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A B S T R A C T

The title compound was prepared through a three-step procedure starting with the hydride complex [Mo2Cp2(µ- 
H)(µ-PtBu2)(CO)4], which was first dehydrogenated through reaction with HBF4⋅OEt2 to give the unsaturated 
complex [Mo2Cp2(µ-PtBu2)(CO)4](BF4) (Mo=Mo), which displays a transoid structure according to experimental 
(Mo-Mo = 2.8283(7) Å) and Density Functional Theory studies. The latter was then reacted with NO to give the 
dinitrosyl derivative [Mo2Cp2(µ-PtBu2)(CO)2(NO)2](BF4), which in turn was further decarbonylated and nitro-
sylated upon reaction with [N(PPh3)2]NO2 to give the title nitrosyl-bridged complex (Mo-Mo = 2.905(1) Å). This 
complex displayed a structure comparable to that of its PCy2-bridged analogue, with similar pyramidalization of 
the bridging nitrosyl, but a more pronounced folding of the central MoPMoN skeleton and bending of terminal 
nitrosyls. It also displayed a similar N–O bond activation chemistry, as shown by its reactions with HBF4⋅OEt2 to 
give the nitroxyl-bridged complex [Mo2Cp2(µ-PtBu2)(µ-k1:η2-HNO)(NO)2](BF4) (HN–O = 1.330(8) Å), with P 
(OEt)3 to give the phosphoraniminate-bridged complex [Mo2Cp2(µ-PtBu2){µ-NP(OEt)3}(NO)2], and with Na(Hg) 
to give the amide-bridged derivative [Mo2Cp2(µ-PtBu2)(µ-NH2)(NO)2]. Under a nitrogen atmosphere, however, 
the latter reaction also gave a minor side product identified as the dinitrogen-bridged derivative [Mo4Cp4(µ- 
PtBu2)2(µ4-N2)(NO)4]. This tetranuclear complex displays a dinitrogen molecule bridging four metal atoms in the 
novel µ4-k1:k1:k1:k1 coordination mode, with strong metal-nitrogen interactions taking the N2 ligand to the 
diazendiide (N2

2-) limit (N–N = 1.241(3) Å).

1. Introduction

Nitric oxide (NO) is an apparently simple molecule that can bind one 
or several metal atoms in many different ways, so its coordination 
chemistry itself is of great academic interest [1]. This gas, however, also 
is a side product formed in many large-scale activities and processes 
with undesirable effects on health and environment, which makes it an 
important air pollutant requiring catalytic abatement [2]. The latter rely 
typically on heterogeneous interactions of the gas with one or several 
atoms of metal surfaces. In this context, the study at the molecular level 
of nitrosyl complexes with unusual geometries that can undergo N–O 
bond cleavage reactions under mild conditions is a matter of interest in 
the search for new strategies to build more efficient catalysts for NO 
abatement. In particular, the study of transformations of nitric oxide at 
binuclear complexes possibly provides the simplest models for the 
interaction of this molecule with the surface of heterogeneous metal 
catalysts [3].

We have previously reported the synthesis and reactivity of the PCy2- 

bridged binuclear trinitrosyl complexes [M2Cp2(µ-PCy2)(µ-NO)(NO)2] 
(Mo, W). These molecules can be made in a two-step procedure starting 
from the corresponding hydride complexes [M2Cp2(µ-H)(µ-PCy2)(CO)4] 
(Scheme 1), and display a bridging nitrosyl with an unusual pyramid-
alization at the N atom, thought to be related with several and relatively 
uncommon N–O bond cleavage processes, such as those observed upon 
reaction with different reductants, CO, and phosphites, whereby the 
nitrosyl ligand is transformed into amide (NH2), and phosphoraniminate 
(NP(OR)3) ligands [4]. On the other hand, we have also found recently 
that the bulky PtBu2 ligand can stabilize binuclear nitrosyl complexes 
undergoing unusual N–O bond cleavage processes [5,6], not observed 
when using analogous complexes having bridging PCy2 ligands. It was 
thus of interest to see the effect that replacement of the PCy2 ligand in 
the above trinitrosyl complexes with the bulkier PtBu2 one would have 
on the structure (particularly on the pyramidalization at the bridging 
nitrosyl) and N–O bond activation reactions of the complex, which is 
the purpose of the present paper. As it will be shown below, the presence 
of PtBu2 ligands in these trinitrosyl complexes has significant structural 
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effects, but not on the bridging nitrosyl. As a result, the reactivity is not 
modified substantially either, except for the occurrence of an interesting 
side-reaction that involves denitrosylation and dinitrogen coordination 
to give a tetranuclear complex providing a new coordination mode of 
the dinitrogen molecule.

2. Results and discussion

2.1. Synthesis and structural characterization of cationic precursors 
[Mo2Cp2(µ-PtBu2)(CO)4]+ (2) and [Mo2Cp2(µ-PtBu2)(CO)2(NO)2]+ (3)

To prepare the cationic dinitrosyl precursor of the targeted trinitrosyl 
complex, we have followed the method recently implemented by us to 
obtain related ditungsten species [5]. This starts in our case with the 
known hydride complex [Mo2Cp2(µ-H)(µ-PtBu2)(CO)4] (1) [7,8], which 
is first dehydrogenated upon reaction with HBF4⋅OEt2 to give the un-
saturated cationic complex [Mo2Cp2(µ-PtBu2)(CO)4](BF4) (2-BF4). In a 
second step, the latter compound is reacted with nitrogen monoxide (5 
% in N2) to yield the desired dinitrosyl precursor [Mo2Cp2(µ-PtBu2) 
(CO)2(NO)2](BF4) (3-BF4) in good yield (Scheme 2). These BF4

- salts can 
be used without further purification. Moreover, they can be converted 
into the corresponding BAr’4- salts 2-BAr’4 and 3-BAr’4 through anion 
exchange with NaBAr’4 in dichloromethane solution (Ar’ = 3, 
5-C6H3(CF3)2). This enables their easier crystallization or chromato-
graphic purification, hence the isolation of very pure samples of these 
cationic complexes. We note that the cation 3 is present in solution as a 
dominant symmetrical isomer (see below), in contrast to its PCy2--
bridged analogue, for which a second, asymmetrical isomer co-exists in 
solution in significant amounts [4]. We attribute this difference to the 
higher steric demands of the PtBu2 ligand, compared to the PCy2 one.

The unsaturated cation 2 belongs to a family of complexes of general 

formula [M2Cp2(µ-PRŔ)(CO)4]+ (M = Mo, W; RŔ= Ph2, Cy2, MesH, 
CyH) prepared previously by us [9]. These 32 electron complexes can be 
formed through either oxidation or protonation of the corresponding 
hydride precursors [M2Cp2(µ-H)(µ-PRŔ)(CO)4] and could not be struc-
turally characterized at the time, as they are products of reduced sta-
bility (also depending on R and M). A cisoid arrangement of the MCp 
(CO)2 fragments in these cations was proposed on the basis of NMR data. 
Fortunately, the higher bulkiness and electron-releasing properties of 
the tBu groups in 2-BAr’4 makes this complex stable enough to render 
X-ray-quality crystals, therefore enabling full determination of its mo-
lecular structure, which turned to be different than anticipated, as the 
MoCp(CO)2 fragments of the cation are found in a rather transoid 
arrangement.

