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1 Introduction

Along with carbon, hydrogen and oxygen, nitrogen is one of the main elements found
in organic compounds. Although nitrogen is the most abundant gas in the atmo-
sphere, comprising 78%, it exists in its biologically and chemically most stable dinu-
clear gaseous form, N,, making it hard to manipulate and convert into useful chemi-
cals. Its conversion into a more reactive nitrogen source, ammonia (NH,), by biologi-
cal, enzymatic “nitrogen fixation“ was an essential step in development of life.1:2
Industrially, atmospheric dinitrogen is transformed into ammonia via the so-called
Haber-Bosch-process upon reaction with hydrogen in the presence of iron or ruthe-
nium at high pressures (50-200 atm) and temperatures (700-850 K).34 Nowadays,
millions of tons of NH, are produced of which the major part (approx. 80%) is used for
the production of fertilizers setting the foundation for modern agriculture. The remain-
ing part of the so generated ammonia is used for the production of nitrogen-containing
industrially relevant organic molecules, building blocks and fine chemicals.4®

For both, the industrial and the biological ammonia production, fundamentally differ-
ent pathways are proposed. Enzymatic N, -fixation is supposed to occur via a succes-
sive protonation/reduction route (Scheme 1).2 For this route two possible pathways,
either following a distal or an alternating mechanism, are proposed. While in the dis-
tal mechanism the terminal N-atom is hydrogenated first and released as NH,, in the
alternating mechanism both N-atoms are hydrogenated simultaneously.’

Inspired by this, homogeneous biomimetic catalysts, which are capable for the trans-
formation of N,, into ammonia via successive protonation/reduction at ambient condi-
tions, have been developed.8-10

! diazenido nitrido imido !
. H\N/H ,H .
1 - + N N + 1
distal | Al || HI€p g Hiley g _HT/e
. 'il NH3 M M .
I M ; d
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I N M - NH3;
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1Y/t et ~
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: H . NH . NH |
f + - + + + .
alternating ‘M> Il M» Il M> I —H /el '
: lilH rqu rlng NH;
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Scheme 1: Proposed mechanism of reduction of dinitrogen at the {FeMo}-
nitrogenase.’



In the Haber-Bosch-process dinitrogen is initially cleaved on the catalyst surface into
two surface bound N-atoms followed by successive N-H bond formation (Scheme 2).
At not too low temperatures and under “normal” N,/H, partial pressure ratios the rate
limiting step within this transformation is the cleavage of the NN-bond at the surface

4,11
of the Fe catalyst (N, 4 — 2 N )

Hy==2H_,

N2 = NZ(ad) =2 N(ad)
N(ad) + H(ad) = NH(ad)
NH )+ Hagy == NH, 54,

NH =N

26ad) T Hiaay 3(ad)
H3(ag) = NH;

Scheme 2: Mechanism of ammonia formation via the Haber-Bosch-process.*

Mimicking this mechanism several homogeneous systems capable for full cleavage of
the NN-triple bond under formation of a metal-bound nitride, of which some of them
can be further functionalized to give ammonia, have been developed.12-21
Additionally, full cleavage of N, to give a metal-bound nitride holds the promise of
direct and therefore more atom efficient functionalization of N2 by avoiding full re-
duction to ammonia and subsequent re-oxidation to nitrogen-containing higher value
molecules. 22

For both pathways understanding of Nz-binding to transition metals is essential. This
topic will be covered in chapter 1.1. The functionalization of N,, to give ammonia will
be described in chapter 1.2.1 focusing on the parameters influencing the selectivity
between competing nitrogen- and proton-reduction.

Afterwards the thermal and photolytical splitting of N, and the functionalization of the
so derived metal-bound nitrides, with focus on CN-coupling, will be discussed.

In order to illustrate the origin of a N-functionality within a compound, all nitrogen-
atoms, which could be derived from N,, are given in blue.



1.1 Bonding of N,, to transition metals

1.1 Bonding of N, to transition metals
1.1.1 General aspects of N,-binding

Molecular dinitrogen N,, the most common form of all global nitrogen, is both ther-
modynamically and kinetically a very stable molecule. It features a high bond dis-
sociation energy (941 kJ-mol1), a high ionization potential (-15.6 eV) and low proton
(5.1 eV) and electron (-1.9 eV) affinities. Additionally, N, provides no dipole moment,
which makes it a rather poor ligand.23-2>

Nevertheless, since the first published N2-complex in 1965, [Ru(NH3)5N2]2+, there
have been many examples for transition metal complexes bearing dinitrogen as lig-
and, typically in one of the four most frequently reported coordination modes depicted
in Figure 1: (A) mononuclear end-on (nl-Nz), (B) dinuclear end-on (uzznlznl-Nz) , (C)
dinuclear side-on (u?m?m?-N,) and (D) dinuclear side-on-end-on (u?n'm?2-N,), with
(A) being predominant.22:26

N N

M—N=N M—N=N—M NI mZlll
N N

A B c D

Figure 1: Most frequently found coordination modes in N,-complexes.??

Due to donation of electron density from the metal center into appropriate antibond-
ing orbitals of the N, ligand, the coordination to a metal center leads to weakening (or
"activation") of the NN-bond. The degree of activation can be rationalized by the NN
stretching frequency and the NN bond length, which should be, according to Badger’s
rule, inversely proportional (Table 1). Additional information about the redox state of
the N, ligand can be derived by its spin-state due to magnetic coupling to the metal
ion(s).27-29

Table 1: Bond lengths (dnn) and stretching frequencies (V) of free and coordinated
N,-species. 22

S dnn [A] Unn [em™]
free N, - 1.10 2331
[N=N] 0 | ~1.10-1.20 | 1700-2331
[N=N]~ 1/2 n.a. n.a.
free H2N2 - 1.25 1583 /1529
[N=N]2- 1 | ~1.20-1.35 | 1200-1700
[IN=NP3- | 1/2 1.40 989-1040
free H4N2 - 1.45 885
[N—N14- 0 | ~1.40-1.60 | 700-1100




1.1 Bonding of N,, to transition metals

The degree of N, activation for reported complexes ranges from nearly unactivated
neutral N, up to highly activated hydrazide (N24‘). Notably, while there are many
examples for complexes carrying a diazenide (sz‘) or hydrazide (Nz‘“) ligand, there
are only few examples bearing a N23‘—Iigand. Furthermore, the monoanionic N,~ was
only detected in solid matrices at low temperatures emphasizing the importance of
initial multi electron reduction for N,-activation.3%-33

Splitting of N, into molecular nitrides requires overall six electrons and typically pro-
ceeds via the formation of end-on N,-bridged complexes (Figure 1, B) as key interme-
diates, which will be discussed in the next chapter. 22

1.1.2 End-on bridging N,

The formation of end-on bridging N,-complexes typically proceeds in a two step pro-
cess via the coordination of a second metal center to a end-on bound N,-moiety. Initial
binding of N, to one metal center is similar to other diatomic ligands like CO and can
be understood as a combination of o-donation of the lone pair of the N, -unit into an
empty metal d-orbital with suitable symmetry and n-backdonation from a filled metal
d-orbital into an empty n*-orbital of the N2 ligand. Differences arise from the much
higher HOMO-LUMO gap of N, (10.82 eV) compared to other diatomic ligands like CO
(9.34 eV), which results in a smaller orbital overlap and weaker activation of the N,-
moiety.24 Nevertheless, binding to a metal center increases the electron density on
the N, ligand and its affinity for binding a second metal ion.34 Independent studies
by the groups of Cummins and Schneider have shown, that reduction of the end-on
bound N,-complex can promote and accelerate the formation of end-on N, bridged
complexes.3>:36

o—donation T-backdonation
VN
g %
M——N——=N M——N——=N

Figure 2: Orbital interactions between N, and a metal center in end-on bound N,-
complexes.

Another possibility for the formation of such N,-bridged compounds is the coupling
of two terminal nitrides, the microscopic reverse to N,-splitting into terminal nitrides,
which is mainly found for late transition metals.16:37-51

Since both metal ions get in close proximity the formation of N,-bridged dinuclear
species can be inhibited by usage of too sterically demanding supporting ligands
(Scheme 3, A). However, a certain shielding of the metal ion(s) is required to prevent
the formation of strong metal-metal bonds, as it has been demonstrated by Cummins
for a series of differently substituted molybdenum(lll) triamide and molybdenum(lil)
trialkoxide complexes (Scheme 3, B).3°:52-36

4



1.1 Bonding of N,, to transition metals

In this context, the group could also show that reversible cyclometalation can be used
as a strategy to prevent metal-metal bond formation (Scheme 3, C).>’

.
A N . C
1] '
N : Ho s
NAr(Ad N | ' NArPr |
(Ad)AN—Mo_ ' (A = Mo ArAd): PrAMN—Mo ' " _— ) _Mo-iNAr
NAr(Ad) (AdAN” ST NAr/Pr PPrAIN™ ¥\ aripr

'

'
________________________________________________
B BuO, RoN

. BUOX,, _OBu N RoN (.~ NR2
i~ g tOBU 2 0 - tNR 2
2 BuO—Mo _— 11 2R,;N—Mo —_— 1l
OBu Mo. o YNR, R = Me, Et Mo\
- - 2
BUO” Vo RN *NRg

Scheme 3: Influence of the supporting ligands in formation of end-on bridging N.-
complexes,35:52-57

Once formed, the degree of N, -activation and therefore the stability of the obtained
N, bridged complexes can be achieved by consideration of orbital interactions, as first
discussed by Gray and Chatt.>8>° Thereby, the molecular orbitals are generated from
linear combination of the metal d-orbitals and nitrogen p-orbitals. The symmetry of
the N,-bridged complex has a strong influence on the energetic order of the resulting
frontier molecular orbitals (FMOs).

In Nz-bridged dinuclear species with Sg-symmetry, linear combination of the dy, and
dyz with the two 7 and the two n*-orbitals of the N,-ligand results in four sets of n-
orbitals (1ey, leg, 2ey, 2e4) each set consisting of two degenerate orbitals (Scheme 4,
black). Additionally, M-N,-o-orbitals (ay, Scheme 4, green) are generated by overlap
between the d,. orbitals of the two metal centers with the o*-orbital of the bridg-
ing N,-ligand. Due to the lack of N,-molecular orbitals with appropriate symmetry,
the two remaining d-orbitals of each metal center, dyxy, and dxz_yz, give two sets of
NN-non-bonding 5-orbitals (3eq and 3ey) again each set consisting of two degenerate
orbitals (Scheme 4, purple).

Taking these simple and qualitative MO considerations to account, the degree of N,-
activation can be correlated to population of  and n*-orbitals. A very illustrative
example stems from the group of Cummins, who investigated the degree of N2-
activation in a series of Mo-triamido-complexes, [(N2){M0(N(R)Ar)3}2]”+, (R=1Bu;
Ar=3,5-C;H;Me,; n=01, n=1Il, n=2 lll). By comparing the NN-bond lengths and
NN-stretching frequencies, an increase of the degree of N,-activation was observed
with neutral I bearing the weakest activated bridging N,-ligand within this redox-
series (Figure 3). The observed trend can be correlated to the number of n-electrons
within the {MoNNMo}-manifold.
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Scheme 4: Qualitative Molecular Orbital scheme for Sg-symmetric N,-bridged dinu-
clear species. The symmetry of the resulting molecular orbitals (MOs) is indicated by
the color with green o-, black 7- and purple 5-symmetry.>2

Neutral I features overall ten n-electrons, assuming the bridging N, ligand to be neu-
tral, both Mo(lll)-ions deliver three n-electrons, while the remaining four n-electrons
stem from the N, ligand itself. Consequently, this electron count resultsin a 1e31e32e3-
configuration within the {MoNNMo }-manifold with a NN-bonding and M-N,-antibonding
HOMO (2ey; Scheme 4). Upon oxidationto a leﬂleéZeﬁ— () or 1e31e‘g‘2e8—conﬁguration
(111), this MO gets depleted, which explains the observed increase in the degree of N,-
activation upon oxidation. 6061
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Ar BuN\ = NBuAr Ar'BuN\ =, NBuAr Ar'BuN\ =, NBuar \ .:'N’PrAr
vMo=N=N=M'o 'Mo=N=N=M'o 'M0=N=N=M'o ' 'M°=N=N=Nb\
S \ 4 2 \ i 2 \ ArBuUNY = .
ArBUN = I NBuar AR S I NBuar AR S mn NBuAr 1 AMBUN  y NPrAr
0 ® B E ° )
dnn = 1.212(2) /1.217(2) A dnn = 1.239(4) dnn = 1.265(5) A ! dnn = 1-235(10)1A
VN = 1630 cm'™? vn = 1503 cm'™? VN = 1349 cm'™? ! Unn = 1583 cm’
S=1 S=1/2 S=0 ! S=1/2
[ > :

increasing N, activation

Figure 3: Structural and spectroscopic properties of the [(Nz){Mo(N(R)Ar)3}2]”’r (n =

0-2)-redox series (I, 11, HI) and the hetero-bimetallic Mo/Nb analogue (IV) by Cum-
mins.60-62
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This picture gains further support by magnetic measurements. Neutral | features a
magnetic moment of ueff =2.85 up in agreement with a triplet ground state.®9 The
magnetic moment of monocationic Il was determined to e =1.96 up in line with the
expected doublet ground state, while dicationic Il is diamagnetic. !

The group of Cummins was also able to prepare a Nb/Mo hetero-bimetallic analogue
(IV), which has a n®-configuration isoelectronic to monocationic Il. Accordingly, the
NN-bond length (dyn =1.235(10) A) as well as the NN-stretching frequency of IV
(Unn =1583 cm1) are almost invariant from homobimetallic Il. Nevertheless, com-
bined DFT and EPR studies showed valence delocalisation of the odd electron over
the whole {MoNNNb}-core, further supporting a covalent bonding picture. 2

The o- and n-donating abilities of the supporting ligands can have a strong influ-
ence on the energetic order of the MO’s shown in Scheme 4. This was demonstrated
by Floriani upon a redox-series of N,-bridged dinuclear vanadium compounds (V).
Neutral V has a diamagnetic ground state and features a relatively long NN-bond
(dyn =1.222(4) A) in line with eight m-electrons fully populating the 1ey- and leg-
orbitals of the {VNNV}-core (Scheme 4). Further reduction giving monoanionic V-
or dianionic V2~ does not lead to significant changes in the NN-bond lengths as it
would have been expected by populating the NN-antibonding 2ey-orbital following
the MO-scheme shown in Scheme 4,63-65
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Scheme 5: left: Floriani’s N,-bridged dinuclear vanadium dimer V. Right: Qualitative
MO-scheme for the truncated [(N2)-{VH3}2]-modeI.63‘65

These differences were rationalized computationally using a truncated [(N,){VH,},]-
model.63-65 The calculations on the neutral compound revealed a diamagnetic ground
state in which the HOMO consists of a set of two degenerate orbitals (2e, Scheme 5),
which are both fully occupied. The LUMO is only about 1 eV higher in energy and
features mostly metal 5-character. The relatively small energy gap leads to an ac-
cessible exited triplet state and second order contributions in the magnetic sus-
ceptibility, in agreement with the observed TIP (temperature independent param-
agnetism) for V. Single electron reduction of V leads to population of the %-orbital
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and a doublet magnetic ground state. The NN-non-bonding character of this orbital
is expressed by a nearly unchanged NN-bond length. Further reduction leads to a
(181/251)-configuration. Again the metal-based character of these orbitals leads to in-
significant changes in the NN-bond lengths. The missing contribution of the bridging
N, ligand in the o-orbitals results in very weak antiferromagnetically coupling of both
S =1/2 centers, in agreement with the observed magnetic behavior of V2~.

A fourth auxiliary ligand at the metal center can lead to two different symmetries de-
pending on the coordination sphere around the metal ion. Addition of a ligand trans
to the bridging N,-ligand results in a trigonal bipyramidal coordination sphere around
the metal, which can have a strong impact on the stability of the N,-bridge with re-
spect to N,-cleavage (see chapter 1.2.2). Nevertheless, the fourth ligand trans to the
N,-bridge does not lead to significant changes in the degree of N, -activation. For ex-
ample, both trigonal bipyramidal n10-electron complexes reported by Schrock (Vla)
and Copéret (VII) feature almost identical NN-bond lengths, very close to those of
isoelectronic I (Scheme 6).%6.67

Schrock Copéret
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Q/N\ TMS/ /\/ (OrBU);;SIO (rBUO)38IO OSI(OYBU)3
VIS ™S
Via VIl
o o
duy = 1-20(2) A dun = 1.209(5) A

Scheme 6: Trigonal bipyramidal N,-bridged dinuclear species with m10-configuration
reported by Schrock and Copéret.%6.67
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The group of Liddle reported several Ti-congeners to Schrock’s Vla with different =-
electron counts (Scheme 7). The bridging N, ligand of neutral congener VIII with
six m-electrons shows only very weak activation (dyy = 1.121(6) A; Uny=1701 cml),
due to only two electrons occupying the NN-antibonding ley-orbital. In line with the
described MO-picture, further reduction to the potassium supported n8-configurated
IX results in further population of the ley-orbital and an increased degree of N,-
activation as indicated by the NN-bond length (dyny = 1.315(3) A) and the NN-stretching
frequency (Vnn = 1201 cm™). Abstraction of the two supporting potassium ions yields
in the formation of dianionic X with an increased NN-bond distance as well as an
slightly increased NN-stretching frequency. Notably, usage of Mg insted of KC, as re-
ducting agent does not result in formation of N, -bridged species, which illustrates the
influence of the used reducing agent and the obtained cation. 6869
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Scheme 7: Trigonal bipyramidal N2-bridged Ti-complexes with different m-electron
count reported by Liddle (B15C5 = benzo-15-crown-5-ether). %8

The addition of a fourth auxiliary ligand can also result in square-pyramidal coordina-
tion of the metal ions, typically with the N, -bridge on the apical side. As a result of the
changed symmetry from threefold to fourfold, the orbital overlap with the supporting
ligands changes and the biy- and byg-orbitals drop in energy. Since these orbitals
are generated by linear combination of the two metal dyy-orbitals with 5-symmetry,
they provide NN-non-bonding character, which has to be taken into account when
correlating the overall electron count to the degree of N,-activation (Scheme 8).
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Scheme 8: Qualitative Molecular Orbital scheme for Dan-symmetric N, -bridged dinu-
clear complexes. The symmetry of the resulting molecular orbitals (MOs) is indicated
by the color with green o-, black 7- and purple 5-symmetry.>°

Such (idealized) Dgh-symmetric compounds are often observed, when pincer com-
plexes are used. For example, the group of Schneider reported two PNP®BU-pincer
(PNPtBU = [N(CH2CH2PtBu2)2]‘ supported N,-bridged dinuclear complexes containing
either Mo (XI) or Re (XII) and therefore different electron counts within the {MNNM}-
core (Figure 4).36.70

The Mo-compound XI contains overall twelve electrons within the {MoNNMo}-core,
four steming from the N2 ligand itself and two times four electrons from the (formal)
Mo(ll)-centers. Following the MO-picture (Scheme 8) this results in a 1e31egbiub§g
configuration with a n-electron count of eight. The degree of N,-activation is very
close to Il as judged by the NN-bond-length (dyny =1.258(9) A) and NN-stretching
frequency (Vnn = 1343 cm™).79 Moving from group 6 to group 7, two additional elec-
trons are introduced, which leads to occupation of the 2ey-orbitals and an overall
1e31egb§ub%gZeﬁ—conﬁguration with an m-electron count of ten. Accordingly, the de-
gree of N,-activation in XII is smaller compared to XI, as indicated by the shorter
NN-bond-length (dyn =1.202(10) A), which is very similar to the one of Cummins’

neutral 1.3
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Figure 4: The PNP-pincer supported N2-bridged Mo (XI) and Re (XII; XIII) dinuclear
complexes reported by Schneider.3%70:71

An additional fifth auxiliary ligand trans to the N,-bridge does not effect the en-
ergetic order of the MOs with 7- and §-symmetry within the described MO-scheme
(Scheme 8). It can therefore be used to rationalize the degree of N,-activation in oc-
tahedrally coordinated N, -bridged dinuclear complexes, like for the weakly activated
[(NZ){Ru(NH3)3}2]4+ (m28%; dyn=1.12 A; Uyn=2100 cml) or the strong activated
[{(PhMe,P),CIRe}(N,){MoCl,(OMe)}] (n®53; dyn =1.21 A; ¥y = 1660 cm™).72.73

Nevertheless, the stability of such N,-bridged dinuclear species with respect to N,-
cleavage is increased compared to the square pyramidal analogues. For example,
features 'Pr-substituted and octahedrally coordinated X1l (Figure 4) the same electron
count and degree of N,-activation as its fBu-substituted analogue XII, but is thermally
stable with respect to N, cleavage. A more detailed discussion about the influence of
a ligand trans to the N,-bridge regarding N,-cleavage will be given in chapter 1.2.2.71

Upon usage of p-diketiminate (nacnac) ligands, several end-on N,-bridged dinuclear
complexes, bearing late transition metals (Fe, Co, Ni), have been reported.”’479 De-
pending on the steric encumbrance of the nacnac-substituents, both {M(nacnac)}-
moieties are either coplanar or perpendicular oriented, resulting in an idealized Dyp-
or Dyg-symmetry, respectively. Furthermore, a distortion from linearity of the {M-N-
N-M} is often found, indicating low bending potentials of the core within these type of
compounds. The degree of N,-activation can be rationalized using the MO-diagramm
depicted in Scheme 9.

Assuming the x-axis to be oriented along the {M-N-N-M}-bond, linear combination
of the dyy- and dx.-orbitals with the respective Nz-n-orbitals results in four sets of
m-orbitals each set consisting of two degenerate orbitals. The remaining dy,, d,2
and d,2_y2-orbitals form three sets of NN-non-bonding orbitals each consisting of two
(nearly) degenerate orbitals, which are all located between the m>- and n3-level.8°
These considerations are in line with detailed spectroscopic and computational anal-
ysis of [(N2){Fe(nacnactB“)}2] (XIVa), whose overall S=3 ground state was ratio-
nalized by two high-spin Fe(ll)-centers (S =2), which are each antiferromagnetically
coupled to the bridging N22‘-Iigand (S=1), leadingtoanoverall {1 T1T1!l11T11}
three-spin model.’>80 Accordingly, the relative strong degree of N,-activation within

11
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XlIVa and its Me-substituted congener [(N {Fe(nacnacMe} ] (XVa) (Table 2, entries 1
and 2) can be explained by a two eIectron transfer to the N2 bridge and a (m1)%(m2)*
(dy/d,2)®(dy2_,2)? (m3)2-configuration with an overall 7-electron count of ten. 74,7580
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Scheme 9: left: Qualitative MO-diagramm for Dp- or Dag-symmetric end-on N, -
bridged dinuclear compounds. 80 right: Generalized structure of XIV and XV.

Further reduction is metal centered and leads to full occupation of the dy./d,2-orbitals.
However, increased Fe—N2-backbonding leads to further weakening of the N,-bond
(Table 2, entries 3 and 4).747> The same trend was observed for the group 9-congener
(Table 2, entries 6 and 7). Compared to the Fe-analogue the degree of N,-activation
is smaller due to the lower energy of the d-orbitals, which is even more expressed for
the Ni-analogue (Table 2, entry 8).76.77

Table 2: Comparison of the structural and electronic properties of several nacnac-
supported N,-bridged dinuclear compounds, M,'[(N,){M(nacnac?)},1%, and their N,-

activation parameters.’4-77.79

No | compound | M | R | M" | X || dyz/d,2 | dya_y2 || dnn [A] | I [em2] | ref.
1 XIVa Fe |[tBu| - | O 6 2 1.19 1778 75
2 XVa Fe|Me | - | O 6 2 1.19 1810 74
3 XIVb Fe |[tBu| K | O 8 2 1.24 1589 75
4 XVb Fe | Me | K| O 8 2 1.22 1625 74
5 XVc Fe | Me | - | 2- 8 2 1.19 1683 79
6 XIVc Co|tBu| - |0 8 2 1.14 - 76
7 Xvd Co|tBu| K| O 8 4 1.22 1599 76
8 XVe Ni [tBu| - | O 8 4 1.12 2164 77
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The group of Holland was also able to abstract the potassium-cations from XVb.
Thereby the N,-bond grows short accompanied by a hypsochromic shift of the NN-
stretching frequency, indicating a weaker activation in the absence of a counter-cation
within the complex (Table 2, entry 5).7° However, variation of the alkali-metal in XVb
showed no significant changes in the degree of N,-activation.’#78 The only difference
arises from the different size of the alkali-metal-ions, which leads to twisting and a
larger torsion-angle between the {Fe(nacnacM®)}-moieties (Na = 0°; Cs =50.6°).78
Notably, upon usage of a sterically less encumbered nacnac-ligand, [MeC(CMeNC H-
2,6-Me, ), 1", full cleavage of the NN-bond into tetra- or trinuclear bis-p-nitride com-
plexes was observed.13:81

Besides by the number of electrons and the coordination sphere of the metal centers
the degree of N,-activation is also influenced by the metal itself. This was demon-
strated by the group of Sita for a series of group 4-6 N, -bridged n2-cyclopentadienyl/n?2-
amidinate complexes XVI (Figure 5). Moving down within a group the degree of N-
activation increases as indicated by significantly elongated NN-bond-distances (Ta-
ble 3). This trend can be explained by the cathodic shift of the oxidation potentials of
the metal ions and therefore increased backbonding from the metal to the N,-ligand.
Similarly, a correlation between the degree of activation and the oxidation potential
of the respective metal was also found within a row.82-85

Notably, within group 4 the Ti-complex XVla is the only one featuring a end-on bridg-
ing u2m*m!-N,-ligand, best described as N22‘. In contrast, both higher homologes,
Zr (XVIb) and Hf (XVIc), feature a highly activated side-on bound u?:n?:m2-N,-ligand,
which is best described as an N24‘-Iigand. The higher degree of activation was as-
signed to the different oxidation potentials, which renders further oxidation of Ti(lll)
to Ti(IV), while the side-on coordination was attributed to the larger covalent radii of
Zr and Hf (both 1.75 A) compared to Ti (1.60 A).83.86

Table 3: NN bond distances in the N,-bridged n°-

cyclopentadienyl/m?-amidinate complexes reported
by Sita. 2exchange of methyl group in amidinate with

/P{ PrN =7 . NMez. bexchange of methyl group in amidinate with
. /\1\/|=N=N=|\£|/N'Pr phenyl.82-85
'PrN | \
== N'Pr %/ metal coord. mode | dnn [A] | Ref.
Xvi Ti XVla nZmtm? 1.270(2) | 83
M =Ti, V, Nb, Ta, Mo, W Zr? XVib 12m2:n? 1.518(2) | 86
, L Hf XVIc n2m2:n?2 1.611(4) | 86
Figure 5:* Sita’s isostructural V XVid (ZmIm? 1.225(2) |
[(NZ)(MCp am)z] Fomplexes Nbb XVle u2 :nl:nl 1.300(3) 84
(am = [N('Pr)C(Me)N('Pr)]~)- Ta XVIf HZ:T]I:T]l 1.313(4) 82
Mo XVig ulmlm? 1.267(2) | &3
W XVih w2mlml 1.277(8) | 83
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1.1 Bonding of N,, to transition metals

The group of Chirik illustrated the influence of the supporting ligands based on a
redox-series of overall five end-on N,-bridged terpyridine supported dinuclear Mo-
complexes, [(N,){Mo(Tpy"")(PMe,Ph),1"* (XVI"*; n=0-4; Typ"" =4’-Ph-2,2",6,6'2"-
terpyridine) (Figure 6, left). Computional analysis describe dicationic XVII?* as two
Mo(ll)-ions bridged by an N22‘-Iigand, which is in good agreement with the observed
NN-stretching frequency (Vnn =1563 cm™) and NN-bond length (dyny = 1.203(2) A).
Due to mixing with the m-system of the terpyridine ligand, the degeneracy of the
MZNZNZ M orbitals is lifted, which results in a singlet ground state for XVII2*. Accord-
ingly, due to removal of an electron from an NN-bonding orbital, oxidation of XVII2* to
XVII3* results in a significant increase of the degree of N, -activation
(Unn = 1482 cm1). Interestingly, the double oxidation product XVII** features an al-
most identical NN-stretching frequency (Vny = 1477 cm1), which was rationalized by
removal of an electron from a metal centered bj,-orbital in agreement with the ob-
served triplet ground state for XVII*+. Intriguingly, reduction of XVII2* also leads in
weakening of the NN-bond, which was substantiated by the mainly TypP-n*-character
of its LUMO (2by4) and therefore mostly ligand-centered reduction in line with EPR
measurements of XVII*+ (Figure 6, right).8’

~ BEEER + + + +
o —8 4 n 4 o
IIDPhQMe Ph | bag %—8—8—% e e e e e
xvi' L—M-N—N—-M-L
[MooNa* [MooN23* [MooN2%* [Mo2NoJ* [Mo2No]
S=1 S=1/2 S=0 S=1/2 S=1

unn= 1477 cm vgn= 1482cm” v = 1563 cm van= 1530 cm?

Figure 6: left: Chirik’s terpyridine supported Mo-Nz-dimer redox series XVII"* (n=0-
4). right: Qualitative FMO scheme of the redox series and the corresponding spin
states and NN stretching frequencies.8’
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1.1 Bonding of N,, to transition metals

1.1.3 Side-on bridging N,

Another, but much less common, binding motif of N, is the side-on (u2 :n2:n2-N2) co-
ordination mode (Figure 1, C).28:59.88 First evidence for such a binding mode originate
from linkage isomerization studies of [{(NH3)5Ru}(14/15N2)]2+, which are too fast to
occur from initial N2—dissoziation.37 In 1973 the first structurally characterized side-on
bridging N,-complex was published.89:9 Since than various other examples bearing
a side-on bridging N, ligand have been reported, especially for early transition metals
and f-block elements,18.91-97

Side-on bridging of N, is more complex compared to end-on coordination and often
leads to distortion of the {M,N, }-core from planarity. Similar to the already described
end-on bridging mode, the molecular orbitals for the side-on bridging mode can be
derived from linear combination of the n-MOs of the N,, ligand with metal d-orbitals of
appropriate symmetry.

Assuming a Dyp-symmetry with the z-axis oriented along the M-M axis the d,. and
dy2_y2-orbitals are used for o-bonding with the ligands of the ML,-fragment and with
the N, ligand. Linear combination of the dy,-orbitals with the respective 7 -orbital of
the N, ligand results in formation of two MOs with m-symmetry (Scheme 10, black).
The dyy-orbitals form together with the n\j‘-orbital of the N, ligand two MOs with -
symmetry (Scheme 10, purple), while the remaining dxy-orbitals are non-bonding be-
cause of the lack of N,-MOs with suitable symmetry (Scheme 10, grey).>?
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Scheme 10: Qualitative Molecular Orbital scheme for Dzx-symmetric side-on N, -
bridged dinuclear species. The symmetry of the resulting molecular orbitals (MOs)
is indicated by the color with black -, purple §-symmetry.>°

Overall, the weaker orbital overlap of the 5- compared to the n-interactions should re-
sult in a energetic preference for end-on coordination. The formation of side-on bridg-
ing N, ligands can be explained by the absence of an accessible d-orbital suitable
to from a second m-bond. This was demonstrated by Fryzuk and coworkers with an
pincer supported Zr-N,,-complex [(N2){Zr(X)N(SiMe2CH2PiPr2)2}2] (XVII). The chloro-
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1.1 Bonding of N,, to transition metals

substituted (X=CI~, XVIlla) features a side-on bridging N, ligand, while the Cp~-
substituted (X=Cp~, XVIIIb) undergoes linkage isomerization to an end-on bridging
N2 ligand (Scheme 11). The side-on coordination in XVIIla originates from strong
interaction of the PNP-amide n- and the chloride o-orbital with the dy,-orbital. There-
fore, this orbital is raised in energy and too high to form a n-bond with the N, ligand,
which results in 5-bonding between the dyy- and the n\j‘-orbital to stabilize the system.
Exchange of the chloro ligand with Cp~ changes the energetic order of the d-orbitals.
The dy-orbital drops in energy and becomes available for n-bonding. On the other
hand the energy of the dyy-orbital required for 6-bonding is lifted, due to strong inter-
action with the Cp~ ligand. The overlap of the PNP-amide p-orbital is also decreased
since the appropriate d-orbital is involved in m-bonding with the N,, ligand, which leads
to significant lengthening of the Zr-NPNP bond. >

P\ Ny
PN Cpmzy—P j
Clm72—P ” p /_PPrz
/ \ NaCp N MeSi, i
N—=N ———> 1l N = N
\/ - NaCl N MeQSi\_
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Scheme 11: Linkage isomerization from side-on to end-on by exchange of CI~ vs.
Cp~.%°

Since both metal centers are in much closer proximity, compared to the end-on bridg-
ing mode, the steric shielding of the metal centers plays another important role in the
formation of side-on bridging N, complexes. Notably, the size of the metal ion itself
can also influence coordination mode, as shown by the already mentioned N, -bridged
n>-cyclopentadienyl/m2-amidinate complexes XVI by Sita (Figure 5). Within group 4,
end-on coordination of the bridging Nz-ligand was only found for the Ti-complex XVla,
while both higher homologues, Zr (XVIb) and Hf (XVIc), feature a side-on bridging N -
ligand (Table 3), which was attributed to the larger covalent radii of Zr and Hf (both
~1.75 A) compared to Ti (1.60 A).83.86

Furthermore, the series of differently substituted zirconocenes (XIX, Figure 7) by
Chirik and Bercaw demonstrates how the steric encumbrance of the auxiliary ligands
can dictate the coordination mode of the bridging N, -unit, with bulky substituents
prefering the formation of an end-on bridging mode.28-101
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1.1 Bonding of N,, to transition metals

AN /;X ;2 \ fe /§ % \ e /§
Zr\lr!ll/Zr ZI—-N=N- Zr‘ Zr—N N- Zr‘
XiXa XIXb 3 XIXc

increasing steric encumbrance

Figure 7: Increased steric shielding of the supporting ligands results in linkage isomer-
ization from side-on to end-on.%8-101

Notably, the reactivity of the compounds changes depending on the coordination
mode of the bridging N, ligand. Reaction of side-on coordinated XIXa with 1 atm of
H,, results in formation of the zirconocene hydrazido complex [(p—Nsz){Zr(H)Cp’Z}z]
(XX), which upon heating under H,-atmosphere releases NH, giving bishydride
[Zr(H)2Cp’2] (XXla). Heating of XX in the absence of H, yields in cleavage of the
NN-bond and formation of [(u-N)(u-NH,){ZrCp’,},1 (XXII) (Scheme 12). In contrast,
reaction of end-on bridged XIXb with H, leads to loss of the bridging N, ligand and
formation of a bishydride-complex [Zr(H),Cp*C’] (XXIb). 101,102

Similar hydrogenation behavior to XIXa was also reported for other complexes bear-
ing a side-on bound Nz—moiety.%'103 Furthermore, computational studies imply, that
side-on binding is essential for N,-hydrogenation. 04

side-on ,é |

-~
————— 2
85°C Zr\H + NH3
XXla

L Z N,
85 °C f\N/ T
- Ho ﬁ Ho %i
_______________________________________________________________________ xxn ...
end-on % ( ! %
\ZerN N- Zr/‘ —>H2 2 \Zr<: +Np
XIXb XXlb

Scheme 12: Different reactivity upon reaction with H, depending on the coordination
mode of the bridging N,-ligand. 101102
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1.1 Bonding of N,, to transition metals

Besides hydrogenation, (partial) N,-cleavage under the formation of N-E-bonds
(E=B, C, Si) has also been reported.86:103.105-109 | thijs respect, the group of Chirik
presented the full cleavage of side-on bound N, ligand upon addition of CO to a ansa-
hafnocene-complex (XXIII) (Scheme 13). The first equivalent of CO is proposed to
insert into the Hf-N bond. After a retro [2+2]-cycloaddition cyanate (NCO™~) as well
as a reactive vacant coordination site are formed (XXIV). This vacant coordination
site undergoes intramolecular C-H activation (XXIVa), which can be prevented upon
addition of a suitable substrate such as H, (XXIVb). Remarkably, addition of excess
CO to XXIII results in C-C-bond formation and the oxamidide complex (XXIVc). Acidic
work-up of XXIVc releases oxamide (H,NC(0)-C(O)NH,),107.108.110

)
N
? c\%
s
N uN

— MeSi Hf —N—Hf SiMe,

not observed XXIVa
o

ey
\ L& SiMe, 1CO \ Ha N HN
Me,Si Hf\ | @ ——»|MesSi Hf=N— SlMez —_— Me,Si i

Scheme 13: NN-bond cleavage upon addition of CO to a side-on Nz-bridged ansa-
hafnocene-complex XXIII, 107,108,110
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1.2 N2—Functionalization

1.2 N2-Functionalization
1.2.1 Ammonia Formation

Even though, N, is a very stable and inert molecule, there are some conversions,
which are thermodynamically feasible. The most prominent example is the conversion
into ammonia.28

N 3H 2NH AH® = —46.2 k] - mol! (1.1)

2(g) T2 M2(g) 7 “MM3(q)

In nature, this transformation is done at ambient temperature and pressure by three
different so-called nitrogenase enzymes, which differ in the composition of their ac-
tive sites. The most common one, the {FeMo}, employs an iron-molybdenum-sulfur
cluster {7Fe-95-Mo-C-homocitrate} as the active site (Scheme 14), while in the two
other less common ones, {FeV} and {Fe-only}, the Mo is replaced by V or Fe, respec-
tively. Under optimal conditions, N, is transformed into 2 equiv. NH, in a 6HT /6e™
process under the consumption of overall 16 ATP, which underlines the high energy
demand to overcome the kinetic barrier for N,-fixation. Furthermore, two additional
electrons and protons are required for reductive activation of the FeMo-cofactor and
initial N,-binding under the release of one equivalent of H,.28:2

O COO

(ST

S—Fe’ S, Fo—mtSm—Fe, |

\ /"Fe 3.
SN S
s /&NH

Scheme 14: left: Schematic of the FeMo-cofactor of the {FeMo}-nitrogenase. right:
Overall reaction for the transformation of N2 into NH3 mediated by the {FeMo}-

nitrogenase. 2829

nitrogenase
/

I Ny + 8H'+ 8e + 16MgATP
Cys H

2NH3 + Hy, + 16 PO, + 16 MgADP

Inspired by this, many transition metal catalysts have been developed that are ca-
pable for ammonia production upon addition of electrons and protons. Their mech-
anisms are often not fully understood and/or under current investigation. Two dis-
tinct different pathways are proposed, either (similar to the mechanism of the Haber-
Bosch-process) via initial cleavage of the NN-bond under formation of a metal-nitride
(see chapter 1.2.2) or via successive reduction/protonation of the N, -moiety mimick-
ing the reactivity of the nitrogenase.
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1.2 N2—Functionalization

The first stoichiometric examples for these type of mechanism date back to reports
by Chatt, who first reported the formation of diazine (N,H,) upon protonation of trans-
[M(N,),(dppe),] (M = Mo or W; dppe = Ph,PCH,CH,PPh,) and later the almost quan-
titative formation of NH; upon protonation of cis-[M(N,),(PMe,Ph),] (M= Mo or W).
These discoveries lead to the postulation of the so-called Chatt-cycle (Chapter 1,
Scheme 1), which is also proposed to be the actual mechanism for ammonia for-
mation within the {FeMo}-nitrogenase.’-111-114

In 2003, Schrock reported the first example for catalytic reduction of N, to ammonia
using a single site molybdenum catalyst supported by a tetradentate [HIPTN3N]3‘ tri-
amidoamine ligand ([{3,5-(2,4,6-iPr3C6H2)2C6H3NCH2CH2}3N]3‘; XXV) (Scheme 15),
whose sterically demanding ligands prevent the formation of N,-bridged-dinuclear

complexes.8

N NH NH, |+ NH, NH, ] *
r I I I | |
Vo | I I e
+ + + + - NH
pr O N o] < Mo] Mo} 2 (Mo} 2 (Mo 3 [Mo]
or P XXVa XXVb XXVc XXVd XXVe  XXVf
O HIPT
. | v +N +
iPr ‘ N—Mo: " '\{ HIPT —NHZT l +H
Py K/ | \NI
T L B L L L
XXVa Mo] <=2 [Mo] <€i— (Mo] <%= [Mo] <€ [Mo] <€-2= [Mo]

XXVI  XXVk XXVj  xXXVi XXVh XXVg

Scheme 15: /eft: Structure of [(N2)-M0(HIPTN3N)] (XXVa). right: Proposed mech-
anism for the catalytic formation of NH; upon successive protonation/reduction of

XXVa (Schrock-cycle).8

Usage of [LutH][BAr;4] ([LutH] = 2,6-lutidinium, [2,6—Me2C5H3NH]+;
[BAr;4] =[B(3,5-(CF;),-C,H;),17) as proton source and CGC’g as reductant gives am-
monia in 66% yield (relative to the reductant) in four turn-overs. It was also possible to
prepare and characterize several intermediates (XXVa, XXVb, XXVc, XXVf, XXVg,
XXVk, XXVI) and therefore postulate the so-called Schrock-cycle (Scheme 15), which
is in agreement with the Chatt-cycle (Chapter 1, Scheme 1), although favoring a distal
pathway. 8115

The nature of the used acid has a large influence on the catalytic activity and can even
inhibit ammonia-formation at all. For example, usage of [2,6—Et2C5H3NH]+ gives only
23% of ammonia, while with [2,6-Ph,C.H,NH]™ or [3,5-Me,C.H,NH]™ no ammonia is
obtained. This effect is attributed to the steric hindrance of the [HIPTNBN]-Iigand pre-
venting the acid from protonation at the NyHX-moiety. Too little steric hindrance can
lead to side reactions, like proton-reduction, and/or lower the soluablity of the acid in
unpolar solvents, 115-117
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1.2 N2—Functionalization

The group of Schrock also prepared the other two group 6 as well as the V-congener
of [Mo(HIPTN;N)] (XXV), all showing no catalytic activity in nitrogen reduction to am-
monia, although due to different reasons.

