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Abstract

Terminal and bridging end-on coordination of N to transition metal complexes offer possibilities for
distinct pathways in ammonia synthesis and N, functionalization. Here we elucidate the fundamental
factors controlling the two binding modes and determining which is favored for a given metal-ligand
system, using both quantitative density functional theory (DFT) and qualitative molecular orbital
(MO) analyses. The Gibbs free energy for converting two terminal MN, complexes into a bridging
MNNM complex and a free N> molecule (2AG Zq) is examined through systematic variations of the
metal and ligands; values of AG Oeq range between +9.1 and -24.0 kcal/mol per M-N; bond. We
propose a model that accounts for these broad variations by assigning a fixed n-bond order (BO™) to
the triatomic terminal MNN moiety that is equal to that of the free N> molecule, and a variable BO™ to
the bridging complexes based on the character (bonding or antibonding) and occupancy of the 7-MOs
in the tetratomic MNNM core. When the conversion from terminal to bridging coordination and free
N2 is associated with an increase in the number of n-bonds (ABOg, > 0), the bridging mode is greatly
favored; this condition is satisfied when each metal provides 1, 2 or 3 electrons to the t1-MOs of the
MNNM core. When each metal in the bridging complex provides 4 electrons to the MNNM n-MOs,
ABOg, = 0; the equilibrium in this case is approximately ergoneutral and the direction can be shifted

by dispersion interactions.



Introduction

Since their discovery in the mid-1960s,' transition metal dinitrogen complexes have been the subject
of intense research as actual or model intermediates for catalytic transformations of N».2 In particular,
there is immense interest at present in developing molecular catalysts for the reduction of N, to
ammonia which could provide a greener and more sustainable alternative to the century-old Haber-
Bosch process.**** With such catalysts, the reaction routes always begin with binding of N, to a metal

center.

Dinitrogen complexes exhibit a variety of binding modes, and the two most common are terminal
end-on (n'-N,) and bridging end-on (u-1':n'-N,) as shown in Scheme 1.”*%!° For convenience, p-N,

is used throughout the manuscript to denote u-n':n'-N» end-on bridging coordination.''
Scheme 1. End-on N; coordination
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These two modes offer drastically different reaction pathways for subsequent reactivity.'>'*!* For
example, terminal N, ligands can undergo protonation at the terminal N atom, whereas this reaction is
not observed in bridging analogues.'® In the context of ammonia production using molecular catalysts,
the protonation of a terminal MNN complex to give an MNNH intermediate is the beginning of the
"Chatt cycle", which is a series of reductions and protonations at the distal nitrogen leading to
ammonia and a terminal metal nitride (M=N), as shown in Scheme 2.'° Such a mechanism was
likewise proposed for the first molecular catalyst capable of effecting N reduction to NHs.!” This
Chatt cycle route to ammonia is inhibited by formation of a bridging N, complex, and so a key design

feature has been to avoid bridging No.

Scheme 2. Examples of alternative pathways for N, fixation
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On the other hand, there is growing interest in designing complexes that can access a reduction

mechanism featuring bridging MNNM followed by direct NN cleavage to form two terminal metal



nitride complexes (Scheme 2).'®'? Such a cleavage pathway has been recently proposed for molecular
catalysts that produce ammonia from N; using water as the proton source.”® Obviously, the cleavage
pathway requires a bridging N> intermediate to be formed from the initial terminal N, complex,

essentially the opposite of the requirements for the Chatt cycle.

The direction and magnitude of the equilibrium between terminal and bridging end-on complexes
(eq 1) is thus crucial for determining which pathways are available in a particular molecular system,
which in turn dominates the principles used for catalyst design. This equilibrium may also be
important in mechanisms of ammonia oxidation,' a subject of current interest in the context of

carbon-free fuel cells.?

2 AGS,
2MN, ——— S MNNM+ N, (1)

-~

Despite the importance of this equilibrium, the factors determining its direction and magnitude
have not been addressed in the literature.” To date, there exist no systematic quantitative data on
AGZq, and no qualitative models for predicting whether terminal or bridging end-on N will be

favored as a function of metal identity, oxidation state, or ancillary ligands.

In this manuscript we present a new, intuitive method for determining whether electronic effects
will lead N to be terminal or end-on bridging in a given system based on the formal n-bond order in
the MNNM core of the bridging complex. This model is built on experimental observations, and is
supported through computations using density functional theory, which help to evaluate the various
factors that influence the equilibrium (steric, dispersion, distortion, etc.). The model accounts for a

surprisingly broad range of AG Zq values computed for eq 1, ranging from +9.1 to —24.0 kcal/mol per

M-N: bond. We describe first how this computational data lead to a n-bond order model by starting
with octahedral d° and d° complexes of which examples of N, complexes with both bonding modes
abound, then expanding to other metals, oxidation states, and geometries. Finally, we discuss the

strengths and limitations of the new model.

Results and Discussion

Energy Decomposition Cycles. The thermodynamics of eq 1 were calculated for various complexes

using the M06-L density functional**

in a polarizable continuum representing toluene as solvent as
described in the computational details section. The energy of eq 1 can have components from outer-
sphere interactions between the ligands that are specific to the bridging complexes. These interactions
can be attractive or repulsive, and can vary among the different classes of complexes. To be able to
compare the intrinsic electronic energies of N, binding to M independently of the outer-sphere ligand-
based interactions, we utilize the two thermodynamic cycles outlined in Scheme 3, which enable us to

isolate the electronic effects that may drive a system to favor terminal or bridging binding.



Scheme 3. Thermodynamic cycles for terminal and bridged N, coordination to a metal fragment
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@ M is the optimized metal fragment to which N is being coordinated. M' or M" is the metal fragment after it
has been distorted to its geometry in the terminal or bridged N2 complex, respectively.

Both cycles start with free N, and unsaturated metal fragments, M. In the first cycle, the electronic
energy AE; for terminal N coordination to M is broken into: (i) AE'St, the energy needed to distort M
to the geometry M' it attains in the N, complex, and (ii) AE7, the “vertical” (or adiabatic) binding
energy of N, to M' without further geometry changes in the metal fragment. The second cycle breaks
the electronic energy, 2 AE,, of making the bridging complex MNNM from N, and two metal
fragments into three terms: (i) AE$™, the energy needed to distort each fragment M to its geometry M"
in the bridged N> complex; (ii) 2 AE'™, the energy of the outer-sphere interactions due to combining
the two distorted fragments into one [M" M"] adduct matching their positions and spin state in the
bridging complex; and (iii) 2 AE?, the “vertical” energy for bridged binding of N to the [M" M"]
adduct. For the purpose of understanding eq 1, the parameter of greatest interest in Scheme 3 is the
difference AE¢, = AE7 - AEY, rather than the individual energies. AEY, reflects purely electronic
control over the terminal versus bridging coordination mode. Negative AE, values in eq 1 implicate
electronic conditions that favor bridged coordination. Comparisons between AE, and AG Zq can

elucidate situations where outer-sphere effects or entropy and thermal terms may override electronic

effects. To facilitate comparisons, all of the energy terms are normalized to one M-N; bond.



Scheme 4. Fragments investigated for terminal versus bridging N: binding
in octahedral d° and d° complexes in Tables 1 and 2 *"
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@ For the P"PONOP-M(CI)> complexes the trans, trans and cis, cis isomers of the bridged N2 complex were both
considered. ® Numbers in brackets are the AE eq values defined in Scheme 3 in kcal/mol.