The structure of the cation in the crystal of 2-BAr’4 (Fig. 1 and 
Table 1) is built from two MoCp(CO)2 fragments bridged by a PtBu2 
ligand in an essentially symmetric way (Mo–P ca. 2.47 Å). All of this 
configures a 32 electron complex for which a metal-metal double bond 
has to be proposed according to the 18 electron rule, which is consistent 
with the short intermetallic separation of 2.8283(7) Å, some 0.4 Å 
shorter than the corresponding distance in its electron-precise precursor 
1 (3.247(1) Å) [7], or that in the unbridged dimer [Mo2Cp2(CO)4] 
(3.235(1) Å) [10]. This distance, however, falls in the upper part of the 
range of 2.55–2.80 Å most commonly found for Mo2 or W2 organome-
tallic complexes formally bearing double bonds [11], an effect possibly 
due to the large steric pressure introduced in the molecule by the bulky 
PtBu2 ligand. The relative arrangement of the MoCp(CO)2 fragments, if 
taking the Mo2P plane as the reference, is of a transoid type, as noted 
above, but both fragments are clearly inequivalent. The C1 and C4 
carbonyl atoms occupy almost antiparallel positions, with similar P-M-C 
and M-M-C angles of ca. 100 and 80◦ respectively. In contrast, the C3 
atom on Mo2 points away from the intermetallic region (Mo1-Mo2-C3 =
123.3(2)o), whereas the C2 atom on Mo1 adopts an incipient bent 
semibridging interaction with the Mo2 atom (C2⋅⋅⋅Mo2 = 2.842(7) Å; 
Mo1-C2-O2 = 170.2(6)o), as indicated by the acute Mo2-Mo1-C2 angle 
of 69.8(2)o, below the limiting value of 75◦ characterizing such a type of 
interaction [12]. As a result of it, the C2 atom occupies a transoid po-
sition relative to the P atom (P-Mo1-C2 = 123.1(2)o), whereas the C3 
atom is positioned cis to it (P-Mo2-C3 = 70.9(2)o). At the same time, the 
Cp ligand bound to Mo1 adopts a position almost centred on the inter-
metallic axis, very different from the one exhibited by the second Cp 
ring.

The IR spectra for compounds 2-BF4 and 2-BAr’4 (Table 2) display 

Scheme 1. Formation of PCy2-bridged trinitrosyl complexes (M = Mo, W).

Scheme 2. Preparation of cationic intermediates 2-BF4 and 3-BF4.
Fig. 1. ORTEP diagram (30 % probability) of the cation in compound 2-BAr’4, 
with tBu groups (except their C1 atoms) and H atoms omitted for clarity.
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four C–O stretches which are similar to each other, indicating little 
anion-cation interactions in solution, and are consistent with the struc-
ture found in the crystal. In particular, the medium intensity of the 
highest-frequency band of these complexes (at 2006 cm-1) is indicative 
of a transoid arrangement of the M(CO)2 oscillators of the molecule 
[13]. Moreover, the appearance of a relatively low-frequency band at ca. 
1910 cm-1 is consistent with the presence of a weak semibridging 
interaction for one of the carbonyl ligands, as found in the crystal. In 
agreement with all of this, the gas-phase optimized structure of the 
cation 2 using Density Functional Theory (DFT) methods (see the 
experimental section) is in good agreement with the structure found in 
the crystal (Fig. 2), as they are the relative intensities and frequencies of 
the computed C–O stretches (Figure S7). A pure transoid structure with 
equivalent MoCp(CO)2 fragments (approximate C2 symmetry, as 
depicted in Scheme 2) proved to be not a minimum in the potential 
energy surface of the system, likely due to unfavourable repulsive in-
teractions of CO and Cp ligands with the bulky tBu groups. On the other 
hand, our calculations indicate that a cisoid structure would display also 
a semibridging carbonyl, while its Gibbs free energy would be some 10 
kJ/mol higher than the transoid one (Fig. 2). Moreover, the computed 
C–O stretches for the latter structure indicate that the 
highest-frequency stretch should also be the strongest one (Figure S7), as 
expected for a cisoid arrangement of the M(CO)2 oscillators of the 
molecule [13], this being inconsistent with the experimental spectra of 
the salts of 2 in solution. Since all experimental spectra previously re-
ported for cations of type [M2Cp2(µ-PRŔ)(CO)4]+ display C–O 
stretching patterns comparable to that of 2 (particularly as concerning 
the medium-intensity of its highest-frequency C–O stretch), we must 
conclude that all these cations also display an essentially transoid 
structure in solution, and not the cisoid one proposed at the time [9].

The NMR data for the cation 2, however, indicates dynamic behav-
iour in solution, as the Cp and tBu groups appear as equivalent in the 
room temperature NMR spectra, while the four inequivalent CO ligands 
just give rise to a very broad 13C resonance at 229.5 ppm (see the 
Experimental Section). On lowering the temperature, the Cp and tBu 
resonances in the 1H NMR spectrum of 2-BAr’4 broaden progressively, 
and eventually split into two sets of the same intensity, in agreement 
with the static structure of the cation. In addition, the 13C NMR spectrum 
of the complex recorded at 203 K displays, apart from separated Cp and 
tBu resonances, separate resonances for each of the four inequivalent 
carbonyls of the molecule, at 242.7 (s), 228.4 (d, JCP = 44), 227.1 (d, JCP 
= 6) and 221.2 (s) ppm (Figure S14). The most deshielded resonance can 
be safely assigned to the semibridging carbonyl, and its negligible P-C 
coupling is consistent with its transoid positioning relative to the P atom 
(P-Mo1-C2 = 123.1(2)o in the crystal). Besides this, the strong coupling 
of the 228.4 ppm resonance allows its assignment to the unique carbonyl 

Table 1 
Selected bond lengths (Å) and angles (◦) for compound 2-BAr’4.

Mo1-Mo2 2.8283(7) Mo1-P1-Mo2 69.83(4)

Mo1-P1 2.468(2) P1-Mo1-C1 97.4(2)
Mo2-P1 2.474(2) P1-Mo1-C2 123.1(2)
Mo1-C1 1.984(7) P1-Mo2-C3 70.9(2)
Mo1-C2 1.997(7) P1-Mo2-C4 100.6(2)
Mo2-C3 1.982(7) Mo2-Mo1-C1 76.9(2)
Mo2-C4 1.996(7) Mo2-Mo1-C2 69.8(2)
Mo2⋅⋅⋅C2 2.842(7) Mo1-Mo2-C3 123.3(2)
  Mo1-Mo2-C4 84.4(2)
  Mo1-C2-O2 170.2(6)

Table 2 
Selected IR and 31P{1H} NMR data for new compounds.a.

Compound ν(XO) δ (P)

[Mo2Cp2(µ-PtBu2)(CO)4](BF4) (2- 
BF4)

2006 (m), 1955 (vs), 1937 (s, 
sh), 1913 (m, sh)

233.5

[Mo2Cp2(µ-PtBu2)(CO)4](BAr’4) 
(2-BAr’4)

2006 (m), 1952 (vs), 1941 (s), 
1908 (w)

233.7

[Mo2Cp2(µ-PtBu2)(CO)2(NO)2] 
(BF4) (3-BF4)

2027 (vs), 1964 (w, br), 1677 
(vs)

319.6

[Mo2Cp2(µ-PtBu2)(CO)2(NO)2] 
(BAr’4) (3-BAr’4)

2029 (s), 1700 (m, sh), 1680 
(vs)

322.6

[Mo2Cp2(µ-PtBu2)(µ-NO)(NO)2] 
(4)

1618 (w, sh), 1589 (vs)b 255.7

cis-[Mo2Cp2(µ-PtBu2)(µ-NO) 
(NO)2] (cis-4)

1639 (vs), 1570 (m, sh) 262.2

[Mo2Cp2(µ-PtBu2)(µ-k1;η2-HNO) 
(NO)2] (5-BF4)

1682 (m, sh), 1658 (vs) 302.9

[Mo2Cp2(µ-PtBu2)(µ-k1;η2-HNO) 
(NO)2] (5′-BF4)c

 294.1

[Mo2Cp2(µ-PtBu2){µ-NP(OEt)3} 
(NO)2] (6)

1553 (m, sh), 1527 (vs) 264.7 (s), 
25.3 (s)

[Mo2Cp2(µ-PtBu2)(µ-NH2)(NO)2] 
(7)

1574 (m, sh), 1547 (vs) 256.8

[Mo4Cp4(µ-PtBu2)2(µ-k1:k1:k1:k1- 
N2)(NO)4] (8)

1556 (vs) 266.1

a IR spectra recorded in dichloromethane solution, unless otherwise stated, 
with stretching frequencies of NO and CO ligands (ν(XO), X = C, N) given in 
wave numbers (cm-1); NMR spectra recorded in CD2Cl2 solution at 121.48 MHz 
and 295 K, unless otherwise stated, with chemical shifts (δ) in ppm relative to 
external 85 % aqueous H3PO4.

b The bridging nitrosyl ligand gives rise to a N–O stretch at 1407 cm-1 in KBr 
disk.

c Minor isomer formed along with 5-BF4 (see text).

