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In this article, several avenues in the ongoing computational study of first row transition metal
B-diketiminate dinitrogen complexes are discussed. Analysis of monometallic N-N bond length
changes reveals that upon complexation of free N», side-bound N, is 0.018-0.054 A longer than
analogous end-bound N,. Although the same isomeric preferences across the 3-D series were
calculated for bimetallic S-diketiminate N, complexes, the N-N bond lengths and hence N,
activation was found to be greater compared to the monometallic species. This present research
demonstrates that a useful starting point for activated dinitrogen complexes is the choice of
bimetallic supporting ligands, which unlike monometallic ligands allow both metals to activate
N, in a concerted fashion.

Keywords: Nitrogen activation; DFT; Catalysis

1. Introduction

The atmosphere of the Earth is composed of over 75% of a single constituent: N,
which is used as a feedstock for the industrial synthesis of ammonia [1]. Such
transformations involve the crucial step of activation and subsequent cleavage of the
N=N bond of dinitrogen. This process is facile for naturally occurring nitrogenases,
where activation takes place at Fe-Mo-S clusters (FeMo cofactor or “FeMoCo”) [2],
which have spurred the development of artificial analogs. The first industrial scale
method, which still enjoys almost exclusive use in ammonia production, is the
Haber—Bosch process. However, given the high thermodynamic and kinetic stabilities of
dinitrogen, this process requires temperature and pressure ranging from 400°C to 500°C
and 100-300 atm, respectively [3]. Active research in this area has thus shifted toward
the development of low temperature/pressure transition metal catalysts to activate
dinitrogen.

In light of the presence of Fe-Mo clusters in the active sites of most nitrogenases,
development of synthetic analogs has proceeded in a mimetic fashion toward both Fe
and Mo complexes. Although there are numerous examples of N, cleavage reported for
Mo—-N, complexes [4], due in large part to the strength of the resulting Mo=N bonds,
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Scheme 1. (a) Mono- and (b) bimetallic N, binding modes.

most Fe—N, complexes reported to date are coordinatively saturated at the metal center
with the bound N ligand displaying minimal activation (typically judged by N—N bond
length and stretching frequencies) with respect to free N, [5]. Fortunately, recent DFT
and multi-configurational self-consistent field [6] computations for LFeNNFeL
complexes (L = B-diketiminate) have suggested several plausible routes for achieving
greater N, activation (defined herein as N-N bond lengthening with respect to free Nj),
in similar complexes: (i) low Fe coordination numbers, (ii) reduction of the LFeNNFeL
complexes with alkali metals, (iii) variation of substituents around the g-diketiminate
periphery, (iv) two p-diketiminate fragments as opposed to one, and (v) increased
population of FeN 7 and NN 7* molecular orbitals [7]. In this report, we explore the
effect of first row transition metal (Sc—Cu) on N, activation in mono- and bimetallic
B-diketiminate complexes.

Additionally, the particular binding mode of dinitrogen in TM—-N, complexes can
have important ramifications for N, activation. For the earliest reported (1965)
dinitrogen complex, [Ru(NH3)sN>J**, N is bound to Ru in an end-on (k") fashion [8].
Throughout the following decades, research on similar x'-N, complexes was directed
toward reactivity with dinitrogen and electrophiles. Only after the discovery of the first
planar side-on (n°) f-block dinitrogen complex (Cp >Sm)>(u—n°:n>~N,) did the
synthesis and reactivity of novel 7”~N, complexes gain momentum [9]. Additionally,
in a recent review, MacLachlan and Fryzuk [10] found two salient features of relevance
to this research regarding N, binding modes. First, °-N, complexes display greater
activation than any «'-N, complex to date. Second, of the d- and f-block dinitrogen
complexes considered by the authors, the side-on complexes of the former subset were
in general more activated. Thus, in addition to the aforementioned N, activation
enhancement routes, end-on (k') and side-on (%) isomers of select N, complexes will be
addressed in this report. Pertinent binding modes are illustrated in scheme 1 for both
mono- and bimetallic complexes.

2. Monometallic (f-diket)M-NN complexes

The effect of first row transition metal (M: Sc—Cu) on activation in (S-diket)M—-N,
complexes was modeled. It was initially supposed that, for certain transition metals, the
n°—N, isomer would be more stable than «'—N, isomer, scheme 1, and in other cases the
linkage isomer preferences might be reversed. This supposition is in fact supported by
the data in figure 1, where [M] = (B-diket)M.

