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/Abstract: The hyponitrite anion is a tentative intermediate
in the reduction of nitric oxide (NO) to nitrous oxide (N,O)
catalyzed by nitric-oxide reductase (NOR) in the process of
bacterial denitrification. Owing to the considerable number
of known coordination modes for the hyponitrito ligand, its
actual bonding form in the enzymatic cycle is a point of cur-
rent discussion. Here, we contribute to the hardly known
ligand properties of a key intermediate, the monoprotonat-
ed hyponitrite anion. Three air- and water-stable ruthenium
complexes with hydrogenhyponitrite as the ligand were syn-
thesized by using commercially available bisphosphane co-li-

pe),(tos)IBF, (1) and [Ru(dppp),(tos)IBF, (2) contained the bi-\
dentate coordinating tosylate anion (tos) as a particularly
well-suited leaving group. To confirm the protonated and
deprotonated species, X-ray diffraction, IR, UV/Vis spectros-
copy (solution and solid state), solid-state NMR spectroscopy,
and high-resolution mass spectroscopy were used. DFT cal-
culations give insight into the bonding situation. We report
on [Ru(dppe),(HN,0,)IBF, (5), [Ru(dppp),(HN,O,)IBF, (6),
[Ru(dppv),(HN,0,)IBF, (7), [Ru(dppp),(HN,O,)IBFImi (9;
Imi=imidazole) as the first mononuclear trans-hydrogenhy-
ponitrite complexes. Isolated deprotonated analogs are

gands (1,2-bis(diphenylphosphino)ethane (dppe), 1,3-bis(di- [Ru(dppe),(N,O,)]-HImi(BF,) (8) and  [Ru(dppv),(N,O,)]

phenylphosphino)propane (dppp), 1,2-bis(diphenylphos-  -HImi(BF,)-Imi (10).

phino)ethene (dppv)). The starting compounds [Ru(dp- D
|ntr0ducti0n Fe-heme-b3 Fe-heme-b3 Fe-heme-b3

o
0 / o=—=N

The nitrogen cycle is a fundamental process of nature in which F[ _N// Feg FIe/N/ Fes Fle ( \FeE
nitrogen-containing species are fixed and released. Denitrifi- I y I &.N/ I o—mn"
cation, the reduction of nitrate by several enzymatic steps to X% O//
elemental nitrogen (NO;~—NO,” —NO—N,0—N,) is undesired cisb3 trans cis:Feg

in agricultural fertilization, as the nutrient becomes unavailable
for plants.”* The enzyme NOR (nitric-oxide reductase) is pres-
ent in bacteria and catalyzes the nitric-oxide-to-nitrous-oxide
step.” The reduction step from nitric oxide to nitrous oxide
provides pathogens such as Neisseria gonorrhoeae or N. menin-
gitidis with a protection mechanism against the toxic NO mole-
cule, which is released by mammalian NO synthase as part of
the immune defense.>”

The mechanism of NO reduction still remains unclear, but
there are several indicators that a reactive hyponitrite inter-
mediate is formed, which is transformed through two protona-
tion steps to nitrous oxide (N,0,>"+2H"—N,0+H,0). The
most likely mechanism was derived from EPR spectroscopic ex-
periments by using freeze-quench techniques by observing
time-dependent EPR spectral changes. The tentative formation
of ferrous Feg-NO and ferrous heme-b;-NO in the same ratio
support the formation of a hyponitrite intermediate through a
trans mechanism (Scheme 1) Nonetheless, calculations indi-
cate that the intermediates that result from the trans mecha-
nism are energetically unfavorable. A so-called cis:b; mecha-
nism seems more reasonable, where one NO coordinates the
heme-iron center (Fe-b;) and gets attacked by a non-coordinat-
ing NO resulting in a cis-hyponitrite coordinated to the non-
heme iron center.® The cis:Fey mechanism derived from the
rules of organometallic chemistry is of historic interest only."”
However, presently, owing to the lack of structural information,
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Scheme 1. Proposed mechanisms of hyponitrite formation."”

a final conclusion is not possible, especially in terms of binding
modes.