Fig. 2. M06L-DFT computed structure of the cation 2 (left), and its cisoid isomer (right), with H atoms omitted for clarity. Colour code: Mo(turquoise), P(orange), C 
(green), O(red). Relative Gibbs free energies were 0 and +9 kJ/mol in the gas phase at 298 K.
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displaying an acute (cisoid arrangement) angle relative to the P atom (P- 
Mo2-C3 = 70.9(2)o in the crystal) [14,15]. From the corresponding 
coalescence data for the Cp resonances in the 1H spectrum (Tc = 230 K, 
Δν = 69 Hz), a quite low activation barrier of 46 ± 0.5 kJ/mol can be 
estimated for the corresponding dynamic process [16]. For the latter we 
propose a concerted rotation of the MoCp(CO)2 fragments averaging the 
pairs of Cp and tBu resonances, which also implies a pairwise averaging 
of carbonyl resonances (Scheme 3). The observation of an unique broad 
carbonyl resonance in the room temperature spectrum of 2-BAr’4 in-
dicates the occurrence of an additional, slower dynamic process 
involving full exchange of all four carbonyl sites, not further 
investigated.

Spectroscopic data for compounds 3-BF4 and 3-BAr’4 (Table 2 and 
Experimental Section) are again comparable to each other and moreover 
indicative of the presence of a very major symmetrical isomer in solution 
having equivalent Cp, tBu and CO pairs, then deserving no specific 
comments. We just note that the structure of this type of isomer was 
determined by X-ray diffraction on the PPh2-bridged analogue 
[Mo2Cp2(µ-PPh2)(CO)2(NO)2](BF4) [17]. In the case of the cation 3, the 
positioning of the equivalent carbonyls cis to the P atom is indicated by 
the observation of a relatively large two-bond P-C coupling of 21 Hz in 
its unique CO resonance at 220.1 ppm [14,15].

2.2. Synthesis and structural characterization of the trinitrosyl complex 
[Mo2Cp2(µ-PtBu2)(µ-NO)(NO)2] (4) and its cis isomer

Compound 4 was prepared as previously implemented for its PCy2- 
bridged analogue, that is, through the nucleophilic attack of the nitrite 
anion on the cationic dicarbonyl complex 3-BF4 in dichloromethane 
solution (Scheme 4). However, instead of NaNO2, a CH2Cl2-soluble ni-
trite salt as PPN(NO2) (PPN = N(PPh3)2) had to be used for a fast re-
action in this case. In that way, the trinitrosyl complex 4 can be obtained 
as a dark blue solid in 75 % yield after chromatographic workup. At-
tempts to obtain a related ditungsten complex were unsuccessful: 
although the reaction of the known complex [W2Cp2(µ-PtBu2) 
(CO)2(NO)2](BF4) [5] with PPN(NO2) at room temperature gave first a 
bluish solution, this rapidly turned yellow, indicating that the targeted 
trinitrosyl complex was indeed formed, but it was rather unstable under 
these experimental conditions. No further attempts to isolate this 
product were made.

Irradiation of 4 with visible-UV light in toluene solution caused its 
rearrangement into its cis-dinitrosyl isomer cis-4. Unlike its PCy2- 
bridged analogue [4], full isomerization could not be achieved in this 
case, as a photochemical equilibrium is reached, with the maximum 
cis-4/4 ratio being ca. 2/1. Unfortunately, isomer cis-4 could not be 
fully separated from its transoid isomer through chromatography; in 
fact, it reverts to 4 progressively upon chromatographic workup even at 
253 K. Therefore, only partial spectroscopic data were obtained for this 
more energetic isomer. As expected, heating toluene solutions of cis-4 
promoted its full rearrangement back into the more stable isomer 4 (full 
conversion in ca. 2 h at 353 K).

The structure of 4 in the crystal (Fig. 3 and Table 3) is very similar to 
that of its PCy2-bridged analogue, and deserves no detailed comments, 
except for some changes derived from the replacement of Cy groups with 
the bulkier and better electron-releasing tBu groups at the bridging P 
atom. Firstly, we note that Mo-P distances in 4 are ca. 0.05 Å longer, 
which is an expected steric effect of the tBu groups. Secondly, it can be 

appreciated that the central skeleton in 4 is significantly more folded (β 
= 152.5◦ vs. 164.4◦), with concomitant stronger department of the 
terminal nitrosyls from their antiparallel arrangement (Mo-Mo-N angles 
of ca. 84 and 110◦). This is again an structural effect derived from the 
presence of bridging ligands with high steric demands, previously found 
in different dicarbonyl complexes of type [M2Cp2(µ-X)(µ-PR2)(CO)2] 
[18]. Finally, we note that the increased electron density introduced by 
the PtBu2 ligand (vs. PCy2), has no significant effect on the pyramidal-
ization degree of the bridging nitrosyl ligand, which is similar to the one 
measured in the PCy2-bridged complex (0.21 vs. 0.22). Instead, this 
increased electron density seems to have a more pronounced effect on 
the terminal nitrosyls, which display a moderate but significantly higher 
bending (M-N-O angles of ca. 168◦ vs. 175◦). Thus, a similar µ-NO-based 
reactivity can be anticipated for this complex.

Spectroscopic data for compound 4 in solution (Table 2 and Exper-
imental section) are comparable to those of its PCy2-bridged analogue, 
except for the changes anticipated from the replacement of the PCy2 
ligand with the PtBu2 one (decrease in N–O stretches and increase in the 
31P chemical shift), and deserves no detailed comments. We just note 
that the NMR data for 4 indicate the equivalence of Cp and tBu groups in 
the molecule, this requiring the operation of a fast dynamic process that 
inverts the folding of its central MoPMo(µ-N) skeleton. This would 
render an effective C2 symmetry axis passing through the bridgehead P 
and N atoms, as proposed previously for several dicarbonyl complexes of 
type [M2Cp2(µ-X)(µ-PR2)(CO)2] having similarly folded central skele-
tons [18].

As for isomer cis-4, we note that the cisoid disposition of the terminal 
nitrosyls can be deduced from the relative intensities of the N–O 
stretches present in its IR spectrum (strong and medium, in order of 
decreasing frequencies) [13,19], while its 1H NMR spectrum displays 
equivalent Cp ligands but inequivalent tBu groups, as expected. The 
resonance of one of these groups (at 1.16 ppm) is broad, which denotes 
hindered rotation of one of the tBu groups (likely the one closer to both 
Cp ligands) around the P-CMe3 bond, an effect previously observed also 
for the structurally related chloride-bridged complex cis-[Mo2Cp2(µ-Cl) 
(µ-PtBu2)(NO)2] [20].

Both 4 and cis-4 are deep-blue coloured compounds, as previously 
found for their PCy2-bridged analogues. In the latter case, this unex-
pected feature was related at the time to the relatively low HOMO- 
LUMO separation of some 2.9 eV, as computed by DFT methods [4a]. 
We have now performed TD-DFT calculations on 4 to gain further 
insight into this matter, to find that the colour of the complex is indeed 
related to an even lower HOMO-LUMO gap of the molecule. More pre-
cisely, the molecule is computed to give rise to a broad absorption in the 
visible region centred at ca. 550 nm (expt. broad absorption centred at 
ca. 600 nm in CH2Cl2 solution). This would result from transits to the 
LUMO (with large π*(N–O) character of the bridging nitrosyl) from Scheme 3. Schematic representation of the fast fluxional process proposed for 

the cation 2, emphasizing the pairwise exchange of Cp and CO ligands.

Scheme 4. Formation of complexes 4 and cis-4.
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frontier MOs close to the HOMO (mainly HOMO-1 to HOMO-3, with 
π(Mo-NO) character of the terminal nitrosyls, as well as σ(Mo-X) char-
acter; X = Mo, µ-N; see the Supplementary Material). The nature of the 
LUMO, in turn, suggests that population of this orbital (through reduc-
tion or addition of bases) should weaken preferentially the N–O bond of 
the bridging nitrosyl ligand, in agreement with some of the chemical 
reactions of 4 discussed below.

