Computational investigations of the reactivity of metalloporphyrins for ammonia oxidation
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ABSTRACT: Density functional theory and molecular dynamics simulations were used to assess the ability of tetraphenylpor-
phyrin (TPP)M complexes (where M = Cr, Mn, Fe, Co, Ni, Mo, Ru, W, and Os) to coordinate and weaken the N-H bonds of
ammonia, as well as their reactivity towards N-N bond formation for N2 generation. Compared to other metalloporphyrins,
bis-ammonia complexes (TPP)Mo(NHs)z and (TPP)W(NHs): exhibit low and level N-H BDFEs due to a stabilized
(TPP)M(NHs3)(NH) intermediate by multiple metal-ligand bonding. These results resemble those previously obtained for
polypyridyl metal complexes, suggesting that broad trends in reactivity towards N-H bond cleavage are more metal-depend-
entrather than ligand-dependent for a metal in a nitrogen pseudo-octahedral environment. We investigated N-N bond formation
via NH3 nucleophilic attack on M-NH and M-N intermediates, compared to bimolecular coupling of M-NHy intermediates. We
evaluated the reactivity of (TPP)Fe(NHs)2 towards N-N bond formation via a hydrazine pathway, and found amide-amide
coupling to form a bridged hydrazido complex to be the most favorable pathway for N-N bond formation. Further investiga-
tion of possible N-N bond formation pathways by reaction with NHs led us to identify a possible Fe!l-eNH species with signif-
icant aminyl character that bypasses the nucleophilic attack of NH3 and that promotes homolytic N-H bond cleavage of am-
monia. This reaction forms a Fe-NH2 moiety and a transient *NH: radical that subsequently forms an N-N bond with the Fe-
NH2 moiety to form a (TPP)Fe(NH3)(Nz2H4) species. These results indicate the need to evaluate the radical character of imido

species and their reactivity towards N-H bond cleavage of ammonia.

1. Introduction

Ammonia is a promising carbon-free based fuel for storing the
power generated by renewable energy technologies to meet in-
creasing energy demand and mitigate climate change.l3 Am-
monia can be easily liquified and transported using the existing
infrastructure developed for the Haber-Bosch process,2 and the
stored energy can be regenerated as electricity in ammonia fuel
cells.*8 To produce electricity, ammonia can be electrocatalyti-

2NH; —> N=N + 6e + 6H* (1)

cally oxidized to nitrogen, protons, and electrons (1).° Transi-
tion metal molecular complexes represent an ideal platform to
understand and identify fundamental design principles for
electrocatalytic conversion of ammonia to nitrogen. Indeed, the
well-defined nature of homogeneous catalysts and the wide
range of mechanistic information accessible lend themselves
more readily to detailed quantitation of individual reactions
from either experiment or modeling than it does for heteroge-
neous counterparts. In this paper, we report a systematic com-
putational analysis of porphyrin-based metal complexes for
ammonia oxidation.

Conversion of NHs to Nz requires the cleavage of its N-H bonds
and subsequent N-N bond formation. N-H bond cleavage can
occur electrochemically via sequential proton-coupled electron
transfer (PCET) steps,10-13 or via homolytic N-H bond scission
with the use of a radical mediatorl® 1416 that abstracts an H
atom from NHs (hydrogen atom abstraction, HAA). The media-
tor can, in principle, be regenerated electrochemically. The N-
H bonds of ammonia are strong, with a first homolytic bond dis-
sociation free energy (BDFE) of 99.4 kcal/mol in the gas
phase.l?” When NHs coordinates to the metal center of a

transition metal complex LM (where L, is the ligand), its N-H
bonds can be weakened such that N-H bond cleavage is facili-
tated.13

N-N bond formation has been postulated to occur through the
bimolecular coupling of L.M-NHx intermediates that result
from the N-H bond cleavage reactions (Scheme 1).15.18-21 [n
prior work, we investigated computationally the reactivity of
poly-pyridyl [(PY5)M!-NHs]2+ complexes (where M = Cr, Fe,
Mo, W, Ru, and Os; and PY5 =2,6-bis(1,1-bis(2-
pyridyl)ethyl)pyridine). We found the molecular complex
[(PY5)Mo!!(NH3)]2+ favors N2 production via the coupling of
[(PY5)Mo!V(N)]2* nitride intermediates.!8 Recent work by Pe-
ters and co-workers demonstrated the stepwise conversion of
NH3 oxidation via the bimolecular coupling of Nill-NH: species
that results in a bridged Ni!l(N2H4) complex.1® Treatment with
the H atom abstractor, tri-tert-butylphenoxyl radical (ArOe),
results in a bridged Ni!'(N2Hz) complex, from which N2Hz is re-
leased and disproportionates to %2 N2 and %2 NzHs upon treat-
ment with excess NHs. We recently achieved catalyticammonia
oxidation with (TMP)Ru(NH3)2 (TMP = tetramesitylporphy-
rin) using the bulkier 2,6-di-tert-butyl-4-tritylphenoxyl radical
(PhsC-Ar0e),15> which hinders the formation of an amine prod-
uct that can result from C-N coupling reactions with ArQs. Our
computational investigations of the system, together with prior
reports of stochiometric N-N coupling with co-facial Ru por-
phyrins22 23 led us to postulate that N-N bond formation was
achieved through the coupling of (TMP)Ru!!!/(NH3)(NH2) inter-
mediates.
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Scheme 1: N-N bond formation and Nz generation via bimolec-
ular coupling of amide (L,M-NHz), imide (L»M-NH), and nitride
(LsM-N) intermediates

