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The title compounds were prepared as described previously (M = Mo, X = Cl) or by the reaction of the known
unsaturated complex [Wngz(y—PtBuz)(CO)4]BF4 with Nal in refluxing 1,2-dichloroethane solution. Reaction of
these halide-bridged complexes with NO (1 atm) at low temperature yielded the corresponding dinitrosyl de-
rivatives syn, trans-[M2Cp2X(u-P*Bus)(CO)(NO),], with a syn arrangement of Cp ligands relative to the MoP plane,
and a transoid arrangement of the halide ligand X relative to the P atom, according to an X-ray study on the
ditungsten complex (W—W = 3.113(1) A). Further decarbonylation of these products at high temperature yielded
in both cases the halide-bridged complexes trans—[MZCpZ(ﬂ—X)(y—P[Buz)(NO)g] as major products, but the minor
products were different. For the molybdenum complex, an isomer of the final product, cis-[MoyCp2(u-Cl)
(M-P[Buz)(NO)z], was formed. In contrast, the minor tungsten product, anti,cis- [W2Cp21(ﬂ-PtBUQ)(CO)(NO)z], was
an isomer of the parent complex. In addition, trace amounts of the imide cyclopentadienylidene complex [W2Cp
(/4-K.'i’]S-C5H4)I([4-PtBll2)(NH)(NO)] was also obtained (W—W = 2.9376(2) ;\). Density functional theory calcula-
tions were used to examine possible routes to the above dinitrosyl complexes, that seem to involve at least three
reaction pathways: direct decarbonylation, rearrangement of the MCpX(NO) fragment prior to decarbonylation,

and rearrangement of the MCp(CO)(NO) fragment prior to decarbonylation.

1. Introduction

Recently we reported the formation of the chloride-bridged dini-
trosyl complex [Mo2Cpa(u-Cl)(u-P'Buy)(NO)2] (3a) from the corre-
sponding dicarbonyl complex [MOQsz(ﬂ-CD(ﬂ-PtBUQ)(CO)g] (1a), in a
two step process involving an intermediate species (presumably
[M02Cp2Cl(y—PtBu2)(CO)(NO)Z] (2a)) not characterized at the time
(Scheme 1) [1]. Interest in this sort of halide-bridged species stems from
their potential as precursors for unsaturated nitrosyl hydrides and an-
ions, a scarce group of compounds which, however, can display a rich
chemistry, as evidenced by the reactivity of the ditungsten complexes
[W5Cpa(u-PPho)(NO)2]1 7, and [WoCpa(u-H)(u-PPhy)(NO)sl. The latter
are two PPhy-bridged complexes which can be readily prepared upon
reduction of the iodide-bridged complex [W5Cpa(u-I)(u-PPh3)(NO),] [2,
3]. Surprisingly, however, the reduction of the P‘Buy-bridged dimo-
lybdenum complex 3a with Na(Hg) in acetonitrile solution did not yield
the expected unsaturated anion [MoyCpa(u-P'Buy)(NO)o]~ [1], but
instead led to products derived from unusual C=N and N=O bond
cleavages of acetonitrile [4] and nitrosyl ligands [5,6], depending on

reaction conditions. It was not clear whether this big difference in
chemical behaviour might be attributed to the change in metal (W vs.
Mo) or in the PR3 ligand (Ph vs. Bu), or both. Thus, we seek to imple-
ment convenient synthetic routes for new P'Buy-bridged ditungsten
complexes analogous to the dimolybdenum complex 3a, which is the
main target of the present work. This in turn required a revision of the
synthesis of the electron-precise precursor [WZsz(y—H)(,u—PtBuz)(CO)4]
[5a], whereby a novel unsaturated hydride has been now unveiled. In
addition, we have also revised our preliminary preparation of 3a, this
including the characterization of the elusive intermediate 2a. As it will
be shown below, the new experimental work indicates that the trans-
formations connecting complexes 1 and 3 are more complex than
anticipated, and that there are side reactions leading to minor, but
interesting products.
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Scheme 1. Formation of the dinitrosyl dimolybdenum complex 3a.
2. Results and discussion

2.1. Revision of the preparation of [ WngZ(u—H)(u—PtBug)(CO)4]:
Synthesis and structural characterization of the unsaturated hydride
[W2CpsH(u-P'Buz) (CO)2] (4)

In a preliminary work we reported the formation of the tetracarbonyl
hydride complex [WZsz(u-H)(,u-PtBuz)(CO)4] upon reaction of diglyme
solutions of [W,Cp2(C0)4] with HP'Bu, at 353 K [5a]. We have now
slightly improved the overall isolated yield of this complex by replacing
the diglyme solvent with propylbenzene from start (preparation of
[W2Cp2(CO)4]), and by increasing to 363 K the temperature after
addition of phosphine (Scheme 2). However, then we observe the for-
mation of small amounts (ca. 3 %) of a dark green complex which we
have identified as the new unsaturated hydride [WoCpsH(u-P'Buy)
(CO)2] (4) (see below). This was fully unexpected, since previous studies
from our lab on decarbonylation of PPhy- or PCy»- bridged complexes of
type [MaCpa(u-H)(u-PR2)(CO)4] (M = Mo, W) failed to yield any un-
saturated hydrides of type [MaCpaH(u-PR3)(CO)2] [7]. The latter com-
plexes, instead, had to be prepared through more laborious routes
involving the participation of the unsaturated halide-bridged complexes
[M2Cpa(u-X)(u-PR2)(CO)2], and of the triply-bonded anions
[M3Cpa(4-PR2)(4-CO)2]~ (M = Mo, R = Ph, Cy [8]; M = W, R = Cy) [9],
in a process that we could extend more recently to the Mo analogue of 4
[10]. Since these unsaturated hydrides display a rich chemistry [11], it
was therefore of interest to see whether hydride 4 could be efficiently
prepared by the thermal decarbonylation of [WyCpo(u-H)(u-P'Buy)
(CO)4], because this would greatly simplify the synthetic route to such
an unsaturated species, thus eventually enabling a more in-depth study
of its chemical behaviour in the future. Indeed we have found that
refluxing toluene solutions of the above tetracarbonyl hydride complex
very slowly yields the targeted dicarbonyl 4 as the unique P-containing
product, although full conversion is more conveniently reached (in ca.
2.5 h) in refluxing propylbenzene solutions (ca. 433 K). In this way,
compound 4 can be isolated in ca. 25 % yield after chromatographic
workup (Scheme 2).

