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Abstract
The reactions of the title complex (1) with different p-block element (E) molecules was
examined. Compound 1 reacted with BH3-THF at room temperature to give the
trinydride [W2Cp2(u-H)H2(-PPh2)(NO)2], which formally results from hydrogenation
of 1, a reaction actually not taking place when using neat dihydrogen. Clean E—H bond
oxidative addition, however, took place when reacting 1 with HSnPhs, to give the
related dihydride stannyl derivative [W2Cp2(u-H)H(1-PPh2)(NO)2(SnPhs)]. In contrast,
the reaction of 1 with HSPh involved H: elimination to give the thiolate-bridged
complex [W2Cp2(u-SPh)(1~PPh2)(NO)2], while that with (p-tol)C(O)H resulted in
insertion of the aldehyde to yield the related alkoxide complex [W2Cp2{-OCHaz(p-
tol) }(1-PPh2)(NO)]. Insertion also prevailed in the reactions of 1 with CN'Bu which,
however, involved the competitive formation of new C—H or N-H bonds, to give a
mixture of formimidoyl and aminocarbyne derivatives, [W2Cpa(u-x*: 72-HCN'Bu)(u-
PPh2)(NO)] (W-W = 3.0177(2) A) and [W2Cp2{u-C(NH'Bu)}(u-PPh2)(NO)2] (W-W
= 2.9010(4) A) respectively, even if the latter was thermodynamically preferred,
according to Density Functional Theory calculations. The former represents the first
structurally characterized complex displaying a formimidoyl or iminoacyl ligand in the
alkenyl-like g-«‘:77- coordination mode. The reaction of 1 with diazomethane
proceeded with N2 elimination and C—H coupling to yield the agostic methyl-bridged
complex [W2Cpz(u-«t: 177-CHs)(1-PPh2)(NO)2] (calcd. W-W = 2.923 A), whereas the
reaction with N2CH(SiMes) proceeded with insertion of the diazoalkane to give the
corresponding  hydrazonide complex [W2Cp2{z-NH(NCHSiMes)}(u-PPh2)(NO)2]
(W-W = 2.8608(4) A). The latter was converted under alkaline conditions to the
methyldiazenide derivative [W2Cp2{-N(NMe)}(u-PPhz)(NO)2] (W-W = 2.8730(2) A),
in a process involving hydrolysis of the C—Si bond coupled to a 1,3-H shift from N to C.



Introduction

Transition-metal nitrosyl complexes constitute a vast family of compounds of
interest from many different points of view.! From the most academic side, it must be
noted that nitric oxide is an exceptionally versatile molecule being able not only to
adopt many different coordination modes, but also to efficiently bind metal atoms both
in high and low oxidation states, whereby a large number of coordination and
organometallic complexes can be built on, which moreover display a rich stoichiometric
and catalytic chemistry. Besides this, nitrosyl complexes are also of interest because
nitric oxide has a relevant role in living organisms which depends, inter alia, on its
interaction with metal centers,'2 while some nitrosyl complexes can be even designed to
release NO in a controlled way within biological media for therapeutic purposes.®
Finally, since nitric oxide itself is one of the most important atmospheric pollutants
requiring catalytic abatement,**® the study of metal-nitrosyl interactions can lead to the
design of more efficient and sustainable catalysts. Most of the research on nitrosyl
complexes, however, has been developed so far on mononuclear species, while the
chemistry of binuclear complexes remains much less explored, particularly in the case
of the very few reported complexes bearing metal-metal multiple bonds,® mainly due to
synthetic difficulties or ready degradation to mononuclear species upon reaction with
other molecules.
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Recently we reported the preparation of the unsaturated nitrosyl hydride [W.Cp2(u-
H)(1-PPh2)(NO)2] (1), a 32-electron complex stabilized with respect to degradation into
mononuclear derivatives by the phosphanyl ligand connecting the tungsten atoms
(Scheme 1; Cp = 7°-CsHs).® The formal W—W double bond proposed for 1 on the basis
of the 18e rule’ is in agreement with the short intermetallic separation in the molecule
(2.7699(7) A), and it can be more precisely described as composed of a bicentric W2 o
interaction and a closed tricentric W»H interaction, on the basis of Density Functional
Theory (DFT) calculations. Besides this, the implied electronic unsaturation of the
molecule was proved by the easy addition of a simple ligand as carbon monoxide, to
yield the corresponding electron-precise derivative [W2Cp2(H)(u-PPh2)(CO)(NO):]
(Scheme 1). We should stress that compound 1 is one of the few unsaturated binuclear
nitrosyl hydrides reported so far, along with the W(IIl) polyhydrides [WaLo(u-
H):H2(NO)2] (L = Cp, Cp?*), [W2Lp*2(e-H)2H(R)(NO)2], and [WCp*2(u-



H)2(R)(R")(NO).] (Cp* = 7°-CsMes).® Since the chemistry of the latter complexes has
not been studied in detail, then it was of interest to explore the chemical behavior of 1 in
a wide sense.® From an electronic point of view, compound 1 can be related to different
carbonyl complexes bearing the very reactive 32-electron Ma(u-H)2 core, such as
[Oss(1-H)2(C0)10],*° [Rez(r-H)2(CO)s], 1t and [Mna(u-H)2(CO)s(1-L2)],*2 all of which
proved to be very reactive towards a great variety of organic and inorganic molecules
under mild conditions. From a structural point of view, however, compound 1 is related
more closely to the 30-electron carbonyl hydrides [M2Cp2(u-H)(-PCy2)(CO)2] (M =
Mo, W), which also display a wide and remarkable reactivity.'®!* In this paper we
report our results on the reactions of 1 with several p-block element (E) molecules
bearing E—H bonds, such as BHs-THF, HSnPhs, HSPh and (p-tol)C(O)H, so to examine
its oxidative addition and dehydrogenation chemistry. We also report our results on
reactions with some simple organic molecules bearing C—N multiple bonds, such as
isocyanides and diazoalkanes, so to examine the insertion chemistry of this hydride
complex. Expectedly, compound 1 also is reactive toward alkynes, but this chemistry
will be reported separately. As it will be shown below, the chemical behavior of 1 bears
similarities to both the 32- and 30-electron hydride complexes mentioned above, and is
characterized by the ready addition of the mentioned molecules under mild conditions,
which is invariably followed by additional processes such as E—H bond cleavage,
dehydrogenation, insertion and denitrogenation.

Results and Discussion

Reactions of 1 with Molecules Displaying E-H bonds (E = p-block element).
Compound 1 reacts readily with excess of the borane adduct BHs-THF, in toluene
solution at room temperature, to give the trihydride complex [W2Cp2(u-H)H2(u-
PPh2)(NO)2] (2), which is obtained as a 2:1 mixture of two isomers (A and B) differing
in the position (cis or trans, respectively) of one of the terminal hydride ligands with
respect to the P atom (Scheme 2 and Table 1). The formation of trihydride 2 in this
reaction is fully unexpected in view of the known reactivity of hydride-bridged
unsaturated complexes. For instance, the dimanganese hydrides [Mnz(z-H)2(CO)e(u-
L,)] reacted with the same borane adduct to give the corresponding tetrahydroborate-
bridged derivatives, following from insertion of the BHz molecule into the Mn—H-Mn
bond,'?¢ while [Os3(u-H)2(CO)10] reacted with B2Hg in a complex way to give a cluster
bearing a 13-BCO ligand.® In a formal sense, compound 2 results from hydrogenation
(oxidative addition of Hy) of 1, but separated experiments revealed that 1 actually failed
to react with Hz, even under forcing conditions (40 atm, toluene solution, 363 K). It
must be then concluded that the formation of 2 in this reaction follows from a complex
sequence of insertion, B—H bond cleavage and elimination processes. Unfortunately, no



intermediate species were detected even when performing this reaction under
stoichiometric conditions.

Clean E-H bond oxidative addition, however, occurs in the reaction of 1 with the
organotin hydride HSnPhs, a process also taking place readily at room temperature to
give the corresponding dihydride stannyl derivative  [W2Cp2(u-H)H (-
PPh2)(NO)2(SnPh3)] (3) in high yield (Scheme 2). Related Sn—H bond cleavages were
observed in the room temperature reactions of the dimanganese hydrides [Mna(u-
H)2(CO)s(-L2)] with HSnPhs in the presence of CO,% whereas the dimolybdenum
hydride [M02Cp2(x-H)(1-PCy2)(CO).] reacted with HSnPhz with eventual release of
hydrogen, thus accomplishing a formal H/SnPhs substitution.®

Scheme 2. Reactions of 1 with Molecules Having E-H Bonds
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Compound 1 also reacts readily at room temperature with HSPh, now to give
selectively the corresponding thiolate-bridged  derivative  [W2Cp2(u-SPh)(u-
PPh2)(NO)2] (4), following from a dehydrogenation process accomplishing a net H/SPh
substitution at the dimetal site (Scheme 2). This behavior is comparable to the one
displayed by related unsaturated hydrides, such as [Mnz(u-H)2(CO)s(u-L2)]**¢ and
[M02Cp2(z-H)(1-PCy2)(C0)2],1% which also yield thiolate derivatives when reacting
with thiols.