Table 1. Terminal vs. bridging N, binding in octahedral d° and d° complexes “

Cycle 1 (terminal)

Cycle 2 (bridging)

AEdist  AEY AEdist  AEIt  AEY

*1-Nb d° 1.9 -30.9 3.3b -5.6 -36.2
*1-Mo d° 0.9 -37.7 1.4° -5.4 -35.4
Me1-Mo d° 1.2° -35.7 1.0° -1.0 -33.0
t1-v d® 0.8% -30.1 2.1° -7.2 -33.4
*1-Cr d® 0.9% -38.3 1.3 -6.2 -34.7
t2-Re d° 7.8 -33.2 7.8 -4.3 -35.9
t2-0s d° 7.8 -42.9 7.7 -5.4 -38.4
€2-Re d° 8.7 -32.3 12.8 -7.2 -42.3
€2-Os d° 10.9 -43.4 12.3 -8.5 -40.8
'3-Mo d° 1.0 -22.4 2.1 -5.1 -28.3
t3-Tc d° 1.2 -27.9 1.4 -5.1 -26.5
°4-Os d° 19.1 -31.6 23.3 -7.7 -36.6
°5-Re d° 10.8 -44.9 114 -7.0 -42.2

Eq1l
AEY,  AEqq  AGy,
-5.3 -9.5 93
+2.2 -2.6 -2.9
+2.8 +1.5 +1.3
-3.2 9.1 -6.4
+3.6 -2.2 -0.9
-2.8 -7.0 -5.0
+4.5 -1.0 +0.8
-10.0 -13.1 -9.8
+2.6 -4.6 -0.7
-5.9 -9.9 -10.2
+1.4 -3.5 -1.3
-5.0 -8.5 -5.3
+2.7 -3.7 -1.6

4 MO06-L results in kcal/mol. The AE terms are defined in Scheme 3. ? Distortion energies are given relative to
the trans isomer of the [(N2)2("B"PNP)M] fragment.

Octahedral d° and d° Pincer Complexes. We exemplify the approach and some of the details of

analyzing eq 1 with octahedral complexes derived from the five-coordinate fragments given in



Scheme 4, beginning with the complexes of the molybdenum(0) (bis)dinitrogen fragment trans-

[(B*PNP)Mo(N.)], '1-Mo.

Scheme 5. Experimentally observed bridging N> complexes derived from the 1-Mo and 2-Re
fragments
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Nishibayashi and coworkers discovered a class of pincer-ligated N> complexes, typified by ‘1-Mo,
that catalyze N, reduction to ammonia.® The catalytic precursor in this system was the trans, trans
isomer of the N»-bridging dimolybdenum complex shown in Scheme 5, and Raman and "N NMR
spectroscopy indicated that the bridging mode is maintained when the solid is dissolved in THF under
1 atm N». In agreement with this observation, the computed AG Zq (eq 1) for '1-Mo is -2.9 kcal/mol,
indicating that bridging coordination is slightly favored over terminal coordination under 1 atm N».
However, AE, in this system is +2.2 kcal/mol. This means that although eq 1 lies in the direction of
p-Nz, the terminal complex has a Mo-N; bond that is intrinsically stronger than the bridging bonds.
The distortion energies AEYS' and AESS* are low and comparable in this system, 0.9 and 1.4 kcal/mol,
respectively, so their contributions to AG :q nearly cancel out. According to Scheme 3, therefore, the
favorable formation of the N»-bridged species ['1-Mo]z(u-N>) in eq 1 is driven by the outer-sphere
interaction energy, AE$* = -5.4 kcal/mol, which is sufficiently negative to offset AEY,. The M06-L

2426 50 the negative value of AEI" can be

functional was designed to treat non-covalent interactions,
attributed to weak dispersion forces between the ligands of the two fragments in the bridged complex.
On the other hand, density functionals that do not account for dispersion interactions afford positive
values of AE™* and endergonic AGoe For example, the B3LYP functional®’ gives AE'" = +1.8 and
AGZq =+5.6 kcal/mol. Adding dispersion terms explicitly to the B3LYP energies through the

28,29

empirical method of Grimme (D3BJ)***’ recovers the negative values of AEY™ and AG Zq: -7.4

and -3.5 kcal/mol, respectively.

The role of outer-sphere interactions in displacing the equilibrium of eq 1 for “1-Mo toward the
bridged species can also be illustrated by substituting the zer¢-butyl groups of ‘1-Mo with methyl
groups. Entry M*1-Mo in Table 1 shows that methyl/fert-butyl substitution has little effect on AE eq
(2.2 vs 2.8 kcal/mol), thus supporting the conclusion that the terminal Mo-N, bond is intrinsically
stronger than each bridging bond. The substitution, however, reduces AEY" from -5.4 to -1.0

kcal/mol, thereby leaving AE, to drive eq 1 slightly in the direction of terminal M-No: AGZq =+1.3



kcal/mol. The spatial dimensions of the MNNM moiety for M = ‘1-Mo probably offer a balance of
optimal dispersion interactions among the zert-butyl groups. This analysis suggests that relatively
minor changes to the phosphine substituents could lead to significant changes in catalyst speciation
during N fixation catalysis. It is interesting that the same bulky alkyl substituents that are often
introduced on the ligands to prevent dimerization by MM bond formation or through a single-atom
bridge, in the N case, instead, favor the bridged N, coordination. The importance of London
dispersion forces in the reactions of organometallic compounds has been the subject of a recent

review.**

Dinitrogen complexes of the d° rhenium(II) fragment, 2-Re, were investigated by Bruch et al.*' A
related d°-Re system with a different pincer PNP ligand was studied by the Schneider group.*? Both
systems are isolated as bridging N> complexes. In solution, these complexes undergo NN
photocleavage into terminal metal-nitride species. For 2-Re studied here the frans, trans isomer of the
bridging complex [(""PONOP)ReCl:]»(u-N2) was isolated initially. However, upon heating, this
isomer converts in solution into the cis,cis isomer [2-Re]>(n-N>) that features the pyridyl rings of the
two pincer ligands in parallel planes as shown in Scheme 5. There was no evidence for a terminal N,
complex under an N atmosphere in this system, indicating that the equilibrium for eq 1 lies to the

right.

In agreement with experimental observations, the computed AGZq for conversion of the frans-
terminal N, adduct of 2-Re to the trans, trans-bridging isomer is negative, -5.0 kcal/mol (entry 2-Re
in Table 1). In contrast to ‘1-Mo, AEY, for the N, complexes of 2-Re and 2-Re are both negative, -2.8
and -10.0 kcal/mol, respectively, indicating the bridging MN bonds in this system are intrinsically

stronger than the terminal bonds.

To more systematically explore changes in the thermodynamics of eq 1, several derivatives of 1-
Mo and 2-Re that preserve overall charge neutrality were examined (Scheme 4). First, we introduced
variations on ‘1-Mo. Fragments ‘1-Nb, ‘1-Cr and '1-V all retain the same ligands as ‘1-Mo, but with
the Nb(0), Cr(0) and V(0) congeners. Fragment 3-Mo is an analogue of ‘1-Mo but with the anionic
BUPCP pincer ligand and molybdenum in the +1I oxidation state. Finally, '3-Tc, is the technetium(I)
analogue of ‘3-Mo. ‘1-Nb, 1-V and ‘3-Mo are all d°>-metal fragments, and their N> products in eq 1
give AEY, =-5.3,-3.2 and -5.9 kcal/mol, respectively. ‘1-Cr and 3-Tc, on the other hand, are d°

complexes that give positive AE, values in eq 1: +3.6 and +1.4 kcal/mol, respectively.