Scheme 2 highlights the fact that hyponitrite is discussed
not only as an intermediate in the enzymatic process of NOR,
but is also a ligand of current interest in other fields of coordi-
nation chemistry. Hence, nine coordination modes are known
for the hyponitrito ligand in its cis or trans forms.""'? Mononu-
clear complexes are restricted to the cis type whereby both
isomers are found in polynuclear complexes. Hyponitrite is
able to bind up to four metal centers through each of its

atoms.'*'® Some characteristics of hyponitrite coordination
M—0
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Scheme 2. Currently known hyponitrite binding modes.
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are visible: the group 10 metals, nickel and platinum, provide
a suitable environment for mononuclear cis-hyponitrito com-
plexes."*'"! Cobalt, copper, iron, ruthenium, and yttrium form
polynuclear cis- and trans-hyponitrito complexes.!'>'4-16.18-201

There is only one type of coordinated hydrogenhyponitrite
known. Bottcher et al. synthesized a diruthenium(l) complex,
bridged with sterically demanding phosphide ligands, which is
capable of reducing nitric oxide to a bridging hyponitrite
ligand according to [Ru,(CO),(u-dppm)(u-H)(u-PtBu,)] +2NO —
[Ru,(CO),(p-dppm)(u-H)(ONNO-1kN:2xO)(u-PtBu,)]. Subsequent
protonation led to a hydrogenhyponitrito complex, which re-
leased nitrous oxide upon heating.?*?

To get deeper insight into the coordination chemistry of the
rare hydrogenhyponitrito ligand, we attempted the synthesis
of mononuclear complexes of this tentative intermediate.
Hence, we report here on the preparation and characterization
of mononuclear phosphane-supported ruthenium complexes
of the hydrogenhyponitrito ligand, that is, of a hyponitrite
entity halfway towards N,O formation.

Results and Discussion
Ruthenium precursors with a weakly bonded leaving ligand

As the starting materials, we used the ruthenium complexes
[Ru(dppe),(tos)IBF,-CHCl; (1) and [Ru(dppp),(tos)IBF,Et,O (2)
both of which exhibit a k?0,0’ tosylato chelate. Compounds 1
and 2 were synthesized from hexaaquaruthenium(ll) tosylate
(tos) and the respective bisphosphanes 1,2-bis(diphenylphos-
phino)ethane (dppe)® and 1,3-bis(diphenylphosphino)pro-
pane (dppp; Scheme 3). The products were obtained in crystal-
line form by using the tetrafluoridoborate counterion and their
structures were confirmed by X-ray diffraction. The rutheniu-
m(ll) center was coordinated distorted-octahedrally by two bi-
sphosphanes and a tosylato ligand, the latter being part of a
four-ring chelate (Figure 1 and Figure 2). In comparison to
known literature on complexes with cis dppe chelates, this syn-
thesis had fewer steps and the product was obtained in quan-

titative yield.*”
[RuH,0)eltos);  + 2 : ~p NP

”@@

: @ @
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Figure 1. ORTEP-3 plot (ellipsoids drawn at the 50% probability level) of the
[Ru(dppe),(tos)] ion in 1. Distances (A) and angles (°): Ru1-01 2.267(2),
Ru1-02 2.291(2), Ru1—P1 2.3815(8), Ru1—P2 2.3031(7), Ru1—P3 2.4481(8),
Ru1—P4 2.3034(8), S1-01 1.486(2), S1-02 1.489(2); S1-03 1.441(2); O1-Ru1-
02 62.37(7). Further data are summarized in the Supporting Information.

In addition, [Ru(dppv),(H,0),1(BF,), (3) was used as a starting
material and synthesized according to the methods used for 1
and 2. The octahedral complex consists of two apical 1,2-bis(-
diphenylphosphino)ethene (dppv) bisphosphane ligands and
two axial aqua ligands coordinated to the ruthenium(ll) center
(Figure 3).

Room-temperature powder diffractograms and high-resolu-
tion mass spectra confirmed the formation of pure 1 and 2,
whereby 3 was a mixture of a mainly coarsely crystalline phase
and several different microcrystalline phases. Infrared spectra
showed sharp signals at 1256 cm™' (1) and 1249 cm™' (2) for
the tosylato ligand (free tosylate: 1200 cm™').”® Further analyt-
ics (NMR, UV/Vis, IR spectra) confirmed the formation of the
complexes 1-3 (see the Supporting Information). For the fol-
lowing reactions, the starting materials were used without fur-
ther purification.