Binding of N, to the Cr-analogue, [Cr(HIPTN;N)], was not observed, most likely due
to its high-spin character and the anodic shifted reduction potential of Cr(lll) com-
pared to Mo(lll).118 In contrast, the W-analogue [(N,)W(HIPTN;N)] and several other
W-analogues of the proposed intermediates within the Schrock-cycle could be pre-
pared. Although most of these intermediates show less stability compared to their Mo-
congeners, the first half of the catalytic cycle, the transformation of [(N2)W(HIPTN3N)]
into [N=W(HIPTN;N)] and NH,, could be achieved. Catalytic turn-over is believed to
be suppressed by the last steps within the cycle. Reduction of [(H3N)W(HIPTN3N)]’r
even with two equivalents of Con;< does not result in full conversion to
[(H;N)W(HIPTN;N)], which also does not exchange its NH, ligand with N,.119 The
reason for the lack of catalytic turn-over with the V-congener are attributed to one
less overall charge of each intermediate. 120 Overall, these studies illustrate, how cer-
tain parameters, like acid-size and -strength, redox-potentials and overall charge, can
have a large impact on the catalytic activity of such systems.

Using a structurally related ligand framework, the group of Peters presented a single-
site Fe-TPB-complex, [Fe(TBP)]" (TBP =tris(phosphine)borane; XXVla; Scheme 16,
left), capable for the reduction of N, into ammonia. 1°

distal

®
iPryP—Feq “P'sz

sae

e HL H +H

@
. H
+H m
NHS Fe Fe }

XXVId XXVIf  XXVih

L e
: .“.‘.—l e RN . NH, H AT
XXVia ' N —» N : ‘{e_’ H hybrid | f— ] °
e v I : N Fe Fe
N 1 Fe Fe v \\ .
"' XXVIb  XXVic <o o XXVIj  xxvik
! NH NH NH
iPry P—Fe "EPF;ZZ : +Hr NH +e, H '!‘HZ + H* {le +e, H
©/S| " : | | - NH;
: Fe Fe Fe
‘ : XXVle XXVlg  xXXVIi
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Scheme 16: left: Structures of [Fe(TBP)]~ (XXVla) and [(N2)-Fe(SiP'3Pr)]‘ (XXVIla).
right: Proposed mechanistic pathways for the transformation of XXVIb into XXVIk
via XXVId, either via an distal (top) or alternating (bottom) pathway. The dotted
arrows illustrate a hybrid pathway between distal and alternating. 12!
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1.2 N2—Functionalization

Mechanistic studies showed that the initial protonation of [(N,)Fe(TBP)]~ (XXVIb)
gives [(HNN)Fe(TBP)] (XXVIc), followed by a second protonation of the B-nitrogen
to give [(HzNN)Fe(TBP)]’r (XXVId), hinting towards a distal mechanism, which is sup-
ported by the characterization the terminal Fe(IV)-nitride [(N=Fe(TBP)]* (XXVIf; see
also chapter 1.3).121-123

However, the mechanistic scenario changes if a more rigid ligand is used. Dou-
ble protonation of isostructural [(Nz)Fe(SiPi3Pr)]‘ (SiPi3Pr=tris(2-(diisopropylphosphino)
phenyl)silyl™; XXVIla), in which the linking borane is exchanged with silyl, gives rise
to the structurally characterized [(H2NN)Fe(SiPi3Pr)]Jr (XXVIlb), in line with a distal
pathway. Notably, XXVIIb disproportionates with its neutral, one electron reduced
congener [(H,NN)Fe(SiPF")] (XXVIIc) to give [(N,)Fe(SiPF")] (XXVIId) and [(H,NH,N)
Fe(SiPi3Pr)]+ (XXVIlle), a typical intermediate within a alternating pathway, which was
rationalized with a hybrid mechanism. The different mechanistic pathways are at-
tributed to the high rigidity of the silyl-bridge, which does not allow the formation of
an tetrahedrally coordinated Fe(IV)-nitride. 123124

In the first reports for catalytic ammonia formation using XXVIb as catalyst
[H(OEtz)z][BAr;4] (pPKa =~ 0) and KCg (E° <-3.0 V vs. Fc*/Fc) were used as proton- and
electron-source, respectively. In this way up to 7.0 equivalents of ammonia (per Fe)
could be obtained.10 Later, it was discovered that metallocene based reductands can
be protonated and that these protonated species feature low CH-bond dissoziation
energies (BDE’s) (endo/exo-[CoCp*(n*-C,Me H)I* =31 kcal-mol!; endo-[CrCp*(n*-
C Me_ H)I* =37 kcal-mol't; exo-[CrCp*(n*-C,Me H)I* =30 kcal-mol™!) making them
potential proton-coupled-electron-transfer (PCET) reagents. In this way, the selecti-
tivity over competitive H,-evolution (due to proton reduction) and the yield of am-
monia could be increased, even though the overall driving force was lowered due to
usage of a weaker reductant (Con; E°<-1.96 V vs. Fc*/Fc) and acid ([Ph,NH, JOTf,
pKay=3.2).125

Additionally, different anilinium acids over a wide pK5-range were tested revealing a
correlation of the selectivity between N, -reduction (NRR) and H,-evolution (HER) with
the pK, of the used acid (Figure 8). The weakest acid ([*~°MePhNH,][OTf], pKa = 8.8)
was found to be inactive in the formation of NH;, while slightly stronger acids
(IPhNH,I[OTf], pKa = 7.8; [2°~MePhNH,][OTf], pKa = 6.8 or [2~“'PhNH, [OTf], pK, = 5.6)
showed an increase of the selectivity for NH; by lowering the pKs. The selectiv-
ity and yield for ammonia with even stronger acids ([2>~“PhNH,][OTf], pK, = 4.3;
[2-6-CIPhNH,][OTf], pKa = 3.4 or [246-CIPhNH,][OTf], pKa = 2.1) is high and almost in-
dependent to the acid strength within this range. Notably, the yield and selectivity
for ammonia drops again for the strongest acid within this study ([P*"~“PhNH,][OTf],
pKa =1.3), which was explained by an outer sphere electron transfer (ET), that is pre-
ferred over a potential protonation of the CoCp3. 126
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Figure 8: pKa-dependence of the selectivity between N,-reduction (NRR, blue) and
H,-evolution (HER, blue) of XXVla.12¢

For all other acids a competitive branch within their postulated mechanism for NH-
formation, which can lead to H,-evolution, is postulated (Scheme 17). Hence, initially
formed [(NN)Fe(TBP)]~ (XXVIb) is protonated once to give very unstable, neutral
[(HNN)Fe(TBP)] (XXVIc). In the absence of another proton (due to bad solubility of the
acid) to form more stable [(H2NN)Fe(TBP)]+ (XXVId), XXVIc reacts bimolecularly to
give H, and [(NN)Fe(TBP)] (XXVII) (Scheme 17, bottom). Accordingly, addition of only
one equivalent of acid to XXVIb results exclusively in H,-evolution. Furthermore, us-
age of excess [?~CIPhNH,]* to XXVIb results depending on the anion and solubility
of the acid in different products. While upon protonation with excess of good soluble
[2-6-CIPhNH, 1[BArf, 1 XXVId and fixed-N-products could be detected, such species are
absent with badly soluble [26~“PhNH,][OTf]. However, these findings are in contra-
diction to the observed high yields of ammonia with [>6~“PhNH,][OTf] under catalytic
conditions in the presence of Con>2k (13.8+0.9 equiv. NH,/Fe, Figure 8) implying that
the CoCp} or its protonated form, [Con*(n4-C5Me5H)]+, are involved in the formation
of NH-bonds. 126

NH! *
+ H* | i
| > m NH3 formation
} Fe
N NH XXVid
11 1]
H* N
>
Fe Fe
XXVIib XXVic
+XXVIc i ,
. >2 | H> formation
2 Fe
XXVII

Scheme 17: Possible reactions of XXVIc, either leading to NH3 formation or to H2
formation. 126
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1.2 N2—Functionalization

Another example for the influence of the anion on the selectivity, either giving H,
or NH;, was reported by the group of Nishibayashi using molybdenum supported
by a pyridine based PNP-pincer ligand (XXVIII). Reduction of the Mo(lll) precursor,
[M0X3(perNP)] (XXVllla, X = Cl, Br, I), in the presence of N, results in the formation
of end-on N, bridged dinuclear XXVIIIb (Scheme 18).°

N

/[‘l
—P’Buz 3 NaHg —P'Buz —
quo—x % QMo—N_N—MO@
XXVilla o "' /// =
XXVIilb

Scheme 18: /eft: Reduction of XXVIII results in the formation of end-on N, bridged
XXVIllb. right: A proposed key intermediate within the catalytic formation of NH3.9

XXVIllb is capable for the catalytic formation of ammonia in the presence of a re-
ductant and a proton source. Upon variation of the acid, while keeping the reductant
(CoCp,) constant, a large influence of the acid on the activity (equiv.(NH;+H,) per
catalyst) and selectivity (NH;/H,) was observed. Similar to the report of Peters an
influence of the pK5 was found, although without any clear trend. The strongest used
acid (HOTf, Table 4, entry 1) features only low activity, but with a relatively high selec-
tivity for ammonia. Upon usage of weaker acids, [pyrH]OTf, [2-picH]OTf or [LutH]OTf
(Table 4, entries 2-4), the selectivity for NH; drops, while the overall activity is in-
creased.?

Notably, both selectivity and activity are not only depending on the acid strength,
but also on the corresponding acid-anion, as demonstrated upon usage of different
lutidinium salts (Table 4, entries 4-6). Within this series, [LutH][BAr;4] provides the
lowest preference for ammonia, although the overall activity is high. Compared to
that, [LutH]OTf gives a slightly increased overall activity with a almost equal amounts
of NH; and H,. The highest NH, to H, ratio was found upon usage of [LutH]CI. Never-
theless, the overall activity is the lowest of all used acids within this study.®

Table 4: Acid influence on the selectivity (NH;/H,) and activity (equiv.(NH;+H,) per
catalyst) upon usage of XXVIllb under catalytic conditions. (pyr = pyridine, 2-pic =
2-methyl pyridine, Lut = 2.6-dimethyl pyridine).®

cat.
N2 + Con2 + HX T NH3 + H2

entry HX pKa(in MeCN) | NH; /H, | NH, + H, [mol. equiv. / cat.]
1 HOTf 2.6 1.55 2.8
2 [pyrH]OTf 12.6 0.19 24.3
3 [2—picH]OTf 13.9 0.55 25.7
4 [LutH]OTf 14.4 0.88 25.2
5 [LutH][BAr;4] 14.4 0.14 21.7
6 [LutH]CI 14.4 7.0 0.8
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1.2 N2—Functionalization

Similar to the reports by Peters, a huge increase of the catalytic activity was ob-
served upon usage of PCET-reagents. But instead of protonated metallocenes the
group of Nishibayashi utilized a combination of Sml, and alcohols or water, which
feature low OH-bond strengths due to coordination to the Sm(ll)-center. For example,
the OH-bond strength of free water (111 kcal-mol!) drops in [Sm(OHz)n](zaz) to only
26 kcal-mol1.127 |n this way the group of Nishibayashi was able to increase the yield
of ammonia up to 42.8 equiv. (per XXVIlla). The yield was even more increased upon
usage of a related carbene supported catalyst, [MoCI3(CaerCP)] (XXIX, Scheme 19,
left). Together with a combination of Sml, and H,O (both 14400 equiv. based on
XXIX) 4350 equiv. of ammonia together with only 150 equiv. of H, (per XXIX) could
be obtained, which sets today’s record for the most effective homogeneous catalyst
for ammonia formation from N,,. 1

/CI_PrBU? : X—P'Bu N> | PBu
@—N N!/—CI _N_Ml/_X2 Smly (5 equiv.) _N_NIII; 2
N/_/ |° o\ / |° > Lz / O~
—P : P x P
Bu, ! Buy Bu,
XXIX ; XXVIII XXVIllic

Scheme 19: left: Nishibayashi’s [MoCIB(CaerCP)] (XXIX) complex. right: Reduc-
tion of [MoX3(perNP)] XXVII with Sml, results in N,-cleavage and formation of
[Mo(N)I(PY"PNP)] XXVIlIc.1?

The catalytic cycle is not fully understood, but two distinct different pathways have
been discussed. Early studies of XXVIII proposed a distal mechanism, similar to the
ones already discussed, in which a thermally bound N,-moiety is successively pro-
tonated and reduced to give the corresponding nitride (XXVIlIc) and one equivalent
NH,. Further protonation and reduction gives a second equivalent of NH; and closes
the cycle upon N,-binding (Scheme 20, /eft).9-128.129
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1.2 N2—Functionalization

Novel studies demonstrated that reduction of [Mol;(P"PNP)] (XXVIIId) in the pres-
ence of N, results in N,-cleavage and formation of [Mo(N)I(PY"PNP)] (XXVIlIc). These
findings lead to the formulation of an alternative, Haber-Bosch-type, mechanism in
which the bridging N, ligand is initially cleaved followed by successive protonation
and reduction of the formed nitride to give ammonia (Scheme 20, right).19:130

NH, [Mo]—N=N

v

[Mo]—NH;3 [Mo] =N—NH,

1N

3H"3e [Mo]=N
XXVllic

NH, [Mo]—N=N

A

[Mo] —NHj3 [Mo]—N=N—[Mo]

N-N bond
scission

3H*3e [Mo]=N
XXVllic

2H* 2¢

@\f/

Scheme 20: left: The proposed distal mechanism for N,-fixation.9:228.129 right: The
proposed mechanism for N, -fixation via NN-bond cleavage. 130

Besides its potential role within catalytic ammonia formation, dinitrogen splitting into
molecular nitrides holds also the promise of direct incorporation of N, into organic
molecules. Even though, metal nitrides are well known compounds and their reactiv-
ity has been widely studied, their direct synthesis from N,, remains a challenging task,
which will be discussed in the next chapter.131
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1.2 N2—Functionalization

1.2.2 Thermal N,-cleavage into terminal nitrides

Splitting of dinitrogen into terminal molecular nitrides typically occurs via forma-
tion of end-on bridged dinuclear complexes. The first example for such a reaction
was presented by Cummins in 1996. Reaction of [Mo(N(R)Ar)3] (R="tBu; Ar=3,5-
CcHsMe,, XXX) with N, at low temperatures gives the already mentioned end-on
Nz-bridged [(Nz){Mo(N(R)Ar)3}2] (I). Upon warming to r.t. the NN-bond is cleaved to
give the respective Mo(VI)-nitride [Mo(N)(N(R)Ar)3] (XXXI) in almost quantitative yield
(Scheme 21).12 Counterintuitively, even though the mono- and dioxidized analogues,
Il and Ill, are more activated, they are both stable with respect to N, -cleavage due to
the lack of electrons to form stable Mo(VI)-nitrides. 60.61

ArBuN_ N'BuAr Ar'BuN N'BUAr ArBuN
S = NBUAr
: N> A —
IIITB A -35°C Ar’BuN(;' ; 30350 . ArBuN" =
UAr Ar'BuN N'BUAr 1y =35 min ArBuN
XXX | XXXI

Scheme 21: The first example for N,-cleavage reported by Cummins.12

Further rationalization of the N, -splitting process can be achieved by comparing the
electronic configurations of the N,-bridged species with the ones of the respective
nitrides (Scheme 22). As already described in chapter 1.1.2, the molecular orbitals
of end-on N,-bridged dinuclear complexes can be obtained by linear combination of
the metal d-orbitals and nitrogen p-orbitals. In case of Cummins’ Sg-symmetric 1
this results in a n!0%-configuration and a triplet ground state (Scheme 22, left). In
comparison, the formed nitrides are diamagnetic with eight electrons populating the
n-manifold. Furthermore the former {o-0*-0}-orbital (ay) drops in energy, becomes
populated and forms the o-bond of the nitride moiety (Scheme 22, right). Accordingly,
N, -splitting occurs via electron transfer from a n- into a o-bonding framework. Since
such an electron transfer should be symmetry forbidden, breakage of the NN-bond
cannot occur on a linear trajectory. Instead distortion to a Can-symmetric zig-zag-
transition state should lift the degeneracy of the orbital sets and enable o/n-transfer
by avoided crossing.60:132

These consideration are supported by computational analysis by Morokuma using
truncated [(Nz){Mo(NH3)3}2], which characterize the zig-zag-transition state as a sin-
glet with NN-single-bond character. 132
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Scheme 22: Molecular orbital scheme for the thermal splitting of 1 into XXXI via an
zig-zag-transition state.60

The (thermal) stability with respect to N,-cleavage does not only rely on the number
of electrons within the {MNNM}-nt-system, but also on the energy gap between the
2ey- and ay-orbitals. One possibility to tune this gap is by exchanging the support-
ing ligands, as shown by Floriani. [(N,){Mo(Mes),},] (Mes = 2,4,6-C.H,, XXXlla) is
isostructural to I and features also 10 m-electrons, nevertheless it does not cleave the
NN-bond thermally to give the respective nitride XXXIlb (Scheme 23). This can be
rationalized by the weaker o- and n-donor abilities of the mesityl-ligands compared to
the amide-ligands in I, which should lower the energy of the 2ey-orbital and thereby
increase the energy gap to the ay-orbital.133

The introduction of a fourth supporting ligand trans to the N,-bridge has a similar
effect. As already mentioned, Schrock’s Vla features almost the same degree of N, -
activation as Cummins’ | due to the similarity of the ancillary ligands and the same
m-electron count. However, the fourth ligand trans to the Nz-bridge increases the
energy of the ay-orbital, which hampers mixing with the 2ey-orbitals. Besides this
kinetic influence, splitting of Vla is also thermodynamically less favored and even
calculated to be endothermic due to the amine donor trans to the formed nitride-
ligand (XXX111),66.132,134
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Scheme 23: The end-on N,-bridged dinuclear complexes of Floriani (XXXIlla) and
Schrock (Vla), which are not both capable to cleave the NN-bond thermally.66:132-134

Changing the symmetry from threefold to fourfold, which is (idealized) most com-
monly found for pincer-ligands, the overall number of electrons within the {MNNM}-
manifold required for N,-cleavage is increased. For example, feature both Mo-ions in
Nishibayashi’s already mentioned octahedral [Mol,(PY"PNP)] (XXVIIld) and Cummins’
trigonal planar [Mo(N(R)Ar),] (XXX) formally the same oxidation state (+l1l), but only
the latter is capable for direct N,-binding and -cleavage. In contrast,
XXVIId requires the addition of two electrons to give the respective Mo(IV)-nitride
XXVIllc (Scheme 19).130 Similar observations have been made for related pincer
supported Mo(lll)-complexes by the groups of Schrock (XXXIV), Mezaillés (XXXV, Fig-
ure 9).14.17

| cl
O—|;P’Buz Ph | 7For
@—— Mo—, P—Mo—Cl
O-P/ C-P/ (|3|
Bu, Cy2
XXXIV XXXV

Figure 9: Pincer-supported Mo-complexes by Schrock (XXXIV) and Mezaillés (XXXV)
capable for N,-cleavage under reductive conditions. 417

However, isolation and characterization of any N, -bridged intermediate was not possi-
ble so far for any of those systems, which leaves the electronic configuration required
for N,-cleavage unsettled. Following the already discussed MO-scheme (Scheme 8),
the energies of the NN-non-bonding by, and bg-5-orbitals drop below the 2ey-orbital,
due to the changed symmetry. Accordingly and under the assumption of a low spin
configuration four additional electrons are required to reach a n19s4-configuration.
Splitting would therefore occur from formal Mo(l)/Mo(l)-stage directly into the respec-
tive Mo(IV)-nitrides in all three cases.

These electronic considerations are supported by studies on N,-binding and -cleavage
using the already mentioned [ReCIz(PNPtB“)] (XXXVI) by the groups of Miller, Siew-
ert and Schneider. Combined electrochemical and computational analysis suggest
an ECN2CYECP'™-mechanism for the formation of the structurally characterized N,-
bridged XII (Scheme 24), which is capable for N,-cleavage.
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1.2 N2—Functionalization

In the first step the Re(lll)-starting complex (XXXVI) gets reduced to the Re(ll)-stage
accompanied by N,-binding and chloride-loss. The so formed [ReCI(Nz)(PNP)tBU] has
a less negative reduction potential (AE~ 0.4 V) compared to starting material XXXVI
and is therefore reduced to [ReCI(N,)(PNP)*®4]~. Binding of another [ReCl,(PNP'"Y)]
(XXXVI) leads to comproportionation of both Re-centers, loss of another chloride-
ligand and formation of dinuclear XII, which finally gives the respective Re(V)-nitride
(XXXVI) via N2-cleavage. Accordingly, splitting occurs on a formal Re(ll)/Re(ll)-stage
supporting the requirement of a n1%5%-configuration in a fourfold symmetry for N,-
cleavage.15:36
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(ReCls] ==== [Re'ClyJ ‘——Nz‘ [Re"Cla(No)] ‘_T [Re'CINz)] ==== [Re'CI(N,)I ‘—?2‘ [Re"Cl(k-Nz)Re''C]
N, n oL
XXXVI Xl

Scheme 24: Top: Re-mediated N,-cleavage via end-on N, -bridged dinuclear XIlI. Bot-
tom: Postulated ECN2CC'ECPIM_-mechanism for the formation of X11.15:36

An alternative scenario, using the by, and bzg-5-orbitals as electron reservoir, was
suggested by Schrock. In this case, splitting was proposed to occur from a formal
Mo(ll)/Mo(ll)-stage into the respective Mo(V)-nitride, followed by subsequent reduc-
tion to the corresponding Mo(IV)-nitride. Hence, splitting is induced by a metal to
ligand charge transfer from a singlet 785%- into a quintet n1952-configuration.14

A similar behavior was demonstrated experimentally by Schneider for the already
mentioned [(Nz){MoCI(PNP)}Z](XI). As already discussed, Xl features a n85%-
configuration and is thermally stable with respect to N,-cleavage similar to Cum-
mins’ dicationic Ill. Counterintuitively, protonation of XI results in N,-cleavage and
formation of the corresponding Mo(V)-nitride, [Mo(N)CI("PNP)]* (XXXVIII). It was
shown that the first as well as the second protonation both occur on the amide of
the pincer-ligand(s). While the monoprotonated intermediate XXXIX is diamagnetic,
double protonation leads to a quintet ground state for XL, as expected for a 71052-
configuration.’0
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Scheme 25: Proposed mechanism of proton induced N2—splitting.70

Computational analysis of the reaction revealed an interaction of the amide-p-orbital
with the {MoNNMo}-core (Scheme 26, left). Therefore the 2e,-orbital is destabilized,
which leads to a low-spin n85%-configuration due to the large energy gap between
the the b1y and byg-6-orbitals to the 2ey-orbitals . Additionally, the energy of the ay
is also enhanced, which results in a high kinetic barrier (AGialc = 37 kcal-mol?) for
N,-cleavage.’®
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Scheme 26: Qualitative frontier molecular orbitals diagramm for X1 (left), XL (middle)
and the calculated zig-zag-transition state from XL to XXXVIII (right).”°
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1.2 N2—Functionalization

Upon double protonation both amide-p-orbitals are engaged in covalent bonding to
H and do not interact with the {MoNNMo}-core anymore (Scheme 26, middle). Ac-
cordingly, the 2ey-orbitals drop in energy and become populated to give a n1952-
configuration, in line with the observed quintet-ground state for XL. Furthermore, the
energy of the ay-orbital is also diminished, which results in a reduced kinetic barrier
for N,-cleavage (AG* = 21 kcal-moll) in good agreement with the experimentally

calc

derived values (AHzXp = 17.8 kcal-mol; AHﬁaIc = 19 kcal-mol1).70

Another approach for N,-cleavage was presented by Masuda (Scheme 27). Instead of
reducing a Mo-precursor in a relatively high oxidation state, the group utilized zero-
valent trans-[Mo(N, ), (depe), ] (depe = Et,PCH,CH,PEt,, XLIa) for N,-cleavage. One
electron oxidation of XLla gives the respective nitride, [Mo(N)(depe)2]+ (XLIb), via
formation of intermediate [(NZ){Mo(depe)2}2]2+ (XLIc) with a n1984-configuration. 29
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Scheme 27: Oxidative N,-cleavage as presented by Masuda.?°

Overall, all these examples imply the requirement of ten electrons within the {MNNM}-
n-manifold for NN-bond cleavage in such N, -bridged complexes to form the respective
nitride-complexes. The thermodynamic and kinetic parameters of N2-splitting can be
tuned by addition of a ligand trans to the N,-bridge, which raises the kinetic barrier
for N,-cleavage by increasing the energy gap between the 2ey- and the ay-orbital.
For instance, octahedrally coordinated [(NZ){ReCIZ(HPNPiPr)}Z] (XI) features the
same electron count and degree of activation as XIlI (Scheme 28). Nevertheless, XIII
is thermally stable and provides a high kinetic barrier for N,-cleavage
(AGialc =41.8 kcal-moll), which is in contrast to the kinetic barrier for N2-cleavage
for X1 (AGiaIc =20.2 kcal-mol1).15.36.71

Besides this kinetic influence, the thermodynamic driving force for N,-cleavage is
also affected. While splitting of XII into the respective five-coordinate [Re(N)CI(PNP)]
(XXXVII) is strongly exergonic (AGSy, =-40.3 kcal-mol1), splitting of XIII into the
respective six-coordinate trans-[Re(N)CI,(YPNP®")] (XLIla) is calculated to be almost
thermoneutral (AG? = 2.2 kcal-moll). Additional driving force is added by isomer-

298 K
ization into the cis-dichloro nitride XLIlb.
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1.2 N2—Functionalization

This difference can be rationalized by the strong o- and nw-donating properties of
the nitride moiety, which compete with a ligand in trans-position. Accordingly, the

lower thermodynamic driving force for XIlIl can be explained by a destabilization of
XL".15’36’71
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Scheme 28: Calculated energies for N,-cleavage for XlI (black) and XIlI (green) via a
zig-zag-transition state,13.36.71

Even though, N,-splitting has a high kinetic barrier and only a low thermodynamic
driving force, XIlIl can be transformed into XLIIb upon photolysis. In contrast to
XXXVII, which is largely overstabilized, splitting into XLIlb is almost thermoneutral.
As a consequence XLIIb can be functionalized with much weaker electrophiles com-
pared to XXXVIL. ! This is one of the benefits of photolytical N,-cleavage, which will
be discussed in the next chapter.
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1.2.3 Photolytic N,-cleavage

Although first suggested by Fischler and von Gustorf in 1975,135 the photolytic cleav-
age of N2 is still by far less well established than the thermal Nz-cleavage, which
is reflected by the low number of compounds capable for photolytic N, -splitting.
The first example was published in 2001 by the group of Floriani using a mesityl-
ligated N,-bridged dimolybdenum-complex, [(N,){Mo(Mes);},] (Mes = 2,4,6-Me,-
CgH,, XXXIla). Even though, XXXlla features a n'0-configuration in a Se-symmetry
and is therefore isostructural and isoelectronic to Cummins’ I, thermal N,-cleavage
has not been reported. These differences were assigned to the weaker o- and =-
donor properties of the mesityl ligands compared to the amido ligands used by Cum-
mins (see chapter 1.2.2). Nevertheless, irradiation of XXXlla with UV-light (A =
365 nm) results in formation of nitride bridged [(N){Mo(Mes),},] (XXXIlb).133 The
group of Floriani postulated a mechanism in which the initially formed terminal nitride
[Mo(N)(Mes)B] (XXXIIc) acts as a Lewis base which binds XXXIlla to give tetranuclear
XXXIld. Loss of the N,-bridge yields the final product XXXIllb, which was also ob-
served upon reaction of independently prepared XXXllc with XXXlla (Scheme 29).133

Mes Mes Mes Mes
AN T sMes A=2365nm \ = aMes
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Scheme 29: Proposed mechanism for the formation of XXXIlb upon irradiation of
XXXlla.133

An alternative mechanism was later proposed by Cummins (Scheme 30). Upon irradi-
ation of I at low temperatures, in order to prevent thermal N, -splitting, an equimolar
mixture of [Mo(N(R)Ar),] (XXX) and [Mo(N)(N(R)Ar),] (XXXI) was obtained, hinting
towards competitive N,-splitting and -extrusion pathways. Due to the steric bulk of
the amido-ligands, the reaction of XXX and XXXI to give a nitride-bridged species
is circumvented in Cummins’ case, while the mesityl-ligands used by Floriani provide
enough space for the formation of nitride-bridged XXXIl1b. 61
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Scheme 30: Irradiation of 1 or XXXIlla leads to competitive N-N- and M-Nz-cleavage
and in case of XXXIlla to recombination of XXXIllc and XXXlle to give nitride bridged
XXXllb. 61

The photoreactivity of 1 was examined by UVvis pump-probe spectroscopy in combi-
nation with extensive DFT-calculations by the groups of Cummins and Blank. Based on
the used truncated DFT model with simple NH2-Iigands, the strong electronic absorp-
tion at 534 nm found for I was assigned to an excitation from the triplett ground state
into the second excited triplet state (egeﬁ - eg’eﬁ). Such a transition implies charge
transfer from an more metal based Mo-N,-bonding and N-N-antibonding orbital (r-
*-7) into an Nz-centered orbital with Mo-Nz-antibonding and N-N-bonding character
(7*-m-7*) within the {MoNNMo}-core. The excited state is very short-lived and under-
goes internal conversion back to the hot ground state within 300-800 fs. The small
overall quantum yield (® = 5%) was used as an indicator for competitive unproduc-
tive vibrational cooling and productive Mo-N,- or N-N-cleavage. The almost equally
distributed amounts of Mo-N,,- and N-N-splitting products contrast their different ther-
mal barriers, which should favor cleavage of the Mo—Nz—bond.132 This observation
was rationalized by a nonthermal vibrational energy distribution created by the inter-
nal conversion process due to coupling with {MoNNMo}-bending modes, which should
add some bias to the NN-dissociation path. Overall, the photolytical cleavage of I was
portrait as a reaction from a vibrationally hot ground state with a non-statistical en-
ergy distribution, which results in different selectivities for Mo-N, and N-N-cleavage
compared to the thermal pathway.136

By now, I is the only system capable for photolytic N,-cleavage whose photochemi-
cal and -physical properties have been experimentally probed. Another experimen-
tal study on the photophysics of an N,-bridged dinuclear complex was reported by
the groups of Chirik and Scholes.37 Although the used [(N,){Mo(Tpy™")(PMe,Ph), 12+
(XVII2+; TypPh=4'-Ph-2,2’,6,6'2"-terpyridine, Figure 6) does not show any photore-
activity, the study revealed some fundamental aspects and guidelines for effective
photolytic N,-cleavage. All probed excitations with wavelengths between 440 and
1150 nm showed strong MLCT character by populating a IMLCT-state with strong
n*-TypP-ligand character within 100 fs. Relaxation either via internal conversion or
inter system crossing occurs within 2-3 ps. The inter system crossing from the ex-
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cited IMLCT-state into the 3MLCT-state results in migration of electron density from
the TypPM-ligand into the bridging N, -unit, which could increase the nucleophilicity of
the N,-bridge and thereby increase its reactivity. However, relaxation into the ground
state, either via direct decay (10-15 ps) or via indirect decay through an intermediate
high-energy metal state (23-26 ps), occurs too fast for bimolecular reactivity. This
drawback could potentially be overcome by increasing the exited state lifetime upon
usage of a more electron deficient terpyridine-ligand or via subsequent intramolecu-
lar trapping of the exited state, as also suggested by Reiher and Sellmann.138 Over-
all, this example demonstrates how supporting ligands can act as strong light har-
vesters that transfer energized electron density to the {MNNM}-core and thereby
potentially increase its reactivity.13” More recent studies of the system had shown,
that this energy transfer from the chromophore to the N,-bridge gains efficiency due
to Fermi-resonance coupling of the vibrational modes of the Mo(TypP")-moiety and the
{MoNNMo}-core.139

Competitive M-N,- and N-N-cleavage was also observed for another class of com-
pounds capable for photolytical N,-cleavage. Irradiation of Sita’s already mentioned,
thermally ~ stable  N,-bridged n°-cyclopentadienyl/n?-amidinate  complexes
(M=Mo XVlg, W XVIh) yields bis-nitride bridged [(N)Z(MCp*am)z] (M=Mo XLIlla,
W XLIIb, Scheme 31). In case of the Mo-compound, XVIg, the formation of mono-
nitride [(N)(Mon*am)z] (XLIVa) strongly hints towards competative M-N, and N-N-
bond breakage, reminiscent to the examples by Floriani and Cummins.140

Upon variation of the substituents on the amidinate-ligand (am* = [N(Et)C(Ph)N(Et)]~,
XLV) thermal N,-cleavage into the bis-nitrido-complexes [(N)2(MCp*am*)2] (M=Mo
XLVIa, W XLVIb) could be achieved, showcasing how relatively small changes on the
ligand-framework can have a large impact on the reactivity of such N,-bridged com-
pounds. 8>

R2 R?
RIN== hv 5 N R'N=% PrIN==
/é{ | _NR' (R' = Pr; RZ = Me); NN //NR1 N /,NfPr
R1N/';A=N:N=M\ 25 C > R1N/;A-\\-‘:N:’7M\ + iPrN/l\//Io—N—Mo\
JE=NR! 7&/ (Ri=EL.R:=Ph) L= KR! /‘é/ L= ipr ;é/

R®  Ri-PrR2=Me M= Mo, W R R Pr A2 - Me TMP6

XVl XLVI

R' =Et; R? = Ph R' =Et; R2 = Ph
XLII XLIV

Scheme 31: Photolytical (R = iPr; R2 = Me) and thermal (Rl = Et; R2 = Ph) N,-

cleavage of Sita’s n°-cyclopentadienyl/n2-amidinate complexes (M = Mo XVIg, XLVa
and W XVIh, XLV). 85140
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Using structurally related [(N2){Mon*(depf)}2] (depf = 1,1’-bisdiethylphosphino- fer-
rocene, XLVIla) photolytical cleavage into a terminal nitride [Mo(N)Cp*(depf)] (XLVIII)
was demonstrated by the group of Nishibayashi (Scheme 32). Remarkably, the split-
ting reaction could be reversed upon one electron oxidation of XLVIII giving dicationic
[(N2){Mon*(depf)}2]2+ (XLVIIb) via nitride coupling. XLVIlb can be reduced again
to give monocationic XLVIIc and neutral XLVIla thereby closing the synthetic cycle.1®
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Scheme 32: Photolytical splitting of XLVIla gives terminal nitride XLVIII, whose oxi-
dation yields in XLVIIb via nitride coupling.1®

Another example, which was later computationally studied by Gonzalez and Krewald,
was presented by Kunkely and Vogler (Scheme 33).141 |rradiation of the mixed va-
lent, valence localized 0s''/0s"'-N,,-bridged complex [((NH,);0s")(N,)(0s" (NH,) ) I>*
(XLIXa) yields the respective Os"- and Os"'-nitride-complexes, [0s"(N)(NH,),1** (La)
and [0sY'(N)(NH,),I°* (Lb). The strong trans-influence of the nitride-ligand causes
NH,-liberation. Additionally, the Os(V)-nitride (La) gets subsequently oxidized to sta-
bilize the Os=N-bond and form another equivalent of [0sV/(N)(NH,),1** (Lc, see also
Scheme 40). Notably, direct cleavage into Lb upon irradiation of the corresponding
0s''//0s"' complex, [((NH;);0s")(N,)(0s"(NH,),)1°* (XLIXb), was unsuccessful, since
the latter liberates N, upon irradiation or at temperatures above 5 °C.14!

37



1.2 N2—Functionalization

NHs NHy |5+ NH, |3+
|||“\\ NH3 ||||“\\ NH3 |V'.‘\‘ NHg
HN—O0s—N=N—0s—NH; p— . JOSSN + 2NH; + @
HNY | HNY | HN' |
NH3 NH3 NH3
XLIXa Lc T
hv
NHs NHy |5+~ NHs  |2*  NHg |3+
HAN Olu“\\ NNHs_N Olm“\\ NNHI-? |v“\\NH3 |v!“\NH3
IN—Os—N=N—0s—NH; ———» H;N—Os=N + N=O0s—NHj;
v
HNY | HNT | HNT | HNT |
NHj NH3 NH3 NH3
La Lb

Scheme 33: Irradition of XLIXa yields in La and Lb, which subsequently react further
to give two equivalents of Lc.142

Gonzalez and Krewald calculated the effect of NN-bond elongation on the relative
MO-energies of XLIXa to finally give La and Lb (Scheme 34). Elongation of the NN-
bond decreases the overlap of the two N-pz-orbitals leading to weaker seperation
of the N-N o/c*-levels and a stabilization of the o-0*-c-orbital. Once both nitrogen
atoms are far enough separated, the o-0*-c-orbital becomes degenerate with the nn*-
m-rt*-orbital. As a result the electronic configuration as well as the NN-bond strength
change since electrons are transferred from the former HOMO (nt*-mt-t*), with NN-
bonding and Os-N, antibonding-character, into an orbital with NN-antibonding and Os-
N,-bonding character (o-0*-0). Full cleavage into the two monomers, La and Lb, goes
along with degeneration of the former o-0*-0- with the former o-o-0-orbital. 142:143

Taking these considerations into account, two possible scenarios for photolytical N,-
cleavage have been postulated. One possibility is the electronic excitation into an
excited state with an distorted M-N-N-M core, which lowers the energy of the o-0*-
o-orbital making it accessible for population and thereby lowering the kinetic barrier
for N2-cleavage. Another possibility would be the direct electronic excitation into the
o-0*-o-orbital leading to a large decrease of the NN-bond strength. This effect would
be maximized if the excited electron originates from an MN-nt*-orbital, since in this
way the MN-bond-order would be increased while the NN-bond-order would be de-
creased.142.143
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Scheme 34: Molecular orbital scheme for the cleavage of XLIXa into La and Lb upon
elongation of the NN-bond distance.142

These proposed scenarios can also be applied to the already discussed photoactive
systems by Sita (XVIlg, XVIh), Nishibayashi (XLVlla) and Schneider (XIII), although
their photochemical and photophysical properties are not fully understood yet. For in-
stance, computational analysis by Krewald of photoactive XVIg revealed an excitation
with LMCT-character from the bridging N, ligand to the Mo-ions. 4 Such a transition
should weaken the NN-bond and thereby increase the flexibility of the {MoNNMo}-
core. Notably, such a transition is not predicted for the photoinactive analogue XLVa.
Further comparison between both systems, XVIg and XLVa, also unveiled several
LMCT transitions from both amidinate and Cp*, which were only present in photoac-
tive XVIg and could induce ligand dissociation as initial step for isomerization into
XLIlla as it was also proposed by Sita. 83144145

TD-DFT calculations of Nishibayashi’s structurally related XLVIla imply that the active
transition also leads to a decrease of electron density between both nitrogen atoms
resulting in a more flexible Mo-N-N-Mo unit.16

The active transitions within Schneider’s XIlIl were attributed to have mainly (§/6*)—
(m*-t*-7t* )-character, which could lead to distortions of the {ReNNRe}-core possibly
promoting N,-cleavage via a zig-zag-transition state.’!
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Another example, structurally related to already discussed XIIl, was recently reported
by the group of Miller. Reduction of [ReCI3(PONOP)] (LI; PONOP = 2,6-(‘Pr> PO)2—NC5H3)
in presence of N, forms the N,-bridged dinuclear trans, trans-Llla, which is thermally
stable with respect to N,-cleavage but isomerizes into the thermodynamically more
favored cis, trans-Lllb and cis, cis-Lllc above 130 °C (Scheme 35). Each isomer
transforms into cis-[Re(N)CIZ(PONOP)] (LINa) upon irradiation (A = 405 nm), although
with very different quantum efficiencies and yields, with Lllc being most effective
(Table 5).21
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Scheme 35: Formation of the N,-bridged dinuclear Re-PONOP-species LIl and their
interconversion into LIlla upon photolysis.?1

The incapability for thermal N, -cleavage for all three dinuclear species was rational-
ized by a high kinetic barrier (AG¥ =51.3-53.2 kcal-mol-l), furthermore cleavage of
the NN-bond into the respective cis/trans-[Re(N)CI,(PONOP)] (LIlla/LIlIb) was calcu-
lated to be endergonic (AG® =10.5-13.9 kcal-moll). Isomerization of trans-LIlIb into
cis-Lllla was calculated to be exergonic (AG°=-6.4 kcal-moll) in line with the ex-
clusive formation of LIlla upon photolysis. However, the high barrier for N,-cleavage
circumvents nitride coupling of Lllla to N, -bridged Lllc, which was observed neither
thermally nor photolytically.2!