Spectroscopic data for the hydride [Wszz(/A-H)(ﬂ-PtBUZ)(CO)ﬂ [5a]
are comparable to those of related PCy,-bridged complexes reported by
us [7], or to those of the related dimolybdenum complex [MoyCpa(u-H)
(u-P'Buy)(CO)4] [12], and deserve no specific discussion. We just note
that the hydride ligand gives rise to a characteristic highly shielded 'H
NMR resonance at —16.29 ppm displaying a moderate coupling to both
31p and '83W nuclei (Jup = 25 Hz, Juw = 40 Hz; cf. 6§ —16.4 ppm; Jup =
24; Jyw = 40 Hz for the related PCy»-bridged complex) [7].
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Scheme 2. Reaction of [W,Cp,(CO)4] with HP‘Buy.
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The IR spectrum of 4 (Table 1) displays two relatively low-frequency
C—O stretches at 1796 (s) and 1731 (vs) cm ™! indicative of the presence
of semibridging carbonyls, as found in the structurally characterized
dimolybdenum analogue [MOchgH(,u-PtBuz)(CO)z] (Mo—Mo = 2.5145
3 A; v(CO) = 1813 (s), 1778 (vs) cm ! in THF solution). The hydride
ligand gives rise to a poorly shielded resonance at —0.06 ppm (Jyp = 31,
Juw = 37 Hz) indicative of its terminal coordination (cf. § —0.71 ppm,
Jup = 31, Jyw = 99 for the related terminal isomer in the PCy»-bridged
complex [W2CpaH(u-PCy2)(CO)2]1) [9]. Moreover, the appearance of a
single Cp resonance in both the 'H and '3C NMR spectra, as well as a
single carbonyl resonance at 259.1 ppm in the latter spectrum, indicates
that 4 undergoes in solution the same fluxional process than its Mo
analogue [10], not further investigated here. Such a process implies the
exchange of both W and CO environments, hence the averaging of
chemical shifts of CO and Cp ligands, as well as H—-W and P—W cou-
plings, which take the values of 37 and 307 Hz. As expected, the latter
figures compare well with the half-sum of values measured at low
temperature for the terminal isomer of the mentioned hydride complex
[W2Cp2H(u-PCy2)(CO)2] Juw = 99, 0; Jpw = 379, 240 Hz) [9].

2.2. Preparation of the iodide-bridged precursor [W2Cpa(u-I) (u-P'Buy)
(CO)2] (1b)

In order to prepare a ditungsten complex analogous to compound 3b
we have followed procedures previously developed for related PPhy- and
PCy,-bridged complexes [2,9], which in our case starts with the reaction
of the known unsaturated cationic complex [WZCpg(y-PtBug)(CO)4]BF4
[5a] with Nal in refluxing 1,2-dichloroethane solution to give the new
iodide-bridged dicarbonyl complex [WZsz(y-I)(y-PtBuz)(CO)Z] (1b) in
high yield (Scheme 3).

Spectroscopic data for compound 1b in solution (Table 1 and
Experimental section) are comparable to those of its Mo, analogue 1a
except for the changes expected from the replacement of Mo with W
(decrease in C — O stretches and 3'P chemical shift). We also note that
the P—W coupling of 307 Hz in 1b is slightly lower than the value of 317
Hz measured for the related PPhy-bridged complex [W2Cpa(u-I)(u-PPhy)
(CO)2] [2], as expected from the lower electronegativity of the ‘Bu
substituents (relative to Ph) at the P atom [13].

Table 1
Selected IR and *'P{'H} NMR data for new compounds.”
Compound v(X0) 5(P)
[Mo,Cpa(u-Cl)(4-PBuz)(CO),] (1a)” 1889 (m), 1849 (vs) 215.9
[W2Cp2(u-D(u-P'Buz)(CO).] (1b) 1867 (m, sh), 1823 (vs) 148.5 [307]
syn, trans-[Mo,CpoCl(u-P'Buz)(CO) 1956 (vs), 1679 (s), 286.4
(NO),] (2a) 1623 (m)‘
syn,trans-[W2Cp21(;¢-P‘Buz)(CO) 1963 (vs), 1662 (s), 208.0 [274,
(NO)-] (2b) 1602 (m) 186]
[Mo,Cpo(u-Cl) (u-P'Buy)(NO),] (3a)! 1602 (w, sh), 1575 (vs) 282.0
cis-[Mo,Cpa(u-Cl)(u-P'Bug)(NO),] 1612 (vs), 1575 (m) 287.2

(cis-3a)

[WoCpa(u-1)(u-P'Buy)(NO),] (3b) 1576 (w, sh), 1555 (vs) 210.1 [334]

[W4CpoH(u-P'Bu2)(CO)2] (4) 1796 (s), 1731 (vs) 222.2 [307]

anti, cis-[W2CpaI(4-P'Buz)(CO)(NO),] 1998 (vs), 1631 (s), 200.8 [270,
5) 1592 (s) 127]

[WoCp(u-k:°-CsHa)I(u-PBug) (NH) 1575 (vs)° 186.5 [276,
(NO)] (6) 217]

? IR spectra recorded in dichloromethane solution, unless otherwise stated,
with stretching frequencies of NO and CO ligands (v(XO), X = C, N) given in
wave numbers (cm~); NMR spectra recorded in CD,Cl, solution at 121.48 MHz
and 293 K, unless otherwise stated, with chemical shifts (§) in ppm relative to
external 85 % aqueous HsPOy, and *'P-8W couplings (J) in hertz indicated
between square brackets.

b Data taken from reference 10; IR data in THF solution; NMR data in C¢Dg
solution.

¢ In THF solution.

4 Data taken from reference 1.

¢ J(NO) = 1535 cm ™! in Nujol mull, see text.
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Scheme 3. Formation of compound 1b.

2.3. Low-temperature reaction of compounds 1a,b with NO

Compounds 1a,b react readily with NO (5 % in No, 1 atm) at low
temperature, whereby two NO molecules incorporate to the dimetal
centre and one carbonyl ligand is displaced from it, to give a major
product of composition [M2Cp2X(/4-PtBu2)(CO)(NO)Z] in each case. This
first decarbonylation is faster for the Mo complex 1a as expected, and it
is completed actually at 233 K in ca. 45 min, to be compared to 273 K for
the ditungsten complex in similar reaction times. Out of the eight
possible isomers for such complexes, our data indicate that the major
product corresponds in both cases to the isomer syn,trans-[MsCpaX
(4-P'Buy)(CO)(NO),] (M = Mo, X = Cl (2a); M = W, X =1 (2b)), with a
syn arrangement of Cp ligands relative to the MyP plane, and a transoid
arrangement of the halide ligand X relative to the P atom. We note that
the carbonyl ligand in both cases is placed in a cisoid arrangement
relative to P (Scheme 4). The tungsten complex 2b could be isolated as a
crystalline material in a conventional way. However, the molybdenum
complex 2a undergoes progressive decarbonylation upon workup, and
could not be isolated as a pure material.

