ColH]" = 4 Col + ¥4 H*V4 1.37(pKa) = 10.3 keal mol™! (Ref 20)

VWH + 5 H' =% Hy % AG" =38 keal mol™! (Ref 16)

v Hy=H" % BDFEn n(Hz) = 52 kcal mol™!

% BNAH + % [ColH]" = ABNA + % Col+ H' BDFE(BNAH/ColH") = 53.8 Kkecal
mol!

C.8.2.2 Derivation of BDFEe. for reductant (photosensitizer or *HEH?) and acid
Estimation of BDFEes for [HEH2]* as reductant and [ColH]" as acid:

HEH,* 2 HEH," + e~ 23.06(Eox([*HEHz]) = —57.7 kcal mol ™!
[ColH]" = Col + H"  1.37(pK.) = 20.6 kcal mol™!

H+e =H Cg = 52.6 kcal mol™

HEH* + [ColH]" & HEH,™ + Col + H*  BDFEr= 15.5 keal mol™!

Estimation of BDFEest for Ir''(ppy)2(dtbbpy) as reductant and [ColH]" as acid:

[ = [+ e 23.06(Eox([Ir"]) = —43.8 kcal mol™! (Ref 21)
[ColH]" = Col + H"  1.37(pK.) = 20.6 kcal mol™!

H+te=H Cg = 52.6 kcal mol™

HEH»* + [ColH]" & HEH,™" + Col + H  BDFEcsr= 29.3 kcal mol™!

Estimation of BDFEest for Ir''(p-F(Me)ppy)2(dtbbpy) as reductant and [ColH]" as acid:

[ =2 [+ e 23.06(Eox([Ir'"]) = —43.4 kcal mol™! (Ref 22)
[ColH]" = Col + H"  1.37(pK,) = 20.6 kcal mol™!

H+e=2H Cc = 52.6 kcal mol™!

HEH»* + [ColH]" & HEH,™" + Col + H  BDFEcsr= 29.8 kcal mol™!

Estimation of BDFEest for Ir''(dF(CF3)ppy)2(dtbbpy) as reductant and [ColH]" as acid:

[ =2 [ +e 23.06(Eox([Ir"]) =—40.4 kcal mol™! (Ref 23)
[ColH]" = Col + H"  1.37(pK,) = 20.6 kcal mol™!

H+e =H Cg =52.6 kcal mol™!

HEH* + [ColH]" & HEH,™ + Col + H*  BDFEr= 32.8 keal mol™!
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Estimation of BDFEest for [Ir''(ppy)s]~ as reductant and [ColH]" as acid:

[ = [+ e 23.06(Eox([Ir"]) = —59.3 kcal mol ™! (Ref 23)
[ColH]" = Col + H"  1.37(pK.) = 20.6 kcal mol™!

H+e =H Cg = 52.6 kcal mol™

HEH»* + [ColH]" & HEH,™" + Col + H  BDFEcsr= 13.9 kcal mol™!

Estimation of BDFEest for [Ir'(ppy)s]* as reductant and [ColH]" as acid:

[ = [ + e 23.06(Eox([Ir'""]) = —48.7 kcal mol™! (Ref 23)
[ColH]" = Col + H"  1.37(pK,) = 20.6 kcal mol ™!

H+e=2H Cc = 52.6 kcal mol™!

HEH»* + [ColH]" & HEH,™" + Col + H  BDFEcsr= 24.5 kcal mol™!

C.8.3 Estimation of overpotential for hydrogenation of N2 with HEH: to NH3

We derive the BDFE of H> in MeCN at 298 K explicitly here for clarity, using recently
updated thermochemical values (36):

Ha = 2 H' +2 & 2x23.06(E°(H'/Ha)) = 2x23.06(~0.028 V) = —1.29 keal mol ! (Ref 16)
2H'+2e =22H 2(Cg) = 105.2 keal mol™!
Hye = 2H BDFE(H>) = 103.9 kcal mol™!

C.8.3.1 Determination of overpotential for dark reactions
The overpotential AAGH{NH3) for a source of hydrogen atom equivalents with a given

BDFE.sr is described by eqn C.3:
AAGH#NH3) = 3(BDFE(H2)/2 — BDFEef) (eqn C.3)
For the dark reaction, "4 N> + 35 HEH» = NH; + % HE:
AAGH{NH3) = 3(103.9/2 — 51.4) = 1.7 keal mol™!
For the dark reaction, "5 N» + 35 acrH> = NH3 + 3 acr:
AAGH{(NH3) = 3(103.9/2 — 59.9) = —23.9 keal mol™!
For the dark reaction, %5 N» + ¥ phenHz = NH3 + % phen:
AAGH{NH3) = 3(103.9/2 — 52.2) = —0.8 keal mol!
For the dark reaction, 5 N2> + % (BNAH + ColH") = NH3 + % (BNA" + Col):
AAGH{NH3) = 3(103.9/2 — 53.8) = —5.5 kcal mol™!
With the dark reaction values value, we can also estimate the absolute driving force for
hydrogenation of N> with subH».
AGi#(NH3) in MeCN at 298 K:



278
Y5 N2 + % Ha @ NHs AGH{(NH3) = —3x23.06(E°(N2g/NH3)) = —=3x23.06(0.063 V vs. Hz)
(Ref 36)
= 4.36 kcal mol™!
We then estimate the following:
% N2 + 3%, HEH, = NH; + % HEAGxn = AGH(NH3) — AAG{(NH3, HEH,) = 4.4 — 1.7 keal
mol !
=—6.1 kcal mol™!
5 N> + 3% phenH, = NH;3 + 3% phen AGwxn = AG{NH3) — AAG{NH3, phenH,) = 4.4 + 0.8
kcal mol™!
=-3.6 kcal mol™!
5 N2 + 3% acrHaz = NH; + %4 acr AGixn = AG{NH3) — AAG{NH3, acrHa) = —4.4 + 23.9 kcal
mol™!
=19.5 kcal mol™!
% N2 + 34 (BNAH + ColH") = NH; + 3% (BNA* + Col)
AGrxn = AGi(NH3) — AAG{(NH3, BNAH + ColH") = 4.4 + 5.5 kcal
mol™!
= +1.1 kcal mol™!

Table C.10. Summary of driving forces for dark reaction using different subH» (assuming
2 H'/ 2 € reaction). Values are calculated in MeCN at 25 °C.  Since BNAH is a H™ donor,
the stoichiometry requires addition of H', assumed to be supplied from [ColH]OTf

subH; BDFE.s (kcal AAGHNH:;3) (kcal AGxn (kcal mol™)
mol™?) mol™?)
HEH; 514 1.7 -6.1
PhenH; 52.2 -0.8 -3.6
AcrH; 59.9 -23.9 19.5
BNAH + [ColH]OTf 2 53.8 -5.5 1.1

C.8.3.2 Determination of overpotential for light reactions
For the Ir-free reaction, in which [HEH>]* is thought to be the strongest reductant accessed
and [ColH]" serves as acid:

AAGHNH3) = 3(103.9/2 — 15.5) = 109 kcal mol™!

For the Ir-photosensitized reaction with [Ir(ppy)2(dtbbpy)|BArYs, in which [Ir'"] is thought to
be the strongest reductant accessed and [ColH]" serves as acid:
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AAG{NH3) = 3(103.9/2 — 29.3) = 68.0 keal mol™!

For the Ir-photosensitized reaction with [Ir(dF(CF3)ppy)2(dtbbpy)]PFs, in which [Ir!'] is
thought to be the strongest reductant accessed and [ColH]" serves as acid:
AAG{(NH3) = 3(103.9/2 — 32.8) = 58.3 kcal mol™!

For the Ir-photosensitized reaction with [Ir(p-F(Me)ppy)2(dtbbpy)]PFs, in which [Ir'"] is
thought to be the strongest reductant accessed and [ColH]" serves as acid:
AAG{(NH3) = 3(103.9/2 - 29.8) = 67.3 kcal mol™!

For the Ir-photosensitized reaction with Ir(ppy)s, in which [Ir""] is thought to be the strongest
reductant accessed and [ColH]" serves as acid:
AAGH{NH3) = 3(103.9/2 — 13.9) = 115.0 kcal mol™!

For the Ir-photosensitized reaction with Ir(ppy)s, in which [Ir'"!]* is thought to be the
strongest reductant accessed and [ColH]" serves as acid:
AAGHNH3) = 3(103.9/2 — 24.5) = 83.2 keal mol™!

Table C.11: Summary of driving forces for different photosensitizers. All BDFEcs and
AAG#NH3) measurements made pairing reductant with [ColH]OTT (pK. 15) Values are
calculated in MeCN at 25 °C.

Reductant Eox(V vs. Fc*/%) | BDFEess(kcal mol™) |  AAGH{NHs) (kcal
mol™?)
HEH,* -2.5 15.5 109
[Ir'"] (Ir'(ppy)2dtbbpy) -1.90 29.3 68.0
Ir'(dF(CF3)ppy)2(dtbbpy) -1.75 32.8 58.3
Ir'(p- -1.88 29.8 67.3
F(Me)ppy)2(dtbbpy)
Ir'(ppy)s -2.57 13.9 115.0
I (ppy)s* -2.11 24.5 83.2
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C.9 NMR spectra
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Figure C.18. 'H NMR (DMSO-ds, 400 MHz) of ’N-HEH,.
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Figure C.19. 'H NMR (DMSO-ds, 400 MHz) of '°N-labelled [ColH]OTT.
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Figure C.20 'H NMR (MeCN-d3, 400 MHz) of [Ir]BAr"s.
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Supplementary Information for Chapter 5
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D.1 General considerations

All manipulations were carried out using standard Schlenk or glovebox techniques
under an N> atmosphere. Solvents were deoxygenated and dried by thoroughly sparging with
N, followed by passage through an activated alumina column in a solvent purification
system by SG Water, USA LLC. Nonhalogenated solvents were tested with sodium
benzophenone ketyl in tetrahydrofuran (THF) to confirm the absence of oxygen and water.
Deuterated solvents were purchased from Cambridge Isotope Laboratories, Inc., degassed,
and dried over activated 3-A molecular sieves prior to use.
D.1.1 Materials

HEH,,'! [MoBr;],> [PCPMoCls],® [ColH]OTE* [TBA]['*NOs],* S"NHEH,,* '
N[ColH]OTf,* 5NCol,> &-HEH,,* di-HEH, (N-H proton is deuterated),” ds-HEH)?
[ImidH]OTf,” were synthesized using literature procedures. d>-'>"NHEH, was synthesized as
5NHEH, or d»-HEH; but using both ['*NH4]Cl and d>-paraformaldehyde. toINO,,
MeINPhCHO, MOPhCHO, [TBA][NOs], "PrNO», benzyl acetone, MesNO, imidazole, and
dimethylterphatalate were purchased from Sigma and used without further purification. Col
was purchased from Ambeed and distilled prior to use. "NCol was also distilled following
synthesis. ['°"NH4]Cl, d>-paraformaldehyde, D>O and di-EtOD were purchased from
Cambridge Isotope Laboratories, Inc.
D.1.2 Spectroscopy

Nuclear Magnetic Resonance spectroscopy: Nuclear Magnetic Resonance
(NMR) measurements were recorded with a Varian 400 MHz spectrometer. 'H NMR
chemical shifts are reported in ppm relative to tetramethylsilane, using 'H resonances from
residual solvent as internal standards.'°

Ultraviolet-visible spectroscopy: Ultraviolet-visible (UV-vis) absorption
spectroscopy measurements were collected with a Cary 50 UV-vis spectrophotometer
using a 1 cm path length quartz cuvette. All samples had a solvent background subtraction
applied.

Continuous-wave Electron Paramagnetic Resonance spectroscopy: All X-band

continuous-wave electron paramagnetic resonance (CW-EPR) spectra were obtained on a
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Bruker EMX spectrometer using a quartz liquid nitrogen immersion dewar on samples
prepared as frozen THF solutions unless otherwise noted.

Infrared spectroscopy: Solution state infrared (IR) spectra were obtained using a
Bruker Alpha Platinum ATR spectrometer with OPUS software in a glovebox under an N>
atmosphere. All IR data were collected as solution state spectra in a KBr-cell in THF and,
unless stated, have had THF background spectra subtracted.

Steady-state Fluorimetry: Steady-state fluorimetry was performed in the
Beckman Institute Laser Resource Center (California Institute of Technology). Samples
for luminescence measurements were prepared in dry THF and transferred to a 1-cm path
length—fused quartz cuvette sealed with a high-vacuum Teflon valve (Kontes). Steady-state
emission spectra were collected on the Jobin S4 Yvon Spec Fluorolog-3-11 with a
Hamamatsu R928P photomultiplier tube detector with photon counting.

Transient absorbance spectroscopy: Transient Absorption Samples in stirred air-
tight cuvettes were excited with 355-nm or 450-nm pulses from a Q-switched Nd:YAG
laser (Spectra-Physics Quanta-Ray PRO-Series) or a tunable Nd:Y AG-pumped optical
parametric oscillator (Opotek Radiant QX8130U), both operating at a 10 Hz repetition rate.
Probe light from a current-pulsed (1 ms) 75-W Xe arc lamp was directed with all-reflective
optics collinearly with the laser excitation through the cuvette and wavelength selected
using a double monochromator (ISA DH10). Wavelength-selected probe light was detected
by a photomultiplier tube (PMT, Hamamatsu R955) wired for 5 gain stages. The PMT
output was amplified (Femto DHPCA-100), offset in a wideband differential amplifier, and
digitized at speeds up to 1 GS/s with a transient digitizer (GageScope). For luminescence
decay measurements, the probe light was blocked, and sample fluorescence was detected
by the PMT. Data collection was controlled by a PC with software written in LabView
(National Instruments). Signals were averaged for several hundred laser shots to optimize
signal-to-noise levels.

Time-resolved Fluorescence: Laser excitation was provided by regeneratively
amplified (Continuum) pulses from a diode pumped passively mode-locked Nd:YAG laser
(Spectra Physics Vanguard 2000). The output from the regenerative amplifier was tripled
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(355 nm, ~10 ps) and directed onto the sample held in a stirred 1-cm air-tight fluorescence
cuvette. Fluorescence was collected at 90° using reflective optics and focused onto the
entrance slit of a 0.275 m spectrograph (Acton SpectraPro 275). A fiber bundle at the
spectrograph image plane collected the fluorescence and directed it to the entrance slit of
a picosecond streak camera (Hamamatsu C5680). The streak camera was operated in
photon counting mode using High-Performance Digital Temporal Analyzer software

(Hamamatsu). The instrument time resolution is ~20 ps.

D.2 NH3 generation experiments
D.2.1 Standard NH3 Generation Reaction Procedure

In a nitrogen-filled glovebox, the precatalyst ((MoBr3]) (2.3 umol) is weighed into
individual vials. The precatalyst is then transferred quantitatively into a Schlenk tube using
THEF. The THF is then evaporated to provide a thin film of precatalyst at the bottom of the
Schlenk tube. The tube is then charged with a stir bar, and dihydropyridine (124 pmol) is
added as solids. The acid and base (124 pumol of each) are dissolved in 1 mL solvent and
added to the tube to produce a concentration of precatalyst of 2.3 mM. This tube is sealed,
passed out of the box, and transported to a fume hood, where the tube is transferred to a water
bath, where it is allowed to stir for 12 hours while irradiated by a Kessil™ as indicated. To
ensure reproducibility, all experiments were conducted in 50 mL Schlenk tubes (20 mm OD)
using 10 mm egg-shaped stir bars and stirring at ~600 rpm. The water bath was contained in
highly reflective dewars. The LED was placed above the bath as close to the stirring reaction
without touching the tube or the dewar.

Following completion, the reaction mixtures are cooled to 77 K and allowed to
freeze. The reaction vessel is then opened to the atmosphere, and the frozen solution is slowly
added to excess of a solution of HCI (3 mL of a 2.0 M solution in Et,0, 6 mmol) over 1-2
minutes. This solution is allowed to freeze, then the headspace of the tube is evacuated, and
the tube is sealed. The tube is then allowed to warm to RT and stirred at RT for at least 10
minutes. Solvent is removed in vacuo, and the solids are extracted with 1 M HClq) and

filtered to give a total solution volume of 10 mL. A 5 mL aliquot is taken and washed
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repeatedly with n-butanol to remove Hantzsch pyridine (HE) and collidinium. After n-
butanol washing additional 1 M HCl(aq) is added to give a final total volume of 5 mL. From
these 5 mL solutions, a 100 pL aliquot is analyzed for the presence of NH3 (present as
[NH4][C1]) by the indophenol method. Quantification was performed with UV-vis

spectroscopy by analyzing the absorbance at 635 nm.!!

370 nm
390 nm
427 nm
440 nm
456 nm
Blue

350 400 450 500
Anm

Figure D.1. Lamp relative emission spectra of Kessil™ H160 and H150 lamps used in
this study. Emission spectra are measured as photoncount and normalized to wattage. All
spectra were measured at multiple intensities to avoid detector saturation.

Alternative dihydropyridines
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Figure D.2. Structures of buffers and dihydropyridines canvassed for N2R in Table D.7.
Hantzsch ester derivatives are labeled as follows: 2a: R = Me; 2b: Ri = ‘Bu; 2¢: Rz = Ph;
2d: Ry = ““Nph,
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Figure D.3. Additional transition metal catalysts tested for photodriven N2R.

Table D.1. Catalytic yields for reduction of N2 to yield NH3 varying the irradiation
wavelength.

N2 | 3HEH, [MoBr3] (2.3 mM)
tatm — (124 mM) THF, 25 °C, 12 h

Varying wavelength
[ColH]OTf/Col (124 mM)

> 2NH; + 3HE

NH; NH, yield/

Entry Lamp (equiv/ Mo) HEH, (%)
1 H150 Blue?, 34 W 9.5+1 26.5+3
2 H150 Blue, 68 W 13+2 365
3 H160 456 nm <0.1 <0.3
4 H160 440 nm 1.5+0.5 4+1
5 H160 440 nm, 80 W, 24 hrs 46+0.2 12.6+0.05
6 H160 427 nm 6.6+0.9 18+2.5
7 H160 427 nm, 80 W 20.4+0.6 57+2
8 H160 427 nm, 80 W, 0.575 mM Mo 28+ 3 19+2
9 H160 390 nm 159+14 44 + 4
10 H160 390 nm, 80 W 176+04 49 +1
1 H160 370 nm 2.7+0.7 75+2

2 Yields taken from ref 4.
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Table D.2. Yields for wavelength dependence for organic products (HE and HEH>) from
NoR.