Table 5: Photolysis (A = 405 nm) of different mixtures of Llla, Lllb and Lllc gives
different quantum yields (®, obtained after 2 h) and yields of Lllla.?!

Lila Lilb Llic | @ (after 2 h) | Yield time

8 1 0 0.003 <3% 9d
0 7 1 0.06 24% 7.5h
0 1 1 0.11 47% 7h
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1.2 N2—Functionalization

Overall, the system of Miller represents another good example how photolysis enables
N, -splitting over a high kinetic barrier and without a thermodynamic driving force.
Such thermoneutral (or even endergonic) reactions hold the promise of forming less
stabilized and therefore easier to functionalize N,-derived nitrides. 43 For example,
requires thermally obtained [Re(N)CI(PNP)] (XXXVII) strong electrophiles, like alkyl-
triflates, for functionalizations of the nitride moiety via C-N-coupling.1:146 |n contrast,
[Re(N)CIZ(HPNPiPr)] (XLII), generated photolytically, can be functionalized with milder
electrophiles, such as benzoylchlorides, to give benzamide.’! The functionalization of
N,-derived nitrides will be discussed in the next chapter.
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1.3 Nitride-Functionalization

The cleavage of N2 typically results in the formation of a transition metal nitride.
However, such nitrides are mostly not prepared via N,-scission and represent a long
known class of compounds, which can be synthesized on various different routes. 31
The first report for a transition metal nitride dates back to the synthesis of [OsO;N]~
in 1847.1%7 Since than the chemistry of transition metal nitrides has evolved and was
covered in many review articles.4>131,148-156

This chapter will focus on more general bonding considerations and the resulting re-
activity of transition metal nitrides. Afterwards, the reactivity of N, -derived nitrides,
with focus on C-N-coupling reactions, will be discussed.

1.3.1 Bonding of terminal transition metal nitrides

The metal-nitride bond is considered as a triple bond consisting of one o- and two
m-bonds, in which the nitride ligand acts as both a strong o- and n-donor. Although,
this description as well as the typical consideration as N3~ imply a rather nucleophilic
character, the high covalent character of the M=N-bond can also lead to electrophilic
behavior, especially for late transition metals. 131

To understand the stability and reactivity of such metal-nitride complexes it is im-
portant to understand their electronic structure. Gray and Ballhausen developed a
bonding picture for octahedral [VO(OH2)5]2+, which can be adopted for octahedral ni-
tride complexes and translated into other geometries.1>’ Considering the M=N-bond
to be oriented along the z-axis, linear combination of the metal d,2- with the nitrogen
pz-orbital results in o-bond formation, while combination of the dy;- and dy-orbitals
with the px- and py-N-orbitals, respectively, results in n-interactions. Due to the lack
of N-orbitals with suitable symmetry, the dyy- and dxz_yz-orbitals remain non-bonding
with respect to the M=N-bond. The nitride-ligand (formally considered as N3~) adds
six electrons to this scheme, which results in full occupation of all bonding-orbitals and
a bond order of three (Scheme 36, left). The remaining orbitals can be populated with
former metal d-electrons. Accordingly, the stability and reactivity of the metal-nitride
bond relies on the number of remaining d-electrons. In case of a d%-configuration
only orbitals with MN-bonding character are populated, while upon addition of one
or two more electrons the former dyy-orbital with non-bonding character gets occu-
pied. A higher number of electrons leads to population of MN-antibonding orbitals and
weakening of the M=N-bond. Furthermore, occupation of the d,2_,2-orbital reduces
the bond-order to the remaining supporting ligands. Hence, octahedrally coordinated
metal-nitrido-complexes require a low number of d-electrons to be stable in line with
the low number of late transition metal nitrides in this coordination mode.135:138 Ad-
ditionally, the strong o- and n-donor properties of the nitride ligand have a strong
trans-influence, which often prevent binding of a ligand in trans-position and foster
the formation of square-pyramidal complexes with the nitrido-ligand on the apical po-
sition. 131
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Scheme 36: left: Qualitative orbital interactions within octahedrally coordinated
L.MN. right: Qualitative frontier molecular orbital scheme for metal nitrido complexes

in tetrahedral, octahedral and square-planar coordination geometries. 43:131,157,159

Higher d-electron counts can be stabilized within different coordination geometries.
Within a tetrahedral geometry the d,2_,2-orbital becomes overall non-bonding and
drops in energy, degenerate with the dy,-orbital. Since both of these orbitals have an
overall non-bonding character, a d-electron count up to four can be stabilized. This
was first shown by Peters4> for a pseudo-tetrahedral Fe(IV)-nitride, [Fe(N)(Pi3PrBPh)]
(LIV, PP"BPh = [PhB(CH,P'Pr,),]7) and later independently by Meyer'6° and Smith 16!
with structurally related Fe(IV)-nitrides both supported by tripodal carbene-ligands.
All three compounds exhibit a singlet ground state in agreement with the proposed
MO-scheme shown in Scheme 36 (right, A), which was further corroborated by DFT-
calculations. 4>-160,161

Square-planar coordination geometries can also stabilize higher d-electron counts.
Considering the M=N-bond to be oriented along the x-axis, the d,z-orbital drops in
energy and becomes non-bonding, which should lead to the MO-diagram shown in
Scheme 36 (right, C).15°® The first example for a square-planar d#-nitride,
[Ru(N)(PNP5)] (LV, PNPS' =[N(SiMe,CH,P'Bu,),]7), was presented by the group of
Caulton.1%2 Notably, upon usage of this coordination geometry, the groups of Burger
and Schneider were also able to stabilize the d>-configurated nitrides, [Ir(N)(PDI)]
(LVI; PDI = pyridinediimino) and [M(N)(PNP”)] (M=Rh (LVII), Ir (LVII);
PNP” = [N(CHCHP'Bu,),17), respectively (Figure 10).46-48.163
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Figure 10: Pincer-supported, square-planar nitrido-complexes reported by Caulton 162
(left), Burger® (middle, R = di-isopropylphenyl) and Schneider®7:48 (right).

While these considerations give some insights into the stability of the M=N-bond, the
philicity of the nitride ligand itself depends on the relative energies of the metal-d-
and nitrogen-p-orbitals forming one of the two n-bonds. Upon comparison two sce-
narios evolve: In one case, when the metal d-orbitals are energetically higher than
the nitrogen p-orbitals, the two n-bonding electrons are mainly nitrogen-centered,
making the nitride nucleophilic (Scheme 37, left). In the opposite scenario, when the
metal d-orbitals are energetically below the nitrogen p-orbitals, the bonding n-orbital
has mainly metal-character and the corresponding antibonding =*-orbital is mainly
nitrogen-centered resulting in a more electrophilic nitride (Scheme 37, right).131.151

E nucleophilic electrophilic
A
i 9BG rin B Y
——

Scheme 37: Simplified molecular orbital schemes for the n-interaction within the

metal-nitride-bond, either leading to a nucleophilic or electrophilic character of the
nitride-ligand.131

Accordingly, the electrophilic character of the nitrido-ligand should increase mov-
ing right along the periodic table. This trend was also determined computation-
ally via population analysis for a series of [M(N)(salen)] and [M(N)CI4]2+ complexes
(M =V, Cr, Mn, Fe; salen =N,N’-bis(salicylidene)ethyldiamine dianion) using DFT, which

showed a decreasing negative charge at the nitride ligand moving right along the pe-
riodic table.164
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1.3 Nitride-Functionalization

However, the reactivity of the nitride does not only rely on the metal and electron
count as the supporting ligands can also model its reactivity, as shown by the group
of Mayer using a Tp-supported Os-nitride complex, [Os(N)R,(Tp)] LIX; Tp = trispyra-
zolylborate). 1657167 While the bis-chloro complex, [Os(N)CI,(Tp)] (LIXa), reacts fast
with Grignard-reagents, such as PhMgCl, under the formation of the respective imido-
complex, the bis-phenyl complex, [Os(N)th(Tp)] (LIXb), barely reacts with PhMgCl,
implying different reactivity of the nitride-moiety.16>.166 Different reactivity was also
found upon addition of triarylboranes (Scheme 38). Phenyl-ligated LIXb reacts as a
nucleophile and forms N-B aducts, [Os(NB(C,F.);)CL,(Tp)] (LX). In contrast, chloro-
ligated LIXa inserts as an electrophile into the B-Ar-bond and forms the respective
borylanilido compound (LXI).168.167 The different reactivity was rationalized compu-
tationally. The nearly degenerate LUMO and LUMO+1 of LIXa are low lying, M-N
m-antibonding and mainly nitrogen centered, in line with the observed electrophilic
behavior. Upon exchange of Cl vs. more o-donating Ph, both orbitals rise in energy,
which explains the reduced electrophilicity of LIXb compared to LIXa.16°

B(CeFs)3
|
nucleophilic N
B(CeFs)s Ny, I” R
/OS\
R=Ph N7 | YR
HB N
N —|3
I Lx i :
No, WA w I/- |
"Os’, h— B
N | g I
7 CeF B(CeF. N
e N TENNT (CoFe N N\ \;
r=ciLIXa B(CeFs)3 Ny, " R —
r-pLIXb Q.
R=Cl /N/ | vy
electrophilic HB N
\_/
LXI

Scheme 38: Ligand influence on the nucleophilicity of an Tp-supported Os-
nitride, 166,167

All in all, these considerations as well as the high covalent character of the M=N-bond
demonstrate that the typical description of the nitride ligand as N3~ can be mislead-
ing. A very illustrative example was published by the group of Wieghardt. Compari-
son of the structural parameters of [M(N)(CN)4(OH2)]2‘ (M =Re (LXIla), Mn (LXIIb))
with the corresponding nitrosyl complexes [M(NO)(CN)4(OH2)]2‘ (M =Re (LXIlla), Mn
(LXIIIb)) showed almost no difference in the M-CN distances, even though, upon con-
sidering the nitride-ligand as trianionic and the nitrosyl-ligand as monocationic, the
oxidation state of the metal has changed from +V to +1.168

Therefore, a different notation, {M-N}", similar to the Enemark-Feltham notation 169
for {M-NO}-complexes, was proposed. Within this {M-N}"-notation, n represents the
number of d-electrons within the M=N-fragment, considering the nitrido-ligand as a
trianionic ligand. In this way, the actual distribution of the electrons within the M=N-
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1.3 Nitride-Functionalization

bond remains undefined. Additionally, n can be correlated to the MO-schemes shown
in Scheme 36 and can give some insights about the stability of the metal-nitride-
bond.168

1.3.2 Reactivity of N,-derived nitrides

Applying these bonding considerations to the N,-generated terminal nitrides pre-
sented in the previous chapters it can be seen, that most of the pincer-supported
nitrides as well as Masuda’s [Mo(N)(depe)z]Jr (XLIb) exhibit d?-configurations. Ac-
cordingly, the MN-non-bonding HOMO of these nitrides is fully occupied and further
reduction should lead to weakening of the M=N-bond. One exception is Schneider’s
[Mo(N)CI(FPNP)]T (XXXVII), which features a dl-configuration. Nevertheless, all
of these compounds contain early transition metals, which gives the respective ni-
tride a nucleophilic character. In fact, functionalization of most of the mentioned
nitrides has been achieved with electrophiles such as alkyltriflates, 1>:146 poranes, 170
silanes17.171.172 gr penzoylchlorides. 1

The group of Holland attempted the oxidation of N,-derived [Re(N)CI(PNP)] (XXXVII,
PNP = [N(CH,CH,P'Bu,),17).1”3 While outer-sphere oxidents, like ferrocenium, lead
to metal centered oxidation to give [Re(N)CI(PNP)]* (LXIV), electrophilic O-atom-
transfer reagents, like mCBPA (mCBPA = 3- chloroperbenzoic acid) lead to oxidation
of the pincer-amide and formation of [Re(N)CI(PONP)] (LXV,
PONP = [ON(CH2CH2PtBu2)2]‘), which could not be synthesized upon usage of nucle-
ophilic O-atom-transfer agents. LXV was successfully oxidized to give [Re(N)CI(PONP)1*
(LXWVI), which could also be obtained upon reaction of LXIV with mCPBA. Although,
the structural parameters of LXVI do not differ significantly from XXXVII, the M=N-
moiety reacts with phosphines to give the phosphinimide LXVII, which decomposes
to LXIV, OPR3 and other products. Hammett-analysis via variation of the phosphine
substituents imply an electrophilic character of the nitride-ligand, showcasing how
the ligand and oxidation-state of the metal influence the reactivity of the nitride-

moiety. 173
Py
+Fe? N—po—Cl —-MCPBA R = 4-FPh, Ph, p-tolyl
-Fe P -mCBA =4-1h 7N, pioly
<7§:2 lrlql OPR,
—PBu LXIV ,of\——\\ptB;H on (}‘T\pIBL;H' N
N—Re—Cl . N—(Ré—‘C| 3 N—me—Cl —=>5. LXIV
<—P’|,L| PhCOOH Cp lrlql <—P’u +
XXXVII 0 Lxvi e e e
~—PBuU 3
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Scheme 39: Oxidation of the PNP-pincer-ligand and the Re-center in nucleophilic
XXXVII change the nitride-philicity to electrophilic in LXVI.173

46
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The described bonding considerations can also be used to rationalize the instability
of the Os(V)-nitride [Os(N)(NH3)5]2+ (La), which was proposed as one of the two ini-
tial N, -splitting products upon photolysis of [((NH;) 0s")(N,)(0s"'(NH,).)1°* (XLIXa)
(Scheme 40, a). The strong trans-influence of the nitride ligand leads to liberation of
one NH3—Iigand (Scheme 40, b). The d3-configuration of the so formed [Os(N)(NH3)4]2+
(Ld) destabilizes the Os=N-bond due to occupation of an anti-bonding orbital. Dispro-
portionation to [Os(N)(NH3)4]’r (Le) and [Os(N)(NH3)4]3+ (Lc) (Scheme 40, c), starts
a cascade reaction, using [Os(N)(NH3)4]2+ (Ld) as reductant, in which one nitride
ligand is subsequently reduced and protonated to give [(NH3)505(OH2)]3+ (LXVII)
(Scheme 40, d).141

a. [(HsN)sOSNp-Os(NHy)sJ5* —=3=  [(HsN)sOs=NI** + [(HaN)sOs=NP2*
XLIXa Lb La

b [(HoN)sOS=NP?* + [(HaN)sOs=NI**—5 g2 [(HoN)OS=NI** + [(HaN)Os=NI?*
Lb La Lc Ld

c. 2[(HaN)sOs=NIZr —  [(HaN),Os=NI®* + [(HgN),Os=N]"
Ld Lc Le

d. 2[(HsN)sOs=NJ* + 3H* + HoO ——3= [(HgN),Os=NJ?* + [(HaN)a(H20)Os(NHz) %+
Le Ld LXVII

Scheme 40: Photolytic cleavage of XLIXa generates a unstable Os(V)-nitride Ld,
which subsequently disproportionates and starts a cascade reaction, which finally
gives LXVIII. 141

Cummins’ N,-derived nitride [Mo(N)(N(R)Ar);] (XXXI) reacts as a nucleophile, as pre-
dicted for a d%-configurated early transition metal nitride. Besides aduct formation
with Lewis-acids, such as BX, (X=F, Cl), AIX3 (X=F, Cl, Br, I), GaCI3, InCI3, GeCl, or
SnCl,, the formation of imido-complexes ([IMo=N—R]") with Mel, TMS-OTf or in situ
prepared PhC(0)-OTf has also been observed.174

The methyl-imido complex LXIX, obtained upon reaction of XXXI with Mel, can be de-
protonated to yield in the formation of the respective ketimido complex LXX, which
can be C-methylated to give the ethylimido-complex LXXI (Scheme 41, top). Remark-
ably, direct synthesis of the ethylimido-complex upon reaction of XXXI with EtOTf, Etl
or [Et,01BF,, was not successful.}’4 In a related study, the group of Cummins was
able to transform the N,-derived nitride-ligand into cyanide. Reacting a mixture of
MeOCH,Cl and 'Pr3SiOTf with XXXI leads to formation of methoxymethylimide LXXII,
whose deprotonation gave the respective alkoxyketimide LXXIII. Addition of SnCl,
as Lewis-acid and Me,NSiMe, as Brgnsted-base yields in the formation of C-bound
[Mo(CN)(N(R)Ar),1 (LXXIV, Scheme 41, bottom) .17>
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Scheme 41: Top: Sequential methylation of N,-derived XXXI forms the ethylimido

LXXI. Bottom: Generation of CN~ from XXXI.174.175

While reformation of XXXI from LXXIV was unsuccessful, the group of Cummins was
able to generate organic nitriles R—C=N from N, in a synthetic cycle (Scheme 42).176
Acylation of N,-derived XXXI using a RC(O)Cl/Me,SiOTf-mixture (R = Me. Ph, ‘Bu)
gives the respective acylimide complexe LXXV, which can be reduced with
Mg/anthracene in the presence of Me3SiOTf to give the respective trimethylsiloxyke-
timides LXXVI. Liberation of the respective nitrile was achieved via addition of a
Lewis-acid, such as ZnCl, or SnCl,, to give Mo(IV)-chloride LXXVII. Reduction of

LXXVII gives [Mo(N(R)Ar);] (XXX), which binds and splitts N, to reform XXXI.17¢

I
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.
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Scheme 42: Synthetic cycle to generate organic nitriles from N, (R = Me, Ph, tBu).17®
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A similar synthetic cycle was achieved with already mentioned heterobimetallic 1V
(Figure 3), which cleaves the N,-bond upon reduction to give Mo(VI)-nitride XXXI and
anionic Nb(V) [Nb(N)(N(R)Ar)3]‘ (LXXVIN, R = 'Pr, Np, Scheme 43). The Nb-nitride
LXXVIIIl is more reactive and releases the respective organic nitrile directly upon re-
action with acyl chlorides under formation of a Nb(V) oxo-complex, [Nb(O)(N(R)Ar)3]
(LXXIX). After reaction of LXXIX with trifluoromethanesulfonic anhydride giving
[Nb(OTf)z(N(R)Ar)3] (LXXX) and reduction with Conz, the so obtained Nb(IV)-triflate
[Nb(OTf)(N(R)Ar)3] (LXXXI) undergoes salt metathesis with Na[Mo(Nz)(N(R)Ar)s]
(LXXXII) and reforms dinuclear IV.62.177

(l)Tf TTf |?|
CoCp» AuN(Np)Ar . THhO
N —lNa /Nb"’N(Np)A<—r CoCoa]OTt Ar(Np)N—Nb\ B — /Nb"’N(Np)Ar
I ANpINT S ER [eoCPel |Tf N(Np)Ar AT SR
| LXXXI LX%(X LXXVIII
Mo 1y o
ARINT \NNF({!?Xf“ \
LXXXI‘ - NaOTf +RC(O)CI C///
- NaCl /
NaHg —lNa R
N Ar(R)N N(Np)Ar N
WN(R)Ar N -"/'\R}\IP)AF NaHg lll
Ar(R)N—Mo_ Mo=N=N=Nb > Nb..,
“YN(R)Ar ArRINT 2 A\ -MoNYIN(RIANS] prngyn” S NINPIAT
XXX Ar(RON v N(Np)Ar N(Np)Ar
LXXVIII

Scheme 43: Synthetic cycle for the formation of nitriles from N, and acyl chlorides
using N,-bridged heterobimetallic IV (R = Ad, Ph, 'Bu; R’ = Np, 'Bu; Ar = 3,5-

177
Me2C6H3).

The group of Schneider followed a different approach in which re-reduction of the
metal-center does not rely on external reductants like in Cummins’ case. In the first
example, N,-derived Re(V)-nitride XXXVII was used to produce acetonitrile in a syn-
thetic cycle (Scheme 44).146 |n the first step, XXXVII is reacted with EtOTf to form
the respective Re(V)-ethylimido LXXXIII, which can be deprotonated to give the re-
spective ketimide LXXXIV. This deprotonation is accompanied by formal two electron
reduction from Re(V) to Re(lll) in which both electrons formally stem from the CH-bond
of the «-carbon. Further deprotonation of this carbon-atom was reported to result also
in two electron reduction of the Re-center and release of acetonitrile. However, the
so formed Re(l)-species, LXXXV, requires strong acceptor-ligands, like iso-nitriles, for
stabilization and does not activate N,. Nevertheless, reaction of LXXXIV with two
equivalents of N-chlorosuccinimide (NCS) liberates acetonitrile under formation of the
Re(IV)-trichloro-complex LXXXVI. Closure of the synthetic cycle was achieved upon
reduction of LXXXVI with NaHg in the presence of N, to reform nitride XXXVI1.146
Usage of in situ prepared PhCH,OTf instead of EtOTf yields in the formation of ben-
zonitrile following a analogue mechanism.178
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Scheme 44: Synthetic cycle for the generation of acetonitrile from N, using a Re-PNP-
pincer-platform.146

Later the group of Schneider utilized [Re(N)CIz(HPNPiPr)] (XLIIb) for C-N-coupling in a
synthetic cycle (Scheme 45).7! In contrast to XXXVII, functionalization of XLIlb does
not rely on very strong electrophiles, like alkyltriflates. Therefore C-N-coupling could
be achieved using benzoylchloride (PhC(O)Cl), which releases a mixture of benza-
mide (PhC(O)NHZ), benzoic acid (PhCOzH) and benzonitrile (PhCN). The appearance
of benzoic acid and benzonitrile is a result of a reaction of benzoylchloride with im-
mediate formed benzamide. Interestingly, both protons, required for the formation
of PhC(O)NH,,, stem from the ligand backbone, which serves as a 2H*/e~-donor and
is oxidized to give Re(lll) imine-complex LXXXVII. Re-reduction of the ligand back-
bone was accomplished via stepwise addition of Li[HBEt,] and [Ph,NH,]CI. The so-
formed Re(lll)-trichloro-complex LXXXVIII can be reduced under N,-atmosphere to
yield the N,-bridged dinuclear XIIl. However, the yields following this route are rela-
tively low most likely due to the formation of hydride-complexes. Therefore, the group
of Schneider investigated the electrochemical reduction of the ligand-backbone using
controlled potential electrolysis (CPE). CPE (E3PP! = -1.65 V) of LXXXVII in the pres-
ence of a suitable acid (2,6-dichlorophenol) yielded LXXXVII almost quantitatively,
which allowed its subsequent electrochemical reduction to XIlI via CPE using a lower
potential (EaPP! = -1.85 V). Irradiation of XIII cleaves to N,-bond and reforms XLIlIb to
close the synthetic cycle.’?
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Scheme 45: Three step synthetic cycle for the formation of benzamide, benzonitrile
and benzoic acid from benzoylchloride and N, including photolytic N,-cleavage and

electrochemical re-reduction of the ligand-backbone.’!

All above discussed examples illustrate some general aspects and strategies for the
incooperation of N, into organic molecules. Cleavage of the strong N=N bond is
often accompanied by the formation of strong M=N-bonds, which require strong elec-
trophiles to be functionalized. This drawback can be overcome with different strate-
gies, like for example the formation of strong N=C-bonds, like in nitriles, which coun-
terbalance the high energy demand for N2-cleavage.146'175‘177 Alternatively, N,-
splitting into less stabilized nitrides, like in Scheme 45, allows the usage of weaker
electrophiles. The reduced thermodynamic driving force typically leads to higher
kinetik barriers for N,-cleavage, which may be overcome by photolysis.’! Re-reduction
the metal-center should ideally proceed without an additional reagent or electrochem-
ically. 179
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1.3 Nitride-Functionalization

1.3.3 Generation of cyanate from N,-derived nitrides

Sodium and potassium cyanate salts are used in a variety of applications, like steel
hardening, in agrochemical processes or also for the synthesis of fine chemicals or
pharmaceuticals. The worldwide yearly demand ranges around 8 to 10 Mt, which are
industrially produced upon reacting sodium or potassium carbonate with urea at tem-
peratures above 400 °C to give sodium or potassium cyanate, respectively. 180

2 H,N(CO)NH, + M, CO 2 MOCN + (NH,),CO, (1.2)

—_—
3400°C
Taking into account that urea itself is produced from carbondioxide and ammonia at

high pressures (eqn. 1.3), the overall atom-efficiency for the production of cyanates
is relatively low. 181

2 H N + CO, — H,N(CO)NH, + H,0 (1.3)

In an alternative approach, cyanates can be generated directly from a metal-nitride
and CO. Reformation of the nitride and eviction of the cyanate ligand requires in prin-
ciple only the addition of one electron and N, (Scheme 46). Besides that no other
reagents are required, which marks this reaction as potentially very atom efficient.
The reduction can be driven electrochemically or via addition of a suitable reductant,
in case of potassium the reaction is enthalpically favored by -73.4 kcal-mol-1,179.182,183

1/2 N,
/\ N
[M] il K + CO+ 12N, —» KOCN
M AHP = -73.4 keal mol!
-NCO" o CO+ 12Ny + & —» OCN
C co
) N
+ € 1
M]

Scheme 46: Jeft: An idealized cycle for the formation of cyanate from N,

and CO. right: Overall equations for the formation of potassium cyanate and
cyanate, 179,182,183

Coupling of terminal nitrides with CO has been reported for several, non-N,-derived
nitrides, 1847189 also the CO-mediated cleavage of N, under the formation of cyanate
has also been reported (see for example Scheme 13).18:107,108,110 | contrast, cou-
pling of terminal N,-derived nitrides with CO is surprisingly scarce and has, so far,
only been reported once.179.190
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1.3 Nitride-Functionalization

Cummins presented the coupling of CO with non-N,-derived Na[V(N)(N(tBu)Ar)s]
(LXXXIX), which is the vanadium analogue to N,-derived XXXI (Scheme 47, top). Ad-
dition of CO to LXXXIX results in liberation of NaOCN and formation of [V(N(tBu)Ar)3]
(XC), which is not capable for N,-binding and/or -splitting. 8¢

In constrast, no reaction with CO was observed for the Nb-analogue,
Na[Nb(N)(N(tBu)Ar)3] (XCI). Instead, reduction of independently prepared
[Nb(NCO)(N(tBu)Ar)3] (XCII) results in the reverse: breakage of the C-N-bond, lib-
eration of CO and formation of nitride XCI (Scheme 47, bottom). 191

However, neither for the N2—derived Mo(VI)-nitride XXXI nor for the N2-derived Nb(V)-
nitrides [Nb(N)(N(R)Ar)3]‘ (LXXVIN, R = 'Pr, Np) CN-coupling with CO was reported.
Decarbonylation of  the independently prepared cyanate complex,
[Mo(NCO)(N(*Bu)Ar),] (XCIII), was also not feasable. !’

Na[—
I\|/I co ArBuN V»“NtBUAr
e r'BuN—
ArfI:ug‘N ~y- B -NaNCO “VNBuAr
r'ou
XC
LXXXIX
TCO Na[— N
-Nb NaH ll
AFBUN™ /N e, x oo ND
NBUA -CO Ar'BuN ~
ArBUN UAr Ar'BuN/ NBuAr
XCll XClI

Scheme 47: Top: Coupling of a non-N,-derived V(V)-nitride LXXXIX with CO results in
formation of NaOCN. Bottom: Reduction of the Nb(IV)-cyanate XCII results in decar-
bonylation and formation of the Nb(V)-nitride XCI.186.191

Cummins proposed the CN-bond formation in LXXXIX to occur via nucleophilic attack
of the nitride on the incoming carbonyl, although initial coordination of the CO-ligand
to the metal-center could not be fully excluded.

Such an alternative mechanism was proposed, supported by DFT-calculations, by
the group of Liddle for non-N,-derived Tren™P>-supported uranium nitrides (Tren''">
= N(CH,CH,NSi'Pr,),).18 Carbonylation of [U(N)(Tren™"®)]" (n = 0 XCIVa; n = 1-
XCIVb) results in formation of the respective cyanate complexes [U(NCO)(Tren'P3)]"
(n = 0 XCVa; n = 1- XCVb) (Scheme 48). Notably, the reaction proceeds on very
different time-scales depending on the oxidation state. While the carbonylation of
the U(VI)-nitride XCIVa is slow (16 h), the anionic U(V)-congener reacts instanta-
neously with CO even at -78 °C.188 Computational examination of the reaction re-
vealed a transition state with a n(Z:N—bound cyanate-ligand indicating precoordination
of the carbonyl-ligand (Scheme 48; right). The smaller size of U(VI) compared to U(V)
makes such a precoordination more energetically costly, which is expressed in the
higher barrier for CN-coupling for the U(VI)-nitride compared to its U(V)-congener. 188
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Scheme 48: left: Carbonylation of XCIV results in CN-coupling to give XCV on differ-
ent time-scales depending on the oxidation state. right: The proposed transition state
of CN-coupling.188

Similar observations were made by the group of Agapie using a para-terphenyl-
diphosphine supported Mo-nitride (XCVIla; Scheme 49). Carbonylation of the formal
Mo(IV)-nitride, XCVIIa, results in coordination of CO to the metal center and formation
of six-coordinate XCVIIb, whose further reduction leads to CO loss and reformation of
XCVlla accompanied by other decomposition products. 189

In contrast, two electron-reduction of XCVIlla yields formal Mo(ll)-nitride XCVIlc, which
readily reacts with CO to give NaOCN together with the mono- and tris-carbonyl com-
plexes, XCVIld and XCVlle, respectively. Although the mechanism of CN-coupling re-
mains elusive, the different reactivity of XCVIlc compared to XCVlla was accounted
to its coordinative unsaturation and its lower valency. 189

N OTf N (I:O 5 NalGaH XCVlla
Prop Sy —p Pr co WP_MOPPQ ACroHgl R
iy
Q L O Q \ OTf decomposition
- 6
XCVlla XCVIilb
+ 2 Na[C1oHs]
- NaOTf
- [C1oHs]

PPry XCvild XCVlle
XCVilic

Scheme 49: Carbonylation of Agapie’s Mo(IV)-nitride XCVIlla results in CO co-
ordination, while carbonylation of the corresponinding Mo(ll)-nitride XCVIla gives
NaOCN. 189

By now, the only example for a full synthetic cycle for the transformation of N,
and CO into cyanate has been reported by Kawaguchi (Scheme 50).190 Reduction
of [V(thf)(ONO)] (XCVilla, [ONOJ3- = 2,6—(3-tBu-5—Me-2—OC6H2CH2)-4—tBu—
(p-tolyl)NC.H,) with two equiv. potassium hydride results in formation of the bis-
nitride bridged dinuclear [{K(dme)}>{(x -N)V(ONO)}]> (XCVIllb). Oxidation of
XCVIlIb with benzoquinone results in breakage of the nitride-bridges and formation
of the terminal V(V)-nitride [V(N)(ONO)]~ (XCVIliic).
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Notably, re-reduction of XCVIllc with either KH or KC; to give XCVIllb was unsuccess-
ful, indicating that XCVlllc is no intermediate in the N,-splitting process from XCVllla
to XCVIllb.1%0

Again different selectivity, depending on the oxidation state, was observed. While
carbonylation of V(IV)-nitride XCVIIlb forms a mixture of [V(NCO)(ONO)]~ (XCVIIId)
and other unidentified products, reaction of V(V)-nitride XCVIllc with CO (22 bar) re-
sults in quantitative formation of XCVIIId after two days. Liberation of the formed
cyanate ligand as KNCO was achieved upon addition of 2-butyne in toluene in quanti-
tative yield. The so formed [V(n2-MeCCMe)(ONO)] (XCVIlle) can be dissolved in THF
to give starting compound XCVllla, closing the synthetic cycle.190

XCVIlic was also functionalized with isocyanides. Addition of excess CN-Xyl (Xyl=2,6-
Me,C.H,) followed by addition of a cryptand forms the corresponding carbodiimide
complex XCVIIf. Without additional cryptand the potassium ion is bound to the ONO-
ligand and the vanadium-ion is pentacoordinated carrying an additional CN-Xyl ligand,
which is released upon addition of cryptand. However, addition of alkynes to XCVIIIf
results not in liberation of K(NCN-Xyl).199

2-butyne

THF dme

XCVlilla O/ ~0

(e}

\ \ \ ?5 dme

N—/V | N—v( /
dme= ~ oL
&O dme§< ) g

O\ /o

XCVille XCVillb |

dme

-KNCO Kjo
o
2-butyne @,OK
dme K(crypt-222)

KO
K ) o
"o CA_A_Y e 6w
Q—/V—N=C_O &_/V N\ /N V—) —_— C—V—N—C—N
\_/ K o
Xcviid dme XCVIIIf
XCVllic

Scheme 50: Synthetic cycle for the transformation of N, and CO into cyante mediated
by a V(ONO)-platform.190

This example showcases that the formation of cyante from N, and CO, following an
Nz-splitting route (Scheme 46), is feasable. However, catalytic turnover is prevented
by the requirement of reductant for N,-cleavage and an oxidant to form XCVlllc. An-
other drawback is the need for elevated CO-pressures and the addition of an external
reagent, 2-butyne, to release the formed cyanate. 190
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1.4 Scope of this work

While there are many examples for N,-cleavage using Mo-complexes, tungsten medi-
ated N,-splitting is surprisingly rare and has so far only been reported once.

Taking the established [(N,){MoCI(PNP)},] (XI)79 as inspiration, the tungsten ana-
logue, [(N2){WCI(PNP)}2] (1), was synthesized and characterized in order to rational-
ize the influence of the metal center on the structural and spectroscopic properties of
such N,-bridged dinuclear compounds. To further corroborate the proposed bonding-
picture (Scheme 8), the oxidation of 1 and its influence on the degree of N, -activation
was analyzed.

Previous studies showed, that the selectivity between competing N,-reduction and
H*-reduction relies on many different factors, such as the reduction potential, the
acid strength and also the acid counterion (see chapter 1.2.1). Therefore, the re-
activity of [(Nz){WCI(PNP)}Z] (1) with respect to proton-induced N2-cleavage shall be
examined and compared with the Mo-analogue Xl to show the impact of the metal-ion
changing from Mo to W. Furthermore, the influence of the acid and reaction tempera-
ture was deeply examined in order to provide guidelines how to suppress competing
proton-reduction.

In comparison to [(N2){ReCI(PNP)}2] (XII), both group 6 congeners, [(N2){MCI(PNP)}2]
(M= Mo XI, W 1), lack two electrons for direct cleavage of the N,-bridge. }>:36:70 There-
fore, the reduction of 1 is attempted and both chloro-ligands are exchanged ver-
sus suitable neutral ligands. The targeted {n1954}-compound shall be characterized
in terms of its electronic structure to further support the bonding-picture shown in
Scheme 8. Due to its m-electron-count, this {71964}-compound should be capable of
N,-cleavage, either thermally or photolytically, which will be explored and analyzed.

The obtained nitrides are functionalized via CN-coupling reactions aiming the forma-
tion of heterocummulenes, whose strong CN-bonds provide some driving force to
overcome the cleavage of the strong W=N-bond.1°2 In an ideal case, the formed het-
erocummulene is liberated under reformation of a suitable precursor for N,-binding
and/or -cleavage, which would allow the formation of the respective heterocummu-
lene in a synthetic cycle providing guidelines towards a catalytic approach.
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2 Results and Discussion

2.1 Synthesis and Characterization of Nz-bridged Ditungsten-
PNP-Complexes

2.1.1 Redox-series [(Nz){WCI(PNP)}z]“*' (n=0-2)2

Complexation of commercially available WCI, with ¥PNP (PNP = HN(CH, CH,P'Bu,),)
in the presence of NEt, as base gives [WCI;(PNP)] (5) in yields up to 60%. The IH NMR
spectrum features three sharp, but paramagnetically shifted signals (54 =9.13 (CH,),
0.82 (*Bu), -139.5 ppm (CH,)), while no signal could be detected in the 31P{*H} NMR
spectrum. The magnetic moment in solution (uesf =2.8+0.1ug) derived by Evans’
method is in agreement with the formation of a d2 high spin complex. The molec-
ular structure obtained by X-ray diffraction (Figure 11) shows a tungsten ion in an
octahedral coordination sphere and closely reassembles the molecular structures
of the already reported Re- and Mo- analogues [MCIL,(PNP)] (M =Re (LXXXVI), Mo

(XCIX)). 70,146
‘ cH
—C b L
N1
- /(’ W1 e )\
WA ‘czj\ |
O P2 \r///ib
ci3 \
L [\ &

Figure 11: Molecular structure of 5 in the crystal obtained by single crystal X-ray
diffraction. Hydrogen atoms were omitted for clarity. Selected bond lengths [A] and
angles [°]: W1-CI1 2.4020(9), W1-CI2 2.4137(9), W1-CI3 2.3811(9), W1-N1 1.938(3),
W1-P1 2.5683(9), W1-P2 2.5873(9); CI1-W1-CI3 175.71(3), N1-W1-CI1 91.76(9), N1-
W1-Cl2 178.56(9), N1-W1-CI3 91.91(9), P1-W1-P2 157.28(3).

With successful synthesis of 5 in hand, its N,-activation capability was examined.
Reduction of 5 with 2 equiv. of NaHg under N,-atmosphere in THF yields in the
formation of green, N2—bridged [(NZ){WCI(PNP)}Z] (1) in isolated yields up to 66%
(Scheme 51). The molecular structure in the solid state features an u?:n*m?!-N, lig-
and bridging the apical coordination sites of two W ions in distorted square-pyramidal
geometry (15 =0.35, Figure 12).193 Both {WCI(PNP)}-fragments are twisted with re-
spect to another leading to an idealized C,-symmetry (CI1-W1-W1#-CI1#: 89.59°/
92.27°). This twist of the {WCI(PNP)}-units is attributed to the large steric bulk of the
tBu-substituents and was also observed for the Re- (XII) and Mo-analogues (XI).36:70

Parts of this work have been published in: "Selectivity of tungsten mediated dinitrogen splitting vs. pro-
ton reduction", B. Schluschal3, J. Abbenseth, S. Demeshko, M. Finger, A. Franke, C. Herwig, C. Wirtele, I.
Ivanovic-Burmazovic, C. Limberg, J. Telser, S. Schneider, Chemical Science, 2019, 10, 10275-10282.
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Figure 12: Molecular structure of 1 in the crystal obtained by single crys-
tal X-ray diffraction. Hydrogen atoms were omitted for clarity. Further-
more only one of the two independent molecules in the asymmetric unit is
shown. Selected bond lengths [A] and angles [°]: N2-N2# 1.33(4)/1.27(8), W1-
Cl1 2.5082(16)/2.576(4), W1-N1 1.938(6)/1.893(11), W1-N2 1.78(2)/1.82(4), W1-P1
2.444(4)/2.468(4), W1-P2 2.483(4)/2.417(8); CI1-W1-N1 135.67(16)/135.7(4), CI1-W1-
N2 109.4(3)/106.2(7), N1-W1-N2 135.67(16)/135.7(4), N2-N2#-W1 163.8(18)/160(4),
P1-W1-P2 156.91(12)/156.8(3).

The C-symmetry persists in solution, as indicated by the presence of two doublets
(5p = 92.9, 87.8 ppm) with large trans-coupling (%Jpp = 147 Hz) in the 31P{1H} NMR
spectrum. Upon reduction of 5 under '°>N,-atmosphere one singlet at 31.1 ppm was
observed in the 1°N{'H} NMR spectrum, confirming the synthesis of 1°N-1 and at-
mospheric N,-uptake. Comparison of the Raman spectra of 1*N-1 and '°N-1 give rise
to the N-N stretching frequency (Vnn(14N-1)=1392 cml, Uyn(1°N-1)=1347 cm'l,
Aexc =457 nm, THF solution), which is in between the values for free hydrazine
(Vnn =1076 cml) and trans-diazene (Vyn = 1529 cml) (Table 1).22 These values im-
ply a relatively high degree of N,-activation, which is further supported by the short
W-N, (dwn, = 1.78(2)/1.82(4) A) and the long N-N distances (dnn = 1.33(4)/1.27(8) A).

Next the redox chemistry of 1 was examined using cyclic voltammetry (CV, Fig-
ure 13). Besides two reversible oxidation waves at low potentials (E; =-1.39 V and
E> =-0.91V, vs. Fct/Fc in THF) no further redox events could be detected in the range
of -2.9 to 0.6 V. Compared to the Mo-analogue (XI), which also shows two reservible
oxidation events (E; =-1.14 V and E> =-0.64 V, vs. Fc*/Fc in THF), the observed ox-
idation potentials are cathodically shifted, implying the nature of these oxidations
being metal centered.