[Ru(dppe),tos]BFy ———>» 5 ——> 8

_ RLTHR24h
THBF,50%InH,0

[Ru(dppp),toslBFy ——» 6 ———> 9

2

RT, THF, 24 h
HBF4 50 % in H,0

[Ru(dppv),(H,0)2](BF4)>
3

— 7 ———> 10

Scheme 3. Formation of the starting materials 1-3 and their use in subsequent transformations.
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Figure 2. ORTEP-3 plot (ellipsoids drawn at the 50% probability level) of the
[Ru(dppp),(tos)]* ion in 2.%*! Distances (A) and angles (°): Ru1-01 2.311(2),
Ru1-02 2.255(2), Ru1—P1 2.4770(8), Ru1—P2 2.3124(7), Ru1—P3 2.3210(8),
Ru1—P4 2.4331(7), S1-01 1.480(2), S1-02 1.488(2), S1-03 1.442(2); O1-Ru1-
02 62.10(7). Further data are summarized in the Supporting Information.

Figure 3. ORTEP-3 plot (ellipsoids drawn at the 50% probability level) of the
[Ru(dppv),(H,0),]** ion in 3.%* Distances (A) and angles (°): Ru1-01
2.1252(12), Ru1—P1 2.3641(4), Ru1—P2 2.3849(4); P1-Ru1-P2 82.34(2).

Hydrogenhyponitrito complexes

Cooled solutions of the starting materials 1-3 were treated
with triphenylstannyl hyponitrite 4 to obtain the hydrogenhy-

SnPh;

Z-0

Y -72°C, DCM
[Ru(dppe);(tos)ltos  + C'J
Phssn ~ HBF4, 50 % in H,0

1 4

Scheme 4. Formation of 5 and 8.

Chem. Eur. J. 2018, 24, 16019 - 16028 www.chemeurj.org

[Ru(dppe),(HN,0,)1BF,4

16022

CHEMISTRY

A European Journal

Full Paper

ponitrito  complexes 5-7  [Ru(dppe),(HN,O,)IBF,Et,0 (5,
Scheme 4), [Ru(dppp),(HN,O,)IBF,-Et,0 (6), [Ru(dppV),(HN,O,)]-
BF,-0.81TBME (7; TBME=tert-butylmethyl ether). Triphenyl-
stannyl hyponitrite was used as a synthon as the use of
sodium or silver trans-hyponitrite was unsuccessful. Com-
pounds 5-7 represent the first mononuclear trans-hydrogenhy-
ponitrite complexes ever synthesized. The protonation must
be done prior to the isolation steps, otherwise the products
did not crystallize. In general, the tosylato ligand was substitut-
ed by the hydrogenhyponitrito ligand under formation of a
four-ring chelate with the ruthenium(ll) center. The bisphos-
phane ligands arranged themselves in a cis position to com-
plete the distorted octahedra (Figure 4, Figure 5, Figure 6). The
hydrogenhyponitrito ligand resembles trans-H,N,O, and the
trans-N,0,% anion in the sodium salt in terms of bond lengths,
whereas the angles about the nitrogen atoms are enlarged for
the hydroxy-bonding N, and diminished for the chelate-N
(Table 1).29

High-resolution mass spectra confirm the formation of the
hydrogenhyponitrito complexes 5-7. We detected the trans-
hyponitrito ligand by infrared spectroscopy as the N=N vibra-
tion is spectroscopically allowed owing to the asymmetrical
bonding pattern. Frequencies are shown in Table 2 and com-
pared with the computationally determined values. Solution
NMR spectroscopy showed more signals than expected for the
bisphosphanes, probably owing to solution equilibria including

Figure 4. ORTEP-3 plot (ellipsoids drawn a the 50% probability level) of
[Ru(dppe),(HN,0,)IBF -Et,0O (5).* Distances (A) and angles (°): Ru1-N2
2.151(2), Ru1-01 2.173(2), Ru1—P1 2.3875(6), Ru1—P2 2.3357(6), Ru1—P3
2.3229(6), Ru1—P4 2.3725(6); N2-Ru1-O1 56.92(7), N1-O1-Ru1 96.77(13), N1-
N2-Ru1 99.53(15), 02-N2-Ru1 144.55(15). Further data are summarized in the
Supporting Information and in Table 1.

