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Beryllium Atom Mediated Dinitrogen Activation via Coupling with

Carbon Monoxide

Guohai Deng”, Sudip Pan', Guanjun Wang, Lili Zhao, Mingfei Zhou,* and Gernot Frenking*

Abstract: The reactions of laser-ablated beryllium atoms with
dinitrogen and carbon monoxide mixtures form the end-on
bonded NNBeCO and side-on bonded (1’-N,)BeCO isomers
in solid argon, which are predicted by quantum chemical
calculations to be almost isoenergetic. The end-on bonded
complex has a triplet ground state while the side-on bonded
isomer has a singlet electronic ground state. The complexes
rearrange to the energetically lowest lying NBeNCO isomer
upon visible light excitation, which is characterized to be an
isocyanate complex of a nitrene derivative with a triplet
electronic ground state. A bonding analysis using a charge- and
energy decomposition procedure reveals that the electronic
reference state of Be in the NNBeCO isomers has an 2s°2p’
excited configuration and that the metal-ligand bonds can be
described in terms of N,—Be—CO o donation and concom-
itant N,«—Be—CO s backdonation. The results demonstrate
that the activation of N, with the N—N bond being completely
cleaved can be achieved via coupling with carbon monoxide
mediated by a main group atom.

Dinitrogen is the most abundant but highly inert molecule
in Earth’s atmosphere. Its activation and functionalization to
valuable nitrogen-containing compounds are highly desirable
but very challenging. Both the industrial Haber-Bosch process
and natural nitrogenase enzymes use transition metal centers
to catalyze the dinitrogen transformation processes.""? Coor-
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dination of dinitrogen to the transition metal centers is
proposed to be the initial step of the complex sequential
chemical activation of dinitrogen.”! Transition metals weaken
the strong triple bond of dinitrogen via synergistically accept-
ing electron density from N, (o donation) and back donating
electrons from their d orbitals into the antibonding 7 orbitals
of N, (mt back donation), which are crucial for further N—N
bond cleavage or functionalization with the formation of
chemical bonds such as N-H or N-C.F! A number of
transition metal as well as lanthanide and actinide metal
complexes have been found with N, ligands in various
coordination modes that can facilitate catalytic or stoichio-
metric transformations of the N, unit.””!

In contrast to transition metals with valence d orbitals,
main group elements are reluctant to form stable complexes
due to the lack of empty o symmetry and filled @ symmetry
orbitals for bonding with dinitrogen. Accordingly, very few
dinitrogen complexes of main group elements have been
reported, most of which are not stable at ambient conditions
and can only be detected in low-temperature noble gas
matrices or in the gas phase.*'¥ In these complexes, the
dinitrogen ligands are predominately end-on bonded with
limited level of activation due to lack of strong m back
donation, which prevents its propensity to be further func-
tionalized. Only the reactive borylenes were reported to bind
N, to form stable dinitrogen adducts and reductive coupling
of two hypovalent-boron-bound N, units, which can be further
protonated.!'¥! Recently, we found that the alkaline earth
metal beryllium is able to form covalently side-on bonded
dinitrogen complexes with drastically weakened N—-N
bond,!"! thus making it susceptible to dissociation. Here we
report a joint matrix-isolation infrared spectroscopic and
theoretical study on dinitrogen coordination and activation
via coupling with carbon monoxide mediated by beryllium
atoms in forming isocyanate complex with the N-N triple
bond being completely cleaved.

Matrix isolated beryllium containing species were gener-
ated by codeposition of laser ablated beryllium atoms with
CO and N, mixtures in excess argon at 4 K and investigated
using Fourier transformed infrared absorption spectrosco-
py.'¥ Augmented by the isotopic substitution technique,
infrared absorption spectroscopy is a very powerful method
for the structural characterization of new species isolated in
matrices.'”) The experiments were performed using relatively
low laser energy to avoid the formation of multinuclear
species, which were reported previously to be the major
products from the reactions of laser-ablated beryllium atoms
with CO or N, in solid argon employing relatively high laser
energy.®!® Figure 1 shows the spectra in the C-O and N-N
stretching frequency region from an experiment using a 0.5 %
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Figure 1. Infrared spectra in the 2320-1620 cm™' region from co-

deposition of laser-ablated beryllium atoms with 0.5% CO + 0.5% N,
in argon. a) 1 h of sample deposition at 4 K, b) after annealing to 15 K,
and c) after 15 min of visible light (440420 nm) irradiation. A:
NNBeCO; B: (n*N,)BeCO; C: NBeNCO.