N-N formation may also occur via the addition of NH3 to M-NHx
intermediates?4-26 (Scheme 2). Mock and co-workers!é demon-
strated the catalytic oxidation of NHz to N2 using
[Cp*Ru(PtBu2NPh2)(NH3)]+, and isotopic labeling studies suggest
15N=14N formation occurs through attack of 14NH3 on a Ru!>NHx
(x =0, 1, or 2) intermediate. Hamann, Smith, and co-workers
demonstrated conversion of NHsz to Nz wusing
[Ru(trpy)(dmabpy)(NH3)]2* (where trpy = 2,2":6',2"-terpyri-
dine, and dmabpy = 4,4'-bis(dimethylamino)-2,2’- bipyridine).
Their experiments suggest that the oxidation reaction proceeds
through a [Rul-NH2NH2]2* intermediate.2” A prior proposed
mechanism for N-N bond formation by nucleophilic attack of a
secondary amine on a transient Os!Vimido intermediate?25.26 led
the researchers to suggest that the [Ru!l-NH2NH2]2* intermedi-
ate results from NHs nucleophilic attack on an undetected
RulV=NH intermediate.

Motivated by these experimental observations, Najafian and
Cundari?8 investigated computationally the electrocatalytic ac-
tivity of [Ru(trpy)(dmabpy)(NH3)]2* and its Fe congener to-
wards ammonia oxidation. Their mechanistic studies suggest
N-N bond formation via nucleophilic attack by NH3 on the im-
ido intermediate, along with H transfer to form a hydrazido
complex, is more favorable than the alternative N-N bond for-
mation pathway in which NH3 nucleophilic attack occurs on the
nitride complex. Subsequent N-H bond cleavage steps to gener-
ate N2 are lower in energy compared to the M!I-NH3 adduct.

NHy e NHa e NH oo N
| ——— | > NA > ulll
LM e LM 0 LM L,
A
+NH, +NH, +NH,
+NH,
-%N
: NH, NHs NH;
-HY e /I -He /
HoN ., HT ”
| _He (-He)
LM (-H") . Ly
|
NH
/ 2 /NH2
HoN -H" e
| >l
LM (-H) LM
- 3H*, -3e” ‘

Scheme 2: N-N bond formation and N2 generation via NHs nu-
cleophilic attack on amide (L,M-NHz), imide (L,M-NH), and ni-
tride (L»M-N) intermediates followed by proton transfer

Additionally, N-N bond formation may occur through intramo-
lecular coupling of adjacent M-NHx ligands. Peters and co-
workers recently achieved electrocatalytic ammonia oxidation
to N2 with [(bpyPy2Me)Fe(MeCN)z]2* (bpyPy:2Me = 6-(1,1-bis(
pyridin-2-yl)ethyl)-2,2"-bipyridine), for which multiple N-N
coupling pathways were proposed.2? Upon treatment with NHs,
electrochemical data reveal the formation of a
[(bpyPy2Me)Fe(NHz)(NHs)]2* complex with adjacent amide
and ammine ligands. Computational work suggested that NH3
nucleophilic attack and subsequent H* transfer on Fe-imido
and Fe-nitrido intermediates can occur to form Fe-(NH3)(NzHa4)
and Fe-(NH3)(NH-NH2) intermediates while the adjacent NH3
ligand remains inactive during the reaction. Alternatively, N-H
bond cleavage of the adjacent NH3 ligand can lead to the for-
mation of a Fe-(NH2)(NHz) complex with adjacent amide lig-
ands, which can N-N couple to form a hydrazido complex.

Monometallic N-N bond formation through reaction with NH3
has several advantages. It can benefit from high NH3 concentra-
tion and facilitate greater control of ligand design when steric
hindrance is desired to prevent side reactions with the radical
HAA agent.30 As for bimolecular NH.-NH), routes (where x, y >
0), a hydrazine pathway involving NHs addition to a M=NH spe-
cies necessitates a lower net change in oxidation state on the
active metal center, which could manifest in lower overpoten-
tials compared to the coupling of terminal nitrido complexes to
generate N2.30 This mechanism could also lead to L.M(N2H4)
species with weaker N-H BDFEs compared to NH3, which can
facilitate N2 production as observed by Najafian and Cundari.28
Note that the N-H BDFE of hydrazine in the gas phase is 72.3
kcal/mol17, 27.1 kcal/mol lower than that of NH3, and can be
further weakened by coordination to the metal center of a tran-
sition meal complex.13

Inspired by the catalytic activity of (TMP)Ru!!!(NHs)2 and see-
ing to improve our understanding of the reactivity of molecular
complexes for ammonia oxidation, we investigated the reactiv-
ity of (TPP)M(NH3)2 (TPP = tetraphenylporphyrin) complexes
(where M = Cr, Mn, Fe, Co, Ni, Mo, Ru, W, and Os) using density
functional theory (DFT) and molecular dynamics (MD) simula-
tions. We assessed the ability of the metalloporphyrins to
weaken the N-H bond of ammonia and their reactivity towards
N-N bond formation by NH3 addition vs. bimolecular NN cou-
pling. We investigated N-N bond formation via a hydrazine
pathway for (TPP)Fe(NHs)z, as iron is a promising earth-abun-
dant metal for the electrocatalytic conversion of NH3 to N2. We
identified  alternative = mechanisms via  which a
(TPP)M!(NH2NHz2) intermediate could be obtained en route to
N2 production by reacting with NHs, and investigated the pos-
sible bimolecular coupling of two (TPP)Fe(NH3)(NHz) to form
a bridged Fell(N2H4) complex. Understanding the possible
mechanisms through which N-N bond formation can occur is
essential for learning ways in which transition metal com-
plexes can be tuned and improved for the ammonia oxidation
reaction.