[MoBr] (2.3 mM)
Col:[ColH]OTf
(124 mM)
N, + 3 HEH, » 2 NHj; +3HE
1atm 124 mM THF, 25°C

Irradiation wavelength
20 W, 12 hours

Other Variations HE HEH;
yield yield
Entry Lamp (%)

1 H160 456 nm 12% 86%

2 H160 440 nm 12 hours, 20 W 69% 19%

3 H160 440 nm 24 hours, 80 W 85% <1%

4 H150 Blue LED 85% <1%

5 H160 390 nm 68% <1%

6 H160 370 nm 59% <1%

7 H150 Blue LED Lut-buffer 55% <1%

Table D.3. Catalytic yields for reduction of N2 to yield NH3 varying the irradiation
wavelength PCPMoCl; as precatalyst.

N> . 3HEH, [PCPMoCl;] (2.3 mM)=

Tatm = (124 mM) THF, 25 °C, 12 h

Varying wavelength
[ColH]OTf/Col (124 mM)

2NH; + 3HE

PCP = [—P(Bu),
L
N
\—P(tBu)z
NH; NH, yield/
Entr Lam 2

Y P (equiv/ Mo) HEH; (%)
1 H160 456 nm <0.1 <0.3
2 H160 440 nm 1.2 3

3 H160 427 nm 4.3 12
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Table D.4. Catalytic yields for reduction of N> to yield NH3 varying the irradiation
wavelength in the absence of buffer.

N2 3HEH, [MoBr3] (2.3 mM)
tan LRI THF, 25°C, 12 h

Varying wavelength

> 2NH; + 3HE

NH; NH, yield/

Entry Lamp (equiv/ Mo) HEH, (%)
1 H150 Blue LED? 0.9+0.2 2.6+0.5
2 H160 440 nm, <0.1 <0.3
3 H160 427 nm <0.1 <0.3
4 H160 390 nm 0.4+0.3 1.1+0.8
5 H160 370 nm <0.1 <0.3

2 Yields taken from ref 4.

Table D.5. Catalytic yields for reduction of N> to yield NH3 varying the buffer loading
using either the Blue LED lamps or the H160 390 nm lamp.

N2 + 3 HEH2 [MOBT3] (23 mM)
Tam = (124 mM) THF, 25°C, 12 h

Blue LED (34 W) or 390 nm (20 W)
[ColH]OTf/Col (x equiv/Mo)

> 2NH; + 3HE

NH; NH, yield/

Entry Lamp and buffer loading (equiv/ Mo) HEH, (%)
1 H160 390 nm, no buffer 04+0.3 1.1+0.8
2 H160 390 nm, 5 equiv buffer 6.9+0.3 19 +1
3 H160 390 nm, 54 equiv buffer 159+14 44 + 4
4 H160 390 nm, 108 equiv buffer 9.2+0.9 26+2.5
5 H160 390 nm, 216 equiv buffer 8.3+04 23 +1
6 H150 Blue LED, no buffera 0.9+0.2 26+0.5
7 H150 Blue LED, 5 equiv buffer2 29+0.2 8.0+0.6
8 H150 Blue LED, 54 equiv buffer2 9.5+1 26.5+3
9 H150 Blue LED, 108 equiv buffer 16+2 44 + 6
10 H150 Blue LED, 216 equiv buffer2 20.3+1.1 56+3

2 Yields taken from ref 4.
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Table D.6. Individual runs for catalytic yields for reduction of N> to yield NH3 when
varying the irradiation wavelength (Figure 5.3 and Table D.1).

[MoBr3] (2.3 mM)

Col:[ColH]OTf
(124 mM)
N2 + 3 HEH, > 2 NH;+3HE
1atm 124 mM THF, 25°C

Irradiation wavelength
20 W, 12 hours

Other Variations NH3
(equiv/ | Yield per
Entry Lamp Mo) HEH2 (%)
A1 H150 Blue LED 68 W 10.7 30
B1 H150 Blue LED 68 W 13.8 38
C1 H150 Blue LED 68 W 14.9 41
Table D.1, entry 3 H150 Blue LED 13+2 365
D1 H160 456 nm <0.1 <0.3
E1 H160 456 nm <0.1 <0.3
F1 H160 456 nm <0.1 <0.3
Table D.1, entry 3 H160 456 nm <01 <0.3
G1 H160 440 nm 2.0 6
H1 H160 440 nm 0.8 2
1 H160 440 nm 1.8 5
Table D.1, entry 4 H160 440 nm 1.5%0.5 41
J1 H160 440 nm 24 hours, 80 W 4.4 12.2
K1 H160 440 nm 24 hours, 80 W 4.9 13.6
Table D.1, entry 5 H160 440 nm 24 hours, 80 W 4.620.2 | 12.6+0.05
L1 H160 427 nm 7.5 21
M1 H160 427 nm 5.7 16
Table D.1, entry 6 H160 427 nm 6.6+0.9 18+2.5
N1 H160 427 nm 80 W 20.7 57
o1 H160 427 nm 80 W 18.6 52
P1 H160 427 nm 80 W 21.5 60
Q1 H160 427 nm 80 W 20.6 57
Table D.1, entry 7 H160 427 nm 80 W 20.4+0.6 57+2
R1 H160 427 nm 80 W, 0.575 mM Mo 30.8 214
S1 H160 427 nm 80 W, 0.575 mM Mo 24.7 17.1
Table D.1, entry 8 H160 427 nm 80 W, 0.575 mM Mo 28+3 19+2
T1 390 nm 18.1 50.2
U1 390 nm 15.1 41.9
V1 390 nm 14.2 394
W1 390 nm 16.1 44.7
Table D.1, entry 9 H160 390 nm 15.9+1.4 44+4
X1 390 nm 80 W 17.2 47.8
Y1 390 nm 80 W 18.0 50
Table D.1, entry 10 H160 390 nm 80w 17.610.4 49+1
Z1 370 nm 3.4 9.4
AA1 370 nm 2.1 5.8
Table D.11, entry 11 | H160 370 nm 2.740.7 | 7.5%2
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Table D.7. NH3 yields when varying dihydropyridine and buffer structure. For the benefit
of the reader, the discussion is presented in this caption.

In brief, replacing Col-buffer (pKa 15.0; table D.7, entry 1)'? with other methylated
pyridines showed attenuated efficacy for NoR; 2,6-dimethylpyridine (Lut, pKa 14.2; entry
2) buffer yielded 7.1+0.8 and 2-methylpyridine (2-pic, pKa 13.3; entry 3) yielded 1.7+0.05
equiv NH3, per Mo. Other buffers, such as more acidic pyridines (entry 4) or structurally
distinct alternatives (imidazole, aniline, alkylamine; entry 5) with a similar pK, to Col, each
led to less than 0.4 equiv NH3 per Mo.

Likewise, canvassing alternative dihydropyridines, we found that HEH, was most
competent for photodriven N>R (Table D.7, entries 1 and 6-9). Interestingly, the
dihydropyridines we canvassed can be categorized into three groups (Figure D.2, bottom):
Hantzsch ester derivates 1,4-dihydropyridines that maintain the ester groups at the 3,5
position and methyl groups at the 2,6 positions (2a-f, entries 6 and 7); 1,4-dihydropyridines
with at least one carbonyl group (2g-2i, entry 8); other dihydropyridines (2j-21, entry 9).
Generally, the dihydropyridine that maintains the 3,5-diester functionality produces the
most NHj, suggesting that this motif may be crucial in the parent conditions (HEH>/Col-
buffer).

[MoBr3] (2.3 mM)

[ColH]OTf/Col (124 mM)

N2 3HEH, > 2NH; + 3HE

1atm (124 mM)

Blue LED 34 W
THF, 23°C, 12 h

Varying buffer and dihydropyridine
Yield

Entry Variation from standard conditions NH4/Mo

1 None 19 =5 9.7/
Varying buffer (instead of Col-buffer)
2 Lut as buffer 71+08
3 2-pic as buffer 1.7+0.1
4 2-MeOpyr, 4-Cl26-Mepyr or 24.6-Phpyr as buffer 0-0.3
5 Imid, 4MeOpyr or Et;N as buffer <0.2
Varying dihydropyridine (instead of HEH,)

6 2a as dihydropyridine 3.2+04
7 2b-2f as dihydropyridine 04-1.9
8 2g-2i as dihydropyridine 0.2-0.5
9 2j-k as dihydropyridine <0.2
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Table D.8. Individual runs for catalytic yields for reduction of N> to yield NH3 when
varying the buffer (Table D.7).

[MoBr3] (2.3 mM)
base:[baseH]*OTf
(124 mM)

N2 + 3HEH; ———— > 2NH3+3HE
1atm 124 mM THF, 25°C
Blue LED 68 W
12 hours
Notes NH3
(equiv/ Yield per
Entry Base Mo) HEH:2 (%)
A2 Col 10.7 30
B2 Col 13.8 38
Cc2 Col 14.9 41
Table D.7,
entry 1 Col 132 365
D2 2,6-lutidine 6.4 18
E2 2,6-lutidine 8.0 22
Table D.7,
entry 2 2,6-lutidine 7.15%0.8 20+ 2
F2 2-picoline 1.65 4.6
G2 2-picoline 1.72 4.7
Table D.7,
entry 3 2-picoline 1.7%0.05 4.7+0.1
H2 2,6-Me-4-Cl-pyr 0.2 0.6
12 2,6-Me-4-Cl-pyr 0.4 1.1
Table D.7,
entry 4 2,6-Me-4-Cl-pyr 0.3+0.1 0.8+0.3
J2 2,4,6-Ph-pyr 0.1 0.3
K2 2,4,6-Ph-pyr 0.1 0.3
Table D.7,
entry 4 2,4,6-Ph-pyr 0.1+0.05 | 0.3%0.15
L2 2,6-MeO-Pyr <0.1 <0.3
M2 2,6-MeO-Pyr <0.1 <0.3
Table D.7,
entry 4 2,6-MeO-Pyr <0.1 <0.3
N2 EtsN 0.2 0.6
02 EtsN 0.1 0.3
Table D.7,
entry 4 Et:N 0.17+0.04 | 0.5+0.11
P2 Imidazole <0.1 <0.3
Q2 Imidazole <0.1 <0.3
Table D.7,
entry 5 Imidazole <01 <0.3
R2 4-MeOPHNH, <0.1 <0.3
S2 4-MeOPHNH, <0.1 <0.3
Table D.7,
entry 5 4-MeOPHNH, <0.1 <0.3
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Table D.9. Individual runs for catalytic yields for reduction of N> to yield NH3 when
varying the dihydropyridine (Table D.7).

[MoBr3] (2.3 mM)
Col:[ColH]OTf
(124 mM)
N2 + 3pyrH; » 2 NH3+ 3 pyr
1atm 124 mM THF, 25°C
Blue LED 68 W
12 hours
Notes NH3
(equiv/ Yield per
Entry Dihydropyridine Mo) HEH2 (%)
A3 HEH: 10.7 30
B3 HEH: 13.8 38
C3 HEH: 14.9 41
Table D.7,
entry 1 HEH: 132 365
D3 MeOHEH; (2a) 3.6 10
E3 MeOHEH, (2a) 2.9 8
Table D.7,
entry 6 MeOHEH; (2a) 33204 | 9.0%1.0
F3 BuOHEH: (2b) 0.5 1.4
G3 BUOHEH; (2b) 1.1 3.1
Table D.7,
entry 7 BuOHEH, (2b) 0.7%0.3 241
H3 4PHEH: (2¢) 0.7 1.9
13 4-PhHEH: (2c) 0.8 2.2
Table D.7,
entry 7 4PhHEH, (2¢) 0.75%0.05 | 2.1+0.1
J3 4-PhCNHEH, (2d) 1.85 5.2
K3 4-PhCNHEH, (2d) 1.65 4.6
Table D.7,
entry 7 4-PhCNHEH, (2d) 1.75%0.15 | 4.9%0.4
L3 N-MeHEH: (2€e) 1.0 2.8
M3 N-MeHEH: (2e) 1.6 4.4
Table D.7,
entry 7 N-MeHEH; (2¢) 1.3+0.3 | 3.6+0.8
N3 2f 2.7 7.5
03 2f 1.1 3
Table D.7,
entry 7 2f 1.9+0.8 542
P3 2g 0.3 0.8
Q3 29 0.3 0.8
R3 2g 0.2 0.6
Table D.7,
entry 8 2g 0.25+0.04 | 0.7+0.1
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Cont. table D.9
S3 BNAH (2h) 0.5 1.4
T3 BNAH (2h) 0.3 0.8
U3 BNAH (2h) 0.6 1.7
V3 BNAH (2h) 0.3 0.8
Table D.7,
entry 8 BNAH (2h) 0.4410.13 | 1.2+0.4
W3 MeNHHEH: (2i) 0.49 1.4
X3 MeNHHEH (2i) 0.45 1.25

Table D.10. Individual runs for catalytic yields for reduction of N> to yield NH3 when

varying the precatalyst.
catalyst (2.3 mM)

Col:[ColH]OTf
(124 mM)
N2 + 3 HEH, > 2NH;+3HE
1atm 124 mM THF, 25°C
Blue LED 68 W
12 hours
Notes NHs
(equiv/ Yield per
Entry Catalyst Mo) HEH:2 (%)
A4 [MoBr3] 10.7 30
B4 [MoBr3] 13.8 38
c4 [MoBr3] 14.9 41
[MoBr;] 132 365
D4 [MoNBr] 12.1 34
E4 [MoNBr] 11.4 32
[MoNBr] 11.8+0.4 33+1
F4 MePNPMoBrs3 7 19
G4 MePNPMoBr3 8.8 24
MePNPMoBr; 7.9+1.3 22+4
H4 Me2NPNPMoBr; 6.3 17.5
14 [Mo(N2)2]2(u-N2) 2.8 7.8
J4 [Mo(N2)2]2(-N2) 3.2 8.9
[Mo(N2)2]2(1-N2) 3.0+0.2 8.3+0.6
K4 (dape)2W(N2)2 2.7 7.5
L4 (dape)2W(N2)2 1.8 5
(dape)2W(N2). 2.25%0.5 | 6.2%¥1.4
M4 (dape)2W(N2)2 No HEH: <0.1 <0.3
N4 (dape)2W(Nz2)2 No HEH2 <0.1 <0.3
(dape)2W(N2). No HEH, <0.1 <0.3
04 (dppe)2W(N2)2 0.10 0.3
P4 (dppe)2W(N2)2 0.25 0.7
(dppe)2W(N2). 0.17+0.07 | 0.5%0.2
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Table D.11. Individual runs for catalytic yields for reduction of N> to yield NH3 when
varying the counteranion.

[MoBr3] (2.3 mM)
Col:[ColH]*X
(124 mM)
Ny + 3HEH, » 2 NH; + 3 HE
1atm 124 mM THF, 25°C
Blue LED 68 W
12 hours
Notes NH3
(equiv/ Yield per
Entry Counteranion (X) Mo) HEH: (%)
A5 [OTH] 10.7 30
B5 [OTHI 13.8 38
C5 [OTH] 14.9 41
[OTf] 132 365
D5 [BArF4]- 5.8 16.1
E5 [BArfa] 4.5 12.5
[BArF4] 515+ 0.6 | 14.3%¥1.7
F5 [OTs] 4.0 11.1
G5 [OTs] 2.7 7.5
[OTs] 3.4+ 0.6 9.4+1.7
H5 I <0.1 <0.3
15 I <0.1 <0.3
I <0.1 <0.3

D.3. Photoreductions of organic substrates

D.3.1 General procedure

To an oven-dried Schlenk tube HEH> (15.6 mg, 62 pmol) and substrate (124 pmol

for 1 e reduction 62 pmol for 2 e reduction, 31 umol for 4 e reduction, 20.6 umol for 6 e~

reduction and 15.5 umol for 8 e reduction) were added to a Schlenk tube inside the drybox.
Dry THF (0.5 mL) with or without 124 mM dissolved buffer was added to the tube, the tube

was sealed with a Konte’s valve and brought out of the glovebox. The tube was placed in a

water bath and irradiated (20 W, H160 427 LED Kessil lamp) for the noted amount of time.

For most substrates, upon completion of the reaction, the solvent was removed in

vacuo, and a known and weighed amount of 1,3,5-trimethoxybenzene (~3 mg) was added to

the tube. Subsequently, the contents of the tube were taken out and analyzed by '"H NMR,

integrating against the TMB standard to calculate the yield of the reaction.



297
For basic, volatile products (NH3, propyl amine, trimethylamine), upon completed
reaction the tube was frozen to 77 K, and 1 mL NaO'Bu (0.25 M) in MeOH was added via
syringe. Upon equilibration, the tube was evacuated, and the contents were vacuum
transferred to a receiving flask with 3 mL 2 M HCI in Et,0O. After the transfer, the receiving
flask was thawed, and the solvent was removed in vacuo. The resulting film was taken up in
ds-DMSO with 10 mM TMB added and analyzed by '"H NMR to calculate the yield of the
reaction.
For some substrates (toINOa, [TBA][NOs], and *M>NPhCHO), reactivity with

additional buffers was analyzed; these results are given in Tables D.12-D.17.

EtO,C._~ -COzEt NH,
X Ly
N
OM:

MeO OMe

Figure D.4. '"H NMR (CDCl; 7.26 ppm) of a typical crude reaction mixture reacting toINO;
with HEH> in the absence of Col-buffer. Identifiable products include: tolNH> (6 6.92, d,
2H, J=8 Hz, 6 6.57, d, 2H, J =8 Hz, 2H, 6 2.19, s, 3H), toINHOH (6 7.07, d, 2H, J =8
Hz, 6 6.90, d, 2H, J = 8 Hz, 2H, 3 2.28, s, 3H), toINO> (starting material) (6 7.79, d, 2H, J
=8 Hz,07.29,d, 2H, J= 8 Hz, 2H, & 2.41, s, 3H), along with HE and TMB as indicated.
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Figure D.5. "H NMR (CDCl; 7.26 ppm) of a typical crude reaction mixture reacting tolNO2
with HEH> and Col-buffer. Identifiable products include: tolNH> (3 6.92, d, 2H, J = 8 Hz,
0 6.57,d, 2H, J=8 Hz, 2H, 6 2.19, s, 3H), toINHOH (6 7.07, d, 2H, J =8 Hz, 8 6.90, d,
2H, J=8 Hz, 2H, § 2.28, s, 3H), toINO; (starting material) (6 7.79, d, 2H, /=8 Hz, 6 7.29,
d, 2H, J=8 Hz, 2H, 6 2.41, s, 3H), along with HE, Col-buffer and TMB as indicated.

