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ABSTRACT: Reaction of a tris(f-diketimine) cyclo-
phane, H;L, with benzyl potassium followed by [Cu-
(OTf)],(C4Hg) affords a tricopper(I) complex containing
a bridging dinitrogen ligand. rRaman (vy_y = 1952 cm™")
and "N NMR (6 = 303.8 ppm) spectroscopy confirm the
presence of the dinitrogen ligand. DFT calculations and
QTAIM analysis indicate minimal metal-dinitrogen back-
bonding with only one molecular orbital of significant
N2(2pz*) and Cu(3dr)/Cu(3do) character (13.6% N,
70.9% Cu). V?p values for the Cu—N, bond critical points
are analogous to those for polar closed-shell/closed-shell
interactions.

he chemistry of dinitrogen—transition metal complexes has

remained an active research focus since the discovery of the
pentaamine(dinitrogen)ruthenium(II) complex by Allen and
Senoff.' Since this seminal work, a number of transition metal—
dinitrogen complexes have been reported, which typically feature
low-valent low-spin metal centers.” From a survey of all
crystallographically characterized compounds, it is immediately
apparent however that N, adducts of group 11 metals are
exceedingly rare, with the N,-bridged hexagold cluster as the only
reported molecular system.> For copper(I), computational
studies support weak metal-to-ligand 7-bonding between the
metal and #n*-alkynes and that the coordination bond is
dominated by electrostatics and o-donation from the alkyne 7-
bond to metal ion.* Substitution of the ancillary ligands for j-
diketiminate (nacnac) or acetylacetonate dramatically enhances
the 7-backbonding to the bound alkyne; however, copper(I) still
remains one of the weakest z-donating metals.” Cu'—N, adducts
of the type X—Cu—N, (X = Br, F) have been observed by
vibrational or NMR spectroscopy in argon matrix and gas-phase
experiments, and a transient [(bpy)Cu(N,)]* was generated in
electrospray mass spectrometry experiments.” Examples of
(dinitrogen)copper(I) species in the solid state are limited to
the activated copper-doped zeolites mordenite and ZSM-5 (Cu-
ZSM-5) dosed with N,.” In particular, dinitrogen binding to the
copper centers in Cu-ZSM-$ has been used to probe the nature
of the active sites responsible for O atom transfer from either
N, O, or O, to hydrocarbon substrates such as methane.® In all
prior reports, a minimal shift was observed for the energy of the
N, vibration relative to free N,, supporting minimal 7-
backbonding from the cuprous ion(s) to the coordinated
dinitrogen as predicted by DFT calculations.”
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Our general strategy toward studying polynuclear complexes
employs the central cavity of polynuclear cyclophane and
cryptand complexes as synthetic active sites for the selective
binding of small molecule substrates, which subsequently turn-
on metal-ion cooperativity.'® Recently, we reported the synthesis
and solution-phase characterization of a tricopper(I) cyclophane
complex, which we speculated contained three nominally two-
coordinate copper(I) centers.'’ Two-coordinate (f-diketi-
minato)copper(I) complexes are unprecedented and appeared
unlikely because of the enforced bent geometry for the
copper(I)—ligand ineractions. In the absence of a crystal
structure, however, we could not construct an alternate model
in which a third ligand coordinated to each copper center and yet
agree with both the observed three-fold symmetry in NMR
spectra and the absence of appreciable halide ions in the
elemental analysis results. To our surprise, we report here that
this complex contains dinitrogen within the internal cavity of the
complex and coordinated to all three copper(I) centers. This
compound is the first example of N, coordinated to copper(I)
centers in a molecular system in either solution or solid state.

Previously, reaction of copper(I) chloride with the potassium
salt of a tris(f-diketimine) cyclophane resulted in incorporation
of a chloride ligand within the central cavity."' We previously
established that a bromide anion can be accommodated within
the internal cavity for the triiron(II) and trimanganese(II)
complexes of this ligand. 106 [Cu(OTf)],(CcHg) was used
therefore as our metal-ion source to exclude the possibility of
any halide donors in the isolated product. Use of this reagent
afforded a product that was indistinguishable to the previously
reported “CuzL” by NMR spectra with albeit improved yield
(83%, Scheme 1). Slow evaporation of a THF solution of the
product complex afforded dark red crystals suitable for single-
crystal X-ray diffraction studies.