The tungsten complex 2b in the crystal (Fig. 1 and Table 2) displays
two independent molecules in the unit cell, similar to each other. These
are built from WCp(NO)(CO) and WCp(NO)I fragments bridged by a
P'Bu, bridge in a slightly asymmetric way, with the P1—W2 length being
some 0.02 A shorter than the P1-W1 one, to balance the different
electron counts (15 and 16e) of the corresponding metal fragments. In
all, the molecule is an electron-precise, 34e complex, for which a single
metal-metal bond has to be proposed, according to the 18e formalism, in
agreement with the intermetallic separation of 3.113(1) A (cf. 3.222(1)
A in [W2Cp2(CO)e] [14], or 3.194(1) A in [W5Cp(u-PPh2)(CO);]1) [15].
The local environments around the metal atoms in 2b are of a distorted
four-legged piano stool type, if we take into account the intermetallic
interaction, with the Cp ligands positioned at the same side of the WyP
plane (syn conformation). The iodide ligand is placed in a transoid po-
sition relative to the P atom (P—W2-I = 130.9(1)°), whereas the
carbonyl ligand is placed in a cisoid position relative to the same atom
(P—W1-C1 = 84.2(6)). Yet, the nitrosyl ligands define P—-W—N angles
close to 90° in both fragments (92.6(5) and 95.0(5)°, respectively).

Spectroscopic data in solution for compounds 2a and 2b (Table 1 and
Experimental section) are similar to each other except for the changes
expected from the replacement of Mo with W atoms, and consistent with
the solid-state structure of 2b. In particular, we note that the IR spec-
trum of these complexes display, in addition to a very strong C—O
stretch at ca. 1960 cm’l, two N—O stretches with relative intensities
(strong and medium, in order of decreasing frequencies) characteristic
of cisoid [M(NO)]; oscillators [16,17]. This is fully consistent with the
acute N-W—W-N torsion angle of ca. 25° defined by the nitrosyl li-
gands of 2b in the crystal, which in turn is related with the syn
arrangement of the Cp ligands relative to the W2P plane of the molecule.

(0]
Cp Bu, C Cp Bu, Cp
e P""‘l\lll 2NO WP, IVI/
fr— _— M—
| %7 \C -co OC“ | /\
C P N X N
(0] (0]
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a |Mo | Cl| 233
blw 1 [273

Scheme 4. Low-temperature reaction of compounds 1a,b with NO.
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Fig. 1. ORTEP diagram (30 % probability) of one of the two independent
molecules of compound 2b, with ‘Bu groups (except their C! atoms) and H
atoms omitted for clarity.

Table 2

Selected bond lengths (10\) and angles (°) for compound 2b.
W1-W2 3.113(1) W1-P1-W2 77.8(2)
W1-P1 2.489(5) P1-W1-C1 84.2(6)
W2-P1 2.467(5) P1-W1-N2 95.0(5)
W1-C1 1.99(2) P1-w2-I1 130.9(1)
WI1-N2 1.79(1) P1-W2-N3 92.6(5)
w2-11 2.833(2) C1-W1-N2 87.7(7)
W2-N3 1.79(2) I1-W2-N3 88.4(5)

We notice that the 'P NMR resonance of 2b displays two very different
31p_183w couplings of 274 and 186 Hz, in agreement with the distinct
coordination spheres of the metal centres in these molecules, even if
their coordination numbers are identical [13]. We finally note that the
‘Bu groups in these complexes givete rise to very broad resonances in the
corresponding 1H and 13Cc NMR spectra (see the SI) when recorded at
room temperature, which suggests slow rotation of the corresponding
methyl groups, likely due to severe steric crowding. Indeed, in the case
of 2b, on lowering of the temperature these resonances progressively
split and sharpen to render six distinct methyl resonances, as expected
for the static structure of such an asymmetric molecule.

2.4. Decarbonylation reactions of the tungsten complex 2b

Thermal decarbonylation reactions of 2b were quite sensitive to
experimental conditions, particularly solvent and temperature. The
targeted dinitrosyl complex [W2Cpa(u-I)(u-P'Buy)(NO)2] (3b) was most
efficiently prepared (in ca. 40 % yield after workup) in boiling pro-
pylbenzene solution (ca. 443 K) (Scheme 5). Under these conditions, the
carbonyl complex anti, cis-[W2Cp2I(u-P'Buy)(CO)(NO),] (5), an isomer of
2b, was also isolated from the reaction mixture in ca. 5 % yield. Addi-
tionally, two cyclopentadienylidene-bridged products were unexpect-
edly formed in very small and variable amounts (<5 % relative to the

(0]
Cp Bu, Cp Cp Bu, N
\W““ P/,,,W/ 443K \W.\\\ P""vlv
—_ —_—
ol VA -co NN
N I N N P
0 0 0
2b 3b
Xia K 443%
-co
W O
Cp Bu, N
N\, P, | el
cl \
o7 N Ccp
0
5

Scheme 5. Decarbonylation reactions of 2b.
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major product 3b), with unknown origin: the previously reported dini-
trosyl complex [W2Cp(/4—x:115—C5H4)(u—PtBuz)(CO)(NO)z] [5a], and the
new imide nitrosyl complex [Wsz(/l-K.’I’]S-CsH4)I(/4-PtBllz)(NH)(NO)]
(6) (Chart 1). Compound 5 is an isomer of the starting compound 2b
more resistant to decarbonylation than it; yet, heating propylbenzene
solutions of 5 at 443 K slowly induced its decarbonylation to yield 3b in
good yield. In addition, independent experiments revealed that com-
pound 5 could be formed selectively from 2b upon gentle heating of
toluene solutions of the latter compound at 363 K (Scheme 5). As for the
imide complex 6, we note that its formation requires a rather complex
sequence of unusual events: (a) C—H bond cleavage of a cyclo-
pentadienyl ligand, presumably to yield cyclopentadienylidene (CsHy),
and hydride ligands [18]; (b) N—O bond cleavage of a nitrosyl ligand,
with O atom-transfer to an (undetermined) external molecule, to pre-
sumably yield a nitride ligand [5,19,20]; and (c) hydride migration to
the latter ligand, to yield the imido (nitrene) group eventually found at
6. Unfortunately, we have not found the experimental conditions that
would favour the formation of this unexpected product.