N,/0.5% CO/Ar sample (on the basis of volume). In addition
to the beryllium carbonyl absorptions™® (dominated by the
Be(CO), absorptions at 1908.3/1903.5 cm™' for the antisym-
metric CO stretching mode; the antisymmetric Be-C stretch-
ing mode at 1140.8cm™ is not shown in Figure 1; the
tricarbonyl Be(CO), absorption centered at 1939.4 cm™' is
also observed to increase on annealing), three groups of new
product absorptions labeled as A-C in Figurel were
observed after sample deposition at 4 K (Spectrum a).
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These absorptions were only produced in the experiments
when both the N, and CO samples were employed. Homo-
leptic beryllium dinitrogen complexes were barely observ-
ed.®15 Both group A and B absorptions slightly decreased on
sample annealing (Spectrum b). Group B absorptions
decreased, while group A absorptions increased under
617 nm light irradiation. Both were completely destroyed
when the sample was subjected to 15 min of visible light
(440 £20 nm) irradiation (Spectrum c), during which the
group C absorption increased. Several broad bands are
observed to increase on annealing. These bands are weak in
the experiments using low concentration of CO. The broad
band centered at 1860 cm ™! shows similar isotopic shifts as the
1844.5 cm ™! band of species A. It is attributed to a weakly CO
or N, bound complex of A. The broad band centered at
1968 cm™' is mainly a carbonyl stretching mode but shows
small N-15 isotopic shift. It is due to a highly coordinated
complex involving both CO and N, ligands. Experiments were
repeated using the isotopic-labeled mixture samples including
5N,, *CO and C™®O. The infrared spectra in selected regions
with different isotopic-substituted samples are shown in
Figures S1-S4, which allow the unambiguous identification
of these product absorptions through isotopic shifts and
splittings. The band positions of the product species are
summarized in Table 1.

Species A with absorptions at 1844.5 and 1167.9 cm ™' are
assigned to the NNBeCO complex with both the CO and N,
ligands being end-on bonded. The 1844.5cm™! absorption
shifted to 1799.0, 1830.3 and 1831.4 cm ! with the ’N,/CO, N,/
BCO and N,/C"®O samples, respectively, implying that this is
largely a N-N stretching mode. Only the pure isotopic
counterparts were observed in the experiments using the
mixed *CO + "“CO/N,, CO+C"O/N, and "“N,+ "N,/CO

Table 1: Observed infrared absorptions (cm™') of the three BeN,CO isomers in solid argon and computed values at the CCSD(T)-Full/aug-cc-pVTZ

level.
Experimental
12C160/MNZ 'IZC'IGO/]SNZ A(]SN) '\3C160/14N2 A('IZC) 12C180/14N2 A(]SO)
NNBeCO (A) 1844.5 1799.0 —45.5 1830.3 —-14.2 1831.4 -13.1
1167.9 1165.2 -2.7 1167.4 -0.5 1163.6 —43
(n*N,)BeCO (B) 1988.3 1983.9 —4.4 1946.9 —41.4 1951.3 -37.0
1651.1 1603.8 —47.3 1648.8 -23 1647.2 -39
1056.1 1051.6 —4.5 1055.0 1.1 1053.4 —2.7
NBeNCO (C) 2287.5 2274.0 —13.5 2226.3 —61.2 2273.0 —14.5
Calculated
2078.2 (1974.4)1 430!

NNBeCO (A) 1928.3 (1840.4) 4027 1887.5 —40.8 1901.8 —-26.5 1904.2 —24.1
1180.6 (1090.2)% 396! 1178.1 -2.5 1180.4 -0.2 1176.5 —4.1
2047.2 (2017.5) 1716 2044.8 —2.4 2000.7 —46.5 2006.2 —41.0
(n*-N,)BeCO (B) 1681.6 (1656.0)% 965! 1630.2 —51.4 1680.1 -1.5 1678.7 -2.9
1100.0 (1065.3)% 696" 1095.3 —-4.7 1099.5 -0.5 1097.3 -2.7
2370.3 (2311.2)" 1690" 2355.8 —14.5 2306.3 —64.0 2355.2 -15.1

NBeNCO (C) 1594.0 (1560.1)! 74501

1169.1 (1129.2)% 788P!