2.3. Protonation of compound 4

Compound 4 reacts with HBF4⋅OEt2 in dichloromethane solution at 
room temperature or below to give the nitroxyl complex [Mo2Cp2(µ- 
PtBu2)(µ-k1:η2-HNO)(NO)2] (5-BF4) (Scheme 5), which displays an un-
usual k1:η2-bridging coordination of the nitroxyl (HNO) ligand, as 
observed for its PCy2-bridged analogue [4]. In this case, however, a 
second isomer 5′-BF4, with spectroscopic parameters analogous to those 
of the main product, coexists in solution, with the 5/5′ equilibrium ratio 
in CD2Cl2 being ca 5:1. Yet, pure samples of the main isomer could be 
obtained through crystallization. Attempts to obtain related 

Fig. 3. ORTEP diagram (30 % probability) of compound 4, with tBu groups (except their C1 atoms) and H atoms omitted for clarity. On the right, a view of the 
molecule from the Mo1-Mo2 vector.

Table 3 
Selected bond lengths (Å) and angles (◦) for compound 4 and its PCy2-bridged 
analogue 4-Cy.

parameter 4 4-Cya

Mo1-Mo2 2.905(1) 2.8935(3)
Mo1-P1 2.467(4) 2.4063(7)
Mo2-P1 2.463(3) 2.4155(7)
Mo1-N3 2.05(1) 2.031(2)
Mo2-N3 1.99(1) 2.018(2)
Mo1-N1 1.78(2) 1.784(2)
Mo2-N2 1.79(1) 1.798(2)
N3-O3 1.23(2) 1.227(3)
Mo1-Mo2-N2 83.6(4) 88.9(1)
Mo2-N2-O2 166(1) 176.1(2)
Mo2-Mo1-N1 110.3(4) 105.4(1)
Mo1-N1-O1 169(1) 173.3(2)
∑

(N3)b 358.0 357.5
α(pd)c 168.4(0.21) 167.8 (0.22)
βd 152.5 164.4

a Data for 4-Cy taken from reference 4a.
b Summation of bond angles around N3.
c Angle (α) defined by the bridging NO ligand and the centroid (ct) of the Mo- 

Mo bond; the pyramidalization degree (pd) of the bridging NO ligand is defined 
as (180-α)/54.75 (see reference 4a).

d Folding angle of the central MoPMoN3 skeleton, defined by the P1-ct-N3 or 
P-Mo-Mo-N3 angles.

Scheme 5. Protonation reaction of compound 4, only showing the major 
product (see text).

Fig. 4. ORTEP diagram (30 % probability) of the cation and anion of 5-BF4 in 
the crystal lattice, with tBu groups (except their C1 atoms) and most H atoms 
omitted for clarity, and N–H⋅⋅⋅F hydrogen bonding interactions indicated.
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nitrosomethane-bridged complexes by reacting 4 with methylating re-
agents such as CF3SO3Me or [Me3O](BF4) were unsuccessful, and only 
led to the protonation of the parent substrate.

The structure of the major isomer 5-BF4 in the crystal (Fig. 4 and 
Table 4) is similar to that of its PCy2-bridged analogue [4], which re-
mains as the only other nitroxyl-bridged complex crystallographically 
characterized so far. As a result of the η2 coordination of the ligand to a 
second Mo atom (Mo1-N3 = 2.204(6); Mo1-O3 = 2.086(5) Å), the N–O 
bond is enlarged (therefore weakened) to 1.330(8) Å, a figure similar to 
the one observed for its PCy2-bridged analogue (1.348(6) Å), and sub-
stantially higher than the N–O distances of ca. 1.19–1.24 Å measured in 
the few mononuclear complexes with N-bound nitroxyl ligands char-
acterized so far [21]. The latter in turn are comparable to the distance of 
1.212 Å measured in free HNO, which is the reference length for a N = O 
double bond [22]. In the crystal lattice, the N-bound H atom is involved 
in a bifurcated hydrogen bonding interaction with two F atoms of the 
BF4

- counterion, with H⋅⋅⋅F distances of ca. 2.3 Å, expectedly longer than 
those observed in the more common (linear) N–H⋅⋅⋅F interactions (ca. 
1.9 Å) [23].

Spectroscopic data in solution for compound 5-BF4 (Table 2 and 
Experimental section) are consistent with the structure found in the solid 
state, and are also similar to those of its PCy2-bridged analogue, there-
fore deserving only a few comments. Notably, its IR spectrum displays 
N–O stretches for the remaining terminal ligands some 70 cm-1 more 
energetic than those of its neutral precursor, as expected for a cationic 
species, while retaining the relative intensities of a transoid [M(NO)]2 
oscillator. The presence of the N-bound H atom is denoted by the 
appearance of a strongly deshielded and broad resonance at 12.20 ppm 
in its 1H NMR spectrum, which otherwise indicates the absence of any 
symmetry elements in the molecule (inequivalence of Cp and tBu pairs), 

as expected. The 1H NMR spectrum of the minor isomer 5′-BF4 also 
displays separated resonances for the Cp and tBu groups, and the reso-
nance corresponding to the added proton appears at 13.15 ppm, a 
chemical shift very close to that of the major isomer. Thus, we trust that 
this minor isomer also bears a k1:η2-bridging nitroxyl ligand. DFT cal-
culations indicate that a structure similar to that of the cation 5, but with 
the η2-interaction shifted to the other molybdenum atom, has a Gibbs 
free energy only 4 kJ/mol higher than that of 5 (Fig. 5), and therefore 
seems the most likely structure for the cation in the minor isomer 5′-BF4. 
We note that this sort of isomerism was also proposed previously for the 
nitrosomethane-bridged complex [Mo2Cp2(µ-PCy2)(µ-k1:η2-MeNO) 
(NO)2]+, although no DFT calculations were performed at the time [4].

2.4. Reaction of complex 4 with P(OEt)3

The PCy2-bridged analogue of 4 proved to be unreactive towards 
phosphines, but reacted with phosphites to render rare bridging phos-
phoraniminate ligands, after cleavage of the N–O bond of the bridging 
nitrosyl and formation of new N-P bonds [4]. We have found that 4 
behaves similarly, but only the reaction with P(OEt)3 was studied in 
detail. The latter takes place slowly in refluxing toluene solution and 
using a large excess of reagent to give the corresponding 
phosphoraniminate-bridged complex [Mo2Cp2(µ-PtBu2){µ-NP(OEt)3} 
(NO)2] (6) as major organometallic product (Scheme 6), along with 
trielthyl phosphate, as determined by inspection of the crude reaction 
mixture by 31P NMR spectroscopy. Compound 6 proved to be a stable 
product that could be isolated as a pure yellow solid after chromato-
graphic workup in ca. 40 % yield. Spectroscopic data for this product 
(Table 2 and experimental section) are comparable to those of their 
PCy2-bridged analogues [Mo2Cp2(µ-PCy2){µ-NP(OR)3}(NO)2] (R = Et, 
Ph), the structure of which was determined by X-ray diffraction analysis 
on the triphenyl phosphite derivative [4]. The salient spectroscopic 
feature for 6 is the presence in the 31P spectrum of a relatively shielded 
resonance at 25.3 ppm corresponding to the phophoraniminate ligand, 

Table 4 
Selected bond lengths (Å) and angles (◦) for compound 5-BF4.

Mo1-Mo2 3.0213(7) Mo1-P1-Mo2 73.73(4)

Mo1-P1 2.565(2) Mo1-N3-Mo2 91.8(2)
Mo2-P1 2.470(2) P1-Mo1-N1 92.2(2)
Mo1-N3 2.204(6) P1-Mo1-N3 88.4(2)
Mo2-N3 1.998(6) P1-Mo1-O3 120.1(2)
Mo1-N1 1.788(5) P1-Mo2-N2 95.4(2)
Mo1-O3 2.086(5) P1-Mo2-N3 96.0(2)
Mo2-N2 1.788(6) N1-Mo1-N3 107.3(2)
N1-O1 1.197(7) N2-Mo2-N3 90.1(3)
N2-O2 1.188(8) Mo1-Mo2-N2 112.4(2)
N3-O3 1.330(8) Mo2-N2-O2 169.8(6)
N3-H03 0.83(12) Mo2-Mo1-N1 88.6(2)
F1⋅⋅⋅H03 2.34(13) Mo1-N1-O1 168.3(6)
F2⋅⋅⋅H03 2.27(13)  

Fig. 5. M06L-DFT computed structures of the cation 5 (left) and its isomer 5′ (right), with most H atoms omitted for clarity. Colour code: Mo(turquoise), P(orange), C 
(green), N(blue), O(red), H(white). Relative Gibbs free energies were 0 and +4 kJ/mol in the gas phase at 298 K.