The formation of compounds 3 and 4 is likely initiated by coordination of the reagent
to the unsaturated ditungsten center, via the Sn—H bond or the lone electron pair at
sulfur, respectively, to give an electron-precise intermediate D (Scheme 3) similar to the
carbonylation derivative of 1 depicted in Scheme 1. This intermediate then would
evolve via E—H bond oxidative addition (OA) to yield 3 or, in the thiol reaction, to give
a second intermediate E bearing a terminal thiolate ligand. The latter afterwards would
undergo dehydrogenation (note the spatial proximity of the hydride ligands at
intermediate E) and thiolate rearrangement to the bridging position, thus yielding 4. A



question naturally following from this proposal is whether the dihydride 3 might be able
to undergo dehydrogenation to vyield an unsaturated stannyl-bridged derivative.
Unfortunately, only a generalized decomposition of the complex was observed when
refluxing a toluene solution of 3, or when irradiating it with visible-UV light at room
temperature.

Scheme 3. Reaction Pathway in the Formation of Compounds 3 and 42
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The formation of compounds 3 and 4 relies on the cleavage of H-Sn and H-S bonds,
which are bonds of the intermediate strength. Not surprising, reagents bearing the
stronger C—H bond, such as 1-alkynes and aldehydes, interact with 1 in different ways.
In the case of the aldehyde (p-tol)C(O)H, no reaction was observed at room
temperature, but refluxing toluene solutions of 1 with a large excess of this reagent led
rapidly to the selective formation of the alkoxide derivative [W2Cp2{-OCHa(p-tol) }( -
PPh2)(NO).] (5, Scheme 2). This product follows from insertion of the reagent into the
W-H-W bond of the parent substrate, with selective formation of a new and strong
C—H bond. The likely mechanism of this reaction bears some similarity with the one
operating in the reactions of 1 with isocyanides, and will be discussed later on. We
finally note that the behavior of 1 in this reaction is reminiscent of the one displayed by
the dimanganese hydrides [Mna(u-H)2(CO)s(1-L2)],1% and also by the 30-electron
complex [W2Cp2(H)(x~PCy2)(CO)2]. In the latter case, however, the corresponding
alkoxide complex was only an intermediate species, which eventually evolved via an
unusual C-O bond cleavage process at the alkoxide ligand, to yield an oxo alkyl
derivative.!’

Structural Characterization of Polyhydride Derivatives 2 and 3. As noticed
above, compound 2 was obtained as a mixture of two isomers. The *H NMR spectrum
of the major isomer 2A (see the Experimental Section) indicates the presence in the
molecule of two inequivalent terminal hydrides (6 —1.09 ppm, Jup = 13, Jhw = 77 Hz,
and 6-1.70, Jup = 40, Jhw = 98), and a third hydride ligand bridging the tungsten atoms
(0-7.67, Jvp = 20, Jnw = 53), as revealed by the chemical shifts and relative intensities



of the 18w satellite lines in the respective resonances. In contrast, the minor isomer 2B
bears equivalent terminal hydrides (6 —0.29, Jup = 12, Juw = 73) and a bridging hydride
ligand (6 —4.50, Jup = 26, Juw = 51). We note that the H-W coupling of ca. 50 Hz for
the bridging hydride in these isomers is dramatically lower than the corresponding
coupling in the parent compound 1 (145 Hz), an effect consistent with the increased
coordination number (and oxidation state) of the W atoms in 2.8 A similar effect can be
appreciated for the P-W couplings of the phosphanyl ligand, which fall from 275 Hz (in
1) to ca. 200 Hz (Table 1). Moreover, we note that the H-W couplings of the bridging
hydrides also are significantly lower than those of the terminal hydrides (73-98 Hz), in
agreement with the higher coordination number of bridging hydrides. In contrast, we
should recall that in the structurally (but not electronically) related tetrahydride complex
[W2Cp2(1-H)2H2(NO)2], the H-W couplings of terminal and bridging hydrides were of
comparable magnitude (90-100 Hz).24® On the other side, we note that the H-W
coupling for the hydride-bridged isomer of the 30-electron complex [W2Cp2H(u-
PCy2)(CO)2] was clearly higher than the coupling for the isomer bearing a terminal
hydride (121 vs. 99 Hz).1¥ Thus, it seems that the presence of W—W multiple bonding
can be associated with an increased H-W coupling for any hydride ligand bridging
these unsaturated dimetal centers, an observation itself consistent with the trends
observed previously for different complexes having unsaturated W(z-H)2M cores.8® Of
course such an effect would be absent in the case of the electron-precise complex 2, thus
explaining the low H-W couplings of the bridging hydride ligands in this case.
Table 1. Selected IR, and 3'P{*H} Data® for New Compounds.

Compound 1NO) O(P) [Jrw]
[WoCpa(z-H)(z-PPh;)(NO),] (1)¢ 1580 (w, sh), 1552 (vs) 212.8 [375]
cis,trans-[W,Cpa(z-H)Ha(1-PPh,)(NO),] (2A) 1593 (vs) 76.4 [232, 177]
trans,trans-[W,Cp,(z-H)Ha(1-PPh,)(NO)] (2B) 1593 (vs)! 50.5 [231]
[W.Cpa(u-H)H(u-PPh,)(NO)2(SnPh3)] (3) 1597 (vs) 57.2 [233, 233]°
[W2Cpa(-SPh)(1-PPh;)(NO),] (4) 1583 (w, sh), 1557 (vs)  131.0 [363, 363]
[W,Cpa{ 1-OCH;(p-tol) }(1-PPh,) (NO),] (5) 1557 (w, sh), 1532 (vs)  135.9 [399, 399]
[W2Cpa(zext: 2-HCNBU)(1-PPh,)(NO),] (6) 1572 (w, sh), 1550 (vs)  127.8 [350, 272]
[W2Cp2{ 2-C(NHBU)}(1-PPh2)(NO),] (7) 1558 (w, sh), 1541 (vs)'  113.6 [362, 362]
[W2Cpa(u-t: 12-CHs) (1-PPh,)(NO),] (8) 1571 (w, sh), 1546 (vs) 130.7 [364]

[WCpo{-NH(NCHSiMe3)}(z-PPh;)(NO),] (9) 1574 (m, sh), 1543(vs)  125.6 [387, 387]
[WCp{-N(NMe)}(1-PPh2)(NO),] (10) 1582 (w, sh), 1554 (vs)  126.7 [381, 381]

2 Recorded in dichloromethane solution, with N-O stretching bands [W(NO)] in cm. ® Recorded in
CD,Cl; solution at 121.49 MHz and 293 K, with chemical shifts () in ppm and 3!P-'#W couplings (Jpw)
in Hz. ¢ Data taken from ref. 6. ¢ Estimated from the spectrum of the mixture of isomers (see text).® Jpi1osn
= Jp117sn = 68 Hz.  {NH) = 3210 (w) in Nujol mull.



The observed isomers of compound 2 mainly differ in the two-bond H-P coupling
displayed by their terminal hydrides, which are low for the equivalent hydrides in the
minor isomer B (12 Hz), whereas the inequivalent hydrides of the major isomer A
display H-P couplings of 13 and 40 Hz, respectively. This indicates that the terminal
hydrides in isomer B are positioned trans to the P atoms (Chart 1), while in the major
isomer A one of them is positioned trans and the other one cis to the P atom.*®
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Spectroscopic data for the stannyl compound 3 are comparable to those of isomer B
of the trihydride 2, notably those concerning the chemical shifts and couplings of the P
and hydride atoms, which now also display couplings to the Sn atom, as expected. In
particular, its 'H NMR spectrum denotes the presence of a terminal hydride trans to the
P atom (6 —0.52, Jup = 13, Juw = 68) and a hydride ligand bridging inequivalent W
atoms (6-5.23, Jup = 26, Juw = 55, 50). The positioning of the SnPhz group trans to the
PCy: ligand, which can be induced from the similitude of the 3P chemical shifts and
P—W couplings for 3 and 2B (Table 1), is also the one that expectedly would minimize
the steric repulsions between the bulky PCy. and SnPhs groups surrounding the dimetal
centre in compound 3.