RT, DCM

[Ru(dppe)>(N,0,)] « HImi(BF4)
imidazole

5 8

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.chemeurj.org

.@2 ChemPubSoc
e Europe

Figure 5. ORTEP-3 (ellipsoids drawn at the 50% probability level) of
[Ru(dppp),(HN,0,)IBF -Et,0-DCM (6).% The tetrafluoridoborate counterion
and and the DCM crystal solvent have been omitted. Distances (A) and
angles (°): Ru1-N2 2.201(3), Ru1-01 2.137(2), Ru1-P1 2.4144(9), Ru1-P2
2.3404(8), Ru1—P3 2.3183(9), Ru1—P4 2.4112(9); N2-Ru1-O1 56.99(11), N1-O1-
Ru1 97.4(2), N1-N2-Ru1 96.6(2), 02-N2-Ru1 150.1(2). Further data are sum-
marized in the Supporting Information and in Table 1.

\Y"
7\

Figure 6. ORTEP-3 plot (ellipsoids drawn at the 50% probability level) of
[Ru(dppV),(HN,0,)IBF,-0.81 TBME (7). The crystal solvent, except hydrogen-
bonded TBME, has been omitted. Distances (A) and angles (°): Ru1—N2
2.120(3), Ru1-01 2.163(3), Ru1—P1 2.3465(11), Ru1—P2 2.3025(11), Ru1—P3
2.2885(10), Ru1—P4 2.3510(11); N2-Ru1-O1 58.68(13), N1-O1-Ru1 95.8(2), N1-
N2-Ru1 99.8(3), 02-N2-Ru1 146.5(3). Further data are summarized in the Sup-
porting Information and in Table 1.
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Table 1. Overview of bond lengths [A] and angles [°] of free hyponitrite
fragments from Ref. [26] and the products of this work. Further details
are shown in the Supporting Information.

Compound Fragment/ N=N N-O N-N-O
ligand (A1 [A] [
[HEt,NCH,CH,NEt,H] H,N,0, 1.226(4) 1.363(3) 109.9(3)
[HN,0,]-H,N,0,%  HN,0,” 1.232(3) 1.371(3) 110.1(2)
(-0-) (-0-)
1.402(3) 108.2(2)
(-OH) (-OH)
Na,N,0,+5 H,012¢! N,0,%~ 1.256(2) 1.3622(11)  112.14(9)

Protonated compounds

5 HN,O,~ 1.258(3) 1.309(3) (-O-Ru) 106.77(19) (-O-Ru)
1.384(3) (-OH) 115.72(19) (-OH)

6 HN,0, 1.236(4) 1.307(4) (-O-Ru) 109.0(3) (-O-Ru)
1.380(4) (-OH) 113.3(3) (-OH)

7 HN,O,~ 1.287(5) 1.346(5) (-O-Ru) 105.7(3) (-O-Ru)
1.343(5) (-OH) 113.6(3) (-OH)

9 HN,O," 1.263(3) 1.348(3) (-O-Ru) 105.74(18) (-O-Ru)
1.370(3) (-OH) 113.72(18) (-OH)

Deprotonated compounds

8 N,0,%~ 1.260(3) 1.369(3) (-O-Ru) 104.7(2) (-O-Ru)
1.345(3) (-0-) 116.0(2) (-0-)

10 N,0,%" 1.268(3) 1.383(2) (-O-Ru) 105.71(17) (-O-Ru)
1.323(2) (-0-) 117.06(18) (-O-)

Table 2. Overview of infrared vibrations [cm~'] of 5-10. The (unscaled)
theoretical frequencies were calculated with Orca4 at the BP86/def2-TZVP
level of theory including Grimme’s van der Waals correction (D3).%”)