2. N-H Homolytic Bond Dissociation Free Energies

Our calculation suggest that HAA occurs on both NHs lig-
ands of (TMP)Os(NHs)2 resulting in the formation of a
(TMP)Os(NHz)2 complex that showed no evidence for N-N
bond formation.3! Because HAA can theoretically occur
from both NHs ligand, we calculated all possible HAA for
(TPP)M(NH3s)2 complexes until the metal center reaches its
highest accessible oxidation state (Figure S1). When con-
sidering only HAA energetics, HAA from a single NH3



molecule leading up to (TPP)M(NH3)(N) is the most favora-
ble pathway for all complexes except for (TPP)Os(NHz)z,
which favor the formation of (TPP)M(NHz)2 complexes. Alt-
hough HAA from the trans NHz ligand of
(TPP)Os(NH3)(NHz) is favored over HAA to form the imido
intermediate (TPP)Os(NH3)(NH), subsequent HAA for the
bis-amido complexes is appreciably disfavored; the sequen-
tial removal of H atoms from the same NHs ligand is the
most favored pathway (Figure S1).

To assess the ability of the (TPP)M complexes to weaken the
N-H bonds of ammonia, we first examined the N-H BDFEs
associated for HAAs from a single NH3 ligand leading up to
the nitrido intermediates (Figure 1). N-H BDFEs are refer-
enced to the O-H BDFE of the tri-tert-butyl phenol (ArOH) mol-
ecule in benzene, which is 76.7 kcal/mol.17
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Figure 1: (a) 1st, 2nd, and 34 BDFEs of (TPP)M(NHz3)2 com-
plexes to form (TPP)M(NH3)(N). Values are tabulated in Ta-
ble S5.

The first N-H BDFE values range from 57.7 (W) to 103.9
kcal/mol (Ni). W, Mo, Cr, and Os porphyrins exhibit first
BDFE values lower than that of the ArO-H bond, indicating
thermodynamically favorable HAA and coordination-in-
duced N-H bond weakening by these metals. Mo and W por-
phyrins particularly show low and level BDFEs because of
the lower second BDFE values compared to the rest of the
metals. The lowering of the second BDFE results from the
stabilization of their respective imido intermediates. Struc-
tural analysis of (TPP)Mo(NH) and (TPP)W(NH) reveals
that the complexes adopt a C4v symmetry and linear M-N-H
moieties, resembling the behavior of the computationally
studied (PY5)Mo and (PY5)W complexes reported by our
group.'® Electronic structure analysis within the natural
bond orbital (NBO) framework3? reveals multiple metal lig-
and bonding?3 within the linear Mo and W imido intermedi-
ates. In their formal oxidation state of +IV, Mo and W exhibit
alow spin d? configuration (Figure $3), making their dx- and
dy. orbitals available for m bonding. As a result, the second
HAA is facilitated by the stabilization of the imido interme-
diate through a M=N triple bond (Figures S9 and Figure
$11). In contrast to Mo and W, the d electrons of the other
metals populate the m* orbital with dx- and dy. contributions
within the metal-imido moiety, resulting in weaker M-N
bonding interaction, a bent M-N-H geometry, and higher 2nd

N-H BDFE values (Figures S4-S8, S10, and S12). Given that
similar trends in BDFE values have been observed in our
previous investigation of (PY5)M(NHs3)]?* complexes and
the [“Me3(bpy)(tpy)M(NHs)2]>* complexes studied by
Najafian and Cundari, these observations indicate that
trends in N-H bond cleavage are dependent on the metal ra-
ther than dependent on the ligand for a metal in a nitrogen
pseudo-octahedral environment.

Aless thermodynamically feasible second HAA (as observed
for all metals except Mo and W) can facilitate competing
pathways, such as N-N coupling of amide intermediates, C-
N coupling with ArOe, or HAA from the trans NHs ligand. For
instance, our computational and experimental work on
(TMP)Ru(NH3)21!5 show that C-N coupling with ArOe to form
an amine is favored over further HAA to form the imido in-
termediate. Catalyticammonia oxidation to N2 was achieved
with a bulkier phenoxyl radical that hinders the C-N cou-
pling reaction, leading us to postulate that ammonia oxida-
tion occurs via the N-N coupling of (TMP)Ru"(NH3)(NHz)
intermediates. The reactivity of (TMP)Ru(NHz): differs
from that observed for its Os analogue. In the case of
(TMP)Os(NH3)2, HAA from both NHs ligands resulted in the
formation of a (TMP)OsV(NHz)2 complex that was inactive
towards N-N coupling and C-N coupling.

The third BDFE is lowest for Mo, W, Cr, Mn, Os and Ru por-
phyrins. NBO analysis of the (TPP)M(NHs)(N) complexes
(Figures S13-S14 and S18-S21) reveals a M=N triple bond
for these porphyrin complexes, which stabilizes the nitrido
intermediate to a greater extent compared to the Fe, Co, and
Ni porphyrins. Indeed, in the case of (TPP)Fe(NH3)(N) and
(TPP)Co(NHs)(N), weaker M-N interactions are found con-
sisting of a double bond for Fe and a single bond for Co (Fig-
ure S15-S16). Because of the difficulty of Ni to achieve an
oxidation state of +V, an ionic interaction between Ni and
the N atom in (TPP)Ni(NHs)(N) takes place instead (Figure
$17).