The geometry about Sc in both [Sc]-N, isomers is Y-shaped (figure 2 (top)). The
3[Sc]~(k'-N») complex is slightly pyramidal about Sc (sum of angles at Sc=345.37°)
with an NN distance of 1.144 A, whereas that in the more stable 3[Sc]-(7—N») isomer
is 1.171 A, the largest among the [M]-N; series (Sc—Cu). By contrast, both “[Ti]-(x'-N)
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Figure 1. N, bond lengths (left axis) and isomerization enthalpies (right axis) for monometallic [M]-N,
complexes.

and “[Til-(7"Np)* (AHgp(2/4)=5.2kcalmol™'; the excited state [Ti]-(n*~N2)* bond
length has been reported in order to give a spin-allowed N, isomerization) are T-shaped
(figure 2 (middle)) with N, bond lengths 1.139 A and 1.157 A, respectively. Based on the
average N, bond lengths of terminal x'-Ti-N, complexes in the Cambridge Structural
Database (CSD) [11] (N-N: 1.110 £ 0.006 A; N =5), B3LYP may overestimate the N-N
distance (1.139 A) in “[Til<(x'-N,), although this discrepancy may arise from the
absence of experimentally characterized three-coordinate Ti—N, complexes. The largest
N-Ti-N(N,) angles (“Tee” angles) are 167.79° (k'-N,) and 161.29° (y°~N,), where the
Tee angle N-Ti—-N(N,) is measured with respect to the midpoint of the N, unit.

The geometry of the Y-shaped S[VI-(>~N,) isomer is similar to *[Sc]-(7>-N), with
an N, bond length of 1.150 A, in contrast to the more stable T-shaped *[V]-(k'-N,)
isomer (AHisom = 6.1 kcalmol™'; Tee angle: 170.41°; N-N: 1.125 A). The calculated N,
bond length in the «' isomer (1.125 A) is in excellent agreement with that of each
terminal N, (1.130(16) A) in [Na(THF)][V(N,)(dppe),] (dppe=Ph,PCH,CH,PPh,)
[12], the lone V-N, complex in the CSD. Both isomers of [Cr]-N, are Y-shaped, with a
shorter N, bond length in the more stable (AHjsom = 4.9 kcalmol ™) x'-N, isomer (N—
N: 1.124 A («); 1.144 A (7%)). Again, excellent agreement is found between this N, bond
length and those of the single terminal Cr—N, structure in the CSD (1.122(3) A), trans-
Cr(N)2(dmpe), (dmpe =(CH3),PCH,CH,P(CH;),) [13].

From Sc-Cr, N, bond lengths in either end-on or side-on isomers decrease
monotonically from 1.144 A to 1.124A and 1.171 A to 1.144A, respectively. On the
other hand, an increase from —6.2 to 6.1 kcalmol ™! in AHio, is found on moving from
3[Sc]-N, to °[V]-N,, with a slight decrease from V to Cr (AHisom=4.9 kcalmol™).
Thus, for these systems (Sc—Cr), the 1°—N, isomer exhibits greater activation for the
earliest TM systems and is most stable for Sc and Cr. However, there is an abrupt break
in the n”~N-N (1.166 A) and AHisom (—12.9 kcal mol ") trends for the Y-shaped >[Mn]-
N, complexes (figure 1). This anomalous behavior may reflect deficiencies of B3LYP,
which may also be reflected in poor agreement between the N, bond length in the less
stable °[Mn]-(k'-N,) isomer (1.112 A) and that in the lone terminal Mn—-N, complex in
the CSD, MnH(N,)(dmpe), (1.127(7) A) [14].
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Figure 2. Geometries of end-on (') and side-on () 3[Sc}-Ns (top), “[Ti]-N, (middle), and *[Mn}-N,
complexes (bottom). N, bond lengths (bold) in A and bond angles in degrees.