N—O stretching
vibration [cm™']
Found Calcd Assignment Found

N=N stretching
vibration [cm™]
Calcd
Protonated compounds

[Ru(dppe),(HN,0)IBF, (5) 715 709  O«N-N 1311 1310

1032 1035 O«<N-N 1450 1455
1100 1109 N<O-Ru
[Ru(dppp),(HN,0,)1BF, (6) 730 715 O<N-N 1313 1314
1023 1022 O«+N-N 1453 1453
1115 1122 N<O-Ru
[Ru(dppv),(HN,0,)IBF, (7) 718 707 O<N-N 1313 1307
1035 1035 O«<N-N 1453
112 1112 N+<O-Ru
[Ru(dppp),(HN,0,)1BF, (9) 734 714 O<N-N 1313 1313
1020 1027 O«+N-N 1453 1451
131 1131 N+<O-Ru
Deprotonated compounds
[Ru(dppe),(N,0,)1-(HImi)BF, (8) 717 730 O<N-N 1252 1252
943 943 N<O-Ru 1390 1386
[Ru(dppv),(N,0,)]«(HImi)BF,+(Imj) (10) 716 716 O<N-N 1253 1253
935 939 N«O-Ru 1385 1385

ligand exchange. Therefore, *'P{"H} solid-state NMR spectrosco-
py was performed, and the expected number of four signals
for the phosphorous atoms was obtained. Further analytics are
collected in the Supporting Information.

The dominant motif of all the complexes is a rather short hy-
drogen bond between a hydrogenhyponitrite donor and an

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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ether acceptor (diethyl ether or tert-butylmethyl ether, TBME).
In comparison, Boéttcher’s dinuclear complexes contain a hy-
drogen bond from the ligand to a tetrafluoridoborate counter-
ion or a carbonyl co-ligand.”"?? If 5 is crystallized from tolu-
ene/CH.,Cl, instead of diethyl ether/CH,Cl,, a hydrogen bond is
formed to the tetrafluoridoborate anion as in Bottcher’s case
(Table 3).

As far as possible, the positional parameters of the hydro-
genhyponitrite hydrogen atoms were refined freely, together
with an individual isotropic displacement parameter.

Table 3. Overview of the hydrogen bonds formed in the products 5-10
by the hydrogen hyponitrite moiety and an ether, a tetrafluoridoborate
anion, or imidazole.

Compound D—H--A D—H H--A D-A[Al Angle
[A] [A] D-H--A
[’
Protonated compounds
5 02— 1.05(3) 1.63(3) 2.639(3) 159(3)
H2A--03
6 02— 1.12(5) 1.62(5) 2.663(4) 151(4)
H2A--03
7 02— 0.93(2) 1.80(4) 2.629(6) 148(6)
H2A--03
9 02-H1-N3 0.99(4) 1.66(4) 2.6929(3) 165(4)
N4—H2--F2 0.88(5) 1.90(5) 2.768(3) 172(4)
[Ru(dppe),(HN,0,)IBF, 02— 0.74(5) 2.01(5) 2.674(3) 150(6)
without solvent (5b) H2A--F1
Deprotonated compounds
8 N4—H7--01 0.88% 1.66 2.520(3) 166.2
10 N3—H62--02 0.92(2)® 1.65(2) 2.567(3) 174(4)
N4—H64--N6 0.88" 1.95 2.801(3) 161.1
N5—H60--01 0.91(2)® 1.92(2) 2.800(3) 164(4)

[a] Constraint refinement. [b] Restraint refinement. [c] Symmetry key:
—X+1, =y+1, —z+2.

Deprotonation experiments

To get deeper insight into the acid-base chemistry of the coor-
dinated hydrogenhyponitrite anion, solutions of 5-7 and
excess imidazole were prepared in CH,Cl,. Subsequent crystalli-
zation by solvent diffusion led to the products 8-10 (Figure 7,
Figure 8, Figure 9).

As a result, the weak base imidazole (pK,: 6.95, 25°C, H,0)
was able to deprotonate 8 and 10, but not 9.° The dppp
ligand had a higher electron density located at the phospho-
rous ligand as indicated by a larger high-field NMR shift in 6
compared with 5 and 7. This, probably, led to an overall in-
crease of the basicity of the hyponitrite moiety. Nonetheless,
the hydrogen bond was maintained by the imidazole acceptor.
In 9, the ether acceptor was exchanged by the imidazole ac-
ceptor (02—H1-+N3). In 10, a complex hydrogen-bond system
was formed by imidazolium and imidazole (Figure 10). In con-
trast, 8 was a fragment of 9 forming only one hydrogen-bond
(N4—H7--01).