Structural Characterization of Complexes 4 and 5. Spectroscopic data in solution
for compounds 4 and 5 (Table 1 and Experimental Section) are comparable to each
other and to those of related complexes of type trans-[M2Cp2(u-PR2)(1~X)(NO)2] (M =
Mo, W; X= 3-electron donor) previously prepared by us, then requiring only a few
comments. The trans arrangement of the M2(NO)2 core is indicated by the presence of
two N-O stretches with weak and strong intensity, in order of decreasing frequency, as
found for related M2(CO). oscillators,'#2%2! and the chemical shift of ca. 135 ppm for
the PPh; ligand in these compounds is comparable to those measured for related
complexes of type trans-[W-Cpz(u-PPhz)(u-X)(NO)2] (X = 1, SMe or PPh).%?2 There
are, however, significant differences in the one-bond P-W couplings when changing X
in this family of compounds, a matter to be discussed later on. We also note that the
pyramidal environment around the S and O atoms of the bridging ligands in 4 and 5
renders inequivalent W centers, which is reflected in the observation of two distinct
NMR resonances for the cyclopentadienyl ligands in each case. However, the couplings
of the P nucleus to the inequivalent W nuclei are identical to each other in both
compounds, which we consider as accidental.



Reactions of 1 with CN'Bu: C—H and N-H Bond Formation. Compound 1 reacts
readily at room temperature with the isocyanide CN'Bu to give a mixture of two
isomers, identified as the formimidoyl complex [W2Cpa(u-xt:77-HCN'BU)(w-
PPh2)(NO).] (6), and the aminocarbyne complex [W2Cp2{x-C(NH'Bu)}(-PPh2)(NO);]
(7) respectively (Scheme 4). These products follow from insertion of the isocyanide into
the W—H-W bond of the parent substrate, with formation of new C—H and N—-H bonds,
respectively. Both processes are well known in the chemistry of complexes displaying
unsaturated Mo(z-H)x units, although usually only one of the possible isomers is
obtained in each particular reaction. The formation of aminocarbyne complexes in
previous reactions seems to be associated with the use of strong donor solvents and
might be base-catalyzed.?® However, we note that the 32-electron ditungsten hydride
[W2Cp2(1-H)2(CO)4] reacted with CNMe in toluene solution at room temperature to
selectively yield the corresponding aminocarbyne derivative,?* this suggesting that
intramolecular pathways might also lead to the eventual formation of N—H bonds.
Unfortunately, we have not been able to find experimental conditions to fully drive the
above reactions of 1 toward one or another product, although separated experiments
indicated that formation of the formimidoyl derivative 6 was prevalent when carrying
out the reaction at room temperature, whereas the aminocarbyne complex 7 was
preferentially formed when performing the reaction at 273 K, while keeping a low
isocyanide concentration during the process (see the Experimental Section).
Fortunately, we could obtain pure samples of each of these products through
crystallization, this allowing for their full structural characterization (see below).

Scheme 4. Reaction of 1 with CN'Bu
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In a previous study on the reactions of several isocyanides with the 30-electron
hydride complex [W2Cp2(H)(x-PCy2)(CO)2] we found that formimidoyl-bridged
complexes were formed in all cases, although the corresponding aminocarbyne isomers
were computed to be thermodynamically much more stable.!*? Interestingly, we
observed one example of formimidoyl/aminocarbyne isomerization in the case of the
CNXyl derivative, which displayed a 3-electron donor u-x*:x!-formimidoyl ligand and



rearranged slowly at room temperature. This rare isomerization could not be
accomplished in the case of our nitrosyl complexes. In fact, refluxing toluene solutions
of mixtures of compounds 6 and 7 operated no significant change in the mixture, while
exposing these solutions to the visible-UV light just caused a generalized decomposition
of both products.

The failure of 6 and 7 to interconvert upon thermal activation indicates that these
isomers must be formed through different mechanisms, which however might have
some common points to the one operating in the formation of the aldehyde derivative 5
(Scheme 5). The reaction would be initiated in all these cases with the coordination of
the organic molecule in a terminal fashion (via O or C atoms, respectively) to give an
intermediate of type D which now cannot undergo oxidative addition, but can only
evolve through insertion. This might be facilitated by a rearrangement of the added
molecule into a bridging position (intermediate F), which brings it closer to the terminal
hydride ligand. The alkoxide and aminocarbyne complexes then would follow from a
H-shift to the “f” site of the organic molecule (H-X coupling in the Scheme). On the
other hand, the migration to the bridgehead atom of the ligand (“«” position, H-E
coupling in the Scheme), which is an elemental step related to the dehydrogenation step
leading to the thiolate complex 4, only takes place in the CN'Bu reaction, and seems to
occur at a rate comparable to the one leading to the aminocarbyne complex.

Scheme 5. Reaction Pathways in the Formation of Compounds 5 to 72

C Ph 8 C Ph l\(l)
P p 2
\W_‘\\P,,,Z, N E=X NP L EX
|\H/ AN > va‘ N
N Cp o™ H Cp
© 1 D
(0]
p Ph, N
@ H-E coupl. \W"“PI""V\I/
- —_—
€E=C) NIXET N
AT Cp
S X
F
H-X coupl.
(E=0,C)

3 EX = O=CH(p-tol), C=N'Bu

Solid-State Structure of the Formimidoyl Complex 6. The structure of 6 in the
crystal (Figure 1 and Table 2) is built up from two WCp(NO) units in a transoid
arrangement and bridged by phosphanyl and formimidoyl ligands. The latter is
coordinated in an alkenyl-like fashion, and might be viewed as o-bound to one of the
tungsten atoms, as indicated by the quite short W2—C1 separation of 2.045(3) A, and 7
bound to the second metal atom, as indicated by the much longer W1—C1 separation of



2.353(3) A. This coordination mode still is more closely related to the one found in the
isoelectronic acyl complex [Mo2Cpa{u-x*: 72-C(O)Me}(1-PCy2)(NO).], which displays
Mo-C lengths of 2.068(5) and 2.345(5) A.?® The W1-N3 length of 2.142(2) A in 6,
however, is not particularly enlarged with respect to a conventional single bond (cf.
2.13 A in the amido-bridged complex [Mo,Cpa(u-NH2)(u-PCy2)(NO)2]),% but is
actually comparable to the lengths of ca. 2.15 A measured for the same ligand (but
177:17-bound) in the dicarbonyl complex [W2Cpa(u-1:177-HCN'BU)(-PCy2)(CO)]. 24
The strongly asymmetric coordination of the alkenyl ligand in 6 is counterbalanced by
an unsymmetrical coordination of the phosphanyl ligand, which is positioned some 0.08
A closer to the W2 atom. Since the formimidoyl ligand is effectively acting as a 3-
electron donor to the dimetal centre, then compound 6 can be classified as a 34-electron
complex, for which an intermetallic single bond has to be proposed according to the 18e
rule, which is consistent with the W-W separation of 3.0177(2) A.

Figure 1. ORTEP diagram (30% probability) of compound 6, with most H atoms and '‘Bu and Ph groups
(except their C! atoms) omitted for clarity.

Table 2. Selected Bond Lengths (A) and Angles (°) for Compound 6

W1-W2 3.0177(2) W1-P1-W2 77.05(2)
W1-P1 2.4601(7) W1-C1-W2 86.4(1)
W2-P1 2.3840(7) P1-W1-C1 88.1(1)
W1-C1 2.353(3) P1-W2-C1 98.0(1)
W2-C1 2.045(3) W1-W2-N2 81.1(1)
W1-N1 1.772(2) W2-W1-N1 113.5(1)
W1-N3 2.142(2) H1-C1-N3 117(3)
W2-N2 1.783(2) W2-C1-N3 130.0(2)
C1-N3 1.347(4) C1-N3-C12 116.8(2)
N3-C12 1.506(4)