For Fe-N, complexes, side-bound *[Fe]-(>-N,) is Y-shaped with an N, bond length
of 1.155A. Within the more stable T-shaped (AHjsom =2.4kcalmol™'; Tee angle:
165.70°; section 2.1) *[Fe]~(x'-N,) complex, the N-N distance of 1.1 18 A is consistent
with that of the 27 terminal Fe—N, complexes in the CSD (1.111 £0.023 A). Like the Fe
complexes, the more stable end-on *[Col~(k'-N5) is T-shaped (AHsom = 9.4 kcal mol ~';
N-N: 1.114 A) whereas the side-on *[Co]-(7>~N>) is Y-shaped (N-N: 1.140 A). The N—
N distance in the former complex (1.114 1&) lies slightly higher than the average of those
in the eight terminal Co—N, complexes in the CSD (1.100 +0.012 A).
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As with the Ti-N, complexes, the *[Ni]-(x'-N5) and *[Ni]-(7>~N,) complexes are

T-shaped (Tee angles 161.91° and 155.35°, respectively) with a shorter N, bond length
in the more stable «' isomer (N-N: 1.108 A AH,som = 10.6 kcalmol™") than in the side-
bound isomer (N-N: 1.127 A). The N-N distance in *[Ni]-(x'-N,) is in excellent
agreement with that in the terminal Ni-N, complex (dtbpe)Ni(N>)(PPhs) (N-N:
1.112(2) A; dtbpe = P("Bu),CH,CH,P(‘Bu),) [15]. Finally, the two '[Cu]-N, complexes
are Y-shaped, where the «'-N, isomer is thermodynamically favored
(AH;som = 7.4 kcalmol™"). For each isomer, the N-N distances in the Cu complexes
(1.106A (k'-N,) and 1.124 A (7”-N>)) are the shortest among their respective first row
TM counterparts (figure 1). Like Sc, no terminal Cu—N, complexes have been reported
experimentally.

From Mn-Cu, the n°~N-N distances decrease monotonically from 1.166 to 1.124A
with concomitant increase in AHi,, (although a slight decrease from Ni
(10.6kcalmol™") to Cu (7.4kcalmol™") was calculated). Although the n°~N, isomer
is most stable for [Mn], the remaining late 3-D systems (Fe—Cu) show a thermodynamic
preference for the «'-N, isomer, whose N, bond lengths display relatively little
sensitivity to TM (1.118-1.106 A). Thus, from the data presented graphically in figure 1,
earlier [M]-N> complexes, with either k'— or 1°~N, isomers, exhibit greater N activation
than later systems within the two 3-D sets (Sc—Cr and Mn—Cu) partitioned by the “‘jump’
between Cr and Mn. Furthermore, the nz—Nz isomer is most stable in the earliest 3-D
[M]-N; complexes (M = Sc, Ti, Mn). Nevertheless, given the paucity of monometallic
[M]-("—N,) complexes in the CSD, the foregoing analysis must be expanded to
bimetallic systems for which bona fide examples of 7°-N, isomers have been reported.

3. Bimetallic (f-diket)M-NN-M(-diket) complexes

Unlike the monometallic complexes (figure 1), the corresponding trends in N—N bond
lengths and «'/n*~N, isomer stability (AHisom) for bimetallic complexes [M]-NN-[M],
figure 3, are much smoother, almost monotonic, where low-lying excited state x'-N,
bond lengths have been reported for Sc and V in order to give spin-allowed N,
isomerizations (AHisom). For Sc, the n* isomer '[Sc]-(n*~N,)—[Sc] was most stable owing
to thermodynamically favorable isomerization (AHsom = —44.4 kcalmol™") from '[Sc]-
(k"-No)—[Sc]* (AHgp(5/1)=1.9kcalmol™"). There is marked difference in the opti-
mized geometries of the ground-state quintet (°[Sc]-(k'-N5)-[Sc]) and low-lying singlet
excited state ('[Scl-(x'-N>)-[Sc]*), shown in figure 4. The latter complex is highly

pyramidal about each Sc with Sc—N(N,) and N-N 1.851 A and 1.274A, respectively
(figure 4), whereas planar Sc environments and substantially longer Sc—N(N») (2.056 A)
and shorter N—N (1.208 A) distances were found in the former (figure 4). However, the
ground state '[Sc]-(n*~N,)-[Sc] complex features a very long N, bond (1.512A), the
longest among the [M]~(x'-N»)-[M] and [M]—(7>-N,)-[M] 3-D series (figure 3), with
the N-N axis perpendicular to each g-diketiminate Sc plane (figure 4). This N, bond
is 0.05A longer than the 1.46A N-N single bond in the X-ray crystal structure of
hydrazine (H,N-NH,) [16].