Scheme 6. Reaction of compound 4 with P(OEt)3.
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in addition to the strongly deshielded PtBu2 resonance at 264.7 ppm. The 
methylenic protons of the iminate ligand are inequivalent, as expected 
for the transoid geometry of the complex (lacking a plane of symmetry), 
the latter being also indicated by the relative intensities observed in the 
IR spectrum for the N–O stretches of the remaining nitrosyl ligands.

2.5. Reduction reactions of compound 4

The PCy2-bridged analogue of 4 has been shown previously to be 
reduced with either Na(Hg) or Zn(Hg) amalgams (0.5 % by weight) in 
tetrahydrofuran (THF) solutions to yield the amide-bridged derivative 
[Mo2Cp2(µ-PCy2)(µ-NH2)(NO)2] as the unique product, with the isolated 
yield being improved by adding a little water to the solvent [4]. Com-
pound 4 behaved analogously when reacting with Na(Hg) to give the 
corresponding amide-bridged derivative [Mo2Cp2(µ-PtBu2)(µ-NH2) 
(NO)2] (7) as the very major product (Scheme 7). However, it reacted 
very slowly with the milder reductant zinc amalgam (also to give 7), a 
difference that can be understood by considering that the better 
electron-releasing properties of the PtBu2 ligand (when compared to the 
PCy2 one) should make the reduction of 4 a somewhat more difficult 
process. Still more interesting, we noticed that in the reduction of 4 with 
Na amalgam under the usual argon atmosphere a very minor product 
was usually formed along with 7 (typically in a ratio of ca. 1:20 relative 
to 7). This minor product could be separated chromatographically 
thanks to its deep purple colour, and it has been characterized as the 
dinitrogen-bridged complex [Mo4Cp4(µ-PtBu2)2(µ-k1:k1:k1:k1-N2)(NO)4] 
(8), which exhibits a novel coordination mode for the N2 ligand (see 
below).

Separated experiments indicated the following: (a) Compound 8 
does not further react with Na amalgam, therefore it is not an inter-
mediate in the formation of 7. (b) The relative amount of 8 in the final 
reaction mixture goes to zero when using pure toluene as reaction sol-
vent. (c) The relative amount of 8 in the final reaction mixture increases 
(to ca. 1:5 relative to 7) when using pure THF and admitting some air 
into the reaction flask, or by carrying out the reduction reaction in THF 
under a pure nitrogen atmosphere (99.9995 %). All of the above ex-
periments suggest that 8 mainly follows from a genuine side-reaction 
with N2 (Scheme 7). As a result of its coordination to four Mo atoms, 
the dinitrogen molecule is activated almost to the diazendiide point (see 
below), and it would be quite interesting to analyse its reactivity. Un-
fortunately, attempts to prepare compound 8 in a more selective way 
have been unsuccessful so far, and further synthetic work will be needed 
in the future before the chemistry of this unusual dinitrogen complex 

can be explored in detail. It can be conceived that, as opposed to the 
multielectron reduction required to transform a bridging nitrosyl into an 
amide ligand (eq. (1)) [4], the formation of 8 might follow from a 
side-reaction of the radical anion likely formed in the first electron 
transfer, which might evolve by releasing the nitroside anion to give a 
31-electron dimolybdenum radical (eqs (2) and 3). Direct dimerization 
of this new and neutral radical would possibly be precluded for steric 
reasons, but its high electron deficiency would enable it to react even 
with the poorly donor molecule of dinitrogen (but with good π accepting 
properties) to give the tetranuclear product 8 (eq. (4)). The nitroside 
anion is a quite basic species, and likely would be protonated during 
workup to give free nitroxyl (HNO), this in turn degrading rapidly into 
N2O and H2O [24]. 

Mo2(µ-NO) + 4e- + 3H2O → Mo2(µ-NH2) + 4OH-                            (1)

Mo2(µ-NO) + 1e- → ⋅Mo2(µ-NO)-                                                    (2)

Mo2(µ-NO)- → ⋅Mo2 + NO-                                                             (3)

2 ⋅Mo2 + N2 → Mo2(µ4-N–2)Mo2                                                    (4)

Spectroscopic data for 7 (Table 2 and Experimental section) are 
comparable to those of its PCy2-bridged analogue, a complex structur-
ally characterized by X-ray diffraction methods [4], and deserve no 
detailed comments. We just note that the presence of the bridging amide 
group is denoted by the appearance of a broad resonance at 3.69 ppm 
corresponding to two H atoms in its 1H NMR spectrum, as well as weak 
N–H stretching bands at 3354 and 3273 cm-1 in its solid-state IR 
spectrum (Nujol mull).

2.6. Structure of the dinitrogen-bridged complex 8

The molecular structure of 8 in the crystal (Fig. 6 and Table 5) can be 
derived from two molecules of 4 after removing the bridging nitrosyl 
ligand and connecting both dimetal units through a dinitrogen molecule 
in the novel µ4-k1:k1:k1:k1 fashion. Geometrical parameters within each 
Mo2 subunit are comparable to those in the parent complex 4, including 
the short intermetallic length of ca. 2.89 Å (cf. 2.905(1) Å in 4), which is 
consistent with the presence of metal-metal single bonds.

As for the N2 ligand, we first note that the environment around the N 
atoms is almost perfectly trigonal, and that the corresponding Mo2N 
planes are rotated from each other by ca. 35◦. The Mo-N (ca. 2.07 Å), 
and N–N distances (1.241(3) Å) in 8 are comparable to those measured 
in the diazenide-bridged complexes [W2Cp2(µ-k1:k1-NNMe)(µ-PCy2) 
(NO)2] (ca. 2.05 and 1.246(4) Å) [25], and [Mo2Cp2(µ-k1:k1-NNPh) 
(µ-SMe)3] (ca. 2.06 and 1.255(3) Å) [26]. All these N–N lengths are in 
turn comparable to the reference N–N double bond distances of ca. 1.25 
Å measured in free diazenes, and substantially higher than the value of 
1.098 Å corresponding to the triple bond in the free N2 molecule [27,
28]. Thus it has to be concluded that we are facing a case of strong 
activation of the N2 molecule [27], with large electron transfer from the 
metal atoms to the π*(N–N) orbital to effectively render almost a co-
ordinated diazendiide (N2

2-) ligand. The fact that the Mo2(µ-N) planes in 
8 are rotated from each other, then departing from the coplanar 
arrangement optimizing orbital overlaps with a N2

2- ligand, might have a 
steric origin. We finally stress that, although many different coordina-
tion modes have been identified so far for bridging N2 ligands [29], 
compound 8 represents the first example in its class (Fig. 7). All previous 
examples of complexes having N2 ligands interacting with four metal 
atoms belong to the type µ4-k1:η2:k1:η2, and typically involve weak η2 

interactions with alkali metal cations [30].
The IR and 31P NMR spectra for 8 in solution are comparable to the 

ones for the amide-bridged complex 7, as expected from the presence of 
similar Mo2Cp2(µ-N)(µ-PR2)(NO)2 fragments in both cases. Moreover, 
the 1H NMR spectrum of the complex denotes the chemical equivalence 
of all Cp and tBu2 groups of the molecule, in full agreement with the Scheme 7. Reduction reactions of compound 4.
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structure found in the crystal discussed above, where all four MoCp(NO) 
fragments are related by approximate symmetry elements (C2 axis). As 
noted above, compound 8 displays a deep purple colour, in contrast to 

the yellow-coloured 7. This difference can be associated to the presence 
of a bridging dinitrogen ligand in the former, that would provide the 
molecule with a low energy LUMO, likely with high π*(N–N) anti-
bonding character, that would enable the absorption in the low-energy 
region of the visible spectrum.