We should remark that compound 6 is the first structurally characterized example of
a molecule bearing a formimidoyl or iminoacyl ligand (RCNR") in the 3-electron donor
u-x*: 1% coordination mode (B in Chart 2). The vast majority of RCNR™ complexes
structurally characterized to date display these ligands in the 3-electron donor p-xt:x*
mode (A in Chart 2), with almost planar central M2CN cores (about one hundred
examples deposited at the Cambridge Crystallographic Database). There are also a few
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examples of complexes with ligands in the 5-electron donor u-77:17 mode (C in Chart
2),% with tetrahedral M2CN cores, and of the planar u-«':77 coordination mode (D in
Chart 2, specifically formimidoyl complexes).?” We note that the latter mode implies a
contribution to the dimetal site between 3 and 5 electrons, depending on the degree of =
bonding interaction (N to M). In mode A, the C—N bond of the ligand is close to a
double bond, and the experimental lengths determined for these complexes accordingly
fall typically in the range 1.25-1.34 A, not far from the reference C=N bond length of
ca. 1.27 A% In contrast, in mode C the C—N bond is close to a single bond, and the
corresponding distance accordingly approaches the reference single-bond length of 1.40
A for a N-C(sp) bond,? as found in [W2Cpa(z-77: 17>-HCN'BU)(u-PCy2)(CO)2] (1.39(1)
A).1% The coordination mode B might be viewed as intermediate between the extreme
modes A and C, and indeed the experimental C1-N3 length of 1.347(4) A in 6 falls
midway between the distances typically observed for complexes of types A and C. For
comparison, the corresponding C-N length of 1.312(7) A in the dimolybdenum
complex [Mo2Cpa(u-xt:k:-HCNXyl)(1-SMe)s] (incidentally, the unique group 6
complex of type A structurally characterized to date) is significantly shorter, as
expected.®

Chart 2
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Solid-State Structure of the Aminocarbyne Complex 7. The structure of 7 in the
crystal (Figure 2 and Table 3) can be derived from that of 6 by replacing the
formimidoyl ligand with an equivalent (3-electron donor) aminocarbyne ligand. The
latter, however, binds the dimetal centre quite symmetrically, as it does the phosphanyl
ligand, and the intermetallic length of 2.9010(4) A is ca. 0.12 A shorter than the
corresponding distance in 6, an effect likely associated to the reduction in the number of
donor atoms at the dimetal site. The central W2PC core is slightly puckered (ca. 168°), a
distortion accompanied by a small deviation of the NO ligands from the antiparallel
arrangement found in the parent hydride 1 (W-W-N ca. 100°), whereby one of the
ligands bends away from the dimetal site, and the other one approaches it (W-W-N
angles ca. 93 and 107° in 7). A comparable structural distortion has been found
previously in related dicarbonyl complexes of type trans-[M2Cp2(u-PR2)(u-X)(CO):]
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(M = Mo, W) having relatively bulky R or X groups, thus pointing to an steric origin of
such distortion.3* We trust this might also be the case for dinitrosyl 7, due to the
presence of the bulky 'Bu group, and for other derivatives of 1 to be discussed later on
(compounds 9 and 10).

Figure 2. ORTEP diagram (30% probability) of compound 7, with most H atoms and ‘Bu and Ph groups
(except their C! atoms) omitted for clarity.

Table 3. Selected Bond Lengths (A) and Angles (°) for Compound 7

W1-W2 2.9010(4) W1-P1-W2 74.16(4)
W1-P1 2.411(2) W1-C1-W2 88.1(2)
W2-P1 2.401(1) P1-W1-C1 97.9(2)
Wi1-C1 2.086(6) P1-W2-C1 98.3(2)
w2-C1 2.086(6) WI1-W2-N2 92.7(2)
W1-N1 1.796(5) W2-W1-N1 106.6(2)
W2-N2 1.788(5) W1-C1-N3 141.5(4)
C1-N3 1.311(8) W2-C1-N3 130.3(4)
N3-C2 1.505(9) C1-N3-C2 131.1(5)

The aminocarbyne ligand in 7 displays trigonal environments at both the C1 and N3
atoms, with the tungsten, C1, N3 and C2 atoms almost placed in the same plane, a
circumstance allowing for optimal C1-N3 7 bonding interaction. We recall here that the
electronic distribution within coordinated aminocarbyne ligands is usually represented
by a combination of aminocarbyne (R1) and iminium (R2) canonical forms,323 each of
them involving different orders for the corresponding M—C and C—N bonds (Chart 3).
Most of the aminocarbyne-bridged complexes structurally characterized to date span
relatively short C-N lengths, in the range 1.26-1.34 A, this implying that the iminium
contribution is quite significant an all cases. Compound 7 actually displays a short
C1-N3 length of 1.311(8) A, close to the C=N reference length of 1.27 A, and the
W-C1 distances (2.086(6) A) are comparable to those usually measured for bridging
carbonyls, then indicative of single bonds. Therefore, it must be concluded that the
iminium form is dominant in the case of complex 7. For comparison, the corresponding
C-N and W-C lengths in the aminocarbyne complex [W2Cp2{u-C(NHXyl)}(u-
PCy)(1-CO)] were 1.344(5) and ca. 2.02 A respectively,** this pointing to a smaller
contribution of the iminium form in that case.
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Solution Structure of Complexes 6 and 7. Spectroscopic data in solution for 7
(Table 1 and Experimental section) are consistent with the static structure found in the
crystal, and are comparable to those of the thiolate and alkoxide complexes 4 and 5, or
the iodide complex [W2Cp2(u-1)(u-PPh2)(NO),],° then requiring only a few specific
comments concerning the C(NHR) ligand. The latter gives rise to characteristically
deshielded *C and 'H NMR resonances at 336.0 and 9.99 ppm respectively (cf. 318.8
and 7.22 ppm in [W2Cp2{-C(NHXyI)}(1-PCy2)(1-CO)]), and its unsymmetrical nature
renders inequivalent metal centers, which is reflected in the appearance of separated
cyclopentadienyl resonances. The observation of identical couplings of the P atom to
the metal centers (365 Hz) then is to be considered as accidental.

As opposed to the above, the strongly unsymmetrical u-x*:77 coordination of the
formimidoyl ligand in 6 is denoted by the observation of considerably different
couplings of the P atom to the inequivalent W atoms (350 and 272 Hz), with the lower
value being assigned to the coupling with that atom having the higher coordination
number (W1 in Figure 1). In contrast, any ditungsten complex displaying formimidoyl
or iminoacyl ligands of type A would have similar coordination environments at both
metal atoms, and then would be expected to display similar couplings of the W atoms to
any other atom bridging the dimetal center. For instance, the unstable complex
[W2Cpa(u-xt: xt-HCNXyl)(-PCy»)(CO)-], a molecule displaying a formimidoyl ligand
in the coordination mode A according to DFT calculations, actually displays identical
P—W couplings of 207 Hz to both metal centers.*® The formimidoyl ligand in the latter
complex gave rise to quite deshielded 3C and *H NMR resonances at 215.0 and 12.5
ppm respectively, which is characteristic of formimidoyl complexes in this coordination
mode.2%3034 In contrast, formimidoyl complexes of type C give rise to much more
shielded resonances (ca. 45 and 3 ppm respectively for [W2Cpa(u-72: 7>-HCNR)(u-
PCy,)(CO)2] complexes).*® Thus, we were surprised to find that the formimidoyl NMR
resonances of 6 appeared more deshielded than anticipated, at 198.4 and 10.02 ppm
respectively, with chemical shifts rather close to the expected values for type A
complexes. This posed some doubts concerning the retention of the u-x*:7
coordination mode of the formimidoyl ligand in the solutions of 6. To throw some
additional light on this matter, we carried out DFT calculations on this molecule, and
also on the aminocarbyne isomer 7 and an hypothetical isomer 6x having a C:N-bridged
formimidoyl ligand of type A (Figure 3 and SI).
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Figure 3. B3LYP-DFT-optimized structures of the formimidoyl complex 6 (left) and the isomers 6’
(middle) and 7 (right), with most H atoms and Ph and ‘Bu groups (except their C* atoms) omitted, and
labeling as in Figures 1 and 2. Relative Gibbs free energies were +17.5, +34.4 and 0 kJ/mol, respectively.
Selected bond lengths (A) for 6: W1-W2 = 3.085; W1-C1 = 2.405; W2-C1 = 2.055; W1-N3 = 2.163;
C1-N3 = 1.343. Isomer 6”: W1-W2 = 3.093; W1-C1 = 2.641; W2-C1 = 2.085; W1-N3 = 2.131; C1-N3
= 1.321. Isomer 7: W1-W2 = 2.923; W1-C1 = 2.078; W2-C1 = 2.086; C1-N3 = 1.322.