[a] Corrected by anharmonic contribution calculated at M06-2X-D3/aug-cc-pVTZ. [b] Infrared intensity of the anharmonic vibrations in kmmol™".

© 2020 The Authors. Published by Wiley-VCH GmbH
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samples (Figure S1, spectra b, c, and e), confirming that only
one CO and one N, ligands are involved in this mode. A
quartet at 1844.5, 1824.4, 18223 and 1799.0cm™' with
approximately 1:1:1:1 relative intensities was produced
when a MN,+"“N"N 4PN, (1:2:1)/CO sample was used
(Figure S1, spectrum f). This quartet feature implies that the
two nitrogen atoms are inequivalent. The 1167.9 cm™!
absorption is due to the C-Be-N stretching mode (Figure S3).

Three absorptions were observed for species B, which is
assigned to the (1?-N,)BeCO isomer involving an end-on
bonded carbonyl ligand and a side-on bonded N, ligand. The
1988.3cm™ band shows quite small N isotopic shift
(—44cm™) but quite large ®C (—41.4cm™) and O
(—37.0 cm™") isotopic shifts (Table 1), and thus, is assigned
to the carbonyl stretching vibration. The doublet isotopic
structures in the mixed ?CO + *CO/N, and C!°O + C"®*O/N,
experiments (Figure S1, spectra b and c) confirm that only
one CO fragment is involved in this mode. The 1651.1 cm™!
absorption is mainly a N-N stretching vibration with quite
large N shift (—47.3 cm™") and very small *C (-2.3cm™)
and "®O (—3.9 cm™) shifts (Table 1). The isotopic shifts and
the splittings in the mixed N, 4 "N,/CO and N, + “N"N +
>N,/CO experiments (Figure S2) indicate that this absorption
is mainly originated from a side-on bonded N, ligand with
equivalent nitrogen atoms.

Only one band at 2287.5 cm ™' was observed for species C.
This absorption increased under visible light (440 + 20 nm)
irradiation at the expense of the group A and B absorptions
(Figure SS5), suggesting that absorber C is a third structural
isomer with chemical formula of BeN,CO. The band position
and isotopic shifts (Table 1) are appropriate for an antisym-
metric NCO stretching vibration.'?! The doublet isotopic
structures observed in the mixed 2CO + '*CO/N,, C'°O +
C®O/N,, "N, +PNy/CO as well as N,+ "“N"N+ "N,/CO
experiments (Figure S4) clearly show that only one NCO
subunit is involved in this mode. Accordingly, species C is

(-0.72) 1‘6;)3 (-1.33) Al (-0.61)

(1.60) f
1.486

Erel =0.0
NBeNCO (Capy, °5)
C

o T 1.203

1.168

1132 (9 60) 1‘5{’0 (0.11)  (-0.54)

(0.11) 1.228 (1.15) t
Erel = 54
NNBeCO (Cy, %)
A

1.157

Figure 2. The geometries of different isomers of BeN,CO complex at the CCSD(T)-Full/aug-cc-pVTZ level. Bond
distances are in A and bond angles are in degree. The atomic partial charges calculated by the NBO method are
given in parentheses. The relative energies in kcalmol™ are at the CCSD(T)-Full/aug-cc-pVQZ//CCSD(T)-Full/

aug-cc-pVTZ level.
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attributed to NBeNCO, an isocyanate complex of beryllium
nitride. The band position is about 364 cm ™! blue-shifted from
that of free NCO in solid argon,?" and is slightly higher than
those of the isocyanate species previously reported in solid
noble gas matrices and on metal catalyst surfaces, which were
observed in the range of 2160-2270 cm™! region.'*?"! The
band of NBeNCO is present directly after sample deposition.
It does not increase but slightly sharpens on annealing. The
observation of C directly after sample deposition suggests
that it can be formed during the sample deposition process
initiated by the irradiation from the ablated plume.