60



2.1 Synthesis and Characterization of N, -bridged Ditungsten-PNP-Complexes

T T T T T T T T T T T T T T T
-3.0 -2.5 -2.0 -1.5 -1.0 -0.5 0.0 0.5

potential vs Fc/Fc™ [V]

Figure 13: Comparison of the cyclic voltammograms of 1 (blue) and Xl (red) (both
100 mV/s, THF, Ar).70

Chemical oxidation of 1 with either one or two equivalents of silver-salts, results in
formation of monocationic [(N2){WCI(PNP)}2]+ (2) or dicationic [(N2){WCI(PNP)}2]2+
(3), respectively (Scheme 51). Stabilization of 3 requires usage of weakly coordinat-

ing anions such as [BPh,]™ or [AI(OC(CF,),),]".

B
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Scheme 51: Synthesis of 1 and its further one or two electron oxidation to 2 and 3,
respectively.
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Figure 14: Jeft: Molecular structure of 2 in the crystal obtained by single crys-
tal X-ray diffraction. Hydrogen atoms, the triflate anion and co-crystalized solvent
molecules were omitted for clarity. Selected bond lengths [A] and angles [°]: N3-N4
1.266(12), W1-CI1 2.366(3), W2-CI2 2.446(3), W1-N1 1.993(10), W2-N2 2.093(13),
W1-N3 1.781(9), W2-N4 1.813(10), W1-P1 2.524(3), W1-P2 2.522(3), W2-P3 2.504(4),
W2-P4 2.471(3); CI1-W1-N1 136.0(3), CI2-W2-N2 133.7(3), W1-N3-N4 169.7(8), W2-
N3-N4 172.3(10), N1-W1-N3 114.2(4), N2-W2-N4 113.0(5), P1-W1-P2 154.94(10), P3-
W2-P4 154.55(12). right: EPR-spectrum of 2 (X-band, THF, r.t.).

The molecular structure of monocationic 2 (Figure 14, left) shows distinct differ-
ences compared to the one of 1. Although the N-N distance is nearly unchanged
(dyny =1.277(5) A), the bond lengths around each tungsten ion in 2 are slightly dif-
ferent, indicating valence localization due to metal centered oxidation, which is in
agreement with the large comproportionation constant (K. ~ 108) derived from both
oxidation potentials.

The EPR spectrum (X-band, r.t.) of 2 shows an isotopic signal (gay = 1.93) with hyper-
fine interaction (HFI) with only one tungsten (A(*83W) =220 MHz) and two phospho-
rous atoms (A(31P) =56 MHz). HFI with the bridging N,-ligand was not found, as the
14N- and 1°N-isotopologues give identical spectra further supporting metal centered
oxidation (Figure 14, right).

Nevertheless, 2 appears C>-symmetric on the slow NMR time scale, as its 1H NMR
spectrum features four intense, but broad and paramagnetically shifted signals
(b4 =3.13, 2.99, 2.51 and 2.38 ppm), which could be assigned to the tBu-groups,
and seven of the expected eight resonances for the ligand backbone.

The N-N stretching frequency (Vnn(14N-2)=1414 cml, Uyn(1PN-2)=1360 cm,
Aexc =457 nm, THF solution) is nearly unimpaired compared to 1.
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Figure 15: left: Molecular structure of 3 in the crystal obtained by single crystal X-ray
diffraction. Hydrogen atoms, the tetraphenylborate-anion and co-crystalized solvent
molecules were omitted for clarity. Selected bond lengths [A] and angles [°]: N2-N2#
1.277(5), W1-CI1 2.3507(8), W1-N1 1.983(3), W1-N2 1.785(2), W1-P1 2.5535(8), W1-
P2 2.5269(8); ClI1-W1-N1 105.53(8), CI1-W1-N2 142.77(7), N1-W1-N2 111.71(10), N2-
N2#-W1 169.7(3), P1-W1-P2 150.21(3). right: xmT vs. T plot for 2-[AI(OC(CF,),),],.
The open circles are the observed susceptibility, the red solid line corresponds to the
best fit with the parameters g=1.90, J=-59 cm~1, TIP=230-10"% cm3mol~! and
PI=0.6% (S =1, the blue broken line, Pl: paramagnetic impurity).

Two electron oxidation of 1 gives dicationic 3, whose 'H NMR spectrum features four
intense but paramagnetically shifted signals for the ‘Bu-groups (64 = 4.32, 4.19, 3.78
and 3.49 ppm) and eight signals for the ligand backbone, as expected for such a
dinuclear Cz-symmetric molecule. No signal could be detected in the 31P{1H} NMR
spectrum. Magnetic characterization of dicationic 3 derived by SQUID magnetometry
reveals a xmT product of 0.6 cm3mol-1K! at r.t., which gradually drops to 0 at about
20 K. The data was fitted to a model with two weakly antiferromagnetically coupled
(/=-59 cm) low spin (§ = 1/2) ions, indicating that the second oxidation is also metal
centered (Figure 15, right).

In the solid state dicationic 3 appears Cz-symmetric with identical bond lengths around
each tungsten center (Figure 15, left). The NN bond distance (dyy =1.266(12) A) as
well as the N-N stretching frequency (Vnn(14N-3) = 1400 cm™L, ¥yn(1°N-3)=1356 cm™l,
Aexc = 514.5 nm, THF solution) are both nearly unchanged compared to 1 or 2.
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Table 6: Comparison of the structural and spectroscopic features of the bridging N,
ligand in 1, 2 and 3 with the Mo-congener XI and Cummins’ dicationic 111.61.70

1 2 3 XI 11
dun [A] 1.33(4)/1.27(8) | 1.277(5) | 1.266(12) | 1.258(9) | 1.265(5)
v (1N,) [cm™!] 1392 1414 1400 1343 1349
v (1°N,) [em?] 1347 1360 1356 - -

Overall, the structural and spectroscopic features of 1, 2 and 3 exhibit a unimpaired
degree of activation of the bridging N,-ligand upon oxidation (Table 6). Following
the simple bonding model expressed by the MO-scheme for such N,-bridged din-
uclear compounds neutral 1 features {n864}—conﬁguration (Scheme 52, left). The
eight m-electrons within the {MNNM}-manifold lead to a relatively high degree of N-
activation, similar to the Mo-analogue Xl or Cummins’ dicationic Il (Table 6).61.70 The
small differences are attributed to slightly reduced backbonding of the 5d-metal. The
four additional electrons, compared to Ill, are populating metal centered 6§-orbitals
with non-bonding character with respect to the bridging N,ligand (Scheme 52).

u u u 2
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Scheme 52: Qualitative molecular orbital scheme of 1 (left), 2 (middle) and 3 (right)

One electron oxidation of 1 removes one electron from the §-orbitals to give {n853}-
configured 2 (Scheme 52, middle). Due to the NN-non-bonding character of these
orbitals the bridging N, ligand remains unaffected, while one of the two tungsten ions
gets oxidized, which results in loss of the Ca-symmetry and a SOMO, which is located
on only one metal center. The second oxidation is located on the second tungsten
ion and removes another electron from the é-orbitals. Accordingly, both {WCI(PNP)}-
fragments become identical and host both one unpaired electron. The orthogonality
of the §-orbitals to the {WNNW}-core leads to only weak mutual coupling (J(3) =-
59 cm-1) of both tungsten ions via the N,-bridge.
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These interpretations are further verified by DFT-calculations.? Monocationic 2 was
predicted as a doublet with a {n®5251 }-configuration (Figure 16, left), while dicationic
3 was calculated as an open shell singlet with a {n®5151}-configuration and a low ly-
ing triplet state due to weak antiferromagnetic coupling of the two metal-centered
spins (Jprr(3) =-184 cm1, Figure 16, right).

2 3
Figure 16: Spin-density-plots for 2 (left) and 3 (right).

b DFT-calculations were performed by Dr. Markus Finger using: M06/def2-TZVPP (SMD: THF) // D3BJ-
RIJCOSX-PBEO/def2-SVP.
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2.1.2 Synthesis and characterization of [(N,){W(CO)(PNP)},] (4)°

Just as its Mo-congener Xl or Cummins’ dicationic I, [(NZ){WCI(PNP)}Z](l) is not
capable for cleavage of the N,-bridge neither thermally (T =80 °C) nor photolyti-
cally (A>305 nm), which can be rationalized by the lack of two electrons within the
{WNNW}-m-manifold.22:61.70 As indicated by electrochemical studies (Figure 13), re-
duction of 1 requires very harsh reductants. Besides protonation, which will be dis-
cussed in the next chapter, other attempts were sought to shift the reduction potential
to a more suitable range. One strategy for that is the coordination of strong -acceptor
ligands, such as carbonyl or isonitrile, to the vacant coordination site at the metals in
order to reduce the electron density at the tungsten-ions. Furthermore, these ligands,
especially CO, can be used as spectroscopic probes to quantify the electron density at
a metal.194 In this way the actual amount of electron transfer to the bridging N, lig-
and upon splitting can be estimated, which remains surprisingly ill-defined, due to the
high covalency in N, bridged dinuclear compounds and in the formed nitride-products.

Addition of two equivalents of CN-{Bu to 1 leads to the formation of two products,
without full conversion of the starting material, as indicated by 31p{1H} NMR spec-
troscopy (Figure 17, top).

2 equiv. CN-Bu Product B
roauct
Product A
40 A || B@)
63.8 60.9
J(173.6)| |3(173.9)

Starting Material
J l L A adn L. LA ,{, Lk

2 + 2 equiv. CN-Bu

I

94 93 92 91 90 89 88 87 86 85 84 83 82 81 80 79 78 77 76 75 74 73 72 71 70 69 68 67 66 65 64 63 62 61 60 59
chemical shift [ppm]

Figure 17: 31P{1H} NMR spectrum of the reaction of 1 with 2 equiv. CN-tBu (top) and
additional 2 equiv. CN-‘Bu (bottom) in C,D at r.t.

Parts of this work have been published in:

- N.A. Maciulis "Exploring redox properties of bis(tetrazinyl)pyridine (btzp) complexes of group VI metals,
tetrazine and phosphine assisted reduction of H,0, and dinitrogen cleavage and functionalization" Ph.D.
Thesis, Indiana University Bloomington, 2019.

- P.-M. Padonou "Reaktivitat dimerer N, -verbrickter Wolfram-PNP-Pinzetten Komplexe" Bachelor Thesis,
Georg-August-Universitat Gottingen, 2018.
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2.1 Synthesis and Characterization of N -bridged Ditungsten-PNP-Complexes

Upon addition of two further equivalents of CN-fBu all remaining 1 is consumed (Fig-
ure 17, bottom). Additionally one of the products (Product B) is transformed into the
other product (Product A), which was identified as [WCI(CNtBu)z(PNP)] (6), that could
also be synthesized via reduction of [WCI;(PNP)] (5) with two equivalents of NaHg in
the presence of CN-!Bu(Scheme 53. left).

1
Bu, Bu,

N P P/>
B, \\N__ —V{I'\} CN-R /_ I\P'BN“Q - I_C' /‘ I PYBUZ
F’/c!| L‘ i L (l RN('\) (‘P (.LN R
Bu, ’Buz Bup ’Bu
1 2
CN-R }

_N2

Scheme 53: left: Reaction of 1 with CN-!Bu leads to partial loss of the bridging N, -
ligand and formation of 6. right: Molecular structure of 6 in the crystal obtained by
single crystal X-ray diffraction. Hydrogen-atoms are omitted for clarity. Furthermore
only one of the two independent molecules in the asymmetric unit is shown. Se-
lected bond lengths [A] and angles [°]: W1-C21 2.034(7), W1-C26 1.996(8), W1-CI1
2.4830(19), W1-N1 2.018(6), W1-P1 2.465(2), W1-P2 2.507(2); C21-W1-C26 78.7(3),
C21-W1-N1 154.4(3), C26-W1-N1 83.0(3), C26-W1-CI1 149.8(2), P1-W1-P2 154.00(6).

The 31P{1H} NMR spectrum of 6 features one singlet flanked by tungsten satellites
at 74.0 ppm. The presence of two signals for the !Bu-groups of the CN-{Bu and two
signals for the ‘Bu-groups of the PNP-ligand in the 'H NMR spectrum indicate Cs-
symmetry, due to cis-coordination of both isonitrile-ligands, which was confirmed by
X-ray diffraction (Scheme 53, right).

The formation of 6 is consistent with the need of four equivalents CN-{Bu and leads to
undesired loss of the bridging N, ligand. Due to the characteristic 3!P{1H} NMR signa-
ture, showing two doublets (6p=63.8, 60.9 ppm) with large trans-coupling
(%Jpp =174 Hz), product B was assumed to be dinuclear [(Nz){W(CNtBu)(PNP)}Z] (7,
Scheme 53). Unfortunately, suppression of N,-loss via usage of another iso-cyanide
and/or changing the reaction conditions was unsuccessful. Furthermore, all attempts
to isolate and characterize 7 failed due to similar solubility properties compared to 1
and 6.
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In contrast to the reaction with isonitriles, short (<20 min) exposure of 1 to CO
(1 atm) results in quantitative formation of one product, which was identified as
[(Nz){WCI(CO)(PNP)}Z] (8) (Scheme 54). Longer reaction times lead to the forma-
tion of undesired side-products, including [W(CO)3(HPNP)] (9) and [WCI(CO), (PNP)]
(10) (vide infra).

Bu, co [Bgz Bu,
N 2 NaHg or N
P4 Cl
o \\N N=N v{i\N CO (1 atm) N/_ vlv‘\ BNuz N vlv‘\\ N —2Cecen o \\N N=N "{’J\}
=N=N—/7T —_— —W=N=—N=W— _— —=N=N—7—=
| \ Lo | IS
&, Cl I\-"CI L of o) CO
2 Bu, Buz Bly 2 Bu,
1 8 4
dnn = 1.27(8) /1.33(4) A dnn = 1.223(4) A dn = 1.207(14) A
VN = 1392 cm™? VNN = 1437 cm™? VN = 1589 cm’!
vco = 1883, 1867 cm’! Vco = 1785, 1741 cm’™

Scheme 54: Reaction of 1 with CO yields 8, which can be further reduced to give 4.

The molecular structure of 8 derived by X-ray diffraction (Figure 18, left) shows a
Cy-symmetric, dinuclear species with two tungsten ions in an octahedral coordination
sphere, the carbonyl-ligand trans to the chloro-ligand and the bridging N,-ligand trans
to the pincer-amide-nitrogen.

Compared to 1 the NN-bond length is shorter (dyny = 1.223(4) A), which, together with
the slightly hypsochromically shifted NN stretching frequency (Vnn(14N-8) = 1437 cmL
VNN(1PN-8) = 1394 cml, Aexc =457 nm, THF solution) indicates a slightly weaker de-
gree of activation for the bridging N2 ligand, which can be attributed to competing
backbonding of the CO and N,, ligands.

In line with the observed C-symmetry in the solid state, the 1H NMR spectrum fea-
tures four resonances assigned to the tBu-groups and four resonances for the ligand-
backbone. The bridging N, ligand of >N-8 was found at -0.7 ppm in the 1>N{*H} NMR
spectrum. The 31P{'H} NMR spectrum exhibits one singlet (5p = 65.9 ppm), which
shows cross-peaks to all four tBu-signals in the 1H-31P-HMBC NMR spectrum, indi-
cating incidental coincide of both phosphorus sets. The IR spectrum of solid 8 dis-
plays two sharp intense bands assigned to the carbonyl-stretching modes at 1883
and 1867 cm™l. Both carbonyl-stretches of 1°N-8 appear at the same energy, indicat-
ing no coupling of the CO- and NN-stretches.

Contrary to the CV of 1, which shows no reductive features up to -2.9 V, the CV of 8
reveals one irreversible reductive feature (Ep ~-2.05 V, Figure 18, right), which was
now chemically attempted.
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Figure 18: left: Molecular structure of 8 in the crystal obtained by single crystal X-ray
diffraction. Hydrogen-atoms are omitted for clarity. Selected bond lengths [A] and
angles [°]: N3-N4 1.223(4), W1-N1 2.032(3), W1-N3 1.870(3), W2-N2 2.023(3) W2-N4
1.872(3); W1-N3-N4 174.2(3), W2-N4-N3 174.2(3), N1-W1-N3 177.38(13), N2-W2-N4
174.40(13), P1-W1-P2 155.22(3), P3-W2-P4 157.19(3), C41-W1-CI1 176.5(2), C42-W2-
Cl2 176.09(15). right: cyclic voltammogram (THF, Ar) at different scan-rates of the
reduction of reduction of 8.

Chemical reduction of 8 with one equivalent of NaHg or Co(Cp*)2 is incomplete,
while usage of two equivalents of reductant results in the formation of deep red
[(NZ){W(CO)(PNP)}Z] (4) (Scheme 54) in isolated yields up to 57%.

In the solid state (Figure 19, left), both tungsten ions are in distorted square pyrami-
dal geometry (ts =0.23)193 with a bridging u?>m*m!-N, ligand, due to the loss of the
chloro-ligands. Similar to 1 both {W(CO)(PNP)}-fragments are twisted with respect
to each other, which is again attributed to the steric bulk of the {Bu-substituents
(C21-W1-W1#-C21+#: 87.8°/ 86.6°). Compared to 1 the W-N, bond lengths are longer
(dwn, =1.869(7) A) and the NN bond lengths (dyny =1.207(14) A) are shorter, hint-
ing to a weaker degree of N2-activation, which is supported by the hypsochromically
shifted NN-stretching frequency (Vnn(14N-4)=1589 cm, Unn(1°N-4)=1540 cml,
Aexc = 633 nm, THF solution) compared to 1 or 8. In contrast, the CO-stretching fre-
quencies of solid 4 (Vco = 1785, 1741 cm™!, both 14N-4 and 1°N-4 identical) are, com-
pared to 8, bathochromically shifted, implying stronger back-donation of the metal-
ions.
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Figure 19: left: Molecular structure of 4 in the crystal obtained by single crystal X-ray
diffraction. Hydrogen-atoms are omitted for clarity. Selected bond lengths [A] and
angles [°]: N2-N2# 1.207(14), W1-C21 1.956(14)/1.97(2), W1-N1 2.043(10)/2.04(2),
W1-N2 1.869(7), W1-P1 2.485(3)/2.398(14), W1-P2 2.435(4)/2.517(17); C21-W1-N1
140.9(9)/156(4), P1-W1-P2 154.79(13)/151.7(6), W1-N2-N2# 173.7(7). right: xmT vs.
T plot for 4. The open circles are the observed susceptibility, the red solid line corre-
sponds to the best fit with the parameters g;y = 1.74 and axial zero-field splitting (D
= 406 cm™) and Pl = 8.3% (S = 1/2, the blue broken line, Pl: paramagnetic impurity).

The 1H NMR of 4 reveals four sharp and paramagnetically shifted signals assigned
to the 'Bu groups and eight signals for the ligand backbone, in line with dinuclear
C,-symmetry in solution. In contrast, no signal could be found in the 31P{1H} NMR
spectrum indicating an open-shell ground state at r.t., which is supported by the mag-
netic moment in solution (uerf = 2.3 £ 0.1ug) derived by Evans’ method.

The xmT vs. T curve of a powdered sample of 4, obtained via SQUID magnetometry
(Figure 19, right), exhibits temperature-independent susceptibility below 150 K and
could be fitted to a spin Hamiltonian with S=1; g,, =1.74 and large axial zero-field
splitting (D =406 cm™1).

Similar magnetic behavior has also been observed for a series of 3rd row complexes
with octahedral d* (Re!'" or 0s!V)36.71,195,196 o1 square pyramidal d® (Os' or Ir'l)197-199
configurations. The temperature independent paramagnetism was rationalized by an
electronic triplet state that is strongly split by spin-orbit coupling, which results in an
energetically well separated (>> kgT) ground state (/ = 0) that experiences only sec-
ond order paramagnetism through mixing with excited states. 195200 |n contrast to 4
the 1H NMR spectra of most of these compounds reveal sharp signals with resolved
J-coupling as well as sharp, but paramagnetically shifted resonances in the 31P{1H} or
ISN{IH} NMR spectra, respectively (for example [(Nz){ReCIZ(HPNPiPr)}Z] (XHI):
§p=-370.6 (d, 2Jpp = 236.9 Hz) and -380.4 (d, 2Jpp =237.2 Hz); 5y =-1113 ppm).’?
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These differences are in line with the non-linear behavior of the xmT vs. T curve above
150 K, which implies thermal population of the excited state. The weaker stabilization
of the /] = 0 ground state in 4, compared to Re or Os, suggests a smaller effective
spin-orbit coupling parameter Ceff most likely due to a high degree of covalency. 196:201

Overall, these observations support the simple bonding model expressed by the MO-
scheme for such N,-bridged dinuclear compounds described earlier (Figure 20, left).
Compared to 1, 4 features two additional electrons within the {WNNW}-core, which
are occupying the n*-m-t*-orbitals, whose NN-bonding character leads to a weaker
degree of N,-activation. The degree of activation compares well with other 7'°-
configurated N,-bridged dinuclear compounds, such as Schneider’s ReCl-congener
(XI) and Cummins’ neutral I (Figure 20, right).3%60 However, the bathochromic shift
of the carbonyl-stretching frequencies, compared to 8, as well as the magnetic prop-
erties of 4, indicate a high degree of covalency within the {WNNW}-7-core.

These observations are further supported by computational analysis,4 which found
a thermodynamic preference of a triplet-ground state over a closed-shell singlet-
ground-state by 1.2 kcal-molt, while no clear open-shell-singlet structure could be
identified.

Figure 20: /eft: qualitative MO-scheme for end-on N,-bridged compound with ideal-
ized fourfold symmetry. right: Comparison of the structural and spectroscopic fea-
tures of 4, Schneider’s ReCl-congener X1l and Cummins’ neutral 1.36:60 (* computed
value)
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In summary, the initial approach of enabling reduction of 1 via addition of t-acceptor
ligand was successful. The electronic structure of so-obtained 4 was deeply exam-
ined and supports the qualitative MO-scheme for such end-on N,-bridged dinuclear
compounds with idealized fourfold symmetry. The presence of ten electrons within
the m-manifold is predestined for breakage of the NN-bond, which will be examined
and discussed in chapter 2.3.

d DFT-calculations were performed by Prof. Dr. Vera Krewald and M.Sc. Severine Rupp using: PBE/def2-
TZVP,def2-SVP.
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2.2 Proton induced N,-cleavage versus proton reduction®

As already discussed, [(N,){WCI(PNP)},] (1) is, just as its Mo-analogue XI, not ca-
pable for N,-cleavage neither thermally (T =80 °C) nor photolytically (A>305 nm).
However, cleavage of the NN bond in Xl can be induced upon pincer protonation
(Scheme 26), which was now attempted with 1 to investigate if and how the ca-
thodically shifted oxidation potentials of 1 compared to Xl (Figure 13) influence the
reactivity. /0

Protonation of 1 with two equiv. of triflic acid at -78 °C and gradual warming to r.t.
leads to formation of the corresponding W(V)-nitride, [W(N)CI(*PNP)]* (11). In the
solid state, 11 features a square pyramidally coordinated tungsten ion with the ni-
tride ligand on the apical site (Figure 21, left). The triflate anion is hydrogen bonding
to the amine proton of the ligand backbone, as indicated by the short NH---O-distance
(2.03(3) A). The W=N-bond length (dwn =1.679(2) A) as well as the W=N stretching
frequency detected in the IR of solid 11 (Vwn(14N-11)=1058cml,
Pwn(1PN-11) =1029cm™) are in the typical range found for other tungsten-
nitrides.202-205 Dye to paramagnetism 11 is NMR silent, but features an isotropic sig-
nal (gay = 1.93) in the X-band EPR spectrum (THF, r.t.) with hyperfine interactions (HFI)
to the two phosphorous (A(31P) = 56 MHz) and the tungsten nuclei (A(183W) = 220 MHz)
(Figure 21, right).
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Figure 21: left: Molecular structure of 11 in the crystal obtained by single crystal X-
ray diffraction. Hydrogen-atoms, with exception of H111, and co-crystalized solvent
molecules are omitted for clarity. Selected bond lengths [A] and angles [°]: W1-ClI1
2.3657(7), W1-N1 2.202(2) W1-N2 1.679(2), W1-P1 2.5308(7), W1-P2 2.5352(7); N1-
W1-CI1 154.83(6), N1-W1-N2 99.26(10), P1-W1-P2 152.54(2). right: EPR-Spectrum
(X-band, THF, r.t.) of 11.

€ Parts of this work have been published in: "Selectivity of tungsten mediated dinitrogen splitting vs. pro-
ton reduction", B. Schluschal3, J. Abbenseth, S. Demeshko, M. Finger, A. Franke, C. Herwig, C. Wurtele, I.
Ivanovic-Burmazovic, C. Limberg, J. Telser, S. Schneider, Chemical Science, 2019, 10, 10275-10282.
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2.2 Proton induced N,-cleavage versus proton reduction

In contrast to the Mo-analogue (XI), the selectivity of protonation induced N, -cleavage
in case of 1 strongly relies on the reaction conditions. For instance, the addition of
two equivalents of triflic acid to 1 at r.t. leads to low splitting yields and substantial
amounts of the oxidation products 2 and 3.

The selectivity was further tuned upon usage of two equivalents of a strong acid with
a non-coordinating anion, like [H(OEt2)2][AI(OC(CF3)3)4]or [H(OEtz)z][BAr;4]. In both
cases, the addition to 1 lead, independent of the reaction temperature, exclusively
to the formation of dicationic 3 and H,, which was detected in the head-space of the
reaction via gas chromatography (Scheme 55).
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Scheme 55: Protonation of 1 leads either to N,-cleavage and formation of 11 or to
proton-reduction and formation of 3.

The influence of the acid counteranion was further probed by usage of triethylam-
monium salts. Protonation of 1 with two equiv. of [HNEt3][BAr;4] proceeds slowly
and leads to selective formation of monocationic 2 as indicated by in situ HR-ESI-MS,
EPR and NMR. The slower reaction as well as the not observed second oxidation is ex-
plained by the higher pK, of [HNEt;*] compared to [H(OEtz)z][BAr;4] or triflic acid.206
However, the yield in 2 decreases down to only 30%, if two equiv. of [HNEt,]OTf are
used. As indicated by in situ HR-ESI-MS, the only other product formed is splitting
product 11, which showcases that the selectivity of the reaction heavily relies on the
acid counteranion (Scheme 56), as it has also been reported by Nishibayashi for cat-
alytic nitrogen fixation (see chapter 1.2.1, Table 4).2 Hence, 1 was also reacted with
two equiv. of [HNEt,]Cl, which lead to sluggish mixtures with substantial amounts of
trichloride 5 and was therefore not further examined.
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Scheme 56: Anion dependence upon protonation of 1 with different [HNEt3+]X salts.

In order to rationalize the origin of this anion dependent selectivity, 1 was also pro-
tonated with one equiv. of different Brgnsted acids. At r.t. all used acids (HOTT,
[H(OEt2)2][BAr;4], [H(OEL,), I[AI(OC(CF,),), 1, [LutH]* or [HNEt3]+) lead to exclusive
formation of monocationic 2 and H,, which was again detected via gas chromatogra-
phy in the head-space of the reaction.

Significant differences between [H(OEt2)2][BAr;4] and HOTf were observed, when the
reaction was carried out at low temperatures. Protonation of 1 with one equiv. tri-
flic acid leads to immediate disappearance of all NMR-signals belonging to 1 and
appearance of a new diamagnetic intermediate. The presence of four doublets in
the 31P{1H} NMR spectrum (Figure 22, left) with identical integrals indicate the loss
of the Cy-axis and formation of a C;-symmetric dinuclear complex. If the same re-
action is carried out with the °N-isotopologue, °N-1, the 1>N{1H} NMR spectrum
(Figure 22, right) shows two doublets (55 =27 and 24 ppm; 1Jyn = 10 Hz) close to the
resonance found for 1°N-1, which corroborates the formation of a C1-symmetric com-
plex and excludes protonation of the bridging N, ligand. Ligand protonation within
[(*PNP)CIW-(N,)-WCI(PNP)]* (12) could be confirmed by a *H NMR signal at 5.41 ppm
with typical N-H broadened triplet fine-structure, which shows a cross-peak with the
pincer-nitrogen in the 1H-1>N HSQC NMR spectrum and coupling to the ligand back-
bone signals in the 1H COSY NMR spectrum.
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Figure 22: 31P{1H} (left) and 1°N{1H} NMR spectra (right ) of 12 in THF—d, at -35 °C.

In contrast to triflic acid, usage of one equiv. [H(OEt2)2][BAr;4] instantaneously gives
monocationic 2 even at temperatures down to -75 °C (Scheme 57), which implies sta-
bilization of 12 by the triflate anion. Contact-ion pair formation of the triflate anion
with 12 could be confirmed via 1°F and 'H DOSY NMR at -35 °C. The diffusion co-
efficient of the triflate anion in 12-OTf (D =2.29-10"® cm?s1) is significantly shifted
compared to free triflic acid (D =5.11-10"® cm?s'1) and very close to the diffusion co-
efficient found for the cation (D = 2.18-2.14-10"° cm?2s™1). This interaction is attributed
to hydrogen-bonding of the triflate anion with the pincer N-H proton as found in the
solid state of 11-OTf.
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Scheme 57: Protonation of 1 with one equiv. [H(OEtz)z][BAr;4] or HOTf at low tem-
peratures.
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2.2 Proton induced N,-cleavage versus proton reduction

Addition of two equiv. triflic acid to 1 at -60 °C leads to a color change from green
to yellow, disappearance of all signals in the 31P{1H} NMR spectrum and new broad,
paramagnetically shifted resonances in the 1H NMR spectrum. In analogy to the Mo-
congener XI, it was assumed, that the second protonation occurs on the second pincer
unit to give [(N2){WCI("’PNP)}2]2+ (13). The magnetic moment in solution was de-
termined via Evans’ method to e =4.7+0.1 ug, close to the spin-only value for a
quintet ground state (ueff =4.9 ug). Upon raising the temperature to r.t. the yellow
color fades and all signals in the 'H NMR spectrum disappear in line with formation of
pale NMR-silent 11.
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Scheme 58: Proposed mechanism of tungsten mediated proton induced N, -splitting.

Overall it is proposed, that Nz-cleavage of 1togive 11 arises from protonation of both
pincer units, which changes the electronic configuration from a {ﬂ864}—conﬁguration
within the {WNNW}-manifold to a {n1%52} configuration as is was already described
for the Mo-analogue XI (Scheme 58).79 However, this mechanism does not explain,
how proton reduction to give H, and 2 or 3 occurs. Therefore, the kinetics of proton
reduction were studied via UVvis spectroscopy using [HNEt3][BAr;4] as acid, which
gives monocationic 2 selectively within a convenient timescale even under pseudo
first-order conditions.

Addition of [HNEt3][BAr;4] to a THF solution of 1 leads to an immediate drop of the ab-
sorbance without any change in the absorption maxima, implying only small changes
in the electronic structure (Figure 23, left). From the acid concentration dependency
of this drop, the equilibrium constant (K1 = 1592+578 L-moll) and the forward rate
(k1 =163+47 L-moll.s1) of the first protonation step could be derived (Figure 23,
right).
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2.2 Proton induced N,-cleavage versus proton reduction
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Figure 23: left: Examplary UVvis spectrum of the protonation of 1 with [HNEt3][BAr;4].
The blue trace represents the UVvis spectrum of pure 1, the orange one directly after
the addition of acid and the red one after 5 h of reaction time. right: plot of the
absorbance at 400 nm directly after the addition of acid vs acid-concentration with
fitting curve to determine K1 (R2=0.998).

Under pseudo first order conditions (co([HNEt3]+)/c0(1) = 10-25) this first fast step is
followed by another significantly slower, mono-exponential decay, which was mon-
itored over 5 h (Figure 24, left). Thereby, the derived rate constant, Kops(2), shows
a linear dependency in acid concentration (Figure 24, right), which points to a slow,
irreversible second protonation step after the initial, fast pre-equilibrium Kj.
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Figure 24: left: absorbance (at 607 nm) vs. time plot for different acid concentra-
tions. The red lines represent the fitting curves, while the dots show the measured
absorbance. right: plot of the determined kobs(2) Vs acid concentration, showing linear
dependence as indicated by the red line.
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2.2 Proton induced N,-cleavage versus proton reduction

Nevertheless, the non-zero intercept implies the presence of at least one competitive
pathway at low concentrations of acid. Therefore, the rate constant kops(2) Was ex-
pressed by eqn. 2.4 as a result of the minimum kinetic model outlined in Scheme 59:

koK1[H*]12

=tk 2.4
1+ K1[H+] 3,0bs ( )

kobs(2)

The first term represents a pathway in which 1 is initially protonated to give 12. Sec-
ond protonation of 12 results in irreversible H, loss and formation of dicationic 3,
which rapidly comproportionates with neutral 1 to give two equiv. of monocationic
2, in line with the large comproportionation constant (K. ~108) derived from elec-
trochemical studies (Scheme 59, Path A). The second term in eqn. 2.4 accounts for
a bimolecular decay of 12 as an alternative pathway at low concentrations of acid
(Scheme 59, Path B).

Under pseudo first-order conditions in acid (10-25 equiv.) the experimental data could
be fitted to eqgn. 2.4 upon preservation of K; to give the rate constant
k> =0.0018+0.001 L-mol-l.s'1. The rate constant k3, assigned to a bimolecular reac-
tion of 12 at low acid concentrations, was derived from the initial rate of the reaction
of 1 with one equiv. of [HNEt,]* (k3 =0.4 L-molt-s'}). The alternative pathway, that
follows the reduction of 12 by 1 was excluded due to the considerably smaller derived
rate constant (k5 =0.12 L-molt.s'1).

Path A »
H + +
N Y 1 W H, N 1
H+
W=N=N=W . W=N=N=VIV LEA W=N=N=VIV
2
1 N K 12 N 3 N
1
12
k3
Path B
.
Hp ’]‘ il
2W=N=N=VIV
2 N

Scheme 59: Proposed mechanistic pathways for proton reduction at high (Path A) and
low (Path B) concentrations of acid.

From the kinetic analysis two pathways can be proposed, both proceeding through
the spectroscopically characterized intermediate 12. At low acid concentrations, pro-
ton reduction occurs from a bimolecular reaction of 12 (Scheme 59, Path B), which
explains its decay even in the absence of acid and the selective formation of mono-
cationic 2 and H, upon usage of one equiv. of acid. Similar observations have been
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2.2 Proton induced N,-cleavage versus proton reduction

made by Peters for his [(Fe(TBP)]*-system (XXVI, Figure 8).12 |In case of excess
acid, the second pathway (Scheme 59, Path A) becomes predominant. This path-
way explains the formation of dicationic 3 upon protonation of 1 with two equiv. of
[H(OEL,), I[AI(OC(CF,);) ] or [H(OEt2)2][BAr;4].

Besides these two pathways, the N, -splitting product 11 is also (at r.t.) or exclusively
(at low T) obtained in the presence of triflate as anion. To rationalize the influence of
the counteranion the protonation of 1 was studied computationally, using truncated
[HNMe,1* as model acid (Scheme 60).

H‘N O+ H‘N —|2+ H. I+ N I+ N —|2+ N —|2+
2 W= b NN< o o L _H \
W:=N - W—N—N—VIV —— W=N=N=VIV — W=N=N=VIV S H'W=N=N=V.V ~7H/W=N=N=VIV 4H> W=N=N=VI\I
11 13 Ny 12 N 1 N 14 N 2 15 N 3 N
1] C
N, Cleavage Proton Reduction

26.7

AG [kcal mol']

25°C
+ [HNMeg]*

: - NM93
“H48iTi0-H. + [HNMe3]OTf
E—,’ 2 WsN N

110Tf

Scheme 60: Computed energy profile for proton induced N,-cleavage (left branch)
and proton reduction (right branch) both via double protonation of 1 at 25 °C in the
absence (solid line) and in the presence (dashed line) of triflate as counteranion. The
italic energies represent the calculated barriers for N, -splitting from 13 and 13072 to

give 11 and 11°™, respectively.

For the first step two different protonation sites, a tungsten ion and a pincer nitrogen,
have been considered. Protonation of one tungsten ion and formation of a hydride
product [(PNP)W(H)CI-(Nz)-WCI(PNP)]+ (14) with a diamagnetic ground state was cal-
culated to be the global minimum (AGS,, , =-4.7 kcal-moll) in excellent agreement
with the experimentally derived equilibrium constant K;. Similiar to the protonation
of a PCP-Mo(IV)-nitride with [HNEt3][BAr;4] reported by Schrock,'? the structure of
14 features a hydride bridging one pincer phosphorous atom and the tungsten cen-
ter. Unfortunately, all attempts to experimentally verify the formation of a hydride
were unsuccessful. Protonation of the pincer nitrogen to give 12 was calculated to be

slightly less exergonic (AG3,,  =-2.9 kcal-mol ).

DFT-calculations were performed by Dr. Markus Finger using: M06/def2-TZVPP (SMD: THF) // D3BJ-
RIJCOSX-PBEO/def2-SVP.
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2.2 Proton induced N,-cleavage versus proton reduction

However, the situation changes in the presence of a triflate anion. Upon usage
of [HNMe,]OTf protonation of the pincer backbone becomes more favorable due to
stabilization of the pincer amine moiety via hydrogen bonding of the triflate anion
(AGS4g  =-5.0 kcal-molt). Since hydride 14 is not involved in hydrogen bonding,
pincer protonated 12°T is the global minimum in presence of a triflate counteran-
ion. Nevertheless, both protonation products should be in rapid equilibrium, which is
slightly shifted towards hydride 14 in the absence and slightly shifted towards pincer
protonated 12-OTf in the presence of a triflate counteranion. In all cases hydrogen
bonding towards NMe, was not observed, most likely due to steric reasons.

The second protonation leads either to H,-evolution or N,-cleavage. The formation of
H, and dicationic 3 was calculated to be exergonic (AG3,,  =-12.8 kcal-moll, with
respect to 1; Scheme 60, right branch). As most reasonable pathway, the protonation
of hydride 14 was considered. As a result a dihydrogen intermediate [(PNP)W(H,,)CI-
(Nz)-WCI(PNP)]2+ (15) is formed, which is unstable and releases H, without barrier.
Therefore, the free energy of 15 (AGS . =15.2 kcal-moll) was used to estimate the
kinetic barrier for the protonation of hydride 14. The so obtained value
(AAGS g =19.7 kcal-mol! with respect to 14) is in very good agreement with the
experimentally derived barrier for Path A (Aszf =19 kcal-moll).

Cleavage of the bridging N,-unit and formation of nitride 11, was calculated to pro-
ceed via protonation of the second pincer unit, similar to the Mo-analogue XI
(Scheme 60, left branch).”® The doubly pincer protonated [(N,) {WCI(*PNP)},1?* (13)
was calculated to adopt a quintet ground-state (S =2), in agreement with the experi-
mentally derived magnetic moment for 13°72 (uer = 4.7 £ 0.1 pg). In the absence of
a triflate anion diprotonated 13 was located at AGS g, =5.0 kcal-mol(with respect
to 1). N,-cleavage into nitride 11 is strongly exergonic (AG§98K=—49.7 kcal-mol1)
with a kinetic barrier of AGg98 k=217 kcal-mol!, in a comparable range to the exper-
imentally derived values for the Re- (XIl) and Mo-analogues (XI).36:70

Starting from the most stable monoprotonation product in the absence of triflate, hy-
dride 14, the effective barrier for N,-cleavage (Aszf = 31.4 kcal-mol!) is considerably
higher than the estimated barrier for H2-evolution (AG‘fo =19.9 kcal-mol1), which ex-
plains the observed selective formation of H, upon usage of [HNEt3][BAr;4].

In the presence of triflate the relative energetics of these two pathways change. As
already described, the global minimum of the first protonation in the presence of tri-
flate is 1297, Accordingly, the effective barrier for H,-evolution is slightly increased
by +0.3 kcal-moll. Similar to the stabilization of monoprotonation product 12°Tf,
doubly pincer protonated 13972 gets stabilized by hydrogen bonding of the pincer
amine moieties with the triflate counteranions by -8.8 kcal-moll, which decreases
the effective barrier for N,-cleavage. As a consequence both reaction pathways fea-
ture almost isoenergetic effective barriers (Proton reduction: AG:;ff= 20.2 kcal-mol;
N,-cleavage: AG‘fo=21.5 kcal-moll; both vs. 12°Tf), in full agreement with the ex-
perimental findings upon protonation with [HNEt, ]OTT.
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2.2 Proton induced N,-cleavage versus proton reduction

Overall, the selectivity upon protonation with [HNEt3]+—saIts follows the Curtin-
Hammett-principle.2%7 The pre-equilibrium is modulated by N-H hydrogen bonding
to the counteranion, while the selectivity is only depending on the effective barrier
for H,-evolution and N,-cleavage, which is strongly influenced by hydrogen bonding
of the two N-H moieties with the triflate counteranions.

