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i1
ABSTRACT

The novel bimetallic hydrides [(n5-C5H5)w(_NO)IH]2 and [(n5-C5H5)w-
(NO)H2]2 can be prepared sequentially by the metathesis of [(n5—C5H5)N(N0)-
I,], with Na[H,AT(OCH,CH,0CH;),]. Analyses of the 'H NMR spectra of
[(n5-C5H5)W(NO)IH]2 and [(n5-C5H5)N(NO)H2]2 show the former contains
hydride Tigands bound to tungsten in a terminal fashion, while the latter
possesses two terminal and two bridging hydrides. Addition of a Lewis base
to [(n5-C5H5)W(NO)IH]2 results in the formation of hydride species
(n55C5H5)w(NO)IHL (L = P(OPh)3, P(OMe)3, PPh3); in 1ike manner, the dimer
[(n>-CcHg)W(NO)H,1, s cleaved by triphenylphosphite to form the monomer
cis or trans (n5-C5H5)W(NO)H2[P(OPh)3]. A comparison is made of the
reactivity of the fungsten-hydrogen Tink in the nitrosyl hydrides (n5-C5H5)-
W(NO)IH[P(OPh) 3], (n®-CgHg)W(NO),H, and (n®-CoHg)W(NO)H,[P(OPh)4].

The Mo(N0)22+ unit is obtained as the tetrakis-solvate via chloride
abstraction from Mo(NO)2C12 by AgBF, or nitrosylation of Mogco)G by NOPF
in coordinating so]venté such as nitromethane, acetonitrile, or tetrahydro-
furan. The unsolvated comp]ex[Mo(NO)Z(PF6)2]nisproduced if the latter
reaction is performed in dichloromethane; however, it readily converts to
[Mo(NO)ZS4](PF6)2 upon exposure to coordinating solvents (S). Hard Lewis
bases (L = CH3CN, OPPh3 or L2 = 2,21b1pyr1d1ne replace the solvent mole-
cules in [Mo(NO),S,]X, (X = BFi, PFg) forming complexes [Mo(N0)2L4]2+ or
[Mo(N0)2L232]2+ depending upon the solvent employed. Reagents capable of

being oxidized appear to keduce the dinitrosyl dication without permanent



coordination to the molybdenum centre. Reduction of [Mo(N0)254](PF6)2
or[Mo(NO)Z(PF6)2]nis effected by sodium amalgam (one equivalent); addition
of a ligand Ly (L2 = 2,2-bipyridyl, 3,4,7,8-tetramethy1-1,10-phenanthroline)
to the reaction mixture permits the isolation of [Mo(NO%}Z]Z(PFe)Z.
Addition of excess Tigand results in the formation of non-nitrosyl containing
species [Mp(}2)3]PF6 (L = OPPhy or L, = 3,4,7,8-tetramethyl-1,10-phenanthro-
Tine). Decomposition of the nitrosyl species results from attempts to
reduce [Mo(NO)ZS4]2+ by two electrons. New complexes are identified by
the aid of IR.and H, 19F, or 31P NMR spectroscopy and conductance measure-
ments.

Attempts to prepare thionitrosyl analogues of [Mo(NO)2L4]2+ have met
with Timited success; the only well-characterized thionitrosyls isolated
in this study are the known (n5-C5H5)Cr(CO)2NS and the new [(n5-C5H5)Mo—
(NO)(NS)PPh3]BF4.

Also discussed is the interaction of NOPF6 with solvents. NOPF¢ has

beeﬁ found to react slowly with acetonitrile, a common solvent for nitro-

sonium salts.
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Introduttion

Since the preparation of the first transition-metal carbony!
Pt(CO)Z(C1)21 in 1868 and the formulation of the bonding in carbonyl transi-
tion metals (1950's),2 volumes have been published on their preparation,
reactivity, and use in organic synthesis and catalysis.3 In comparison
transition-metal nitrosyl complexes are much less well studied. Nitrogen
monoxide, though possessing one electron more than carbon monoxide, is
similar to that molecule in both structure and bonding. When bonded to
a metal centre in a linear fashion, analogous to a carbonyl ligand, the
nitrosyl Tigand is formally considered to be a three-electron donor; and
the hybridization of orbitals around nitrogen is sp. However, uniike the
carbonyl Tigand the nitrosyl has another mode of bonding available to it.
When the orbitals around the nitrogen atom are‘sp2 hybridized, the M-N-0
angle is bent (~120°). A nitrosyl group bonded in this manner is consi-
dered to be a formal one-electron donor. An example of a complex contain-
ing both these modes of bonding is [Ru(PPh3)2(N0)2C1]+I 4