NMe;
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EtO,C.__~~, CO,Et ! O
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Figure D.6. 'H NMR (CDCl3 7.26 ppm) of a typical crude reaction mixture reacting
4MENPHCHO with HEH, and Col-buffer. Identifiable products include: pinacol product meso
(67.20,d,4H,J=8 Hz; 6 6.69d,4H,J=8 Hz; 6 4.63,s,2H;32.91,s, 12H) and d/ (5 7.00,
d,4H, J=8 Hz; 8 6.57 d,4H,J=8 Hz; 6 4.59, s, 2H; 6 2.91, s, 12H), alcohol (5 7.14, d,
2H,J=8Hz;56.69,d, 2H,J=8 Hz, 2H; 6 4.50, s, 2H; 6 2.28, s, 6H), benzaldehyde (starting
material) (6 9.70, s, 1H; 6 7.71, d, 2H, J= 8 Hz; 6 6.67, d, 2H, J= 8 Hz; 6H, & 3.10, s, 6H),
along with HE, Col-buffer and TMB as indicated.
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Figure D.7. 'H NMR (CDCls 7.26 ppm) of a typical crude reaction mixture reacting
4MeOphCHO with HEH, and Col-buffer. Identifiable products include: pinacol product
meso (6 7.12,d,4H, J=8 Hz; 6 6.77d,4H,J=8 Hz; 6 4.74, s, 2H; § 3.72, s, 6H) and d!
(66.96,d,4H, J=8 Hz; 0 6.68 d, 4H, J=8 Hz; 6 4.52, s, 2H; 6 3.72, s, 6H), alcohol (6
7.23, d, 2H, J = 8 Hz; 6 6.82, d, 2H, J = 8 Hz, 2H; 6 4.53, s, 2H; o 3.75, s, 3H),
benzaldehyde (starting material) (5 9.80, s, 1H; 06 7.74, d, 2H, J= 8 Hz; 6 6.96, d, 2H, J =
8 Hz; 6H, ¢ 3.86, s, 3H), along with HE, Col-buffer and TMB as indicated.

EtO,C. -~ -CO;Et
II [MesNHICI
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Les 2N + (7

= <) L)
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Figure D.8. 'H NMR (CDCl; 7.26 ppm) of a typical crude reaction mixture reacting Me;NO
with HEH> and Col-buffer Typical spectra generated to quantify of products from
photoreduction of tolINO». Identifiable products include: [MesNH]CI (6 11.28, br, 1H, 6 2.85,
d, 9H, J = 8 Hz, 2H) along with HE, Col-buffer as indicated.
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Figure D.9. 'H NMR (DMSO-ds, 400 MHz) of vac transferred solution following
reduction of "PrNO; by HEH> and Col-buffer.
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Figure D.10. 'H NMR (DMSO-ds, 400 MHz) of vac transferred solution following reduction
of [TBA][NOs] by HEH, and Col-buffer/ (Top) "NH4Cl obtained from reaction of natural
abundance [TBA]'*NOs with HEH, and buffer, under blue light irradiation; (bottom) NH4Cl

obtained from reaction of [TBA]NO3 with HEH» and buffer, under blue light irradiation.




Table D.12. Summary of product yields for toINO; reductions.

[ColH]OTf/Col (1:1)

HEH, +sub >  HE +subH,
Blue LED
THF, RT
Entry  Variation from standard conditions Product yield (% per HEH,)
sub = ToINO, ToINHOH TolNH,
1 [ColH]OTf/Col buffer 19+ 14% 77 £ 14%
2 no buffer 31.5+2.5% 13+1%
3 [LutH]OTf/Lut buffer 5717 % 23+2%
4 [ImidH]OTf/Imid buffer 52 + 2% 14.9+0.1%
5  Only[ColH]OTf 5% 73%
6  OnlyCol 56% 22%
7 [2MepyrH]OTH/ZMepyr buffer 40 % 31%
8 [EtsNH]OTf/Et;N buffer 1% 26%
9 [4-MeOPhNH,]OTf/4MeOPhNH, buffer 17% 30%
10  [*C'LutH]OT/4ClLut buffer 50% 0

Table D.13. Yields for individual experiments for toINO> reductions.

Col:[ColH]OTf
(124 mM)

tolNO, + 3 HEH,

12 hours

» toINH, + (toINHOH)
413 mM 124 mM 0.5 mLTHF, 25°C
Blue LED 68 W

"Standard condtions"

Yield Total
toINH2 Yield yield per
Yield per Yield toINHOH HEH:2
Variation from standard toINH2 HEH:2 toINHOH | per HEH: (%)
Entry conditions (umol) (%) (umol) (%)
A6 None 19 92 15 5 97
B6 None 13 63 7.0 33 96
None 163 7715 4.3+2.7 19+14 96.5%0.5
Cé No buffer 2.8 14 9.0 29 43
D6 No buffer 2.4 12 10.6 34 46
No buffer 2.6+0.2 | 13+1 9.8+0.8 31.5+2.5 | 44.5%1.5
E6 Imid-buffer 3.1 15 15.6 50 65
F6 Imid-buffer 3.0 14.7 16.6 54 69
Imid-buffer 3+0.0.05 | 14.8£0.2 | 16.1+0.5 52+2 6712
G6 Lut-buffer 2.1 15 23 74 89
H6 Lut-buffer 5.6 27 12.7 40 67
Lut-buffer
16 Only [ColH]OTf 15 73 1.5 5 78
J6 Only Col 4.6 22 17.2 56 78
K6 2Mepyr-puffer 6.4 31 12.5 40 4
L6 EtsN-buffer 5.4 26 3.5 11 37
M6 4-MeOPhNH>-buffer 6.2 30 5.3 17 47
N6 4-Cr26-Mepyr-buffer <0.1 <0.3 15.6 50 50
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Table D.14. Yields for individual experiments for [TBA][NO3] reductions.

[TBAJ[NOs] + 4 HEH,

Col:[ColH]OTf
(124 mM)

> NH3
31 mM 124 mMm 0.5 mL THF, 25°C
Blue LED 68 W
12 hours
"Standard condtions"
Yield
Yield NHs3 per
Variation from standard NHs HEH:
Entry conditions (umol) (%)
A7 None 5.8 375
1 mL THF, (unchanged 10.0 32.2
B7 conc)
Col-buffer 353
No buffer 1 mL THF,
C7 (unchanged conc) 0.4 1.4
No buffer 1 mL THF,
D7 (unchanged conc) 0.4 14
No buffer 1.4%£0.1
E7 Imid-buffer 0.11 1.0
F7 Imid-buffer 0.15 1.3
Imid-buffer 1.240.1

Table D.15. Yields for individual experiments for 1-nitropropane reductions.

Col:[ColH]OTf

(124 mM)
nPI'NOz + 3 HEH, > nPrNH2
413mM  124mM  0.5mLTHF 25°C
Blue LED 68 W
12 hours
"Standard condtions"
Yield
"PrNH2
Yield per

Variation from standard

"PrNHz | HEH:

Entry conditions (Mmol) (%)
A8 None 52 25
B9 None 7.4 36

Col-buffer 6.3+1.1 305
C9 No buffer <0.2 <1
D9 No buffer <0.2 <1

No buffer <0.2 <1
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Table D.16. Yields for individual experiments for trimethylamine N-oxide reductions.

? Col:[ColH]OTY
Ne_ (124 mM)
<7\ + 3HEH, > Ne—
124mM  124mm 05 mLTHF 25°C \
Blue LED 68 W
12 hours
"Standard condtions"
Yield
MesN
Yield per
Variation from standard MesN HEH:
Entry conditions (umol) (%)
A10 None 59.5 96
B10 None 53.2 86
Col-buffer 5613 9115
C10 No buffer 21.1 34
D10 No buffer 14.2 23
No buffer 18%3 295

Table D.17. Yields for individual experiments for aldehyde reductions.
Col:[ColH]OTf

O
7 (124 mM)
Ar + HEH, » HO Ar OH
Ar = NMe, 124 mMm  0.5mL THF, 25 °C Ar OH Ar
or OMe 427 nm, H160 LED 11 dr
248 mM 4 hours '
"Standard condtions"
Yield Yield Total
pinacol alcohol | vyield per
Yield per Yield per HEH:2
Variation from standard pinacol HEH:2 alcohol HEH: (%)
Entry conditions (umol) (%) (umol) (%)
A11 Ar = NMe2 31.5 50.8 23 3.7 54.7
B11 Ar = NMe2 30.5 49.2 <1 <2 49.2
C11 Ar = NMez 33.5 54.0 <1 <2 54.0
Ar = NMe2 31.8%1.1 | 51.3#1.7 <1.5 <2.5 53+2
D11 Ar = NMez, no buffer <1.5 <25 3.3 5.4 5.4
E11 Ar = NMez2, no buffer <1.5 <2.5 3.5 5.6 5.6
Ar = NMez, no buffer <1.5 <2.5 3.4+0.1 | 55+0.1 | 5.5%0.1
F11 Ar = NMez, Imid-buffer 10.6 171 <0.5 <1 171
G11 | Ar = NMez, only [ColH]OTf 11.5 18.5 11.6 18.7 37.2
H11 Ar = NMez, only Col 10 16.1 <0.5 <0.1 16.1
111 Ar = OMe 54.5 87.9 24 3.8 91.7
J11 Ar = OMe 55.3 89.2 1.2 1.9 91.1
54.9+0.4 | 88.620.7 | 1.8£0.6 29109 | 91.4+0.4
K11 Ar = OMe, No buffer 16.4 26.4 2.4 3.8 30.2
L11 Ar = OMe, No buffer 17.6 28.3 2.2 3.5 31.8
Ar = OMe, No buffer 17.020.4 | 27.4+0.9 | 2.3%0.1 | 3.6%0.2 31.010.8
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D.3.2 Light on/off study of toINO2 reduction

A J. Young-NMR tube was loaded with 124 mM HEH,, 124 mM Col-bufter, and
41.3 mM toINO> in 0.7 mL dg-THF. A spectrum (time =0) was collected, with care being
taken to avoid additional irradiation of the NMR tube. Subsequently, the tube was irradiated
for 10 minutes, and "H NMR was collected. The tube was then kept in the dark, and the NMR
was recollected. This procedure was continued as indicated in Figure D.11.

It was observed that toINO> was nearly completely consumed before tolNH>
formation began. Formation of both toINH> and toINHOH was associated with consumption
of HEH». However, upon extended irradiation, toINHOH does decompose slightly to give

more tolNHb>, but this is a minor contribution to the total toINH; formation.
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i HEH,: red; HE: blue

Figure D.11. Light on/off study for toINO> reduction. Left panel shows spectra collected
from t=0 (bottom) to 1080 min (top). toINO» and HEH> species are tracked with irradiation
off indicated by greyed-out panels in the right panel.

D.3.3 Chemical quantum yield measurements

The organic reaction quantum yield reactions were setup as the uncatalyzed chemical
reactions (D.4.1), the H160 427 nm light lamps were used with 10 W irradiation and 15-
minute reaction time. The rate (in umol min') was compared to the rate of photon flux

measured in this setup.
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D.3.3.1 Actinometry measurement

Relative quantum yield was determined through the potassium ferrioxalate chemical
actinometry method to determine the light intensity for the setup used for quantum yield
experiments (10 W, 427 nm Blue LED). K3Fe(C204)3 was prepared and used in solution by
making a 10 mM Fe>SO4 and 60 mM K>C>04 stock solution in 4% H>SO4 (aq). 3 mL of this
solution was irradiated at 390 nm for 5 seconds in the same setup as employed for all

reactions. Care was taken to minimize light exposure between irradiation cycles. '

e + CL0% 1V » 2Fe?* +2C0,

A 0.2% by weight solution of 1,10-phenanthroline in water and a 0.6 M NaOAc
buffer in 1% H2SO4 (aq) were prepared separately. A 100 pL aliquot of the irradiated solution
was placed into a 10 mL volumetric flask along with 200 uL of the phenanthroline solution
and 50 pL of buffer, and the solution was diluted with water. The complexation of Fe** with
1,10-phenanthroline resulted in a bright red solution that had a characteristic absorption at
510 nm. For the control, these steps were repeated with a 100 uL aliquot of non-irradiated
solution.

Because complete conversion was not reached after 10 s, but rather sometime
between 5 and 60 s, the runs at 10 s were chosen for analysis. These gave an average
absorbance of 0.366 £ 0.02 at 510 nm vs. dark.

I (mol - min-1) = -z’ A5.1
mol - min = ehptl, (eqn A5.1)

where

A = absorbance at 510 nm

V> = volume of actinometer irradiated (0.5 mL)

V'3 = final volume of quantified sample (10 mL)

¢ = extinction coefficient of ferrous 1,10-phenanthroline at 510 nm (~1.11 x 10* M-
L. em)

b = path length of cuvette (1 cm)
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¢; = quantum yield of ferrous production at 427 nm (~1.11)
¢t = irradiation time (10 s)

V1 = volume of aliquot of an irradiated sample taken (100 pL).

Giving a light intensity in mol of photons per unit time. Using the gathered
absorbance data, a light intensity of 9 + 0.5 x umol - min™' was obtained, and this photon flux

was used to calculate all relative quantum yields.
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Figure D.12. UV-vis spectra of solutions used for light intensity quantification at different
irradiation times.



D.3.2 Individual experiments for chemical quantum yield results
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Table D.18. Yields for individual experiments for toINO> reductions for quantum yield
measurements (Figure 5.8).

H, H

THF, RT, 15 min

a
EtO,C CO,Et 427 nm LED 10 W
toINO, toINHOH
N 62 mM with or without
By [ColHp]OTf/Col
(124 mM)
124 mM _HE
Yield Quantum yield Notes
Variation from standard toINHOH Rate (umol (x100)
Entry conditions (umol) min)
A12 None 3.5
B12 None 4.1
C12 None 3.7
D12 None 4.0
None 3.84£0.16 0.25+0.011 0.028+0.0015
E12 No buffer 0.6
F12 No buffer 0.9
No buffer 0.75+0.21 0.05+0.014 0.006%0.002
G12 Only [ColH]OTf 29
H12 Only [ColH]OTf 2.2
Only [ColH]OTf 2.5%0.5 0.17+0.03 0.019+0.004
112 Only Col 2.25
J12 Only Col 1.7
Only Col 2.0+0.4 0.13+0.03 0.015%0.003
K12 Ha=D 3.9
L12 Ha=D 3.8
M12 Ha=D 3.7
N12 Ha=D 4.0
Ha=D 3.85+0.07 | 0.26+0.005 2.88+0.06 KIE = 0.99%0.0€
012 Ho=D 5.2
P12 Ho=D 4.2
Q12 Ho=D 4.2
R12 Ho=D 4.6
Hyo=D 4.610.3 0.30+0.02 3.4£0.2 KIE = 0.84+0.09
S12 | N-MeHEH, (2c), Col-buffer 0.93
T12 | NMeHEH; (2c¢), Col-buffer 1.00
N-MeHEH; (2c), Col-buffer | 0.97+0.03 0.007%0.00025
U12 N-MeHEH2 (2¢), No buffer 0.16
V12 N-MeHEH (2c), No buffer 0.29
N-MeHEH, (2c), No buffer 0.22+0.06 0.0016+0.0004
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Table D.19. Yields for individual experiments for aldehyde reductions for quantum yield
measurements.

o [ColH]OT#/Col (1:1) OH
(124 mM) OH
P HEH, > Ar)ﬁ/ + HE
Ar” H H160 427 nm, 20 W Ar
248mM 124 mM T RT 15 min 1:1 meso:dr
Yield Quantum yield
Variation from standard toINHOH Rate (umol (x100)
Entry conditions (umol) min-')
A13 R = NMe2 11.8
B13 R = NMe2 13.7
R = NMe; 12.75%0.9 0.85%0.06 0.094%0.008
C13 R = NMe2, No buffer <0.5
D13 R = NMez, No buffer <0.5
R = NMe;, No buffer <0.5 <0.03 <0.003
E13 R = OMe 13.2
F13 R = OMe 13.4
R = OMe 13.3+0.1 0.887+0.007 0.0986+0.0008
G13 R = OMe, No buffer 2.8
H13 R = OMe, No buffer 3.4
R = OMe, No buffer 3.1%0.3 0.21%0.02 0.023+0.002

D.4: UV-vis spectroscopy
D.4.1 General procedure

All solutions for UV-vis measurements were prepared inside a glovebox using dried
solvent unless otherwise specified. For static spectra (Figures D.13, D.14, D.16 and D.17) an
oven-dried cuvette was used and sealed with a Teflon valve.

For titration experiments (Figure D.15), an oven-dried cuvette was loaded in the
glove box and sealed with a septum. The titrant was added via syringe against a counterflow

of N> to maintain an O»-free atmosphere throughout the experiment.
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Figure D.13. UV-vis spectra of reaction components in 1 mm cuvette in THF at 25 °C.
Traces are [MoBr3], 2.3 mM (yellow); HEH> 124 mM (light blue); HEH; + Col-buffer 124
mM (dark blue), and all reaction components (red trace).

H H |OTf
EtO,C CO,Et
B
| | | N
N N I P

H H N
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Wavelength (nm)

HEH2 HEH2 + [ColH]OTf = = = HEH2 + buffer

Figure D.14. UV-vis spectra of HEH> (100 mM; light blue); HEH> + [ColH]OTf (100 mM
each; yellow), and HEH; + [ColH]OTf + Col (100 mM each; red dashed) collected in a 1

cm cuvette in THF at 25°C.
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Figure D.15. UV-vis spectra of HEH> (0.1 mM) with [ColH]OTT titrated from O (red) to
160 mM (blue). Collected in a 1 cm cuvette in THF at 25°C.
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Figure D.16. UV-vis spectra of PCPMoCl; (0.1 mM) in a 1 cm cuvette in THF at 25°C.
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Figure D.17. UV-vis spectra of PCPMoCl3 (0.1 mM) in a 1 cm cuvette in THF at 25°C
with NH3 yields from photodriven N2R overlayed (from table D.3).

D.S5 Fluorescence experiments
D.5.1General procedure

Steady-state fluorimetry was performed in the Beckman Institute Laser Resource
Center (California Institute of Technology). Samples for luminescence measurements were
prepared in dry THF and transferred to a 1-cm path length—fused quartz cuvette sealed with
a high-vacuum Teflon valve (Kontes). Steady-state emission spectra were collected on the
Jobin S4 Yvon Spec Fluorolog-3-11 with a Hamamatsu R928P photomultiplier tube detector

with photon counting.