First, we note that the DFT-optimized structures for isomers 6 and 7 are in good
agreement with the ones determined in the crystal, although the computed distances
involving the metal atoms are somewhat overestimated in general, as commonly found
in this type of calculations.®® As observed for the dicarbonyl complexes mentioned
above,'*® we have found that the aminocarbyne complex 7 is more stable than any of the
formimidoyl isomers, with the u-x:7? formimidoyl complex 6 following in Gibbs free
energy (18 kJ/mol above 7). We also have found a second u-x*:7? formimidoyl
complex 6" placed 17 kJ/mol above 6, with a W—C 7 bonding interaction much weaker
(W1-C1 ca. 2.64 A; cf. 2.41 A'in 6). Interestingly, a hypothetical isomer with a - x*
ligand of type A (6x) was not a genuine minimum in the potential energy surface of this
system. When forced to retain a planar W>CN core, the structure of 6x was computed to
be 31 kJ/mol less stable than 6, possibly due to unfavorable steric repulsions between
the 'Bu group and a Cp ligand, which causes a significant weakening of the W-N bond
(2.21 A; cf. 2.16 A in 6). Based on these results, we conclude that compound 6 retains
in solution the z-x*: 7% coordination of its formimidoyl ligand, and that the preference of
this coordination mode over the more frequent u-x':x* coordination of type A is steric
in origin. On the other hand, we also note that the considerable NMR deshielding of the
bridgehead C atom observed for 6, only some 20 ppm below the expected figures for a
coordination of type A, is reasonably well reproduced by our calculations [éc 213.3
ppm for 6 (exp. 198.4), 240.5 for 67, 236.9 for 6x and 354.8 for 7 (exp. 336.0)]. This is
likely related to the fact that the local environment around this atom in 6, excluding the
weaker = interaction with the second W atom, remains essentially trigonal, with
considerable 7(C—N) bonding, thus yielding a shielding not far from those usually
found in complexes of type A.

Reactions of 1 with Diazoalkanes. The unsaturated hydride 1 reacts rapidly with
diazomethane at room temperature to give selectively the methyl-bridged derivative
[W2Cp2(u-x':172-CH3)(1-PPh2)(NO)2]  (8) (Scheme 6), a product following from
denitrogenation of the diazoalkane and insertion of the resulting methylene group into
the W—-H-W bond of the parent compound. In contrast, the reaction of 1 with
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N2CH(SiMes) resulted in no denitrogenation, but in diazoalkane insertion into the
W-H-W bond, to give the hydrazonide derivative [W2Cp2{u-NH(NCHSiMe3)}(u-
PPh2)(NO)2] (9) selectively. Although 9 could by purified through crystallization, this
allowing for its full structural characterization, it decomposed completely upon
attempted chromatography on alumina, to yield the methyldiazenide complex
[W2Cp2{-N(NMe)}(-PPh2)(NO)2] (10) in moderate yield. The transformation of 9
into 10 seems to involve the hydrolysis of the C—SiMes bond (a common process in
organic chemistry), and an 1,3-H shift in the resulting x~NHNCH: ligand to render the
methyl group eventually present in 10. This transformation could be forced on purpose
by stirring a wet dichloromethane solution of 9 in the presence of KOH, but water itself
did not trigger this reaction.

Scheme 6. Reactions of 1 with Diazoalkanes
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Reactions of diazoalkanes with organometallic complexes having unsaturated Ma(u-
H)x cores have been studied in detail only in a limited number of systems, such as the
triosmium cluster [Oss(u-H)2(C0)10],% the 32-electron dirhenium dihydride [Rea(u-
H)2(C0)s],*” and the 30-electron ditungsten hydride [W2Cp2(H)(-PCy2)(C0)2],** and
the outcome of these reactions usually depends strongly on the particular diazoalkane
being used. Diazomethane reacts in all cases with full denitrogenation to yield methyl
derivatives, whereas diazoalkane insertion to give hydrazonide derivatives was observed
in the reactions of the Os; and Re2 compounds with other diazoalkanes.®6¢%"8 The
ditungsten hydride was unique in yielding diazoalkane complexes stable with respect to
denitrogenation or insertion processes. Thus we conclude that the behavior of 1 towards
diazoalkanes is closer to the one displayed by the carbonyl complexes bearing 32-
electron Mz(u-H)2 centers.

It should be noted that the diazomethane reaction of 1 is the unique synthetic route
currently available for the methyl complex 8. Attempts to alternatively prepare 8
through methylation of the Na* salt of the unsaturated anion [W2Cp2(u~PPh2)(NO)2]
were unsuccessful. Actually, the reaction of the latter with Mel yielded quantitatively
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the iodide-bridged complex [W2Cp2(u-1)(-PPh2)(NO).], whereas the use of halide-free
methylation reagents such as CF3SOsMe or [Me3O]BFs led to mixtures of
uncharacterized products, presumably following from oxidation (rather than
methylation) of the ditungsten anion.

Structural Characterization of the Agostic Methyl Complex 8. The IR and 3!P
NMR spectra for 8 in solution (Table 1) are comparable to those of complexes 4 to 7
discussed above, thus indicating the presence of a transoid W>Cpz(u-PPh2)(NO)2
fragment further bridged by a 3-electron donor (here, the methyl ligand). The NMR
spectra recorded at room temperature expectedly displayed quite shielded resonances
for the methyl ligand at —2.09 (*H) and 5.8 ppm (*3C), but also revealed the chemical
equivalence of each pair of Cp and Ph rings, while no noticeable changes were detected
when recording these spectra down to 173 K. All these data would be consistent with
either a symmetrical coordination of the methyl ligand (u-x*:x%), or with an a-agostic
coordination (u-«':77%) coupled to a fast exchange process involving the H atoms within
the methyl group, which also would exchange the metal atom involved in the agostic
interaction. Such a fast fluxionality is a common circumstance previously found in
different methyl-bridged complexes, such as the dicarbonyl [Mo2Cpa(u-&t: 72-CHs)(u-
PCy2)(CO).] and related species.® The proposal of an agostic coordination for the
methyl ligand in 8 is strongly supported by the observation of an averaged C—H
coupling of just 113 Hz in this ligand, well below the usual value of 125-130 Hz
expected for conventional H-C(sp®) bonds, and therefore indicative of a quite strong
agostic interaction.®® Such interaction would actually be much stronger than the one
present in the mentioned dicarbonyl complex (Jch = 124 Hz), and comparable to the one
present in the highly unsaturated monocarbonyl [Mo2Cp2(u-xt: 17>-CHa)(u-P'Bu2)(u-
CO)] (Jcn = 110 Hz).%! To further support our structural proposal for 8 we carried out
DFT calculations on both the agostic structure and the non-agostic isomeric form with a
-+t ligand, and found that only the agostic structure was a genuine minimum in the
potential energy surface of the system (Figure 4). We note that the computed W-W
length of 2.923 A is identical to the one computed for the aminocarbyne complex 7,
thus supporting our view of the agostic methyl ligand in 8 as an effective 3-electron
donor to the dimetal center.
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Figure 4. B3LYP-DFT-optimized structure of the agostic methyl complex 8, with most H atoms and Ph
groups (except their Ct atoms) omitted for clarity. Selected bond lengths (A): W1-W2 = 2.923; W1-C1 =
2.435; W2-C1 = 2.179; W1-H* = 1.907; C1-H* = 1.180; C1-H = 1.094, 1.094.

Structure of the Hydrazonide Complex 9. The molecule of 9 in the crystal (Figure
5 and Table 4) can be derived from that of the parent compound 1 after replacing the
hydride ligand with an amide-like bridging hydrazonide ligand, strongly bound to the
dimetal centre in a quite symmetrical way (W-N3 = 2.097(7) and 2.127(6) A). The
structure of 9 is actually very similar to the one recently determined for the amide-
bridged complex [M02Cpa(z-NH2)(u-PCy2)(NO)2] (Mo-N ca. 2.13 A),% including the
corresponding intermetallic lengths (2.8608(4) A in 9 vs. 2.8654(8) A in the Mo;
complex), then deserving only a few comments concerning the hydrazonide ligand. The
latter expectedly displays a tetrahedral environment around the bridgehead N3 atom,
and trigonal environments around the N4 and C1 atoms, with the N3—-N4 and N4-C1
lengths (1.47(1) and 1.33(1) A) approaching the reference values of 1.42 and 1.27 A for
single and double bonds between the corresponding atoms, respectively.?82° Similar
observations have been made on the three other hydrazonide complexes structurally
characterized so far, these bearing comparable #~HNNCPh, and 4~HNNCPhMe ligands
bridging 0s¢°“? or Re atoms.>"

Figure 5. ORTEP diagram (30% probability) of compound 9, with most H atoms, Me groups, and Ph
rings (except their C* atoms) omitted for clarity.
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Table 4. Selected Bond Lengths (A) and Angles (°) for Compound 9

W1-W2 2.8608(4) W1-P1-W2 73.41(6)
W1-P1 2.388(2) W1-N3-W2 85.3(2)

W2-P1 2.399(2) P1-W1-N3 100.6(2)
W1-N3 2.097(7) P1-W2-N3 99.4(2)

W2-N3 2.127(6) W1-W2-N2 108.0(2)
W1-N1 1.773(7) W2-W1-N1 91.8(2)

W2-N2 1.772(7) W1-N3-N4 130.0(5)
N3-N4 1.47(1) W2-N3-N4 118.6(5)
N4-C1 1.33(1) N3-N4-C1 117.4(8)
C1-Sil 1.84(1) N4-C1-Si1 120.0(7)

Spectroscopic data in solution for 9 (Table 1 and Experimental Section) are
comparable to those of the thiolate- and alkoxide complexes 4 and 5, then deserving no
detailed comments. We just note that the inequivalent cyclopentadienyl ligands of the
molecule give rise to a single resonance, instead of two, which we consider an
accidental coincidence, and that the NH and olefinic CH groups of the hydrazonide
ligand expectedly give rise to quite deshielded resonances at 8.23 and 8.11 ppm,
respectively, which were assigned on the basis of their different line widths.