The fact that the same ligand can act as a three- or a one-electron
donor offers the possibility that an additional coordination site could be
made available on a metal centre without the necessity of ligand dissocia-
tion but rather through the tautomerization of a linear nitrosyl to a bent
one. Thus, it is anticipated that nitrosyl complexes might have different
chemical and catalytic properties from their carbonyl analogues. One
nitrosyl complex which has demonstrated unique chemistry is Fe(CO)z(NO)Z.5

When butadiene is treated with a catalytic amount (1% by weight) of this



iron nitrosyl, the anticipated dimer, 4-vinylcyclohex-1-ene, 1§ formed as
the only product despite the introduction of other possible reactants
such as ethylene or propene. Nor do the additives triethylaluminum,
triphenylphosphine, or pyridine have any influence on the yield or speci-
ficity of the reaction. Evidently the presence of the nitrosyl ligand

is essential since a variety of carbonyl derivatives of iron exhibit no
catalytic activity. Further, it has been reported that Fe(N0)252 (S =

a donor solvent), a possible intermediate in the dimerization, performs
the reaction with equal specificfty;6 More recently this group has
studied the behaviour of [(n5—C5H5)Cr(N0)2]2 and that of the isoe]ecfronic
carbony!l [(nS-C5H5)Fe(CO)2]2.7 The two compounds exhibit some chemical
similarities, e.g., reacting with halogens to form the monomeric halides;
but in other aspects their chemistry is quite different, e.g., reduction .
of the iron dimer by sodium amalgam Teads to [(n5-C5H5)Fe(C0)2]_ while
under identical conditions the chromium dimer decomposes. The dominant
feature of the nitrosyl dimer's reactivity is its propensity to abstract

halogen atoms from inorganic or organometallic halides. It has been employed

THF

5 5
[£ﬂ4—QSHS)Cr(NO)2]2+2[(n;-C5H5)Fe(C0)2C1],—FE?TG&

2[(nS-CoHe)Cr(N0) 1] +

[(n"-CgHg ) Fe(C0),1,

to specifically abstract vicinal halides from organic reagents. 8

[(n°~CeHg)Cr(NO),]

C6H5CHBY‘CHBY‘2 > C6H5CH=CHBr




The general objectives at the outset of this work were to prepare
new transition-metal nitrosyl species and to study their reactivity.
Accordingly, Part I deals with the preparation, characterization, and
reactivity of some nitrosyl hydrides of the Group VIB and VIIB metals;
and Part II describes the synthesis of Group VIB nitrosyl and thionitrosyl

cations.



Part 1

Nitrosyl Hydride Complexes of Tungsten and Manganese

Hieber9 in 1931 reported the discovery of the first discrete com-
plexes containing transition metals covalently bonded to hydrogen; these
were the unstable species H2Fe(CO)4 and HCo(CO)4. For some years these
compounds were incorrectly formulated as Fe(COH)Z(CO)2 and Co(COH)(CO)3
because they were acidic in character. These complexes remained a curiosity
until 1955 when this field was opened up by the discovery of bis(ns—cyc1o-

pentadienyl)hydridorhenium by Wilkinson .10

This was followed by the dis-
covery of (ns-CSHS)M(C0)3H {(M=Cr or Mo) by Fisher'! in the same year and
two years later by the preparation of trans-HPtC1(PEt3)2 by Chatt, Duncanson,
and Shaw . 12 These latter discoveries came at a time when NMR spectrometers
were becoming available as commercial instruments. This was important in
the characterization of these compounds for their hydride resonances were
discovered to have enormous upfield chemical shifts compared to those of
hydrogens attached to main group elements. This aided in their detection
and identification.