Chem. Eur. J. 2018, 24, 16019 - 16028 www.chemeurj.org
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Figure 7. ORTEP-3 plot (ellipsoids drawn at the 50% probability level) of
[Ru(dppe),(N,0,)]-HImi(BF,) (8).%*’ Distances (A) and angles (°): Ru1—N1
2.125(2), Ru1-02 2.144(2), Ru1—P1 2.3402(7), Ru1-P2 2.3712(7), Ru1-P3
2.3708(7), Ru1—P4 2.3351(7); N1-Ru1-0O2 58.40(8), O1-N1-Ru1 95.8(2), N2-N1-
Ru1 100.7(2), O1-N1-Ru1 142.9(2), N1-N2-O2 104.7(2). Further data are sum-
marized in the Supporting Information and in Table 1.

\.

B,

/

HO2
N4

C55
N3 "

Figure 8. ORTEP-3 (ellipsoids drawn at the 50% probability level) of
[Ru(dppp),(HN,0,)1BF ,Imi-0.856 CH,Cl, (9).%' Crystal solvent has been omit-
ted. Distances (A) and angles (°): RuT-N1 2.194(2), Ru1—01 2.135(2), Ru1-P1
2.4147(6), Ru1—P2 2.3100(6), Ru1—P3 2.3513(6), Ru1—P4 2.4062(6); N1-Ru1-
01 57.48(7), N2-O1-Ru1 98.40(12), N2-N1-Ru1 98.38(14), 02-N1-Ru1
147.86(15). Further data are summarized in the Supporting Information and
in Table 1.
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Figure 9. ORTEP-3 plot (ellipsoids drawn at the 50% probability level) of
[Ru(dppVv),(N,0,)]-HImi(BF,)-Imi-0.804 CH,Cl, (10).**’ The tetrafluoridoborate
counterion and crystal solvent have been omitted. Distances (A) and angles
(°): Ru1—N2 2.124(28), Ru1—01 2.149(2), Ru1—P1 2.3402(6), Ru1—P2 2.3036(6),
Ru1-P3 2.2846(6), Ru1—P4 2.3469(6); N2-Ru1-O1 59.31(7), N1-O1-Ru1
95.01(11), N1-N2-Ru1 99.94(13), 0O2-N2-Ru1 142.54(15). Further data are sum-
marized in the Supporting Information and in Table 1.

Figure 10. The hydrogen-bond network of 10. Reduced illustration of the
complex cation. Gray: carbon, blue: nitrogen, white: hydrogen, cyan: ruthe-
nium, orange: phosphorus.

Difference Fourier analysis

As the determination of a hydrogen position in a routine X-ray
analysis shows methodological limitations, additional informa-
tion was desirable to settle the assignments. Thus, the depro-
tonation of 5 and 7 to yield 8 and 10, as well as the non-de-
protonation in 6/9, was assured by further experimental data
such as IR frequencies (Table 2) and color changes (Table 4).
However, even the X-ray method itself allowed us to derive
a particularly reliable assignment in the case of 9 where a data
set of very good quality was obtained. Figure 11 and Table 5
thus show the result of a AF analysis, prior to the H atom'’s as-
signment, in terms of the residual density’s height and position

Chem. Eur. J. 2018, 24, 16019 - 16028 www.chemeurj.org
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Table 4. Overview of the color changes before and after the addition of
imidazole.

Transition Color change

5—-8 red-orange —yellow
6—9 brown-red —brown-red
7—10 yellow—pale yellow

Figure 11. Difference Fourier map of 9 around the hyponitrite/imidazole
couple.

Table 5. Position and height of the residual density in the absence of the
respective hydrogen atom together with the position after the refine-
ment and the temperature factor of the hydrogen atom in 9.

Difference Distance Refined Uio
Fourier peak from 02 distance
077 eA 0.947 A 0.994(4) A 0.055(12) A?

along the tentative hydrogen bond. In addition, Table 5 shows
the result of the subsequent least-squares refinement with the
positional parameters and an individual isotropic temperature
parameter of the hydrogen atom as the refined parameters.
The match of both algorithms is clear.