Structure of the Diazenide Complex 10. The molecule of 10 in the crystal (Figure 6
and Table 5) can be derived from that of the precursor 9 after replacing the hydrazonide
group with a N:N-bound methyldiazenide ligand, which bridges symmetrically the
tungsten atoms even more tightly than before (W-N3 = 2.041(3) and 2.065(3) A). The
geometrical parameters of the central unit are very similar to those of 9, these including
the short intermetallic distance (2.8730(2) A), the modest puckering of the central
W2PN core (P-W-W-N angle ca. 168°) and the concomitant departure of the terminal
nitrosyls from antiparallel arrangement (W—W-N angles ca. 95 and 104°). The N3 and
N4 atoms of the diazenide ligand display trigonal environments, and the corresponding
N-N length of 1.246(4) A is expectedly very short, actually matching the reference
double-bond length of ca. 1.24 A.?® Although no comparable methyldiazenide-bridged
complexes appear to have been structurally characterized so far, we note that the above
N-N length is comparable to those previously measured in related aryldiazenide-
bridged complexes, such as [Mo2Cp2(u-NNPh)(1-SMe)s] (1.255(3) A),** and [Oss(u-
H){-NN(p-to)}(CO)10] (1.233(2) A)*> which, however, were not prepared from
diazoalkane reagents. Spectroscopic data in solution for 10 (Table 1 and Experimental
Section) are consistent with the asymmetric structure found in the crystal, except for the
accidental coincidence of the P-W couplings (381 Hz), but otherwise are comparable to
those of 9, then deserving no additional comments.
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Figure 6. ORTEP diagram (30% probability) of compound 10, with H atoms and Ph rings (except their
C'! atoms) omitted for clarity.

Table 5. Selected Bond Lengths (A) and Angles (°) for Compound 10

W1-W2 2.8730(2) W1-P1-W2 73.32(2)
Wi1-P1 2.403(1) W1-N3-W2 88.8(1)
W2-P1 2.409(1) P1-W1-N3 98.6(1)
W1-N3 2.041(3) P1-W2-N3 97.8(1)
W2-N3 2.065(3) W1-W2-N2 103.5(1)
W1-N1 1.782(3) W2-W1-N1 94.6(1)
W2-N2 1.788(3) W1-N3-N4 129.9(2)
N3-N4 1.246(4) W2-N3-N4 139.5(2)
N4-C23 1.469(4) N3-N4-C23 116.0(3)

A note on 3!P-183W Couplings in trans-[W2Cpz(u-PPh2)(u-X)(NO)2] Complexes.
An overall analysis of the 3'P NMR parameters of compounds 4, 5, and 7 to 10, as well
as those of related complexes of type trans-[W2Cp2(u-PPh2)(1-X)(NO)2] recently
described by us, with ligands X = PPh,,22 SMe and 1,° Br and Cl,*3 reveal no clear trends
concerning their chemical shifts. In contrast, their one-bond couplings to the tungsten
atoms correlate quite well with the Pauling electronegativity (¢) of the bridgehead atom
of the ligand X (Figure 7). This is a general trend for one-bond couplings of any kind,
and it is usually explained on the basis that an increase in the electronegativity of a
group X bound to an atom A (here W) leaves electron density with more s-character at
that atom, thus reinforcing the coupling of atom A to any third atom bound to it (here
P).1844 In our context, the interest of this linear correlation for complexes of type trans-
[W2Cp2(u-PPh2)(1-X)(NO)-] is that, because of its large sensitivity to y (42 Hz per unit
of electronegativity), the observed P-W coupling might reveal the identity of the
bridgehead atom in cases where the nature or coordination mode of the bridging ligand
X would be otherwise not obvious.
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Figure 7. One-bond 3P-'#W coupling constants (Jew, in Hz) for complexes of type trans-[W,Cpa(u-
PPhy)(1~X)(NO)], represented against the Pauling electronegativity (ye) of the bridgehead atom in each
X ligand [X = H, PPhy, CHs, CNH'Bu, SMe, SPh, I, Br, NHNHSiMes, NNMe, CI, OCHa(p-tol)].
Excluding H, the data fit to the equation Jpw = 253 + 42 % (minimum squares, R? = 0.96).

Finally, we should remark that the parent hydride complex 1 falls apart from the
above correlation, since it displays a P-W coupling much higher than the one expected
on the basis of the hydrogen electronegativity (Figure 7). This can be justified by
recalling that complex 1 is an unsaturated, 32-electron complex, while all other
complexes under consideration are saturated, 34-electron complexes, so the electronic
interactions at the bridging region are substantially different from each other. Yet, this
provides another example of the higher usefulness of the half-electron convention for
interpreting the structural and spectroscopic properties of hydride-bridged
organometallic complexes featuring short intermetallic distances.’

Concluding Remarks

As expected for an unsaturated complex, the 32-electron hydride 1 reacts easily
under mild conditions with a variety of p-block element molecules even if these lack
lone electron pairs for initial coordination to the dimetal site (BHs, HSnPhgz), but in all
cases this event is followed by additional processes. When the added reagent bears a
E—H bond of medium strength (E = B, Sn, S), then E—H bond oxidative addition occurs,
which may be followed by dehydrogenation or other processes. Molecules lacking these
bonds but displaying E—E"~ multiple bonds, such as aldehydes, isocyanides and
diazoalkanes, undergo insertion of the added reagent into the W—H-W bond, with
formation of new and strong C—-H and N-H bonds. The insertion of CN'Bu proceeds
through two competitive pathways to give the corresponding aminocarbyne or
formimidoyl derivative respectively, the latter displaying an unprecedented u-x*:7?
coordination mode, which is thermodynamically favored over the more usual z-xt:x*
mode for steric reasons, as suggested by DFT calculations. The reaction with
diazomethane proceeds instead with denitrogenation and formal insertion of methylene,
to give a product bearing a methyl ligand bridging the metal atoms in an agostic z-x*: 72
coordination mode, according to the available NMR data and DFT calculations. In all,
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the chemical behavior of 1 can be related to the reactivity of different carbonyl
complexes bearing 32-electron Ma(u-H)2 cores (M = Mn, Re, W, Os), but also to the
reactivity of the 30-electron hydrides [M2Cp2(u-H)(u-PCy2)(CO)2] (M = Mo, W), which
bear a closer structural relationship with 1. A unique property of 1 seems to be the
ability to yield a stable hydrogenation derivative (the trihydride 2), not paralleled by any
of the mentioned unsaturated hydrides, which might be related with the presence of two
nitrosyl ligands in 1, and the proven efficiency of these ligands to stabilize metal
complexes both in low and high oxidation states. Most derivatives of 1 conform a
family of complexes of general formula trans-[W2Cp2(u-PPh2)(z-X)(NO)2], where X
typically is a 3-electron donor ligand derived from the added p-block element molecule.
We have found that the observed P-W coupling in these products increases linearly
with the Pauling electronegativity of the bridgehead atom of X, a relationship which
might be of use for the structural characterization of new complexes in the future.