Next, we varied 2-Re. The N, complexes of the d* ("PONOP)Os(Cl), fragments 2-Os and ©2-Os
both give positive AE¢;: +4.5 and +2.6 kcal/mol, respectively. In contrast, the complexes from the &
Os" "POCOP analogue of 2-Re, ‘4-Os in Scheme 4, give AEY, = -5. kcal/mol. Finally, the terminal
and bridging N, products from the d® Re(I) fragment “5-Re with ""PONOP, one chloride and one N
ligand give AEY, = +2.7 kcal/mol.



The components of cycles 1 and 2 in Table 1 exhibit pronounced variations among the different
complexes studied, including the individual AEY and AE components. Nevertheless, AGoeq is within 3
kcal/mol of ergoneutral in all the d® systems investigated, and significantly more exergonic for the d°
systems, ranging from -5.3 to -10.2 kcal/mol. An even sharper division is found in the AE¢, data
which are positive for all of the d®-complexes and systematically negative for the d° ones, with
averages of +2.8 and -5.4 kcal/mol, respectively. The general result for AEY, is independent of the

density functional, the basis set, solvation, and whether dispersion effects are accounted for or not.

A m-Bond Order Model. The AEY, data in Table 1 implicate an electronic effect that favors
bridging N, coordination in the octahedral d° complexes but not in the d® ones. To elucidate the origin
of this effect, we inspect in Fig. 1 the n-MOs in the octahedral terminal and bridging N, complexes of
the symmetrical d° fragment [HRe(NH3)4]. The ammonia and hydride ligands in [HRe(NH3)4] prevent
1-MO delocalization beyond the M-N» core of interest, which was observed for the complexes in
Scheme 4 (Fig S1-S4) and which is known to plague MO analyses of other studies of related
complexes.*>** To aid the discussion we also utilize general qualitative ©-MO diagrams for free N,

and the MNN and MNNM moieties.
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Figure 1. Schematic 1-MOs in NN, MNN and MNNM, and Kohn-Sham MOs of the terminal
and bridging N> complexes of the fragment d°-[HRe(NH3)4]; MO energies in eV.

Part A of Fig. 1 shows the two pairs of ©-MOs (each doubly degenerate) of the free N> molecule:
one bonding and one antibonding, 1nyy and 27y, respectively. The filling of four electrons in 1myy
leads to a m-bond order of 2 (BOFy = 2). A terminal end-on MNN complex introduces two metal d-
orbitals with appropriate symmetry for n-bonding with N, leading to a total of three pairs of nt-
symmetry MOs. For a simplified situation in which the AOs are similar in energy, as in the allyl
group for example,* the three pairs of 1-MOs in the terminal MNN motif have the following

nb

characters: 17y 1S the all in-phase bonding MO, 2nf..,,, is non-bonding with a node at the central

atom, and 37}, is all out-of-phase antibonding.

Figure 1B displays the Kohn-Sham n-MOs computed for the ReNN moiety of the complex
[HRe(NH3)4(N»)], along with the metal based dyy orbital of & symmetry with respect to the MNN bond
(Owerm). The ©-MOs have the uneven atomic contributions expected based on the different
electronegativities of nitrogen and rhenium. 17q. 1S localized almost exclusively on the two N
atoms of Re-NN. The second n-MO has major contributions from rhenium and the distal nitrogen, but
only a minor component from the proximal nitrogen atom. This is reminiscent of the second n-MO in
the allyl group, so by analogy we denote the MO in ReNN also as formally “non-bonding” (27tp,,,).
Finally, the all-antibonding 37, has large contributions from the two N atoms along with a small

but significant contribution from the metal. The analogy between the valence n-MO in MNN and the

allyl group was noted by DuBois and Hoffmann.*

10



The “allyl-like” view of n-bonding in MNN implies that the different population of 270, in
related d° and d° terminal N, complexes, (2n25.,,,)° and (212%,,)* respectively, should have no major
effects on the M-N (rmn) and NN (rnv) bond distances. This is strikingly different from the traditional
backbonding model that is dominated by in-phase mixing between filled metal d-AOs and nyy. The
latter model would be expected to lead to significantly shorter rvn, longer ran and lower NN stretch
frequencies in the d® complexes, but this is not consistent with the computed data. As illustrated for
selected examples in Table 2, the four pairs of terminal congeners with (27tf2,)° Vs (2o )
configurations (‘1-M, °2-M, 2-M and 3-M) are computed to have M-N bond distances, rvx, that are
significantly shorter (by 0.07 A on average) for the d® complexes versus their d° congeners. However,
the NN distances in these complexes, rax, are independent of the occupancy of 2nfe.,, in fact all four
d® complexes have shorter ray, (albeit negligibly, 0.001 to 0.004 A; Arxy in Table 2) and significantly
higher NN vibrational stretch frequency v (by 43 to 55 cm™) than their d*-counterparts. Clearly, the
computed trends in rvn, 'y and vaw cannot be all explained by either qualitative m-model alone.
However, an important feature of triatomic molecules that becomes highlighted in the allyl-like
analogy is that a terminal MNN moiety should have a total BO,,,, = 2 resulting, formally, from the
lowest filled 17erm MO regardless of the occupancy of 2nP2. . Since 17yerm is concentrated largely
on NN, the given BOL,,,, can be expressed using the M-N=N Lewis structure, which captures the

relatively short NN bond length computed for all of the terminal complexes.

Table 2. M-N and N-N bond lengths (in A) and N-N stretching vibration frequencies (in cm™) for
selected octahedral complexes from Table 1 “

Terminal M-N, Bridging MNNM Eql
Frag. MmN NN VNN d11:1[_d11:1[ MmN I'nN VNN ArMN ArNN ABOZq
'1-Nb d° 2,113 1.135 2026 d3-da3 1.973 1.189 1678 -0.140 0.054 1
'1-Mo d° 2.018 1.134 2070 di-d¢  2.012 1.153 1976 -0.006 0.019 0
2-Re d® 1.975 1.128 2129 d3-da3 1.923 1.155 1940 -0.052 0.027 1
t2-0s d® 1.935 1.124 2184 d-d2 1.944 1.134 2173 0.009 0.010 0
2-Re d® 1.978 1.131 2095 d3-a3 1.909 1.175 1843 -0.069 0.044 1
©2-Os d° 1.912 1.130 2142 d-d2 1.950 1.144 2101 0.038 0.014 0
3-Mo d° 2,119 1.127 2094 d3-da3 1.993 1.169 1831 -0.126  0.042 1
13-Tc d® 2.041 1.126 2137 d4-d>  2.053 1.140 2067 0.012 0.014 0

2 Complexes described in Scheme 4. d2-d? specifies the number of d electrons provided by each metal to the -
MOs of MNNM. ABOg, is defined in eq 2.