Bonding in the cation of 5, [Ru(dppe),(HN,0,)1*

An ideally octahedral low-spin d® complex is expected to ex-
hibit three doubly occupied t,, orbitals and two virtual e, orbi-
tals, the latter showing metal-ligand o-antibonds. The contri-
butions to the former depend on the ligand characteristics:
pure o-donor ligands leave them metal-centered nonbonding;
nt-donor ligands result in metal-ligand m-antibonds with the
contributing occupied molecular orbitals (MOs) mostly ligand-
centered. Eventually, m-acceptor ligands lead to metal-ligand
mt-bonds with the empty ligand MOs usually intraligand m-anti-
bonding.

Within this conceptual framework, the frontier-orbital region
showed the signature of a o- and m-donating HN,O,  ligand
without considerable m-acceptor capability. Taking the P-Ru-P
axis as z (Figure 12, top), the expected virtual, e;-derived N/O-
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Figure 12. Gabedit plot of the frontier orbitals of the [Ru(dppe),(HN,O,)]"
jon (isovalue: 0.05).*® Top: choice of the Cartesian axes (z towards the ob-
server); middle: the LUMO; bottom: the HOMO.

Ru o-antibond was the LUMO and contained the Ru d(x*—y?)
orbital as the metal part (Figure 12, middle). Two of the three
occupied frontier MOs, specifically the HOMO—1 and the
HOMO-2, showed mainly Ru d character in agreement with
the o character of the Ru—P interactions. The HOMO was made
up from the HOMO—1 of the free hydrogenhyponitrito ligand
in an antibond to the remaining t,,-derived orbital. Specifically,
with the axes chosen in Figure 12 (top), the HOMO was a
linear combination of d(xz) and d(yz) (Figure 12, bottom). Thus,
with its antibond between the metal orbital and an occupied
ligand MO, the HOMO reflected the st-donor properties of the
HN,O,™ ligand. (The intraligand-nt-MO contribution to the
HOMO was N—N bonding but had nodes to both participating
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oxygen p AOs.) As a result, the hydrogenhyponitrite anion
shows the characteristics of a m-donating weak-field ligand.

The stability of the title compounds was not in line with the
usual classification of the hydrogenhyponitrite ion as an inter-
mediate towards nitrous-oxide formation.'*'®'%3% However, a
closer look at space-filling models of 5-7 showed that the
phenyl groups of the bisphosphane ligands enclosed the hy-
drogenhyponitrite/hyponitrite ligand and the ruthenium(ll)
center (Figure 13).

Figure 13. Space-filling model of the cations of 5-7 (Gabedit).*

Eventually, we tried to attain the hyponitrito ligand by the
reductive coupling of nitric oxide, but all attempts were unsuc-
cessful. Instead of hyponitrite formation, the starting com-
plexes 1-2 showed tendencies to trigonal-bipyramidally coor-
dinate a nitric oxide ligand. These nitrosyl complexes, however,
have already been described."3?

Conclusion

We synthesized three mononuclear trans-hydrogenhyponitrito
complexes with ruthenium. The trans-hydrogenhyponitrito-
k?N,0 ligands formed four-ring chelates with the ruthenium
centers. Hydrogen bonds formed by a hydrogenhyponitrite
donor to ether, fluoridoborate, or imidazole acceptors were a
dominant motif in all of the crystal structures, whereby the hy-
drogenhyponitrito ligands of two of the three compounds
were deprotonated by the weak base imidazole. DFT calcula-
tions confirmed the structures and revealed hydrogenhyponi-
trite to be a m-donor weak-field ligand.

Both the hydrogenhyponitrito, in general, and the trans-hy-
ponitrito complexes are the first mononuclear species of their
respective kinds reported. Future work will be directed towards
N,O release from the new compounds which, in terms of initial
experiments, in fact, release nitrous oxide.