Experimental Section

General Procedures and Starting Materials. All manipulations and reactions were
carried out under an argon (99.995%) atmosphere using standard Schlenk techniques.
All experiments were carried out using Schlenk tubes equipped with Young’s valves.
Solvents were purified according to literature procedures and distilled prior to use.*®
Petroleum ether refers to that fraction distilling in the range 338-343 K. Complex
[W2Cp2(-H)(1-PPh2)(NO)2] (1),® and diethyl ether solutions of diazomethane*® were
prepared as described previously, while all other reagents were obtained from the usual
commercial suppliers and used as received, unless otherwise stated. Chromatographic
separations were carried out 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 aluminum oxide (activity 1, 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. IR stretching frequencies were generally measured in solution, are
referred to as v (solvent), and are given in cm~t. Nuclear magnetic resonance (NMR)
spectra were routinely recorded at 293 K unless otherwise stated. Chemical shifts (o) are
given in ppm, relative to internal tetramethylsilane (*H, *3C), or external 85% aqueous
HsPO4 (3'P), and coupling constants (J) are given in Hz.

Preparation of [W2Cp2(u-H)Hz(u-PPh2)(NO)2] (2). Excess BHs-THF (250 wL of a
1M solution in THF, 0.25 mmol) was added to a toluene solution (10 mL) of compound
1 (0.030 g, 0.040 mol), and the mixture was stirred at room temperature for 10 min to
give a yellow solution. Removal of the solvent under vacuum and washing of the
residue with petroleum ether (2 x 3 mL) gave compound 2 as a yellow solid (0.024 g,
80%). This product was shown (by NMR) to contain a mixture of two isomers (2A and
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2B) in a ratio of ca 2:1 which could not be satisfactorily separated. However, a small
amount of the major isomer 2A could be obtained through fractional crystallization
from dichloromethane/petroleum ether mixtures, whereby the spectroscopic data of each
of the isomers could be safely assigned. Anal. Calcd for C22H23N202PW2: C, 35.42; H,
3.11; N, 3.75. Found: C, 35.05; H, 2.80; N, 3.53. 'H NMR (300.13 MHz, C¢Ds, Isomer
2A): 6 8.00-6.80 (m, 10H, Ph), 5.13, 4.89 (2s, 2 x 5H, Cp), —0.86 (d, Jup = 13, Jnw =
76, 1H, WH trans), —1.51 (dd, Jup = 40, Jun = 11, Juw = 99, 1H, WH cis), —7.48 (dd,
Jup = 19, Jun = 11, Jnw = 53, 53, 1H, #-H). 'H NMR (300.13 MHz, CDCl,, Isomer
2A): §7.89-7.01 (m, 10H, Ph), 5.47, 5.43 (2s, 2 x 5H, Cp), —1.09 (d, Jue = 13, Juw =
77, 1H, WH trans), —=1.70 (dd, Jup = 40, Jun = 11, Jnw = 98, 1H, WH cis), —7.67 (dd,
Jup = 20, Jun = 11, Juw = 53, 53, 1H, #-H). *H NMR (300.13 MHz, CDCl,, Isomer
2B): §7.95-7.00 (m, 10H, Ph), 5.56 (s, 10H, Cp), —0.29 (dd, Jxp = 12, JHH = 2, Jnw =
73, 2H, WH trans), —4.50 (dt, Jup = 26, Jun = 2, Juw = 51, 1H, x-H).

Preparation of [W2Cpz(u-H)H(#-PPh2)(NO)2(SnPhs)] (3). Solid HSnPhs (0.025 g,
0.071 mmol) was added to a toluene solution (10 mL) of compound 1 (0.035 g, 0.047
mol), and the mixture was stirred at room temperature for 20 min to give an orange
solution. The solvent was then removed under vacuum, the residue was extracted with
dichloromethane/petroleum ether (1/2), and the extracts chromatographed on alumina at
253 K. Elution with dichloromethane/petroleum ether (1/1) gave a yellow fraction
yielding, after removal of solvents, compound 3 as a yellow microcrystalline solid
(0.026 g, 51%). Anal. Calcd for CsoH37N202PSNW2: C, 43.87; H, 3.41; N, 2.56. Found:
C, 44.20; H, 3.39; N, 2.61. 'H NMR (300.13 MHz, CD:Cl,): §7.95-6.55 (m, 25H, Ph),
5.32, 4.98 (2s, 2 x 5H, Cp), —0.52 (dd, Jnp = 13, Jun = 3, Juw = 68, JH119sn = JH1175n =
81, 1H, WH), -5.23 (dd, Jup = 26, JHH = 3, Jnw = 55, 50, JH119sn = 100, JH117sn = 96, 1H,
u-H).

Preparation of [W2Cp2(u-SPh)(u-PPh2)(NO)2] (4). Neat HSPh (8 L, 0.078 mmol)
was added to a toluene solution (10 mL) of compound 1 (0.025 g, 0.034 mol), and the
mixture was stirred at room temperature for 10 min to give a yellow solution. The
solvent was then removed 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 yellow fraction
yielding, after removal of solvents, compound 4 as a yellow microcrystalline solid
(0.020 g, 69%). Anal. Calcd for C2sHasN202PSW2: C, 39.46; H, 2.96; N, 3.29; S, 3.76.
Found: C, 39.74; H, 2.96; N, 3.24; S, 3.11. 'H NMR (300.13 MHz, CD.Cly): §7.80-7.23
(m, 15H, Ph), 5.48, 5.03 (2s, 2 x 5H, Cp).

Preparation of [W2Cp2{u-OCHz(p-tol)}(#-PPh2)(NO)2] (5). A large excess of (p-
tol)C(O)H (120 L, 1.018 mmol) was added to a toluene solution (10 mL) of compound
1 (0.030 g, 0.040 mol), and the mixture was refluxed for 15 min to give an orange
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solution. The solvent was then removed under vacuum, the residue was extracted with
dichloromethane/petroleum ether (1/2), and the extracts were chromatographed on
alumina at 288 K. Elution with dichloromethane/petroleum ether (2/1) gave a yellow
fraction yielding, after removal of solvents, compound 5 as a yellow microcrystalline
solid (0.022 g, 64%). Anal. Calcd for C3oH2oN20sPW2: C, 41.69; H, 3.38; N, 3.24.
Found: C, 41.44; H, 2.93; N, 3.33. 'H NMR (300.13 MHz, CD,Cl): §7.70-7.30 (m,
14H, Ph and CeHa), 5.44 (d, Jun = 11, 1H, OCHy), 5.284, 5.280 (2s, 2 x 5H, Cp), 4.86
(d, Jun = 11, 1H, OCHy), 2.46 (s, 3H, Me).

Preparation of [W2Cp2(u-&t: -HCNBU)(1-PPh2)(NO)2] (6). Neat CN'Bu (12 zL,
0.106 mmol) was added to a dichloromethane solution (10 mL) of compound 1 (0.030
g, 0.040 mmol), and the mixture was stirred at room temperature for 15 min to give a
yellow solution. The solvent was then removed under vacuum, the residue was
extracted with dichloromethane/petroleum ether (1/2), and the extracts were
chromatographed on alumina at 288 K. Elution with dichloromethane/petroleum ether
(2/1) gave a yellow fraction yielding, after removal of solvents, a yellow solid shown
(by NMR) to contain a ca. 3:1 mixture of isomers 6 and 7 (0.020 g, 60%). Pure isomer 6
could be obtained through fractional crystallization of the above solid from
dichloromethane/toluene/petroleum ether mixtures. The crystals of 6 used in the X-ray
diffraction study were grown through the slow diffusion of layers of toluene and
petroleum ether into a concentrated dichloromethane solution of the complex at 253 K.
Anal. Calcd for C27H30N302PW2: C, 39.20; H, 3.66; N, 5.08. Found: C, 38.98; H, 3.40;
N, 4.80. *H NMR (300.13 MHz, CDCly): §10.02 (d, Jrn = 1, 1H, CH), 7.90-7.00 (m,
10H, Ph), 5.64 (d, Jew = 1, 5H, Cp), 5.53 (s, 5H, Cp), 1.43 (s, 9H, Bu). BC{*H} NMR
(75.46 MHz, CD,Cl,): §198.4 (s, CH), 142.1 [d, Jcp = 45, C}(Ph)], 137.4 [d, Jcp = 50,
CY(Ph)], 135.9, 133.1 [2d, Jcp = 11, C2(Ph)], 130.7, 129.2 [2d, Jcr = 3, C*(Ph)], 129.5,
128.5 [2d, Jcp = 12, C3(Ph)], 101.8, 97.1 (2s, Cp), 66.3 [s, C1(‘Bu)], 31.5 [s, C2('Bu)].