Spectroscopic data for 3b (Table 1 and Experimental section) are
comparable to those of its molybdenum analogue 3a [1], except for the
changes anticipated when replacing Mo with W atoms, already noted,
and therefore deserve no detailed comments. We just note that the
transoid arrangement of Cp and NO pairs of ligands is denoted in the IR
spectrum by the appearance of two N—O stretches with relative in-
tensities (weak and strong, in order of decreasing frequency) charac-
teristic of transoid [M(NO)], oscillators [16,17]. There is also a
significant increase in the 3'P-183W coupling of 3b (334 Hz), when
compared to the values measured for 2b (274 and 186 Hz), which is
consistent with the reduction in the coordination number of the W atoms
operated upon decarbonylation [13].

The structure of 5 can be derived from that of precursor 2b by
rotation of the WI(NO) fragment, this actually yielding a molecule ca.
7.8 kcal/mol more stable, according to density functional theory (DFT)
calculations discussed below (see Section 2.6). Spectroscopically, this is
accompanied by a significant increase in the C—O stretching frequency
(1998 vs. 1963 cm ™%, Table 1), and by a subtle change in the intensities
of the N—O stretches, with the asymmetric stretch now being a bit
stronger than the symmetric one (Figure S27). The latter is indicative of
the presence of a transoid [M(NO)]- oscillator, in agreement with the
N—-W-W-N torsion angle of ca. 154° found in the DFT-optimized
structure of the complex (see the Supplementary materials). We finally
note that the IR spectrum of 5 is comparable to those of the structurally
characterized dimolybdenum alkyl complexes [MoCpaR(u-PCy2)(CO)
(NO)32] (R = Me, CHyPh), these also displaying anti (Cp) and trans (NO)
pairs of ligands, while the alkyl and carbonyl ligands are positioned cis
to the bridging P atom [21].

The molecular structure of 6 in the crystal (Fig. 2 and Table 3) is built
from two tungsten atoms bridged by a P'Buy ligand, and by a cyclo-
pentadienylidene ligand o-bound to one metal atom (W2) and #°-bound
to the other one (W1). The latter atom completes its coordination sphere
with terminal iodide and imide ligands, while W2 bears cyclo-
pentadienyl and nitrosyl ligands, with the latter occupying a transoid
position relative to the imide ligand. In all, this is a 34e complex for
which a single-metal-metal bond has to be proposed, in agreement with
the short intermetallic length of 2.9376(2) A. The latter distance is
significantly shorter than the one in 2a (3.113(1) 10\), a difference that

[BUZ

WP, cp

L,

sS==z-x

=

m N\
oz—

Chart 1. Trace side-products identified in decarbonylation reactions of 2b.
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Fig. 2. ORTEP diagram (30 % probability) of compound 6, with ‘Bu groups
(except their C! atoms) and most H atoms omitted for clarity.

Table 3

Selected bond lengths (A) and angles (°) for compound 6.
W1-W2 2.9376(2) W1-P1-W2 72.74(2)
W1-P1 2.4804(8) P1-W1-11 95.15(2)
W2-P1 2.4736(9) P1-W1-N1 97.7(1)
W1-C1 2.199(3) P1-W1-C1 7.0(1)
W1-N1 1.742(3) P1-W2-C1 99.8(1)
Wwi1-11 2.7623(3) P1-W2-N2 94.6(1)
w2-C1 2.102(3) 11-W1-N1 102.9(1)
W2-N2 1.771(3) C1-W2-N2 92.9(1)
N1-H1 0.85(5) W1-N1-H1 151(4)

can be attributed to the presence here of a second bridging ligand with a
bridgehead atom (C) of small covalent radius. The coordination of the
cyclopentadienylidene ligand is comparable to that previously deter-
mined for the tungsten complex [W2Cp(u—1<:r]5—C5H4)(CO)Z(CNtBu)
(u-PhoPCH,PPhy)] [22], or for the molybdenum dinitrosyl [MoyCp
(,u-x:ns-C5H4)(,u-PtBuz)(CO)(NO)Z] [23]. This involves a short ¢-bond of
2.102(3) A with the W2 atom, to be compared with M—C separations of
2.18(3) and 2.109(4) A in the mentioned complexes, respectively.

As for the imide ligand, we note that the W—N distance is very short
(1.742(3) ;\), just a little longer than the average value of ca. 1.68 A
found for previously characterized nitride tungsten complexes [24], and
comparable to the values of 1.7320.01 A measured for the three other
NH tungsten complexes characterized previously by X-ray diffraction
[25]. This length justifies the description of the NH ligand in 6 as a
four-electron donor (neutral counting) involved in a W—N triple bond.
Description of the latter would require using sp hybrids at the N atom,
therefore a linear W—N—H arrangement; however, the actual W—N—H
angle measured in 6 is 151(4)°. This bending can be attributed to the fact
that the N-bound hydrogen is involved in substantial H-bonding with the
O atom of the nitrosyl ligand of a nearby molecule (NH---O = 2.11(6) A
[26]), so as to configure an infinite chain of H-bonded molecules (Fig. 3).
Spectroscopic evidence for this interaction is also found in the solid-state
(Nujol mull) IR spectrum of 6, which displays a N—H stretch at the
relatively low frequency of 3202 cm ™! (cf. 3366 cm™! in the amidinate
complex [MOchz(,u-P[Bug)(ﬂ-KNJKMHNCMeNH)(ﬂ-NO)]PF(, [1], or ca.
3350 cm ™! in trans-[MoyCpa(u-PCy2)(u-NH)(NO),1) [27]. This is
accompanied by a decrease in the N—O stretch of the nitrosyl ligand,
which appears at 1535 cm ™!, some 40 cm™! below the observed fre-
quency in dichloromethane solution (Table 1), since the nitrosyl ligand
acquires an incipient hydroxyimide (N—OH) character as a result of the
H-bonding interaction.