In the twenty year period 1939-1959 transition-metal hydride com-
plexes were studied using IR, NMR, broad-Tine NMR, and electron diffraction
techniques. The conclusion of these investigations was that the hydrogen
atom exerted no stereochemical influence; it was buried in the electron

core of the metal atom. (This idea was used to explain the large high

field chemical shift of the hydride resonance observed by NMR). But this



was not the case. With the first X-ray diffraction studies performed on
transition-metal hydrides in 1960 and later with neutron diffraction
studies it was determined that the hydride ligand occupies a normal coor-
dination position in these compounds, which in terminal hydride ligands is
an essentially covalent, two-electron bond and in doubly bridging hydrides
is considered as a three-centre, electron-deficient bent bondi13
The two techniques used most frequently for establishing the pre-
sence of a metal-hydrogen bond are infrared and nuclear magnetic resonance

spectroscopy .*"

The infrared spectra of most transition-metal hydride
complexes show absorptions in the region 1700-2300 cm'] which can be
assigned to the metal-hydrogen stretching mode. Since other absorptions
can occur in this range (e.g. vCO, CN, N2), for the purposes of unambiguous
assignment the metal-deuteride analogue is prepared and its infrared
spectrum compared with that of the hydride; a shift in the stretching
frequency to Tower wavenumbers by a factor of 1.4 is expected. Hydrogens
bridging two metal atoms exhibit stretching frequencies in the range
900-1400 cm-1. The metal-hydrogen deformation absorption (700-950 cm_1).
is difficult to assign due to its Tow intensity and to the presence of
other absorptions in this region. Even the intensity of the metal-hydrogen
stretching absorption is sometimes too weak to be observed.

Nuclear magnetic resonance spectroscopy has proved to be the most
valuable diagnostic tool for detecting transition metal hydrides. Hydrogens
attached to transition-metals usually have nuclear magnetic resonance absorp-
tions ina regionof the proton spectrum completely separated from the reso-

nance of hydrogen in other chemical environments. The proton resonances



of most organic molecules and of the main group hydrides Tlie downfield.

of TMS (6>0). Transition-metal hydrides, with the exception of some con-
taining the early tr‘ansition-meta]s15 exhibit a proton resonance upfield

of TMS in the range § :=:0 » -50; most are in the region 6 = -5 » -20.

Thus nuclear magnetic resonance studies are regarded as a reliable method
for hydride detection. Further, NMR experiments can be used to determine
the number of hydride Tigands present and the nature of their chemical

and magnetic environments. Observation of metal-hydrogen coupling, possible

103 183 18705, and 195

with the spin 1/2 nuclei such as Rh, W, Pt, provides
strong evidence for direct metal-hydrogen bonding. Nuclear magnetic reso-
nance studies of other nuclei to which the hydride is coupled yield
additional information about the molecular conformation. 3!P NMR studies
are widely employed in this regard.1§

Prior to the development of spectroscopic techniques, chemical
reactions were used to determine the presence and number of hydride
ligands, though none were completely quantitatively or qualitatively
reliable. Among transition-metal hydride chemistry four patterns of

reactivity were frequently observed.

I. Thermal decomposition to produce H,,

For the simple carbonyl hydrides or cyclopentadienyl hydrides
hydrogen is evolved quantitatively upon thermolysis, but thermal behaviour
varies greatly according to the mefa] and the other ligands attached to it.
Ligands which stabilize a Tow-oxidation state of the metal centre usually

increase thermal stability, e.g., HCo(C0)3PPh317 decomposes to Hy and



and [Co(CO)3PPh3]2 at ~20°C, while HCo(CO)Z(PPh3)218 is stable to ~140°C.
Likewise, thermal stability generally increases with increasing atomic.
number for a series of congeneric hydride complexes, e.g., for the series
(n5-C5H5)M(CO)3H the decomposition point increases 57° < 110°.< 183°C as.
M=Cr <M <W.!!