Rel. Intensity

° o 9

J‘.\I IO'I (=2}
[]
| \
“k

e

2
w
T

021

0.1

7 N\ —+HEH,
09 A :
: 7 A\ . HEH, + [CoHOT

|+ HEH, + Col

e
T

0 .
360 380

400 420 440 a0
Wavelength/nm

312

Figure D.18. Excitation spectra monitoring relative emission intensity (500 nm) of HEH>
(0.5 mM) in the absence (blue trace) presence of [ColH]OTTf (320 mM, orange trace) or
Col (320 mM, yellow trace). A slight blue-shift is observed with HEH> and [ColH]OTT, as

is also observed by UV-vis.
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Figure D.19. Low temperature (77 K) emission spectrum of HEH, (1.2 mM) in THF.

(Excitation wavelength: 355nm).
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D.5.2 Fluorescence Quantum yield measurements
Fluorescence quantum yield of HEH, was measured against a 9,10-diphenyl
anthracene standard (taken to be 1.0 in THF at 380 nm irradiation). Solution of both samples
prepared such that the absorbance <0.1, and the integrated emission spectra upon exciting at
380+5 nm. Due to the low signal-to-noise ratio of 10x (100 ms vs 10 ms), integration time

was required for HEH,. The equation:

QYuEH2 J emissionygy, (absanth,380> . ( 1
10

= — —] (eqnD.2)14
QYanth f €missi0oNgnth abSHEH2,380 )
gives QYuen2 = 0.018. The factor of 1/10 is required due to the 10x longer integration time

for the HEH> emission spectra. See Figure D.20.

320 340 360 380 400 420 400 450 500 550 600
wavelength/nm wavelength/nm

Figure D.20. Absorption spectra and emission spectra of HEH> and 9,10-
diphenylanthracene. Note that HEH> is multiplied by 10x in the emission spectra, and
generated using 10x integration time, resultingly the final integral is about 1/100 the
intensity of 9,10-diphenylanthracene.
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D.5.3 Quenching studies

D.5.3.1 Procedure for quenching studies

1 cm quartz glass cuvettes were loaded with 0.5 mM HEH: solutions in dry THF,
with varying concentrations of quencher (either Col or [ColH]OTY) in a nitrogen glovebox.
Stock solutions were used to assure consistency. Solutions were excited at 390 nm
wavelength to avoid interference of the excitation wavelength and steady-state fluorescence
spectra. Experiments were conducted at 23 °C.

D.5.3.2 Calculation of Stern-Volmer quenching constants

Using the previously measured excited state-lifetime measured (10) for HEH» we can
calculate the Stern-Vollmer quenching both via a diffusional constant (kqirr) and an

equilibrium static quenching constant (Ksat) using the equation:

To/le = 1 + (kaitr* To + Kstat) [Q] + (kaifr To - Kstat) [Q]? (eqn D.3).1

Kqand 1 are given by the lifetime quenching (6.7 10° M™! s and 200 ps, respectively;
see figure D.23) to give kairr- To= 1.34 ML, Accordingly, an updated model (red line, figure
D.21) uses Kyt = 20 M. This suggests slightly less static quenching compared to when
solely static quenching is assumed (22 M!, dashed, blue line).
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Figure D.21. Steady-state fluorescence of HEH> (0.5 mM) with varying amounts of
[ColH]OTf (18 mM to 144 mM) (Left). Stern-Vollmer quenching plot of I¢/Ic against
concentration of [ColH]OTT (right). Two models are presented, one assuming only static
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quenching (blue dashed line) and one considering static and diffusional quenching as
determined by luminescence lifetimes (red line).

Given the much lower value of the luminescence lifetime, adding this factor is not
required based on this data, but as the luminescence spectroscopy suggests, it is present. The

addition does improve the model slightly, as would be expected.
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Figure D.22. Steady-state fluorescence of HEH> (0.5 mM) with varying amounts of Col (5
mM to 320 mM) (left). Stern-Vollmer quenching plot of Io/Ic against concentration of Col
(right). Slope is -0.05+0.1 M, suggesting little to no quenching.

D.6 Time-resolved luminescence experiments

D.6.1 General procedure
Time-resolved luminescence measurements and transient absorption measurements

were carried out in the Beckman Institute Laser Resource Center at Caltech. All
measurements were performed with samples under an N> atmosphere at room temperature.
Samples were prepared in air-tight 1 cm path-length quartz cuvettes in the dark, N»-filled

glovebox. Prior to measurement, all samples were protected from light by wrapping in

aluminum foil.
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Figure D.23. Luminescence lifetime of HEH> (1.2mM) in THF. (Excitation wavelength:
355nm, detection wavelength: 450 nm).
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Figure D.24. Luminescence lifetime of HEH> (1.2mM) in THF after titration with
[ColH]OTt (50mM-110mM). (Excitation wavelength: 355nm, detection wavelength: 450
nm).
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Figure D.25. Kinetic constants plot extrapolated from luminescence lifetime of HEH>
(1.2mM) in THF after titration with [ColH]OTf (50mM-110mM).

Table D.20. Luminescence lifetime of HEH: (1.2mM) in THF after titration with
[ColH]OTf (50mM-110mM).

Lifetime
HEH, 200 ps £ 10
HEH, + ColH (50mM) 192ps+5
HEH, + ColH (72mM) 181 ps+4

HEH, + ColH (110 mM) 175 ps+9

D.6.2 Studies of [MoBr3] luminescence
In addition to the study of HEH», we have also investigated the photophysical
properties of [MoBr3]. We find that excitation at 450 nm does result in the formation of a

long-lived excited state. Importantly, this excited state is not quenched by HEH> both in the
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presence and absence of buffer, supporting that HEH> is the photosensitizer during NoR
(Figures D.26-D.28).

560 580 600 620 640 660 680 700
wavelength/nm

Figure D.26. Emission spectrum of [MoBr3] in THF (0.1 mM; Excitation: 450nm).

.4 4 6 8 10
time/ns

Figure D.27. Luminescence lifetime of [MoBr3] (0.5 mM) in THF after titration with HEH»
0 equiv (black), 25 equiv (red), 50 equiv (green) (Excitation: 450nm, Detection: 570 nm).
Translated to more clearly show traces.
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Figure D.28. Luminescence lifetime of [MoBr3] (0.5 mM, black trace) in THF after
addition of HEH> (50 equiv, red trace), HEH> (50 equiv), and 100 equiv of Buffer (blue
trace) and HEH» (50 equiv) and 200 equiv of Buffer (green trace) (Excitation: 450nm,
Detection: 570 nm). Translated to more clearly show traces.

D.7 Transient Absorption Studies
D.7.1 General procedure.

Transient absorption measurements were carried out in the Beckman Institute Laser
Resource Center at Caltech. All measurements were performed with samples under an N>
atmosphere at room temperature. Samples were prepared in air-tight 1 cm path-length quartz
cuvettes in the dark, N»o-filled glovebox. Prior to measurement, all samples were protected

from light by wrapping in aluminum foil.
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Figure D.29. TA spectrum of short-lived radical species generated from excitation (355
nm) of HEH; (1.2 mM) in the presence of [ColH]OTf (12 mM) and [ColH]OTf + Col (12
mM). Intensity decreases from 1.5 ps (blue trace) to 35 ps.
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Figure D.30. Bleaching at 370 nm generated from HEH> (1.2 mM) in THF. (Excitation
wavelength: 355nm, detection wavelength: 370 nm).
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Figure D.31. Bleaching at 370 nm generated from HEH> (1.2 mM) in THF in the presence
of [ColH]OTf (12 mM). (Excitation wavelength: 355nm, detection wavelength: 370 nm).
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Figure D.32. Bleaching at 370 nm generated from HEH> (1.2 mM) in THF in the presence
of [ColH]OTf (110 mM). (Excitation wavelength: 355nm, detection wavelength: 370 nm).
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Figure D.33. Bleaching at 370 nm generated from HEH> (1.2 mM) in THF in the presence
of [ColH]OTTf (12 mM) and Col (50 mM). (Excitation wavelength: 355nm, detection
wavelength: 370 nm).
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Figure D.34. Absorption at 500 nm generated from HEH> (1.2 mM) in THF in the presence
of [ColH]OTf (12 mM). (Excitation wavelength: 355nm, detection wavelength: 500 nm).
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Figure D.35. Absorption at 500 nm generated from HEH> (1.2 mM) in THF in the presence
of [ColH]OTf (12 mM) and Col (36 mM). (Excitation wavelength: 355nm, detection
wavelength: 500 nm).
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Figure D.36. Absorption at 500 nm generated from HEH; (1.2 mM) in THF in the presence
of [ColH]OTf (12 mM) and Col (48 mM). (Excitation wavelength: 355nm, detection
wavelength: 500 nm).
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Figure D.37. Absorption at 500 nm generated from HEH; (1.2 mM) in THF in the presence
of [ColH]OTf (12 mM) and Col (60 mM). (Excitation wavelength: 355nm, detection
wavelength: 500 nm).
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Figure D.38. Absorption at 500 nm generated from HEH> (1.2 mM) in THF in the presence

of [ColH]OTf (12 mM) and Col (72 mM). (Excitation wavelength: 355nm, detection
wavelength: 500 nm).
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Figure D.39. Absorption at 500 nm generated from HEH; (1.2 mM) in THF in the presence

of [ColH]OTf (12 mM) and Col (120 mM). (Excitation wavelength: 355nm, detection
wavelength: 500 nm).
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Figure D.40. Kinetic constants plot extrapolated from the lifetime of absorption signals
generated after titrating HEH» (1.2mM) + [ColH]OTT (12 mM) with Col (36-120mM).
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Figure D.41. Absorption at 500 nm generated from HEH; (1.2 mM) in THF in the presence
of [ColH]OTf (60 mM). (Excitation wavelength: 355nm, detection wavelength: 500 nm).

Table D.21. Lifetime of absorption signals generated after titrating HEH> (1.2mM) +
[ColH]OTf (12 mM) with Col (36-120mM).

Lifetime (us)
HEH; + [ColH]OTf 16+5
HEH; + [ColH]OTf + Col (36 mM) 9+£2
HEH; + [ColH]OTf + Col (48 mM) 8+1
HEH; + [ColH]OTf + Col (60 mM) 72+0.5
HEH; + [ColH]OTf + Col (72 mM) 45+0.5

HEH, + [ColH]OTf + Col (120 mM) 3.6+0.5
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Table D.22. Lifetime of absorption signals generated from HEH> (1.2mM) in the presence
of [ColH]OTT (12-60 mM). The lifetime is not affected by the amount of [ColH]OTf added.

Lifetime (us)
HEH: + [ColH]OTf (12mM) 16+5
HEH; + [ColH]OTf (36mM) 13+3
HEH; + [ColH]OTf (48mM) 19+5
HEH: + [ColH]OTf (60mM) 17+3

D.8 EPR spectroscopy
D.8.1 General procedure for generation of freeze-quenched organic radicals

In a typical experiment, a J. Young-EPR tube was loaded with HEH» and Col-buffer
(or other additives) in 100 mM concentration (unless otherwise noted) in THF. The tube was
sealed and removed from the glovebox and irradiated in a highly reflective dewar. At the
noted time (2 minutes, unless otherwise noted), the dewar was filled with liquid nitrogen to
freeze the tube at 77 K. Irradiation was constant during the freezing of the tube.
Subsequently, the EPR spectrum was measured in a 77 K immersion dewar using standard
techniques.

For quantitative-EPR (Figure D.52), the spectra were collected at 0.002 mW power
to avoid saturation of the signal. The double integral was compared to that of a 1 mM
standard of TEMPO. The yield of the organic radical is in the presence of buffer ~ 10 uM.
In the absence of buffer, the yield of the organic radical is lower (~5 pM).
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Figure D.42. CW-EPR data of HEH> with buffer varying reaction time before freeze-
quenching. Acquisition parameters: temperature = 77 K; MW frequency = 9.38 GHz; MW
power = 2 mW; modulation frequency = 100 kHz; modulation amplitude = 0.4 mT;

conversion time = 20.5 ms.
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Figure D.43. CW-EPR data of HEH, with buffer and removing reaction components.
Acquisition parameters: temperature = 77 K; MW frequency = 9.38 GHz; MW power = 2
mW; modulation frequency = 100 kHz; modulation amplitude = 0.4 mT; conversion time =

20.5 ms.
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Figure D.44. CW-EPR data of HEH, with varying buffer loading. Acquisition parameters:
temperature = 77 K; MW frequency = 9.38 GHz; MW power = 2 mW; modulation
frequency = 100 kHz; modulation amplitude = 0.4 mT; conversion time = 20.5 ms.
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Figure D.45. CW-EPR data of HEH; with varying buffer loading. Spectra are labeled as
follows: (A): Irradiate for 2 min, freeze at 77 K; (B): Thaw to RT, refreeze after 2 min without
irradiation; (C): Irradiate while frozen; (D): Allow to thaw to RT, irradiate for 2 min, freeze
at 77 K. Acquisition parameters: temperature = 77 K; MW frequency = 9.38 GHz; MW
power = 2 mW; modulation frequency = 100 kHz; modulation amplitude = 0.4 mT;

conversion time = 20.5 ms.
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Figure D.46. CW-EPR spectra of freeze quenched reaction of HEH> with 100 mM Col-
buffer irradiated for 2 minutes before freezing. The solvent is varied between experiments.
Acquisition parameters: temperature = 77 K; MW frequency = 9.38 GHz; MW power = 2
mW; modulation frequency = 100 kHz; modulation amplitude = 0.1 mT; conversion time

=20.5 ms.
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Figure D.47. CW-EPR spectra and 2™ derivative (hyperfine) spectra of reaction of HEH,
and [ColH]OT{/Col with varying isotopologues. All reactions were conducted with 100
mM of reagents in THF, irradiating for 2 minutes before freeze-quenching. Assignment is
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detailed in main text. Acquisition parameters: temperature = 77 K; MW frequency = 9.38
GHz; MW power = 2 mW; modulation frequency = 100 kHz; modulation amplitude = 0.1
mT; conversion time = 20.5 ms.
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Figure D.48. 2™ derivative (hyperfine) spectra of HEH> with 100 mM Col-buffer,
irradiated (Blue LED) and freeze-quenched after 2 minutes. Isotopologues of HEH> and
Col-buffer are used. The lower quality fits for d;-HEH»/d;-Col buffer, and d3-HEH2/d3-
Col buffer is attributed to a lower degree of deuteration (compared to d>-HEH>) and partial
exchange with trace water from HEH,. Acquisition parameters: temperature = 77 K; MW
frequency = 9.38 GHz; MW power = 2 mW; modulation frequency = 100 kHz; modulation
amplitude = 0.1 mT; conversion time = 20.5 ms.
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Figure D.49.. The differences between different reagent combinations are best visualized
in the CW and 2™ derivate spectra of d>-HEH, and various additives. CW-EPR spectra and
2™ derivative (hyperfine) spectra of do-HEH> with 100 mM buffers/additives are shown.
No buffer, Col, and Imid-buffer all look similar. [ColH]OTf and [ColMe]BAr"4 also look
different from HEH> and Col-buffer. We note that the difference between HEH> + Col-
buffer and HEH> + [ColH]OTTf is much clearer with d>-HEH>. Acquisition parameters:
temperature = 77 K; MW frequency = 9.38 GHz; MW power = 2 mW; modulation
frequency = 100 kHz; modulation amplitude = 0.1 mT; conversion time = 20.5 ms.
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Figure D.50. CW-EPR spectra and 2" derivative (hyperfine) spectra of HEH»
isotopologues (100 mM) in THF, 2 minutes irradiation before freeze-quenching. Attempts
to assign these spectra were challenged by the low intensity of the signal. Acquisition
parameters: temperature = 77 K; MW frequency = 9.38 GHz; MW power = 2 mW;
modulation frequency = 100 kHz; modulation amplitude = 0.1 mT; conversion time = 20.5
ms.
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Figure D.51. CW-EPR spectra and 2™ derivative (hyperfine) spectra of reaction of HEH,
and [ColH]OTf with varying isotopologues. All reactions were conducted with 100 mM of
reagents in THF, irradiating for 2 minutes before freeze-quenching. Attempts to assign
these spectra were challenged by the low intensity of the signal. Dependance on "NCol
and "NHEH, labelling suggest that multiple species are associated with this signal.
Acquisition parameters: temperature = 77 K; MW frequency = 9.38 GHz; MW power = 2
mW; modulation frequency = 100 kHz; modulation amplitude = 0.1 mT; conversion time

=20.5 ms.
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Figure D.52. Double integral of CW-EPR spectra of organic radical generated at low
power (0.002 mW).

D.9 Electrochemical measurements
D.9.1 General procedure

Electrochemical measurements were conducted with a glassy carbon working
electrode, a platinum wire counter electrode, and Ag/AgOTf (ImM AgOTf in 0.2 M
[TBA][PFs]) reference electrode isolated by a CoralPor™ frit (obtained from BASi) and

referenced externally to Fc™°

. Unless otherwise specified, NaK dried THF was used as
solvent, with 0.2 M [TBA]PFs electrolyte. Measurements were conducted with a CH
Instruments 600B electrochemical analyzer. For irreversible chemical events, oxidation of
HEH; and reduction of [ColMe]|BAr's were estimated using the inflection point potential to

estimate E1."°
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Figure D.53. Cyclic voltammograms of [ColMe]|BArfs (2 mM, dashed lines) in 0.2 M
[TBA]PF¢ in THF, with increasing scan rate from 25 mV s™! (red trace) to 400 mV s™! (blue
trace).
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Figure D.54. 2" derivative of linear sweep of [ColMe]BArfs (2 mM, dashed lines) in 0.2
M [TBA]PF¢ in THF, at 25 mV s™! to determine inflection point (—2.02 V vs Fc¢ ™).
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Figure D.55. Cyclic voltammograms of HEH> (2 mM, dashed lines) in 0.2 M [TBA]PFs¢
in THF, with increasing scan rate from 25 mV s™! (red trace) to 400 mV s™! (blue trace).
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Figure D.56. 2™ derivative of linear sweep of HEH, (2 mM, dashed lines) in 0.2 M
[TBA]PFs in THF, at 25 mV s™! to determine inflection point (0.59 V vs Fc ™).
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D.10 Infrared spectroscopy
D.10.1 General considerations

All IR data were collected as solution state spectra in a KBr-cell in THF. All data,
unless stated, have had THF background spectra subtracted. This results in the regions 636-
1500 and 2657-3050 cm™ being completely blocked out due to the intensity of the much
more intense THF peaks. Nonetheless, key IR transitions, specifically carbonyl and C=C
double bonds, land largely outside this region, providing valuable probes for interactions
between HEH; and [ColH]OTT.