In the structure of Cus(N,)L, each copper(I) center is held
within an N,N-chelate of a diketiminate arm, and the metal
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coordination spheres are completed by the guest N,, with
disorder for both the copper ions and the dinitrogen ligand
(Figure 1). For the copper(I) centers, the primary difference is a

Figure 1. Crystal structure of Cu;(N,)L depicting the higher (left) and
lower (right) occupancy positions of the Cu' centers and N7.
Occupancy factors for Cu and N atoms sum to 1 and those for Cul,
Cu2, Cu3, and N7 are 0.87, 0.63, 0.75, and 0.75, respectively. C, N, and
Cu depicted as gray, blue, and green 80% probability ellipsoids (left) and
Cu as spheres (right). H atoms and solvent molecules are omitted.

minor change in the placement of the metal ion relative to the
NCCCN plane of the ligand arm to which it is coordinated. In
contrast, the disorder in N7 results in two structures in which the
N, coordination mode is best described p-n':n*n" (75%, Figure
1, left) and pu-n'n'n' (25%, Figure 1, right). Consequently, the
Cu—N, bond distances vary slightly with Cul/Cul’ and Cu3/
Cu3’ distances between 1.9079(2)—1.8858(1) A and
1.7772(2)—1.8398(2) A, respectively. Accounting for the
disorder in Cu2, the Cu2/Cu2’ and N8 distances vary between
2.2095(2) and 2.0278(2) A and from 2.0848(2) to 2.7105(2) A
for Cu2/Cu2’ and N7. The N—N bond distances are 1.0956(1)
and 1.0854(1) A for the higher and lower occupancy positions of
N7, respectively, which are shorter than that for free N, and
might arise from the observed disorder.'” Such disorders seem
reasonable given that all three ligand arms are equivalent on the
NMR time scale and at room temperature. The only other
reported clusters containing a y-17":17*:57"-dinitrogen ligand are
the cyclopentadienyl trititanium species, and the side-on metal—
N, bonds are significantly longer for our copper compound,
which agrees with less activation of the N, ligand by copper()."?
The Cu—N (where N denotes the ligand N atoms) bond
lengths (1.8805(1), 1.9278(2) A) are significantly shorter
relative to all other reported copper(I)-nacnac compounds, but
similar to those reported for two-coordinate cuprous ions with
two N atom donors."*

Resonance Raman spectra (excited at 488 nm) were collected
on saturated toluene solutions of Cu;(N,)L containing either
"N, or °Nj as the atmosphere (Figure 2). We observe a peak at
1952 cm™ in spectra of the '*N, sample, which shifts to 1892
cm ™" for a sample degassed and refilled with °N,. The energy for
this ©(N,) mode is significantly lower than those for Cu(N,)-
ZSM-5 (2295, 2207 cm™!).”%'S The greater extent of -
backbonding for Cus(N,)L as compared to Cu(N,)-ZSM-S
parallels the stronger z-interactions reported for (f-diketi-
minato)copper(I) complexes of olefins and alkynes as compared
to other ligand systems.” A very weak absorption is observed in
infrared spectrum collected on a solid sample of Cuy(N,)L at
~1968 cm™" (Figure S1). A similarly weak IR absorption is also
observed in a solution sample of Cuy(*N,)L; however, the
expected absorption in the "N, solution sample is not clearly
resolved from other weak vibrations in the sample. Satisfyingly,
SN NMR spectra collected on samples of Cu;(**N,)L support
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Figure 2. rRaman spectra (A, =488 nm) of saturated toluene solutions
of Cuy(N,)L prepared under an **N, (red) or "N, (black) atmosphere.

the rRaman and X-ray data with a resonance at 303.8 ppm, which
is assigned to "*N, bound within the complex (Figure 3, left).
This signal is retained after degassing the sample (Figure 3,
right).
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Figure 3. "N NMR spectra of Cuy(**N,)L in dg-toluene before (left)

and after degassing (right) referenced to NH;). Resonance at 309.9
ppm corresponds to free °N,.