II. Acidic character

The acidic strength of transition-metal hydride complexes varies
~ greatly depending on the nature of the other ligands. Most hydrido-
carbonyls appear to act as Lowry-Brgnsted acids, but substitution of
phosphine for carbonyl greatly reduces the acid strength of the metal-
hydrogen bond, e.g.,the Ky determined for HCo(CO)419 is <2 while for
HCO(C0)4PPh, " it 15 n107.

ITI. Reaction with halogens and halogenated hydrocarbons

Treatment of hydride cohp]exes with halogens geﬁera11y results in
the reb1acement of the hydride ligand by a halide along with the formation
of H2 or HX (X = C1, Br, I). Halogenated hydrocarbons can react with the
metal-hydrogen bond to produce metal halides; the hydride is transferred
to the halogenated hydrocarbon. The reactivity of the halogenated hydro-
carbon toward the metal hydride increases with increasing halide substitu-
tion; thus, the reaction of metal hydrides with CC14 is often used to

establish the presence of a metal-hydrogen Tink.



IV. Treatment with acid to produce H,

The reaction of hydridometal complexes with aqueous or alcoholic
acids often gives complete replacement of the hydrides. This reaction has
sometimes been employed to determine the number of hydride 1igands by
measurement of evolved hydrogen; however, it is not completely reliable,
e.g., IrH5(PEt2Ph) was originally formulated as a trihydride on the basis
of its degradation by He .20

Transition-metal hydride complexes are either postulated or ob-
served to participate in a number of important homogeneous catalyses. One
of the most important roles of the metal-hydrogen bond is to add to an
unsaturated substrate. When the substrate is an olefin, the overall
result can be isomerization, hydrosilation, hydrogen exchange, hydrogenation,
or hydroformylation. The "oxo0" reaction, a hydroformylation reaction em-
ployed commercially to convert olefins to saturated aldehydes, illustrates

the type of mechanism postulated for these reactions (Scheme I).21

Scheme |
Co,(CO)g
Ha

HCo(CO),

co
Q
R,C=CRS RL=CR; Rz<'3—CRz'H (|:—CR2—CR2'H
HCo(CO)y————" HCo(CO);— Co(CO); 2 Co(CO),
e Ho
9 R2

HC-C=CR;H



There are a number of routes used in the synthesis of transition-

metal hydrides:

IT.

ITI.

Direct hydrogenation

120 atm, 130°C

Os(C0)4PPh3 + Hy THF

3

w;wﬂﬁwn3me 351, ar%iaw =EHBIL X CT)

Protonation of organometallic anions

1. Na%/naph, -78° 23
2. CH,0H > HW(CO) 4L~

W(CO)4L(am1ne)

Nao/naph = sodium naphthalenide

L = P(OCH3)3, P(CH3)3, PPh3

Reactions with HX, X = halides, CN_, SiR., or SnRy

=> H,0s(C0)4PPh 22

(a) oxidative addition

IrC1(CO)L, + HX —> HIr(X)(C1)(cO)L,™"

L = PEt,Ph; X = C1 or Br

2

)3[P(CH) 31,

- (1)

2 (2)

(3)


http://naphthaleni.de

Iv.

10

(b) protonation

25,26

HIr(CO) (PPH)y +HC1—> [H,1r(CO)(PPh,)Cl (5)
Reactions with complex hydrides
IrClgl, + LiATH, B prrl, (6)
L = AsEtZPD
+ 27
(n2CgHeIM(C0)," + NaBH, —> (n2CcHg M(CO)4H + CO (7)
M = Mo or W
60 150°C - 28
M= Cr, Mo, W
Elimination reactions from alkyls
(a) Grignard
i _ 29
RhC](PPh3)3 + A1 (Pr )3 —_—> HRh(PPh3)3 + CH3CH = CH2 (9)

(b) alkyl halide

: - i 30
(n5—GSH5)M0(CO)2L,-+ Pr1Br —7%;(, C5 5)M0(C0) LH + CH3CH = CHé

L = P(0Ph), | UQ)