In comparison to the [(PY5)M(NH3)]?* complexes, the BDFE
values for the formation of the nitride intermediate are gen-
erally lower for the (TPP)M(NHs)2z complexes by 2-10
kcal/mol, with the exception of the first BDFE of
(TPP)Cr(NH3)2 and (TPP)Mo(NHz3): (higher by 8.5 and 1.5
kcal/mol, respectively) and the second and third BDFEs of
(TPP)W(NHs)2 (higher by 4.3 and 1.6 kcal/mol, respec-
tively), and the third BDFE of (TPP)Ru(NHs)2 (higher by 3.4
kcal/mol). Compared to the [(bpy)(tpy)Ru(NHs3)2]?* and
[\Me3(bpy) (tpy)Ru(NHs)2]?* systems studied by Najafian and
Cundari, the (TPP)Ru(NHs)2 exhibits BDFE values 0.6 to 6.9
kcal/mol higher. Similarly, (TPP)Fe(NHs): exhibits BDFE
values 2.6 and 4.1 kcal/mol higher than those reported for
[\Me3(bpy) (tpy)Fe(NHs)2]?* (Figure S2). While broad trends
in N-H BDFEs are shown to be largely metal dependent in
the nitrogen pseudo-octahedral environment, this compar-
ison shows that there is some fine tuning can be achieved
by changing the ligand.

3. N-N bond formation via NH3 addition

Molecular dynamics simulations of representative
(TPP)M(NHs)2 complexes (M = Fe, Ru, and Os) at a typical
experimental concentration (0.7 mM) in liquid benzene sat-
urated with ammonia ([NHs] = 9.5 mM) revealed that at



least one NHs is either in the vicinity of or hydrogen bonded
to each NHs ligand, with an average distance of 3.4 A be-
tween the nitrogen atoms of the NHs ligand and the free NH3
molecule. The results of these simulations are detailed in
the Supporting Information. Based on these findings, we
next investigated possible mechanisms via which N-N bond
formation can occur by direct reaction of M(NHx) interme-
diates with NHz. In this section, we first briefly describe the
mechanisms that were investigated to facilitate the subse-
quent discussion of the results.

The first mechanism we investigated is N-N bond formation
through a NHs nucleophilic attack. Nucleophilic attack of
NH3 can occur on the amide, imide, or nitride intermediates
formed after HAA. Because the amide lacks the necessary
electrophilicity to accept electron density, any attempt to lo-
cate a stable NH3z adduct to the Os(NH2)2 intermediate and
the amide intermediate for the rest of the metals failed.
Therefore, we investigated N-N bond formation via NH3 nu-
cleophilic attack on the imide and nitride intermediates. Be-
cause (TPP)Os(NHs)2 favors bis-amide formation, we fo-
cused on the rest of the (TPP)M(NH3)2 structures that favor
imide and nitride formation. Nucleophilic attack on
(TPP)M(NH3)(NH) can compete with HAA to form
(TPP)M(NH3)(N), and we assessed trends in these energet-
ics across metals (Figure 2a).

Upon NHs attack on the imido species, proton transfer can
occur from the distal nitrogen atom to the proximal nitro-
gen atom to form a hydrazido species (Figure 2a). The high
energetic cost associated with NHs nucleophilic attack on an
imido intermediate and subsequent proton transfer to form
a hydrazido species can be bypassed by a concerted path-
way in which proton transfer and N-N bond formation occur
synchronously (Figure 2b). We investigated this pathway
for (TPP)Fe(NHs)2. This choice was motivated by the con-
siderable interest in Fe complexes for ammonia oxidation,2"
29,34 35 iron is a promising alternative to using precious met-
als such as Ru for catalysis, and Fe complexes have been
demonstrated to be active towards electrocatalytic ammo-
nia oxidation.2% 34 In our search for such a mechanism, we
additionally identified an alternate pathway in which N-H
bond cleavage of NHs can occur if there is significant amidyl
radical character3® on the (TPP)Fe(NHs)(NH) intermediate.
This reaction results in the transient formation of a high-en-
ergy intermediate consisting of an amide species and an
*NH: moiety that is stabilized by hydrogen bonding be-
tween the nitrogen atom of the amido moiety and the H
atom of the «NH2. N-N bond formation then occurs as the
*NH: breaks free of the hydrogen bond and attacks the N
atom of the amido moiety, forming the hydrazido interme-
diate (Figure 2c).
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Figure 2: (a) HAA and N-N bond formation by NH3 nucleo-
philic attack on the imido species, followed by proton trans-
fer to form a hydrazido. Alternatively, NHs nucleophilic at-
tack can occur on the nitride species. (b) N-N bond for-
mation by concerted addition of NHs. (c) N-H bond homo-
lytic cleavage of NHs followed by N-N bond formation be-
tween *NHz radical and Fe-NHz moiety. Dashed lines in tran-
sition state structures represent bond-making and bond-
breaking events. All other dashed lines represent hydrogen
bonding.

3.1 N-N bond formation via NHs nucleophilic attack

In the case of Cr, Mn, Mo, and W, HAA to form
(TPP)M(NH3s)(N) is favored over NHs nucleophilic attack on
(TPP)M(NH3)(NH) by a range of 24.3 (Cr) to 67.7 kcal/mol
(W) (Figure 3). In particular, the free energy for the NH3
nucleophilic attack on  (TPP)Mo(NHs)(NH) and
(TPP)W(NH3)(NH) are drastically higher (66.2 and 67.7
kcal/mol) than HAA to the nitride due to the triple bond M-



NH interaction that stabilizes the imido intermediate. The
formation of multiple metal-ligand bonds in
(TPP)M(NH3)(N) (where M = Cr, Mn, Mo, and W) favors fur-
ther HAA over NHs nucleophilic attack to form
(TPP)M(NH3)(N), and hinders the binding of NHs, as evi-
denced by the large positive free energies, ranging from
34.8 (Cr) to 59.1 kcal/mol (Mo) (Table S10).