A different situation applies in the bridging complexes. In the tetratomic MNNM core, eight -

AOs transform into four doubly degenerate m,-MOs: two with bonding (17, and 27,) and two with

11



antibonding character (37}, and 47},) as described schematically in Fig. 1A. The Kohn-Sham MOs of
[HRe(NH3)4]2(1-N2) show 17, to be localized on the two bridging nitrogen atoms, similar to 17¢erm
in [HRe(NH3)4(N>)]. In stark contrast to 2n2  in the terminal-N, complex, 27, in the bridged
complex has large in-phase overlap between the metal and nitrogen AOs of the MN bonds. Consistent
with the implied bonding character of this MO, the energy of 2, is 1.3 €V below the two, formally
non-degenerate, non-bonding 6, MOs from the two linear combinations of the dxy AOs of the two
metals. The display of 37}, in [HRe(NH;)4]2(1-N2), on the other hand, shows it to be highly localized
on the metals with minor contributions from the nitrogen AOs. Nevertheless, the energy of 3}, is 0.5
eV above 9, reflecting an acquired antibonding character as would be expected from the phasing of
four atomic orbitals which requires a net of two mw-nodes in this MO, one in each of the M-N bonds.
Finally, 4}, is all n-antibonding but with greater atomic coefficients from the N atoms than from the
metal d-AOs. Since there are no non-bonding ©-MOs in the tetratomic MNNM core, the formal n-
bond order in the bridging complexes (BO}) should depend on the total number of electrons in nt-
symmetry d-orbitals supplied by the two metals (d2-d% in Table 2). Note that d2 is distinct from the
total d-electron count d™. In the d®-d® systems, each metal provides four electrons to the t-MOs of
MNNM (d2-d#), so the full n-electron configuration is (1nu)4(2nu)4(37t;)4(47t:l)0. In this case, the
equal occupancy of 2r, bonding and 3, antibonding orbitals leads to MNNM with BOj = 2
(arising from the pair of filled 1r, bonding MOs). Since 17, is concentrated on NN, the dominant
Lewis structure in a d®-d® p-N, complex would be M-N=N-M, with the two n-bonds localized
between the two nitrogen atoms, similar to the case in the terminal M-N=N. In the d°-d’ systems, on
the other hand, each metal provides only three electrons to MNNM (d3-d3), so 27, remains
completely filled while the antibonding 37, is only partially filled; hence BO[ increases to 3. Based
on the position of the nodes, this depletion of 3x;, would increase the bonding character of the MN
bond and decrease that of the NN bond compared to a d2-d* MNNM core, so an adequate Lewis
structure for the d3-d3 MNNM core, with BOJ = 3, would be M=N=N=M. Consistent with this
analysis, the d’-d’ complexes in Table 2 systematically have rvn distances 0.02 to 0.06 A shorter and
similarly ran distances longer than their d®-d® congeners. In accord with the different NN bond
distances, v is computed to be systematically much lower in the d>-d> complexes than the d®-d® ones

(Table 2).

Y
eq’

Considering eq 1 through the lens of Fig. 1, we define in eq 2 the term ABO7,, the change in the -

bond order when converting two terminal complexes into a bridging complex and a free N; as shown.

ABOZ, = BOT + BOy — 2BOL,,  (2)

12



According to the above discussion, BOL.,,,, = 2 regardless of the numbers of n-electrons provided

by the metal. Since BOYy = 2 as well, ABOg, depends only on BOj; (eq 3).

N

ABOZ, = BOT — 3)

The variations in BO}; brought by the occupancy of the n-MOs in the bridging complex, therefore,

lead to variations in ABOg, in eq 1 as outlined in Scheme 6.

Scheme 6. Relating the n-electron configuration of MNNM to ABOZ, and AE}, of eq 1®

Terminal / Bridging N, Equilibrium (e~ configuration of MNNM) Energy &

Exampl
(m-bond order) Change in w-bond order Bond distance changes (;(amp ©
~PiPr.
- N=EN 2
- — - 4 403 *\4 _ —
2M—NEN —> NEN (1, )4(2 )4(3) 20EY, =2(+2.8 kc:l/mol) ( /N—(}s'lclu
2BOY =4 BOL =2 BO™=2 ABOZ. =0 Aryy = +0.018 _
term NN w ArNN =+0.015 4 0—PPr,
- NEN 400, VA(3* )2 v O~PiPr,
2M—NEN ————> N=N (17,)* (2, ) (37, ) 2AEy, =2(-5.4 keal/mol) =\ . )
N—Re\C|
2BOZ,.,=4 BOm=2 BO™=3 ABOZ =1 Aryy =—0.084 4 \_7 ]
term NN u ArNN =+0.039 4 O/F"Prz
N=N %;}—Pipr2
2M—NEN —=> WM=N—N (17,)4(2m,)*(3r})° 2AEY, =2(-28.8 kcal/mol) dp
= - w) (T 9T, eq : N—l\/lb\C| 6)

ArMN =-0.226 4
Aryy = +0.108 A

- N=N 4 DS @—PiPQ
2 NEN ———> N=N (17,)*(2m,)=(3m,) 2AEY, =2(~15.4 kcal/mol) \ ol

2BOgm=4 BO=2 BO, =4 ABOZ, =2 PPr,

- i N—ir\m (7)
JBOT =4 BOM =2 BO™= 3 ABO” = 1 Aryn =-0.149 4 i
term NN u €q ArNN = +0.054 /f PPz

@ ABOE, is defined in eq 2. Arvv and Arx are the differences in the MN and NN bond distances in the bridging
and terminal N> complexes. Energy and bond distance values are the averages of the octahedral complexes in

Tables 1-4.

In the reactions of d® complexes, the d°-d°® bridging complex has (27cu)4(375’[1)4 configuration with
BOJ = 2, the same as BOf,,,, so ABOg; = 0 (eq 4 in Scheme 6). In the d’ systems, on the other hand,
the d°-d’ bridging complex has (Zrtu)“(SnL)2 configuration with BO] = 3. In this case MNN to MNNM
conversion is a reaction that creates one additional n-bond in the bridging complex so ABOg, = 1 (eq
5 in Scheme 6). These different ABOZ, align perfectly with the computed trends in AE,, where the

d’-d’ systems that introduce an additional bond in the bridged complex favor bridging N> coordination

and the d°-d° systems slightly favor terminal N, coordination.

The different ABOZ, indicated by the above MO-analysis for the d’ and d° systems is well
supported by the structural data and vibrational frequencies in Table 2. For the d°-systems, the
transformation from MNN to MNNM is associated with a minor increase in both the MN and NN

bond distances: Aryw = 0.018 A and Arny = 0.015 A, on average. In these reactions the average
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change in van is only -61 cm™. In contrast, bridging in the d° systems causes significant contraction in
v~ and significant lengthening in rvy compared to the terminal complexes: Arvn = -0.083 A and Arny
=0.039 A, on average. Accordingly, the average change in vay in the formation of the d°-d’ bridged

complexes is substantial: -246 cm'.

We hypothesized that the n-BO approach for rationalizing the direction of eq 1 taken for
octahedral d° and d® complexes would be applicable to metal N> complexes broadly. In the following

sections we test this hypothesis by exploring other d3-df configurations and coordination numbers.

Octahedral d* — d' Complexes. The above MO-based arguments imply that the MNNM core
acquires a maximum of 4 m-bonds when the 2n, MO is full and the 37, MO is empty. The matching
Lewis structure for this configuration would be M=N-N=M, analogous to butadiyne. In this case eq 1
will have the maximal ABOg, = 2 (eq 6 in Scheme 6) and the equilibrium would be increasingly
shifted to the right in favor of bridging coordination. This condition requires each metal to supply
only two electrons to the T-MOs of MNNM (d2-d2), which can in principle be achieved in octahedral
d*, d° and d* metal systems, depending upon the occupancy of the non-bonding 8, MOs. We

calculated examples in these categories, shown in Scheme 7. The results are given in Tables 3 and 4.