In some cases, specifically, when acids are used, issues with subtractions result in
artifacts in the region 2050-2550 cm-1 (Figures D.59, D.63, and D.64). These artifacts align
exactly with THF overtones in the background spectra. We also note a much greater intensity
of HEH> N—-H over ColH" N-H (see Figures D.65-D.66). This limited the possibility of
observing H-bonding between [ColH]" and HEH: as these signals are covered by the HEH»
N—H stretch.

08 . .
1800 1700 1600 1500

Figure D.57. Infrared spectra of 10 mM solution of HEH». [ColH]OTf was titrated in from
0 to 80 mM acid. Upon titration of acid the HEH carbonyl stretch at 1695 cm™! decreases,
while a new peak at 1730 cm™ grows in.
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Figure D.58. Infrared spectra of 10 mM solution of HEH> (Blue). [ColH]OTf was titrated
in from 0 to 80 mM acid (red trace 80 mM). Upon titration of acid the HEH> carbonyl
stretch at 1695 cm™! decreases, while a new peak at 1730 cm™ grows in. In addition, peaks
assignable to [ColH]+ grow in, including C-C =n-stretches at 1650, 1638 cm-1, and N—H
stretch at 3300 cm™!.

Peaks from 1900-2650 align exactly with THF overtones that have their linewidths
(but not peak position) affected by the titration of [ColH]OTT. This results in a poor THF
subtraction in this region. See Figure D.63 for details).
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Figure D.59. Infrared spectra of 10 mM solution of HEH> (blue). Col was titrated in from
0 to 80 mM base (red trace 80 mM). The peak intensity of the HEH» carbonyl stretches at
1700, 1685 cm™! remain unchanged.
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Figure D.60. Infrared spectra of 10 mM solution of HEH; (blue). Col was titrated in from
0 to 80 mM base (red trace 80 mM).
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Figure D.61. Infrared spectra of 10 mM solution of HEH,. [LutH]OTf was titrated. Upon
titration of acid, the HEH2 carbonyl stretch at 1695 cm-1 decreases, while a new peak at
1730 cm-1 grows, similar to what is observed with [ColH]OTT. Despite being slightly more
acidic than [ColH]", the magnitude of the decrease of the HEH, carbonyl stretches are

similar between [LutH]" and [ColH]".
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Figure D.62. Infrared spectra of 10 mM solution of HEH> (Blue). [LutH]OTf was titrated
in from 0 to 80 mM acid (red trace 80 mM). Upon titration of acid the HEH> carbonyl
stretch at 1695 cm™! decreases, while a new peak at 1730 cm™ grows in. In addition, peaks
assignable to [LutH]+ grow in, including C-C z-stretches at 1650, 1638 cm-1, and N—H
stretch at 3300 cm™.

Peaks from 1900-2650 align exactly with THF overtones that have their intensity and
linewidths but not peak position affected. This results in a poor THF subtraction in this
region. This effect appears to be the same as for [ColH]".
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Figure D.63. Unsubtracted transmission infrared spectra of THF (red trace), 10 mM
solution of [ColH]OTf in THF (Blue), and 40 mM [ColH]OTT (light blue). We wish to
draw attention to the poor alignment between certain THF transmission overtones,
specifically the peaks at 2550, 2480, 2330, and 2220 cm™! and transmission minima at 2450,
2100, and 2050 cm™'. While the origin of this poor alignment is unclear, we note that there
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are not shifts in the position of these peaks, consistent with these new peaks not
corresponding to [ColH]OTTf vibrational modes.

ey

=3

o
=3
o

Intensity
Intensity

«

N
«
N

-03

-03

500 1800 1700 1600 1500

4000 3500 3000 2500 2000 1500 1000
Wavelength (cm™)

Wavelength (cm™)

Figure D.64. [ColH]OTf (10 mM) in THF, both wide and zoomed in on the double bond
region, with C-C z-stretches at 1650, 1638 cm-1, and N—H stretch at 3300 cm-1, and C—H

stretches at 3180 and 3116 cm™ observed.
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Figure D.65. HEH> (10 mM) in THF, both wide and zoomed in on double bond region,
including C-C mt-stretches at 1660, 1630 cm™, C=0 bonds 1685, 1700 cm™ and N—H stretch

at 3310 cm™! observed.
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Figure D.66. Infrared spectra of 10 mM solution of HEH> (blue trace), 10 mM solution of
HEH; + [ColH]OTTf (10 mM each, orange trace), HEH> + Col (10 mM each, grey trace),
and HEH; + [ColH]OTf/Col (10 mM each, yellow trace). Shoulder at 1730 cm™ appears
upon the addition of acid or in the buffer mixture.

D.11 Measurement of HEH: excited state pKa
D.11.1 General considerations
The excited state pKa. of HEH> was calculated in MeCN to allow a good comparison

with the existing pK, of [ColH]" in organic solvent.'

The resulting values were confirmed
to hold in THF by steady-state fluorimetry (Figure D.70).
The excited state pK, in MeCN was measured using the Forster equation:
pKa*=pKa + Eoo.pno- — Eoonemz (eqn D.4)M
using these values as derived from Figures D.71-D.72. We calculate pK.* (HEH>) 23.8+0.6.
This is notable ApK, 8 from that of Col, the buffer during NoR. Accordingly, the excited state

deprotonation of HEH; should not play a role during catalysis.



UV-vis and fluorescence experiments were conducted as previously detailed.
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Figure D.67. Measure of pK, of HEH; in MeCN via titration of sodium indolate (pKa 32.6
in MeCN)'2, used to derive pK, of HEH; at 34.6.
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Figure D.68. Measure of Eo of Na[HEHc] (0.5 mM) and HEH> (0.5 mM) in MeCN.
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Figure D.69. Measure of pK, of HEH; in THF via the addition of increasingly strong bases.
Only when DBU is added is excited state deprotonation of HEH» observed. Weaker bases
(Col, DABCO, proton sponge) do not deprotonate *HEH».

D.12 Summary of thermochemistry of Hantzsch ester (HEH2) and derivatives and
[ColH]
D.12.1 General considerations

Table D.22 lists BDFEx_n, pKa, and Eox values for various protonation and oxidation
states of HEH>. As has been established by Mayer and coworkers,'® bond dissociation
enthalpies (BDEs) can be converted to BDFEs based on the assumption that the entropies of
R-H and R’ are similar. Subtraction of 7S°(H")solv (6.37 kcal mol™' in MeCN) from the BDE
values reported in ref. 17 yields the estimated BDFE values in Table D.22.

BDFE¢stimatea = 23.06 E + 1.37 pK, + C; (eqn A5.5)
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Given the proposed role of ColH" radicals, it is useful to experimentally estimate
the BDFEN-n using the Bordwell equation.'® This can be compared to relevant BDFEs of
HEH; and its semi-oxidized intermediates for which bond strengths have previously been
thermochemically derived.!” The pKa, of [ColH]" has been measured in MeCN and THF
as 15.0 and 10.4, respectively.'>!? As it is difficult to accurately measure E(ColH™*)* due
to the earlier onset of proton reduction, we rely on E(ColMe™) as a substitute, measuring
E(ColMe*"?) as =1.90 V and —2.02 V vs Fc¢"* in MeCN?! and THF. Using eqn D.5 and Cg
of 52.6 and 59.9 kcal mol™' in MeCN and THF, we calculate BDFEestimated as 29 kcal mol™!
(MeCN) and 28 kcal mol™! (THF), respectively.

*HEH,
quantum pK, 24
yielg 0018 *HEH, *EH,~
t12 200 ps /
30ev 12 AN
e
kcal mol’ 24V
K, 34
HEH, = EH,
N A\
kcal mol! =07V kcal mql’
pKs 19
EHy’ HE™
N 26 V/ N4t N22 A
kcal mol™! -25 kcal mol kcal mol! —2.45V
N k94 N\ N\
HEH* HE HE
OHH O OHH O
HEH2 EH,"

Figure D.70. Overview of measured thermochemlstry (in MeCN) of HEH» based on either
initial C—H or N—H bond oxidation, with excitation (3.0 eV) added to show changes in
driving force from excited state.
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Table D.22. Reported and estimated thermochemical values for various protonation and
oxidation states of HEH; relevant to this study. “ kcal mol™'in MeCN at 298 K. * V vs. Fc'"°
in MeCN at 298 K. “Ref. 18.

4 Measured in this report, in THF vs Fc™°, see Figures D.54-D.55. “Measured in this (in
MeCN) report see Section S10./Ego measured in this report see Figure D.69, using Rehm-
Weller approximation.”? ¢ Ref. 12 * Ref. 19 ‘Estimated from [ColMe]"°, measured
previously by Pragst and coworkers, Ref 21. /Estimated from [ColMe]"°, measured in this
report see Figures D.52-D.53.

BDE? BDFE® Exl pKa
HH
EtO,C CO,Et
ﬁ 68.7 (C-H), 62.3 (C-H), 0.48¢ 31.8 (N-H)
N 86.6 (N-H)° 80.2 (N-H) 0.59¢ 34.6 (N-H)e
H
HEH>
H
EtO,C_A__CO,Et
| 46.9 (N-H)° 40.5 (N-H)
N
H
HEH"
HH
EtO,C CO,Et
| | -1.0 (C-H)
N
H
HEH"
HH
Et0,C CO,Et
|| ~0.695¢
N
HEH-
. 25
[HEH:] -8.5 (C-H) o 23.8 (N-H)
= | 15.0 (N=H)9
N 10.4 (N=H)"
N,
H
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27.6 (N-H) -2.02

=

X
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D.13 Additional mechanistic schemes

With buffer
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Figure D.71. Proposed mechanism for 2 H/2 e reduction of sub to subH, by HEH;

mediated by Col-buffer.
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HEH,"* substrate reduction
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Figure D.72. Schemes depicting mechanism for 2 H'/2 e reduction of sub to subH» by
HEH; mediated by Col-buffer if direct reduction of substrate by HEH»"" occurs (right).



HEH’ disproportionation
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Figure D.73. Schemes depicting mechanism for 2 H'/2 e reduction of sub to subH, by
HEH: mediated by Col-buffer, if HEH" disproportionated to form 0.5 equiv HE and 0.5

equiv.
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With Katritzky salt
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Figure D.74. Typically invoked mechanism for R" addition to sub (e.g., alkene as depicted
here) by HEH, and Katritizky salt ([>**PhpyrR]").
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Figure D.75. Proposed mechanism for 2 H'/2 e reduction of sub to subH, by HEH: in the

absence of Col-buffer.

D.14 Computational methods

D.14.1 General overview of computational methods

As stated in the main text for our computational studies, we employed the TPSS

functional®® and a def2-TZVP basis set on transition metals and a def2-SVP basis set on all

other atoms.?* This set of functionals was chosen upon a small screen of relevant measured

BDFEs. A CPCM solvent model (either MeCN or THF) was used. The ORCA 5 open-source

software package was used.?>*
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The numerical frequencies of the minimized structures were calculated to ensure that
these structures represented local minima and not saddle points.

TD-DFT analysis was conducted on optimized structures using TPSSh***’ and a
def2-TZVP basis set. This updated methodology was found to predict the 'HEH, m-m*
transition more accurately and was used for all other TD-DFT calculations.

D.14.2 Treatment of H*

The treatment of S(H") and AG(H")solvation can be a source of systematic error in DET
calculations, therefore it is useful to detail how this value has been derived. By calculating a
set of known C—H and N—H BDFEs and comparing the computed BDFE (BDFEcaic) to the
measured (Table D.22), we found that the experimental values were most closely reproduced
using the following formula:

BDFE orrectea = BDFEcqicutatea + 2.6 (eqn D. 6).

All calculated BDFE values cited in the main text are BDFEcorrected.

It is also worth noting that as this procedure is done on every calculated BDFE, errors
in the treatment of S(H") and AG(H")solvation Will be canceled when comparing two different
BDFEs.

D.14.3 Computational evaluation of weak interactions between HEH: and [ColH]*

When considering the relative energy of interactions between HEH» and [ColH]OTf
the possibility for multiple conformers of HEH> must be accounted for. We find three major
conformers can be formed, defined by the rotation of the ester bond. We define them as HEH»
(A), the lowest energy conformer with the ester carbonyl bonds both pointing towards the
2,6-methyl groups, HEH> (B), intermediate energy, with one ester carbonyl group pointing
towards the 2-methyl group and one carbonyl parallel with the C4—H bonds, and HEH: (C)
with both carbonyls parallel with the C4—H bond (Figure D.67).

Crucially, we find that the H-bonding is only slightly disfavored to the HEH, (B)
form, specifically with the [ColH]" coordinating to the carbonyl parallel with the Cs—H
bonds. The relative energy of all three isomers and H-bonding or n-stacking interactions are

summarized in Figure D.79.



D.14.4 Calculation of equilibrium isotope effects

Equilibrium isotope effects were calculated using the 'PRINTTHERMOCHEM
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function in ORCA 5, recalculating the entropic and internal energy contributions from an

optimized structure but swapping the relevant H-atoms for D-atoms.
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Figure D.76. Evaluation of conformers of HEH»/[ColH]" coordination.



AG
[ColHT* f
-366.76683161 E; AGeomp
—1.7 kcal mol
+ -
AGs
Col

-366.32443701 Ej,

-733.09393007 Ey,

AG;

/

355

—|+

Figure D.77. Evaluation of Col-buffer homodimer, predicted to be favored in solution.
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Figure D.78. Comparison of predicted absorption spectroscopy transitions of HEH»
depending on interaction with [ColH]" (H-bond or EDA complex).
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Figure D.79. Predicted vibrational modes for interactions between HEH, and Col-buffer.
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Figure D.80. Optical transitions within relevant to [ColH]" reduction with wavelength and
charge transfer associated with transition to give Rel. Charge Transfer, for HEH», [ColH]"

H-bonding interaction.
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Figure D.82. Predicted TD-DFT transitions for possible species detected by Transient
Absorbance spectroscopy.

We note that [ColH]" is predicted to be far less absorbing than [HEH,]"". [HEH]" is
less absorbing than [HEH>]"", and partially overlaps with this more intense signal. Radical
cations being more intense and slightly red-shifted of the corresponding, deprotonated
radicals have been observed previously.?®*** These predicted absorbances rationalize why

these radicals cannot be picked out in the TA data.

Table D.23. AGr of species relevant to H" calibration. All species were calculated with a
CPCM solvent model in MeCN.

Compound Spin state AG; (E,)

HEH, 0 -861.814
EH, 1/2 -861.185
HEH 1/2 -861.199
HE 0 -860.64
HEH* 0 -861.08
HEH,* 1/2 -861.627
ColH 1/2 -366.874
Col 0 -366.325

H 1/2 -0.5102
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Table D.24. Calculated BDFE for C—H and N—H bond strengths used for calibration. The
error is minimized upon adding a factor of +2.6 kcal mol™'; this factor is introduced to all
subsequent BDFE calculations. All values measured in MeCN and a CPCM solvent model
was likewise used in the calculations.
There is a large discrepancy between the DFT-calculated versus the estimated (from
measured data and the Bordwell equation) BDFEn-1 of HEH'. A contributing factor to this
discrepancy might be the reversible formation of an HEH' dimer, leading to a higher
measured apparent BDFEn-p than expected for the idealized reaction HEH" — HE + H'.

Error, Error,

AGCOmp AGcorr AGexp
AGcomp (En) | (kcal mol') (kcal mol") (kcal mol) (ﬁz:m‘f;ﬂ') &i‘:l"rf;‘l’f)
HEH, — HEH + H 0.104 65.3 67.9 62.3 30 56
HEH, — EH, + H 0.119 74.4 77.0 80.2 5.8 33
1/2HEH, — 12HE +H|  0.077 4822 50.8 51.4 32 0.6
HEH," — HEH* + H 0.037 23.2 258 2563 24 02
ColH — Col +H 0.039 24.3 26.9 29 4.7 2.1

Error calc. Error corr.
(kcal mol'), (kcal mol),
+4.0 +3.1
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Table D.25. Thermochemistry of substrate semihydrogenation. (top) AGr of species
relevant to calculated substrate BDFEs (main text Figure 5.9). All species were calculated
with a CPCM solvent model in THF. (bottom) Calculated BDFE for O—H bonds in
substrates used in main text Figure 5.9.

Spin

Substrate state AG; (E,)
H 1/2 -0.510
Me;NO 0 -249.694
Me-,NOH 1/2 -250.289
PhNO, 0 -436.950
PhNO,H 1/2 -437.523
nPrNO, 0 -323.774
nPrNO,H 1/2 -324.340
nPrN(H)O, 1/2 -324.281
NO5- 0 -280.626
HNO; 1/2 -281.186
HNO, 0 -281.071
NO(OH), 1/2 -281.629
4-Me2NPHhCHO 0 -479.691
-Me2NPhCH(OH) 1/2 -480.241
4-MeOPHCHO 0 -460.268
-MeOPhCH(OH) 1/2 -460.822
-MeO2CPRLCOOMe 0 -688.270
-MeO2CPHC(OH)Ome 1/2 -688.812
Benzylacetone 0 -463.639
benzylacetoneH 1/2 -464.180

AG (kcal AG (kcal

AG (Ey), mo(l"), mo(l"),
calc
calc. ColIT.

Me;NOH — Me;NO + H 0.085 534 56.0
PhNO,H — PhNO, + H 0.062 39.2 41.8
nPrNO,H — nPrNO, + H 0.056 35.2 37.8
HNO;  — NO5 + H 0.050 312 33.8
NO(OH), — HNO; + H 0.048 29.9 v2.0
+-MeOPHhCH(OH) — 4MeOPRCHO + H 0.044 27.6 30.2
(-Me2NPHCH(OH) — 4Me2NPhCHO + H 0.040 24.9 27-5
-MeO2CPHhC(OH)OMe — 4MeO2CPRLCOOMe + H 0.031 19.7 22 3
benzylacetoneH — benzylacetone + H 0.031 19.6 22.2
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Table D.26. Thermochemistry ofpossible HAT donors formed. (top) AGr of species
relevant to calculated ColH/HEH> based BDFEs. All species were calculated with a CPCM
solvent model in THF. (bottom) calculated ColH/HEH, based BDFE for N/C—H bonds.