This picture changes if triflic acid is used instead of [HNMe3]+, due to the lower
PKa (pKIHF([HNMe,1*)-pKTHF(HOTf) =4.7) (Scheme 61, black).?°® The pre-

equilibrium between hydride 14 (AG3,, , =-13.5 kcal-moll) and ligand protonated
12°T (AG5,,  =-13.9 kcal-mol?) is slightly shifted towards the latter, due to its sta-

bilization via hydrogen bonding. Furthermore, the effective barriers for N2-cleavage
and H,-evolution become close in energy (Proton reduction: Aszf= 11.5 kcal-mol;
N,-cleavage: AGiff= 12.8 kcal-moll; both vs. 129TF). In contrast to protonation with
[HNMe3]+, these barriers are both below the energy of starting compound 1, which
makes the Curtin-Hammett-principle not applicable and explains the low selectivity
upon protonation of 1 with triflic acid at r.t.
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Scheme 61: Computed energy profile for proton induced N,-cleavage (left branch)
and proton reduction (right branch) both via double protonation of 1 with triflic acid at
25 °C (black) and -80 °C (green). The italic energies represent the calculated barriers
for N,-splitting from 137" to give 11°T".

Lowering the temperature of protonation with HOTf to -80 °C pertubes this picture
even further (Scheme 61, green). Compared to r.t. the preference of ligand proto-
nated 1297 (AG3,,  =-15.1 kcal-mol™?) over hydride 14 (AGS,; , =-10.3 kcal-molt)
is increased, due to both, stabilization of 12°7f and destabilization of 14, in line with

the exclusive experimental observation of 12°T and 13972 upon single and double
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2.2 Proton induced N,-cleavage versus proton reduction

protonation of 1 with HOTf at low temperatures. The free energy of doubly pincer
protonated 13972 (AG®,, . =-23.9 kcal-mol! vs. 1) is much lower than the one of

193 K
dihydrogen-complex 15 (AG? = 3.8 kcal-mol! vs. 1), which is even higher than

193 K
the calculated barrier for N,-cleavage (Aszf=-4.0 kcal-moll vs. 1). This results in

selective N,-cleavage and formation of 11°™ as it was experimentally observed.

Overall, these studies provide guidelines how the selectivity between competing
proton- and nitrogen-reduction can be tuned. Both reactions proceed through dif-
ferent pathways, either via protonation of hydride-isomer (14), resulting in proton-
reduction, or via (double) pincer-protonation, giving nitride 11. The equilibrium be-
tween hydride 14 and pincer-protonated 12 can be shifted to the latter upon usage of
hydrogen-bonding anions and low temperatures, overall favoring nitrogen-reduction.
Furthermore, the pKj; of the acid can have a kinetic effect on the selectivity. While
upon usage of weak acids the selectivity is Curtin-Hammett-controlled, this control
can be overcome upon usage of strong acids, which can result in different reaction
outcomes.
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2.3 N,-cleavage of [(N,){W(CO)(PNP)},] (4)

2.3 N,-cleavage of [(N,){W(CO)(PNP)},] (4)

In contrast to [(Nz){WCI(PNP)}z] (1), its carbonyl-analogue [(Nz){W(CO)(PNP)}Z] (4)
features two additional electrons within the {WNNW}-m-manifold. As already de-
scribed in chapter 2.1.2, this leads to a {n1%5*}-configuration, which not only changes
the degree of N,-activation, but also the reactivity of 4 with respect to N,-splitting.
While 1 is thermally stable, 4 cleaves the NN-bond upon heating or irradition to give
the corresponding W(IV)-nitride, [W(N)(CO)(PNP)] (16) (Scheme 62). Both pathways
have been examined in detail, which is described in the next two chapters.

N\ tBuz/? N
P AT
Buaf..\ N or hv ~|RPBuz2
W=N=N=—7ZW ) —> 2 N—W-—(Co
] I\ Co?
g4, CO CO Bup
16
Veo = 1785, 1741 cm’™ vco = 1883 cm’!

Scheme 62: Thermal and photolytical N,-cleavage of 4 to give 16.

The nitride product 16 is light-blue, diamagnetic and gives one singlet resonance
flanked by tungsten satellites in the 31P{1H} NMR spectrum (6p = 104.5 ppm). Start-
ing from °N-labeled °N-4 gives rise to °N-16, whose 1°N{1H} NMR spectrum re-
veals one singlet, flanked by tungsten satellites (65 =447.0 ppm). The W=N stretch
of solid 16 (Vwn(**N-16) =998 cm™?, Tyyn(1°N-16) =973 cm™!) was found in a simi-
lar range compared to the one of [W(N)CI(PNP)]* (11) and other related tungsten-
nitrides. 202-205

The carbonyl-stretching frequency of solid 16 as well as of its 1°N-labeled isotopomer
15N-16 was found at 1883 cm! in the IR-spectrum, strongly shifted compared to din-
uclear 4 (Vco(4)=1785, 1741 cm™). This hypsochromic shift is attributed to weaker
back-donation from the tungsten ions as a result of charge transfer from the metal to
the N,-bridge upon cleavage, which shows, even though both the {WNNW}-core of
4 and the W=N-bond in 16 are highly covalent, a significant electron transfer to the
N,-bridge upon cleavage.

Due to the good solubility in all tried solvents, no crystals suitable for X-ray diffraction
could be obtained.
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2.3 N,-cleavage of [(N,){W(CO)(PNP)},] (4)

2.3.1 Thermal N,-cleavage

The thermal decay of 4 into 16 was monitored by 1H NMR at different temperatures
(75-105 °C). The concentration of 4 was determined using an internal standard and
plotted versus time (Figure 25, triangles). Notably, the reaction terminates prior to full
conversion, which implies an equilibrium between dinuclear 4 and nitride 16, which
is shifted to 16 at higher temperatures.
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Figure 25: Plot of the concentration of 4 vs. time at different temperatures. The
triangles represent the measured concentrations, while the blank lines represent the
fitted curves.

The obtained kinetic data was fitted to a model with a first order splitting reaction
(k1) and a reverse second order nitride coupling reaction (kz) according to the rate
law shown in Scheme 63 (Figure 25, blank lines).
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Scheme 63: The equilibrium of 4 and 16 and the resulting rate law for the decay of 4
used to fit the kinetic curves.
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2.3 N,-cleavage of [(N,){W(CO)(PNP)},] (4)

The rate constants k1 and k; determine the equilibrium constant K, which was ad-
ditionally determined by measuring the equilibrium concentrations of 4 and 16 af-
ter elongated heating of 4 to 75, 85 and 95 °C, respectively (Figure 26, right, blue
squares). Van't Hoff-analysis (Figure 26, left) with the so-obtained values gave rise to
the thermodynamic parameters of the reaction, which show that N,-cleavage is en-
dothermic (AH;XP =10.9+0.7 kcal-mol1), but entropically driven at high temperatures
(ASg,,=24.8+1.8 cal-molt-K).208

Eyring-analysis (Figure 26, right) of the rate constant k; offered the activation param-
eters for N,-cleavage (AH§XP=3O-1i0-9 kcal-mol1, A5§Xp=2-3i0-4 cal-mol1.K1).
The high barrier is in line with the stability of 4 at r.t. and also inhibits reverse nitride-
coupling at low temperatures. Accordingly, to overcome the kinetic barrier high tem-
peratures are required, which also shift the equilibrium towards entropically favored
16. This system represents the first example of a reversible N,-splitting/ nitride-
coupling reaction. This holds the promise that the formed nitride species is less
"overstabilized" and more reactive towards reagents that are more compatible with
reductive conditions. The functionalization of 16 will be discussed in chapter 2.4.

o AHE,,, = 10.9£ 0.7 keal mol” 1297 AHY =30.1+ 0.9 keal mol”
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Figure 26: left: In(K) vs. 1/T -plot for the conversion of 4 into 16. The black dots rep-
resent the K-values obtained by kinetic modeling, while the blue dots are the directly
determined K-values. right: In(k1/T) vs. 1/T -plot for the conversion of 4 into 16.

The experimental results are supported by computational investigations.9 As al-
ready mentioned, the triplet ground state (T4) is favored over the closed-shell-singlet
ground state (54) by 1.2 kcal-mol'l, while no open-shell-singlet could be found. Ad-
ditionally, two different isomers of nitride 16, which differ with respect to the confor-
mation of the ligand backbone, could be identified (Figure 27). The conformation of
the ligand-backbone within 16a is similar to dinuclear 4, while the backbone of 16b
is flipped (Figure 27, right). Both isomers are separated by AG3,, = 6.0 kcal-mol?,
with 16b being the favored.

9 DFT-calculations were performed by Prof. Dr. Vera Krewald and M.Sc. Severine Rupp using: PBE/def2-
TZVP,def2-SVP.
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2.3 N,-cleavage of [(N,){W(CO)(PNP)},] (4)

AL

Figure 27: left: Computed structures of 16a. middle: Computed structures of 16b.
right: Overall of the computed structures of 16a (orange) and 16b (blue). For clarity
all hydrogen-atoms were omitted.

Starting from T4, N,-cleavage into directly dissociated 16a was calculated to be
slightly endergonic (AG;98 K= 5.3 kcal-moll). Additional driving force (6.0 kcal-mol-1)
is added by isomerization of 16a into 16b after cleavage. Overall, the computed
value for cleavage of 4 into 16b (AGS . = -0.7 kcal-moll.) compares well to the ex-
perimentally derived value (AG;Xp = 3.5+0.9 kcal-mol-l, Scheme 64, left). The small
difference may arise from additional stabilization of T4 by spin-orbit coupling, which

is not sufficiently expressed by the DFT computations.
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Scheme 64: left: Energy-profile for the N,-splitting of 4 to give 16 including the ex-

perimental and computed values. right: Structure of the calculated singlet-transition-
state, STS.

86



2.3 N,-cleavage of [(N,){W(CO)(PNP)}.] (4)

The lowest transition-state for N,-cleavage without isomerization of the ligand back-
bone (S5TS) features a closed-shell singlet-configuration and was localized
39.5 kcal-moll above T4 (Scheme 64, right), which is significantly higher than the
experimentally derived value (AGiXp = 29.4+0.1 kcal-moll). The transition-state on
the triplet-surface (TTS) is 19.4 kcal-mol! above STS.

Preliminary computational results indicate that conformational changes of the ligand
backbone prior to N,-cleavage decrease the kinetic barrier for NN-bond scission and
bring the energies of the respective transition states closer to the experimentally de-
rived value. The lowest transition state including these conformational changes of
the ligand backbone is calculated to be singlet-configured, which can be accounted
to bending of the {WNNW}-core (Scheme 65). Due to the lower symmetry of this
zig-zag-conformation, the degeneracy of the n*-m-t*-orbitals is lifted. As a result
spin-pairing to a singlet-conformation becomes favorable, as already described for
analogous systems,15.60.70
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Scheme 65: Qualitative molecular orbital diagram for the splitting of 4 into 16 via a
zig-zag-transition state.
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2.3 N,-cleavage of [(N,){W(CO)(PNP)},] (4)

Compared to the isostructural and isoelectronic ReCl-congener XII
(AGsz=l9.8d:1.3 kcal-mol’l; AGZ, . =-40.3 kcal-mol?),3® splitting of 4 into 16 is
both kinetically and thermodynamically less favored, which can be attributed to the
strong t-acceptor properties of the carbonyl-ligand. As already described in the intro-
duction (chapter 1.2.2), N,-cleavage proceeds via electron transfer from the n*-m-nc*
into the former o-0*-o-orbital, which drops in energy and forms the M-N o-orbital
within the generated nitride-species (Scheme 65). Accordingly, the relative energies
of these orbitals should correlate to the thermodynamic and kinetic parameters of the
reaction.

The presence of a strong m-accepting ligand, such as CO, should lead to stabilization
of the n*-m-n*-orbitals and a larger energy gap to the o-0*-0-orbital. Hence, mixing
of these orbitals reduced, which results in a higher kinetic barrier for N,-cleavage for
4 compared to XII.

Furthermore, breakage of the NN-bond in 4 is accompanied by a significant amount
of charge transfer from the {MNNM}-m-manifold to the N,-ligand, as indicated by a
strong hypsochromic shift of the carbonyl-stretching frequencies
(AVco(4—16) =120 cm™1,h Scheme 62) upon cleavage. Compared to XIlI the electron
density within the {MNNM}-m-core of 4 is decreased by back-bonding to the carbonyl-
ligands. Transfer of electron density from the -manifold to the nitrogen should there-
fore be thermodynamically less favorable, in line with the different thermodynamic
driving forces for 4 and XI1.36

h The average of both CO-stretching frequencies in 4 was used.
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2.3 N,-cleavage of [(N,){W(CO)(PNP)}.] (4)

2.3.2 Photolytic N,-cleavage

Besides the described thermal pathway, 16 can also be obtained via photolysis. Ir-
radiation of 4 in benzene at 427 nm (LED, AA= 10 nm) for 8 h gives 16 quantita-
tively with a quantum yield of ¢427 nm = 0.37£0.03%. The UVvis spectrum of 4 is
depicted in Figure 28 and features two intense bands at 343 (¢ =27000 L-moll.cm)
and 395 nm (e =28000 L-molt.cml) and another intense isolated band at 511 nm
(e =21200 L-mol'l.cm). Upon wavelength selective photolysis of 4, using a Xe-arc
lamp with cut-off filters, the selective region for photolytical N,-cleavage was deter-
mined to 395-590 nm. Usage of longer wavelengths showed no reaction, while us-
age of shorter wavelengths lead to substantial amounts of unidentified side-products,
which were tentatively attributed to W-N, bond cleavage as reported for related sys-
tems, 61,133,136

However, photolysis of 4 at A>305nm under '°N,-atmosphere does not lead to '°N
incorporation into the nitride photoproduct 16, indicating that the W-N bond might
be photostable. Instead, photolysis of 16 at A > 305 nm resulted in formation of unde-
fined products, which can be associated to CO-loss of the nitride product under these
conditions.
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Figure 28: Experimental UVvis spectrum of 4 in THF.
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2.3 N,-cleavage of [(N,){W(CO)(PNP)},] (4)

For further inside, the photochemical and photophysical properties of 4 were exam-
ined via UVvis/UVvis pump-probe transient absorption spectroscopy.! For all used
pump wavelengths within the the productive window (440, 475, 511, 530 nm) no
features of an electronically excited state could be detected. Instead all transient
difference spectra directly after excitation show bleaching in the band centers and
enhanced absorption at the low energy sides of the ground state absorption spectrum
(Figure 29, left), which is a typical signature of a vibrationally hot electronic ground
state formed within the temporal resolution of the experiment (texc & 70£20 fs). Ther-
mal cooling occurs within 60 ps and results in almost full relaxation, in line with the
low quantum yield for N,-cleavage.

Usage of shorter pump wavelengths (330 and 380 nm) lead to slow decomposition
into undefined products, in agreement with steady state photolysis.
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Figure 29: left: Transient UVvis difference spectra of 4 in THF at selected pump-
probe delays (pump wavelength: 475 nm). The black line shows the scaled linear
absorption spectrum. right: Time-dependence of the integrated absolute absorption
changes (red line is a bi-exponential fit with 11 =1.5+£0.2 ps and 12 =9.2+0.5 ps).

By analysing the integral over the absolute value of the difference spectra (JAA(E)|)
integrated over the whole measured spectral range the relaxation dynamics of the
ground state were quantified (Figure 29, right). Using a bi-exponential decay the
time dependence could be fitted, which gave rise to two time constants (relative
amplitudes) of 11 =1.5+0.2 ps (54%) and 12 =9.2+0.5 ps (46%).

While the slower component (1) is a typical value for vibrational energy transfer of
a vibrationally highly excited molecule to a solvent, the faster component (t1) can
be attributed to intramolecular vibrational redistribution (IVR), which implies a non-
statistical energy distribution directly after relaxation from the exited state created
by preferential population of those vibrational modes which couple to the electronic
transition. Within the timescale of 11 =1.5 ps the energy is redistributed over the
whole molecule to establish a quasi-equilibrium of the internal energy.

The pump-probe experiments were run and analyzed by Prof. Dr. Dirk Schwarzer and M.Sc. Jan-

Hendrik Borter.
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2.3 N,-cleavage of [(N,){W(CO)(PNP)},] (4)

Since the carbonyl stretching vibrations represent excellent IR-probes, the photo-
chemistry of 4 was also examined by UVvis/IR pump-probe transient absorption spec-
troscopy (Figure 30, 400 nm pump pulse). As for the UVvis/UVvis pump-probe tran-
sient absorption measurements no features of an electronically excited state could be
detected, which is in line with the poorer time resolution of the UVvis/IR pump-probe
transient absorption measurements. The transient difference spectra directly after
excitation (Figure 30) show bleaching in the band centers and an increased absorp-
tion at the high energy sides of the ground state absorption spectrum, which is again
a typical signature of a vibrationally hot electronic ground state and supports the ob-
servations made in the UVvis/UVvis pump-probe transient absorption measurements.
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Figure 30: Transient IR difference spectra of 4 in THF at selected pump-probe delays
(pump wavelength: 400 nm).

Overall, these observations indicate three characteristics of this system. First, the
lifetime of the excited state is shorter than the time-resolution of the experiment
(70+£20 fs). Second, the energy directly after relaxation to the electronic ground state
is non-statistically distributed and requires another 1.5 ps to reach quasi-equilibrium.
Finally, all photoreactivity has to occur within a timescale of 60 ps, since afterwards
the molecule has completely relaxed.

Taking these considerations into account, two scenarios are envisioned, a diabatic
pathway (Figure 31, left) and a hot-ground-state pathway (Figure 31, right). An adi-
abatic pathway, where the reaction proceeds on the energy-surface of the exited
state, would require longer lifetimes of the excited state and can therefore be ex-
cluded.209.210
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2.3 N,-cleavage of [(N,){W(CO)(PNP)},] (4)
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Figure 31: Simplified energy surfaces for a diabatic photoreaction (/left) and a reaction
proceeding via a hot-ground state (right) with R = reactant, TS = transition state, P =
product, M* = minimum of the energy surface of the excited state.209.210

In case of a diabatic photoreaction, strong coupling of the ground- and excited-state
energy surfaces is required. At a certain geometry along the reaction coordiniate
between the reactant (R) and the product (P) both energy-surfaces converge, which
allows energetically favorable irradiationless "jumps" from the excited-state to the
ground-state surface. In a simplified picture (Figure 31, left), following a represen-
tative point, irradiation leads to vertical excitation of the reactand from the ground-
into the excited state surface (R AR R*), followed by relaxation towards the ener-
getic minimum of the excited state (R*—M*). At a certain geometry, it is possible for
the representative point to fall back to the ground-state energy-surface. If this jump
proceeds prior to the transition state (TS) the molecule relaxes back into R, without
any product formation. Crossing beyond the transition state results in relaxation to
the minimum of product P.209.210

In case of a hot-ground-state reaction (Figure 31, right), the molecule relaxes directly
after excitation back to the ground-state surface. The energy of the absorbed photon
is distributed over the molecule by population of higher vibrational states. If the
absorbed energy is large enough, dissociative modes can also be populated, which
can induce bond-breakage and product formation.209.210

To estimate if such a hot-ground-state pathway is possible, the internal energy of
the molecule after excitation and IVR was calculated and compared with the derived
kinetic barrier for N,-cleavage. The DFT-calculated vibrational frequencies of 4 were
used to determine its internal vibrational energy at r.t. (Ex. = 15700 cm™). Addition of
a 400 nm photon leads to an internal vibrational energy of Eexc =40700 cm™, which
corresponds to an internal vibrational temperature of T 500 K.
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2.3 N,-cleavage of [(N,){W(CO)(PNP)},] (4)

According to egn. 2.5, this value, together with the experimentally derived activation
parameters (AH*‘;Xp =30.1+0.9 kcal-mol?, ASzXp =2.3+0.4 cal-moll-K1), gives rise to
the rate constant kspjitt for unimolecular splitting, which is too small to compete with
rapid cooling (1 =9.2+0.5 ps).211

kp-T AH* — T . ASH N
Ksplitt = P exp| = =2.3s (2.5)

R-T

In consequence, N, -splitting from a hot-ground state after statistical energy-distribution
is not feasible. However, the smaller time constant (t; =1.5 ps) indicates a non-
statistical energy distribution directly after relaxation to the hot-ground-state. Vi-
bronic coupling of the electronically exited state with, for example, bending-modes of
the {MNNM}-core en route to a zig-zag-transition state, might decrease the kinetic
barrier for NN-bond scission. Such vibronic coupling has been observed by Cummins
and Blank for [(N2){Mo(N(tBu)Ar)3}2] (I, Ar= 3,5-C6H3Me2) as an underdamped oscil-
lation in the pump-probe decay, which was assigned to vibronic coupling of a bending
mode of the {MoNNMo}-core.136

By now, no direct indication for coupling of a productive vibrational mode to the elec-
tronic excitation could be found for 4, which might indicate that N, -cleavage proceeds
via direct population or rapid internal conversion into an N-N dissociative state.

For further insides into the nature of the excited state, the photochemistry of 4 was
examined computationally using TD-DFT.J The experimentally obtained UVvis spec-
trum of 4 is well reproduced by TD-DFT calculations for both electronic configurations,
triplet (T4) and closed-shell singlet (54), but with a blue-shift of 0.38 eV in both cases
(Figure 32).

I TD-DFT calculations were performed by Prof. Dr. Vera Krewald and M.Sc. Severine Rupp using:
PBEO(THF).
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Figure 32: Comparison of the experimental (black) and TD-DFT computed (blue: S =0;
red: S=1) electronic absorption spectra of 4. The inset shows the potentially active
transitions.

To distinguish which of the calculated transitions within the photolytical active win-
dow (395-590 nm) are the actually productive ones for N,-cleavage, 4 was pho-
tolyzed with wavelengths longer than 530 nm. Although, some conversion could be
observed, the rate was significantly slower compared to irradiation with shorter wave-
lengths, which indicates that the productive transition is energetically slightly above
530 nm (or 2.72 eV/456 nm in the calculated spectrum). Therefore, T13/T14 (both
2.89 eV/429 nm (calc.)) or S15/516 (both 2.51 eV/494 nm (calc.)) are assumed as the
productive transitions for photolytic N,-cleavage in 4.

The difference density plots of all these four transitions reveal {W-CO} — N2-character
(Figure 33, left), which can be rationalized as an metal-to-ligand charge transfer
(MLCT) from the metal-carbonyl centered /6 *-orbitals to the n*-nt*-t*-orbitals within
the {WNNW}-core (Figure 33, right). Due to its all anti-bonding character population
of this orbital should decrease the bond-orders within the {M-N-N-M}-core and there-
fore increase its flexibility. In this way, bending to a zig-zag-conformation might be
induced, which finally leads to cleavage of the NN-bond.
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Figure 33: left: Difference density plots (loss in yellow,gain in red) for the transitions
S15, S16, T13 and T14 calculated for 4. right: Simplified MO-scheme for 4 with the
electronic excitation assigned to productive in photolytic N,-cleavage.

Overall, the TD-DFT calculations imply a photochemical pathway in which N,-cleavage
proceeds via direct population or rapid internal conversion into an N-N dissociative
state. Population of the n*-n*-n*-orbitals leads to bending of the {W-N-N-W}-core,
which should lower the o-0*-c-orbital in energy. In consequence, mixing between the
n*-m-n*- and o-0*-0-orbitals is enabled, which finally leads to cleavage of the NN-
bond. Nevertheless, a final assignment is currently prevented by the rapid timescales
and low quantum yields.

However, a §/6* — m*-n*-n*-excitation with MLCT-character was also found to be
productive for N,-cleavage within XIII and might therefore hint to a general feature
for photolytic N,-cleavage from an idealized fourfold symmetry.’! In contrast, the
active transition within Cummins’ 1 was assigned to a n-n*-n — 7*-m-n*-transition,
which should strengthen the NN-bond and might explain the different photochemistry
of I compared to 4.136
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2.4 Functionalization of tungsten-nitrido-complexes

As described in the previous chapters, two different tungsten-nitrido-complexes,
[W(N)CI("PNP)]* (11) and [W(N)CO(PNP)] (16), could be obtained via N,-cleavage
from 1 and 4, respectively. However, comparison of their thermodynamic driving
forces for N,-cleavage shows, that splitting of 17 into 11 upon protonation is strongly
downhill. Accordingly, 11 should be largely overstabilized and more difficult to func-
tionalize. In contrast, splitting of 4 into 16 is almost thermoneutral, rendering the
nitride product more reactive based on thermodynamic arguments. Additionally, syn-
thetic access to 16 via photolysis is much more convenient and does not compete
with any other side reaction. Therefore, further functionalization attempts focused on
16.

2.4.1 Alternative synthesis of [W(N)(CO)(PNP)] (16) via an azide route®

Since the synthesis of [W(N)(CO)(PNP)] (16) via the N, -splitting route requires several
reaction steps with moderate overall yields, alternative synthetic pathways to gener-
ate 16 have been developed in cooperation with the group of Caulton, which will be
described in this chapter (Scheme 66).

Refluxing a mixture of [W(CO).] with HPNP in toluene or acetonitrile gives
[W(CO)3(HPNP)] (9) in good yields. The diamagnetic compound shows a singlet sig-
nal in the 31P{1H} NMR spectrum at 89.5 ppm flanked by tungsten satellites. The
IH NMR spectrum shows two resonances for the tBu-groups and four signals for the
ligand CH-protons, indicating Cs-symmetry, due to the presence of the NH-proton,
which was assigned to a signal at 2.53 ppm based on a cross-peak in the 1H -15N
HSQC NMR spectrum. The IR spectrum of solid 9 shows a band at 3227 cm™! that was
assigned to the N-H-stretch and three intense bands at 1896, 1773 and 1753 cm™! as-
signed to the three carbonyl-ligands, similar to other W(0)-triscarbonyl-complexes. 212
The molecular structure obtained by X-ray diffraction shows that the #PNP-ligand is
coordinated in a meridional fashion, most likely due to the steric bulk of the ‘Bu-
substituents (Figure 34, left).

Parts of this work have been published in:

- N.A. Maciulis "Exploring redox properties of bis(tetrazinyl)pyridine (btzp) complexes of group VI metals,
tetrazine and phosphine assisted reduction of H, O, and dinitrogen cleavage and functionalization" Ph.D.
Thesis, Indiana University Bloomington, 2019.

- J. Schneider "Synthese und Funktionalisierung von Wolfram-PNP-Nitrid Komplexen" Bachelor Thesis,
Georg-August Universitat Gottingen, 2019.
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Scheme 66: The two possible synthetic pathways for the synthesis of 16.

9 can be oxidized and deprotonated in one step using N-iodosuccinimide to give deep

purple [WI(CO),(PNP)] (18) in almost quantitative yield. Notably, the

N-halosuccinimides can also be used to generate the corresponding chloro- and bromo-
analogues of 18. However, only the iodo-complex 18 was feasible for anion exchange

reactions, most likely due to the better leaving group character of iodide compared to

chloride and bromide.
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Figure 34: Molecular structures of 9 (left) and 18 (right) in the crystal ob-
tained by single crystal X-ray diffraction. Hydrogen-atoms are omitted for clar-
ity. Selected bond lengths [A] and angles [°] for 9: W1-C21 1.990(3), W1-C22
1.928(3), W1-C23 1.999(3), W1-N1 2.344(2), W1-P1 2.5058(7), W1-P2 2.4944(7);
C21-W1-C23 154.79(13), N1-W1-C22 169.19(11), P1-W1-P2 154.04(2). Selected
bond lengths [A] and angles [°] for 18: W1-C21 1.920(4)/1.973(15), W1-C22
2.000(4)/1.971(16), W1-11 2.8256(4)/2.831(6), W1-N1 2.008(3)/2.062(4), W1-P1
2.5246(9)/2.564(3), W1-P2 2.5307(8)/2.522(3); C21-W1-I11 134.87(11)/141.9(13),
C22-W1-N1 148.05(14)/160.2(17), P1-W1-P2 150.91(3)/148.34(15).
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2.4 Functionalization of tungsten-nitrido-complexes

In the 31P{1H} NMR spectrum of 18 a singlet resonance flanked by tungsten-satellites
was found at 67.6 ppm. The 'H NMR spectrum features two signals corresponding to
the tBu-groups and four signals for the ligand backbone, indicating Cs-symmetry with
the iodo substituent trans to one carbonyl-ligand, which was confirmed by the molecu-
lar structure obtained by X-ray diffraction (Figure 34, right). In the IR spectrum of solid
18 two carbonyl stretching vibrations at 1907 and 1799 cm™! could be observed. The
absence of an N-H stretch in the IR as well as of an NH-proton in the 1H NMR together
with the planarity of the PNP-nitrogen evidences the deprotonation of the PNP-ligand.
As an effect of stronger o- and n-donation of the amide compared to the amine ligand
the W-N distance decreases from 2.344(2) A (in 9) to 2.008(3) A (in 18).

Salt metathesis of 18 with [nBu4N]N3 gives [W(N3)(CO)2(PNP)] (19) in almost quanti-
tative yield. The NMR spectroscopic features are similar to the ones for 18 and show a
singlet flanked by tungsten satellites in the 31P{1H} NMR spectrum at 77.7 ppm, two
signals for the tBu-groups and four signals for the ligand backbone in the 'H NMR
spectrum. The IR spectrum of solid 19 features two nearly unchanged carbonyl
stretching vibrations at 1907 and 1828 cm™, while the band for the azide stretch-
ing vibration was found at 2072 cm™. The molecular structure of 19 derived by X-ray
diffraction also closely reassembles the structure of 18. 19 is thermally unstable and
releases N, and CO upon heating to 65 °C to give nitride 16. However, the reaction is
not quantitative due to the formation of one major side product, which was identified
as [W(NCO)(CO)Z(PNP)] (21). The selective synthesis of 21 will be described later in
this chapter.

Therefore, alternative ways to trigger N,-loss from 19 were investigated. Mild acids,
such as lutidinium-salts, lead to clean formation of ligand protonated, cationic
[W(N)(CO)("PNP)]* (20) in good yields (Scheme 67).

N3 N + N
I PBuz [LutH]+ ~|RPBuz [LutH]* ~|RPBu2
N—W—CO _— HN— W — —_— N—W-—co
7l -CO Cor + [HMDS] Cef
P co -N2 P P
IBUZ tBUQ tBU2
19 20 16

Scheme 67: Protonation of 19 liberates CO and N, and gives 20.

The IH NMR spectrum of 20 displays two signals for the tBu-groups, four multiplets
for the ligand backbone and one signal at 5.93 ppm attributed the NH-proton. In the
31p{1H} NMR spectrum one singlet at 93.1 ppm was detected. Alternatively, 20 can
also be synthesized upon protonation of 16 with lutidinium-salts, giving identical NMR
signature. An °N-labeled sample (*°>N-16) derived via the N,-splitting route, gave rise
to a resonance in the 2>N{'H} NMR spectrum at 445.7 ppm. The IR spectrum of solid
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20 shows a sharp, intense band for the carbonyl ligand at 1928 cm™1. Compared to
neutral 16, this band is shifted at about 45 cm™! to higher wavenumbers, which can be
attributed to the reduced donor properties of the amine ligand. The W=N-stretch was
found at 1048 cm™ (PN (°N-20) = 1014 cm™?) close to the W=N-stretch of 11 (Twn
(Y*N-11) = 1058 cm1) and other, related tungsten-nitrides.292-205 The N-H-stretching
vibration was detected at 3118 cmL.
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Figure 35: Molecular structure of 20 in the crystal obtained by single crystal X-
ray diffraction. Hydrogen-atoms, with exception of H111, and co-crystalized solvent
molecules are omitted for clarity. Selected bond lengths [A] and angles [°]: W1-C21
2.005(2), W1-N1 2.2402(17), W1-N2 1.6861(18), W1-P1 2.4886(5), W1-P2 2.5006(5);
C21-W1-N1 162.75(8), N1-W1-N2 103.59(8), P1-W1-P2 153.504(18).

In the solid state 20 is isostructural with the previously described 11 (Figure 35)
and features a square pyramidally coordinated tungsten atom (t=0.15)193 with the
nitride ligand in the apical position and a short W=N-distance (1.6861(18) A). The
triflate anion is hydrogen bonded to the NH-proton of the ligand backbone, which
was found in the residual density map and isotropically refined. Due to the lack of
7t backdonation of the amine ligand, the distance between the tungsten ion and the
PNP-ligand-nitrogen is relatively long (2.2402(17) A).

Finally, 20 can be deprotonated with weakly coordinating bases like, NaHMDS or
KHMDS, to give quantitatively the splitting product 16, which was then used for fur-
ther functionalization.
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2.4.2 Functionalization of [W(N)(CO)(PNP)] (16) using n-acceptor ligands

As already mentioned, the thermal transformation of [W(N3)(CO)2(PNP)] (19) into
[W(N)(CO)(PNP)] (16) is not quantitative due to the formation of one side-product.
Within this reaction besides one equivalent of N, one equivalent of CO is liberated,
which is known to couple with nitride-moieties to cyanate in some cases (see chapter
1.3.3). Therefore the reactivity of 16 with CO was examined.

Addition of CO to 16 results in the almost quantitative formation of deep purple
[(PNP)W(NCO)(CO),] (21) (Scheme 68). Alternatively, 21 was also synthesized via
salt-metathesis of 18 with [nBu4N][OCN] in isolated yields up to 80%. The NMR sig-
nature of 21 is similar to those of 18 or 19, respectively, and features one singlet
in the 31P{1H} NMR spectrum at 76.7 ppm, two signals for the {Bu-groups and four
signals for the ligand backbone in the 1H NMR spectrum.

N NC(? |
AlPB 55 PR PR
N—W—gp———— N—W—CO -+ N—w—co
(_P/ (__Pll -1 P/
Bu, fBUZCO BUZCO
16 21 18

Scheme 68: Carbonylation of 16 leads to formation of 21.

Carbonylation of a 1>N-labeled sample of 16 gives rise to 1°N-21, whose 1>N{1H} NMR
spectrum features a triplet (2Jyp = 2.6 Hz) at -347 ppm, flanked by tungsten-satellites
indicating N-coordination of the NCO-ligand. Accordingly, the 31P{1H} NMR spec-
trum of 1°N-21 shows a doublet. Furthermore, the broad signal at 145 ppm in the
13C{1H} NMR of unlabeled 21 assigned to the NCO-ligand sharpens upon '°N-labeling
to a doublet (}jcn = 33.8 Hz) (Figure 36).

In the IR spectrum of solid 21, the carbonyl-stretching vibrations appear at 1910 and
1831 cm™l. The intense sharp band at 2203 cm™! is assigned to the NCO-ligand and
shifts upon >N-labeling (Vnco(*°N-21)=2197 cm'l) . In the solid state (Figure 37),
the molecular structure of 21 derived by X-ray diffraction closely reassembles the
structures of 18 and 19.
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Figure 36: NMR signature of 15N-21. Jeft: 13C{1H} NMR signal of the 1°NCO- and
14NCO-ligand. right: 1>N{1H} and 31P{1H} NMR signals of 1°N-21.

Importantly, the described spectroscopic features of 21 are the same as for the ob-
served side-product in the formation of 16 upon heating of 19. Therefore, the forma-
tion of the side product from reaction of 19 to 16 can be explained by the liberation
of CO, which readily reacts with 16.

01
S

Figure 37: Molecular structure of 21 in the crystal obtained by single crystal X-ray
diffraction. Hydrogen atoms were omitted for clarity. Selected bond lengths [A] and
angles [°]: W1-C21 1.964(4), W1-C22 2.028(4), W1-N1 2.011(3), W1-N2 2.116(3),
W1-P1 2.5030(10), W1-P2 2.5077(10); C21-W1-C22 77.03(16), C21-W1-N1 85.54(15),
C22-W1-N1 153.31(14), N1-W1-N2 122.56(13), P1-W1-P2 155.09(3).
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2.4.3 Maechanistic investigations on CN-bond coupling'

To elucidate whether the CN-bond formation occurs intramolecularly via insertion of
the nitride-nitrogen into the W-CO bond or intermolecularly via nucleophilic attack of
the nitride on the incoming carbonyl-ligand, 16 was carbonylated with 3CO. De-
pending on the mechanism, this should result in the formation of different products
(Scheme 69), either showing an uneffected NCO- and two 13CO-ligands (intramolec-
ular, 21a) or one N13CO-ligand with one 12CO- and one 13CO-ligand (intermolecular,
21b).

intramolecular intermolecular
NCO NCO NCO
~RPBe oo co ~|3PBu: | PBu:
N—/VIV—CO - (_N—/VIV—CO and/or N—/W—CO
P P P
tBUQCO tBUgco IBUQCO
21a 21b

Scheme 69: Possible pathways for the formation of 21 via carbonylation of 16, either
following an intramolecular (/eft) or an intermolecular (right) pathway for C-N coupling
to give 21a or 21b, respectively.

The 13C{1H} NMR spectrum of the obtained 13CO-labeled product clearly displays an
increased intensity of the resonances assigned to the two carbonyl-ligands at 266 and
262 ppm, while the intensity of the NCO-ligand at 145 ppm is uneffected compared
to unlabeled 21 (Figure 38), indicating the incooperation of two 13CO ligands into the
formed complex, which was further supported LIFDI-MS. Both carbonyl-resonances
give multiplets due to coupling with the two P-atoms of the PNP-ligand as well as
coupling with each other. The signal in the 31P{1H} NMR spectrum gives a dou-
blet of doublets (2)cp = 8.4, 4.3 Hz), also implying coordination of two 13CO-ligands to
the tungsten center (Figure 38). Consequently, in the IR spectrum the NCO-stretch
is unaffected, while both carbonyl-stretches are bathochromically shifted (¥co(*3CO-
21)=1860, 1762 cm™!). These findings proof the formation of 21a via an intramolec-
ular pathway, similar to the one proposed by Liddle (Scheme 48).188

I Parts of this work have been published in: J. Schneider "Synthese und Funktionalisierung von Wolfram-PNP-
Nitrid Komplexen" Bachelor Thesis, Georg-August Universitat Gottingen, 2019.
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Figure 38: NMR signature of 13C0O-21. left: 3'P{1H} NMR spectrum. right:
13C{1H} NMR spectrum, the inlays show a zoom into the signals of the two carbonyl
ligands.

Since such a reactivity does not necessarily require the addition of CO, 16 was also
functionalized using other ligands. Addition of two equivalents of isocyanide (CN-R,
R=1{Bu ,C6H40Me) to 16 yields in the formation of [W(NCO)(CN-R)Z(PNP)] (R=1Bu (22),
CcH,OMe (23)), in line with an intramolecular CN coupling reaction (Scheme 70).
Other potential ligands, such as pyridine or trimethylphosphine, showed no reaction
with 16, which might be due to their slightly higher steric encumbrance.

N _, NCO
~JIPBuz  2cNR ~|PBu.

N—W-—co—> N—W—CN-R
4 R=Bu (p
By, CeHsOMe  Bu,CNR
16 22 Bu
23 CgH4-OMe

Scheme 70: Functionalization of 16 using isocyanides.

The formation of NCO™ in 22 and 23 was proven via 13C{1H} NMR, which features in
both cases a broad signal at 143 ppm very close to the signal assigned to the NCO-
ligand in 21. Furthermore, the IR spectra of solid 22 and 23 both show a intense
sharp band at 2203 cm! identical with the NCO-stretch observed in 21. Finally, the
formation of a cyanate ligand could be confirmed by X-ray diffraction (Figure 39).
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2.4 Functionalization of tungsten-nitrido-complexes

Figure 39: Molecular structures of 22 (left) and 23 (right) in the crystal obtained by
single crystal X-ray diffraction. Hydrogen atoms and cocrystalized solvent molecules
were omitted for clarity. Selected bond lengths [A] and angles [°] for 22: W1-C21
2.014(8), W1-C26 2.035(8), W1-N1 2.028(11), W1-N4 2.102(13), W1-P1 2.4906(18),
W1-P2 2.4533(19); C21-W1-N4 153.4(4), C26-W1-N1 156.6(4), P1-W1-P2 155.23(7).
Selected bond lengths [A] and angles [°] for 23: W1-C22 2.020(2), W1-C30 2.000(2),
W1-N1 2.020(2), W1-N2 2.118(2), W1-P1 2.4735(6), W1-P2 2.4960(6); C22-W1-N1
155.95(9), C30-W1-N1 155.48(9), P1-W1-P2 155.36(2).

These intramolecular CN-coupling reactions contrast with the nucleophilic attack of
the nitride to CO, which was proposed by Cummins for Na[V(N)(N(tBu)Ar)3] (LXXXIX)
(Scheme 47).186 The differences might account from the different d-electron counts
of both compounds. Cummins’ vanadium(V)-nitride exhibits a d®-configuration, which
might, together with the steric encumbrance of the supporting ligands, circumvent
binding of a carbonyl-ligand to the metal. In case of 16, the tungsten ion is d2-
configurated and the carbonyl-ligand is already coordinated, which might explain the
different mechanism. Nevertheless, the formation of 21 represents, after Kawaguchi’s
N,-derived V(V)-nitride [V(N)(ONO)]~ (XCVllIc), the second example for CN-coupling
of an N,-derived nitride with CO. 190
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2.4 Functionalization of tungsten-nitrido-complexes

2.4.4 Liberation of cyanate and closure of the synthetic cycle

In the previous chapters the cleavage of N, and the formation of cyanate via C-N-
coupling with CO to give [W(NCO)(CO), (PNP)] (21) has been discussed. This chapter
will focus on the release of the formed cyanate and closure of the synthetic cycle.