Scheme 7. Fragments investigated for terminal vs. bridging N: binding
in octahedral d* — d' complexes (Tables 3 and 4)

O\PiPrz PiPr2
— 4‘\\\\C| \ “‘\\\\\CI
\ /N_'/V'\m N_}V‘\Cl

o—PPr; PPr,

C2.W (d); °2-Ta (d3)  %-Nb (d2); %6-Zr (d")
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Table 3. Terminal vs. bridging N, binding in octahedral d* — d' complexes ®

Cycle 1 (terminal) Cycle 2 (bridging MNNM) Eql

AE%ist  AEY AEdist  AEDt  AEY  (2m,)"(8,)'(3m)° AEY, AE. AG,, ABOY
©2-w d* 145  -383 27.1 59 642  (2m)%5,)'3m) 259 -19.2 -146 2
©2-Ta d? 108  -311 19.0 -121  -56.6  (2m,)*(8,)%(3m;)" 255 -29.4 240 2
6-Nb d? 15.2 -20.0 33.6 73 -55.0  (2m)*(8,)°(3m)’ -35.0 -239 -178 2
6-Zr d' 5.0 -17.0 9.0 21 325 (2m)*8,)°G3m)’ -15.5 -13.6 -6.5 1

@) Complexes described in Scheme 7. M06-L results in kcal/mol. The AE terms are defined in Scheme 3. ABOg, is
defined in eq 3. (2m,)™(8,)"(37;)" is the valence n-MO configuration in the bridging complex.

Table 4. M-N and N-N bond lengths (in A) and N-N stretch vibration frequencies (in cm™) for
octahedral d* — d' complexes “

Terminal M-N, Bridging MNNM Eql
Frag. N NN VNN dy-dn MmN NN VAN Arwn Arw  ABOZ,
©2-w d* 1.996 1.141 2017 d2-d2 1.831 1.239 1512 -0.165 0.098 2
©2-Ta d° 2.086 1.141 1966 d2-d2 1.871 1.255 1457 -0.215 0.114 2
6-Nb d? 2,178 1.124 2120 d2-d2 1.879 1.237 1457 -0.299 0.113 2
€6-Zr d! 2,322 1.122 2142 di-dat 2173 1.177 1786 -0.149  0.055 1

2 Complexes described in Scheme 7. d2 specifies the number of d electrons provided by each metal to the T-MOs
in MNNM. ABOg, is defined in eq 2.

Table 3 begins with N, binding to ©2-W, a d* analog of d* “2-Re. The [(*"PONOP)WCl,] fragment
and the octahedral [©2-W]-N; have triplet ground states. The cis, cis-bridging complex [‘2-W]2(u-N2),
on the other hand, has a closed shell singlet ground state from the (1nu)4(2nu)4(8u)4(3n:l)0
configuration.’®*” The geometry of [©2-W]2(u-N2) features two very short MN bonds and an elongated
NN bond (1.83 and 1.24 A, respectively, in Table 4) supporting the suitability of the M=N-N=M
Lewis structure. Terminal N, binding to “2-W does not change the spin state, but requires a major
change in the geometry of the fragment, so the distortion energy in the first thermodynamic cycle in
Scheme 3 is relatively high: AE$'S* = 14.5 kcal/mol (Table 3). On the other hand, making the closed
shell [*2-W]x(u-N») in cycle 2 requires a major change in the geometry of the fragment as well as a
change in the spin state, which leads to a very high AE$*s* (27.1 kcal/mol). Factoring out the very
different distortion energies affords AE; = -25.9 kcal/mol, fully consistent with the proposed
introduction of two new m-bonds upon conversion from terminal to bridged N> binding in eq 1 (ABOg,
= 2). Naturally, since AE$"* is much higher than AE's*, the net preference for u-N; binding as
determined by AG Zq (-14.6 kcal/mol) is significantly less than AE,. Nonetheless, the given AG Zq is

more exergonic than for any of the d’ systems in Table 1 (-5.0 to -10.2 kcal/mol).
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Next considered in Table 3 is the d* ©2-Ta congener of “2-W. The bridged [*2-Ta]o(u-N>) has a
(21'cu)4(8 u)2(371.'L)() d*-d’ configuration with a geometry consistent with the M=N-N=M Lewis structure
(Table 4). Again, for this system, AEY, and AG Zq in eq | are highly negative, -25.5 and -24.0
kcal/mol, respectively. The nearly equal AE, for d® 2-Ta and d* ©2-W reflects the fact that the

difference in the number of d-electrons between these species is only manifested in the population of

the non-bonding §,,-MOs and hence does not change ABOg,.

The third condition for maximal ABOg, for eq 1 is represented by d? fragments leading to p-N
complexes with a (271u)“((‘Su)O(Snlj)0 configuration. Several pu-N» examples of this kind are
experimentally known.*®** Scheme 6 considers the Nb(III) complex derived from the “6-Nb fragment
with the diarylamido-diphosphine pincer ligand studied by the Mindiola group.*’ In accord with the
proposed ABOg, = 2, we compute this system to greatly favor bridging over terminal N> coordination:

AEY, =-35.0 and AG ., = -17.8 kcal/mol.

As a further demonstration of the direct relationship between the occupancy of the 2r, and 3x;,
MOs and the energy of eq 1, a system involving an MNNM core with a (Znu)z(Su)o(SnL)o
configuration is evaluated in Table 3 using “6-Zr which bears the same ligand of “6-Nb and the d'-Zr"
metal center. The partial filling of the bonding 2m, reduces the BO]; in MNNM to 3, resulting in
ABOg, =1 (eq 7 in Scheme 6). In this case bridging is still expected to be preferred over terminal
coordination, but not as much as in “6-Nb. Indeed, AE;; and AGZq for “6-Zr are -15.5 and -6.5

kcal/mol, respectively, as compared with -35.0 and -17.8 kcal/mol respectively for ‘6-Nb.

The structural parameters and vibrational frequencies of the N, complexes of “6-Zr and “6-Nb in
Table 4 offer another illustration of the contrasting effects of varying the population of the 2n%.,. and
2m, MOs. Despite the different occupancies, (2n22,.,)" vs (2122, )% the NN bond distance and vx in
the terminal [*6-Zr]-N, and [6-Nb]-N, complexes are essentially the same: 1.122 vs 1.124 A, and
2142 vs 2120 cm™, highlighting the lack of N-N antibonding character in 225, . In contrast, the N-N
bond is significantly longer in No-bridged °6-Zr than in the terminal complex, and it is 0.060 A longer
still in N>-bridged °6-Nb. The bridged complexes in this case have very different van: 1786 cm’™
versus 1457 cm™. Furthermore, the change from terminal to bridged coordination results in
contraction of the M-N distance in “6-Nb by twice as much as in “6-Zr (-0.299 A and -0.149 A

respectively), underscoring the much greater M-N bonding character of 2rt, compared with 277,

Non-Octahedral Geometries. In this section we evaluate if the ABOg, term as applied in Scheme
5 for octahedral complexes can also account for the computed energies of eq 1 in non-octahedral
systems. For this purpose we consider a set of experimentally known five-, four- and three-coordinate

N, complexes derived from the fragments given in Scheme 8. The results are collected in Tables 5
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and 6. Note that in each case where ABOg, is zero, the formation of a bridging N> complex is slightly
unfavorable (with one minor exception, fragment 8-Fe, with AGZq =-0.9 kcal/mol although AE . is
positive, 0.7 kcal/mol), while in each case where ABOg, is greater than zero, bridge formation is

favorable.

Scheme 8. Fragments investigated for terminal versus bridging N: binding in the non-octahedral
complexes evaluated in Tables 5 and 6

(\ P'Bu, PMes
\ oc MesF.