We calculated the geometries and vibrational frequencies
of the BeN,CO isomers in the electronic singlet and triplet
states at the CCSD(T)-Full/aug-cc-pVTZ level of theory. The
relative energies of the isomers were computed with larger
basis sets at CCSD(T)-Full/aug-cc-pVQZ using the CCSD-
(T)-Full/aug-cc-pVTZ optimized geometries. Details of the
calculations are given in the Supporting Information. Figure 2
shows the theoretically predicted equilibrium structures A-C
and the calculated bond lengths and bond angles, while the
energetically high-lying isomers D-T are shown in Figure S6.
The global energy minimum is the linear structure NBeNCO
(C) in the triplet (°T) state. The side-on bonded (n?-N,)BeCO
isomer B in the singlet ('A,) state is 4.7 kcalmol ™' higher in
energy than C. The linear species NNBeCO (A) in the
electronic triplet (°X) state is energetically only slightly
(0.7 kcalmol ') higher lying than B, and lies 5.4 kcalmol™!
above the most stable form C. The other isomers D-T are
clearly higher in energy than A-C (Figure S6). The formation
of the energetically closest two isomers, ONBeNC (D) and
ONBeCN (E) in the electronic triplet state (*%), which are 7.8
and 9.5 kcalmol™" higher in energy than C, involves breaking
both the N-N and C—O bonds. The two next higher-lying
isomers NNBeCO (F) in the electronic singlet (') state and
the side-on bonded (>-N,)BeCO (G) in the triplet (*A,) state
lie 11.8 and 13.2 kcalmol ' above C. The isomer OBeCNN
(Q, *2) is 64.4 kcalmol™
higher in energy than C,
which makes it unlikely to
be formed during the
reaction. For the end-on
bonded isomers holds that
the triplet state is always
favored over the singlet
state, whereas for the
side-on bonded species
B exhibit the opposite sta-
bility order.

Table 1 shows the cal-
culated harmonic vibra-
tional frequencies and iso-
topic shifts of the three
energetically lowest lying
isomer A-C. The first
column gives in parenthe-
ses the theoretical values,
which are corrected by
anharmonic contributions
that are calculated at the

1.628
/ 1583 1.150
SN 0.21) |
(1.36) ,_1623 (-0.49)
43.4

Erel =47
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MO06-2X-D3/aug-cc-pVTZ level. Anharmonic vibrational fre-
quencies at CCSD(T)-Full/aug-cc-pVTZ are not available.
The agreement of the calculated anharmonic vibrations and
the isotope shifts with the experimental values is very good.
Somewhat larger deviations are found for the linear structure
A, which may be caused by the very shallow bending
potential. Calculations with smaller basis sets give a bent
equilibrium structure of A. A geometry optimization of A
with an enforced bending angle NN-Be-CO =120° at the
CCSD(T)-Full/aug-cc-pVTZ level gives a structure, which is
only 0.1 kcalmol ™ higher in energy than the linear equilib-
rium form. The very soft bending potential is likely the reason
for the different values for A particularly for the isotope
shifts. The highest lying mode of A and the two lowest lying
frequencies of C shown on Table 1 have a very small IR
intensity, which explains why these signals are not observed in
experiment. The possibility of the existence of two somehow
energetically competitive isomers, D and E, is excluded from
the inspection of the related IR frequencies and isotopic shifts
given in Table S1. The comparison
of calculated vibrational frequencies
and isotope shifts with the experi-
mental results leaves no doubt about
the assignment of the spectra to the
three structures A-C shown in
Figure 2.

Experimentally C is formed
under visible light irradiation of
species A and B. The possible iso-
meric  pathways involve the
sequence A—G—C and B—G—C
where the second pathway requires
a change of the spin state. Figure S7
shows the first pathway where the
step A—G involves an activation
energy barrier of 25.3 kcalmol ' and
the second step G—C requires to
cross a high barrier of 134.5 kcal

SOMO

SOMO
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mol~!. The TDDFT calculation on B at the M06-2X/aug-cc-
pVTZ level shows that the vertical 'A;—>A, transition
requires excitation energy of 17.6 kcalmol' energy (Fig-
ure S8). The vertically excited *A, state would then rearrange
to G, before finally converting into the most stable isomer C.
The simulated UV/vis spectra for A and B are displayed in
Figure S9, which show strong absorption bands at 339 and
318 nm.