The Fe, Co, and Ni porphyrin analogues exhibit lower reac-
tion free energies for NHs binding to their imide and nitride
intermediates due to their weaker M-N bonds. In the case of
the Fe porphyrin, NH3 binding to the imide and nitride in-
termediates are both 8.1 kcal/mol uphill. In the case of the
Co porphyrin, they are 7.2 kcal/mol and 12.3 kcal/mol up-
hill (Figure 4). The nucleophilic attack of ammonia on the
imide intermediate is nearly energetically equivalent to
HAA to form the nitride intermediate for Fe and Co. In the
case of the Ni porphyrin, NHs nucleophilic attack on
(TPP)Ni(NH3)(NH) is favored over HAA to form
(TPP)Ni(NH3)(N) by 21.5 kcal/mol as the M-N moiety in
(TPP)Ni(NH3)(N) is highly unstable with no M-N bonding
interaction (Figure S17).

3.2 M-nitrido vs. M-hydrazido formation

Upon NHs binding to the imide intermediate, proton trans-
fer can occur and result in the formation of a hydrazido in-
termediate, (TPP)M(NH3)(NH2NH2) (Figure 2a). As shown
in Figure 3, (TPP)M(NHs)(N) formation is favored over the
formation of (TPP)M(NH3)(NH2NHz) for Cr, Mo, and W by a
range of 3.3 kcal/mol (Cr) and 51.9 kcal/mol (W). DFT cal-
culations indicate that the energetic cost to form
(TPP)Mn(NHs)(N) (free energy change associated with
(TPP)Mn(NH3); + 3ArO- + NHsz > (TPP)Mn(NH3)(N) +
3ArOH + NHs) and the energetic cost to form
(TPP)Mn(NHs3)(NH2NHz) (free energy change associated
with  (TPP)Mn(NH3). + 3Ar0e + NH; >
(TPP)Mn(NHs)(NHz2NHz) + 2 ArO« + 2ArOH) differ within
DFT error by 2.1 kcal/mol, suggesting that they could both
be thermodynamically accessible. (TPP)M(NH3)(NH2NHz)
is favored over (TPP)M(NH3)(N) by 25.3, 34.0, and 50.8
kcal/mol for the Fe, Co, and Ni analogues, respectively.
Given the lower overall free energy change to form
(TPP)Fe(NH3)(NH) compared to the Co and Ni analogues,
we investigated further the N-N bond formation via a hydra-
zine pathway for (TPP)Fe(NHs)2. Proton transfer (Figure
$47) to form (TPP)Fe(NHs)(NHzNHz) has a barrier of 29.6
kcal/mol (Figure 4). Note that the overall free energy asso-
ciated with the formation of a hydrazido species, and 2
ArOH molecules is just 7.0 kcal/mol uphill when referenced
to (TPP)Fe(NHs)2, 2 molecules of ArOe, and NHs. (Figure
3a). A mechanism that bypasses the nucleophilic attack of
ammonia and the high energy requirement of proton trans-
fer would make N-N bond formation via a hydrazido inter-
mediate a promising pathway towards Nz formation. In the
pursuit of finding such a mechanism, we explored the pos-
sibility of a concerted pathway in which N-N bond for-
mation and proton transfer occur simultaneously to form
the hydrazido intermediate.
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Figure 3: HAA reactions by ArOe [M(NHx) + ArOs > M(NHx
1)+ ArOH] are shown in red, NHs nucleophilic attack on the
imido intermediate [M(NH) + NHs > M(NHNH3)) followed
by proton transfer to form the hydrazido intermediate
[M(NH)(NH3) > M(NH2NH2)] is shown in green, and NH3
nucleophilic attack on the nitride intermediate
[(TPP)M(NH3)(N) + NHs - (TPP)M(NHs)(NNH3)] is shown
in blue for (a) (TPP)Cr(NHs)z, (b) (TPP)Mn(NHs)2, (c)
(TPP)Mo(NH3)z, and (d) (TPP)W(NHz3)2. Free energies are in
benzene. The reader is referred to Figure 2a for the reac-
tion pathways. The addition of ArOe, and NHs, and produc-
tion of ArOH upon HAA are not shown for clarity. Energy
pathway values can be found in Section S4 of the Supporting
Information. For all these systems, (TPP)M(NHs3)(N) for-
mation is favored over NHs nucleophilic on
(TPP)M(NH3)(NH).
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Figure 4: HAA reactions by ArOe [M(NHx) + ArOs > M(NHx-
1) + ArOH] are shown in red, NH3 nucleophilic attack on the
imido intermediate [M(NH) + NHs - M(NHNH3)] followed
by proton transfer to form the hydrazido intermediate
[M(NH)(NH3) > M(NH2NH2)] is shown in green, and NH3
nucleophilic attack on the nitride intermediate
[(TPP)M(NHs)(N) + NHs > (TPP)M(NH3)(NNH3)] is shown
in blue for (a) (TPP)Fe(NHs)z, (b) (TPP)Co(NHs)2, (c)
(TPP)Ni(NHs)2. Free energies are in benzene. The reader is
referred to Figure 2a for the reaction pathways. The addi-
tion of ArQOe, and NH3, and production of ArOH upon HAA
are not shown for clarity. Energy pathway values can be
found in section S4 of the Supporting Information. For all
these complexes, (TPP)M(NH2NH:) formation is favored
over (TPP)M(NHs)(N) formation.

3.3 Fe-hydrazido formation

Prior to studying the formation of a hydrazido intermediate
via an alternative pathway, we used MD simulations to in-
vestigate the interaction between ammonia and the imide
intermediate in the presence of benzene and found that at
least one NH3z molecule is in the vicinity of the imido ligand.
Inspection of the MD trajectories revealed that the H atom
of the NHz molecule can approach as close as 2.5 A to the N
atom of the imido ligand, suggesting hydrogen bonding
could occur. However, this interaction is very weak (Tables

S13 - S15). Following this observation, we optimized the
structure of (TPP)Fe(NH3)(NH) with the imido moiety as a
hydrogen acceptor from the NHs; molecule (Figure $45),
and found this interaction energy to be 4.7 kcal/mol uphill.
Along with the DFT results, the MD simulations suggest that
the formation of a hydrogen bond between ammonia and
the imido ligand is not thermodynamically favorable (Table
S20).