Substrate Spin state AG; (E,)
H 1/2 -0.5102
HEH, 0 -862.761
EH, 1/2 -862.132
HEH 1/2 -862.145
HE 0 -861.587
HEH* 0 -862.017
HEH," 1/2 -862.565
ColH 1/2 -366.873
Col 0 -366.324
ColH* 0 -366.767
PHEH, 1 -862.69
AG (E;), AG (kcalmol- AG (kcal
calc. 1), calc. mol), corr.
HEH, - HEH + H 0.106 66.5 69.1
HEH, — EH, +H 0.119 74.7 77.3
HEH — HE + H 0.047 294 32.0
EH, - HE + H 0.034 21.3 23.9
HEH," - HEH* + H 0.038 23.6 26.2
SHEH, —» HEH + H 0.035 22.2 24.8
ColH — Col +H 0.038 24 .1 26.7
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Table D.27. Calculated entropy and internal energy for minimized structures of HEH>,
ColH" and Col with varying isotopologues.

Entropy and AAGy p (keal

internal mol-)

energy (298

K), En
ColH* 0.1473 s
ColD* 0.1437 -
AG(ColH*) = AG(ColD*) - 2.3
HEH, 0.2566
d4-HEH, 0.2531
dy-HEH, 0.2499
AG(HEH,) - AG(d;-HEH,) - 2.2
AG(HEH,) - AG(d2-HEH,) - 4.2
HEH,-HCol* (H-bond) 0.4278 =
d,-HEH,-DCol* (H-bond) 0.4208 -
d>-HEH,-HCol* (H-bond) 0.4211 -
AG(HEH,-HCol* (H-bond)) - ) 4.4
AG(d4-HEH,-DCol* (H-bond))
AG(HEH,-HCol* (H-bond)) - ) 4.2
AG(dy-HEH,-HCol* (H-bond))
HEH,-HCol* (1r-stack) 0.4290 -
d,-HEH,-DCol* (mr-stack) 0.4219 -
dy-HEH,-HCol* (mr-stack) 0.4223 -
AG(HEH,-HCol* (m-stack)) - ) 45
AG(d4-HEH,-DCol* (mr-stack))
AG(HEH,-HCol* (m-stack)) - ) 4.2
AG(dy-HEH,-HCol* (mr-stack))
ColH--Col* 0.3011 -
ColD--Col* 0.2979 s
AG(ColH*-Col ) - ) 50
AG(ColD+...Col)
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Table D.28. Calculated equilibrium isotope effects (based on table D.27) for pre-
complexation.

Difference  AAGyp KIE
in entropy  (kcal mol-

and D)
Reaction internal

energy

(298 K),

En
ColH* + HEH, -> HEH,-HCol* (H-bond) 0.0239 15.0 -
ColD* + d;-HEH, -> d;~-HEH,-DCol* (H-bond) 0.0240 151 -
ColH* + d2-HEH, -> d>-HEH,-HCol* (H-bond) 0.0238 15.0 -
AAG(H-D for N-D) -0.0001 -0.1 1.16
AAG(H-D for C-D) 0 0 0.96
ColH* + HEH, -> HEH,HCol* (m-stack) 0.0251 15.8
ColD* + d;-HEH, -> d;-HEH,-DCol* (mr-stack) 0.0251 15.8
ColH* + d2-HEH, -> d>-HEH,-HCol* (1r-stack) 0.0251 15.7
AG(HEH,) - AG(d4-HEH,) 0 0 1.00
AG(HEH,) - AG(d2-HEH,) 0 0 0.96
ColH*-Col + HEH, -> HEH,HCol* + Col (H-bond) -0.1299 -81.5
ColD*-Col + d;-HEH, -> d;-HEH,~DCol* + Col (H- -0.1302 817
bond)
ColH*-Col + d2-HEH, -> d,-HEH,-HCol* + Col (H- -0.1300 816
bond)
AG(HEH,~HCol* (H-bond)) — AG(ds-HEH,-DCol* (H- 0.0003 01 0.80
bond))
AG(HEH,HCol* (H-bond)) — AG(d,-HEH,-HCol* (H- 0.0001 0.0 0.96
bond))
ColH*-Col + HEH, -> HEH,-HCol* + Col (1r-stack) -0.0846 -53.1
ColD*-Col + d;-HEH, -> d;-HEH,-DCol* + Col (- -0.0846 531
stack)
ColH*-Col + d2-HEH, -> d,-HEH,-HCol* + Col (11- -0.0846 531
stack)
AG(HEH,~HCol* (H-bond)) — AG(d,-HEH,-DCol* (- ) 0.0 0.97
stack))
AG(HEH,~HCol* (H-bond)) - AG(d,-HEH,-HCol* (- ) 0.0 0.96
stack))
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E.1.1 Materials and Methods

All manipulations were carried out using standard Schlenk or glovebox techniques
under an N> atmosphere. Solvents were deoxygenated and dried by thoroughly sparging with
N, followed by passage through an activated alumina column in a solvent purification
system by SG Water, USA LLC. Nonhalogenated solvents were tested with sodium
benzophenone ketyl in tetrahydrofuran (THF) to confirm the absence of oxygen and water.
Deuterated solvents were purchased from Cambridge Isotope Laboratories, Inc.

Phenyl acrylate was purchased from Ambeed, degassed, and used without further
purification. Cyclohexanedione monoethylene ketal (1) was purchased from TCI and used
without further purification. All bases (DBU, Et;N, pyridine, 2,6-lutidine) were purchased
from Sigma Aldrich and distilled prior to use. Sm(OTf);, Gd(OTf);, and Mgl, were
purchased from Sigma—Aldrich. Ir(ppy)2(dtbbpy)[PFs] was purchased from Strem and used
without further purification. 3DPA2FBN (2,4,6-tris(diphenylamino)-3,5-
difluorobenzonitrile) was purchased from Ambeed and used without further purification.
9,10-dihydroacridine was purchased from Combi-blocks and purified by sublimation prior
to use. Hexamethylphosphoramide, ethylene glycol, and 2-(2-(2-
methoxyethoxy)ethoxy)ethan-1-ol were purchased from Sigma Aldrich and degassed.
Tetraheptylammonium iodide was purchased from TCI and dried at 100°C under dynamic
vacuum for 16 hours. Tetrabutylammonium bromide was acquired from Strem and then dried
by heating to 85°C for 48 hours under dynamic vacuum using P>Os as a desiccant. 1-Butyl-
I-methylpiperidinium (BMPipTFSI) was purchased from TCI chemicals and used without
further purification.

SmIx(THF),,! phenH»,?> BINAPO,® aminodiol (L*),* and [LutH]TFSI® were
synthesized following literature procedures. HEH2® synthesized following literature
procedure and then dried by heating to 80 °C for 24 hours under dynamic vacuum using P>Os
as a desiccant.

The 2-MeTHF used was dried extensively prior to use in ketyl-olefin coupling
experiments. Inhibitor-free solvent was refluxed over CaH, for 24 hours (under N>

atmosphere) and distilled into a Strauss flask. This flask was brought into the glovebox,



368
where NaK was added, and the solvent was stirred for 24 hours. The solvent was then vacuum
transferred into a fresh Strauss flask and stored over activated sieves.

E.1.2 Physical Methods

NMR: Nuclear Magnetic Resonance (NMR) measurements were recorded with a
Varian 400 MHz spectrometer. '"H NMR chemical shifts are reported in ppm relative to
tetramethylsilane, using 'H resonances from residual solvent as internal standards.

UV-Vis: Ultraviolet-visible (UV-vis) absorption spectroscopy measurements were
collected with a Cary 50 UV-vis spectrophotometer using a 1 cm path-length quartz
cuvette. All samples had a blank sample background subtraction applied. Temperature
regulation for UV-Vis measurements was carried out with a Unisoku cryostat.

Electrochemistry: All electrochemical experiments were conducted using a CH

0 reference electrode

instruments 600B electrochemical analyzer. A nonaqueous Ag
(BASI) consisting of a silver wire immersed in 5 mM AgOTf in DME containing 0.2 M
"BusNPF¢ separated from the working solution by a CoralPor® frit was used for all
experiments. All reported potentials are referenced to the ferrocenium/ferrocene (Fc™°)
couple used as an external standard. All CVs were carried out in an N»-filled glovebox in
a 20 mL scintillation vial fitted with a septum cap containing punched-out holes for
insertion of electrodes. A glassy carbon disk (3 mm diameter) was used as the working
electrode for all CVs. It was freshly polished with 1, 0.3, and 0.05 um alumina powder
water slurries, rinsed with water and acetone, and dried before use. A platinum wire was
used as the auxiliary electrode for CVs. CVs are plotted using IUPAC convention. Unless
otherwise noted, IR compensation was applied, accounting for 85% of the total resistance.
E.2. Catalytic ketone-olefin coupling reactions
E.2.1.1 Standard procedure in the absence of Ir-photocatalyst

In the glovebox, HEH> (40.4 mg, 160 umol) was added as a solid to a Schlenk flask.
2-MeTHF (0.5 mL) was added to the flask. A freshly prepared stock solution of SmI(THF)>
in 2-MeTHF (2.2 mg per mL, 4 mM) was added to the flask (1 mL added). A stock solution
of the remaining organics: ketone (12.6 mg per mL; 80 mM), phenyl acrylate (22 uL per mL;

160 mM), and (when used) base, was prepared, and 0.5 mL was added to the reaction flask.
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The color of Sml, (purple) rapidly changes to yellow upon the addition of the organic
reagents. The reaction flask is sealed and brought out of the glovebox, where it is irradiated
by two H160 PR Kessil™ 440 nm Blue LED lamps for 90 minutes in a water bath in a
reflective dewar. The reaction was continuously stirred (1200 rpm). The temperature of the
water bath was monitored and did not exceed 25 °C during the reaction.

Following completion of the reaction, the flask was opened to air, and 2 mL Et,O
was added. The contents of the flask was filtered through a silica plug into a vial containing
a known amount of 1,3,5-trimethoxybenzene (TMB; ~7 mg). The reaction flask was washed
with additional Et,O (2x1 mL), and the washes were passed through the silica plug into the
vial. The solvent was removed in vacuo and the products were taken up in CDCI3 and
analyzed by '"H NMR integrating against the TMB standard.

Lactone product (2; 1,4,9-trioxadispiro[4.2.48.25]tetradecan-10-one) is detected by
"H NMR with features matching literature spectra (Figure E.4).

Note: This reaction is very sensitive to solvent drying, and the CaH2/NaK method laid out
in the general considerations is required. Similarly, the HEH2 must be dried as described.

The reaction is sensitive to both water and air, as shown in Table E.2.

E.2.1.2 Standard procedure with an Ir-photocatalyst
In the glovebox, Ir(ppy)2(dtbbpy)[PFs] (0.36 mg, 0.4 umol) was dissolved in THF
and added to a Schlenk flask, and the solvent was removed in vacuo, depositing a thin film.

Following this HEH2, SmI>(THF): and organics were added as described in S2.1.1



E.2.2 Yields for ketone-olefin coupling reactions

Table E.1. Yields of individual catalytic experiments.
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o o Smly(THF), (10 mol %) o)
HEH, (4.0 equiv)
+ \)I\ Y
0 OPh  2-MeTHF (0.02 M), 25 °C, 90 min
</ 2.0 equiv Blue LED 440 nm, 40 W
o .
1 Method A 2
Entry Variation from standard conditions Yield Ketone
lactone recovery
Al None 81% 14%
A2 None 74% 13%
A3 None 75% 15%
A4 None 73% 14%
B r el R 76+3% 14+1%
A5 No light 5% 89%
A6 No light 4% 93%
Tft?lgy62f N e 4+1% 9142%
A7 No Sm <1% 102%
A8 No Sm <1% 100%
or T Sm <1% 1011%
A9 SmOT{; (10 mol%) Mgl (50 mol%) instead of Sml, 59% 41%
Al0 SmOT{; (10 mol%) Mgl (50 mol%) instead of Sml, 60% 42%
0, 0, 1
Tf;llter};éll,A SmOTH; (10 mol%) Mgl (50 mol%) instead of Smls, 60£1% 41+1%
All GdOTf; (10 mol%) Mgl (50 mol%) instead of Sml,, <1% 101%
Al2 GdOTf; (10 mol%) Mgl (50 mol%) instead of Sml,, <1% 95%
Entry 5, GdOTf3 (10 mol%) Mgl (50 mol%) instead of Sml, <1% 98+3%
Table 6.1A
Al3 2 equiv pyr 72% 8
Al4 2 equiv pyr 72% 10
Entry 6, 2 equiv pyr
Table 6.1A 72+1% 9+1%
AlS 2 equiv EN 6% 79%
Al6 2 equiv EtN 5% 72%
Entry 8, 2 equiv EtN o o
Table 6.1A 5+1% 75+4%
Al7 phenH, instead of HEH, <1% 37%
AlS8 phenH; instead of HEH, <1% 39%
Entry 9, phenH; instead of HEH, o 410
Table 6.1A <1% 381%
A19 15 min reaction time 29% 63%
A20 15 min reaction time 29% 65%
}I:"th)rl}é éOl,A 15 min reaction time 2941% 64+41%
A21 Ethyl acrylate instead of phenyl acrylate 36% 46%
A22 Ethyl acrylate instead of phenyl acrylate 25% 52%
}]E“Ztt,li}; éll,A Ethyl acrylate instead of phenyl acrylate 315% 49+3%
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Smly(THF); (10 mol %)
0 [IrIPFg (1 mol %)

1+ \)I\oph HEH, 40equiv)

2
pyridine (2.0 equiv)
2.0 equiv 2-MeTHF (0.02 M), 25 °C, 90 min
Blue LED 440 nm, 40 W
entry 10
Entry Variation Yield Ketone recovery
lactone
Bl None 87% 7%
B2 None 89% 6%
B3 None 89% 5%
B4 None 89% 4%
Entry 1, None ® o
Table 6.1B 88.6+0.8% 5.7+1.1%
B5 No light 4% 94%
B6 No light 4% 92%
Entry 2, No light o o
=

Table 6.1B 1% 93+1%
B7 No Sm <1% 89%
B8 No Sm <1% 82%

Entry 3, No Sm 0 0

Table 6.1B 0% 86+3%
B9 SmOT{; (10 mol%) Mgl (50 mol%) instead of Sml, 85% 14%
B10 SmOT{; (10 mol%) Mgl (50 mol%) instead of Sml, 84% 13%

Entry 4, SmOTf3 (10 mol%) Mgl (50 mol%) instead of Sml, 85:1% 14£1%

Table 6.1B
Bl1 GdOTf; (10 mol%) Mgl (50 mol%) instead of Sml, 6% 92%
B12 GdOTf; (10 mol%) Mgl (50 mol%) instead of Sml, 6% 85%

Entry 5, GdOTf; (10 mol%) Mgl, (50 mol%) instead of Sml, 6£1% 88:4%

Table 6.1B
BI13 No base 84% 8%
B14 No base 80% 8%

Entry 7 No base
s +20 +19

Table 6.1B e B
BI15 Et:N instead of pyridine 13% 69%
B16 Et;N instead of pyridine 17% 73%

Entry 8§, Et;N instead of pyridine o 190

Table 6.1B 15£2% 71+2%
B17 phenH; instead of HEH, 78% 0
B18 phenH instead of HEH, 76% 2

Entry 9, phenH instead of HEH,

Table 6.1B 77£1% 1+1%
B19 15 min reaction time 57% 43%
B20 15 min reaction time 66% 32%

Entry 10, 15 min reaction time o o

Table 6.1B 61+4% 38+6%
B19 Ethyl acrylate instead of phenyl acrylate 59% 11%
B20 Ethyl acrylate instead of phenyl acrylate 56% 12%

Entry 11, | Ethyl acrylate instead of phenyl acrylate 58420, 12+1%

Table 6.1B
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E.2.2.1 Quantification of additional organic products under standard conditions
While the work-up and detection method should account for ~100% of the ketone starting
material, the limited solubility of HEH> in Et2O and CDCl; and the low boiling point of
phenyl acrylate result in some additional errors in these product yields. Figure E.1 presents
approximate yields as integrated against a TMB standard for a reaction where care was taken

to evaporate minimal phenyl acrylate.

0O
0O
0 Smly(THF), (10 mol%) 0
~Hopn HEH, (4 equiv)] -

O 0 o ;

L/ 40 mM 2-MeTHF, 25 °C, 90 min OK/O
Blue LED 440 nm, 40 W
20 mM
76 + 3 % yield
Additional observed species
0O
2
>< ~Agp,  HE
J/ ~45% ~30% ~60%
14+ 1%
O

0 Smly(THF), (10 mol%)

0 Ir(ppy)2(dtbbpy)[PFe] (1 mol%) Q
X OPh HEHS, (4 equiv), pyridine (2 equiv)'

O 0 N ;

_/ 40 mM 2-MeTHF, 25 °C, 90 min OK/O
Blue LED 440 nm, 40 W
20 mM

88.6 + 0.8 % yield

Additional observed species

0

@ \j\ HE  HEH,
55 OPh

(- ~20% ~30%  ~50%
57+1.1%

Figure E.1. Approximate yields of additional products under conditions without and with
Iridium.
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o
o o Smly(THF); (10 mol %) e}
method A or method B
* \)J\ et
0 OPh  2.MeTHF (0.02 M), 25°C, 90 min O
; Blue LED 440 nm, 40 W
</O 2.0 equiv </O 5
1

Method A: HEH, (4 equiv)
Method B: HEH, (4 equiv), [IF]PFs (1 mol %) and pyridine (2 equiv)

@) 0
o) Q o)
\)l\
OPh
o) oo e
QLo = /@\
MeO OMe

EtO,C._~ COsEt | E1O,C CO,Et

{ /[ / ///’/

1%
_159—[[

1.0

=
0137
011
LS
21
0.54]

o
2 ox

T
5.5 5.0 4.5
f1 (ppm)

Figure E.2. 'H NMR (CDCl; 7.26 ppm) of a typical crude reaction mixture reacting 1 with
phenyl acrylate to produce 2 with key products/starting materials highlighted as indicated.