Spectroscopic data in solution for 6 are consistent with the structure
in the crystal discussed above. Particularly informative is its 'H NMR
spectrum, which displays four distinct resonances for the inequivalent
CH atoms of the cyclopentadienylidene ligand, and a quite deshielded
resonance for the NH atom, which appears at 9.75 ppm as a broad 1:1:1
triplet due to coupling to the quadrupolar *N nucleus. The 'H-1*N
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Fig. 3. Mercury-generated view of the H-bonded chain of molecules of 6 in the crystal lattice, with ‘Bu groups (except their C! atoms) and most H atoms omitted for

clarity (NH---O = 2.11(6) A; N-----O = 2.866(5) A; N—H---O = 148(4)°).

coupling of 49 Hz is close to the values of 50-55 Hz expected for metal
imide complexes, based on data of '>N-'H couplings [28], but direct
comparison with J('H-1*N) values in complexes related to 6 is difficult
since the corresponding NH atoms usually give rise to just broad reso-
nances precluding the observation of any coupling.

2.5. Decarbonylation reactions of the molybdenum complex 2a

Decarbonylation of the molybdenum complex 2a proceeded more
easily than that of its ditungsten analogue 2b, as expected. In fact, it
proceeds slowly at room temperature, although it is more conveniently
completed by just refluxing toluene solutions of the complex for a few
minutes. Under the latter conditions, the targeted complex [MoyCpa(u-
Cl)(u-PtBuz)(NO)Z] (3a) is the major product formed, which could be
isolated in 63 % yield (Scheme 6), as reported in our preliminary work
on this chemistry [1]. However, more careful chromatographic workup
of the reaction mixture enabled the isolation of two more new products:
the cis-dinitrosyl isomer of the above complex, cis-[MosCpa(u-Cl)
(ﬂ-PtBUQ)(NO)g] (cis-3a), isolated in 9 % yield, and tiny amounts (ca. 2
%) of a blue compound, not further investigated, which we could
identify as the new trinitrosyl complex trans-[MosCpa(u-P'Buy)(u-NO)
(NO)2] on the basis of spectroscopic similarities with its PCyq-bridged
analogue [5b,29]. The origin of this minor side-product is currently
unknown. On the other hand, we note that a separate experiment indi-
cated that cis-3a does not transform into its more stable transoid isomer
3a in refluxing toluene solution, a matter to be further discussed below.

The transoid arrangement of nitrosyl ligands in 3a is indicated by the
relative intensities of the N—O stretches in the IR spectrum, weak and
strong in order of decreasing frequencies (Table 1) [16]. This is reversed
in cis-3a, which displays N—O stretches at 1612 (vs) and 1575 (m) crn’l,
thus revealing the presence of a cisoid [M(NO)]; oscillator defining a
N—-M-M-N dihedral angle close to 0° in the molecule (5° in the
DFT-computed structure of the complex, see the Supplementary
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Scheme 6. Decarbonylation reaction of compound 2a.

materials). On the other hand, the rotational C5 axis present in 3a relates
the pairs of Cp and ‘Bu groups, which give rise to single 'H and '®C NMR
resonances in each case (see the Experimental section). In contrast, a
symmetry plane relates both metal fragments in isomer cis-3a, which
renders equivalent Cp groups, but inequivalent ‘Bu groups. Indeed, the
'H NMR spectrum of this isomer not only displays separate resonances
for the ‘Bu groups of the molecule, but one of them is split at room
temperature into two broad resonances at 1.83 and 0.34 ppm corre-
sponding to 6 and 3 hydrogens, respectively. This indicates that rotation
of the methyl groups in one of the ‘Bu substituents (likely the one close to
both Cp ligands) is slow on the NMR timescale.

2.6. Reaction pathways in the thermal decarbonylation of compounds 2a,
b

In the preceding sections we have noted that decarbonylation of
compounds 2a and 2b, while leading to the same type of major product
(3a and 3b), differ in the minor products. Most notably, an isomer of the
main product is formed in the case of the molybdenum complex (cis-3a),
but an isomer of the starting compound in the case of the tungsten
complex (5). By taking into account the experimental findings, already
noted, revealing that complex cis-3a does not rearrange into 3a, but that
2b rearranges into 5 under mild conditions, while the latter undergoes
decarbonylation slowly even at 443 K, we propose for the decarbon-
ylation of compounds 2 the three reaction pathways shown in Scheme 7.
In order to determine the thermodynamic profile for the different
pathways proposed, the structures of the intermediates and products
appearing in that Scheme have been computed using DFT methods (see
the Experimental section and the Supplementary materials), and their
relative Gibbs free energies are collected in Fig. 4. First of all, we note
that the coordination position of the halide ligand in compounds 2, trans
to the P atom, is ideally suited for moving into a bridging position after
decarbonylation of the molecule. This naturally renders the cis isomers
of compounds 3, but this seems to be a competitive reaction pathway
only for the molybdenum complex, in agreement with the higher ther-
modynamic gap to overcome in the tungsten case (AG; = 15.9 kcal/mol
for 2b—cis-3b+CO, a gap much higher than the ones for other
alternatives).

The experimentally observed isomerization 2b—5 (5b in calcula-
tions) requires rotation of the WCpI(NO) fragment to drive the halide
ligand cis to the P atom (isomerization 1 in Scheme 7). This is computed
to be an exergonic process for both the tungsten system (7.8 kcal/mol
below 2b) and for the molybdenum one (4.2 kcal/mol below 2a).
Decarbonylation from isomers 5 is more difficult than that from the
parent isomers 2, particularly for the tungsten system (AG; = 17.6 kcal/
mol for 5b—3b+CO), and the kinetic barrier is expected to be consid-
erably high, as the halide ligand is not positioned in the right position to
move into the bridging mode, all of which is in agreement with the slow
decarbonylation of 5 even at 443 K, a circumstance enabling its
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Scheme 7. Reaction pathways to compounds 3a,b.
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Fig. 4. MO6L-DFT computed thermodynamic profile for the reactions shown in
Scheme 7 for either molybdenum (a, blue) or tungsten (b, red) complexes, with
standard Gibbs free energies in kcal/mol, relative to the corresponding parent
compound of type 2, shown between parenthesis.

detection and isolation. In fact, the most straightforward path con-
necting compounds 2 and 3 would start with the alternative rotation of
the WCp(CO)(NO) fragment (isomerization 2 in Scheme 7), since this
leaves the Cp ligands in the same anti arrangement found in the final
product 3, while keeping the halide ligand ready to rearrange into a
bridging position. Such an isomerization would yield intermediates A,
computed to be only slightly less stable than the parent substrates 2, by
3.1 (Mo) or just 0.8 kcal/mol (W). These intermediates would then
decarbonylate easily to give the final products 3 with a very reduced
thermodynamic gap of 0.5 kcal/mol for the molybdenum complex, and
with a moderate one (9 kcal/mol) for the tungsten complex. It is possible
that this third pathway is operative in the very slow decarbonylation of
compound 5 to give 3b (through the sequence 5-2b—Ab-—3b),
although an alternative, more direct path, cannot be excluded.