11

(c) solvent

EtOH/OH™ 3
IPC13L3 — HIrC12L3 + CH3CH (1)
L = PEtZPh
L 32
(d) [IPC1(C0T)2]2 — HZIrC1[P(C6H9)Cy2]L (12)

L = P(cyclohexyl), = PCy,; COT = cyclooctene
3 3

Hydridocarbonyls are known for the majority of .the transition metals.
For the group VIB metals alone there are at least twenty such species.
Yet only a handful of nitrosj]'hydride”complexes have been reborted; of
these only a few are organometallic hydrides, three monomers3353%,35 and
a few ruthenium and osmium c1ustersi3% The first organometallic nitrosyl
hydride was prepared in 1972 by Graham33 via the route shown in reaction 13.

Et3N/H20 -C0,
CpRe(CO)Z(NO) ————— CpRe(CO)(NO)(COOH) —— CpRe(CO)(NO)H (13)

Subsequently, the phosphine analogue has been synthesized by Gladysz and
co=workers." In 1978 in our group (n5-05H5)M(NO)2H (M = Mo or W) were
prepared by the route shown in reaction 14, but only the tungsten species

was of sufficient thermal stability to be 1'so1ated.35



12

Na[H2A1(0CH2CH20CH3)2]
(n>-C H5)M(NO)2C1 . —> (n§C5H5)M(NO)2H (14)

5

Spectroscopic measurements show  that (nQIBHS)w(NO)zH exhibits a
relatively low field hydride resonance (NMR & 2.77 C6D6) and a wvM-H (IR)

1

at 1900 cm™ (CH C12). Its characteristic chemistry is to function as a

2
source of H ; hence, it is inert to CHC13, CC14, and Et3N but reacts
readily with p-toluenesulfonic acid and trityl tetrafluoroborate (in
CH3CN) to yield (niCSHS)w(NO)20302C6H4CH3 and [(n5-05H5)W(NO)Z(CH3CN)]BF4,
respectively. In view of the surprising hydridic character of this species
it is of interest to prepare other organometallic nitrosyl hydride

species of the same metal. The choice in the manner used to generate
nitrosyl hydrides is. based upon the abundance of possible precursors.
Since a large number of nitrosyl halide complexes are available, two
methods "are employed to synthesis nitrosyl hydrides: (1) the reaction

of a nitrosyl cation (generated from a nitrosyl halide) with BH4'; (2)

the metathesis of a nitrosyl halide with Na[H2A1(0CH2CH20CH3)2].37
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Experimental Section

A1l manipulations were performed so as to maintain all chemicals
under an atmosphere of prepurified nitrogen either on the bench using
conventional techniques for the manipulation of air-sensitive compqunds38
or in a Vacuum Atmospheres Corporation Dri-Lab model HE-43-2 dry box.
A11 chemicals used were of reagent grade or comparable purity. A1l
reagents were either purchased from commercial suppliers or prepared
according to published procedures, and their purity was ascertained by
elemental analyses and/or melting point determinations. Melting points
were taken in capillaries using a Gallenkamp Melting Point apparatus and
are uncorrected. A1l solvents were dried by standard procedures3® and
distilled just prior to use. Unless specified otherwise, the chemical
reactions described below were effected at ambient temperatures.

Infrared spectra were recorded on Perkin-Elmer 457 or 598 spectro-
photometers and were calibrated with the 1601 cm'1 band of polystyrene
film. Proton magnetic resonance spectra were obtained on a Varian Asso-
ciates T-60 spectrometer with tetramethylsilane employed as an internal
standard 'or on Bruker WP-80, WH-400, Varian Associates XL-100, or Nicolet-
Oxford H-270 spectrometer: with reference to the solvent used. A1l H
chemical shifts are reported relative to’Me4Sant 0.0 ppm. “Mrs. M.M. Tracey,
Ms. M.A. Heldman, Ms. L.K. Darge, and Mrs. M.T.Austria ds§istedﬁin -
obtaining these data. Solution 3P NMR spectra were recorded at 40.5 MHz
on a Varian Associates XL-100 spectrometer using 2D as the internal lock.