As with Sc, the side-bound N, isomer ([Til-(>~N,)-[Ti]) is thermodynamically
preferable (AHigom = —26.4kcalmol™") to the end-on isomer (°[Ti]-(k'-N,)-[Ti]) in the
bimetallic Ti complexes. Other than a T-shaped geometry (Tee angle=148.35°) the
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Figure 3. N, bond lengths (left axis) and isomerization enthalpies (right axis) for bimetallic [M]-N,-[M]
complexes.

Figure 4. Optimized geometries of (a) '[Sc]-(k'-Na)-[Sc]*, (b) ’[Sc]-(k'-N)-[Sc], and (c) '[Sc]-(1*~N2)-[Sc].
Sc—N and N-N bond lengths (bold) in A and all angles in degrees.

structure of the latter complex is similar to that of '[Scl~(x'-N,)[Sc]* (figure 4), with a
1.280 A N-N distance. Nevertheless, the Y-shaped geometry of '[Sc]—(k'~N»)-[Sc]* is
reproduced in the low-lying (AHisom = 1.0kcalmol™") septet "[Ti}~(x'-N,)-[Ti]* struc-
ture, with a shorter N-N bond length (1.195 A). In fact, repeating the optimizations of



Downloaded by [Renmin University of China] at 10:26 13 October 2013

Dinitrogen activation 3129

these two end-on complexes with the more accurate [17] B1B95 functional [18] reversed
the order of these spin states, yielding a ground-state «' septet (N-N: 1.190 A) structure
lying only 0.16 kcal mol ™" below the triplet. Consequently, we believe that the spin states
in the x'-N, complexes are improperly ordered at the B3LYP/6-311 + G(d) level of
theory, glVlng rise to the slight increase in N, bond length from '[Sc]+(k'—N,)-[Sc]*
(1.274 A) to “[Til-(x'-N,)-Ti] (1. 280 A; figure 4).

A search of the CSD [14] returned 23 structures bearing «'~Ti—N,—Ti motifs with an
average N, bond length of 1.208 +0.054 A. Although this experimental average is in
closer agreement with the BIB95 value for '[Til-(x'-N5)-[Ti] (N-N: 1.190 A), three of
the CSD structures exhibited N, bond lengths in excess of the B3LYP value (1.280 A).
In contrast, the calculated N, bond lengths in [Til-(>~N,)-[Ti] (1.410 (B1B95) and
1.432 (B3LYP) A, respectively) significantly overestimate the two CSD values for n°—
Ti—N,—Ti motifs (1.380 A and 1.216 A), and are in fact closer to the average for the 14
CSD n>~Zr-N,-Zr structures (1.445+0.104 A).

Continuing the trend found in the previous Sc and Ti systems, a low- lying excited

state 7[ VI-(k'-N,)-[V]* complex was found (AH, sap(9/7) = 1.1 kcal mol™ ") above the
[V] (! sz) [V] ground state. The structure of the latter complex is similar to that of
J[Scl-(x'-N»)-[Sc] (figure 4), albeit with a shorter N-N distance (1.183 A), whereas the
former complex features T-shaped, slightly pyramidal V environments (figure 5a) and a
slightly more activated N5 unit (1.195 1&) over that in the ground state. In either case,
both bond lengths are much shorter than the average for the 12 CSD «'-V-N,-V
complexes (1.243:&0.016/&). The side-on complex ("[V]-(7>~N,)-[V]) is again more
stable (AHisom = —15.9 kcalmol "), with a structure similar to those of the end-on Sc
and Ti complexes and a 1.256 A N, bond length. Although N, is not cleaved in this
complex as was found experimentally for [V(N{N"},)Cl], ([((N{N"},]=[(Me3Si)N-
{CH,CH,N(SiMe3)},]) upon reducing with KCg and N, to give the bridged nitrido
complex [V(N{N"},)(u—N)], (N-N: 2.50(2) A) [19], the N-N bond length is in excellent
agreement with that of the N=N double bond (1.252 A) in the X-ray structure of
diazene [20], which implies that [V]I-NN—{V] complexes reduce N, to a double bond.