3. Conclusions
The halide nitrosyl complexes of type [MoCpoX(u-P'Buy)(CO)(NO)-]

(M =Mo, X =Cl; M = W, X =) can be easily prepared through the low-
temperature reaction of the corresponding unsaturated dicarbonyls
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[Mchz(ﬂ-x)(ﬂ-PtBug)(Co)z] with NO. Out of the eight possible isomers,
these products are specifically obtained with a syn arrangement of Cp
ligands relative to the MyP plane, and a trans positioning of the halide
relative to phosphorus (syn,trans-isomers), while the carbonyl ligand is
positioned cis with respect to the same P atom. These are kinetic isomers
which at higher temperatures evolve through at least three different
reaction pathways. The dominant pathway in both cases seems to
involve first a slightly endergonic rearrangement of the MCp(CO)(NO)
fragment to reach an anti positioning of the Cp ligands, followed by
decarbonylation and halide movement into the bridging position, to give
the major products trans-[Mngz(,u-X)(,u-P[Bug)(NO)Z]. Alternatively,
direct decarbonylation would be also possible for the above syn,trans
isomers, with halide rearrangement into the bridging position, to give a
cisoid isomer of the major product, cis- [M2Cp2(;4—X)(y—PtBuz)(NO)z], but
this is only observed for the molybdenum complex, for which direct
decarbonylation is thermodynamically more accessible (by some 7 kcal/
mol, according to DFT calculations). The third reaction path involves a
moderately exergonic rearrangement of the MCpX(NO) fragment to
reach an anti positioning of the Cp ligands, thus rendering anti,cis iso-
mers of the parent compound. Because of the cisoid positioning of the
halide ligand relative to the P atom in these isomers, their evolution into
halide-bridged products is expected to be difficult after decarbonylation,
particularly for the tungsten system, with a large thermodynamic gap of
some 18 kcal/mol to be overcome under standard conditions. All of this
is consistent with our ability to isolate such a ditungsten isomer (anti,cis-
[W2CpaI(4-PBuy)(CO)(NO),]), and to even make it a major product
when heating the parent syn,trans isomer at moderate temperature.

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. Solvents
were purified according to literature procedures, and distilled prior to
use [30]. Compounds [W2Cp2(CO)e]l [31], [MOchz(/t-CD(/t-PtBUZ)
(CO),] (1a) [10], and [WoCpo(u-P'Buy)(CO)4]1(BF,) [5al, were prepared
as described previously. All other reagents were obtained from com-
mercial suppliers and used as received, unless otherwise stated. Petro-
leum ether refers to that fraction distilling in the range 338-343 K.
Filtrations were carried out through diatomaceous earth unless other-
wise stated. Chromatographic separations were performed using jac-
keted 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. IR stretching frequencies of NO and CO ligands were
measured in solution (using CaFy windows), are referred to as ©(XO) (X
= N, C), and are given in wave numbers (em™). Nuclear magnetic
resonance (NMR) spectra were routinely recorded at 295 K unless
otherwise stated. Chemical shifts (§) are given in ppm, relative to in-
ternal tetramethylsilane (*H, 30), or external 85 % aqueous H3POg4
solutions (31P). Coupling constants (J) are given in hertz.

4.2. Improved preparation of [ Wszz(ﬂ-H)(ﬂ-PtBUQ)(CO)4]

A propylbenzene solution (15 mL) of [W5Cp2(CO)g] (0.750 g, 1.126
mmol) was refluxed for 7 h with a gentle N, purge to give a red-brown
solution of [W2Cp2(CO)4], which was filtered with a canula. Neat PH'Bu,
(313 pL, 1.690 mmol) was then added, and the mixture was stirred at
363 K for 16 h to give a red-brown solution. The solvent was then
removed under vacuum, the residue was extracted with dichloro-
methane/petroleum ether (1/3), and the extracts were chromato-
graphed on silica gel at 288 K. Elution with dichloromethane/petroleum
ether (1/3) gave a yellow greenish band containing small amounts of the
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known complex [WCpH(CO)3] and other uncharacterized compounds,
which was discarded. This was followed by a major red fraction yielding,
upon removal of solvents, compound [W,Cpa(u-H)(u-P'Buy)(CO)4] as a
red microcrystalline solid (0.600 g, 70 %). Spectroscopic data for this
complex were identical to those reported previously by us [5a]. Elution
with dichloromethane/petroleum ether (3/1) gave a green fraction
yielding, upon removal of solvents, compound [W>CpoH(u-P'Buz)(CO)2]
(4) as a green solid (0.022 g, 3 %,; see below).

4.3. Preparation of [WoCpsH(u-P'Buz)(CO)2] (4)

Compound [chpz(ﬂ-H)(ﬂ-PtBuZ)(CO)ﬂ (0.050 g, 0.066 mmol) was
refluxed in propylbenzene (8 mL) at 443 K for 2.5 h with a gentle argon
purge, to give a brown-greenish solution having compound 4 as the only
P-containing species. Workup as described above gave first a red-brown
fraction containing some [W2Cp2(CO)4], then a green fraction yielding,
after removal of solvents, compound 4 as a green powder (0.012 g, 26
%). Anal. Calcd for CooHo902PWo: C, 34.31; H, 4.18. Found: C, 34.49; H,
3.78. 'H NMR (400.13 MHz, CD,Cly): § 5.44 (s, 10H, Cp), 1.31 (d, Jup =
14, 18H, Bu), —0.06 (d, Jup = 31, Juw = 37, 1H, W—H). 3C{'H} NMR
(100.63 MHz, CDg): & 259.1 (s, br, WCO), 91.4 (s, Cp), 46.7 [d, Jop =
16, C'(Bw)l, 33.7 [d, Jep = 4, C2(Bu)].