We analyzed the electronic structures of A-C with
a variety of methods in order to understand the bonding
situation in the three molecules. Figure 3 shows the shape of
the highest lying occupied MOs, which give a first insight into
the chemical bonds. The degenerate singly occupied MOs
(SOMO) of the triplet species NNBeCO reveals that the
unpaired electrons of A occupy the p(xt) AOs of Be and the
antibonding w* MOs of the N, and CO ligands. The shape of
the HOMO of singlet (n-N,)BeCO shows that a similar
situation is found for the two highest lying bonding electrons
of B. This means that the electronic reference states of Be

HOMO
(n*N)BeCO (‘A)) B

SOMO’

SOMO’

NBeNCO (°%) C
Figure 3. Shape of the energetically highest lying occupied MOs of A-C.

Table 2: EDA-NOCV results of the complexes A and B at the M06-2X/TZ2P//CCSD(T)-Full/aug-cc-pVTZ level taking beryllium atom in the electronic
reference configuration and singlet (S) or triplet (T) electronic state and the ligands in the singlet state as interacting fragments. Energy values are in

kcal mol™".
Energies Orbital interaction A B
[Be] (T, 25°2p?) + [NN--CO] (S) [Be] (S, 25°2p%) + [(*N,)--CO] (5)

AE, -180.3 —200.1
AEp,i 65.6 149.9
AEpetanybrid 16.6 12.0
AE g™ —63.4 (24.2%) —84.3 (23.3%)
AV —~199.1 (75.8%) —277.8 (76.7%)
Aoy [Be(p-)]—[NN--CO] 7t backdonation®? ~111.4 (56.0%)" ~192.8 (69.4%)
AEqu)” [Be(po)]—[NN--COJ (+,~) o donation —47.8 (24.0%) —43.9 (15.8%)
AE )™ [Be(s)]—[NN---CO] (+,+) o donation —~19.9 (10.0%) —17.7 (6.4%)
AE " [Be(p.)]<[(n*N,)--CO] &, donation —9.7 (3.5%)
AE " —20.0 (10.0%) —13.7 (4.9%)
AE, ., (Be) Be(2s%) — Be(*P(25%2p?) 155.4

Be(2s?) — Be('D(25%2p?) 171.7
AE rep (NN---CO) N,/CO — NN---CO 6.0 213

[a] The values in parentheses give the percentage contribution to the total attractive interactions AE.,. + AE,y. [b] The values in parentheses give the
percentage contribution to the total orbital interactions AE,. [c] Two components.

© 2020 The Authors. Published by Wiley-VCH GmbH
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e
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Apay, AE oy = -19.9; [v4| = 0.25

(M*-N,)BeCO (‘A)) B
[Be] (S, 25°2p?)
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—
Apry, ABory=-192.8; [vy| = 1.38 HOMO
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Ap(Z)_ AEm-b(z) = -439, |V2| =0.36
(_
Apg), AEoy = -17.7; [v3| = 0.27 LUMO
e & .
Ap(.r;)A AEorb(4) = -9.7, |V4| 0.26

LUMO+1’

Figure 4. Shape of the deformation densities, Ap;. of A and B corresponding to

AE, 0~ AE,p 4y and the associated fragment orbitals at the M06-2X/TZ2P//CCSD(T)-Full/aug-cc-
pVTZ level. Isosurface values are 0.001 au. The eigenvalues |v,| give the size of the charge
migration in e. The direction of the charge flow of the deformation densities is red —blue.

atom in A and B are the excited *P(2s"2p?) and 'D(2s°2p?)
states, respectively, where the valence electrons are in the 2p
AOs. Table 2 gives the numerical results of the EDA-NOCV
(energy decomposition analysis with natural orbitals for
chemical valence)® calculations using Be atom in the °P
and 'D reference state and the N,-CO ligands as interacting
fragments. The choice of neutral fragments, which are the
final product of the bond cleavage, means that the calculated

Angew. Chem. Int. Ed. 2020, 59, 18201-18207
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interactions include all intra- and inter-
fragment alterations of the electronic
structure. The EDA-NOCV method
has been shown to give deep insight
into the nature of interatomic interac-
tions.?!