N—M F Co—PMe
[ e oc™ |e MesP” | s
PBu, PMe; H
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Fe Co
TR A" \
) ',r
L= N B L
oL
10-Mo (dd); L = PiPr, L = PPh, L = tBu,
10-Tc (d%) 11-Fe (d7)  12-Co (d%) 13-Ir (d®)
Ar
/

N

14-Fe (d7) ( e
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Table 5. Terminal versus bridging N, binding in five, four and three coordinate complexes

Cycle 1 (terminal) Cycle 2 (bridging MNNM) Eql

AEdist AEY AE$SY AEP  AEY  (2my)"(3my)" AEY, AE,, AG ;q ABO7,

Five-coordinate N, complexes
7-Re d° 5.2 -25.5 91 27 -362 (2my)'3m,)? -108 95 -6.9 1
7-0s d° 12.3 -33.2 142 7.3 -266 (2m,)*(3m;)* +6.5 +12 +3.6 0
8-Fe d® 4.1 -32.2 42 26 290 (o y(3m) +32 407 09 0
9-Co d® 16.5 -39.9 181 -46 -350 (2m)*(3my)? +49 +1.9 +3.2 0
9-Fe d’ 16.7 -44.1 160 -49° -350 (2m,)‘(3m)* +8.7 +3.1 439 0

Four-coordinate N, complexes

10-Mod® | 20.7°¢ -28.2 208° 47 -406 (2m,)*(3m,)’ -12.4  -17.0 -11.6 1
10-Tc d* 7.7 -42.6 9.3 -1.3 -38.8  (2m,)*(3my)* +3.8 +41 +9.1 0
11-Fe d’ 2.6 -26.8 3.8 -41  -284 (2my)*(3my)’ -16 -48 -39 1
12-Co d® 4.1 -37.6 7.7 9.6 -389 (2m,)*(3m;)’ 1.4 74 50 1
13-Ir d® 2.2 -31.8 3.1 3.4 294 (2my)*(3my)? +2.4 -01 +16 0

Three-coordinate N, complexes

14-Fe d’ 4.3 -34.7 33 -88° -381 (2m,)*(3m;)’ -33  -13.1  -93 1

¢ Complexes described in Scheme 8. M06-L results in kcal/mol. The AE terms are defined in Scheme 3.
ABOZ, is defined in eq 2. (2m,)™(37;)" pertains to the Na-bridged product. * AE}"* is evaluated using the
B3LYP-D3J functional. ¢ AE'S* and AE$'S* account for a change in the spin state from quartet to doublet.
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Table 6. M-N and N-N bond lengths (in A) and N-N stretch vibration frequencies (in cm™) for
non-octahedral complexes *

Terminal M-N, Bridging MNNM Eql

Frag. [gVIN] 'NN VNN d11:1[_d11:1[ 'vin I'nN VNN ArMN ArNN ABOZq

Five coordinate N, complexes

7-Re d® 1.941 1.140 2016 d3-d3 1.885 1.186 1772 -0.056  0.046 1
7-Os d® 1.900 1.135 2100 di-d 1.940 1.153 2038 +0.040 0.018 0
8-Fe d® 1.783 1.130 2150 di-d 1.808 1.143 2104 +0.025 0.013 0
9-Cod® 1.796 1.136 2104 di-d 1.827 1.154 2014 +0.031 0.018 0
9-Fe d’ 1.846 1.128 2162 di-d 1.860 1.143 2086 +0.014 0.015 0

Four coordinate N, complexes

10-Mo d3 1916 1.147 1962 d3-d3 1.861 1.203 1726 -0.055 0.056 1
10-Tc d* 1.849 1.144 2044 di-d 1.913 1.161 1977 +0.064 0.017 0
11-Fe d’ 1.811 1.133 2115 d3-d3 1.761 1.175 1876 -0.050 0.042 1
12-Co d® 1.871 1.130 2124 d3-d3 1.810 1.169 1874 -0.061 0.039 1
13-Ir d® 1.958 1.129 2144 di-d 2.022 1.145 2039 +0.064 0.016 0

Three coordinate N, complexes

14-Fe d’ 1.823 1.136 2105 d3-d3 1.782 1.174 1919 -0.040 0.040

“ Complexes described in Scheme 8. d& is the number of electrons provided by each metal to the 7-MOs of MNNM.

The Schneider group has prepared the five-coordinate bridging d’-d> complex [("**PNP)ReCl]x(pi-
N2) (7-Re in Scheme 8) which undergoes a facile cleavage of the bridging N» ligand at room
temperature.*'**> No terminal N, complex was detected in this system. In contrast, terminal N,
bonding has been observed in five coordinate d’-Tc' and d®-Os" PNP pincer complexes.*** [7-Re]x(u-
N2) has two unpaired electrons in 37;,; therefore, for eq 1, ABOg, = 1, and according to the above
discussion the bridging M-N» bonds are expected to be stronger than the terminal M-N; ones.
Consistently, for 7-Re, AE, and AG oeq are computed to be quite negative: -10.8 and -6.9 kcal/mol,
respectively. The d°-Os analogue of 7-Re, on the other hand, is computed to slightly favor terminal N,
binding (AG Zq = +3.6 kcal/mol), which can be attributed to ABOZ; = 0 in eq 1 due to complete filling
of the antibonding 37t MO of the bridged N> complex (entry 7-Os in Table 5). As found in the
octahedral complexes, the ruyn bond distances are contracted in the bridged complex of d° 7-Re and
stretched in that of d® 7-Os, relative to the corresponding terminal complexes: Aryy = -0.056 A and

+0.040 A respectively.

Due to Jahn-Teller effects, the metals in the N> complexes of 7-Re and 7-Os are in distorted

trigonal bipyramidal environments with N, trans to an empty coordination site.**® Scheme 8 includes
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two fragments with PMes ligands that give five-coordinate N, complexes in which the metal is in near
idealized trigonal bipyramidal environments (8-Fe and 9-Co). Experimentally, the PEt; analog of
[Fe(CO)2(PMes)2]2(1-Ny) is isolated as a bridging complex with the N» ligand in an equatorial
position.*” The crystal structure of [HCo(PMes)3]o(11-N2), on the other hand, shows N at an axial
position trans to the hydride ligand.*® Under N, atmospheres, both of these complexes equilibrate
with the terminal N»-form, indicating a nearly ergoneutral AGZq. This observation is accord with the
above m-bond order model, since the given electronically saturated complexes yield MNNM
complexes with (Zﬁu)4(3TEL)4 configurations, resulting in ABOg, = 0 for eq 1, with no electronic
preference for bridged coordination. The MO6L calculations on the N, complexes of 8-Fe and 9-Co
afford AG :q =-0.9 and +3.2 kcal/mol, respectively. For [HCo(PMe3)3], an improved agreement with
the experiment is achieved using the M06 or B3LYP-D3J functionals, both of which afford AGZq =
+1.3 kcal/mol. For comparison we also calculated the N> complexes from the d’-[HFe(PMes;)s]
fragment (9-Fe in eq 8). In this case HFe(PMes)3(N>) has a square pyramidal geometry with N, at a
basal position trans to the hydride (eq 8), with one unpaired electron in a o-type MO having
antibonding character with respect to the apical Fe-PMes bond. The given local square pyramidal

geometry and electronic structure are largely retained in the d’-d’ bridging N> complex.

L L L
| oL | oL | oL
2 H—Fe—N=N === H-—Fe—N=N—Fe—H + N,
. L= PMe; . ||_ (8)
[9-Fel-N; [9-Fel2-(u-N2)

In spite of the change in the number of d-electrons, therefore, the m-BO in the MNNM core of
[HFe(PMes);]o(1-N2) remains the same as in [HCo(PMes);]o(1-N2). As expected, AE, is computed to
be positive in both systems: 4.9 kcal/mol (9-Co) vs 8.7 kcal/mol (9-Fe), and in both 9-Co and 9-Fe the
conversion from terminal to bridged coordination is associated with an increase in the M-NN bond
distance: Arpn = 0.031 A (9-Co) and 0.014 A (9-Fe). This result illustrates again how it is the
occupancy of the 2r, and 3m;, MOs that controls AEY, and not the geometry or the total number of d

electrons or the oxidation state of the metal.