Nudged Elastic Band (NEB) calculations3® 37 identified two
alternative  pathways for  the  formation  of
(TPP)Fe(NH3)(NH2NH2) (Figures 2b and 2c). The first
pathway is a concerted N-N and N-H bond formation (Fig-
ure 5a) on the singlet spin state potential energy surface
(PES) with an energy barrier of 19.6 kcal/mol (Figure 6).
We note that the lowest-energy spin state for the imido in-
termediate is the triplet state. To undergo a concerted
mechanism, the imido intermediate must overcome an en-
ergy penalty of 9.3 kcal/mol to acquire the restricted singlet
spin state.

The second pathway is a two-step process on the triplet spin
state PES. The first step is the homolytic N-H bond cleavage
by the Fe-imido intermediate (Figure 5b) with a reaction
barrier of 15.7 kcal/mol. This process results in a Fe-NH:
moiety and an *NH2 radical that is stabilized by hydrogen
bonding with the N atom of the Fe-NH: moiety (Figure
§50). The *NH: radical then breaks free of the hydrogen
bond to form an N-N bond with the Fe-NH: moiety (Figure
5c) and form the hydrazido complex, overcoming an energy
barrier of 6.8 kcal/mol.
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Figure 6: Hydrazido formation via NHs nucleophilic attack, followed by H transfer (green), via a concerted pathway in
which N-H bond cleavage and N-N bond formation occur synchronously (purple), and via N-H bond cleavage, followed
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Figure 5: Transition state structure of (a) concerted N-H
bond cleavage and N-N bond formation and (b) homolytic
N-H bond cleavage followed by (c) N-N bond formation.

A closer examination of the triplet state of
(TPP)Fe(NH3)(NH) reveals imidyl radical character on the
N atom with an NBO spin density of 0.97, suggesting a Fe'll-
*NH moiety (Figure 7a and Figure S51). Due to the signifi-
cant spin density on the N atom of (TPP)Fe(NH3)(NH), we
also investigated this pathway on the open-shell singlet PES,
in which the spin on the N is antiferromagnetically coupled
with the spin on the Fe center (Figure $S49). Our results the
triplet state of the imido intermediate is lower in energy by
~3 kcal/mol, and that of the transition state and *NH2 ad-
duct (for which the spin on the *NH: is antiferromagneti-
cally coupled with the spin on Fe) are energetically equiva-
lent to the open-shell singlet state. N-N bond formation on
the open-shell singlet PES then proceeds through a barrier
of just 1.7 kcal/mol, 5.1 kcal/mol lower in energy compared
to triplet state. This indicates that spin crossing occurs

during N-N bond formation to form the hydrazido species
(Figure S49Db).

Figure 6 compares the three different pathways identified
for N-N formation via a hydrazido intermediate, indicating
that the most favorable pathway are the sequential N-H
bond cleavage and N-N bond formation steps. We suggest
that the radical character of the Fe'l-eNH moiety favors N-H
bond cleavage of NHs rather than nucleophilic attack by am-
monia followed by proton transfer or NHs addition via a
concerted mechanism. Homolytic N-H bond cleavage by-
passes the high-energy intermediate associated with the
nucleophilic attack of NHs and presents a viable pathway via
which N-N bond formation can occur. In addition, prelimi-
nary results on the analogous (TPP)Mn(NHs)(NH) interme-
diate reveal an amidyl radical character of -0.79 that exhib-
its a barrier of 19.4 kcal/mol towards N-H bond homolytic
cleavage (Figure S58). These results suggest the need to in-
spect the radical character of imido species and their reac-
tivity towards N-H bond cleavage of ammonia.

4. N-N bond formation via bimolecular coupling

In our prior work on [(PY5)M(NHs3)]?+,'8 we found the free
energy change associated with the generation of NxHy prod-
ucts to be a good proxy for M-NHx bimolecular coupling en-
ergetics. To assess the overall energetics for the generation
of NxHy products via bimolecular coupling, we calculated the
free energy associated with the release of N2H4, N2Hz, and No,
and regeneration of the ammonia-bound starting complex
from two amido, two imido, and two nitrido intermediates:

2 (TPP)(M)(NH3)(NHz) + 2NHz > 2 (TPP)M(NH3)z + N2Hs  (2)
2(TPP)(M)(NH3)(NH) + 2NHs > 2 (TPP)M(NH3)2 + N2H2  (3)



2(TPP)(M)(NH3)(N) + 2NHz > 2 (TPP)M(NH3)2 + N2 (4)

When compared to HAA energetics, further HAA is favored
over release of N2Hs or NzHz for the Mo and W analogues
(Figure S52). HAA from the axial NH3 ligand to form a bis-
amide complex is favored over N2Ha release for the Ru and
Os analogues (Figure S53). In the case of the first-row met-
als, N2Hs release becomes more favorable over HAA to form
the imido species periodically (Figure S54). For instance,
compared to HAA to form the imido species, N2H4 release is
more unfavorable for only the Cr analogue, is nearly ener-
getically equivalent for the Mn and Fe analogues, and is
more favorable for Co and Ni. This observation, in particular
for Ni, is reminiscent of the experimental work by Peters and
co-workers, who demonstrated the bimolecular coupling of
Nilll-NH2 species that resulted in a bridged Ni'(N2H4) complex
and subsequent release of N2Hs4 and disproportionation to
N2H2.19
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Figure 7: NBO spin density plot (isovalue = 0.05) for the (a)
triplet state and (b) open-shell singlet state of
(TPP)Fe(NHs)NH.