[NNCO] (S)

LUMO The data in Table 2 show that the

» orbital mixing AE,, provides three
quarter of the total attraction between

| the fragments whereas electrostatic

interaction contributes only one quar-

LUMO’ ter. The largest stabilization of the
orbital interactions in A and B comes

w 0‘ from the & backdonation of the occu-
pied 2p, AO of Be to the &* MOs of

HOMO the ligands.. The donation ' of the

o donor orbitals due to the in-phase

% (+,+) and out-of-phase (+,—) combi-
u © nation of the ligand orbitals are much

HOMO-1 weaker. There is also a further small

contribution in B from the it , donation
of the ligands into the vacant p, AO of
Be. The pairwise orbital interactions
are nicely visualized and identified
with the help of the associated defor-
mation densities Ap shown in Figure 4.
The shape and the size of the charge
flow, which is given by the eigenvalues
[Va| of Ap,, provide detailed insight
into the change of the electronic struc-
ture of the fragments through the
bonding interactions. The net charge
flow of donation and backdonation
between beryllium and the ligands
given by the four dominant interac-
tions suggests that Be has a positive
partial charge of + 0.59 in A and + 0.46
in B. These positive charges for ber-

[("*-N2)"CO] ()

HOMO

HOMO-4 yllium are much smaller than the
‘ values suggested by the NBO method
‘ given in Figure 2, which are + 1.15 for
-9 A and +1.36 for B. However, the
NBO method does not consider the 2p
AOs of beryllium as valence orbitals

HOMO-1

but rather as so-called Rydberg orbi-
tals, which are differentially weighted
in the NBO algorithm. The NBO
method considers only those AOs as
genuine valence orbitals, which are
occupied in the electronic ground
state of the respective atoms.*! This
has been criticized in the past’®! and it was recently shown to
lead to an unrealistic description of the bonding situation.® Tt
is well known that the electronic reference state of an atom in
a molecule may be an excited state.

The bonding situation in the NNBeCO isomers A and B
can thus be described in terms of o donation of the ligands N,
and CO into the vacant 2s and 2p, AOs of Be in the 2s"2p*
excited configuration N, —Be+«CO and concomitant it back-
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donation of the 2p, electrons of Be into the «* MOs of the
ligands N, «—Be —CO, which provides the largest contribution
to the orbital interactions. Table 2 also shows that the intrinsic
interaction energy AE;,, between the promoted beryllium
atom and the N, and CO ligands with frozen geometries is
nearly 20 kcalmol * larger in isomer B than in A. This is due
to the fact that the electronic and geometric preparation
energies of the fragments in B are much higher than in A.

The shape of the degenerate SOMO of the triplet species
NBeNCO (C) shows that the unpaired electrons are in the
orthogonal bonding & MOs of the NBe moiety, which are
strongly polarized towards the terminal nitrogen atom
(Figure 3). NBeNCO is thus a triplet state nitrene deriva-
tive.””! This finding and the calculated charge distribution
given in Figure 2 suggest that the bonding situation in C is
best discussed using NBe™ cation and NCO~ anion as
interacting fragments. The EDA-NOCYV results for C using
NBe" and NCO™ as fragments give a straightforward picture
of the bonds (Table S2, Supporting Information). Two third of
the bonding comes from the Coulombic attraction and one
third from the orbital (covalent) interaction. The largest
stabilization caused by orbital interactions is due to the m
donation of the degenerate t bonding MOs of the isocyanate
anion NBe"“NCO~ followed by ¢ donation NBe*—NCO™.
Figure S10 of Supporting Information shows the associated
charge flow of the o and m donation and the orbital of the
fragments. As expected, the 7 backdonation NBe*“NCO™ is
rather weak.

In summary, we report the reactions of laser-ablated
beryllium atoms with dinitrogen and carbon monoxide
mixtures forming the end-on bonded NNBeCO A and side-
on bonded (1*-N,)BeCO B isomers in solid argon, which are
predicted by quantum chemical calculations to be almost
isoenergetic. The end-on bonded complex has a triplet ground
state while the side-on bonded isomer has a singlet electronic
ground state. The complexes rearrange to the energetically
lowest lying NBeNCO isomer upon visible light excitation,
which is characterized to be an isocyanate complex of
a nitrene derivative with a triplet electronic ground state. A
bonding analysis using a sophisticated charge- and energy
decomposition procedure reveals that the electronic refer-
ence state of Be in the NNBeCO isomers A and B has an
25"2p* excited configuration and that the metal-ligand bonds
can be described in terms of N,—Be«CO o donation and
concomitant N,«—Be—CO x backdonation.
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