Next, examples of four-coordinate N, complexes are considered in Table 5, starting with those
derived from Cummins’ three-coordinate d* molybdenum(III) trigonal planar complex 10-Mo, the
first system ever reported to directly split N, into terminal metal nitrides.*” Exposure of solutions of
10-Mo to N> at low temperatures yields a pu-N» product that cleaves upon warming into two metal
nitrides. Although the terminal Mo-N, complex was proposed as a logical intermediate in the reaction
leading to the bridged complex it was never detected, suggesting the fragment has a much greater
preference for u-N» binding. Consistently, for 10-Mo, eq 1 is calculated to be exergonic by 11.6

kcal/mol. The amido ligands in [10-Mo]2(p-N2) adopt orientations that engage their filled p-orbitals in
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n-bonding with the metal (dxy,dx2-y2) AOs imparting high antibonding character to the 8, MOs. This

forces the d*-d* electrons into a (27'cu)4(37t:l)2 configuration rather than (2nu)4(8u)2(3n;)0 as found in
the octahedral d*-d’ [2-Ta]x(u-N>) in Table 3, for example. Consequently, AEY, is much less negative
for 10-Mo, than for “2-Ta (-12.4 vs -25.5 kcal/mol).

Since the systems that bind N> most strongly also give ground-state weakening of the N-N bond, it
is easy to conflate this with the ability to cleave the N-N bond. As noted, however, AE, is not
particularly negative, for example, for the N,-splitting complex 10-Mo as compared with “2-Ta.
Furthermore, 10-Mo forms a bridged dimer in which the N-N bond is shorter (1.203 A vs. 1.255 A)
and has a much higher N-N stretching frequency (1726 cm™ vs 1457 cm™) than the N-N bond of [2-
Ta]>(u-N»). Importantly, cleavage of the N-N bond by [10-Mo]2(1-N>) occurs not in spite of it having
a “stronger” N-N bond than [“2-Ta],(u-N»). Rather, the same factors that lead to this shorter (/ess
activated) N-N bond, actually also lead to N-N bond scission. Specifically, the high-energy electrons
residing in the 3, anti-bonding orbital, which has N-N bonding character, subsequently occupy the
o* type-MO orbital that is antibonding in NN in the transition state, and ultimately occupy the lone-
pair orbitals in the nitride products.’®>' The requirements for N»-bridged complexes to split into a pair

of metal nitride complexes have been summarized in a recent Perspective article'.

In the p-N> complex of the d*-Tc™ analog of 10-Mo, the d*-d* configuration would be
(271“)4(371;)4. In this case 3m}, is completely filled, so there is no electronic preference for N> bridging
anymore. Accordingly, for 10-Tc, eq 1 is computed to have positive AEZ, and AG Zq values, favoring

terminal N coordination (Table 5).

Table 5 includes results on N» coordination to two three coordinate-metal fragments bearing
tripodal ligands, namely d’-Fe[HB"'P;] (11-Fe) and d’-Co[MeC""P;] (12-Co). Experimentally, the
dinitrogen complexes from 12-Co and the Fe[PhB'""P;] analogous fragment of 11-Fe have been
isolated in the bridging form.’>>* The bridging complexes of both 11-Fe and 12-Co have and two
unpaired electrons in 37y, so they are expected to be favored over the terminal complexes (ABOg, = 1
in eq 1). The increased ABOg, is supported by metal-N, bond distances that are shorter in the bridged
complexes, and AG oeq values that are modestly negative: -3.9 (11-Fe) and -5.0 (12-Co) kcal/mol. In

both cases AEY, is also negative, although only slightly, -1.4 kcal/mol.

The metals in the four-coordinate N, complexes covered above are in tetragonal environments.
Another class of four-coordinate N, complexes in Table 5 is derived from the d® T-shaped fragment,
13-Ir, which affords square planar closed shell products. Under 102 torr N, atmosphere, the terminal

N, complex of 13-Ir was found to equilibrate in solution with 3% of the bridging N> complex,

° .54

oqs " this is well reproduced by the calculations (AG ., = +1.6

indicating a slightly endergonic AG

kcal/mol). The calculated AE¢, in this system is +2.4 kcal/mol, unsurprisingly since 27, and 3, are
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both filled in the p-N> complex. As compared with the octahedral d° ‘1-Mo in Table 1, AEI" in 13-Ir
is only -3.4 kcal/mol, which is not sufficiently negative to offset AEY, and favor bridging coordination

in 13-Ir.

The last entry in Table 5 is for a high-spin p-N, complex of the iron(I) B-diketiminate fragment
14-Fe developed by Holland and co-workers.” We calculate the three-coordinate terminal and
bridging N> complexes of 14-Fe in the quartet and septet spin states, respectively. The occupancy of

the two m-MOs of interest in the septet state is (ZTEH)4 and (371;)2. Thus, as per Scheme 5, ABOg,
should be equal to 1. As expected, the computed AG Zq in this system is exergonic: -9.3 kcal/mol and

AEY, is negative (-3.3 kcal/mol).

Conclusions and limitations. The difference between the intrinsic strengths of the terminal and
bridging M-N, bonds AET, for eq 1 as defined in Scheme 2 is computed to vary between +8.7

and -35.0 kcal/mol per M-N bond in a set of transition metal complexes (Tables 1, 3 and 5). The
related free energy values for the equilibrium between a bridged complex plus free N> and terminal N»
complexes vary from +9.1 to -24.0 kcal/mol. If viewed in terms of a given fragment, M, coordinating
either to free N; or to a coordinated N> (MNN unit), this corresponds to differences in the binding free
energies ranging from 18.2 kcal/mol favoring coordination of free N, to 48.0 kcal/mol favoring the
coordination of the MNN unit. This represents a remarkably large range of difference between
seemingly similar bonding interactions, 66 kcal/mol, dependent upon the nature of M.

We identify an electronic factor that plays the critical role in determining these trends. The number
of m-bonds in the triatomic MNN moiety of a terminal MN, complex (BOJ,,) is 2, i.e. the same as
the n-BO of the free N, molecule, regardless of the number of electrons supplied by the d-orbitals of
the metal to the miery,-MOs. In the tetratomic bridging MNNM core, in contrast, the total number of
n-bonds, BO[, can be 2, 3 or 4, depending on the occupancy of the bonding and antibonding 7t,,-MOs.
Based on the number of n-bonds alone, bridging coordination is expected to be more favored over
terminal coordination when BO}; = 3 or 4, but not when BO}; = 2. As illustrated in Scheme 9, all that is
needed to apply this model is knowledge of the number of d-electrons supplied by the two metals to
the n-manifold of MNNM (dz-dz) as these define the occupancy of the bonding 2, and antibonding
3, MOs of the bridging complex. In this work, DFT methods were employed to identify the orbital
occupancy and develop quantitative MO diagrams. In principle, however, a qualitative MO diagram
could provide valuable predictions about the ABOg,value and thus the propensity to form a bridging

or terminal complex under nitrogen.
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Scheme 9. Number of n-bonds (BO”) in terminal and bridging N: complexes, and change in
total BO™ upon bridge formation