First, abstraction of the formed NCO™ via reduction, attempting direct reformation of
N,-bridged 4 was probed. For this purpose the redox chemistry of 21 was studied via
cyclic voltammetry (CV). The cyclic voltammogram shows an irreversible reduction
event at a potential of -2.0 V (vs. Fc*/Fc in THF). The reduction product shows an
irreversible oxidative wave at -1.55 V (vs. Fc*/Fc in THF), which was not observed
without prior reduction of 21 (Figure 40).

0.004 first cycle
second cycle
0.002 — [W(CO),(PNP)I
—
0.000 —=
<
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€  -0.0024
()
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2
(&)
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2008 4+—FFFF+—F—7
-2.6 2.4 2.2 2.0 -1.8 -1.6 -1.4 1.2 -1.0

potential vs Fc'/Fc [V]

Figure 40: Cyclic voltammogram (100 mV/s, THF, Ar) of the reduction of 21, showing
the first cycle in blue and the second cycle in red. The green trace shows the oxidation
of 24 measured independently.

Chemical reduction of 21 with one equiv. NaHg results in incomplete conversion
of the starting material and formation of one new diamagnetic species. Usage of
two equivalents of reductant gives rise to full conversion to this diamagnetic species,
which was identified as anionic [W(CO),(PNP)]~ (24) both under Ar or N,. In a similar
way, bright orange 24 can also be synthesized via reduction of 18 with 2 equiv. of
NaHg or upon deprotonation of 9 with strong bases such as NaHMDS (Scheme 71).
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Scheme 71: Formation of 24 via reduction of 18 or 21 or via deprotonation of 9.

In the solid state, 24 features a square pyramidally coordinated tungsten ion with
one carbonyl ligand in the apical site (ts =0.15, Figure 41).193 However, in solution
on the NMR timescale 24 appears Cyy,-symmetric as indicated by only one signal for
two carbonyl ligands in the 13C{1H} NMR spectrum as well as the presence of only
one resonance for the {Bu-groups and two signals for the methylene protons of the
ligand backbone in the 'H NMR spectrum.
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Figure 41: Molecular structure of 24 in the crystal obtained by single crystal X-ray
diffraction. Selected bond lengths [A] and angles [°]: W1-C21 1.902(9), W1-C22
1.911(8), W1-N1 2.088(6), W1-P1 2.426(2), W1-P2 2.4484(19); C21-W1-C22 87.7(3),
C21-W1-N1 124.3(3), C22-W1-N1 148.0(3), P1-W1-P2 156.74(6).

Both carbonyl ligands are strongly activated as indicated by the long CO- and the
short WC-distances as well as the very low CO-stretching frequencies found in the
IR-spectrum of solid 24. This higher degree of activation of the carbonyl ligands is
attributed to the lower oxidation-state of the tungsten ion compared to the other dis-
cussed biscarbonyl complexes (Table 7).
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2.4 Functionalization of tungsten-nitrido-complexes

Table 7: Comparison of the spectroscopic and structural parameters of the syn-
thesized tungsten(ll)-biscarbonyl-complexes ([WX(CO),(PNP)]) with the tungsten(0)-
biscarbonyl-complex (24).

18 10 19 21 24
X = I~ Cl- N, NCO~ -
Oxidation-State +11 +l1 +11 +11 0
dw-co [A] 1.920(4) | 1.939(8) | 1.943(4) | 1.964(4) | 1.902(9)
2.000(4) | 2.013(6) | 2.001(4) | 2.028(4) | 1.911(8)
dc.o [A] 1.169(4) | 1.104(9) | 1.169(4) | 1.153(5) | 1.206(10)
1.158(5) | 1.159(10) | 1.167(5) | 1.151(5) | 1.205(9)
Veo [em™] 1907 1914 1907 1909 1677
1799 1815 1828 1831 1604

The cyclic voltammogram of 24 shows a reversible oxidation wave at -1.55 V (vs.
Fc*/Fc in THF), which is identical to the new formed oxidation wave monitored in the
CV of 21 indicating that the reduction of 21 results in the formation of 24 also on the
CV-timescale (Figure 40, green). Nevertheless, it remains unclear, why the observed
oxidative wave in case of 21 appears irreversible even at higher scan-rates (1000
mV/s). One explanation could be a decreased stability of the oxidation product in the
presence of NCO™, which could be proven by CV-measurements of 24 in the presence
of a suitable NCO™-source.

Overall, reductive abstraction of the cyanate-ligand does not lead to N, -binding and/or
reformation of 4, therefore other strategies for cyanate-abstraction and closure of the
synthetic cycle have been probed.

Addition of TMS-Cl to 21 yields TMS-NCO and [WCI(CO), (PNP)] (10, Scheme 72), both
in quantitative yield. Similar to its iodo-congener 18, 10 can also be synthesized
upon oxidation of 9 with NCS (NCS = N-chlorosuccinimide). The structural and spec-
troscopic features of 10 are very similar to the other tungsten(ll)-biscarbonyl-species
(18, 19, 21) described earlier (Figure 42). Notably, no reaction was observed upon
addition of [PPN]CI or benzyl chloride to 21 even at elevated temperatures.

NG Ol e co,.
~ | PBu2 + TMS-CI | PBu2 +NCS N Rl
N—W—CO N—W—CO -—— _ HN—w—co
P/ I - TMS-NCO (_P/ | (_P/ |
X P Co co
Bup Buz Bup

21 10 9

Scheme 72: Liberation of NCO from 21 via salt-metathesis with TMS-CI giving 10 and
TMS-NCO in quantitative yields.
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Figure 42: Molecular structure of 10 in the crystal obtained by single crystal
X-ray diffraction. Selected bond lengths [A] and angles [°]: W1-C21 1.939(8),
W1-C22 2.056(8), W1-N1 2.013(6), W1-Cl1 2.4682(19), W1-P1 2.5175(19), W1-P2
2.516(2); C21-W1-C22 73.0(3), C21-W1-N1 89.2(3), C22-W1-N1 152.9(3), N1-W1-Cl1
122.32(18), P1-W1-P2 155.24(6).

The formation of TMS-NCO was confirmed upon comparision of the NMR-features with
an original sample. Additionally, the 1>N{1H} NMR signal of TMS-1>NCO, which was
synthesized from 1°N-21, was detected at -346 ppm. The 29Si{1H} NMR of the formed
TMS-NCO features a singlet at 4.5 ppm, which becomes a doublet () =14.2 Hz)
upon °N-labeling, proving Si-N-bond formation.

The formation of 10 holds the promise of reforming either [(NZ){WCI(PNP)}Z] (1) or
[(N,){WCI(CO)(PNP)},] (8), upon abstraction of at least one carbonyl ligand per tung-
sten and binding of N,,. Release of a carbonyl-ligand using a CO-abstracting agent,
such as Me;N-O or C.H.N-O, was unsuccessful and showed no reaction, even under
N,-atmosphere, elevated temperatures and/or photolysis (A>305 nm). Therefore the
oxidation of 10 was performed with N-chlorosuccinimide (NCS) as both oxidant and
chloride donor in order to reform [WCI;(PNP)] (5), which can finally be reduced to give
N,-bridged 1.

While there was no reaction of 10 with two equiv. of NCS at r.t., heating of the re-
action mixture lead to decomposition to unidentified, insoluable products and only
traces (<5%) of 5. However, upon photolysis of 10 with NCS at r.t. the yield in 5
could be increased to 30% (Scheme 73). In this way a synthetic cycle for the forma-
tion of NCO™ from N, and CO could be closed (Scheme 74). Similar to Kawaguchi’s
XCVIII, the only other system capable for this transformation, the requirement of both
reductant (NaHg) and oxidant (NCS) prevents catalytic turnover under a chemical re-
dox regime.190
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Scheme 73: Oxidation of 10 under photolytic conditions with NCS (N-chloro-
succinimide) reforms 5.

In summary, carbonylation of N, -derived 16 results in formation of 21 in nearly quan-
titative yield. 13CO-labeling revealed a intramolecular CN-bond formation via formal
insertion of the nitride-nitrogen into the W-CO bond. The formed cyanate-ligand can
be abstracted either via reduction or quantitatively via salt-metathesis using TMS-CI
(Scheme 74).

Abstraction of the carbonyl ligands requires the addition of a strong oxidant and UV-
light and gives only moderate yields, which also prevents catalytic reactivity. Never-
theless, this system represents the second example for the transformation of N, and
CO into cyanate using a terminal nitrido-complex.
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Scheme 74: Synthetic cycle for the formation of TMS-NCO from N, and CO using a
W(PNP)-platform.
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2.5 Summary and Outlook™

In summary, a series of four isostructural N,-bridged ditungsten compounds was suc-
cessfully synthesized and characterized. The derived structural and spectroscopic
parameters fully corroborate the proposed bonding-scheme for such idealized Dgn-
symmetric molecules (Scheme 75). Accordingly, oxidation of {n854}-configurated
[(Nz){WCI(PNP)}Z] (1) is metal centered without any significant impact on the de-
gree of N,-activation. A significantly smaller degree of N,-activation was observed
for 4, which can be rationalized by two additional electrons within the {WNNM}-core
populating the n*--n*-orbitals.

’Bu2 —|2+ YBU2/7—|+ (\N rBu2 (\N rBu2/7
rBUEF’\ ’Buz \ Bu,i, \ Bu,l, \ ’
W= =N=N ) N=N—W ) W=N=N=—=W )
/| / I \\ / | %4 Y
[BUZ Cl [BU 2 'B [BU Cl 1 rBFL,120| BuS OC 4 tBFL,jzco
{Tl852} {85 {rés) {r'%5%

d-n.b. wg ++ +_1+ +'H' 'H'_H_
e RIHR 44 + 4 + 4 + +
e RBROL 44 ++ ++ ++

Scheme 75: Comparison of the electronic structures of 3, 2, 1 and 4.

The comparison of 1 with its Mo-analogue Xl reveals a slightly weaker activated bridg-
ing N, ligand for the 5d-metal-complex, which was rationalized by weaker backbond-
ing. Nevertheless, both compounds are stable with respect to N,-cleavage, underlin-
ing the requirement of ten n-electrons within the {MNNM}-core. Compared to Xl, the
oxidation potentials of 1 are cathodically shifted, marking it as the better reductant,
which effects the reactivity upon protonation. 79

Parts of this work have been published in:

-"Selectivity of tungsten mediated dinitrogen splitting vs. proton reduction", B. SchluschagR, J. Abbenseth,
S. Demeshko, M. Finger, A. Franke, C. Herwig, C. Wirtele, I. Ivanovic-Burmazovic, C. Limberg, . Telser, S.

Schneider, Chemical Science, 2019, 10, 10275-10282.

-N.A. Maciulis "Exploring redox properties of bis(tetrazinyl)pyridine (btzp) complexes of group VI metals,

tetrazine and phosphine assisted reduction of H, O, and dinitrogen cleavage and functionalization" Ph.D.

Thesis, Indiana University Bloomington, 2019.
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While protonation of Xl leads, independent of acid and temperature, to N2—cleavage,70
protonation of 1 can also result in proton-reduction and oxidation of 1 (Scheme 76),
which was rationalized by an equilibrium between ligand-protonated 12 and hydride
14. Similar to XI, protonation of both PNP-pincer units in 1 results in N,-cleavage and
formation of nitride 11. In contrast, protonation of the hydride-isomer 14 results in H,-
evolution and oxidation of the tungsten-ions. The equilibrium between 12 and 14 can
be modulated by the choice of acid and temperature, with strong, hydrogen-bonding
acids and low temperatures favoring ligand-protonation and therefore N, -cleavage.
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Scheme 76: Protonation of 1 leads either to N,-cleavage and formation of 11 or to
proton-reduction and formation of 3.

In contrast to its isoelectronic ReCl-congener XIl, 4 is stable at r.t., which was at-
tributed to the m-accepting properties of the carbonyl-ligands, which stabilize the
n*-m-mt*-orbitals in energy and thereby increase the kinetic barrier for N,-cleavage
(Scheme 77). Furthermore, due to mixing of the CO-ligand with the {WNNW}-7-
manifold electron transfer from the n-system to the bridging N,-ligand upon cleav-
age becomes less favorable, which leads to a slightly endergonic splitting reaction
and represents the first example for an equilibrium between N, -cleavage and reverse
nitride-coupling.
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Scheme 77: The experimentally derived kinetic and thermodynamic parameters for
N,-cleavage in 4 yielding 16.
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Quantitative N,-splitting can be acchieved via photolysis (A = 395-590 nm). The pro-
ductive transitions feature 5/6* — m*-t*-t*-character, similar to XIIl.71 Population
of this all-antibonding orbital within the {W-N-N-W}-core might increase the flexibil-
ity and induce bending to a zig-zag-conformation, which finally leads to N,-cleavage.
Examination of the photochemical and photophysical properties of 4 via UVvis/UVvis
and UVvis/IR transient spectroscopies revealed that the lifetime of the excited state is
shorter than the temporal resolution of the experiment (texc & 70+£20 fs). Directly af-
ter relaxation to the electronic ground state, the energy is non-statistically distributed,
which might facilitate N,-cleavage. However, vibronic coupling of the electronically
excited state with bending-modes of the {WNNW}-core, as observed by Cummins
and Blank for I as an underdamped oscillation in the pump-probe decay, 13 could
not be detected. Once the pump-energy is statistically distributed (11 = 1.5+0.2 ps)
the internal temperature of 4 is too low to show thermal reactivity. Due to the very
fast timescales and the poor quantum yields a final assignment, whether N, -cleavage
follows a diabatic pathway or proceeds from an vibrationally hot-ground-state with a
non-statistical energy distribution, cannot be made yet and relies on further exami-
nations.

The obtained splitting product 16 was successfully functionalized with CO to give
cyanate-complex 21 in nearly quantitative yield. 13CO-labeling studies revealed an
intramolecular pathway, in which the CN-bond is formed via insertion of the nitride-
nitrogen into the tungsten-carbonyl-bond. Even though such a mechanism has al-
ready been suggested, 188 these current studies reveal the first direct experimental
evidence for such a pathway.

Full N-atom-transfer can be achieved upon either reduction of 21 to give 24 or upon
salt-metathesis using TMS-CIl, which forms TMS-NCO and 10 in quantitative yield.
The latter can be oxidized with NCS, which also serves as a chloride-source, under
photolytic conditions to give 5 and closes the synthetic cycle (Scheme 78). Be-
sides Kawaguchi’s {V(ONO)}-platform (XCVIII, Scheme 50), the presented {W(PNP)}-
system represents the second example for N,-derived nitride-CO-coupling and full
N-atom-transfer. 190
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Scheme 78: Synthetic cycle for the formation of TMS-NCO from N, and CO using a
W(PNP)-platform.

The established {W(PNP)}-platform can be used for further investigations. So far, the
reactivity of dinuclear 1, with respect to N,-cleavage, has only been examined with
Brgnsted acids. An intriguing question would be the use of Lewis-acids in order to can-
cel out the interaction of the pincer-amide-p-orbitals with the {WNNW3}--manifold,
which should lead to N,-cleavage and (depending on the Lewis-acid) direct forma-
tion of the respective tungten(V)-nitride, [W(N)CI(PNP)] (25), without the drawback of
competing proton-reduction.

(\ rBU2
N P
7&.\ JN 2LA LA /'Illf':'tB“2
W=N=N=—W ) —_— N—W-—c|
Buy Cl ITJCI Buy
1 2 25

Scheme 79: Proposed Lewis-acid induced N,-cleavage of 1.
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Although a series of four isostructural N, -bridged ditungsten compounds was success-
fully synthesized and characterized, a compound with a {n°5%}-configuration is not
included. Such a compound would fill the gap between {n®5%}-configurated 1 and
{n1964}-configurated 4 and would, due to its S=1/2 magnetic ground state, allow
deeper investigations of the electronic structure. Preliminary electrochemical studies
of 4 indicated that such a species might be accessible by oxidation of 4.

In that respect, the replacement of the carbonyl-ligands in 4 by other neutral ligands
might give insights into the influence of the auxiliary ligands on the degree of N,-
activation and stability with respect to N,-cleavage. Furthermore, the photolytic ac-
tive transition for N2-cleavage in 4 was identified as a {M-CO}— N2-transition, which
will shift upon replacement of the CO-ligand. This shift could be correlated to the
ligand-strength and provide some guidelines for the design of future systems capable
for photolytic N,-cleavage.

Regarding N, -functionalization, the access via photolytic N,-cleavage, using visibile
light, makes 16 an attractive platform. Besides the already mentioned reagents (CO
and CN-R), there are still potential candidates for nitride-functionalization, including
benzoyl- and alkyl-halides or O-atom transfer agents, such as mCBPA (mCBPA = 3-
chloroperbenzoic acid) or N-oxides.

The electrophilicity of the nitride-moiety could be increased upon oxidation of 16. Pre-
liminary attempts were always accompanied by the formation of substantial amounts
of ligand-protonated [W(N)(CO)("PNP)]* (20), whose presence complicated the isola-
tion and characterization of other potential products, but also revealed an increased
reactivity of the potentially formed W(V)-product, which might be useful for further
functionalization attempts.
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3 Experimental

3.1 General Working Techniques

All experiments were carried out under inert atmosphere (Ar or N,, both 5.0, Linde
gas) using standard Schlenk and glove-box techniques, unless otherwise noted. Pu-
rification of CO gas (Air Liquide, 99.997%) was obtained by passing the gas through
a steel coil cooled to -78 °C. *3CO (Eurisotop GmbH, 99.30% *3C) and °N, (Sigma
Aldrich, 98% °N) were used as purchased without further purification.

All glassware was cleaned in KOH/iso-propanol baths, neutralized in HCI baths, washed
with deionized water and dried at 120 °C. Prior to use, all vessels were evacuated at
a Schlenk line with periodically applied heating. Small scale reactions (< 10 mg) were
typically performed in J-Young NMR tubes.

Unless otherwise noted all solvents were purchased in HPLC quality (Merck) and used
as obtained from an MBraun Solvent Purification System. THF and toluene were fur-
ther purified by stirring over Na/K-alloy for several days, PhCl was dried over CaH,.
Deuterated solvents were obtained from Eurisotop GmbH and dried by stirring over
Na/K-alloy (THF—dg, C.D, Tol—dg) or CaH, (CD,CI,, CD;CN). NEt; was dried over KOH
and CaH,, whereas W(CO),, N-chlorosuccinimide and Fc were sublimed prior usage.
TMS-Cl and TMS-NCO were distilled and degased. Celite and Silica gel 60 silanized
were heated over 150 °C under vacuum for several days prior usage. All other chem-

icals were used as purchased without further purification.

HPNP,213 [H(OEt, ), I[BArS, 1,2 [H(OE,), I[AI(OC(CF;);),1.21> Ag[BPh, 1,216 FcOTf, 27
[LutH]OTf, 217 [PPNIN, 218219 and [PPN][NCO] 28219 were synthesized according to lit-
erature procedures.

3.2 Analytical Methods
3.2.1 Crystallographic details

Suitable single crystals for X-ray structure determination were selected from the
mother liquor under an inert gas atmosphere and transferred in protective perflu-
oro polyether oil on a microscope slide. The selected and mounted crystals were
transferred to the cold gas stream on the diffractometer. The diffraction data were
obtained at 100 K on a Bruker D8 three-circle diffractometer, equipped with a Pho-
ton 100 CMOS detector and an Incoatec microfocus source with Quazar mirror optics
(Mo-K« radiation, A=0.71073 A). The data obtained were integrated with SAINT and
a semi-empirical absorption correction from equivalents with SADABS was applied.
The structures were solved and refined using the Bruker SHELX 2014 software pack-
age.220-223 All non-hydrogen atoms were refined with anisotropic displacement pa-
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3.2 Analytical Methods

rameters. All C-H hydrogen atoms were refined isotropically on calculated positions
by using a riding model with their Ujso values constrained to 1.5 Ueq of their pivot
atoms for terminal sp3 carbon atoms and 1.2 times for all other atoms.

3.2.2 Cyclic voltammetry

All electrochemical data were recorded on a Metrohm PGSTAT101 using the Nova 2.0
software. The cyclic voltammetry (CV) data were recorded either in a UVvis cell or a
three neck cell equipped with a glassy carbon (d=1.6 mm) working electrode (WE),
a Pt-wire counter electrode (CE) and a Ag wire pseudo-reference electrode (RE). Ref-
erencing was performed against the Fc / Fct couple. All experiments were performed
under Arin 0.1 m [”Bu4N][PF6] in THF.

During the second half of this thesis, CV data were compensated for internal resis-
tance (iR). In these cases, the scan rate dependence of the peak currents i, was
analyzed according to the Randles-Sevcik equation:

anDo)l/2 (3.6)

ip = 0.446nFAC0(

where n is the number of transferred electrons, F is the Faraday’s constant, A is the
electrode surface in cm?, C9 is the bulk concentration of the analyte in mol-cm3, v
is the scan rate in V-s'1 and Dy is the diffusion coefficient of the oxidized species in
cmZ2.s1,224 This equation is valid for freely diffusing, non absorbed analyte in solution
which undergoes fast, electrochemically reversible electron transfer. Thus deviations
from linearity of a plot of i, vs. v¥2 can indicate quasi-reversible electron transfer
(accompanied by a scan rate dependent peak-to-peak separation) or absorption of
the analyte on the electrode surface (which should have a constant peak-to-peak
separation).

3.2.3 Electron Paramagnetic Resonance

Experimental X-band EPR spectra were recorded on a Bruker ELEXSYS-II E500 CW-EPR.
Simulations were carried out using the program QPOW, as modified by J. Telser.225
3.2.4 Elemental Analysis

Elemental analysis were obtained from the Analytical Laboratories at the Georg-August-
University Gottingen using an Elementar Vario EL 3 analyzer.

3.2.5 Head Space Analysis

The H, was detected by a Shimadzu GC-2014 gas chromatograph equipped with a
TCD detector and a ShinCarbon ST 80/100 Silco column.
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3.2 Analytical Methods

3.2.6 Irradition

All photolysis experiments were performed using either a Kessil PR160-427 LED
(427 nm) or a 150 W Hg(Xe) arc lamp with lamp housing and arc lamp power sup-
ply from LOT-Quantum Design GmbH. For the latter, IR radiation was eliminated by
use of a water filter and photolyzed samples were kept at r.t. by a water bath.

3.2.7 Magnetic measurements

Magnetic moments were determined by Evans’ method as modified by Sur and cor-
rected for diamagnetic contributions. 226

Magnetic susceptibility measurements were performed with a Quantum Design MPMS-
XL-5 SQUID magnetometer in the temperature range from 295 to 2 K at 0.5 T applied
field. The powdered sample was contained in a Teflon bucket and fixed in a non-
magnetic sample holder. Each raw data point for the measured magnetic moment
of the sample was corrected for the diamagnetic contribution by subtraction of the
experimentally determined magnetic measurement of the Teflon bucket. The molar
susceptibility data were corrected for the diamagnetic contribution using the Pascal
constants and the increment method according to Haberditzel.227:228 Experimental
data were modelled with the julX program.22°

3.2.8 Mass spectrometry

HR-ESI-MS (Bruker maXis QTOF) and LIFDI-MS (JEOL AccuTOF JMS-T100GCV) spectra
were measured by the Zentrale Massenabteilung, Fakultat fir Chemie, Georg-August-
Universitat Gottingen.

3.2.9 Nuclear magnetic resonance

NMR spectra were recorded on Bruker Avance Il 300 or Avance Il 400 spectrometers
or an Avance 500 spectrometer with a Prodigy broadband cryoprobe, respectively,
and calibrated to the residual solvent signals (C Dg: 84 =7.16 ppm, 5c =128.4 ppm;
THF—dg: 14 =3.58 ppm, 5c =67.6 ppm).230 31p, 295j and >N NMR chemical shifts
are reported relative to external phosphoric acid, tetramethyl silan and nitromethane
(6=0.0 ppm), respectively. Signal multiplicities are abbreviated as: s (singlet), d
(doublet), triplet (t), m (multiplet), br (broad).
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3.2 Analytical Methods

3.2.10 Quantum yield determination

The quantum yield for the photochemical splitting reaction of 4 into 16 was deter-
mined for photolysis with a 427 nm LED lamp. The lamps photon flux was determined
prior to the experiment using a Thorlabs S120VC, 200-1100 nm photodiode, which
was placed in 20 cm distance to the lamp and photolyzed with 25% power output to:

1=6.5977-10"7+1.3-10712 mol cm™2min~1 (3.7)

For the quantum yield determination, a solution of complex 4 in THF (2 mL,
5.1:10°> mol-L'1) was irradiated with the same setup (same distance and output power
from the LED lamp) for a total of 30 min. After every 2 min, the irradiation was
stopped and the concentration of 4 was determined by monitoring of the absorbance
at A =512 nm. The quantum yield was determined by:

Antx—t(x—l)

¢= (3.8)
Nphotons,2 min * (1 — 104427 nm)

Where Ant,—t,_,,y is the amount of 4 decomposed between two measurements, i.e.
by irradiating for 2 min, Nppotons,2 min IS the amount of photons reaching the sam-
ple during 2 minutes (2.6391-10® mol in the above described set-up, calculated by
n=I-t-a)and As27 nm is the absorbance of the solution at 427 nm at the beginning
of each photolysis step. This results in a quantum yield of 0.37+0.03%.
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Figure 43: Quantum yield determination of the photosplitting of 4 by 427 nm LED

lamp. a) Decay of 4 during photolysis. b) Concentration profile of 4 during the reac-
tion. ¢) Quantum yields between each irradiation interval.
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3.2.11 Transient UVvis spectra

The transient UVvis-pump-probe setup described in ref23!1 was updated with a new
laser system (Solstice Ace, spectra physics) It includes a regenerative amplifier seeded
by a diode pumped Ti:Sapphire seed laser (Mai Tai SP, spectra physics) and pumped by
a diode pumped Nd:YLF-laser (Ascend 40, spectra physics). The significantly shorter
35 fs pulses at 800 nm central wavelength produce a mean output power of ~5 W at
a repetition rate of 1 kHz.

A small percentage (about 3 uJ) was passing a translational stage (M-415.DG, Physik
Instrumente) of 16.5 cm delay path for up to ~1.1 ns pump-probe-delay after trans-
mitting a high reflective mirror (R~ 99.9%) and focused on a 4 mm CaF,, crystal gen-
erating a white light continuum as probe beam. A semi-transparent mirror split the
beam into reference and probe which were focused onto their individual 256-element
linear diode array mounted on a spectrograph (spectral window: 350-730 nm). The
latter was passing a far UV quartz cuvette (Starna, optical path: 2 mm, transmission:
170-2700 nm) containing the sample (0.12-0.17 mM in THF) stirred by a magnet in
order to refresh it between pulses.

The pump beam containing the residual output can now be prepared for wavelengths
240 nm-2.6 um using an automated optical parametric amplifier (TOPAS Prime+,
light conversion, spectra physics) and subsequent frequency mixer (NirUVis, light con-
version, spectra physics). The resulting beam was attenuated by an iris (0.3-1.0 uj),
passed a perforated rotating wheel cutting every second pulse for subtraction of spec-
tra without pump excitation and rotated in polarization to 54.7° (magic angle) relative
to probe for elimination of molecular rotational effects and focused into the sample
and spatially overlapping with the probe beam. Both sample in solution and pure sol-
vent transient spectra were measured at pre-programmed pump-probe-delays. Base-
line, wavelength dependent temporal shifts due to group velocity dispersion of the
probe beam and solvent transient spectra were corrected.

3.2.12 Transient IR spectra

A libra laser system (coherent) is the basis for the transient IR-pump-probe-setup. A
Ti:Sapphire oscillator is pumped by a diode-pumped Nd:YAG laser (Evolution 30, co-
herent) and seeded laser (Vitesse, coherent) consisting of a diode-pumped, frequency
doubled Nd:YVO, laser (Verdi, coherent) pumping a Ti:Sapphire laser head (VPUF e. g.
Verdi pumped ultrafast laser head, coherent). A regenerative amplifier with compres-
sor/stretcher unit is included. The output beam pulsing an 800 nm central wavelength
at 1 kHz repetition rate possessed a temporal puls width of about 150 fs and a mean
energy of 0.7 m). A semi-transparent mirror split the power 60:40.

About 60% served as input for an optical parametric amplifier with subsequent dif-
ference frequency generation of idler and signal as described in ref232 producing an
IR-probe-spectrum of 50-150 cm! spectral width depending on the wavelength re-
gion. Another semi-transparent mirror was used separating equally into reference
and probe. After the probe beam passed a translational stage (M-ILS250CCL, New-
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port) both were focused 5 mm apart into the sample (2 mM, solvent: THF) in a stain-
less steel sample cell with an optical path of 0.8 mm enclosed by two CaF, windows
(1 mm each, optically polished, Korth Kristalle) and stirred by a rotating magnet bar.
A combination of polychromator (Chromex 250is, Bruker Optics) and liquid nitrogen
cooled 2x32-element MCT-detector (IR-6416 system MCT-32/2-10, infrared systems
development corporation) measured the spectra.

The pump (wavelength: 400 nm) was produced using the spare 40% laser output
and a BBO (beta-barium borate) crystal. The beam was passing a perforated rotating
plate, its polarization was rotated to 54.7°, it was attenuated to 0.5 y and focused
into the cell superimposing with the probe beam.

The spectra were measured in regions without strong solvent absorption and cor-
rected in baseline, slope and offset and merged together.

3.2.13 UVvis spectroscopy

UVVvis spectra were recorded on an Agilent Cary 60 equipped with an Unisoku Cryostat
(CoolSpek) and magnetic stirrer using quartz cuvettes with an attached tube and a
screw cap with a septum or a J-Young-cap. All UVvis samples were prepared in a
glovebox and transferred out of the glovebox prior to the measurement.

3.2.14 Vibrational spectroscopy

IR spectra were recorded using a Bruker ALPHA FT-IR spectrometer with Platinum ATR
module.

All Resonance Raman spectra except for 3 were recorded using a Horiba Scientific
LabRAM HR 800 spectrometer with open-electrode CCD detector in combination with
a free space optical microscope and a He:Ne-laser (632.8 nm). The Resonance Raman
spectra for 3 were recorded using a Triple Raman Spectrometer TR 557 from S& |
(Spectroscopy & Imaging GmbH).
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3.3 Synthesis

3.3 Synthesis"
3.3.1 [WCI,(PNP)] (5)

Complexation of WCI,

HpNP cl
Et3N /‘lT\P[BUQ
WCly > N—W—Cl
benzene (__P/ |
reflux ‘BuzCI
5

(3.9)

WCI, (509 mg, 1.54 mmol, 1.1 equiv.) was added to a mixture of Et;N (0.4 mL,
288 mg, 2.85 mmol, 2.1 equiv.) and HN(CH2CH2PtBu2)2 (500 mg, 1.38 mmol,
1.0 equiv.) in benzene (50 mL) and stirred for minimum 5 d at 90 °C. After removal of
the solvent in vacuo, the crude product was extracted with benzene (4x 15 mL) and
dried in vacuo.The residue was dissolved in THF (4 mL), layered with pentane (20 mL)
and stored at -40 °Cto give 5 as dark yellow crystals (540 mg, 60%).

Oxidation of 10

cl 2NCS cl_,
~~|PBuz A > 305 nm | PBuz
N—W—CO > N—_W—al
o’ CsDs o,
tBUQ tBUg
10 S (3.10)

In a J-Young NMR-tube 10 (6.4 mg, 10.1 umol, 1.0 equiv.) and NCS (3.0 mg, 22.1 umol,
2.2 equiv.) were dissolved in C6D6. The mixture was irradiated with A>305 nm in a wa-
terbath for three hours showing a color-change from deep purple to yellow-brownish.
5 was obtained in 30% spectroscopic yield.

1H NMR (C_.D_, 300 MHz, [ppm]): 5 = 9.13 (spr, CH,), 0.82 (spr, CMe3), -139.5 (spr,

66’
CHZ).
Elem. Anal. found (calc) for C20H44CI3NP2W: C 36.85 (36.92); H6.93 (6.82); N 2.16
(2.15).

Ueff = 2.8+ 0.1ug.

Parts of this work have been published in:

-"Selectivity of tungsten mediated dinitrogen splitting vs. proton reduction", B. SchluschagR, J. Abbenseth,
S. Demeshko, M. Finger, A. Franke, C. Herwig, C. Wurtele, I. Ivanovic-Burmazovic, C. Limberg, J. Telser, S.
Schneider, Chemical Science, 2019, 10, 10275-10282.

-N.A. Maciulis "Exploring redox properties of bis(tetrazinyl)pyridine (btzp) complexes of group VI metals,
tetrazine and phosphine assisted reduction of H,0O, and dinitrogen cleavage and functionalization" Ph.D.
Thesis, Indiana University Bloomington, 2019.

-P.-M. Padonou "Reaktivitat dimerer N, -verbrickter Wolfram-PNP-Pinzetten Komplexe" Bachelor Thesis,
Georg-August-Universitat Gottingen, 2018.

-J. Schneider "Synthese und Funktionalisierung von Wolfram-PNP-Nitrid Komplexen" Bachelor Thesis,
Georg-August Universitat Gottingen, 2019.
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3.3 Synthesis

3.3.2 [(N,){WCI(PNP)},] (1)

By
o O 2’7
/—IT\P Buo 2 NaHg, Na Bu, ,\
N—W —Cl - 12 w_N—N—w )
el THF, 0 °C
Bu,”! Bl CI P 2
1
5 (3.11)

Under an N, atmosphere 5 (250 mg, 0.384 mmol, 1.0 equiv.) and NaHg (11.5 g,
0.845 mmol, 2.2 equiv.) were stirred in THF (10 mL) for 3 h at 0 °C to give a color
change from yellow to dark green.

After extraction with THF (3x 8 mL) the solvent was removed in vacuo. The residue
was then washed with pentane (3x 8 mL), extracted with benzene (5x 8 mL) and dried
in vacuo. After column chromatography over Silica gel 60 silanized using benzene as
eluent and lyophilisation out of benzene, 1 was obtained as a green powder (150 mg,
66%).

For 15N, labeling the synthesis was done using an 1°N, atmosphere.

'H NMR (THF—dg, 500 MHz, [ppm]): § = 3.66 (m, 4 H, NCH3), 3.54 (m, 4 H, NCH,),
2.39 (m, 2 H, PCH>), 2.29 (m, 2 H, PCH3), 1.74 (m, 2 H, PCH>), 1.55 (d, 3J4p=12.8 Hz,
18 H, 2x CMe3), 1.35 (m, 2 H, PCH>), 1.16 (d, 3Jyp=13.9 Hz, 18 H, 2x CMes), 1.13 (d,
3)4p=12.8 Hz, 36 H, 4x CMe3).

13C{'H} NMR (THF—dg, 126 MHz, [ppm]): 5 = 30.7 (d, ?Jcp = 4.3 Hz, 2x CMe3), 30.7
(d, 2Jcp = 5.7 Hz, 2x CMe3), 30.8 (d, 2Jcp = 3.9 Hz, 2x CMe3), 31.8 (d, YJcp = 7.62 Hz,
2x PCH3), 31.6 (d, YJcp = 7.35 Hz, 2x PCH>), 32.0 (d, 2Jcp = 4.9 Hz, 2x CMe3), 38.5-
38.9 (m, PCMe3), 78.9 (s, 2x NCH>), 79.4 (s, 2x NCH>).

1SN{'H} NMR (THF—dg, 50.7 MHz, [ppm]): & = 31.1 (s).

31P{'H} NMR (THF—dg, 162 MHz, [ppm]): § = 92.9 (d, 2Jpp = 147.4 Hz), 87.8 (d, %Jpp
= 147.4 Hz).

Elem. Anal. found (calc) for C40H88CI2N4P4W C 40.39 (40.45); H 7.27 (7.47); N
2.69 (4.72).

[The lower N content found is attributed to decomposition of highly sensitive 1 during trans-
port/manipulations.]

rRaman (\ex = 457 nm, frozen THF—dg, cm™1): ¥ = 1392 (1*N,); 1347 (1°N,).
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3.3.3 [(N,){WCI(PNP)},1* (2)

via oxidation

B B
e % 0\ o
BUch.\ I ! AgBPhe ’BUZF«.‘\ I
W=—=N=N—/TW ) ’ o W=—N=N—/TW )
/| I\ THF /| I\
e PCI P ci PCI
Buy 1 Us Bu; 2 uz

(3.12)

Ag[BPh4] (14.4 mg, 33.7 umol, 1.0 equiv.) was added to a solution of 1 (40.0 mg,
33.7 umol, 1.0 equiv.) in THF (5 mL) leading to a direct color change from green to
dark brown. After stirring for 1 h the mixture was filtrated over celite, dried in vacuo,
washed with pentane (3x 4 mL) and extracted with THF (2x 4 mL). After removal of
the solvent in vacuo 2-[BPh,] was obtained as a dark brown solid (43 mg, 85%).

via protonation

tBUQ tBUZ BAFF24
tBugg:’\{ *,’”N 1 [H(OEt)2I[BA 2] tBUQ(:’\{ IP/J L
(’W=N=N=w’) - 7'W=N=N=vxi)
Vi I\ ELO 1% I\
Bu, Cl 1 tBFL’JZCI Bu, Cl 2 IZZCI

(3.13)

[H(OEtz)z][BAr§4] (31 mg, 30.6 umol, 1.0 equiv.) was added to a solution of 1 (40.0 mg,
33.7 umol, 1.1 equiv.) in Et,O (8 mL) leading to a direct color change from green to
dark brown. After stirring for 1 h the mixture was filtrated, dried in vacuo and washed
with pentane (3x 10 mL). The crude product was then extracted over celite with Et,O
and dried in vacuo to give 2 as a brown solid (47 mg, 75%).

IH NMR (THF—dg, 300 MHz, [ppm]): & = 4.37 (spr, CHH), 3.13 (spr, CMe3), 2.99 (Spr,
CMes), 2.51 (spr, CMe3s), 2.38 (spr, CMes), -5.60 (spr, CHH), -14.1 (spr, CHH), -22.1
(spr, CHH), -25.1 (spr, CHH), -27.8 (spr, CHH).
Elem. Anal. found (calc) for Ct.)4H1088CI2N4P4
(7.22); N 3.29 (3.72).

rRaman (Aex = 457 nm, frozen THF—dg, cm™1): ¥ = 1414 (**N,); 1360 (*°N,).
HR-ESI-MS found (calc) for [C40H88CI2N4P4W2]+: 1186.4347 (1186.4339), 1188.4368
(1188.4380).

W, (2-[BPh,]): C51.52 (51.01); H 7.17
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3.3.4 [(N,){WCI(PNP)},1?* (3)

via oxidation

‘N Buz A Buz/y 7] IAIIOC(CFo)o)lz
Buy J 2 Ag[AI(OC(CFa3)3)4] Buzh, J N
W=—N=N—/TW ) > W=—=N=N—/TW )
/| I\ Ph-Cl /| i\
Bu C! 1 P 20| e 3 § 2c:|

(3.14)

To a solution of 1 (20.0 mg, 16.8 umol, 1.0 equiv.) in Ph-CI (8 mL) Ag(AI(OC(CF3)3)4)
(35.3 mg, 32.8 umol, 2.0 equiv.) was added. The solution was stirred under exclusion
of light for 12 h. Afterwards the precipitate was filtered off, washed with benzene
(6 ml) and extracted with DCM (16 mL). The solution was concentrated in vacuo,
layered with pentane and stored at -40 °C for 3 d. The resulting brown precipitate
was decanted, washed with pentane (2x 2 mL), extracted with THF and dried in vacuo
to give 3 as a brown solid (39.3 mg, 75%).

via protonation

(\ Bup (\ Bup ] IAI(OC(CFa)3)dl2
tB“Z?«.N\ T/rz 2 [H(OEt),IAI(OC(CFa)g)d] rBu27,"“\ IP/,Z
W=N=N=W > W=N=N—W
Wi \\) Et,O I \\)
Bu, ! 1 rBF;ZCI By, C 3 TJZCI

(3.15)

A solution of [H(OEt2)2][AI(OC(CF3)3)4] (9.9 mg, 8.84 umol, 2.1 equiv.) in EtZO (2 mL)
was added dropwise to a suspension of 1 (5.0 mg, 4.21 umol, 1.0 equiv.) in Et,O
(5 mL). After stirring for 12 h all volatiles were removed in vacuo and the remaining
yellowish brown residue was taken up in THF—dg (90% spectroscopic yield).