Nonet ground states were found for both Cr isomers (°[Cr]-(k'-N,)-[Cr] and °[Cr]-
(7"~N,)-[Cr]), with the side-bound N, complex again most stable
(AHsom = —14.6 kcal mol_l). Unlike the earlier bimetallic x'-N, complexes, in which
both B-diketiminate rings are mutually perpendicular (¢f. figures 4 and 5), the rings in
%[Crl-(k'-N,)-[Cr] are coplanar (figure 5b), where the N, bond length (1.191 A) is
within one standard deviation of the three CSD values for «'-Cr-N,~Cr complexes
(1.177 £ 0.066 A). The two p-diketiminate rings are also planar in [Cr-(n*~N,)-[Cr]
(figure 5¢), in which the N-N bond length of 1.237 A is in excellent agreement with the
single CSD value (1.249 A) for n°~Cr—N,—Cr complexes. This is unsurprising, given that
the system in question ([{N(2,6-di-isopropyl-phenyl)C(CH3)},CHCr]x(«-N»)) [21] is
merely a bulkier analog of the p-diketiminate complexes considered in this study.
However, Monillas [21] measured an effective magnetic moment per of 3.9 up per Cr
center, consistent with a septet ground state (S=3) as opposed to the calculated nonet
ground state for the n* model system.

Both [Mn]-NN-[Mn] isomers are nonets (*[Mn]—(k'-N,)-[Mn] and ’[Mn}~(n*~N,)—
[Mn]). In contrast to earlier metals, the most stable isomer is now the former end-on
complex (AHisom=7.4kcalmol™"). This behavior is in contrast to the monometallic
analogs (figures 1 and 3), for which a “dip” in AHs,, was found. Along with a 1.302 A
N-N bond length, the geometry of the less stable °[Mn]-(7”-N,)-[Mn] complex
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(d)

Figure 5. Optimized geometries of (a) "[VI-(k'-N2)-[V]", (b) *[C1]-(k'-N»)-[Ct], (c) *[C1]-(*~N)-[Cr], and
(d) ’IMn]~(~N»)-[Mn]. Bond lengths (bold) in A and all angles in degrees.

(figure 5d) features an interesting “‘butterfly”” motif, where the angle between the two
Mn—N> planes (““butterfly angle”; ¢f. figure 5) is 130.3° and gives rise to a “’kink” in the
graph of 7°-N, bond length versus transition metal (figure 3). The N-N bond length in
the «'-N, isomer (1.197 A) is in good agreement with that in the end-bound
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(INoP,]Mn),>(u—N,) complex [22] (N-N: 1.208 A; [N,P,] = ‘BuNSiMe,N(CH,CH,
P'Pr,),), the only crystallographically characterized Mn—dinitrogen complex to date.

Thus far (M: Sc—Mn), the N, activation trends in bimetallic [M]-NN-[M] complexes
mirror those for their monometallic counterparts ([M]-N,, figure 1), whereby weaker N—N
bonds are calculated for earlier transition metal systems. However, previous experimental
work in conjunction with theoretical calculations from our group has shown the ability
to weaken N, to be correlated with occupation of high-energy d-orbitals which in turn
donate electrons to N—-N 7* orbitals [23-25]. It is therefore natural to determine the
extent to which this weakening ability can curtail the trend of decreasing N, activation
from Sc—Mn in the Fe—Cu transition metal analogs, whose corresponding d-orbitals lie
lower in energy.

A septet ('[Fel-(k'-N,){[Fe]) and quintet (’[Col~(x'-N>)-[Co]) ground state was
found for the optimized geometries of the Fe and Co complexes, respectively, figure 6
[24] Relevant bond lengths of selected species are shown in table 1. The optimized
"[Fe]~(x'-N,)-[Fe] structure displays a Y-shaped geometry (local C,, symmetry) about
each Fe as well as Fe-N (1.771 A expt.; 1.801 A calcd) and N-N (1. 189 A expt.; 1.181 A
calcd) bond lengths, in good agreement with the previously determined
L®"FeNNFeL® X-ray crystal structure [25]. Surprisingly, even though the triplet
3[Col~(k'-N,)-[Co] was calculated to lie 10.5kcal mol~' above the corresponding
ground state quintet, the triplet geometry most closely conforms to that of the X-ray
crystal structure. Most significantly, the geometry about the Co center is distorted
toward a T-shape (“Tee-angle™: 162.0(2)° expt.; 164.24° ave. calcd) and the Co-N
(1. 840 A expt.; 1. 827 A ave. caled) and N-N (1 139 A expt 1.131A calcd) bond lengths
are in good agreement. By contrast, the °[Co]~(x'-N,)-[Co] structure exhibits a
Y-shaped geometry (local C», symmetry) about each Co and the pertinent bond lengths
(Co—N: 1.786 A; N-N: 1.169 A) show greater disparity with respect to those of the
crystal structure. Additionally, NMR experiments [24] suggest an effectively C,,
structure in solution, implying that the Y and T isomers are close in energy.