Although examples for which the N—N vibrational frequency
is significantly lower than expected for a minimally activated N,
ligand are reported,'® the ~400 cm ™! decrease relative to free N,
observed here prompted us to perform DFT calculations to
probe the metal—N, interactions. Geometry optimizations on a
truncated model of Cu;(N,)L where the Et substituents were
replaced with Me groups (Cuy(N,)LM) were 1performed using
the BP86 functional (def2-tzvp basis set).'""” The resulting
optimized structure agrees with the crystallographic data, and the
largest differences are the longer calculated Cu—N, (2.231 A for
1%, 1.861 A for n') and N—N (1.125 A) bond lengths. Thus, the
calculated structure supports slightly more covalent Cu(I)—N,
interactions than the crystal structure suggests. Analysis of the
formal Cu(3d) orbitals indicates that this bond activation is due
to Cu(3dr)/Cu(3do) back-bonding into the N,(2pz*) frag-
ment MO (Figure 4, left). This MO is predominantly Cu(3d) in
character, which supports minimal Cu—N, bonding; a Lowdin
population analysis of this orbital yields an N,(2p) composition
of 13.6% and Cu(3d) composition of 70.9%. This orbital is the
only Cu(3d)-based MO with any significant N, character.

Two additional computational models were constructed to
examine how the ligand alkyl substituents affect the Cu(I)—N,
interactions. In the first model, Me groups on the phenyl caps
were replaced with H atoms (Cu;(N,)L”™), and in the second,
both the phenyl and nacnac Me groups were substituted with H
atoms (Cuy(N,)LM). Surprisingly, these minor structural
changes lead to differences in the relative position of the nacnac
arms, which significantly influences N, activation (Figure S2).
These ligand distortions translate into a greater degree of N,
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Figure 4. Top-down view of MO-192 (left) and the molecular graph
following the QTAIM analysis with bond-paths, beps (red spheres), and
contour plot of V% in the Cu;N, plane (right) for Cus(N,)LMe. MO-
192 is 13.6% N,(2p) and 70.9% Cu(3d). VZp = —2.7392 au at the N,
bep, which is slightly lower than that for free N,.

bond activation relative to Cu;(N,)L® as indicated by the longer
N-N bond lengths (1.167 A for Cuy(N,)LP*™, 1.168 A for
Cuy(N,)LH). Expectedly, the calculated N, stretching frequen-
cies decrease across this series from 2094.3 cm™" (Cu,(N,)LM¢),
to 1951.5 cm™ (Cuy(N,)LP™M), and finally to 1937.2 cm™
(Cuy(N,)LH). Similar distortions are observed in the structures
of Fe;Br;L and Mn;Br;L, which suggest that these conformations
may be accessible in solution.'”™ We speculate either that the
DEFT calculations may overestimate the energetic cost of these
ligand distortions as compared to the metal—N, interactions or
that a small energy difference exists between the different ligand
conformations. With respect to the molecular structure, crystal
packing effects may dominate as suggested by the orientation of
two of the Et substituents; 1,3,5-substituted-2,4,6-triethylben-
zene derivatives preferentially adopt alternating up—down
configurations of the six substituents.'” However, a number of
crystal structures are reported, as for Cuy(N,)L, in which this
conformation is not observed. Subtle effects may then dictate the
extent of N, activation, and the solution structure likely adopts
more activated configuration(s) than the solid-state one.