3. Conclusions

The trinitrosyl complex [Mo2Cp2(µ-PtBu2)(µ-NO)(NO)2] (4) can be 
efficiently prepared in a three-step procedure starting with the hydride 
complex [Mo2Cp2(µ-H)(µ-PtBu2)(CO)4], which is first dehydrogenated 
through reaction with a strong acid to give the unsaturated cation 
[Mo2Cp2(µ-PtBu2)(CO)4]+ (Mo=Mo), followed by reaction with NO to 
give the dinitrosyl cation [Mo2Cp2(µ-PtBu2)(CO)2(NO)2]+, this finally 
rendering the targeted trinitrosyl complex upon reaction with a soluble 
nitrite salt that induces further decarbonylation and nitrosylation pro-
cesses. Experimental and theoretical studies indicate that the above 
unsaturated tetracarbonyl intermediate displays an asymmetric transoid 
arrangement of the MoCp(CO)2 fragments of the molecule, and that this 
would be also the case of related cations with different PR2 groups which 
were previously assumed to have a cisoid arrangement of their metal 
fragments. The structural data for 4 are comparable to those of its PCy2- 
bridged analogue, particularly as concerning the pyramidalization de-
gree of the bridging NO, therefore a similar N–O activation chemistry 
could be anticipated. Indeed, the protonation, deoxygenation with 
phosphites and reduction with active-metal amalgams proceeded anal-
ogously to give nitroxyl-, phosphoraniminate-, and amide-bridged de-
rivatives, respectively. However, the latter reaction also yielded an 
unexpected side product in the presence of nitrogen, fully identified as 
[Mo4Cp4(µ-PtBu2)2(µ4-k1:k1:k1:k1-N2)(NO)4], with a dinitrogen mole-
cule displaying a novel µ4 coordination mode and involved in strong 
interaction with the metal atoms that takes it almost to the diazendiide 
(N2

2-) limit, as judged from the experimental N–N separation of 1.241(3) 
Å, a value characteristic of conventional N = N double bonds. This 
product might possibly follow from nitroside (NO-) release from the 
anionic radical that would be formed upon the first electron uptake of 
compound 4, to give a new radical, unsaturated and neutral, able to 
interact with the dinitrogen molecule.

Fig. 6. ORTEP diagram (30 % probability) of compound 8, with tBu groups (except their C1 atoms) and H atoms omitted for clarity. On the right, a view of the 
molecule along the N5-N6 vector.

Table 5 
Selected bond lengths (Å) and angles (◦) for compound 8.

Mo1-Mo 2.8901(3) Mo1-P1-Mo2 72.20(2)

Mo1-P1 2.4462(7) Mo1-N5-Mo2 88.4(1)
Mo2-P1 2.4589(7) P1-Mo1-N1 96.10(8)
Mo1-N5 2.073(2) P1-Mo1-N5 99.74(6)
Mo2-N5 2.073(2) P1-Mo2-N2 96.65(8)
Mo1-N1 1.781(2) P1-Mo2-N5 99.32(6)
Mo2-N2 1.783(2) Mo1-N5-N6 135.4(2)
N5-N6 1.241(3) Mo2-N5-N6 136.2(2)
N1-O1 1.215(3) Mo1-N1-O1 166.7(2)
N2-O2 1.218(3) Mo2-N2-O2 168.5(2)

Fig. 7. Coordination modes of the bridging N2 ligand, depicted as following 
from weak dinitrogen activation for simplicity, except for the coordination 
mode found in 8 (strong activation, see text).
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4. Experimental

4.1. General procedures and starting materials

All manipulations and reactions were carried out under an argon 
(99.995 %) atmosphere using standard Schlenk techniques unless 
otherwise indicated. Solvents were purified according to literature 
procedures, and distilled prior to use [31]. All reagents were obtained 
from commercial suppliers and used as received. Petroleum ether refers 
to that fraction distilling in the range 338–343 K. Filtrations were car-
ried out through diatomaceous earth unless otherwise stated. Chro-
matographic separations were performed using jacketed columns cooled 
by tap water (ca. 288 K) or by a closed 2-propanol circuit kept at the 
desired temperature with a cryostat. Commercial aluminium oxide 
(activity I, 70–290 mesh) was degassed under vacuum prior to use. The 
latter was mixed under argon with the appropriate amount of water to 
reach activity IV. Silica gel (230–400 mesh) was used as received. 
Photochemical experiments were performed using jacketed Pyrex 
Schlenk tubes cooled by a closed 2-propanol circuit kept at the desired 
temperature with a cryostat; a 400 W medium-pressure mercury lamp 
placed ca. 1 cm away from the Schlenk tube was used for these experi-
ments. IR stretching frequencies of NO and CO ligands were usually 
measured in solution (using CaF2 windows), are referred to as ν(XO) (X 
= N, C), and are given in wave number units (cm-1). Nuclear magnetic 
resonance (NMR) spectra were routinely recorded at 295 K unless 
otherwise stated. Chemical shifts (δ) are given in ppm, relative to in-
ternal tetramethylsilane (1H, 13C), or external 85 % aqueous H3PO4 
solutions (31P). Coupling constants (J) are given in hertz.

4.2. Improved preparation of [Mo2Cp2(µ-H)(µ-PtBu2)(CO)4] (1)

Neat PHtBu2 (270 µL, 1.513 mmol) was added to a toluene solution 
(20 mL) of [Mo2Cp2(CO)6] (0.600 g, 1.224 mmol), and the mixture was 
refluxed for 4.5 h with a gentle argon purge to give a red solution. The 
solvent was then removed under vacuum, the residue was extracted with 
dichloromethane/petroleum ether (1/4), and the extracts were chro-
matographed on silica gel at 288 K. Elution with dichloromethane/pe-
troleum ether (1/2) gave a red fraction yielding, upon removal of 
solvents, compound 1 as a red solid (0.545 g, 77 %). ν(CO) (CH2Cl2): 
1948 (w, sh), 1929 (vs), 1854 (m). Other spectroscopic data for this 
complex were identical to those reported previously in the literature [7].

4.3. Preparation of [Mo2Cp2(µ-PtBu2)(CO)4](BF4) (2-BF4)

Neat HBF4⋅OEt2 (90 µL, 0.662 mmol) was added to a dichloro-
methane solution (20 mL) of compound 1 (0.250 g, 0.431 mmol), and 
the mixture was stirred at room temperature for 30 min to give a black 
solution that was filtered. The solvent was then removed from the 
filtrate under vacuum, the residue was washed with diethyl ether (4 ×
10 mL), and dried under vacuum to give compound 2-BF4 as a black 
powder (0.260 g, 91 %). Anal Calcd. for C22H28BF4Mo2O4P: C, 39.67; H, 
4.24. Found: 39.76; H, 4.21. 1H NMR (300.13 MHz, CD2Cl2): δ 5.97 (s, 
10H, Cp), 1.35 (d, JHP = 16, 18H, tBu). 13C{1H} NMR (100.63 MHz, 
CD2Cl2): δ 229.0 (br, MoCO), 97.5 (s, Cp), 45.9 [d, JCP = 11, C1(tBu)], 
33.5 [d, JCP = 4, C2(tBu)].

4.4. Preparation of [Mo2Cp2(µ-PtBu2)(CO)4](BAr’4) (2-BAr’4)

Solid Na(BAr’4) (0.053 g, 0.060 mmol; Ar’ = 3,5-C6H3(CF3)2) was 
added to a solution of compound 2-BF4 (0.035 g, 0.053 mmol) in 
dichloromethane (10 mL), and the mixture was stirred at room tem-
perature for 5 min, then filtered. Removal of the solvent from the filtrate 
under vacuum and washing of the residue with petroleum ether (3 × 5 
mL) gave compound 2-BAr’4 as a black solid (0.055 g, 72 %). The 
crystals used in the X-ray study of this compound were grown by the 
slow diffusion of layers of toluene and petroleum ether into a 

concentrated dichloromethane solution of the complex at 253 K. Anal. 
Calcd for C54H40BF24Mo2O4P: C, 44.96; H, 2.79. Found: C, 45.04; H, 
2.75. 1H NMR (300.13 MHz, CD2Cl2): δ 7.72 (s, br, 8H, Ar’), 7.56 (s, 4H, 
Ar’), 5.91 (s, 10H, Cp), 1.32 (d, JHP = 16, 18H, tBu). 13C{1H} NMR 
(100.63 MHz, CD2Cl2): δ 229.5 (br, MoCO), 97.5 (s, Cp), 46.0 [d, JCP =

11, C1(tBu)], 33.5 [d, JCP = 4, C2(tBu)]. Low temperature NMR data (only 
resonances for the cation given): 13C{1H} NMR (100.63 MHz, CD2Cl2, 
203 K): δ 242.7 (s, MoCO), 228.4 (s, JCP = 44, MoCO), 227.1 (d, JCP = 6, 
MoCO), 221.2 (s, MoCO), 100.5, 94.5 (2 s, Cp), 46.8 [d, JCP = 13, 
C1(tBu)], 44.1 [d, JCP = 10, C1(tBu)], 33.7 [d, JCP = 7, C2(tBu)], 32.6 [s, 
C2(tBu)]. 1H NMR (400.13 MHz, CD2Cl2, 253 K): δ 5.93 (s, 10H, Cp), 
1.31 (d, JHP = 16, 18H, tBu). 1H NMR (400.13 MHz, CD2Cl2, 233 K): δ 
5.94 (s, br, 10H, Cp), 1.30 (s, br, 18H, tBu). 1H NMR (400.13 MHz, 
CD2Cl2, 213 K): δ 6.04, 5.87 (2 s, 2 × 5H, Cp), 1.36 (d, br, JHP = 17, 9H, 
tBu), 1.22 (d, br, JHP = 16, 9H, tBu). Coalescence temperature of Cp 
resonances: Tc = 230 K.