N2Hz release is more favorable than further HAA to form the
nitride species for all first-row metals. Overall, Nz release is
more favorable than N2Hs and N2H: release, and the most
favorable for the porphyrin analogues containing later tran-
sition metals such as Fe, Co, and Ni, which exhibit a weaker
metal-nitrido interaction. Note, however, that nitride for-
mation is drastically uphill for these metalloporphyrins
(32.3 - 57.4 kcal/mol with respect to the bis-ammonium
complex and 3 ArO+ molecules) and thus, alternative path-
ways to nitride-nitride coupling are plausible for N2 gener-
ation. Similar observations were made in our previous in-
vestigation of [(PY5)M(NHs3)]?* complexes.

While nitride-nitride coupling may not be the most plausi-
ble path towards N2z generation for some of the porphyrin
analogues, it is informative to assess the mechanism
through which nitride-nitride coupling may occur, and

compare with our previous work on the [(PY5)M(NHz)]?+
complexes.!® Depending on the nature of the metal-nitrido
moiety, nitride-nitride coupling can occur via radical cou-
pling!* or homocoupling.38 39 Radical coupling involves the
coupling between two metal-nitridyls, and homocoupling oc-
curs between two ambiphilic nitrides. An ambiphilic nitride has
a lone pair on the nitrogen atom of the metal-nitrido moiety
and can take the role of an electrophile or nucleophile as it ap-
proaches the other nitride intermediate. As the two nitride in-
termediates couple, one nitride behaves as a nucleophile and
donates electron density into the n* orbital of the other such
that the M-N bond breaks and N-N bond formation occurs. In
our prior work on [(PY5)M(NHs3)]?* complexes, we found ni-
tride-nitride coupling to be related to the electrophilicity of
metal-nitride moieties. The more localized the ©* orbital is on
the nitride ligand, the higher the electrophilicity of the M-N
bond and the more favorable nitride-nitride coupling.

To assess the reactivity of the (TPP)M(NH3)(N) intermedi-
ates towards nitride-nitride coupling, we opted to use the
N2 generation reaction energies (equation 4) due to the high
computational cost required for calculating the bridged N:
structures at the level of theory used in this work. In our
work on [(PY5)M(NHs3)]?*, we found these energies to cor-
relate well with the nitride-nitride coupling reaction en-
ergy. We assessed the electrophilicity of the metal-nitrido
by calculating the fraction of the n* orbital on the nitrido us-
ing NBO analysis. Figures $56-S58 shows the correlation
between the N2 generation reaction energies and the elec-
trophilicity of the M-N ligand. We omit (TPP)Co(NHs)(N)
and (TPP)Ni(NHs)(N) from this analysis as they lack a ©
bond interaction between the metal and the N (Figures S16
and S17). These results suggest that as the electrophilicity
of the M-N ligand increases, the more favorable N2 genera-
tion becomes. Along with our observations
[(PY5)M(NHs)]?* systems, these results further corroborate
the need for an electrophilic M-N n bond for nitride-nitride
coupling granted that a nitride ligand can be formed elec-
trochemically or via HAA with an H atom abstractor.

To further investigate and assess the reactivity of
(TPP)Fe(NHs)2 for N2 generation via a hydrazine pathway, we
calculated the amide-amide coupling reaction to form a bridged
hydrazido complex (Figure 8).
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Figure 8: (a) Amide-amide coupling to form a bridged Fell-
NH2NH2 complex, and (b) spin density (red surfaces; isovalue =
0.05) on the N and Fe atoms of the double spin state of
(TPP)Fe(NHs)(NHz2) prior to bimolecular coupling.

Amide-amide coupling for N-N bond formation is downhill in
energy by 21.0 kcal/mol, which is 38.8 kcal/mol more favora-
ble than the alternative HAA reaction to form the imido inter-
mediate. Several studies have proposed aminyl character on M-
NH2 species can promote amide-amide coupling.1® 21 Popula-
tion analysis reveals a spin density of 0.25 e on the nitrogen
atom of (TPP)Fe(NHs)(NHz). This is 0.20 e lower than that of
(TMP)Ru(NH3)(NHz2) (computed at the same level of theory),
the postulated reactive intermediate for N-N bond formation in



our previous work on (TMP)Ru(NH3)2,15 and 0.15 e lower than
that of the Ni-NH: species (M06-L/def2-TZVP(Ni) and def2-
SVP(all other atoms) level of theory) investigated by Peters and
co-workers.19 Hydrazine release followed by NHzadsorption
on each Fe site to regenerate the starting (TPP)Fe(NHs)2
complex is 27.9 kcal/mol uphill in energy.

5. Conclusions

We used DFT to assess the reactivity of (TPP)M(NHz)2 com-
plexes towards N-H bond cleavage and N-N bond formation
for ammonia oxidation to dinitrogen. HAA from a single NH3
molecule leading up to (TPP)M(NH3)(N) is the most favora-
ble pathway for all complexes except for (TPP)Ru(NHs)2
and (TPP)Os(NHs)2, which favor the formation of
(TPP)MY(NHz)2 complexes. Trends in N-H BDFEs for a sin-
gle NHs molecule resemble those previously calculated for
(PY5)M complexes, suggesting that broad trends in reactiv-
ity towards N-H bond cleavage may be more metal-depend-
ent for a metal in a nitrogen pseudo-octahedral environment.
As observed for [(PY5)Mo(NHs)]?* and [(PY5)W(NHs)]?,
(TPP)Mo(NHs)2 and (TPP)W(NH3)2 exhibit low and level N-
H BDFEs due to a stabilized imide intermediate by multiple
metal-ligand bonding.