0363




374

Isolated
lactone

Typical
reaction
mixture

_—

T T T T T T T T T
4.5 4.0 as 3.0 2.5 2.0 1.5 1.0 0.5
f1 (ppm)

Figure E.3. Comparison of '"H NMR of typical reaction spectra with authentic lactone
product. "H NMR (400 MHz, CDCls): § 4.00 — 3.90 (m, 4H), 2.60 (t, J = 8.5 Hz, 2H), 2.04
(t,J=8.5Hz, 2H), 1.97 — 1.88 (m, 4H), 1.82 (ddd, /= 17.5, 10.9, 4.0 Hz, 2H), 1.70 — 1.62
(m, 2H).
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o
Smly(THF), (10 mol %)
0 2 method A or method B @
& \)j\ >
OPh  2-MeTHF (0.02 M), 25 °C, 90 min
2.0 equiv Blue LED 440 nm, 40 W
3
Method A: HEH, (4 equiv)
Method B: HEH, (4 equiv), [Ir]PFg (1 mol %) and pyridine (2 equiv)
O o] o]
0 é \)LOF’h OMe
MeO OMe
EtO,C = CO,Et | EtO,C CO,Et
N N
H
l VLJLLAJ____,_“_ ‘\
g i Tl
9‘.0 8‘.5 8[0 7‘. 5 7I 0 6’ 5 6‘.0 SI.S 5’.0 4‘.5 4‘.0 3'. 5 3I4 0 2‘. 5 2I 0 1‘4 5 1I 0
f1 (ppm)

Figure E.4. '"H NMR (CDCIl; 7.26 ppm) of a typical crude reaction mixture reacting
cyclohexanone with phenyl acrylate to produce 3 with key products/starting materials
highlighted as indicated. The lactone product 3 matched previous reports.’
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2 & Smiy(THF), (10 mol %) 7
method A or method B o)
* \)J\ >
OPh  2-MeTHF (0.02 M), 25 °C, 90 min e
2.0 equiv Blue LED 440 nm, 40 W PH
4

Method A: HEH, (4 equiv)
Method B: HEH, (4 equiv), [Ir]PFg (1 mol %) and pyridine (2 equiv)

O OMe
o @)
ﬁ ~Hoen
Ph MeO OMe
EtO,C = CO,Et |EtO,C CO,Et
N
N N
H
] r
| [ /
I )/// / -~ -~ [ f J J f J"

l L Lakt. L
T dedg LT Ly 7 PR S S S S B B
9 8 7 6 5 4 3 2 1

f1 (ppm)

Figure E.5. '"H NMR (CDCl; 7.26 ppm) of a typical crude reaction mixture reacting
acetophenone with phenyl acrylate to produce 4 with key products/starting materials

highlighted as indicated. The lactone product 4 matched previous reports.’
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Smly(THF), (10 mol %)
method A or method B

o
\)j\ i
OPh  2.MeTHF (0.02 M), 25 °C, 90 min  Me
Blue LED 440 nm, 40 W 4CF3py{

2.0 equiv
5
Method A: HEH, (4 equiv)
Method B: HEH, (4 equiv), [Ir]PFg (1 mol %) and pyridine (2 equiv)
Ar OH
O o)
HO  Ar S
Oxj and stereoisomer \/U\oph
FsC Ar = 4CF3C H,
EtO,C._~~ CO,Et |[EtO,C CO,E oe
el s &
N N
i N MeO OMe

[ J
F ////,/ frrk J J /[ N ]l
|
L. L. Lluﬂ
£ dday TTLY T LI SR S A S B R e E
9 8 7 6 5 4 3 2 1
f1 (ppm)

Figure E.6.

"H NMR (CDCl; 7.26 ppm) of a typical crude reaction mixture reacting 4-

trifluoromethyl acetophenone with phenyl acrylate to produce 5 with key products/starting
materials highlighted as indicated. The lactone product 5 matched previous reports.>
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o o Smly(THF), (10 mol %)
method A or method B HO
- CO,'B
©)‘\ * \)LO’BU 2-MeTHF (0.02 M), 25 °C, 90 min MeM e
2.0 equiv Blue LED 440 nm, 40 W PH
6
Method A: HEH, (4 equiv)
Method B: HEH, (4 equiv), [Ir]PFs (1 mol %) and pyridine (2 equiv)
(0]
OH
CO.'Bu Ph)l\ OMe
Ph 2
EtO,C._~_COEt |[EtO,C co,Ef |MeO OMe
H 1
r
2] - sl ,[— o J J s /i J

-1 o i sl »4 ] e H
P S S N S A S O FEEEE
& 3 & § #h% gTanfeR
:

T T
2 1

027d [}

7 5
f1 (ppm)

Figure E.7. '"H NMR (CDCIl; 7.26 ppm) of a typical crude reaction mixture reacting
acetophenone with tert-butyl acrylate to produce 6 with key products/starting materials

highlighted as indicated.



2 Smly(THF); (10 mol %)

a method A or method B HO
+ \)J\ i e CO,Bu
O'Bu  2-MeTHF (0.02 M), 25 °C, 90 min Me7‘\/-

2.0 equiv Blue LED 440 nm, 40 W PH

Method A: HEH, (4 equiv)
Method B: HEH, (4 equiv), [IF]PFs (1 mol %) and pyridine (2 equiv)

6

CF3COOH (50 mol%)
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DCM, 4 hr, 25 °C

> ]
Me

Ph
4

0) | OMe
EtO,C._~ COEt
; pee
Me SN MeO OMe
=
f‘
\
e IK
J I/ / I |
ER 43 4 ) 4 & )
9 8 7 6 5 4 3 1
f1 (ppm)

Figure E.8. 'H NMR (CDCIl; 7.26 ppm) of a typical crude reaction mixture reacting
acetophenone with tert-butyl acrylate to produce 4 with key products/starting materials
highlighted as indicated. The lactone product 4 matched previous reports.’



E.2.3 Additional catalysis tables

Table E.2. Additional catalytic experiments of ketone-acrylate coupling.

(0]
0 0 Smly(THF); (10 mol %) (0]
method A or method B
+ \)j\ >
0 OPh  2.MeTHF (0.02 M), 25°C,90min O
; Blue LED 440 nm, 40 W
</O 2.0 equiv o
1 2

Method A: HEH, (4 equiv)

Method B: HEH, (4 equiv), [Ir]PFs (1 mol %) and pyridine (2 equiv)

e Yield (%) Yield (%)
Eney pevaton MethodA Method B

1 None 76 89
2 5.0 mol% Sm 58 79
3 2.5 mol% Sm - 41
4 2 mL air added 4 32
5 1 equiv H,O added 28 8
6 2 equiv Lutidine added (A)/instead of pyridine (B) 70 82
7 THF solvent 47 22
8 DBU instead of pyridine (B) B 9
9 0°C,3h - 77
10 1 mmol scale, 0.05 M, 2 equiv HEH, - 89
11 1 mmol scale, 0.1 M, 2 equiv HEH,, 6 h - 61

Entry 122 132 14bc

O 0
o OH CO,'Bu
Product 1 O
A~ nia Me
vie /N
~ PH
Ph
3 4 6

method A: 30% 73% 36%
method B: 64% 83% 32%

akthyl acrylate instead of phenyl acrylate.
btert-butyl acrylate instead of phenyl acrylate.
¢1 equiv tert-butanol added.

380
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Table E.3. Yields for pinacol coupled products in selected aryl ketone cross-coupling

reactions.
Cross-coupled products

o)
” Sml,(THF), (10 mol %) s 0
% method A or method B HO A
)j\ + \/U\ - Ar Mea_ﬁM
Ar OR' 2-MeTHF (0.02 M), 25 °C, 90 min 4,5 A e
2.0 equiv Blue LED 440 nm, 40 W OH
or Pinacol
HO
Mew\COZ’Bu
Ar
6 (R = Bu)

Method A: HEH, (4 equiv)
Method B: HEH, (4 equiv), [IF]PFs (1 mol %) and pyridine (2 equiv)

Yield (%) Yield (%) Yield (%) Yield (%)
Ent Cross- pinacol Cross- pinacol
(Entryin Table6.1) Coupling partners anddeviations Product  coupling product coupling product
: product Method A product Method B
Method A (meso:dr) Method B (meso:dr)

1(entry 13)  Ar=Ph,R=Ph 4 >95 - 9 8 (1:1)

2(entry 14)  Ar=*+CF3ph R=Ph 5 77 16 (0.6:1) 49 50(0.8:1)

3(entry 15)  Ar=Ph,R='Bu 6 43 4(0.4:1) 29 45(0.7:1)
4 Ar = #CF3ph, R = Ph; No Sm = - 15 (1:1) = 100(1:1)

Table E.4. Additional screening interrogating the effect of quencher (HEH», MeacrH,
phenH>, or Et3N) on catalysis. All results with error bars represent the average and standard
deviation of a minimum of two experiments.

o Smly(THF), (10 mol%)

0o Ir(ppy)2(dtbbpy)[PFg] (10 mol%) o
\)J\ ; »
& OPh  Quencher (2 equiv), base (2 equiv)

o}

o) o .
B I v R 8
Entry Quencher, base Yield (%) Recovered SM (%)
1 HEH,, pyridine 64 ~40
2 MeacrH, pyridine 52 0
3 HEH,, lutidine 68 30
4 MeacrH, lutidine 45 ~60
5 phenH,, lutidine 712 1712
6 EtsN, EtsN (1 mol% Ir) 8+1 70+2

Et0,C CO,Et
N e D
H e

HEH, MeacrH phenH,



Table E.S. Additional screening interrogating the

[PyrH]TFSI) on catalysis.
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effects of additives (Mgl, or

o] Smiy(THF); (10 mol%) I
o Ir(ppy)2(dtbbpy)[PFe] (10 mol%) Q
oi?o VLOPh HEH, (2 equiv), pgridine (2 equiv)
O o im0
Entry Variation Yield (%) Recovered
SM (%)

1 None 64 ~40
2 [PyrH]TESI (2 equiv) 0 83
3 Mal, (1 equiv) 52 24
4 Mgl, (1 equiv)/[PyrH]TFSI (2 equiv) 52 78
5 MeAcrH not HEH, 52 0
6 MeAcrH instead of HEH,; [PyrH]TFSI (2 equiv) 18 64
7 MeAcrH instead of HEH,. Mgl, (1 equiv) 25 39
8 MeAcrH instead of HEH,; Mgl, (1 equiv)/[PyrH]TFSI (2 equiv) 18 55

Table E.6. Additional screening interrogating the effect of HEH loading on catalysis. All
results with error bars represent the average and standard deviation of a minimum of two

experiments.
o}
0 Smio(THF); (10 mol%)
Q o Ir(ppy)(ctbbpy)[PFe] (1 moi%) q
\)Loph HEH, (x equiv), base (2 equiv)
8P  wmi 2-MeTHF, 25 °C, 90 min oY
76 ik Blue LED 440 nm, 40 W g
Entry X equiv HEH,, base Yield (%) Recovered SM (%)

1 2 equiv HEH,, pyridine 703 441
2 4 equiv HEH,, pyridine 8911 61
3 1.2 equiv HEH,, lutidine 4616 486
4 2 equiv HEH,, lutidine 68+3 2242
5 4 equiv HEH,, lutidine 82+1 1241
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E.3 UV-vis experiments

E.3.1 UV-vis detection of Sm interaction with dihydropyridines

SmIZOPh + ketone + acrylate
———HEH, + ketone + acrylate

SmIZOPh + ketone + acrylate + HEH2 B

Abs

400 420 440 460 480 500
A/nm

Figure E.9. Comparison of UV-vis traces (in a 1 mm path-length cuvette) of Sml> (2 mM)
+ ketone (20 mM) + acrylate (40 mM) (yellow trace, in situ forms colorless Sm™!I;(OPh));
HEH; (80 mM) + ketone (20 mM) + acrylate (40 mM) (red trace); and Sml, (2 mM) +
HEH: (80 mM) + ketone (20 mM) + acrylate (40 mM) (blue trace). All spectra collected
in 2-MeTHF. Observed red-shift of the HEH> absorption in the presence of Sm'! is
consistent with an interaction between species.

SmIZOPh + ketone + acrylate
phenH,, + ketone + acrylate
16+ e’ i SmI7OFh + ketone + acrylate + pheﬂH,2 J

380 400 420 440 460 480
A/nm

Figure E.10. Comparison of UV-vis traces (in a 1 mm path-length cuvette) of Sml (2
mM) + ketone (20 mM) + acrylate (40 mM) (yellow trace, in situ forms colorless
Sm'"'I;(OPh)); phenH, (80 mM) + ketone (20 mM) + acrylate (40 mM) (red trace); and
Sml (2 mM) + phenH» (80 mM) + ketone (20 mM) + acrylate (40 mM) (blue dashed trace).
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All spectra collected in 2-MeTHF. Overlay suggests little to no interaction between Sm'!
and phenHo.

Sml,(0 'Pr)
—HEH,

04+

i =
Smi, (0 Pr) + HEH,

Absorbance

ot . L n
350 450 550 650 750
A/nm

Figure E.11. Comparison of UV-vis traces (in a 1 cm path-length cuvette) of Sm(O'Pr); (2
mM), "HepsNI (6 mM), and HTFSI (3 mM) (yellow trace, in situ forms colorless
Sm'"'I,(O’Pr)); HEH: (60 mM) (red trace); and Sm(O'Pr); (2 mM), "HepsNI (6 mM), HTFSI
(3 mM), and HEH> (60 mM) (blue trace). All spectra collected in THF. The observed red-
shift suggests interaction between Sm™! and HEH,.

2 \
F
=l |l ‘ Sml,(0'Pr)
phenH,
16+ ‘— = —sml,(0 'Pry+ phenH, |
14+
12
3 9
<
08+
06
04 -
02¢t
0 | T = —
380 400 420 440 460 480

A/nm

Figure E.12. Comparison of UV-vis traces (in a I mm path-length cuvette) of Sm(O'Pr);
(2 mM), "HepsNI (6 mM), [LutH]TFSI (3 mM) (yellow trace, in situ forms colorless
Sm",(OPr)); phenHz (60 mM) (red trace); and Sm(O'Pr); (2 mM), "HepsNI (6 mM),
[LutH]TFSI (3 mM), and phenH; (60 mM) (dashed blue trace). All spectra collected in
THF. Overlay suggests little to no interaction between Sm'! and phenHa.
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Sml,(0 'Pr)
—HEH,

i 1
Smi,(0Pr) + HEH,

0.8

0.6

Absorbance

04+

0.2

400 450 500 550 600
Wavelength (nm)

Figure E.13. Comparison of UV-vis traces (in a 1 cm path-length cuvette) of Sm(O'Pr); (2
mM), "HepsNI (6 mM), [LutH]TFSI (3 mM) (yellow trace, in situ forms colorless
Sm"'I,(O’Pr)); HEH, (60 mM) (red trace); and Sm(O’Pr); (2 mM), "HepsNI (6 mM),
[LutH]TFSI (3 mM), and HEH, (60 mM) (blue trace). All spectra collected in THF. The
observed red-shift suggests interaction between Sm'' and HEH,.

05

Sm(0 'Pr),
HEH2

045

041

Sm(O Pr), + HEH, | |

03r

0]
2 L
2 0.25

400 450 500 550 600 650 700 750 800
A/nm

Figure E.14. Comparison of UV-vis traces (in a 1 cm path-length cuvette) of Sm(O’Pr); (2
mM), "HepsNI (6 mM), (yellow trace, in situ is still colorless Sm'(O’Pr)3); HEH, (60 mM)
(red trace); and Sm(O'Pr); (2 mM), "HepsNI (6 mM), and HEH> (60 mM) (blue trace). All
spectra collected in THF. The observed red-shift suggests interaction between Sm'" and
HEH,.
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410 420 430 440 450 460 470 480 490 500
Wavelength (nm)

Figure E.15. Titration of Sm(OT*)3 (0 to 5 mM, from red to blue trace) into a solution of
HEH; (100 mM) in THF. Substantial red-shift observed upon titration of Sm(OTf)s3.

E.3.2 Sm! photogeneration experiments
E.3.2.1 General procedure for Sm'' photogeneration experiments

A fresh 5 mM stock solution of Sml, in THF is prepared immediately before use.
Smls is prepared by titrating this 5 mM THF solution of Sml> with I until the characteristic
blue color of Sml, disappears.

An aliquot of the resulting Smlz solution (1 mL, 0.005 mmol) is added to a vial (1
mL) containing reductant (0.15 mmol, 30 equiv), and an additional 1 mL of THF, and this
solution is transferred to a 1 cm path-length cuvette. 100 uL of a stock solution of
photocatalyst is added to the cuvette, followed by base (0.15 mmol, 30 equiv), an additional
0.5 mL THF, and any alternative ligands (e.g., "BusNBr, BINAPO) as indicated.
E.3.2.2 General procedure for Sm'"(HMPA)4 photogeneration experiments
For the Sm'(HMPA)*" generation, 4 equiv HMPA was added to the isnitial Sml> solution
prior to oxidation by I>. The rest of the procedure was identical following E.3.2.1.
E.3.2.3 Summary of Sm' photogeneration experiments

The Sm" photogeneration experiments (S3.2.4) are summarized in Table E.7.
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Table E.7. Summary of conditions and yields for photodriven Sm'™ reductions.
Approximate yield of Sm" is determined based on the spectrum of the preparation of

additive + Sml,.