4.5. Preparation of [Mo2Cp2(µ-PtBu2)(CO)2(NO)2](BF4) (3-BF4)

Nitric oxide (5 % in N2) was gently bubbled through an stirred 1,2- 
dichloroethane solution (15 mL) of compound 2-BF4 (0.260 g, 0.390 
mmol) for 45 min at room temperature, to give an orange solution which 
was filtered. Removal of the solvent from the filtrate under vacuum 
yielded essentially pure compound 3-BF4 (0.220 g, 84 %), which was 
used without further purification. 1H NMR (300.13 MHz, CD2Cl2): δ 5.97 
(s, 10H, Cp), 1.34 (d, JHP = 16, 18H, tBu).

4.6. Preparation of [Mo2Cp2(µ-PtBu2)(CO)2(NO)2](BAr’4) (3-BAr’4)

Solid Na(BAr4) (0.100 g, 0.113 mmol) was added to a dichloro-
methane solution (10 mL) of crude compound 3-BF4 (0.075 g, 0.112 
mmol), and the mixture was stirred for 10 min, then filtered. Removal of 
the solvent under vacuum and washing of the residue with petroleum 
ether (5 mL) gave essentially pure compound 3-BAr’4 as a yellow solid 
(0.140 g, 86 %), ready for further use. Additional purification can be 
achieved upon chromatography on alumina at 288 K. To this purpose, 
the crude product was dissolved in dichloromethane/petroleum ether 
(1/1), introduced into the column, and eluted with neat dichloro-
methane to give, after removal of the solvent, compound 3-BAr’4 as a 
yellow solid (0.055 g, 34 %). Anal. Calcd for C52H40BF24Mo2N2O4P: C, 
43.18; H, 2.79; N, 1.94. Found: C, 43.10; H, 2.88; N, 2.03. 1H NMR 
(400.13 MHz, CD2Cl2): δ 7.72 (s, br, 8H, Ar’), 7.56 (s, 4H, Ar’), 5.87 (s, 
10H, Cp), 1.33 (d, JHP = 16, 18H, tBu). 13C{1H} NMR (100.63 MHz, 
CD2Cl2): δ 220.3 (d, JCP = 21, MoCO), 162.1 [q, JCB = 50, C1(Ar’)], 
135.2 [s, C2(Ar’)], 129.3 [qq, JCF = 32, JCB = 3, C3(Ar’)], 125.2 (q, JCF =

272, CF3), 117.9 [spt, JCF = 4, C4(Ar’)], 98.5 (s, Cp), 47.9 [d, JCP = 7, 
C1(tBu)], 33.2 [d, JCP = 3, C2(tBu)].

4.7. Preparation of [Mo2Cp2(µ-PtBu2)(µ-NO)(NO)2] (4)

Solid [PPN]NO2 (0.304 g, 0.520 mmol; PPN = N(PPh3)2) was added 
to a dichloromethane solution (15 mL) of compound 3-BF4 (0.290 g, 
0.433 mmol), and the mixture was stirred at room temperature for 3 min 
to give a blue solution. After removal of the solvent under vacuum, the 
residue was extracted with dichloromethane/petroleum ether (1/2), and 
the extracts chromatographed on alumina at 288 K. Elution with 
dichloromethane/petroleum ether (1/1) gave a blue fraction yielding, 
upon removal of solvents, compound 4 as a dark blue microcrystalline 
solid (0.180 g, 75 %). The crystals used in the X-ray study of 4 were 
grown by the slow diffusion of a layer of petroleum ether into a 
concentrated toluene solution of the complex at 253 K. Anal. Calcd for 
C18H28Mo2N3O3P: C, 38.79; H, 5.06; N, 7.54. Found: C, 38.49; H, 5.23; 
N, 7.06. ν(NO) (KBr disk): 1583 (vs), 1407 (m). 1H NMR (400.13 MHz, 
CD2Cl2): δ 5.76 (s, 10H, Cp), 1.40 (d, JHP = 14, 18H, tBu). 13C{1H} NMR 
(100.63 MHz, CD2Cl2): δ 100.4 (s, Cp), 43.2 [d, JCP = 9, C1(tBu)], 33.1 
[d, JCP = 5, C2(tBu)].
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4.8. Preparation of cis-[Mo2Cp2(µ-PtBu2)(µ-NO)(NO)2] (cis-4)

A toluene solution (8 mL) of compound 4 (0.035 g, 0.063 mmol) was 
irradiated at 263 K with visible-UV light for 1.5 h to give a greenish 
solution containing a ca. 2:1 mixture of cis-4 and 4 (as determined by 
31P NMR spectroscopy) which was filtered. Removal of solvent under 
vacuum from the filtrate gave a blue residue (0.022 g, 63 %). The latter 
was then dissolved in dichloromethane/petroleum ether (1/2) and 
chromatographed on alumina at 253 K. Elution with the same solvent 
mixture gave a blue-greenish fraction that was collected in three por-
tions shown (by 31P NMR, after removal of solvents) to contain cis-4/4 
mixtures in ca. 1:8, 1:1, and 8:1 ratios. The latter fraction (0.005 g, ca. 
14 %) was used for recording the spectra of isomer cis-4. 1H NMR 
(300.13 MHz, CD2Cl2): δ 5.59 (s, 10H, Cp), 1.78 (d, JHP = 15, 9H, tBu), 
1.16 (d, br, JHP = 13, 9H, tBu).

4.9. Preparation of [Mo2Cp2(µ-PtBu2)(µ-κ1;η2-HNO)(NO)2] (5-BF4)

Neat HBF4⋅OEt2 (11 µL, 0.081 mmol) was added to a dichloro-
methane solution (10 mL) of compound 4 (0.040 g, 0.072 mmol), and 
the mixture was stirred at room temperature for 5 min to give a pink 
solution which was filtered. Workup as described for 2-BF4 gave com-
pound 5-BF4 as a pink solid shown (by NMR) to exist in CD2Cl2 solution 
as an equilibrium mixture of isomers 5-BF4 and 5′-BF4 in a ca. 5/1 ratio. 
The crystals used in the X-ray study of 5-BF4 were grown by the slow 
diffusion of a layer of petroleum ether into a dichloromethane solution 
of the complex at 253 K. Anal. Calcd for C18H29BF4Mo2N3O3P: C, 33.51; 
H, 4.53; N, 6.51. Found: C, 33.20; H, 4.68; N, 6.29. Data for isomer 5-BF4: 
1H NMR (400.13 MHz, CD2Cl2): δ 12.21 (s, br, 1H, NH), 6.22, 5.95 (2 s, 2 
× 5H, Cp), 1.57 (d, JHP = 16, 9H, tBu), 1.4 (vbr, 9H, tBu). 13C{1H} NMR 
(100.63 MHz, CD2Cl2): δ 103.2, 103.2 (2 s, Cp), 49.5, 47.3 [2 s, C1(tBu)], 
34.2 [d, JCP = 3, C2(tBu)], 32.5 (vbr, C2(tBu) . Data for isomer 5′-BF4: 1H 
NMR (300.13 MHz, CD2Cl2): δ 13.15 (s, br, 1H, NH), 6.45, 6.34 (2 s, 2 ×
5H, Cp), 1.64 (d, JHP = 16, 9H, tBu), 1.24 (d, br, JHP = 17, 9H, tBu). 13C 
{1H} NMR (100.63 MHz, CD2Cl2): δ 104.4, 102.9 (2 s, Cp).