Additionally, we investigated the reactivity of the
(TPP)M(NHs)2 complexes towards N-N bond formation via
NHs nucleophilic attack on imido and nitride intermediates.
In the case of the Cr, Mn, Mo, and W porphyrin analogues,
HAA to form the nitrido is favored over NHs nucleophilic at-
tack on the imido. In the case of Fe, Co, and Ni, NH3z nucleo-
philic attack on the imido intermediate followed by proton
transfer to form a hydrazido intermediate is favored over
nitride formation. Given the lower energetic cost to form the
Fe imide intermediate compared to the Co and Nianalogues,
we investigated further the N-N bond formation via a hydra-
zine pathway for (TPP)Fe(NHs3)2, which has precedence in
the literature to be a viable pathway towards N-N bond for-
mation and Nz generation. Our results suggest that Felll-eNH
species with significant aminyl character can promote ho-
molytic N-H bond cleavage of ammonia to form a Fe-NH:
moiety and a transient *NH: radical that subsequently forms
an N-N bond with the Fe-NHz moiety, bypassing the high en-
ergy requirement associated with NHs nucleophilic attack
and proton transfer to form the hydrazido intermediate.
Our results also indicate the need to inspect the radical
character of Fe-imido species and their reactivity towards
N-H bond cleavage of ammonia.

We additionally assessed the reactivity of the metallopor-
phyrins towards N-N bond formation via bimolecular cou-
pling using the free energies associated with the release of
N2H4, N2Hz, and N: as proxies for the bimolecular reaction
energies. Along with our work on [(PY5)M(NH3)2]?*, our re-
sults demonstrate the need for an electrophilic M-N © bond
for nitride-nitride coupling, provided that a nitride ligand
can be formed electrochemically or via HAA with an H atom
abstractor. Lastly, we investigated the reactivity of
(TPP)Fe(NHs)2 to form a bridged hydrazido complex, and
found bimolecular coupling of two Fe-amides for N-N bond
formation to be 38.8 kcal/mol more favorable than further HAA
to form the imido intermediate.

Ongoing work is focusing on investigating N-N bond formation
via concerted NHs addition and N-H bond cleavage of NHs for

the rest of the complexes, as well as bimolecular N-N coupling
between (TPP)M(NH3)(NHx) intermediates. The present study
and future investigation of N-N bond formation are essential to
further unravel and optimize the reactivity of metalloporphy-
rins for ammonia oxidation.

Quantum mechanical methods

All DFT calculations for the present work were performed us-
ing ORCA 4.1.2.40 The geometries of all structures were opti-
mized in the gas phase using the B3LYP#! exchange correla-
tion functional with Grimme’s D3 dispersion correction with
Becke-Johnson damping.42 43 The 6-31G** basis set** for H, C,
and N, and the def2-SVP45 basis set for all transition metals
along with associated effective core potential (ECP)*¢ for
second- and third-row transition metals were used. Stand-
ard state free energies were obtained from single point SMD
solvation energies*’ in benzene, and thermal, entropic, and
solvation contributions added to single point energies ob-
tained using def2-TZVP#> basis set on all atoms, as well as
the associated ECP for second- and third-row transition
metals.*¢ Additional computational details of the DFT calcu-
lations can be found in section S1 of the supporting infor-
mation.

A climbing-image Nudged Elastic Band (NEB-CI) calculation
using 12 images as implemented in ORCA was performed to
find the minimum energy path connecting the hydrogen-
bonded (TPP)Fe(NHs)(NH)--(NHs) adduct and the hydra-
zido intermediate. This was followed by a saddlepoint-min-
imization using the default convergence criteria in ORCA.

Molecular Dynamics simulations

The local environment around the metalloporphyrins was
explored with molecular dynamics simulations at 0.3 mM in
liquid benzene saturated with ammonia ([NHz] = 9.5 mM)
to mimic as close as possible typical experimental condi-
tions. MD simulations were performed using the Gromacs
MD engine.*8 The porphyrin species were first solvated in a
cubic box containg 513 benzene molecules and 20 NH3z mol-
ecules. The system was minimized for 10 ps using the con-
jugate-gradient method then equilibrated in the NVE en-
semble for 100 ps. The density of the system was allowed to
equilibrate at constant pressure (1 atm) and temperature
(298 K) in the NPT ensemble for 200 ps, and the box ac-
quired dimensions of 4.3 x 4.3 x 4.3. A production run at
constant pressure and temperature was done for 10 and 50
ns. The temperature was controlled with a stochastic ther-
mostat*? and the pressure was controlled with the extended
Lagrangian-based Parrinello-Rahman barostat.>® The inte-
gration timestep used in all simulations was 2 fs. The
forcefield parameters for the MD simulations were taken
from the Generalized Amber Force Field (GAFF) database,5!
and the parameters for the metal-nitrogen bonded interac-
tion were taken from Abertf et al.>2

Three 10 ns-long simulations were done to assess the inter-
action of the ammonia molecule and the solvent with the
metalloporphyrins with different sets of charges. The first
simulation used the Mulliken charges of the DFT optimized
structure at the B3LYP/def2-SVP(metal) and 6-31G**(C, N,
and H) level of theory using ORCA. The second simulation
used the Mulliken charges of a single-point calculation of



the optimized structure using the def2-TZVP basis set for all
atoms. The third simulation used RESP charges from a sin-
gle point calculation of the ORCA-optimized geometry at the
B3LYP/def2-TZVP level of theory in NWChem,>3 with that of
the metal center constrained and obtained from NBO anal-
ysis at the same level of theory. Additional computational
details of the MD simulations can be found in section S5 of
the supporting information.
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