Sm" + additives Photocat. Conditions (THF and 25 °C unless otherwise Sm"
specified) formation
Smls (2 mM) - HEH, (60 mM), Lut (60 mM), ~30%
H150-Blue LED

Smls (2 mM) - HEH, (60 mM), H160-440 nm LED 0%

Sm(OPr)s (2 mM), "HepaNI (6 - HEH, (60 mM), H160-440 nm LED 40 W ~15%

mM), HTFSI (3 mM)

Sm(O'Pr)s (2 mM), "HepaNI (6 | - HEH, (60 mM), H160-440 nm LED 40 W 0%

mM)

Smls (2 mM) [Ir]PFe HEH, (60 mM), Lut (60 mM), 80%
(0.2 mM) H160-440 nm LED 40 W

Smls; (2 mM) [Ir]PFe HEH, (60 mM), H160-440 nm LED 40 W 10%
(0.2 mM)

Sm(O'Pr)s (2 mM), "HepaNI (6 | [Ir]PFs HEH, (60 mM), Lut (60 mM), 30%

mM), [LutH]TFSI (3 mM) (0.2 mM) H160-440 nm LED 40 W

Smls (2 mM), HO(CH,).0H (2 | [Ir]PFs HEH, (60 mM), pyridine (60 mM), THF, 0 °C, H160- | 15%

mM) (1 mM) 440 nm LED 40 W

Smls (2 mM), MeO((CH,),0)sH | [Ir]PFs HEH, (60 mM), pyridine (60 mM), THF, 0 °C, 5%

(2 mM) (1 mM)

Smls (2 mM), L* (2.2 mM) [Ir]PFe HEH, (60 mM), H160-440 nm LED 40 W 10%
(0.2 mM)

Smls (2 mM), "BusNBr - HEH, (60 mM), Lut (60 mM), 0%

(20 mMm) H160-440 nm LED 40 W

Smls (2 mM), HMPA - HEH, (60 mM), Lut (60 mM), 0%

(8 mM) H160-440 nm LED 40 W

Smls (2 mM), "BusNBr [Ir]PFg EtsN (60 mM), H160-440 nm LED 40 W 0%

(20 mM) (0.2 mM)

Smls (2 mM), HMPA [Ir]PFs EtsN (60 mM), H160-440 nm LED 40 W 0%

(8 mM) (0.2 mM)

Smls (2 mM), BINAPO (2.2 [Ir]PFs EtsN (60 mM), H160-440 nm LED 40 W 0%

mM) (0.2 mM)

Smls (2 mM) 3DPA2FBN acrH, (60 mM) EtsN (60 mM), 20%
(0.05 mM) H150-Blue LED 34 W

Smls (2 mM), "BusNBr 3DPA2FBN acrH, (60 mM) EtsN (60 mM), 40%

(20 mM) (0.05 mM) H160-440 nm LED 40 W

Smls (2 mM), HMPA 3DPA2FBN acrH, (60 mM) EtsN (60 mM), 10%

(8 mM) (0.05 mM) H150-Blue LED 34 W

Smls (2 mM), BINAPO (2.2 3DPA2FBN acrH, (60 mM) EtsN (60 mM), 10%

mM) (0.05 mM) H160-440 nm LED 40 W




388

S3.2.4 Sm'' photogeneration experiments

HEH, (30 equiv)
Lut (30 equiv)
SmI3 Sml,
THF, 20°C
2mMm Blue LED 34 W
1
0.9
0.8
0.7
§ 0.6
o
205
[o]
§ 0.4
0.3
0.2
0.1
0
300 400 500 600 700 800

A/ nm

Figure E.16. Photogeneration of Sml> from a THF solution of Smlz (2 mM), HEH> (60
mM), and Lut (60 mM) on irradiation with H150-Blue LED; t = 0 (red trace); t =120 min
(blue trace). Maximum intensity suggests about 30% conversion to Sml».

HEH, (30 equiv)
Sml, > Sml,

2mM THF, 60 min
H160 440 nm LED
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Figure E.17. Attempted photogeneration of Sml, from a THF solution of Smlz (2 mM)
and HEH, (60 mM) on irradiation with H160-440 nm; t = 0 (red trace); t =60 min (blue
trace). No Sml is observed even on extended irradiation.
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S 1'“;TFS|, HEH, (30 equiv)
m(OPr); (1.5 equiv SmOPl, ———» Smi,
2mM N(hept),! 20 min

(3 equiv) H160 440 nm LED

|

04 r

02r

350 450 550 650 750
A/nm

Figure E.18. Photogeneration of Sml, from a THF solution of Sm(O'Pr)3; (2 mM), "HepsNI
(6 mM), HTFSI (3 mM), and HEH> (60 mM) on irradiation with H160 440 nm; t = 0 (red
trace); t =20 min (lowest intensity grey trace), 80 minutes (blue trace), 180 minutes (yellow

dashed trace) irradiation. Maximum intensity suggests about 15% conversion to Sml».
HEH, (30 equiv)
N(hept)4l (3 equiv)
Sm(O'Pr), »  Sml,
2mM

THF, 40 min
H160 440 nm LED
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Figure E.19. Attempted photogeneration of Sml> from a THF solution of Sm(O'Pr); (2
mM), "HepsNI (6 mM), and HEH> (60 mM) on irradiation with H160-440 nm LED; t=0

(red trace); t =40 min (blue dashed trace). No Sml, is observed even on extended
irradiation.
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[IrIPFg (10 mol %)
HEH, (30 equiv)
Lut (30 equiv)

Smlj » Sml,
2mM THF, 25 °C
440 nm, 40 W
1
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Figure E.20. Photogeneration of Sml, from a THF solution of Sml; (2 mM), HEH> (60
mM), and Lut (60 mM) with [Ir]PF¢ (0.2 mM) as photosensitizer on irradiation with H160-
440 nm LED over t = 0 (red trace) to t = 2 min (blue trace). Maximum intensity suggests

about 80% conversion to Sml,.
[IflPFg (10 mol %)
HEH, (30 equiv)

Sml; » Sml,
2mM THF, 25 °C
440 nm, 40 W
1
08 |
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©
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[72]
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300 500 700

Wavelength (nm)

Figure E.21. Photogeneration of Sml, from a THF solution of SmI3 (2 mM) and HEH> (60
mM) with [Ir]PF¢ (0.2 mM) as a photosensitizer in the absence of base on irradiation with
H160-440 nm LED over t =2 min (red trace), t = 6 min (yellow trace), to t = 16 min (dark
blue trace). Maximum intensity suggests <10% conversion to Sml, over prolonged
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irradiation; the absence of observed Sml; at 2 min (compared to 80% Sml> generation at
the same time point in the presence of Lut) suggests that Lut accelerates Sml:

photogeneration under these conditions.

_ [Ir]PFs (10 mol %)
[LUtHITFSI (1.5 equiv) HEH, (30 equiv)

”Hep4N| (3 equiv) Lut (30 equiv)
Sm(O'Pr); ——— Sml,O'Pr » Sml,
2mM THF, 25 °C
440 nm, 40 W

0.8 |
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325 425 525 625 725

Wavelength (nm)

Figure E.22. Photogeneration of Sml; from a THF solution of Sm(OPr); (2 mM),
[LutH]TFSI (3 mM), "HepsNI (6 mM), HEH; (60 mM), and Lut (60 mM) with [Ir]PFs (0.2
mM) as photosensitizer on irradiation with H160-440 nm LED over t = 0 (red trace) to t =
2 min (blue trace). Maximum intensity suggests ~30% conversion to Sml».
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[IFlPF (50 mol %)
HEH, (30 equiv)

OH pyridine (30 equiv) ol OH
Smig + : mly +
2 M NG THE, 0 °C L_on
2mM 440 nm, 40 W
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Figure E.23. Photogeneration of Sml, in the presence of ethylene glycol (2mM) from a
THEF solution of Sml3 (2 mM), HEH> (60 mM), and pyridine (60 mM) with [Ir]PF¢ (1 mM)
as photosensitizer on irradiation with H160-440 nm LED over t = 0 (red trace) to t =2 min
(dark blue trace). The Sm" species that is generated has absorption maxima consistent with
those of Sml; (1 mM) in the presence of ethylene glycol (1 mM) in THF (teal trace).
Maximum intensity suggests ~15% steady state population of Sm" under irradiation.
‘/\OMe (\OMe
0} (0}
[IFPFs (50 mol %)
E HEH, (30 equiv) E
pyridine (30 equiv)

(0] (0]
Smls + K/OH >  Smly+ K/OH
THF, 0 °C

2mM
m 2mM 427 nm, 40 W
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Figure E.24. Photogeneration of Sml; in the presence of MeO((CH2)2.0);:H (2mM) from a
THEF solution of Smls (2 mM), HEH> (60 mM), and pyridine (60 mM) with [Ir]PF¢ (1 mM)
as photosensitizer on irradiation with H160-427 nm LED over t = 0 (red trace) to t = 30
min (dark blue trace). The Sm" species that is generated has absorption maxima consistent
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with those of Sml; (1 mM) in the presence of MeO((CH2)20);H (1 mM) in THF (teal trace).
Maximum intensity suggests ~5% steady state population of Sm' under irradiation.

L* (1.1 equiv) ! BB B M
[IFPFs (10 mol%) : 3n
Smi LSmly ! 3
# HEH, (30 equiv) (L7)Sml ; Ph)\/ NP
2mM THF, 20 °C ; X
440 nm, 20 W : L
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Figure E.25. Photogeneration and decay of Sml, from THF solution of Sml; (2 mM),
L*(2.2 mM), [Ir]PFs (0.2 mM), HEH> (60 mM) on irradiation with H160-440 nm LED; t
=0 (red); t = 1 min (blue trace); t = 60 min (dashed). Maximum intensity suggests about
10% conversion to Sm'. Note: the visible features of Sml> are unchanged in the presence
of up to 2 equiv of L*, thus we are unable to assign the exact speciation of Sm(II) formed.
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["BugN]Br (10 equiv)

Smlj »  SmBr,
2mM HEH, (30 equiv)
Lut (30 equiv)
THF, 20 °C
440 nm, 20 W
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Figure E.26. Attempted photogeneration of SmBr> from a THF solution of Sml; (2 mM),
"BusNBr (20 mM), HEH> (60 mM), and Lut (60 mM) on irradiation with H160-440 nm
LED; t =0 (red trace); t = 60 min (blue trace). No SmBr; is observed.
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Figure E.27. Attempted photogeneration of Sm(HMPA)4** from a THF solution of Smls
(2 mM), HMPA (8 mM), HEH; (60 mM), and Lut (60 mM) on irradiation with H160-440
nm LED; t = 0 (red trace); t = 60 min (blue trace). No Sm(HMPA)4>" is observed.
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["BugN]Br (10 equiv)
[Ir]PFg (10 mol%)
Smlj » SmBr,
EtsN (30 equiv)
2mM THF, 20 °C
440 nm LED 20 W

400 500 600 700 800
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Figure E.28. Attempted photogeneration of SmBr> from a THF solution of Sml; (2 mM),
"BusNBr (20 mM), [Ir(ppy)2(dtbbpy)|PF¢ (0.2 mM), and EtsN (60 mM) on irradiation with
H160-440 nm LED; t = 0 (red trace); t = 20 min (brown trace) shows formation of

[Ir''(ppy)2(dtbbpy)].” No SmBr; is observed.

HMPA (4 equiv)
[IflPFg (10 mol%)

Smlj > Smly(HMPA),
Et3N (30 equiv)

2mM THF, 20 °C

440 nm LED 20 W

Absorbance

400 500 600 700 800
A/ nm

Figure E.29. Attempted photogeneration of Sm(HMPA)4>" from a THF solution of Sml;
(2 mM), HMPA (8 mM), [Ir(ppy)2(dtbbpy)]PFs (0.2 mM), and EtsN (60 mM) on irradiation
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with H160-440 nm LED; t = 0 (red trace); t = 20 min (brown trace) shows formation of
[Ir'(ppy)2(dtbbpy)].” No Sm(HMPA )4** is observed.

BINAPO (1.1 equiv) 5
[I/PFs (10 mol%) ; OO -

Smls Smi,(BINAPO)
- EtsN (30 equiv) OO PPN,
THF, 20 °C 0
440 nm, 20 W : BINAPO
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©

Absorbance

400 500 600 700 800
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Figure E.30. Attempted photogeneration of Sm(BINAPO)I; from a THF solution of Sml3
(2 mM), BINAPO (2.2 mM), [Ir(ppy)2(dtbbpy)]PFs (0.2 mM), and Ets;N (60 mM) on
irradiation with H160-440 nm LED; t = 0 (red trace); t = 20 min (brown trace) shows
formation of [Ir''(ppy)2(dtbbpy)].” No Sm(BINAPO)I; is observed.
Note: white solids precipitate from the solution, leading to poor transmission.

3DPA2FBN (2.5 mol%)

AcrH, (30 equiv)
Et3N (30 equiv
Smlg N ( quiv) »  Sml,
THF, 20 °C
2mMm Blue LED 34 W

300 400 500 600 700 800

Figure E.31. Photogeneration of Sml> from a THF solution of Smlz (2 mM), 3DPA2FBN
(0.05 mM), AcrH> (60 mM), and EtsN (60 mM) on irradiation with H150-Blue LED; t=0
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(red trace); t =95 min (blue trace). Maximum intensity suggests about 20% conversion to
Smly.

["BugN]Br (10 equiv)
3DPA2FBN (10 mol%)

Smis = » SmBr,
AcrH, (30 equiv)
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440 nm, 20 W

15

Absorbance
-

05

300 400 500 600 700 800
A/ nm

Figure E.32. Photogeneration of SmBr; from THF solution of Smlz (2 mM), "BusNBr (20
mM), 3DPA2FBN (0.2 mM), AcrH; (60 mM), and Ets;N (60 mM) on irradiation with
H160-440 nm LED; t = 0 (red trace); t =1 min (blue trace); reference spectrum of 2 mM
SmBr; (dashed trace). Maximum intensity (Amax 588 nm and 540 nm) suggests about 40%
conversion to SmBr».
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Figure E.33. Photogeneration of SmI(HMPA)s from THF solution of Smlz (2 mM),
HMPA (8 mM), 3DPA2FBN (0.05 mM), AcrH> (60 mM), and EtsN (60 mM) on irradiation
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with H150-Blue LED; t =0 (red); t = 60 min (blue). Rightmost plot shows magnified region
of relevant Sm(II) absorbance. Maximum intensity (Amax 540 nm) suggests about 10%
conversion to Sm(HMPA )4l.
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Figure E.34. Photogeneration of Sm(BINAPO)I, from THF solution of Sml; (2 mM),
BINAPO (2.3 mM), 3DPA2FBN (0.2 mM), AcrH; (60 mM), and EtzN (60 mM) on
irradiation with H160-440 nm LED; t = 0 (red); t = 2 min (blue). Maximum intensity (Amax
=550 nm and 608 nm) suggests about 10% conversion to Sm(BINAPO)I>.
E.4 Electrochemical measurements

Comment on Sm'"' reduction potentials: The solution-phase speciation of
SmX, is ill-defined and highly dependent on the concentration of both Sm and potential

/1

ligands. As a result, rigorous definition of Sm™"" redox potentials for discrete species is

nontrivial. Cyclic voltammetry of Sml; in THF is illustrative of this issue. As shown in

I couple of SmI3(THF), (using a

Figure E.35, the observed E1» of the reversible Sm
tetraalkylammonium triflimide salt as a relatively innocent supporting electrolyte) shifts
negative by 59 mV per decade increase in "HepsNI concentration. This behavior is
consistent with reversible dissociation of I upon reduction, with the position of the wave

described by the Nernst eqn E.1:
o RT -
Eyj, = E°— ?ln ([I”D (egqn E.1).
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The standard potential E°(SmlI3/Sml, + I'), which can be extrapolated from the

intercept of a plot of E12 vs —log[I ] as —1.58 V vs Fc™°, is therefore only equivalent to the
E1pobserved by CVif[I']=1M.

Despite this challenge, knowledge of the electrochemical properties of Sm species in
the presence of various additives is useful in guiding selection of appropriate photoreductants
and photoredox catalysts for Sm™ reduction. For the purpose of this study, we have collected
CV data under a unified set of conditions, using concentrations of Sm and additives relevant
to the UV-Vis studies of Sm" generation. It should be emphasized, however, that the
observed reduction potentials in these specific cocktails must not be treated as diagnostic

standard reduction potentials for discrete Sm"L, species.
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Figure E.35. Left: CVs of Smlz (2 mM) in the presence of 0-40 mM "Hep4NI (red-dark

blue traces) in THF containing 0.1 M BMPipTFSI at 25 mV s™!. Right: plot of £, values
from each CV vs —log([I]).
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Figure E.36. CV of [Ir]PFs (0.5 mM) in THF containing 0.1 M BMPipTFSI at 25 mV s ™.
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Figure E.37. CV of 3DPA2FBN (1 mM) in THF containing 0.1 M BMPipTFSI at 100 mV

s L
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Figure E.38. CV of Sml; (2 mM) and "HepsNI (10 mM) in THF containing 0.1 M
BMPipTFSI at 25 mV s,
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Figure E.39. CV of Sml3 (2 mM), "HepsNI (10 mM), and ethylene glycol (2 mM) in THF
containing 0.1 M BMPipTFSI at 25 mV s,
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Figure E.40. CV of Sml, (2 mM), "HepsNI (10 mM), and MeO((CH2),0);H (2 mM) in
THF containing 0.1 M BMPipTFSI at 25 mV s '
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Figure E.41. CV of Sml; (2 mM), "HepsNI (10 mM), and 3-aza-3-benzyl-1(R),5,(R)-

dihydroxy-1,5-diphenylpentane (2 mM) in THF containing 0.1 M BMPipTFSI at 25 mV
-1

s .



403

10

-10 L I
-2.9 -1.9

Potential (V vs Fc*/)

Figure E.42. CV of Sml3 (2 mM) and "BusNBr (20 mM) in THF containing 0.1 M
BMPipTFSI at 25 mV s,
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Figure E.43. CV of Sml (2 mM), "HepsNI (10 mM), and BINAPO (2 mM) in THF
containing 0.1 M BMPipTFSI at 25 mV s~!. The speciation of this mixture is clearly
complex. However, the observation that the more reducing photocatalyst 3DPA2FBN is
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required to generate Sm'' species in the presence of BINAPO is consistent with the
observation of Sm"™!' redox waves negative of =2 V.

i (WA)

-3.1 -2.1 -1.1
Potential (V vs Fc*/0)

Figure E.44. CV of Sml; (2 mM) and HMPA (8 mM) in THF containing 0.1 M
BMPipTFSI at 25 mV s,
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E.5 Additional mechanistic schemes

1/2 HE (0]
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1/2 HEH, .)J\. \i 1,Sm S oPh
O0—(. OPh 1,Sm"—0 . OPh  Sml, =
i / 2
DlspT smil, ;; ,Smit \< —_— )‘J\\S) —_— O=gm,
HEH®
PhOH "
(i) + HEH,
hv
HEH,
HEH, HO OPh !
i +HEH; = hv() |sm"—0 OPh
[sm",oPh] <«—— [sm",0Ph] " 2 =
O—sm',
O~sm,
[0}
o Hen, < HEH
Q 1 2 Disp. +Smly

For clarity combined HEH, activation, Sm'" reduction and alkoxide protonation are labelled (i) and combined in a single step.

A proposed sequence of steps is presented below, although other schemes (e.g. PT before dissociation) might be possible

HEH®
Intramolecular PhOH
h . ET **  Dissociati
HE:H2 4 H|:5H2 5 H?Hz M [Sm",OR]~ N > Sml
[Sm"1,OR] [Sm",OR] [Sm"I,OR]~ HEH,"* PT 2

Figure E.45. An alternative scheme for catalytic ketone-acrylate coupling reaction where
HEH'’ does not terminate radical and two equivalents of Sml, are required per reduction.
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Figure E.46. A scheme for catalytic ketone-acrylate coupling reaction with [Ir]*. Sm'-

OPh is regenerated as depicted in Figure 6.3B in chapter 6.
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