The extent of N, activation in these three model systems was
determined using a quantum theory of atoms in molecules
(QTAIM) analysis."®"” To obtain an accurate wave function for
the QTAIM analysis, we utilized the Sapporo segmented
Gaussian all electron basis set. This necessitated the use of a
truncated optimization of only the H atoms.'"® The QTAIM
analysis supports minimal bond activation for Cuy(N,)LM® with
V?p = —2.7392 au at the N, bond critical point (bcp; Figure 4).
This value is more comparable to that calculated for N, (—2.9674
au) than N,H, (—1.4642 au) at the same level of theory.
Consistent with the geometry optimization and frequency
calculations above, the values of V?p at the N, bcps are
significantly reduced for Cus(N,)L*™ (-2.1744 au) and
Cu,y(N,)LH (—1.8009 au) as compared to Cuy(N,)LM® and
reflect the greater activation of the N—N bond. Despite these
calculated differences for V2p at the N, bcps, the values of VZp
were ~0.3 and ~0.5 at the Cu-('-N,) and Cu-(7*N,) bcps,
respectively, for all three models and are indicative of closed-
shell/closed-shell interactions. We also computationally probed
the role, if any, of dinitrogen—benzene interactions on the bond
activation and vibrational frequency of the N, ligand using the
benzene—N,—benzene sandwich fragment from the complex.
Restraining the phenyl rings at the distance found in Cuy(N,)
LM the N, molecule was minimized at the mPW2PLYP/def2-
tzvp level. This double-hybrid functional was chosen as it yields
more accurate results for weak interactions than pure and hybrid
density functional with the empirical dispersive correction. The
m—N, interactions result in a minimal perturbation to the N,
molecule relative to free N, as evidenced by the bond length

(1.104 A), vibrational energy (2321.7 cm™'), and V?p value
(—2.9335 au) at the N—N bcp, which agrees with previous
reports.20

The apparent activation of the N, ligand based on the rRaman
data versus the fluxionality observed in NMR spectra raises
concerns over the extent of covalency between the metal centers
and N,. Comparison of our data to that for nickel-dinitrogen
compounds provides some insight. For the Ni"—N, species,
short N—N bond distances are observed, which correlate with
stretching frequencies (2281—2156 cm™") that are moderately
shifted from free N, and consistent with predominantly o-
interactions and minimal 77-back-donation.* The short Cu—(-
N) distances for Cul and Cu3 are similar to those for these
nickel-dinitrogen adducts with those for Cul bein% analogous to
those for nickel(II) (1.905(2) and 1.891(2) A).*" In contrast,
the Cu—N, distances for Cu3 are significantly shorter and similar
to those for more reduced nickel compounds, possibly suggesting
greater covalency.”” Weak interactions are also reported for
mono- and dinuclear nickel(I) and nickel(0) complexes as
indicated by N—N bond lengths and the stretching frequency for
these compounds. Particularly poignant is the comparison of the
series of related nacnac ligated p-1,2-dinitrogen dimetallic
complexes (Table S$1).* From the observed trend of Fe! to
Ni', the N—N bond distance and vibrational frequency for
Cuy(N,)L are anticipated to demonstrate no N, activation,
which is contrary to our result. In the zerovalent series, however,
the coordination of the alkali cation(s) to the N, donor aids
charge transfer from the metals to dinitrogen.mc’24 For the
dinickel(I) compound, reduction results in a large decrease in the
vibrational energy (299 cm™ for the dinickel(I/0) and 428 cm™
for the dinickel(0) species), although the N—N bond distance
increases by <0.1 A for the two-electron reduction. The third
copper(I) center in Cus(N,)L may function similarly to the alkali
cation(s), leading to the relatively low N—N stretching frequency
while not facilitating the extent of charge transfer observed in the
zerovalent compounds. Finally, the N, binding modes in
Cu;(N,)L are reminiscent of the calculated intermediates for
dinitrogen reduction by an iron(I) diketiminate complex.*® The
structure of the tricopper(I)—N, adduct provides support for a
(u-n":1*:n"-dinitrogen )triiron(I) cluster as a plausible early
intermediate during N, reduction.

In conclusion, Cuy(N,)L represents a unique example of N,
coordinated to copper(I) and provides the first insight into
avenues toward designing discrete copper complexes for the
selective binding and activation of dinitrogen.
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