4.4. Preparation of [W2Cpa(u-I) (u-PBug)(CO)2] (1b)

Solid Nal (0.300 g, 2.000 mmol) was added to a 1,2-dichloroethane
solution (12 mL) of [WyCpa(u-P'Buy)(CO)4](BF,), as prepared in situ
from [Wszg(ﬂ-H)(ﬂ-PtBUQ)(C0)4] (0.200 g, 0.265 mmol). The mixture
was first stirred at room temperature for 30 min, and then refluxed for
2.5 h to give a black greenish solution that was filtered using a canula.
Removal of the solvent from the filtrate under vacuum and washing of
the residue with petroleum ether (3 x 5 mL) yielded compound 1b as a
black solid (0.190 g, 87 %). Anal. Calcd for CooHag02IPWy: C, 29.08; H,
3.42. Found: C, 29.10; H, 3.61. 'H NMR (400.13 MHz, CD5Cl,): 5 5.39 (s,
10H, Cp), 1.35 (d, Jup = 14, 18H, Bu). 3C{'H} NMR (100.63 MHz,
CeDe): 6 238.2 (d, Jcp = 5, WCO), 87.6 (Cp), 47.9 [d, Jcp = 18, Cl(tBu)],
33.1 [d, Jep = 4, C3(‘B)].

4.5. Preparation of solutions of syn,trans-[Mo2CpCl(u-P'Buz)(CO)
(NO)2] Ca)

Nitric oxide (5 % in N3) was gently bubbled at 233 K for 45 min
through a tetrahydrofuran solution (15 mL) containing ca. 1 mmol
[M02Cp2(ﬂ-Cl)(/4-PtBu2)(CO)Z], as prepared from [Mo2Cp2(CO)s] (0.500
g, 1.020 mmol), to give a dark orange solution containing compound 2a
as a major product, contaminated with small amounts of 3a and other
unidentified species (see the Supplementary material). No further pu-
rification of this product was possible, as it easily undergoes decar-
bonylation at room temperature or under vacuum. The NMR spectra of
this intermediate complex were recorded by carrying out the above re-
action in CD,Cly (1 mL), and starting from ca. 0.1 mmol of complex
[Mo2Cpa(u-Cl)(4-P'Buy)(CO)2]. 'H NMR (300.13 MHz, CDoCly): & 5.86
(d, Jup = 1, 5H, Cp) 5.55 (s, 5H, Cp), 1.40 (vbr, 9H, ‘Bu), 1.23 (d, Jup =
15, 9H, ‘Bu).

4.6. Preparation of syn,trans-[ WZCpZI(,u-PtBuz)(CO)(NO)ZJ (2b)

Nitric oxide (5 % in Ny) was gently bubbled through a tetrahydro-
furan solution (12 mL) of compound 1b (0.190 g, 0.230 mmol) at 273 K
for 45 min, to give a dark red solution which was filtered. Removal of
solvent from the filtrate under vacuum and washing of the residue with
petroleum ether (2 x 5 mL) gave an orange solid containing essentially
pure compound 2b (0.160 g, 81 %) ready for further use. The crystals
used for the X-ray diffraction study of this compound were grown by the
slow diffusion of layers of toluene and petroleum ether into a concen-
trated dichloromethane solution of the crude complex at 253 K. Anal.
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Calcd for C19H803N2IPW: C, 26.60; H, 3.29; N, 3.26. Found: C, 26.19;
H, 3.49; N, 2.98. 'H NMR (400.13 MHz, CD,Cl,): § 5.89, 5.71 (2's, 2 x
5H, Cp), 1.47 (vbr, 18H, ‘Bu). 'H NMR (400.13 MHz, CD2Cl,, 213 K): 6
5.88, 5.68 (2 s, 2 x 5H, Cp), 1.80 (d, Juyp = 11, 3H, ‘Bu), 1.78 (d, Jyp =
10, 3H, ‘Bu), 1.45 (d, Jyp = 13, 3H, ‘Bu), 1.34 (d, Jup = 15, 3H, ‘Bu), 0.87
(d, Jup = 18, 3H, Bu), 0.68 (d, Jup = 17, 3H, Bu).'3C{'H} NMR (100.63
MHz, CD,Cly): 6 221.5 (d, Jep = 14, WCO), 97.6, 94.0 (2 s, Cp), 50.4 [d,
Jop = 16, C('Bu)], 44.6 [d, Jep = 12, C'(Bu)], 33.7 [s, br C2(Bw)], 32.6
[s, C2(Bw)]. '*C{'H} NMR (100.63 MHz, CD,Cl,, 213 K): § 220.8 (d, Jcp
=14, WCO0), 96.9, 93.4 (25, Cp), 49.6 [d, Jcp = 16, C}(‘Bu)], 43.8 [d, Jcp
=12, C'(‘Bw)], 36.8 [s, C2(‘Bw)], 33.5 [d, Jep = 8, C3(‘Bw)], 32.3 [d, Jep
=7, C3('Bu)], 31.4 [s, 2C3(‘Bu)], 29.7 [s, C2(‘Bu)].

4.7. Decarbonylation of compound 2a

Nitric oxide (5 % in N3) was gently bubbled at 233 K for 45 min
through a tetrahydrofuran solution (15 mL) containing ca. 1 mmol of
[Mo2Cpo(u-Cl)(u-P'Buy)(CO)-], as prepared from [Mo2Cpo(CO)s] (0.500
g, 1.020 mmol), to give a dark orange solution containing compound 2a
as a major product. After removal of the solvent under vacuum, the
residue was dissolved in toluene and refluxed for 15 min to give a
yellow-brown solution. The solvent was again removed, the residue was
extracted with dichloromethane/petroleum ether (1/2), and the extracts
were chromatographed on alumina at 288 K. Elution with the same
solvent mixture gave a major yellow fraction yielding, after removal of
solvents, compound 3a as a yellow powder (0.360 g, 64 %). Elution with
dichloromethane/petroleum ether (1/1) gave a very minor blue fraction
yielding analogously the trinitrosyl complex [MoyCpa(u-P'Bus)(u-NO)
(NO)2] as a blue solid (0.010 g, 2 %), not further investigated (see
Section 2.5). Finally, elution with dichloromethane/petroleum ether (3/
1) gave a second yellow fraction yielding analogously compound cis-3a
as a yellow solid (0.050 g, 9 %). Spectroscopic data for 3a were as re-
ported previously [1]. Data for cis-3a: Anal. Calcd for C;gH2305Cl-
MosNsP: C, 38.42; H, 5.02; N, 4.98. Found: C, 38.05; H, 5.27; N, 4.66. H
NMR (400.13 MHz, CD,Cl,): § 5.75 (s, 10H, Cp), 1.83 (s, br, 6H, ‘Bu),
1.44 (d, Jup = 15, 9H, ‘Bu), 0.34 (s, vbr, 3H, ‘Bu). *C{'H} NMR (100.63
MHz, CD5Cly): 6 97.4 (s, Cp), 49.3 [d, Jep = 11, C(‘Bw)], 41.3 [d, Jep =
7, C'(Bw)], 35.6 [s, vbr, 1C3(‘Bw], 34.4 [d, Jep = 5, 3C*(‘Bu)], 34.0 [s,
br, 2C%(‘Bu)].