The remaining bimetallic 3-D [M]-(x'-N,)-[M] complexes are those of Ni and Cu.
Geometry optimizations yielded a triplet *[Ni]—(x'~N,)-[Ni] and singlet '[Cu]-(x'-N,)-
[Cu] ground state for the Ni and Cu species, respectively, figure 6. Subsequently, the
corresponding side-on [M]~(7"-N,)-[M] models were optimized, giving the same
ground state in both isomers (‘[Fe]-(7”-N,)-[Fe], °[Col-(n*~N,)-[Co], *[Nil-(n*~N,)-
[Ni], and '[Cu]~(7>~N,)-[Cu]). The side-on isomers for Fe-Ni are shown in figure 6 with
calculated N—-N bond lengths and AHj,,,, values given in table 1.

The '[Fe]-(7>-N,)-[Fe] side-on N, complex (figure 6a) is entirely planar with
approximate Doy, symmetry and a calculated N-N bond length of 1.232 A (elongated by
0.051 A and 0.136 A with respect to the end-on isomer and free N, respectively), a value
similar to that in the early °[Cr]-(7>~N,)-[Cr] complex (1.237 A) Despite this
encouraging result, the complex also bears a relatively high isomerization enthalpy
(19.1 kcal mol ). The structure of >[Col-(>~N,)-[Co] (figure 6b), by contrast, shows a
“butterfly” motif with a 113.82° butterfly angle, in addition to mutually perpendicular
p-diketiminate planes. Although the N-N bond length of 1.213A is slightly smaller
than that in the side-bound Fe complex, it is less elongated by 0.044 A with respect to
the end-on isomer, which may explain in part the lower isomerization enthalpy of
11.1 kcal mol .

The optimized side-on geometry of the °[Ni]-(n”~N,)-[Ni] complex (figure 6¢) is
remarkable. Not only does the complex have a butterfly angle of 119.78° for its central



Downloaded by [Renmin University of China] at 10:26 13 October 2013

3132

Figure 6. Optimized geometries of (a) "[Fe]~(n”-Ny)—[Fe], (b) *[Col~(n>-N»)-[Co], (c) *[Nil-(n*~Ny)—[Ni],
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Table 1. Effect of late transition metal (M=Fe-Cu) on N-N bond length and AH,,, in optimized [M]-
NN-{M] complexes (figure 6).*

K]*Nz 1’)2*N2
N-N A(N-N)P N-N A(N-N)P AHE, .
"LFeNNFeL 1.181 0.085 1.232 0.136 19.1
*LCoNNCoL 1.169 0.073 1.213 0.117 11.1
SLNiNNNiL 1.124 0.028 1.175 0.079 18.6
'LCuNNCuL 1.119 0.023 1.167 0.071 133

“Bond lengths in A and enthalpies in kcalmol ™. )
®Difference in calculated N, bond length in complex and free N (1.096 A).
¢ AHigom: &' =Ny — ° —Na.

Ni>N, motif similar to that of Co,N,, it also exhibits approximate C, symmetry about
an axis passing through the center of the bound N, molecule and lying in a plane
bisecting the butterfly angle. The N-N bond length of 1.124 A in the end-on Ni isomer
becomes elongated by 0.051 A to 1.175A in the side-on isomer with an isomerization
enthalpy of 18.6kcal mol '. The end-on isomer is most directly comparable to the
structure reported by Pfirrmann and coworkers [26]. To wit, agreement between theory
and experiment [26] was excellent, not only in terms of the bond lengths of the NINNNi
core (NiN ~ 1.828 A (calcd), 1.830 and 1.835A (expt.); NN~ 1.124 A (caled), 1.121 A
(expt.)), but in reproducing more subtle aspects such as the T-shaped distortion at the
nickel (Nggix—Ni—-N ~160° (154°, expt.) and 104° (108°, expt.)). The present (B3LYP/
6-311+) calculations concur with the DFT calculations reported by these same
researchers (B3LYP/6-31G*) and Evans method magnetic susceptibility
experiments [26].