Preparation of [W2Cp2{u-C(NH'Bu)}(u-PPh2)(NO)2] (7). A dichloromethane
solution (10 mL) of CN'Bu (12 xL, 0.106 mmol) was added dropwise to a stirred
dichloromethane solution (10 mL) of compound 1 (0.030 g, 0.040 mmol) at 273 K, and
the mixture was further stirred at this temperature for 10 min to give an orange solution.
Workup as described for 6 yielded an orange solid shown (by NMR) to contain a ca. 1:3
mixture of isomers 6 and 7 (0.020 g, 60%). Pure isomer 7 could be obtained from
fractional crystallization of the above solid from dichloromethane/toluene/petroleum
ether mixtures. The crystals of 7 used in the X-ray diffraction study were grown as
described for 6. Anal. Calcd for C27H30N3O2PW-: C, 39.20; H, 3.66; N, 5.08. Found: C,
38.85; H, 4.10; N, 4.54. 'H NMR (300.13 MHz, CD,Cl,): §9.99 (s, 1H, NH), 7.90-7.20
(m, 10H, Ph), 5.26, 5.19 (2d, Jen = 1, 2 X 5H, Cp), 1.66 (s, 9H, 'Bu). ¥C{*H} NMR
(75.46 MHz, CD2Cl,): 5§336.0 (s, u-C), 145.6, 141.9 [2d, Jcp = 44, C1(Ph)], 135.5,
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134.1 [2d, Jep = 11, C?(Ph)], 129.2 [d, Jcp = 2, C*(Ph)], 128.6 [d, Jcpr = 3, C*(Ph)],
128.6, 128.3 [2d, Jcp = 11, C3(Ph)], 95.7, 95.6 (2s, Cp), 62.6 [s, C}('Bu)], 30.9 [s,
C%('Bu)].

Preparation of [W2Cpz(u-«': 17-CH3)(u-PPh2)(NO)2] (8). Excess CH2N2 (1 mL of
aca. 0.7 M solution in diethyl ether, 0.7 mmol) was added to a toluene solution (10 mL)
of compound 1 (0.030 g, 0.040 mol), and the mixture was stirred at room temperature
for 10 min to give a yellow solution. After removal of volatiles under vacuum, the
residue was dissolved in toluene, the solution filtered and the solvent again removed
from the filtrate, to give a residue which was washed with petroleum ether (5 mL) to
yield compound 8 as a yellow solid (0.021 g, 69%). Anal. Calcd for C23H23N202PWo:
C, 36.44; H, 3.06; N, 3.70. Found: C, 36.07; H, 2.73; N, 3.59. 'H NMR (300.13 MHz,
CD2Cl,): 67.95-7.20 (m, 10H, Ph), 5.35 (s, 10H, Cp), —2.09 (s, JHc = 113, Juw = 8, 3H,
1-CHg). BC{*H} NMR (75.46 MHz, CD,Cl,): §143.4 [d, Jcr = 50, CY(Ph)], 134.6 [d,
Jep = 11, C2(Ph)], 129.5 [d, Jcr = 2, C*(Ph)], 128.7 [d, Jcp = 11, C3(Ph)], 95.8 (s, Cp),
5.8 (s, Jew = 71, u-CHp).

Preparation of [W2Cp2{g-NH(NCHSiMes)}(#-PPh2)(NO)2] (9). A slight excess of
N2CH(SiMe3) (30 pL of a 2 M solution in hexanes, 0.06 mmol) was added to a
dichloromethane solution (10 mL) of compound 1 (0.040 g, 0.054 mol), and the mixture
was stirred at room temperature for 10 min to give a yellow-orange solution. The
solvent was then removed under vacuum, and the residue was washed with petroleum
ether (5 mL) to yield compound 9 as a yellow solid (0.028 g, 60%). The crystals of 9
used in the X-ray diffraction study were grown as described for 6. Anal. Calcd for
CosH31N4O2PSiW2: C, 36.38; H, 3.64: N, 6.53. Found: C, 36.06; H, 3.43;: N, 5.97. 'H
NMR (300.13 MHz, CD2Cl,): 68.23 (s, br, 1H, NH), 8.11 (s, 1H, CH), 8.00-7.20 (m,
10H, Ph), 5.39 (d, JrH = 1, 10H, Cp), 0.25 (s, 9H, SiMes).

Preparation of [W2Cp2{u-N(NMe)}(u-PPh2)(NO)2] (10). The crude compound 9,
prepared as described above, was dissolved with dichloromethane/petroleum ether (1/2),
and the solution was chromatographed on alumina at 288 K. Elution with
dichloromethane/petroleum ether (2/1) gave a red fraction yielding, after removal of
solvents, compound 10 as a red solid (0.015 g, 35% based on 1). The crystals of 10 used
in the X-ray diffraction study were grown as described for 6. Anal. Calcd for
CasH23N4OPW5: C, 35.14; H, 2.95; N, 7.13. Found: C, 35.12; H, 3.18; N, 6.36. H
NMR (300.13 MHz, CD2Cl,): §7.90-7.25 (m, 10H, Ph), 5.42, 5.41 (2d, Jpn = 1, 2 x 5H,
Cp), 4.29 (s, 3H, NMe).

X-ray Structure Determination of Compounds 6, 9 and 10. Data collection for
these compounds was carried out at 100 K on a Kappa-Appex-1l Bruker diffractometer
using graphite-monochromated MoKo. radiation. The software APEX*’ was used for

collecting frames with a ®/¢ scans measurement method. Data reduction was carried out
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with the SAINT software,*® and a multi-scan absorption correction was applied with
SADABS.* Using the program suite WINGX, the structures were solved by Patterson
interpretation and phase expansion using SHELXL2016, and refined with full-matrix
least squares on F2 using SHELXL2016,>! to give the residuals collected in Table S4
(see the Sl). In general, all non-hydrogen atoms were refined anisotropically, except
those involved in disorder, which were refined isotropically to prevent their temperature
factors from becoming non-positive definite, and all hydrogen atoms were
geometrically placed and refined using a riding model. Compound 6 crystallized with a
toluene molecule, and the atom H1 was located in the Fourier maps and refined
isotropically. Compound 9 also crystallized with a toluene molecule, now disordered
over two sites, successfully refined with 0.6/0.4 occupancies, and the atoms H1 and
H3B were located and refined isotropically; however, restraints on the C1-H1 bond and
the C—C lengths within the toluene molecule had to be applied to achieve a satisfactory
model.

X-ray Structure Determination of Compound 7. Data collection was carried out at
150 K on an Oxford Diffraction Xcalibur Nova single crystal diffractometer, using Cu-
K radiation. Images were collected at a 62 mm fixed crystal-detector distance, using
the oscillation method and 1.5-3.0 s exposure time per image. Data collection strategy
was calculated with the program CrysAlis Pro CCD,> and data reduction and cell
refinement were performed with the program CrysAlis Pro RED.>> An empirical
absorption correction was applied using the SCALE3 ABSPACK algorithm as
implemented in the latter program. Structure solution and refinements were generally
performed as described above, to give the residuals collected in Table S4 (see the SI).
The carbon atoms C(11), C(13) and C(15) were refined anisotropically in combination
with the instructions SIMU and DELU, and the N-bound H3 atom was located in the
Fourier maps and refined isotropically with a restraint on the corresponding N—H bond
length.

Computational Details. All DFT computations were carried out using the
GAUSSIANO3 package,®® in which the hybrid method B3LYP was used with the Becke
three-parameter exchange functional® and the Lee-Yang-Parr correlation functional
A pruned numerical integration grid (99,590) was used for all the calculations via the
keyword Int=Ultrafine. Effective core potentials and their associated double-(
LANL2DZ basis set were used for the metal atoms.>® The light elements (P, O, C, N
and H) were described with the 6-31G* basis.>” Geometry optimizations were
performed under no symmetry restrictions, and frequency analyses were performed for
all the stationary points to ensure that minimum structures with no imaginary
frequencies were achieved. NMR shielding contributions and coupling constants were
calculated using the gauge-including atomic orbitals (GIAO) method,*® in combination
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with the LANL2DZ basis set for the W atoms and the IGLO-I1I basis set of Kutzelnigg
and co-workers for the remaining atoms.>® Molecular graphics and vibrational modes
were visualized using the Molekel program.®°

Supporting Information. A CIF file containing full crystallographic data for
compounds 6, 7, 9 and 10 (CCDC 1585985-1585988), a PDF file containing results of
DFT calculations (structures, energies, and NMR data), and an XYZ file including the
Cartesian coordinates for all computed species. This material is available free of charge
via the Internet at http://pubs.acs.org.
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Table of Contents Synopsis

Different p-block element (E) molecules having E-H bonds, or C—N multiple bonds,
readily add to the title complex under mild conditions, but this is invariably followed by
additional processes, these including E-H bond cleavage, dehydrogenation, insertion
and denitrogenation, to give a plethora of derivatives having different ligands bridging

the tungsten atoms.
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