'H NMR (THF—dg, 400 MHz, [ppm]): & = 4.32 (Spr, CMe3), 4.19 (Spr, CMe3), 3.78 (spr,
CMes), 3.49 (spr, CMe3), -1.56 (spr, CHH), -7.03 (Spr, CHH), -8.81 (Spr, CHH), -8.99 (spr,
CHH), -32.1 (spr, CHH), -46.9 (Spr, CHH), -56.6 (spr, CHH), -62.0 (Spr, CHH).

Elem. Anal. found (calc) for C72H88AI2CI2F72N408P4W2 (3-[AI(OC(CF3)3)4]): C 29.2
(29.4); H 3.30 (3.01); N 1.66 (1.90).

rRaman (Aex = 633 nm, -100 °C, THF—dg, cm~1): ¥ = 1400 (**N,); 1356 (15N,)).
HR-ESI-MS found (calc) for [C, HgoCI,N,P,W,1?*: 593.2181 (593.2166), 594.2182
(594.2177).
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3.3.5 [W(N)CI("PNP)]* (11)

Bu, oY
Bu 2(\" T?‘ 2 HOTf /-ITI:\P’BD
7W=N=N=V\/) > 2 HN—W-—(
P/ | I\ THF Cpf
1By, C! PCl -78°Ctor.t. Bu,
1 Bu, 11

(3.16)

At -78 °C to a solution of 1 (50 mg, 42.1 umol, 1.0 equiv.) in THF (8 mL) was added
a solution of HOTf (7.8 uL, 13.3 mg, 88.4 mmol, 2.1 equiv.) in THF (6 mL) leading
to a color change from green to brownish orange. After stirring for 3 h the solution
was warmed to r.t. and dried in vacuo. The residue was then washed with pentane
(4x 5 mL), extracted with benzene (3x 4 mL) and concentrated in vacuo. Diffusion of
pentane into a saturated benzene solution at r.t. gives 26-OTf as pale yellow crystals
(48 mg, 60%).

Elem. Anal. found (calc) for C21H45CIF3N203P2
6.21 (6.22); N 3.29 (3.46).

HR-ESI-MS found (calc) for C20H45CIN2P2W+: 594.2240 (594.2242), 596.2271
(596.2269).

IR (ATR-IR, cm™1): ¥ = 3079 (N-H); 1058 (W=N).

Meff = 1.8+ 0.1pg.

SW - 0.8C.H,: C 38.23 (38.34); H

3.3.6 in situ [(HPNP)CIW-(NZ)-WCI(PNP)]"' (12)

Bup Ha Bup oTf
Q 1
tBUZF‘N IPﬁ 1 HOTY - tsu?;i\{ ng
W=—N=N—7/=W ) > W=—N=N—7/W
%4 I\ THF-dg, -85 °C 1% I\
g Cl PCI gk Cl PGl
2 1 Buy 2 12 Bu (3.17)

In a J-Young NMR tube HOTf (0.2 uL, 0.34 mg, 2.27 umol, 1.0 equiv.) was added to
a solution of 1 (2.7 mg, 2.27 umol, 1.0 equiv.) in THF—dg (0.6 mL) at -35 °C. The
reaction mixture was in situ characterized by NMR-spectroscopy.

'H NMR (THF—dg, 400 MHz, -35 °C, [ppm]): & = 5.43 (m, 1 H, N-H), 1.53 (d, 3)yp =
13.7 Hz, 9 H, CMe3), 1.40 (d, 3Jyp = 13.1 Hz, 9 H, CMe3), 1.39 (d, 3Jyp =11.8 Hz, 9 H,
CMes), 1.26 (d, 3J4p = 14.4 Hz, 9 H, CMe3), 1.17-1.07 (m, 36 H, 4x CMe3).

15SN{'H} NMR (THF—dg, 50.7 MHz, -35 °C, [ppm]): § = 27.0 (d, }Jyn = 10.3 Hz), 23.7
(d, Yyn = 10.9 Hz).

31P{'H} NMR (THF—dg, 162 MHz, -35 °C, [ppm]): 5 = 86.8 (d, ?Jpp = 123.1 Hz), 79.5
(d, 2Jpp = 123.2 Hz), 78.1 (d, 2Jpp = 126.2 Hz), 74.6 (d, ZJpp = 126.7 Hz).
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3.3.7 in situ [{("PNP)CIW}(u—N,)1** (13)

0 TfO--H B
\ Bué Y Y2y T
rBu? \ TN 2 HOTf Bugf | | N-H
W=N=N=—/W ) > W=N=N—W )
/| I\ THF-dg, -60 °C 1% I\
P cl PCl ‘ e PCI
Bl 1 sy 2713 By

(3.18)
In a J-Young NMR tube HOTf (0.4 uL, 0.68 mg, 4.52 umol, 2.0 equiv.) was added to

a solution of 1 (2.7 mg, 2.27 umol, 1.0 equiv.) in THF—d8 (0.6 mL) at -60 °C. The
reaction mixture was in situ characterized by NMR-spectroscopy.

3.3.8 [(N,){WCI(CO)(PNP)},] (8)

tBUg tBUg
co P
Buzi7, | 7/1]1 CO (1 atm) g j\PtBUZ R
’W=N=N=W~) > N—W=N=N=W—N
B C’I IL\CI benzene C P(l o l\)
U2 1 &y Buy Cl B,
8

(3.19)

A solution of 1 (100 mg, 84 umol) was dissolved in benzene (10 mL), degassed via
one freeze-pump-thaw-cycle and stirred under CO (1 atm) for 20 min. After removal
of the solvent in vacuo 8 was obtained as a black-yellow solid (102 mg, 98%).

'H{?*'P} NMR (C,D,, 500 MHz, [ppm]): & = 3.55 (m, 4 H, NCHH), 3.26 (m, 4 H,
NCHH), 2.42 (m, 4 H, PCHH), 1.89 (m, 4 H, PCHH), 1.60 (s, 18 H, CMe3), 1.53 (s, 18 H,
CMes), 1.43 (s, 18 H, CMe3), 1.31 (s, 18 H, CMe3).

13C{'H} NMR (C,D,, 126 MHz, [ppm]): & = 25.4 (AXY, N = [Yax +3 Jay| = 16.9 Hz,
2x PCH3), 25.7 (AXY, N = |Yax +3 Jayl = 17.1 Hz, 2x PCH3), 31.0 (m, 2x CMe3), 31.1
(m, 2x CMes), 31.3 (m, 2x CMes), 31.4 (m, 2x CMe3), 37.2 (AXY, N = |Yax +3 Jayl
= 16.0 Hz, 2x PCMe3), 37.8 (AXY, N = |Yax +3 Jay| = 16.7 Hz, 2x PCMe3), 38.4 (AXY,
N = |}ax+3Ja¢]l = 10.5 Hz, 2x PCMe3), 38.8 (AXY, N = |1)ax+3)ay| = 11.5 Hz, 2x PCMe3),
59.2 (AXY, N = |?Jax +* Jay] = 9.9 Hz, 2x NCH3), 59.4 (AXY, N = |?Jax +* Jay| = 9.6 Hz,

2x NCH3), 263 (m, 2x CO).

1SN{'H} NMR (C,D, 50.7 MHz, [ppm]): 5 = -0.69 (s).

31P{'H} NMR (C,D, 121k MHz, [ppm]): & = 65.9 (s).

Elem. Anal. found (calc) for C42H88CI2N402P4W2: C 40.63 (40.56); H6.69 (7.13); N
4.52 (4.51).

IR (ATR-IR, cm™1): ¥ = 1883 (C=0), 1867 (C=0).

rRaman (Aex = 457 nm, frozen THF—dg, cm™1): ¥ = 1437 (14N2); 1394 (15N2).
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3.3 Synthesis

3.3.9 [(N,){W(CO)(PNP)},] (4)

tBUg

tBUg
CcO tBLI P N
/-VIV-\ o 2 . l Cl 2 NaHg X Bu, ,"éV_N—N_Vl(:i{I?}
l O(!l\) benzene, dark C’O 'L}:o
’Bu Bu,
2 Bu, 4 Bu

8 (3.20)

8 (80 mg, 67 umol, 1.0 equiv.) and NaHg (2.2 g, 162 umol, 2.4 equiv.) were stirred
for 12 h in benzene (20 mL) under the exclusion of light. Afterwards the solvent was
removed in vacuo and the red-brown residue was extracted with pentane to give 4 as
a red-brown solid (45 mg, 57%).

IH NMR (C6D6, 300 MHz, [ppm]): 6 = 14.6 (s, CHH), 13.6 (s, CHH), 12.9 (s, CHH),
7.79 (s, CHH), 7.25 (s, CMes3), 6.45 (s, CHH), 6.38 (s, CMes), 4.54 (s, CMe3), 3.53 (s,
CMes), -2.58 (s, CHH), -14.4 (s, CHH), -16.0 (s, CHH).

Elem. Anal. found (calc) for C,,Hg N, O,P,W,: C 43.17 (43.01), H 7.23 (7.56), N
3.64 (4.78).

[The lower N content found is attributed to decomposition of highly sensitive 4 during trans-
port/manipulations.]

IR (ATR-IR, cm~1): ¥ = 1785 (C=0), 1741 (C=0).

rRaman (Aex = 633 nm, frozen THF—dg, cm™1): ¥ = 1589 (**N,); 1540 (**N,).

Heff = 2.3+ 0.1pg.
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3.3 Synthesis

3.3.10 [W(N)(CO)(PNP)] (16)

thermochemical N,-splitting

By
0, : ;
uz?i.‘\\N_N_N_VbJ\} ) /.w.-PtBuz
—N=N— > —CO
%4 L\ CeDe, 85 °C Cp?
’BuZCO ’BuC Buy
4 2 16

(3.21)

A solution of 4 (5.5 mg, 4.69 umol) in CeDg (0.5 mL) was heated to 85 °C for 12 h,
leading to a color change from deep red to pale green.

photochemical N ,-splitting

Bu,
z 2/7 N
BuoP, A > 395 nm |[RPBuz
W—N=N—W ) > 2 N—/W~Co
PCO CeDs P
[BUQCO 4 tBUz
16

(3.22)

A solution of 4 (5.5 mg, 4.69 umol) in CeDg (0.5 mL) was irradiated with A>395 nm in
a water bath for 12 h.

deprotonation of 20

Nt N
~|kPBuz K(HMDS) /1|[P’BUz
HN— W~Co > —W—co
Cof THF (_ 4
tBUg rBU2
20 16

(3.23)

To a solution of 20-OTf (35 mg; 47.5 umol, 1.0 equiv.) in benzene (5 mL) was added
K(HMDS) (11.4 mg, 57 umol, 1.2 equiv.). The mixture was stirred for 1 h, pumped to

dryness, extracted with pentane over celite and dried in vacuo to give 16 as a light
blue solid (19.5 mg, 70%).
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3.3 Synthesis

'H{3'P} NMR (C,D,, 500 MHz, [ppm]): & = 3.90 (m, 2 H, NCHH), 3.76 (m, 2 H,
NCHH), 1.79 (m, 2 H, PCHH), 1.55 (m, 2 H, PCHH), 1.49 (s, 18 H, 2x CMe3), 0.89 (s,
18 H, 2x CMes).

13C{'H} NMR (C,D,, 126 MHz, [ppm]): & = 24.5 (AXY, N = |}ax +3 Jay| = 18.5 Hz,
2x PCH>), 29.1 (AXY, N = |2Jax +% Jay| = 5.4 Hz, 2x CMe3), 29.3 (AXY, N = |2Jax +% Jayl
= 5.5 Hz, 2x CMe3s), 35.0 (AXY, N = |Yax 43 Jay] = 15.5 Hz, 2x PCMe3s), 35.1 (AXY,
N = |1Jax+3Jayl = 20.5 Hz, 2x PCMe3), 66.2 (AXY, N = |[?Jax+*Jay] = 14.8 Hz, 2x NCH>),
283.4 (t, ?Jcp = 4.40 Hz, CO).

1SN{'H} NMR (C.D,, 50.7 MHz, [ppm]): § = 447.0 (s).

31P{'H} NMR (C,D, 203 MHz, [ppm]): 5 = 104.4 (s).

Elem. Anal. found (calc) for C, H,,N,OP,W: C 43.04 (43.01); H 7.53 (7.56); N 4.93
(4.78).

IR (ATR-IR, cm~1): ¥ = 1883 (C=0), 998 (W=N).

3.3.11 [W(CO),("PNP)] (9)

co
HPNP | PBuz
W(CO)s - H-N—wW—co
toluene P/ ]
reflux tBuzCO
9 (3.24)

W(CO)6 (500 mg, 1.42 mmol, 1.0 equiv.) was refluxed in toluene (50 mL) for 2 d. Af-
terwards a solution of HN(CH2CH2PtBu2)2 (565 mg, 1.56 mmol, 1.1 equiv.) in toluene
(10 mL) was added. The mixture was refluxed for min. 7 days while a yellow precip-
itate is forming. After removal of the solvent in vacuo, the residue was washed with
pentane and dried in vacuo to give 9 as a yellow solid (832 mg. 94%).

'H{3*!P} NMR (CD,Cl,, 500 MHz, [ppm]): & = 3.53 (m, 2 H, 2x NCHH), 2.53 (m, 1 H,
NH), 2.40 (m, 2 H, 2x NCHH), 2.15 (m, 2 H, 2x PCHH), 1.58-1.51 (m, 2 H, 2x PCHH),
1.36 (s, 18 H, 2x CMe3), 1.35 (s, 18 H, 2x CMes).

13C{'H} NMR (CCl,D,, 126 MHz, [ppm]): 5 = 25.4 (AXY, N = [}y +3 Jay| = 17.5 Hz,
2x PCH>), 30.4 (AXY, N = |2Jax +% Jay| = 5.3 Hz, 2x CMe3), 30.6 (AXY, N = |2Jax +2 Jayl
= 5.7 Hz, 2x CMe3s), 37.3 (AXY, N = |}y 43 Jay] = 17.2 Hz, 2x PCMe3), 38.7 (AXY,
N = |Yax +3 Jay] = 12.6 Hz, 2x PCMe3), 58.0 (AXY, N = |?Jax +% Jay| = 10.2 Hz, 2x
NCH3), 224 (m, 2x COax), 226.4 (t, 2Jcp =5.6 Hz, COeq).

31P{'H} NMR (CCI,D,, 203 MHz, [ppm]): 5 = 88.5 (s).

Elem. Anal. found (calc) for C,,H, NO,P,W: C 43.73 (43.89); H 6.89 (7.21); N 2.11
(2.23).

IR (ATR-IR, cm~1): ¥ = 3227 (N-H), 1896 (C=0), 1773 (C=0), 1753 (C=0).
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3.3 Synthesis

3.3.12 [WI(CO),(PNP)] (18)

|
/—l PI'BCUé NIS N/_VlvT\PtBCué
H-N—w - —W—
Co] THF, -40 °C Colls
rB co tBUg
9 18

(3.25)

At -40 °C a solution of N-iodosuccinimide (54 mg, 0.238 mmol, 1.0 equiv.) in THF
(5 mL) was added to a solution of 9 (150 mg, 0.238 mmol, 1.0 equiv.) in THF (10 mL).
The reaction was stirred for 4 h while warming to r.t. and dried in vacuo. The result-
ing brownish-violett residue was extracted with Et,O (5x 5 mL) at -40 °C. The filtrate
was dried in vacuo, side products were removed via sublimation under vacuum at
85 °C and 18 was obtained as a dark violet powder (160 mg, 92%).

'H{3*!P} NMR (C,D, 300 MHz, [ppm]): § = 2.80-2.74 (m, 2 H, 2x NCHH), 2.47-2.40
(m, 2 H, 2x NCHH), 2.11-2.04 (m, 2 H, 2x PCHH), 1.96-1.90 (m, 2 H, 2x PCHH), 1.39
(s, 18 H, 2x CMes3), 1.13 (s, 18 H, 2x CMe3).

13C{'H} NMR (C,D,, 126 MHz, [ppm]): § = 26.7 (AXY, N = |}ax +3Jay| = 17.5 Hz,
2x PCH>), 30.4 (AXY, N = |?Jax +% Jay| = 3.9 Hz, 2x CMe3), 31.8 (AXY, N = |?Jax +% Javl
= 3.5 Hz, 2x CMe3s), 38.7 (AXY, N = |}y +3 Jay] = 13.6 Hz, 2x PCMe3), 39.2 (AXY,
N = |1ax + JAY| 15.0 Hz, 2x PCMe3) 67.2 (AXY, N = |?Jax +% Jay] = 11.0 Hz, 2x
NCH>), 248 (t, 2) = 9.2 Hz, CO), 253 (t, 2) = 6.0 Hz, CO).

31P{'H} NMR (C,D, 162 MHz, [ppm]): 5 = 67.6 (s).

Elem. Anal. found (calc) for C,,H,,CINO,P,W: C 36.33 (36.33); H 6.16 (6.10); N
2.16 (1.93).

IR (ATR-IR, cm™1): ¥ = 1907 (C=0), 1799 (C=0).
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3.3 Synthesis

3.3.13 [WCI(CO),(PNP)] (10)

Oxidation of 9

CcO Cl
| -PBuz NCS | :PBuz
H-N—w—co > N—W—CO
=g THF, -40 °C Colly
1Bu,CO Bu,
9 10

(3.26)

At -40 °C a solution of N-chlorosuccinimide (25.5 mg, 0.19 mmol, 1.2 equiv.) in THF
(7 mL) was added to a solution of 9 (100 mg, 0.16 mmol, 1.0 equiv.) in THF (6 mL).
The reaction was stirred for 4 h while warming to r.t. and dried in vacuo. The result-
ing brownish-violett residue was extracted with Et,O (5x 5 mL) at -40 °C. The filtrate
was dried in vacuo, side products were removed via sublimation under vacuum at
85 °C and 10 was obtained as a dark violet powder (56 mg, 55%).

Salt metathesis of 21

N-C TMS-CI C-I f
P : P
N_/V|V_CO > (_l\_l—/\IIV—CO
P THF P
tBUQCO rBUQCO
21 10 (3.27)

To a solution of 21 (5.0 mg, 7.8 umol, 1.0 equiv.) in THF—dg (0.5 ml) was added TMS-
Cl (1.0 puL, 0.9 mg, 7.8 umol, 1.0 equiv.). The solution was stirred over night to give
10 and TMS-NCO (both >99% spectroscopic yield). The formed TMS-NCO could be
separated via vacuum trap-to-trap transfer.

'H{3'P} NMR (C,D,, 300 MHz, [ppm]): & = 3.13-2.99 (m, 2 H, 2x NCHH), 2.70-2.58
(m, 2 H, 2x NCHH), 2.05-1.84 (m, 4 H, 4x PCHH), 1.34 (s, 18 H, 2x CMe3), 1.10 (s,
18 H, 2x CMes).

13C{'H} NMR (C,D,, 126 MHz, [ppm]): & = 26.9 (AXY, N = [}ax +3 Jay| = 17.1 Hz,
2x PCH>), 30.1 (AXY, N = |2Jox +% Jay] = 4.6 Hz, 2x CMe3), 31.0 (AXY, N = |2Jax +% vl
= 4.0 Hz, 2x CMe3s), 37.8 (AXY, N = |}y 43 Jay] = 13.6 Hz, 2x PCMe3s), 38.5 (AXY,
N = [Yax +3 Jay] = 14.6 Hz, 2x PCMe3), 67.9 (AXY, N = |?Jax +% Jay] = 11.0 Hz, 2x
NCH>), 259 (t, 2) = 8.7 Hz, CO), 264 (t, 2 = 4.8 Hz, CO).

31P{'H} NMR (C,D, 162 MHz, [ppm]): 5 = 73.9 (s).

Elem. Anal. found (calc) for C22H44CIN02P2W: C 41.35 (41.56); H 7.00 (6.98); N
2.19 (2.20).

IR (ATR-IR, cm~1): ¥ = 1914 (C=0), 1815 (C=0).
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3.3 Synthesis

Characterization of TMS-NCO

'H NMR (THF—dg, 300 MHz, [ppm]): & = 0.25 (s, 9 H, Si(Me3)).
13C{'H} NMR (THF—dg, 126 MHz, [ppm]): 5 = 0.78 (s, Si(Me3)).
29Si{*H} NMR (THF—dg, 90.4 MHz, [ppm]): & = 4.5 (s, Si(Me3)).

Characterization of TMS-1>NCO

'H (THF—dg, 500 MHz, [ppm]): 6 = 0.25 (d, 3Jyy = 1.4 Hz, 9 H, Si(Me3)).
13C{'H} NMR (THF—dg, 126 MHz, [ppm]): 5 = 0.79 (d, ?Jcn = 2.8 Hz, Si(Me3)).
1SN{'H} NMR (THF—dg, 50.7 MHz, [ppm]): & = -346 (s).

29Si{*H} NMR (THF—dg, 90.4 MHz, [ppm]): & = 4.5 (d, }Jsiy = 14.2 H2).

3.3.14 [W(N,)(CO),(PNP)] (19)

| N3
~~|PBu2 [nBusNIN3 | PBuz
N—/W—CO > N—/W—CO
Cp (|: THF Cr (l:o
tBUz tBUg
9 19

(3.28)

18 (20 mg, 27.5 umol, 1.0 equiv.) and [nBu,NIN; (9.4 mg, 33 umol, 1.2 equiv.) were
stirred in THF for 30 min. After removal of the solvent in vacuo the product was
extracted with Et,O over celite. After drying in vacuo 19 was obtained as red-purple
solid (17 mg, 96%).

'H{3'P} NMR (C,D,, 300 MHz, [ppm]): & = 3.01 (m, 2 H, 2x NCHH), 2.61 (m, 2 H,
2Xx NCHH), 1.81 (m, 4 H, 4x PCHH), 1.20 (s, 18 H, 2x CMe3), 1.03 (s, 18 H, 2x CMes).
13C{'H} NMR (C,D,, 126 MHz, [ppm]): 5 = 26.6 (AXY, N = |}ax +3 Jay| = 17.1 Hz,
2x PCH>), 29.8 (m, 2x CMe3), 30.2 (m, 2x CMe3), 36.9 (AXY, N = |} +3)a¢| = 14.3 Hz,
2x PCMe3), 37.2 (AXY, N =[x +3 Jay| = 14.2 Hz, 2x PCMe3), 67.6 (m, 2x NCH3), 262
(t, 2) = 8.5 Hz, CO), 264 (t, %) = 4.4 Hz, CO).

31P{'H} NMR (C,D, 162 MHz, [ppm]): 5 = 77.7 (s).

IR (ATR-IR, cm~1): ¥ = 2072 (N=N=N), 1907 (C=0), 1828 (C=0).
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3.3 Synthesis

3.3.15 [W(N)(CO)("PNP)]* (20)

salt metathesis route

| 1.) [MBugNIN3, THF, r.t. OoTf
s IT\PtBUQ 2.) [LutH]OTf, Et,0, -30 °C Pals PBu,
4
P co P
tBUg rBUg
18 20

(3.29)

18 (110 mg, 0.151 mmol, 1.1 equiv.) and [nBu,N]IN; (51 mg, 0,179 mmol, 1.3 equiv.)
were dissolved in THF (6 mL) and stirred for 30 min at r.t. After evaporation of the
solvent, the residue was extracted with Et,O at -30 °C into a solution of [LutH][OTf]
(35.4 mg, 0.138 mmol, 1.0 equiv.) in THF (2 mL). The mixture was stirred for 2 h,
warmed to r.t. and dried in vacuo. The residue was then washed with pentane (5x
4 mL) and Et20 (2x 2 mL) and extracted with benzene. After evaporation of the
solvent 20 was obtained as deep blue powder (55 mg, 55%)

protonation of 16

N N | [BAfa]
P B2 [LutH[BA 2] |P'Buz
N—W—co - HN—W—c0

C P/ Et,O - P/
tBUg tBuz

16 20

(3.30)

16 (7.2 mg, 12.3 umol, 1.2 equiv.) and [LutH][BAr;4] were stirred in Et,O (4 mL).
After evaporation of the solvent, the residue was washed with pentane (2x 2 mL) and
extracted with Et,O. After evaporation of the solvent in vacuo 20 was obtained as
dark powder (14.7 mg ,89%).

IH{31P} NMR (C¢Dg, 500 MHz, [ppm]): & = 5.92 (m, 1 H, N-H), 4.03-4.00 (m, 2 H,
2x NCHH) 2.58-2.50 (m, 2 H, 2x NCHH), 2.31-2.24 (m, 2 H, 2x PCHH), 1.62-1.58 (m,
2 H, 2x PCHH), 1.15 (s, 18 H, 2x CMe3), 0.77 (s, 18 H, 2x CMe3).

13C{'H} NMR (C,D,, 126 MHz, [ppm]): & = 22.9 (AXY, N = [Hax +3 Jay| = 9.1 Hz,
2x PCH>), 28.0 (AXY, N = |2Jax +% Jay| = 2.0 Hz, 2x CMe3), 28.4 (AXY, N = |2Jax +% Jayl
= 2.7 Hz, 2x CMes), 34.5 (AXY, N = |Yax +3 Jay| = 8.8 Hz, 2x PCMes), 35.4 (AXY,
N = |1Jax +3Jay] = 10.9 Hz, 2x PCMe3s), 58.4 (AXY, N = [?Jax +%]ay] = 3.8 Hz, 2x NCH>),
279 (m, CO).

1SN{'H} NMR (C.,D, 50.7 MHz, [ppm]): & = 445.7 (s).

31P{’H} NMR (C,D,, 203 MHz, [ppm]): § = 93.1 (s).

Elem. Anal. found (calc) for C53H57BF24N20P2W (20-[BAr;4]): C 44.21 (43.88); H
4.00 (3.96); N 1.72 (1.94).

IR (ATR-IR, cm™1!): ¥ = 3118 (N—H), 1928 (C=0), 1048 (W=N).
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3.3 Synthesis

3.3.16 [W(NCO)(CO),(PNP)] (21)

Carbonylation of [W(N)(CO)(PNP)] (16)

N NCO
~|PBu2 CO (1 atm) | PBuz
N —/W —Co > N—/W —CO
<__ P C6D6 L P éo
rBUg tBUZ
16 21

(3.31)

In a J-Young NMR tube 16 (6.0 mg, 10 umol) was dissolved in C.D. The NMR tube was
degassed via two freeze-pump-thaw cycles and set under CO (1 atm). After stirring
for 16 h the solution was degassed again via two freeze-pump-thaw cycles to give 21
(85% spectroscopic yield).

Salt-metathesis of[WI(CO)Z(PNP)] (18)

P N |PB
/‘l‘\P BU2 [nBU4N]OC N/‘Vlv‘\ cl;.lcg)
N—W—CO > —W—
LP/(‘:O THF LP/CIDO
tBUg rBLJg
18 21

(3.32)

18 (26.0 mg, 35.7 umol, 1.0 equiv.) and [nBu,N][NCO] (12.2 mg, 42.9 umol, 1.2 equiv.)
were stirred in THF (5 mL) for 1 h at r.t. Afterwards the solvent was removed in vacuo
and the purple residue extracted with Et,O over Celite. After removal of the solvent in
vacuo, column chromatography over silanized silica 60 using benzene as eluent and
lyophilization 21 was obtained as a purple powder (18.5 mg, 80%).

'H{3!P} NMR (C,D, 500 MHz, [ppm]): § = 3.01-2.95 (m, 2 H, 2x NCHH). 2.56-2.50
(m, 2 H, 2x NCHH), 1.88-1.76 (m, 4 H, 2x PCHH), 1.21 (s, 18 H, 2x CMe3s), 1.02 (s,
18 H, 2x CMe3).

13C{'H} NMR (C,D,, 126 MHz, [ppm]): 5 = 26.9 (AXY, N = |}ax +3 Jay| = 17.1 Hz,
2x PCH3), 29.8 (AXY, N = |2Jax +%Jay] = 4.5 Hz, 2x CMe3), 30.4 (AXY, N = [2Jax +% oyl
= 3.9 Hz, 2x CMe3), 37.3 (AXY, N = |Yx +3 Jay] = 14.3 Hz, 2x PCMe3), 37.4 (AXY,
N = |1Jax+3)ayl = 14.3 Hz, 2x PCMe3), 68.2 (AXY, N = |2Jax+*Jay] = 10.8 Hz, 2x NCH>),
145 (spr, NCO), 262 (t, 2Jcp = 8.3 Hz, CO), 266 (t, 2Jcp = 4.4 Hz, CO).

1SN{'H} NMR (C,D, 50.7 Hz, [ppm]): 5 = -347 (t, ?Jxp = 2.6 Hz, NCO).

31P{'H} NMR (C,D, 162 MHz, [ppm]): 5 = 76.6 (s).

Elem. Anal. found (calc) for C23H44N203P2W: C 42.97 (43.00), H 6.82 (6.90), N 4.37
(4.36).

IR (ATR-IR, cm™1): ¥ = 2203(N=C=0), 1909 (C=0), 1831 (C=0).
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3.3 Synthesis

3.3.17 [W(NCO)(CNfBu)z(PNP)] (22)

N B ) NCO[
~IRPBu2 2 CN-Bu ~|PBuz
N—W-—co > N—W—CN-Bu

e’ o
P benzene, 85 °C P’ CN-B
tBUg tBUz By

16 22

(3.33)

To a solution of 16 (21.3 mg, 36.3 umol, 1.0 equiv.) in benzene (20 mL) was added
CN-'Bu (7.8 ulL, 5.7 mg, 69 umol, 1.9 equiv.). The mixture was heated to 85 °C for 3 h.
After removal of the solvent in vacuo, the residue was extracted with benzene over
silanized Silica 60. After evaporation of the solvent 22 was obtained as a green solid
(15.3 mg, 56%).

'H{3'P} NMR (C,D,, 300 MHz, [ppm]): § = 3.10 (m, 2 H, NCHH), 2.76 (m, 2 H,
NCHH), 1.99 (m, 2 H, PCHH), 1.90 (m, 2 H, PCHH), 1.46 (s, 9 H, CN-CMes), 1.39 (s,
18 H, 2x CMe3), 1.27 (s, 18 H, 2x CMe3), 1.11 (s, 9 H, CN-CMe3).

13C{'H} NMR (C,D,, 126 MHz, [ppm]): & = 27.4 (AXY, N = |Yax +3 Jay| = 14.0 Hz,
2x PCH3), 30.7 (s, 2x P(CMe3s);), 31.0 (s, 2x P(CMes);), 32.2 (s, CN-CMes), 32.3
(s, CN-CMe3), 37.7 (AXY, N = |}ax +3 Jay] = 11.8 Hz, 2x P(CMes)>), 39.0 (AXY, N =
[1ax +3)ayl = 12.6 Hz, 2x P(CMe3);), 58.4 (s, CN-CMes), 63.6 (s, CN-CMes), 69.6 (AXY,
N = |2Jax +4Jay] = 12.1 Hz, 2x NCH>), 143 (spr, NCO), 213 (s, CN-Bu), 246 (s, CN-{Bu).
31p{1H} NMR (C¢Dg, 121 MHz, [ppm]): & = 76.6 (s).

Elem. Anal. found (calc) for C;,H.gN,O,P, W: C 49.65 (49.47), H 7.78 (8.30), N 7.00
(7.44).

IR (ATR-IR, cm~1): ¥ = 2203 (N=C=0), 1994 (C=N), 1832 (C=N).
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3.3 Synthesis

3.3.18 [W(NCO)(CN-C,H,-OMe),(PNP)] (23)

N ) NCO Are
~IRPBU2 2 ON-Ar ~|:PBu2
N—W—co > N— W —CN-Ar
<—P/ benzene, 85 °C C p/ |
tBUg tBUQCN Ar
16 23 OMe

(3.34)

To a solution of 16 (10.0 mg, 17.1 umol, 1.0 equiv.) in benzene (5 mL) was added
CN-C,H,-OMe (4.5 mg, 34.1 umol, 2.0 equiv.). The mixture was heated to 85 °C for
3 h. After removal of the solvent in vacuo, the residue was extracted with benzene
over silanized Silica 60. After evaporation of the solvent 23 was obtained as a yellow-
brownish solid (8.4 mg, 58%).

'H{3!P} NMR (C,D,, 300 MHz, [ppm]): & = 7.33 (d, 3y = 8.99 Hz, 2 H, Ar-H), 6.78
(d, 3)yy = 8.94 Hz, 2 H, Ar-H), 6.75 (d, 3J4y = 8.91 Hz, 2 H, Ar-H), 6.67 (d, 3Jyy =
8.93 Hz, 2 H, Ar-H), 3.31 (m, 2 H, NCHH), 3.23 (s, 3 H, OMe), 3.21 (s, 3 H, OMe),
2.84 (m, 2 H, NCHH), 2.01 (m, 4 H, PCHH), 1.37 (s, 18 H, 2x P(CMe3);), 1.18 (s, 18 H,
2x P(CMe3)>).

13C{'H} NMR (C,D,, 126 MHz, [ppm]): & = 27.7 (AXY, N = |}ax +3 Jay| = 15.6 Hz,
2x PCH3), 30.5 (AXY, N = |2Jox +%Jay] = 5.21 Hz, 2x P(CMe3)3), 30.8 (AXY, N = |?Jox +2
Jay] = 4.20 Hz, 2x P(CMe3)3), 36.0 (AXY, N = |Yax +3 Jay] = 13.8 Hz, 2x P(CMes),),
37.8 (AXY, N = |}ax +3 Jay] = 13.2 Hz, 2x P(CMe3);), 55.0 (s, O-Me), 69.6 (AXY,
N =|?Jax +*Jay] = 11.4 Hz, 2x NCH>), 114 (s, 2x AC), 115z (s, 2x A'C), 122 (s, 2x A7C),
124 (s, 2x AC), 135 (s, A'Cq), 136 (t, #Jcp = 2.47 Hz, A'Cq), 143 (Spr, NCO), 157 (s,
ArCq), 158 (s, A'Cq), 246 (s, CN-R), 257 (s, CN-R).

31P{’H} NMR (C,D,, 121 MHz, [ppm]): § = 78.7 (s).

Elem. Anal. found (calc) for C31H62N4OP2W: C 52.37 (52.12), H 6.30 (6.86), N 6.20
(6.57).

IR (ATR-IR, cm™1): ¥ = 2205 (N=C=0), 1911 (C=N), 1757 (C=N).
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3.3 Synthesis

3.3.19 [WCI(CN!Bu),(PNP)] (6)

Cl 2 NaHg Cl
| PBu2 2 CN-Bu ~~|:PBuz
N—VIV—Cl T- N—/W—CN—’BU
P THF P’ N
IBUQCI [BU2CN- Bu
5 6 (3.35)

A mixture of 5 (100 mg, 0.154 mmol, 1.0 equiv.), NaHg (4.60 g, 0.338 mmol, 2.2 equiv.)
and

CN-fBu(38.2 ulL, 28.1 mg, 0.338 mmol, 2.2 equiv.) was stirred for 4 h at r.t. in THF.
After evaporation of the solvent, extraction over silanized Silica 60 with pentane as
eluent and lyophilisation out of benzene 6 was obtained as a green solid (35 mg,
30%).

'H{3'P} NMR (C,D,, 500 MHz, [ppm]): & = 3.25-3.20 (m, 2 H, NCHH), 2.90-2.84
(m, 2 H, NCHH), 2.12-2.07 (m, 2 H, PCHH), 1.99-1.92 (m, 2 H, PCHH), 1.52 (s, 18 H,
2x P(CMes);), 1.47 (s, 9 H, CN-CMe3), 1.34 (s, 18 H, 2x P(CMes),), 1.14 (s, 9 H, CN-
CMe3).

13C{'H} NMR (C,D,, 126 MHz, [ppm]): & = 28.3 (AXY, N = |}ax +3 Jay| = 13.8 Hz,
2x PCH5), 31.5 (AXY, N = |2Jax+%)ay| = 5.2 Hz, 2x P(CMe3)3), 31.7 (AXY, N = |2Jax+%)avl
= 4.1 Hz, 2x P(CMe3)>), 32.2 (s, CN-CMe3), 32.6 (s, CN-CMe3), 38.0 (AXY, N = |}y +3
Jayl = 11.5 Hz, 2x P(CMe3)2), 40.1 (AXY, N = |Yax +3)a¢| = 12.7 Hz, 2x P(CMe3);), 58.5
(s, CN-CMe3s), 63.5 (s, CN-CMe3), 69.8 (AXY, N = |2Jax +*)ay] = 11.7 Hz, 2x NCH3>), 213
(s, CN-tBu), 247 (s, CN-tBu).

31P{’H} NMR (C,D,, 162 MHz, [ppm]): § = 73.7 (s).

Elem. Anal. found (calc) for C3OH62CIN3P2W: C 48.27 (48.30), H 8.35 (8.38), N 5.63
(5.59).

IR (ATR-IR, cm™1): ¥ = 1964 (C=N), 1842 (C=N).
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3.3 Synthesis

3.3.20 Na[W(CO),(PNP)] (24)

Deprotonation of 9

|OP’Bu2 Na(HMDS) Nar /—PfBu2
H-N—w—co - —wZ
Cp A THF (—P
’Bugoo Bu,
9 24

(3.36)

9 (100 mg, 0.159 mmol, 1.0 equiv.) and NaHMDS (32 mg, 0.175 mmol, 1.1 equiv.)
were stirred in THF showing a color change from yellow to bright orange. After 30 min
the solvent was removed in vacuo and the residue was washed with pentane (3x
8 mL). After extraction with THF 24 was obtained as a bright orange solid (59 mg,
60%).

Reduction of 18

|
N/-VlI;PfBCué 2 NaHg R Nar /—P’BUZ
(—P/éo THF <_p
tBUg [BUZ
18 24

(3.37)

18 (20 mg, 27.5 umol, 1.0 equiv.) and NaHg (823 mg, 60.5 umol, 2.2 equiv.) were
stirred in THF for 4 h while the color changes from purple to orange. The mixture
was dried in vacuo and extracted with THF. After evaporation of the solvent 24 was
obtained as orange solid (15 mg, 87%).

Addition of 15-cr-5 (1.0 equiv.) makes the compound soluble in benzene. In this way
crystals suitable for X-ray diffraction could be obtained by diffusion of pentane into a
saturated THF solution of -40 °C.

'H{3'P} NMR (THF—dg, 500 MHz, [ppm]): § = 3.22 (t, 2Jyy = 6.42 Hz, 4 H, NCH>),
1.94 (t, 2Jyyq = 6.39 Hz, 4 H, PCH3), 1.32 (s, 36 H, 4x P(CMe3)>).

13C{'H} NMR (THF—dg, 126 MHz, [ppm]): & = 27.4 (AXY, N = [}ax +3Jay| = 10.8 Hz,
2x PCH3), 30.9 (AXY, N = |2Jax+?Jay] = 6.3 Hz, 4x P(CMe3);), 38.5 (AXY, N = |} ax+3) vl
= 11.5 Hz, 4x P(CMe3)2), 66.4 (AXY, N = |2Jax +%Jay] = 19.7 Hz, 2x NCH>), 240 (t, 2] =
3.6 Hz, 2x CO).

31P{'H} NMR (THF—dg, 162 MHz, [ppm]): 5 = 105.4 (s).

Elem. Anal. found (caIc) for C22H44NNaO P, W: C 42.35 (42.39), H 6.97 (7.11), N
2.21 (2.25).

IR (ATR-IR, cm™1): ¥ = 1677 (C=0), 1604 (C=0).
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3.4 Kinetic Analysis: Protonation of 1 with [HNEt3][BAr;4]

3.4 Kinetic Analysis: Protonation of 1 with [HNEt3][BAr;4]

3.4.1 Exemplary UVvis spectrum
- pure 1

- directly after H" addition
- 5 h after H" addition

absorbance

500 550 600 650 700

———————— .
400 450 500 550 600 650 700
wavelength [nm]

0.0

Figure 44: Exemplary UVvis spectrum of the protonation of 1 with [HNEt3][BAr;4]. The
blue trace represents the spectrum of pure 1, the orange one the spectrum directly
after addition of acid and the red one after 5 h reaction time.

3.4.2 Determination of equilibrium constant K;

A solution of [HNEt3][BAr;4] in THF (0.25 mol-L'1; 20, 30, 40, 50 L, respectively) was
added to a stirred solution of 1 in THF (2 mL, 0.25 mmol-L1) at 25 °C. The reaction
was monitored by UVvis spectroscopy, measuring one spectrum every 3 sec.
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K =1592 + 578 M
1.754 1

-
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~

Figure 45: Plot of the absorbance at 400 nm vs. the concentration of [HNEt3][BAr;4]
giving rise to the equilibrium constant K1 = 1592+578 mol-L1.

139



3.4 Kinetic Analysis: Protonation of 1 with [HNEt3][BAr;4]

3.4.3 Determination of rate constants k> and k3

A solution of [HNEt3][BAr;4] (0.5, 5, 7.5, 10, 12.5 mmol-L1) in THF (1 mL) was added
to a solution of 1 (0.5 mmol-L1) in THF (1 mL) at 25 °C. The reaction was stirred and
monitored via UVvis spectroscopy for 5 h, measuring one spectrum every 4 min.