Experimental Section
Synthetic procedures

Hexaaquaruthenium(ll) tosylate was prepared according to the lit-
erature.®¥ All reactions were carried out under argon atmosphere.
Silver hyponitrite as the source of bis(triphenylstannyl) hyponitrite
was prepared according to the literature and stored for further use
at 4°C in the absence of light.?*3¥ The transformation of the start-
ing material 1 to the hydrogenhyponitrito complex 5, and, subse-
quently, to the hyponitrito complex 8, is chosen as an example
below. Detailed working instructions as well as analytical data and
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additional structural parameters of all compounds are collected in
the Supporting Information.

Synthesis of starting material 1 (tosylato complex)

A suspension of [Ru(H,0)¢l(tos), (275 mg, 0.50 mmol, 1.00 equiv)
and dppe (400 mg, 1.00 mmol, 2.00 equiv) in THF (10 mL) was
stirred for 24 h. The solvent was removed and the crude product
was suspended in dichloromethane (CH,CL). To this suspension,
HBF, (126 uL, 2.00 equiv, 50% in water) was added. After filtration
through a syringe filter, the solution was layered with diethyl ether.
After crystallization and removal of the residual solvent, the crystals
were washed three times with cyclohexane (10 mL each) and dried
in vacuo. A yield of 520 mg (82% of theory) was obtained as
orange crystals. (For the subsequent steps, the crude product can
be used without problems.) Compounds 2 and 3 were synthesized
in the same manner and are described in the Supporting Informa-
tion.

Synthesis of the hydrogenhyponitrito complex 5

Crude 1 was dissolved in CH,Cl, (15 mL) and cooled to —72°C. Bis(-
triphenylstannyl) hyponitrite (4) was dissolved in CH,Cl, (20 mL)
and added dropwise to the solution of 1. The light-yellow solution
was stirred for 2 h and brought to room temperature afterwards.
To the well-stirred solution, 600 uL HBF, (excess, 50% in water) was
added and stirred until the solution became a suspension
(ca. 15 min). The suspension was concentrated to 4 mL. The color-
less solid was removed by filtration through a syringe filter, the so-
lution was layered with diethyl ether and stored without any dis-
turbance. Within 5 days, red blocks of 5 formed as well as colorless
precipitate of, tentatively, tin-containing side products. The mother
liquor was pipetted off and the colorless solid was removed by
washing with diethyl ether (3x 10 mL). The crystals were recrystal-
lized with the same mixture of CH,Cl, and diethyl ether, washed,
and dried in vacuo. A yield of 439 mg (0.40 mmol, 80%) was ob-
tained as red-orange crystals. Compounds 6 and 7 were synthe-
sized in the same manner and are described in the Supporting In-
formation.

Synthesis of the hyponitrito complex 8

Crystals of 5 (432 mg, 0.39 mmol) were dissolved in CH,Cl, (5 mL)
and imidazole (100 mg, excess) was added. The solution was fil-
tered and layered with diethyl ether. When the color of the mother
liquor remained constant (ca. 4 days), the mother liquor was pipet-
ted off and the product was washed with diethyl ether (310 mL)
and dried in vacuo. A yield of 361 mg (83 %) was obtained as light-
yellow crystals. Compounds 9 and 10 were synthesized in the
same manner and are described in the Supporting Information.

Crystallography

Crystals were selected by using a Leica MZ6 polarization micro-
scope. Suitable crystals were measured with a Bruker D8 Venture
diffractometer using Moy, irradiation (1 =0.71073 A). Multi-scan ab-
sorption correction was applied. The structure solutions were car-
ried out by direct methods by using SHELXT. The structures were
refined by full-matrix least-squares calculations on F? by using
SHELXL-2014.2>3¢ Details are collected in the Supporting Informa-
tion.

CCDC 1857075 (1), 1857076 (5), 1857077 (8), 1857078 (5b),
1857079 (6), 1857080 (3), 1857081 (7), 1857082 (2), 1857083 (10),
and 1857120 (9) contain the supplementary crystallographic data
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for this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre.

Computational chemistry

All quantum-chemical calculations at the DFT level were performed
with Orca4. Initial geometries were taken from crystal-structure
analyses. Wave functions were calculated at the multipole-acceler-
ated RI-DFT level by using def2-TZVP basis sets and the BP86 func-
tional; dispersion correction was applied by using Grimme's DFT-
D3 with BJ-damping as implemented in Orca4.?” Frequency analy-
ses were done numerically.
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