4.8. Decarbonylation of compound 2b

A propylbenzene solution (15 mL) of crude compound 2b (0.160 g,
0.186 mmol), prepared as described above, was heated at 363 K for 30
min, then refluxed for 4.5 h with a gentle argon purge to give an orange-
brown solution. After removal of the solvent under vacuum, the residue
was extracted with dichloromethane/petroleum ether (1/1), and the
extracts were chromatographed on alumina at 288 K. Elution with the
same solvent mixture gave a minor yellow fraction yielding, upon
removal of solvents, compound anti, cis-[WoCpaI(u-PBug)(CO)(NO),] (5)
as an orange solid (0.008 g, 5 %, see Section 4.9). Elution with
dichloromethane/petroleum ether (2/1) gave a major fraction yielding
analogously [W2Cp2(ﬂ-l)(ﬂ-PfBu2)(NO)Z] (3b) as an orange solid (0.060
g, 39 %), then a very minor purple fraction yielding compound [W5Cp
(ﬂ-K:ﬂS-C5H4)I(ﬂ-PtBuZ)(NH)(NO)] (6) as a purple solid (usually less than
0.003 g, 2 %). The crystals used in the X-ray diffraction study of the
latter 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. Data for compound 3b: Anal. Calcd for
C18H28025NoIPWo: C, 26.05; H, 3.40; N, 3.38. Found: C, 26.30; H, 3.71;
N, 3.22. 'H NMR (400.13 MHz, CD,Cl): 6 5.79 (s, 10H, Cp), 1.37 (d, Jup
= 14, 18H, ‘Bu). *C{'H} NMR (100.63 MHz, CD,Cly): & 93.6 (s, Cp),
47.0 [d, Jep = 16, C'(‘Bw)], 33.5 [d, Jcp = 4, CX('Bu)]. Data for compound
6: Anal. Calcd for C1gH2g0NSIPWo: C, 26.56; H, 3.47; N, 3.44. Found: C,
26.35; H, 3.10; N, 2.94. IR (Nujol mull): 3202 (br, N—H), 1535 (vs,
N-0) em ™. 'H NMR (300.13 MHz, CDCly): § 9.75 (t, br, Jiaxu = 49,
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1H, NH), 6.48, 6.25, 5.23, 4.44 (4 m, 4 x 1H, CsHy), 5.82 (s, 5H, Cp),
1.52 (d, Jyp = 14, 9H, Bu), 1.37 (s, br, 9H, ‘Bu).

4.9. Preparation of anti,cis-[WoCp2I(u-P'Buz) (CO)(NO),] (5)

A toluene solution (10 mL) of crude compound 2b, prepared from
[WoCpa(u-H) (4-P'Buy)(CO)4] (0.050 g, 0.066 mmol) as described above,
was heated at 363 K for 30 min, to give an orange solution. After
removal of the solvent under vacuum, the residue was extracted with
dichloromethane/petroleum ether (1/2), and the extracts were chro-
matographed on alumina at 288 K. Elution with the same solvent
mixture gave a minor red fraction containing a little [W2Cp2(CO)el.
Elution with dichloromethane/petroleum ether (1/1) gave a major or-
ange fraction yielding, upon removal of solvents, compound 5 as an
orange solid (0.022 g, 55 %). Anal. Calcd for C19H2303N2IPWo: C, 26.60;
H, 3.29; N, 3.26. Found: C, 26.90; H, 3.50; N, 3.31. 'H NMR (400.13
MHz, CD,Cl,): 5§ 5.84, 5.80 (25, 2 x 5H, Cp), 1.42,1.37 (2d, Jgp = 15, 2
x 9H, ‘Bu). *C{’H} NMR (100.63 MHz, CD.Cl,): § 217.2 (d, Jcp = 15,
WCO), 100.8, 96.2 (2 s, Cp), 48.1 [d, Jop = 13, C}(Bw)], 46.1 [d, Jep =
12, C!(‘Bw)1, 33.8 [d, Jcp = 4, C3(‘Bu)], 33.7 [d, Jcp = 3, C*(‘Bu)].

4.10. X-Ray structure determination of compounds 2b and 6

Data collection for these compounds was performed at ca. 100 K on a
Bruker D8 Venture Photon III 14 k-geometry diffractometer, using MoK,
radiation. The software APEX3 [32] was used for collecting frames with
the w/¢ scan measurement method. The SAINT V8.40B software was
used for data reduction [33], and a multi-scan absorption correction was
applied with SADABS-2016/2 [34]. Using the program suite WinGX
[35], the structures were solved by Patterson interpretation and phase
expansion using SHELX1.2018/3 [36], and refined with full-matrix least
squares on F? 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. In compound 2b, two similar but independent molecules of the
complex (and of dichloromethane) were present in the unit cell, each of
them displaying a disordered cyclopentadienyl ligand, satisfactorily
modelled over two sites with 0.50/0.50 occupancies. All non-hydrogen
atoms were refined anisotropically, except for C(1) and the carbon
atoms involved in the modelled disorders, which were refined iso-
tropically to prevent their temperature factors from becoming
non-positive definite, this causing the appearance of a B-level alert in the
corresponding checkcif file. Because of the poor quality of the crystal,
some splitting in many reflections was apparent, but this could not be
treated as a twin. This is the most likely origin of the significant electron
density residuals obtained after convergence in the vicinity of the
tungsten atoms (up to 7.14 eA~3), and of the poor agreement parameters
eventually reached (R; = 8.05 %), therefore of a relatively low precision
on the C—C distances, this causing a second B-level alert in the checkcif
file. Yet, the geometry of the complex was well defined. In compound 6,
the N-bound hydrogen atom H(1) was located in the Fourier map and
refined riding on its parent atom.

4.11. Computational details

All DFT calculations were carried out using the GAUSSIAN16 pack-
age [37], and the MO6L functional [38]. 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 [39]. Effective core po-
tentials and their associated double-{ LANL2DZ basis set were used for
Mo, I and W atoms [40]. The light elements (P, Cl, N, O, C and H) were
described with the 6-31G* basis [41]. Geometry optimizations were
performed under no symmetry restrictions, using initial coordinates
derived from the X-ray data. Frequency analysis was performed for all
the stationary points to ensure that a minimum structure with no
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imaginary frequencies was achieved in each case.
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