3.4.4 Determination of rate constant k3 via initial rate method

The rate constant k3 was determined via the initial rate method using an equimo-
lar mixture of 1 and [HNEt3][BAr;4] (both 0.25 mmol-Ll). It is assumed that un-
der such conditions the reaction proceeds mainly via Path B (Scheme 59). The ini-
tial rate was determined from the spectral changes ascribed to the decrease in the
concentration of 12 after the time needed for setting of the first equilibrium and
calculated to be v=1.35-10"° mol-L'1.s'1. Taking the previously determined equilib-
rium constant K3 into account, the concentration of 12 in the equilibrium was calcu-
lated to be 5.84-10> mol-L'! (with K3 =1592 mol-L'! and c(1) =0.25 mmol-L'!). With
v =k3+(c(12))?, k3 was calculated as k3 =0.4 L-molt.s1,

1.7

1.6+

E 15 s23%83s32ss
8 000 000000
Q 14
®
o 1.3
o
: o
o 12 . fay tieniteug, B T I
5 1 equiv. ”li:i;a,:‘uffff'lsu,, BT
. §%%.e 424,,%% 0880,
% 1.1 1oeqUIV l...::=...200 ‘:::EE=====....II
15 equiv. S
. ] ::::"’0009.
1.04 20 equiv. R TP
25 equiv.
0.9+ T T T T T T T T T T T 1
0 50 100 150 200 250 300
time [min]

Figure 46: Absorbance at 607 nm vs time plot for different ratios of [HNEt3][BAr;4] to
1.
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3.5 Kinetic Analysis: N2-cleavage of [(N2){W(CO)(PNP)}2](4)

3.5 Kinetic Analysis: Nz-cleavage of [(Nz){W(CO)(PNP)}Z](4)
3.5.1 Reaction Monitoring
A J-Young NMR tube containing 0.5 mL of a 3.75 mM stock solution of 4 in Tol—d, was

put into a pre-heated NMR machine. The decay of 4 was monitored via 1H NMR at
different temperatures. Each temperature was repeated at least twice.

0.004

0.003 .
" 1
S 0.00241%
‘gl 4
<
(&]
0.001 - ";;
0-000 T I T I T I T I T I 1
0 10000 20000 30000 40000 50000
time [sec]

Figure 47: c(4) vs. time plot at different temperatures. The triangles represent the
measured concentrations, while the black lines represent the fitting curve.
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3.5 Kinetic Analysis: N2-cleavage of [(N2){W(CO)(PNP)}2](4)

3.5.2 Kinetic Modelling

The derived curves were fitted using the COPASI 4.27 (Build 213) software233 accord-
ing to the model shown in Scheme 80. The derived rate constants k; and k; as well
as the so obtained equilibrium constants K and free energies AG are given in Table 8.

(\N tBU2/7
P N
’B% NN T Vet i [4] :
=N=N— _— —W—CO r=—-""" —k[4]—ko[16
/] N = ; “p = kil4]1—kz[16]
rBUZCO tBFl’JCO Bu,
4 2 16

Scheme 80: The equilibrium of 4 and 16 and the resulting rate law for the decay of 4
used to fit the kinetic curves.

Table 8: The derived rate constants k; and k, and the so obtained equilibrium con-
stants K and AG-values.

T k1 k> K
[K] [s1] [L molls1]| [mol L]
348 | 3.0-107° 7.70-10% 0.039
3.2:10° 8.63:10% 0.037
358 | 1.0-10% 16.4-104 0.061
0.9-10% 14.5.104 0.062
368 | 3.9-10% 35.5.10% 0.110
3.8.10% 36.9:-10% 0.103
378 | 9.8:10% 82.0-10% 0.120
10.0-10% | 76.0-10% 0.132
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3.5 Kinetic Analysis: N2-cleavage of [(NZ){W(CO)(PNP)}Z](4)

3.5.3 Eyring Analysis

1259 AH'_=30.1£ 0.9 kcal mol”

-13.0—- t A .1
AS oo 2.3+0.4 calmol K

-13.51
-14.0
£ -14.51

x ]
£ -15.0

1551 R?=0.994
1601y =-15156x + 27
-16.5

0.00265 0.00270 0.00275 0.00280 0.00285 0.00290
AT [1/K]

Figure 48: In(k1/T) vs. 1/T plot (Eyring-plot) for the thermal splitting of 4 into 16.

3.5.4 Van’t Hoff Analysis

181 AH° =10.9 + 0.7 kcal mol™

exp
-2.0 -

AS° =248+1.8cal mol' K’

exp

2.2-
2.4-

-2.6 1

In(K)

-2.8

301 R*=0.964
329 y=-5471x + 13
-3.4

T T T T T T T T T T 1
0.00265 0.00270 0.00275 0.00280 0.00285  0.00290
1T [1/K]

Figure 49: In(K/T) vs. 1/T plot (Van't Hoff-plot) for the thermal splitting of 4 into 16.
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3.6 Transient spectroscopy

3.6 Transient spectroscopy
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Figure 50: left: Transient UVvis difference spectra of 4 in THF at selected pump-
probe delays (pump wavelength: 530 nm). The black line shows the scaled linear
absorption spectrum. right: Time-dependence of the integrated absolute absorption
changes (red line is a bi-exponential fit with t1 =1.8 ps and 1 =11.1 ps).
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Figure 51: left: Transient UVvis difference spectra of 4 in THF at selected pump-
probe delays (pump wavelength: 475 nm). The black line shows the scaled linear
absorption spectrum. right: Time-dependence of the integrated absolute absorption
changes (red line is a bi-exponential fit with t1 =1.5 ps and 1 =9.2 ps).
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3.6 Transient spectroscopy
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Figure 52: Jeft: Transient UVvis difference spectra of 4 in THF at selected pump-
probe delays (pump wavelength: 380 nm). The black line shows the scaled linear
absorption spectrum. right: Time-dependence of the integrated absolute absorption
changes (red line is a bi-exponential fit with t1 =1.1 ps and 1, =8.3 ps).
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Figure 53: left: Transient UVvis difference spectra of 4 in THF at selected pump-
probe delays (pump wavelength: 330 nm). The black line shows the scaled linear
absorption spectrum. right: Time-dependence of the integrated absolute absorption
changes (red line is a bi-exponential fit with 11 =1.3 ps and 1 =9.9 ps).
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3.6 Transient spectroscopy
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Figure 54: Transient IR difference spectra of 4 in THF at selected pump-probe delays
(pump wavelength: 400 nm).
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4 List of compounds
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5 List of abbreviations

r.t.
BDE
BDFE
equiv.
FMO
HER
NRR
HOMO
LUMO
MO
PCET
SOMO

15-cr-5
[BArf,1
[Fc]
HPNP
ipr

LutH

Np
[PPN]*
tBu
TrenTPS
NMR
Cosy
HMBC
HSQC

sex
hpt

br

Room Temperature

Bond dissoziation energy

Bond dissoziation free energy
Equivalents

Frontier Molecular Orbitals
Hydrogen Evolution Reaction
Nitrogen Reduction Reaction
Highest Occupied Molecule Orbital
Lowest Unoccupied Molecule Orbital
Molecular Orbital

Proton Coupled Electron Transfer
Single Occupied Molecule Orbital

15-crown-5 (1,4,7,10,13-Pentaoxacyclopentadecane)
Tetrakis(3,5-bis(trifluoromethyl)phenyl)borate
Ferrocen
bis(2-(di-tert-butylphosphanyl)ethyl)amin, HN(CH>CH>PtBu>)>
iso-Propyl

2.6-lutidinum, 2.6-Me,-C_H;NH™

Neopentyl

p-nitrido-bis(triphenylphosphan), [(Ph3P)2N]+
tert-Butyl

N(CH, CH,NSi'Pr,),

Nuclear Magnetic Resonance

Correlation Spectroscopy

Heteronuclear Multiple Bond Correlation
Heteronuclear Single Quantum Coherence
Singulett

Duplett

Triplett

Quartett

Quintett

Sextett

Heptett

Multiplett

broad
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cv
CE
RE
WE

EPR
HFI
MS

ESI
LIFDI
UVvis
SQUID
TIP

Pl

ISC
IVR
LMCT
LLCT
MLCT
MMCT
VC

Cyclic Voltammetry
Counter Electrode
Reference Electrode
Working Electrode

Electron Paramagnetic Resonance

Hyperfine Interaction

Massenspectrometry

Electrospray lonisation

Liquid Field Desorption lonisation

Ultraviolett / visibile

Superconducting Quantum Interference Device
Temperature Independent Paramagnetism
Paramagnetic Impurity

Internal Conversion

Inter System Crossing

Intramolecular vibrational redistribution
Ligand to Metal Charge Transfer

Ligand to Ligand Charge Transfer

Metal to Ligand Charge Transfer

Metal to Metal Charge Transfer
Vibrational Cooling
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6 Appendix®

6.1 Spectroscopic Results

6.1.1 [WCI,(PNP)] (5)
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Figure 55: 'H NMR Spectrum of 5 in CeDg atrt.
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Schneider, Chemical Science, 2019, 10, 10275-10282.

-N.A. Maciulis "Exploring redox properties of bis(tetrazinyl)pyridine (btzp) complexes of group VI metals,
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Thesis, Indiana University Bloomington, 2019.
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Georg-August-Universitat Gottingen, 2018.

-J. Schneider "Synthese und Funktionalisierung von Wolfram-PNP-Nitrid Komplexen" Bachelor Thesis,
Georg-August Universitat Gottingen, 2019.
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6.1 Spectroscopic Results

6.1.2 [(N,){WCI(PNP)},1(1)
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Figure 56: 1H NMR Spectrum of 1 in THF—d8 atr.t.
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Figure 57: 13C{1H} NMR Spectrum of 1 in THF—d, at rt.
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6.1 Spectroscopic Results

-31.1

160 140 120 100 80 60 40 20 0 -20 -40 -60 -80 -100 -120 -140 -160 -180 -200 -220 -240 -2¢
chemical shift [ppm]

Figure 58: >N{'H} NMR Spectrum of !°N-1 in THF—d, at r.t.
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Figure 59: 31P{1H} NMR Spectrum of 1 in THF—d, at rt.

153



6.1 Spectroscopic Results
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Figure 60: CV of 1in 0.1 M solution of ["Bu,N][PF.] in THF (WE = GC, RE = Ag/Ag*,
CE = Pt) at different scan rates.
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Figure 61: rRaman Spectrum (457 nm) of 4N/1>N-1 in frozen THF—d,.
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6.1 Spectroscopic Results

6.1.3 [(N,){WCI(PNP)},]1"(2)
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Figure 62: 1H NMR Spectrum of 2-[BPh,]in THF—d8 atr.t.
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Figure 63: rRaman Spectrum (457 nm) of 14N/*>N-2-[BPh,] in frozen THF—d,.
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Figure 64: Comparison of the EPR-Spectra of 14N/1°N-2, both in THF at r.t.
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Figure 65: xmT vs. T plot for 2-[BAr;4]. The open circles are the observed suscepti-
bility, the red solid line corresponds to the best fit with the parameters g=1.82 and
TIP=120-10"% cm3mol~1! (TIP: temperature independent paramagnetism).
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6.1.4 [(N,){WCI(PNP)},1?* (3)
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Figure 66: 1H NMR Spectrum of 3—[AI(OC(CF3)3)4]2 in THF—d8 at r.t.
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Figure 67: rRaman Spectrum (514.5 nm) of 14N/1°>N-3-[AI(OC(CF

)2) 41
-100 °C, 33
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Figure 68: xmT vs. T plot for 2-[AI(OC(CF;);),],. The open circles are the ob-
served susceptibility, the red solid line corresponds to the best fit with the param-
eters g=1.90, J=-59 cm~1, TIP=230:10"% cm3mol~! and PI=0.6% (S =1, the blue

broken line, Pl: paramagnetic impurity).
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6.1.5 [W(N)CI("PNP)]* (11)
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Figure 69: EPR-Spectrum of 11 in THF at r.t.
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Figure 70: ATR-IR-Spectrum 14N/15N-11.
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6.1.6 in situ [(HPNP)CIW-(N2)-WCI(PNP)]+ (12)
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Figure 71: 3'P{H} NMR Spectrum of 12-OTf in THF—d, at -35 °C.
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Figure 72: 1>N{'H} NMR Spectrum of 1°N-12-OTfin THF—d, at -35 °C.
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Figure 73: 1H COSY NMR Spectrum of 12-OTfin THF—d8 at -35 °C.
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Figure 74: 'H -1>N HSQC NMR Spectrum of 12-OTf in THF—d, at -35 °C.
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Figure 75: 1H -DOSY NMR Spectrum of 12-OTfin THF—dg at -35 °C.
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Figure 76: left: 19F{1H} -DOSY NMR Spectrum of 12-OTf, right: 19F{1H} -DOSY NMR
Spectrum of HOTf; both in THF—d8 at -35 °C.
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6.1.7 in situ [{("PNP)CIW}(u—N,)1** (13)
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Figure 77: 1H NMR Spectrum of 13-(OTf), in THF—d8 at -65 °C.
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6.1.8 [(N,){WCI(CO)(PNP)},1( 8)
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Figure 78: 1H NMR Spectrum of 8 in CeDg atrt.
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Figure 79: 13C{1H} NMR Spectrum of 8 in C,D, atrt.
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Figure 80: 1°>N{1H} NMR Spectrum of 8 in CDg at rt.
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Figure 81: 31P{1H} NMR Spectrum of 8 in C,D, atrt.
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Figure 82: 'H-3'P-HMBC NMR Spectrum of 8 in C D, at r.t. showing a cross-peak for
all four tBu-groups to only one 31P-signal.
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Figure 83: rRaman Spectrum (457 nm) of 4N/1>N-8 in frozen THF—d,.
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Figure 84: ATR-IR Spectrum of 8.
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Figure 85: CV of 8 in 0.1 M solution of [”Bu4N][PF6] in THF (WE = GC, RE = Ag/Agt,
CE = Pt) at different scan rates.
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6.1.9 [(N,){W(CO)(PNP)},1(4)
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Figure 86: rRaman Spectrum (633 nm) of 4N/1°N-4 in frozen THF—d,.

168



6.1 Spectroscopic Results

- 14N
15N K
1883
(Nitride)
1785
1785
1785 1741
1745
1850 1800 1750 1700 1650 1741
I T T T T T T T T T T T T T T T T T 1
4000 3600 3200 2800 2400 2000 1600 1200 800 400
v[em™]
Figure 87: ATR-IR Spectrum 4.
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Figure 88: xmT vs. T plot for 4. The open circles are the observed susceptibil-
ity, the red solid line corresponds to the best fit with the parameters g=1.74 and
D =406.6 cm~! (TIP: temperature independent paramagnetism).
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6.1.10 [W(N)(CO)(PNP)] (16)

[e)JNe] DO —=HOOD — O
QN N inn S G @
f‘?f‘"’ o oo

%
1
/
\

. il JU

42 4.0 3.8 3.6 34 3.2 3.0 28 26 24 22 20 1.8 16 14 1.2 1.0 0.8 0.6 04 0.2 0.0 -0..
chemical shift [ppm]

Figure 89: 'H NMR Spectrum of 16 in C D, at r.t.
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Figure 90: 13C{1H} NMR Spectrum of 16 in CDg atrt.
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Figure 91: 1>N{*H} NMR Spectrum of 16 in C,D, at r.t.
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Figure 92: 31P{1H} NMR Spectrum of 16 in C,D, atrt.
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Figure 93: ATR-IR Spectrum of 16.
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6.1.11 [W(N)(CO)("PNP)]I* (20)
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Figure 94: 'H NMR Spectrum of 20 in C,D at r.t.
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Figure 95: 13C{1H} NMR Spectrum of 20 in CD; atrt.
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Figure 96: >N{'H} NMR Spectrum of 20 in C,D, at r.t.
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Figure 97: 31P{1H} NMR Spectrum of 20 in C,Dg atrt.
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Figure 98: ATR-IR Spectrum of 20.
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6.1.12 [W(CO),("PNP)] (9)
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Figure 99: 1H NMR Spectrum of 9 in CD,Cl, atrt.
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Figure 100: 13C{1H} NMR Spectrum of 9 in CD,Cl, atrt.
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Figure 101: 31P{1H} NMR Spectrum of 9 in CD,Cl, at r.t.
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Figure 102: ATR-IR Spectrum of 9.
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6.1.13 [WI(CO),(PNP)] (18)
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Figure 103: 'H NMR Spectrum of 18 in CeDg atrt.
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Figure 104: 13C{1H} NMR Spectrum of 18 in C,Dg atrt.
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Figure 105: 31P{1H} NMR Spectrum of 18 in CeD, at rt.
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Figure 106: ATR-IR Spectrum of 18.
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6.1.14 [WCI(CO),(PNP)] (10)
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Figure 107: 1H NMR Spectrum of 10 in CeDg atrt.
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Figure 108: 13C{1H} NMR Spectrum of 10 in C,Dg atrt.
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Figure 109: 31P{*H} NMR Spectrum of 10in C.D, atr.t.
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Figure 110: ATR-IR Spectrum of 10.
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6.1.15 Characterization of TMS—NCO
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Figure 111: left: Comparison of the 13C{1H} NMR Spectra of TMS—1°NCO (top) and

TMS—NCO (bottom). right: Comparison of the 29Si{!H} NMR Spectra of TMS—NCO
(top) and TMS—1°NCO (bottom).
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Figure 112: »>N{*H} NMR Spectrum of TMS—'>NCO in C,D, at r.t.
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6.1.16 [W(N,)(CO),(PNP)] (19)
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Figure 113: 1H NMR Spectrum of 19 in CeDg atr.t.
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Figure 114: 3C{*H} NMR Spectrum of 19 in C,D, atr.t.
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Figure 115: 31P{1H} NMR Spectrum of 19 in C,Dg atrt.
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Figure 116: ATR-IR Spectrum of 19.
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6.1.17 [W(NCO)(CO),(PNP)] (21)
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Figure 117: 'H NMR Spectrum of 21 in CeDg atr.t.
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Figure 118: 13C{1H} NMR Spectrum of 21 in C,Dg atrt.
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Figure 119: >N{!H} NMR Spectrum of !°N-21in C.D, atr.t.
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Figure 120: 31P{1H} NMR Spectrum of 21 in C,Dg atrt.
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Figure 121: 13C{1H} (left) and 31P{1H} (right) NMR spectra of 1°N-21in CDg at rt.
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Figure 122: ATR-IR spectrum of 21. The red line represents the ATR-IR spectrum of
15N-21, the blue line shows the spectrum of (13CO)2-21.
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Figure 123: CV of the reduction of 21 in 0.1 M solution of [”Bu4N][PF6] in THF (WE =
GC, RE = Ag/Ag™, CE = Pt) at different scan rates.
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6.1.18 [W(NCO)(CN'Bu),(PNP)] (22)
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Figure 124: 1H NMR Spectrum of 22 in CeDg atr.t.
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Figure 125: 13C{1H} NMR Spectrum of 22 in C,Dg atrt.
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Figure 126: 31P{1H} NMR Spectrum of 22 in C,Dg atrt.
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Figure 127: ATR-IR Spectrum of 22.

190



6.1 Spectroscopic Results

6.1.19 [W(NCO)(CN—C_H,—OMe),(PNP)] (23)
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Figure 128: 1H NMR Spectrum of 23 in CeDg atr.t.
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Figure 129: 13C{1H} NMR Spectrum of 23 in CDg atrt.
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6.1 Spectroscopic Results
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Figure 130: >1P{*H} NMR Spectrum of 23in C.D, atr.t.
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Figure 131: ATR-IR Spectrum of 23.
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6.1 Spectroscopic Results

6.1.20 [WCI(CN!Bu),(PNP)] (6)
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Figure 132: 1H NMR Spectrum of 6 in DgDg atrt.
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Figure 133: 13C{1H} NMR Spectrum of 6 in D Dg atrt.
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Figure 134: 31P{1H} NMR Spectrum of 6in DD, at r.t.
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Figure 135: ATR-IR Spectrum of 6.
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6.1 Spectroscopic Results

6.1.21 Na[W(CO),(PNP)] (24)
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Figure 136: 1H NMR Spectrum of 24 in THF—d8 atr.t.
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Figure 137: 13C{1H} NMR Spectrum of 24 in THF—d, at rt.
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6.1 Spectroscopic Results
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Figure 138: 31P{*H} NMR Spectrum of 24 in THF—d, at r.t.
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Figure 139: ATR-IR Spectrum of 24.
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6.1 Spectroscopic Results
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Figure 140: CV of the first oxidation event of 24 in 0.1 M solution of [”Bu4N][PF6] in
THF (WE = GC, RE = Ag/Ag*, CE = Pt) at different scan rates.
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Figure 141: CV of the first two oxidation events of 24 in 0.1 M solution of [”Bu4N][PF6]
in THF (WE = GC, RE = Ag/Ag*, CE = Pt) at different scan rates.
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6.2 Crystal Structures

6.2 Crystal Structures

6.2.1 [WCL (PNP)] (5)
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Figure 142: Thermal ellipsoid plot of 5 with the anisotropic displacement parame-
ters drawn at the 50% probability level. The asymmetric unit contains one complex
molecule.

Table 9: Crystal data and structure refinement for 5.

Identification code 5

Empirical formula C,oH 4 CISNP,W

Formula weight 650.70

Temperature 100(2) K

Wavelength 0.71073 A

Crystal system Orthorhombic

Space group Pbca

Unit cell dimensions a=13.1751(7) A o = 90°
b = 14.2709(8) A B =90°
c = 28.3358(16) A v = 90°

Volume 5327.7(5) A3

z 8

Density (calculated) 1.622 Mg/m?3

Absorption coefficient 4.765 mm~1

F(000) 2608

Crystal size 0.185 x 0.129 x 0.074 mm?3

Crystal shape and color Block, clear light orange-yellow

Theta range for data collection 2.111 to 27.174°

Index ranges -16<=h<=16, -18<=k<=18, -36<=I<=36

Reflections collected 213569

Independent reflections 5908 [R(int) = 0.1012]

Completeness to theta = 25.242° 100.0%

Max. and min. transmission 0.7455 and 0.6750

Refinement method Full-matrix least-squares on F2

Data / restraints / parameters 5908 /0 /256

Goodness-of-fit on F2 1.081

Final R indices [1>20(l)] R1 = 0.0291, wR2 = 0.0473

R indices (all data) R1 = 0.0451, wR2 = 0.0507

Largest diff. peak and hole 1.018 and -1.379 eA—3
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6.2 Crystal Structures

6.2.2 [(N,){WCI(PNP)},] (1)

Figure 143: Thermal ellipsoid plot of 1 with the anisotropic displacement parameters
drawn at the 50% probability level. The asymmetric unit contains a half disordered
complex molecule. The disordered complex molecule was refined with population of
0.670(3) on the main domain using some restraints (SADI, RIGU).

Table 10: Crystal data and structure refinement for 1.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Crystal shape and color

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.242°
Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(l)]

R indices (all data)

Largest diff. peak and hole

1
CuoHggClLN,P,W,

1187.62

100(2) K

0.71073 A

Monoclinic

C2/c

a =23.0363(8) A o =90°

b =9.8057(3) A p =111.350(2)°
c = 23.3255(8) A v = 90°
4907.3(3) A3

4

1.607 Mg/m?3

4.955 mm~1

2392

0.168 x 0.128 x 0.088 mm?3

Block, clear intense green

2.128 to 28.358°

-30<=h<=30, -13<=k<=13, -30<=I<=31
53392

6110 [R(int) = 0.0747]

100.0%

0.7457 and 0.5543

Full-matrix least-squares on F2
6110/217 /456

1.089

R1 = 0.0303,

R1 = 0.0473,

1.434 and -1.253 eA—3

wR2 = 0.0482
wR2 = 0.0518
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6.2 Crystal Structures

6.2.3 [(N,){WCI(PNP)},I* (2)

Ca1

cs5

Figure 144: Thermal ellipsoid plot of 2 with the anisotropic displacement parame-
ters drawn at the 50% probability level. The asymmetric unit contains one complex
molecule, one benzene solvent molecule and one disordered CF;SO,~ anion with a
population of 0.67(1) on the main domain. The structure was refined as twin using
the twin law -100 010 00-1 (BASF: 0.47(1)) and some restraints and constrains (SADI,
RIGU, EADP). .

Table 11: Crystal data and structure refinement for 2.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Crystal shape and color

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.242°
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(l)]

R indices (all data)

Largest diff. peak and hole

2

C47H94C|2':3'\‘403P4SW2

1414.80

100(2) K

0.71073 A

Orthorhombic

Pna2;

a=19.7515(9) A o = 90°
b = 13.2485(6) A B =90°
c = 22.2689(10) A vy = 90°
5827.3(5) A3

4

1.613 Mg/m?3

4.232 mm~1

2852

0.370 x 0.096 x 0.033 mm?3
Needle, clear intense brown
2.256 to 28.397°
-26<=h<=26, -17<=k<=17, -29<=I<=29
175705

14544 [R(int) = 0.1450]
99.9%

Full-matrix least-squares on F2
14544 |/ 232 / 651

1.081

R1 = 0.0513,

R1 = 0.0683,

2.428 and -1.729 eA—3
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6.2 Crystal Structures

6.2.4 [(N,){WCI(PNP)},1>* (3)
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Figure 145: Thermal ellipsoid plot of 3 with the anisotropic displacement parameters
drawn at the 50% probability level. The asymmetric unit contains a half complex
molecule, a half THF solvent molecule, one BPh, anion and one disordered THF solvent
molecule. The disordered THF molecule was refined with population of 0.506(6) on
the main domain using some restraints (SADI, RIGU)..

Table 12: Crystal data and structure refinement for 3.

Identification code 3

Empirical formula Ci00H152B5C1L,N,O5P, W,

Formula weight 2042.35

Temperature 101(2) K

Wavelength 0.71073 A

Crystal system Monoclinic

Space group C2/c

Unit cell dimensions a = 35.4758(14) A « = 90°
b = 14.6906(6) A f =131.4330(10)°
c =24.6143(17) A v = 90°

Volume 9617.5(9) A3

z 4

Density (calculated) 1.411 Mg/m3

Absorption coefficient 2.563 mm~1

F(000) 4224

Crystal size 0.200 x 0.101 x 0.076 mm?3

Crystal shape and color Plate, clear intense yellow-brown

Theta range for data collection 2.201 to 30.605°

Index ranges -50<=h<=50, -20<=k<=20, -34<=I|<=35

Reflections collected 139562

Independent reflections 14725 [R(int) = 0.1073]

Completeness to theta = 25.242°  100.0%

Refinement method Full-matrix least-squares on F2

Data / restraints / parameters 14725 /90 /586

Goodness-of-fit on F2 1.018

Final R indices [I>2sigma(l)] R1 = 0.0373, wR2 = 0.0618

R indices (all data) R1 = 0.0714, wR2 = 0.0700

Largest diff. peak and hole 1.601 and -1.376 eA—3
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6.2 Crystal Structures

6.2.5 [W(N)CI("PNP)]* (11)

C26, @czs

Cer c24
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F1 F3

Figure 146: Thermal ellipsoid plot of 11 with the anisotropic displacement parame-
ters drawn at the 50% probability level. The asymmetric unit contains one cationic
complex molecule, one CF,COO™ anion and one benzene solvent molecule. The N-H
hydrogen atom was found from the residual density map and isotropically refined.

Table 13: Crystal data and structure refinement for 11.

Identification code 11
Empirical formula C,,Hg, CIF;N,O,P,SW
Formula weight 821.99
Temperature 100(2) K
Wavelength 0.71073 A
Crystal system Monoclinic
Space group P21/c
Unit cell dimensions a =19.1996(8) A o = 90°
b = 10.9562(4) A B =99.585(2)°
c=16.6152(7) A v = 90°
Volume 3446.3(2) A3
z 4
Density (calculated) 1.584 Mg/m?3
Absorption coefficient 3.629 mm~1
F(000) 1660
Crystal size 0.336 x 0.327 x 0.178 mm?3
Crystal shape and color Plate, clear intense green
Theta range for data collection 2.236 to 28.437°
Index ranges -25<=h<=25, -1l4<=k<=14, -22<=I<=22
Reflections collected 130600
Independent reflections 8680 [R(int) = 0.0796]
Completeness to theta = 25.242°° 100.0%
Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 8680/0/ 377
Goodness-of-fit on F2 1.058
Final R indices [I>2sigma(l)] R1 = 0.0261, wR2 = 0.0470
R indices (all data) R1 = 0.0371, wR2 = 0.0495

Largest diff. peak and hole

1.456 and -1.350 eA—3
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6.2 Crystal Structures

c10

6.2.6 [(N,){WCI(CO)(PNP)},] (8)

Figure 147: Thermal ellipsoid plot of 8 with the anisotropic displacement parameters
drawn at the 50% probability level. The asymmetric unit contains one disordered
complex molecule. The disordered complex molecule was refined with population of
0.845(5) and 0.724(8) on their main domains using some restraints and constraints
(SADI, EADP). The structure was refined as an inversion twin using the twin law -100
0-10 00-1 (BASF: 0.307(4)). Reflection 0 2 1 was removed from the refinement using
OMIT commands.

Table 14: Crystal data and structure refinement for 11.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Crystal shape and color

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.242°
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(l)]

R indices (all data)

Largest diff. peak and hole

8
C42Hss
1243.64

101(2) K
0.71073 A
Orthorhombic
P21212;
a=12.2138(5) A
b = 18.6597(8) A
c =23.1169(9) A
5268.5(4) A3

4

CI,N,0,P,W,

« = 90°
B =90°
v = 90°

1.568 Mg/m?3

4.622 mm~1

2504

0.284 x 0.165 x 0.134 mm?3
Block, dark blue

2.179 to 28.357°
-16<=h<=16, -24<=k<=24, -30<=I<=30
163801

13100 [R(int) = 0.0659]
99.9%

Full-matrix least-squares on F2
13100/ 24 /568

1.056

R1 = 0.0187,

R1 = 0.0233,

0.495 and -0.783 eA—3
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6.2 Crystal Structures

6.2.7 [(N,){W(CO)(PNP)},] (4)

Figure 148: Thermal ellipsoid plot of 4 with the anisotropic displacement parameters
drawn at the 25% probability level. The asymmetric unit contains a half disordered
complex molecule. The disordered complex molecule was refined with population of
0.799(6) on the main domain using some restraints (SADI, RIGU).

Table 15: Crystal data and structure refinement for 4.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Crystal shape and color

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.242°
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(l)]

R indices (all data)

Largest diff. peak and hole

a4

CyaHggN, O,P, W,

1172.74

100(2) K

0.71073 A

Monoclinic

C2/c

a=27.147(3) A

b =9.8359(11) A
c=19.638(2) A

4951.0(10) A3

4

1.573 Mg/m3

4.809 mm!

2368

0.219 x 0.169 x 0.070 mm3
Block, dark blue

2.218 to 25.388°
-29<=h<=32, -11<=k<=11, -23<=I<=23
33664

4465 [R(int) = 0.0579]
98.0%

Full-matrix least-squares on F2
4465 / 646 [/ 494

1.224

R1 = 0.0478,

R1 = 0.0555,

2.492 and -1.568 eA 3

o= 90 °
B=109.232(4)°
v = 90°

wR2 = 0.1012
wR2 = 0.1058
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6.2 Crystal Structures

6.2.8 [WI(CO),(PNP)] (18)

Figure 149: Thermal ellipsoid plot of 18 with the anisotropic displacement parameters
drawn at the 50% probability level. The asymmetric unit contains one disordered
complex molecule. The disordered complex molecule was refined with population of
0.9311(9) on the main domain using some restraints and constraints (SADI, EADP).

Table 16: Crystal data and structure refinement for 18.

Identification code 18
Empirical formula C,,H,,INO, P, W
Formula weight 727.27
Temperature 100(2) K
Wavelength 0.71073 A
Crystal system Monoclinic
Space group P21/c
Unit cell dimensions a = 13.6443(6) A « = 90°
b =12.7207(5) A B =91.120(2)°
c =15.7397(7) A v = 90°
Volume 2731.3(2) A3
z 4
Density (calculated) 1.769 Mg/m3
Absorption coefficient 5.494 mm~1!
F(000) 1424
Crystal size 0.242 x 0.074 x 0.051 mm?3
Crystal shape and color Plate, intense orange
Theta range for data collection 2.189 to 28.376°
Index ranges -18<=h<=18, -16<=k<=16, -20<=I<=21
Reflections collected 84964
Independent reflections 6817 [R(int) = 0.0800]
Completeness to theta = 25.242° 99.9%
Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 6817 /15/ 305
Goodness-of-fit on F2 1.132
Final R indices [I>2sigma(l)] R1 = 0.0300, wWR2 = 0.0443
R indices (all data) R1 = 0.0439, wR2 = 0.0469

Largest diff. peak and hole

0.957 and -0.994 eA—3
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6.2 Crystal Structures

6.2.9 [W(N)(CO)("PNP)I* (20)

C16

Figure 150: Thermal ellipsoid plot of 20 with the anisotropic displacement parame-
ters drawn at the 50% probability level. The asymmetric unit contains one complex
molecule one CF,S0,™ anion and one toluene solvent molecule. The N-H hydrogen
atom was found from the residual density map and isotropically refined.

Table 17: Crystal data and structure refinement for 20.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

4

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Crystal shape and color

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.242°
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(l)]

R indices (all data)

Largest diff. peak and hole

20
C,gHs5F3N,0, P, SW
828.58
100(2) K
0.71073 A
Triclinic

P-1

a =10.1515¢(
b =12.4018(
c=14.1176(6
1762.88(14) A
2

1.561 Mg/m?3
3.476 mm~!
840

0.296 x 0.287 x 0.162 mm?3

Plate, clear intense red

2.205 to 30.628°

-l4<=h<=14, -17<=k<=17, -20<=I<=20
113344

10868 [R(int) = 0.0773]

99.9%

Full-matrix least-squares on F2

10868 /0/ 396

A « = 89.010(2)°
A B = 84.707(2)°
A v = 84.964(2)°

5
5

)
)
)
3

1.033
R1 = 0.0265, wR2 = 0.0417
R1 = 0.0393, wR2 = 0.0444

1.700 and -0.765 eA—3
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6.2 Crystal Structures

6.2.10 [W(NCO)(CO),(PNP)] (21)
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Figure 151: Thermal ellipsoid plot of 21 with the anisotropic displacement parame-
ters drawn at the 50% probability level. The asymmetric unit contains one complex
molecule. The reflections 2 0 0 and 8 9 16 are removed from the refinement using
OMIT commands.

Table 18: Crystal data and structure refinement for 21.

Identification code
Empirical formula

21

C23H44N203 PZW

Formula weight 642.39

Temperature 100(2) K

Wavelength 0.71073 A

Crystal system Orthorhombic

Space group Pbca

Unit cell dimensions a =16.8071(14) A o« = 90°
b = 13.5576(11) A B = 90°
c = 23.5209(17) A vy =90°

Volume 5359.6(7) A3

z 8

Density (calculated) 1.592 Mg/m?3

Absorption coefficient 4.455 mm~1

F(000) 2592

Crystal size 0.231 x 0.093 x 0.051 mm?3

Crystal shape and color Plate, clear intense purple

Theta range for data collection 2.593 to 27.927°

Index ranges -22<=h<=21, -17<=k<=17, -30<=I<=30

Reflections collected 45436

Independent reflections 6275 [R(int) = 0.0687]

Completeness to theta = 25.242°° 97.8%

Refinement method Full-matrix least-squares on F2

Data / restraints / parameters 6275 /0 /292

Goodness-of-fit on F2 1.025

Final R indices [I>2sigma(l)] R1 = 0.0288, wR2 = 0.0647

R indices (all data) R1 = 0.0462, wR2 = 0.0726

Largest diff. peak and hole

2.639 and -2.055 eA—3
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6.2 Crystal Structures

6.2.11 [W(NCO)(CN‘Bu),(PNP)] (22)

Figure 152: Thermal ellipsoid plot of 22 with the anisotropic displacement parameters
drawn at the 50% probability level. The asymmetric unit contains one disordered
complex molecule. The disordered complex molecule was refined with population of
0.67(1) on the main domain using some restraints (RIGU, SADI). The structure was

refined as an inversion twin using the twin law -100 0-10 00-1 (BASF: 0.03(1)).

Table 19: Crystal data and structure refinement for 22.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

4

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Crystal shape and color

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.242°
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(l)]

R indices (all data)

Absolute structure parameter
Largest diff. peak and hole

22
C31H62N4OP2W
752.63

100(2) K
0.71073 A
Orthorhombic
Pna2;

a = 13.5380

(9) A
b =18.3332(12
(9)

) A
c=14.4776 A
3593.3(4) A3
4

1.391 Mg/m?3

3.331 mm~1

1552

0.357 x 0.252 x 0.208 mm?
Block, dark green

2.340 to 30.602°
-19<=h<=19, -26<=k<=26, -20<=I<=20
59367

11011 [R(int) = 0.1325]
99.7%

Full-matrix least-squares on F2
11011 /94 /409

1.003

R1 = 0.0431,

R1 = 0.0833,

0.036(12)

2.271 and -1.198 eA—3
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wR2 = 0.0698
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6.2 Crystal Structures

6.2.12 [W(NCO)(CN-C H,-OMe),(PNP)] (23)
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Figure 153: Thermal ellipsoid plot of 23 with the anisotropic displacement parame-
ters drawn at the 50% probability level. The asymmetric unit contains one complex
molecule and a half disordered diethyl ether solvent molecule. The disorder was re-
fined using PART -1 command.

Table 20: Crystal data and structure refinement for 23.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Crystal shape and color

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.242°
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(l)]

R indices (all data)

Largest diff. peak and hole

23
Cy,HggN,O,P,W-0.5C,H, O
889.72

100(2) K

0.71073 A
Triclinic

P-1

a = 9.4010(6) A
b=11.0756(7) A
c =20.7216(14) A
2025.3(2) A3

2

« = 104.902(2)°
B = 94.164(3)°
vy = 101.531(3)°

1.459 Mg/m?3
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6.2 Crystal Structures

6.2.13 [WCI(CN!Bu),(PNP)] (6)
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Figure 154: Thermal ellipsoid plot of 6 with the anisotropic displacement parame-
ters drawn at the 50% probability level. The asymmetric unit contains two complex
molecules.

Table 21: Crystal data and structure refinement for 6.

Identification code 6

Empirical formula C30H62CIN3P2W

Formula weight 746.06

Temperature 101(2) K

Wavelength 0.71073 A

Crystal system Orthorhombic

Space group P2:2121

Unit cell dimensions a = 17.4654(9) A o = 90°
b =17.9198(9) A p = 90°
c=22.6945(12) A y =90°

Volume 7102.8(6) A3

z 8

Density (calculated) 1.395 Mg/m?3

Absorption coefficient 3.440 mm~1

F(000) 3072

Crystal size 0.426 x 0.314 x 0.125 mm3

Crystal shape and color Block, clear intense blue-green

Theta range for data collection 2.273 to 30.562°

Index ranges -24<=h<=22, -24<=k<=25, -32<=|<=32

Reflections collected 111814

Independent reflections 21707 [R(int) = 0.1530]

Completeness to theta = 25.242° 99.9%

Refinement method Full-matrix least-squares on F2

Data / restraints / parameters 21707 /0/703

Goodness-of-fit on F2 0.995

Final R indices [I>2sigma(l)] R1 = 0.0489, wR2 = 0.0749

R indices (all data) R1 = 0.0871, wR2 = 0.0850

Absolute structure parameter 0.010(6)

Largest diff. peak and hole 2.581 and -2.121 eA—3
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6.2 Crystal Structures

6.2.14 Na[W(CO),(PNP)] (24)

Figure 155: Thermal ellipsoid plot of 24 with the anisotropic displacement parame-
ters drawn at the 50% probability level. The asymmetric unit contains one complex
molecule. The reflections -5 5 6 and -5 5 8 are removed from the refinement using
OMIT commands.

Table 22: Crystal data and structure refinement for 24.

Identification code
Empirical formula
Formula weight

24

C,gH,,NNaO P, W

915.72

Temperature 100(2) K
Wavelength 0.71073 A
Crystal system Monoclinic
Space group P21/n
Unit cell dimensions a=10.2148(9) A o = 90°
b =21.2618(17) A B = 93.444(3)°
c =19.0681(17) A v = 90°
Volume 4133.8(6) A3
z 4
Density (calculated) 1.471 Mg/m3
Absorption coefficient 2.929 mm-1
F(000) 1896
Crystal size 0.451 x 0.231 x 0.068 mm?3
Crystal shape and color Plate, clear intense orange
Theta range for data collection 2.194 to 25.759°
Index ranges -12<=h<=12, -25<=k<=22, -23<=I|<=23
Reflections collected 114649
Independent reflections 7903 [R(int) = 0.0962]
Completeness to theta = 25.242° 99.9%
Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 7903 /0/454
Goodness-of-fit on F2 1.350
Final R indices [I>2sigma(l)] R1 = 0.0521, wR2 = 0.1305
R indices (all data) R1 = 0.0601, wR2 = 0.1345

Largest diff. peak and hole

2.155 and -1.946 e A—3
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