Lastly, the optimized side-on '[Cu]-(7>~N,)-[Cu] complex (figure 6d) displays
approximate C,, symmetry, where the butterfly angle is 106.16° and each plane of the
central Cu,N, unit is coplanar with its respective g-diketiminate plane. The N-N bond
lengths in the Cu end-on (1.119 A) and side-on (1.167 A) isomers are similar to those of
the corresponding Ni complexes, even though the isomerization enthalpy of 13.3 kcal
mol~! is smaller by 5.3 kcal mol™".

In terms of N, activation, late transition metal [M]-NN-[M] complexes can be
divided into two groups, irrespective of isomer: (i) Fe and Co complexes that have large
and mutually similar N-N bond lengths that show a marked decrease on moving to (ii)
Ni and Cu complexes. As the similar N, bond lengths of the end-on isomers in group (i)
were accounted for in reference [24], it seems likely that an electronic explanation
underlies the similarities in group (ii) for the corresponding end-on isomers. On the
other hand, even though the N—N bond lengths in the side-on N, complexes follow the
same trend, an electronic structure-based explanation is more elusive in light of their
geometric disparity (c¢f. figure 6).

In considering monometallic [M]-N, and bimetallic [M]-N,—[M] complexes, N, is
more activated in the latter (cf. figures 1 and 3) for the entire 3-D series (Sc—Cu), a result
that demonstrates the concerted nature of transition metals in weakening No.
Additionally, the n>~N, isomers display greater N, activation than «'-N, for each
complex, supporting the MacLachlan—Fryzuk hypothesis [10]. Comparing early and
late TM complexes, the more activated r)z—Nz mode in bimetallic complexes is
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thermodynamically stable for early metals (Sc—Cr; figure 3), whereas late transition
metal systems (Fe-Cu) exhibit greater stability in their less-activated «'-N, isomers.
Finally, while the trend of greater activation with earlier monometallic TM complexes is
valid only in two subsets of the 3-D series (Sc—Cr and Mn—Cu; figure 1) owing to the
anomalous behavior of Mn, bimetallics exhibit this behavior on the entire set, with the
exception of a small “spike” for *[Mn]~(>~N,)-[Mn] (blue line in figure 3).

4. Conclusion

Several avenues in the ongoing computational study of first row transition metal
dinitrogen complexes have been discussed. The n°>~N, isomers in p-diketiminate
supported transition metal complexes are calculated to be more activated but less stable
than their x'~N, counterparts for late transition metals, whereas the n”~N, mode was
most stable for the earliest systems (figure 1). Furthermore, among the monometallic
complexes, analysis of A(N—-N) reveals that upon complexation of free N, side-bound
N, is 0.018-0.054 A longer than analogous end-bound N,. These observations support
the MacLachlan-Fryzuk hypothesis [10]. Moreover, the trends discussed here mimic
and extend the prescient remarks by Himmel and Reiher [27] for N, interaction with
bare 3-D metal atoms, reasonably implying that the metal plays the dominant role in
the activation of dinitrogen with a subordinate role from the ligand, as we implied in
our previous research. Although the same isomeric preferences across the 3-D series
were calculated for bimetallic N, complexes (figure 3) as for monometallic complexes,
the N-N bond lengths and hence N, activation, this study demonstrates that a useful
starting point for activated dinitrogen complexes in furtherance of reactivity studies is
the choice of bimetallic supporting ligands, which unlike monometallic ligands allow
both metals to activate N, in a concerted fashion. For 3-D metals, the N, activation
trends in bimetallic [M]-NN-[M] complexes more or less mirror those for their
monometallic counterparts ([M]-N,; figure 1). The manganese complexes are a
noticeable but interesting exception to the foregoing characterization, and thus warrant
closer experimental and computational scrutiny.

4.1. Computational methods

All calculations were performed upon neutral species using the Gaussian 09 suite of
programs [28] with (unless noted otherwise) the B3LYP hybrid density functional
methods [29]. The B3LYP/6-3114+G(d) level of theory was used for all calculations
reported herein except where noted. Optimized geometries and transition states were
confirmed by the presence of zero and one imaginary frequencies, respectively, in the
calculated energy Hessian. Thermochemistry was determined at 298.15K and 1atm
using unscaled B3LYP/6-3114+G(d) vibrational frequencies. Ground state spin multi-
plicities for each species are indicated in superscript (e.g., “*[Sc]-N,” for triplet [Sc]-N,)
and excited states with an asterisk (e.g., ““[Ti]-(7>~N,)*” for excited-state quartet
[Ti-("N>)).
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