Ve

ABO™ =0 M—N=N—M di-di + N=N
Bridge BO, =2 (2n,)(3m,)* BOG =2
( \ not favored ‘ .
d?” M—N=N / L > BO" =4
T e
BOterm = 2 ABO = #1 M=N=N=M d>d> or d'-d! + N=N
= . T T
d" M—N=N | = BO, =3 (2m,)*(3m,)? (2,)%(3m,)° BOwy =2
o Bridge favored SBOT= 5
BOterm =2 \ : _
)
| zBO"=4 \ABOR_\” M=N—N=M d%d?> + N=N
Bridge BO, =4 (2n,)3m,)° BOGy =2
highly favored ‘ SBO" =6

For d4-d% systems, as encountered in 18-electron and d® square planar terminal-N, complexes, the
full m-electron configuration in MNNM (including the four n-electrons from N») is
(17'cu)4(27tu)4(3n;)4. Thus BO} = 2, so the interconversion of two terminal MNN complexes to
MNNM and free N> is not associated with any change in the number of n-bonds: ABOg, = 0. The
terminal M-NN bonds in these systems are computed to be intrinsically stronger than the bridging
ones, yielding positive AEY, values for eq 1. However, the calculations show that outer-sphere
dispersion interactions between the ligands of the two metal fragments can mitigate the effects of

AE?

eq» and can even favor bridging coordination in some d#-d? cases. It is therefore no surprise that,

experimentally, many electronically saturated complexes exist in solution under N, as a mixture of the
terminal and bridging forms. In d3-d3 systems, the partial occupancy of 3m), relative to the d-d2
systems leads to BO; = 3. In this case, converting two MNN to MNNM and N results in the creation
of an additional n-bond (ABOg, = 1), which is expected to directly favor bridging over terminal

coordination. Naturally, an even greater preference for bridging is reached in the d2-d2 systems

v

(ABOg, = 2), and these are computed to have highly negative values of AEY,,

reaching -35.0
kcal/mol. Finally, a d1-d2 MNNM core would again offer ABOg, = 1. Interestingly, based on
crystallographic data, u-N> complexes are often shown using varied Lewis structures, including: M-
N=N-M, M=N=N=M and M=N-N=M. When inspected side by side, it becomes evident that the given
structures reflect different total numbers of n-bonds (2, 3, and 4, respectively) rather than resonance
structures of the same number of n-bonds, as in the M-N=N ¢« M=N=N pair, for example.

Scheme 9 can be used to explain in a general way the dependence of vnn, the geometric

parameters, and AE, on the m-electron configuration of MNNM. The vy of MNNM varies from
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1457 cm™ to 2173 em™, and correlates strongly with AE eq (Fig. S1). In contrast, values of van of the
terminal M-NN complexes vary only in a narrow range, 1962 to 2184 cm™, reflecting the non-
bonding nature of the 27mm orbitals with respect to the N-N bond, and vy does not correlate with
AE¢, (Fig. S5). A qualitative n-MO diagram for MNNM similar to the one in Fig. 1A was first

adopted by Chatt and Richard to account for the trends in NN stretching vibrational frequency (van)
observed when the octahedral terminal N> complex trans-Cl(PMe,Ph)sRe(N>) is bridged to other five-
coordinate transition metal fragments with varied d-electron counts.’® Related schemes have since
been adapted in several studies focused on the degree of N, activation in bridging complexes.’”
There are limitations to the proposed model. First, this model intentionally focuses on counting the

change in the number of n-bonds in eq 1 (ABOg,) and does not address the variation in the strength of
the individual bonds (o and 7t) which is undoubtedly relevant for quantitative purposes. For example,
the MNN BOZ,,,, of octahedral d° and d° terminal complexes is noted to be formally the same, yet the
vertical dissociation energy of N, (-AEY) in related complexes is systematically greater for the d°
complexes. On the other hand, the MNNM BOJ, is greater in the octahedral d’-d° systems than the d°-
d® ones, yet for analogous pairs of complexes the vertical dissociation energies (-AEY) are computed
to be comparable. Likewise, although the ABOZ, term readily separates the AE, values in the
octahedral complexes into three non-overlapping sets (slightly positive, modestly negative, and highly
negative), the variations within each set are still substantial, reaching near 10 kcal/mol when ABOg, =
1 or 2. Finally, in some tetragonal complexes of the first row metals with ABOZ, = 1, AEY is only
slightly negative. This may not be too surprising since the attributes of the metal, such as the effective
nuclear charge, electronegativity, size and oxidation state, as well as the nature of the ligands, can all
play important roles in affecting both the - and n- components of the coordination energies, but are
absent from the simple model considering only the number of the formal n-bonds. Second, changes in
the spin states and the dispersion interactions from the left to the right side of eq 1 can influence

AG 4. We have factored out the effects of these factors via the AES', AE$'s* and AE} terms in
Scheme 3. In an extreme case, for example, sufficiently bulky ligands can prevent bridging that would
be otherwise favorable.

Even with its potential limitations, counting the n-bonds provides a simple and rapid way to obtain
rough estimates of the preference of different fragments for terminal or bridging N> coordination. The
n-BO model should be also applicable to understand the stability of N»-bridged heterobimetallic
complexes and complexes with odd number of df'-d; n-electrons leading to non-integer BOJ; values.
The binding mode adopted by a metal has important ramifications on which mechanistic pathways for
N; activation and functionalization are available. Understanding the factors that control the different
binding modes may help guide the choice of metal-ligand combinations to investigate for catalytic

transformations of N».
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Computational Methods DFT calculations were performed using the M06-L functional as
implemented in Gaussian-16.” The suitability of this functional to estimate the energies of
organometallic reactions has been validated in several studies.®”*' Geometry optimization and
harmonic normal mode vibrational analyses were carried out in the gas phase using the 6-311G(d,p)
basis set on the main group elements and the first row transition metals.®*%*%* The heavier metals
carried the SDD relativistic effective core potentials (ECP) and associated basis sets,” and were
augmented with one additional polarization f~function from the Frenking basis set.®® The thermal and
entropy terms to the Gibbs free energy were computed at 298 K with N> at a pressure of 1 atm and the
metal complexes adjusted to 1 M concentrations.”-*® Final energies were obtained from single point
calculations in a polarizable continuum® representing toluene as solvent using the gas phase
geometries and the def2-tzvp basis set implemented in Gaussian on the non-metals, and the def2-qzvp
with associated ECPs as provided on the Basis Set Exchange website on the heavier metals.”®’" The
given computational model gives AGZq = 1.6 kcal/mol for the equilibrium between the terminal and
bridging N, complexes of the (®*PCP)Ir fragment 13-Ir (Table 5). This result is in satisfactory
agreement with the observation of an equilibrium between the two bridging modes in solution under
an atmosphere of N». Some energies were also computed using few other popular density functionals
for comparison. We find that AG Zq is not greatly sensitive to the level of theory as long as dispersion
interactions are included. For example, at the M06, ©B97X-D, B3LYP and B3LYP-D3 levels, AG Zq
for the N, complexes of 13-Ir are: 0.3, -2.6, 11.2 and 0.9 kcal/mol, respectively. Even smaller

variations are obtained at these levels for AEY,, namely: 2.4 (M06-L), 1.9 (M06), 1.9 («B97XD), 1.8

eq»
(B3LYP), and 2.6 (B3LYP-D3J); in kcal/mol. These results for 13-Ir show the M06-L level to be

satisfactory to study the trends in AGOeq and AE, of interest to the present study. We note, though,
that the MO6L level appears to exaggerate the individual N> coordination energies to the fragment

compared to the other levels.
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