4.10. Preparation of [Mo2Cp2(µ-PtBu2){µ-NP(OEt)3}(NO)2] (6)

Neat P(OEt)3 (370 µL, 2.15 mmol) was added to a toluene solution 
(12 mL) of compound 4 (0.040 g, 0.072 mmol) in a Schlenk tube 
equipped with a Younǵs valve. After closing the valve, the mixture was 
heated at 398 K for 17 h to give a brown solution. The solvent was then 
removed under vacuum, the residue was dissolved in dichloromethane/ 
petroleum ether (1/3), and chromatographed on alumina at 253 K. 
Elution with dichloromethane/petroleum ether (1/1) gave a yellow 
fraction yielding, after removal of solvents, compound 6 as a yellow 
solid (0.020 g, 39 %). Anal. Calcd for C24H43Mo2N3O5P2: C, 40.75; H, 
6.13; N, 5.94. Found: C, 40.51; H, 6.45; N, 5.86. 1H NMR (400.13 MHz, 
C6D6): δ 5.75 (s, 10H, Cp), 3.85, 3.60 (2 m, 2 × 3H, OCH2), 1.44 (d, JHP =

13, 18H, tBu), 1.04 (t, JHH = 7, 9H, CH3). 13C{1H} NMR (100.63 MHz, 
C6D6): δ 96.8 (s, Cp), 63.3 (d, JCP = 5, OCH2), 43.5 [d, JCP = 10, C1(tBu)], 
33.9 [d, JCP = 4, C2(tBu)], 16.1 (d, JCP = 8, CH3).

4.11. Preparation of [Mo2Cp2(µ-PtBu2)(µ-NH2)(NO)2] (7)

Degassed water (50 µL), and then an excess of 0.5 % sodium 
amalgam (ca. 1 mL), were added to a tetrahydrofuran solution (10 mL) 
of compound 4 (0.040 g, 0.072 mmol), and the mixture was vigorously 
stirred for 10 min at room temperature to give a yellow solution which 
was transferred using a canula to a second flask to discard the amalgam. 
After removal of the solvent under vacuum from that solution, the res-
idue was dissolved in dichloromethane/petroleum ether (1/2) and 
chromatographed on alumina at 253 K. Elution with the same solvent 
mixture gave usually a faint purple fraction containing very small 
amounts of complex 8. Elution with neat dichloromethane gave a major 
yellow fraction yielding, after removal of solvents, compound 7 as a 

yellow solid (0.025 g, 64 %). Anal. Calcd for C18H30Mo2N3O2P: C, 39.79; 
H, 5.57; N, 7.73. Found: C, 40.06; H, 5.76; N, 7.65. IR (Nujol mull): 3354 
(w, N–H), 3273 (w, N–H), 1554 (m, N–O), 1534 (s, N–O). 1H NMR 
(400.13 MHz, CD2Cl2): δ 5.73 (s, 10H, Cp), 3.69 (s, br, 2H, NH2), 1.34 (d, 
JHP = 14, 18H, tBu). 13C{1H} NMR (100.63 MHz, CD2Cl2): δ 96.7 (s, Cp), 
43.3 [d, JCP = 10, C1(tBu)], 33.8 [d, JCP = 4, C2(tBu)].

4.12. Preparation of [Mo4Cp4(µ-PtBu2)2(µ-κ1:κ1:κ1:κ1-N2)(NO)4] (8)

An excess of 0.5 % sodium amalgam (ca. 1 mL) was added to a 
tetrahydrofuran solution (8 mL) of compound 4 (0.040 g, 0.072 mmol), 
previously saturated with nitrogen (99.9995 %) at 273 K, and the 
mixture was gently stirred for 15 min at that temperature under a ni-
trogen atmosphere to give a dark purple solution shown (by 31P NMR) to 
contain a mixture of compounds 7 and 8 in a ratio of ca. 5:1. Workup 
under argon as described for 7 gave first the minor compound 8 as a dark 
purple solid (0.004 g, 10 %), then the major compound 7 as a yellow 
solid (0.020 g, 50 %). The crystals used in the X-ray study of 8 were 
grown by the slow diffusion of layers of toluene and petroleum ether into 
a concentrated dichloromethane solution of the complex at 253 K. Data 
for compound 8: Anal. Calcd for C36H56Mo4N6O4P2: C, 39.94; H, 5.21; N, 
7.76. Found: C, 39.65; H, 4.98; N, 7.41. 1H NMR (300.13 MHz, CD2Cl2): 
δ 5.64 (s, 10H, Cp), 1.52 (d, JHP = 14, tBu).

4.13. X-Ray structure determination of compounds 2-BAr’4, 4, and 8

Data collection for these compounds was performed using Cu Kα 
radiation at ca. 100 K (2-BAr’4 and 8) or 150 K (4) on Rigaku XtaLAB 
Synergy-S Flow or Oxford Diffraction Xcalibur Nova diffractometers, 
respectively. Images were collected with the ω scans or oscillation 
methods, respectively. Data collection strategy was calculated with the 
program CrysAlis Pro CCD [32], and data reduction and cell refinements 
were performed with the program CrysAlis Pro RED [32]. In all cases an 
empirical absorption correction was applied using the SCALE3 
ABSPACK algorithm as implemented in the above program. Using the 
program suite WinGX [33], the structures were solved using either 
Superflip (2 and 8) [34] or SHELXL2018/3 (4) [35], and refined with 
full-matrix least squares on F2 using SHELXL2018/3. In general, all 
non-hydrogen atoms were refined anisotropically, except for atoms 
involved in disorder, and all hydrogen atoms were geometrically placed 
and refined using a riding model. As for compound 2-BAr’4, three CF3 
groups in the anion were disordered over two sites each, satisfactorily 
refined with 0.5/0.5 occupancies. The structure of the cation displayed 
no apparent disorder, but two anomalously strong residual peaks of ca. 9 
electrons remained in the final difference map, each of them close to a 
Mo atom and separated from each other by 2.837 Å, almost the same 
distance as the intermetallic separation in the cation (2.8283(7) Å). This 
causes A-level alerts in the corresponding checkcif file. As there was no 
crystallographic evidence for twinning in the crystal, nor of absorption 
problems, we interpret this high residuals as due to a whole-body dis-
order of the cation over two sites with distinct occupancies, with the (not 
modelled) minor site having an occupancy of around 15 %. In compound 
4, one of the Cp rings displayed incipient disorder that could not be 
properly modelled. Compound 8 crystallized with a molecule of 
dichloromethane, which could be refined in a conventional way. Crystal 
data and refinement values for these compounds are collected in 
Table S1 of the supplementary material.

4.14. X-Ray structure determination of compound 5-BF4

Data collection for this compound was performed at ca. 100 K on a 
Bruker D8 Venture Photon III 14 k-geometry diffractometer, using Mo Kα 
radiation. The software APEX3 [36] was used for collecting frames with 
the ω/ϕ scan measurement method. The SAINT V8.40B software was 
used for data reduction [37], and a multi-scan absorption correction was 
applied with SADABS-2016/2 [38]. Structure solution and refinements 
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were performed as described for 4. In this case, the N-bound H atom of 
the cation was located in the Fourier maps and refined isotropically.

4.15. Computational details

All DFT calculations were carried out using the GAUSSIAN16 pack-
age [39], and the M06L functional [40]. A pruned numerical integration 
grid (99,590) was used for all the calculations via the keyword 
Int=Ultrafine together with the empirical dispersion correction from 
Grimme and co-workers via the keyword GD3 [41]. SDD effective core 
potentials and its associated basis set were used for Mo atoms [42]. The 
light elements (P, N, O, C and H) were described with the 6–31G* basis 
[43]. Geometry optimizations were performed under no symmetry re-
strictions, using initial coordinates derived from X-ray data. Frequency 
analyses were performed for all the stationary points to ensure that a 
minimum structure with no imaginary frequencies was achieved in each 
case.
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