Resonances were referenced to external P(OCH3)3 which is considered to be
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° an samples were prepared

+141 parts per million downfield from H3P04.q
in the dry box; using dry, deoxygenated C6D6 in five-millimeter tubes.
Solution 19F NMR spectra were recorded on a Varian Associates EM-360L
spectrometer at 56.45 MHz. CF013 was used as the external reference.
Fluorine-19 chemical shifts are reported in parts per million from CFC13;
positive chemical shifts are upfield of therexterna1 fluorine standard.

Mass spectra were recorded at 70eV on an Atlas CH4B or a Kratos
MS-50 spectrometer using the direct-insertion method with the assistance
of Dr. G.K. Eigendorf, Mr. J.W. Nip, and Mr. M.A. Lapawa. Elemental
analyses were performed by Mr. P. Borda.

Computer simulations of NMR spectra were performed on a Bruker

Aspect 2000 using the program: Parameter Adjustment in NMR by Iteration

Calculation.

Reaction of (n5—C555)w(N0);2(PPh3)with AgBF, and PPh,. To an
acetonitrile (10 mL) solution of AgBF , (0.14 g, 0.69 mmol1) was added an
orange, dichloromethane (30 mL) solution of (n5-C5H5)w(NO)IZPPh3
(0.55 g, 0.69 mmol). Immediately a white precipitate formed, but the
mixture was allowed to stir 2 h to insure completion of the reaction.
Monitoring of the infrared absorption during this time indicated the Tloss
of the vNO band at ~1645 cm-], charateristic of the starting material,

and the appearance of a new vNO band at ~1665 cm'1.

Filtration of the
final reaction mixture through a 3 x 2 cm column of Celite supported on
a medium porosity frit and dropwise addition of diethyl ether (15 mL) led

to the precipitation of an orange solid, presumably [(n>-C.Ho)W(NO)I(PPh,)-
5'5 3
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(CHSCN)]BF4 (vide infra). If prior to the addition of diethyl ether

solid PPh3 (0.18 g, 0.69 mmol) was added to the dichloromethane filtrate,
the IR band of the vNO shifted from 1665 to 1645 cm']. Subsequent addition
of diethyl ether led to the isolation of orange crystals of [(n5-C5H5)w(N0)-
IPPhyJ,BF,, (0.40 g, 57% yield), mp - 213°C dec.

Anal. Calcd for C4]H35WNOIPZBF4: C? 48.38; H, 3.44; N, 1.38.

Found: C, 47.98; H, 3.39; N, 1.41. IR(CH2C12): v(NO) 1646 (s); also

1

1092 (s), 1057 (s), 1036 (s) cm™'. IR (Nujol): v(NO) 1657 (s); v(BF)

1084 (s) cn™'; also 1045 (s), 1031 (s), 845 (w), 749 (m), 693 (m) om™ .
H NMR (CD3NO,): & 7.64 (m, 30H, P(CGHg)3)s5.97 (t, 5H, CcHe)

[3J1H—31ﬁ = 2Hz]. 31p NMR (CD3NO,) = s 1.9 [1J183w_31P = 220 Hz] (broad-
band proton decoupled). 19F NMR (CD3N02): s 151 (s). N

Reaction of (n5—C5ﬂs)w(N0)IZ[P(OPh)SJ with AgBF, and NaCl. When an

orange, dichloromethane (40 mL) solution, containing 0.50 g (0.59 mmol) of
(n5-CSH5)w(N0)IZP(OPh)3, was added to a 10 mL acetonitrile solution of
AgBF, (0.12 g, 0.62 mmol), a white precipitate formed jmmediately. The

IR band of the nitrosyl functionality was observed to shift from 1660 cm']

to 1680 cm'1.

After it was stirred for 1h the reaction mixture was filtered
through a 3 x 2 cm Celite column supported on a medium porosity frit. The
solvent was removed from the filtrate in vacuo; the resulting orange oil
presumably contained the cation {(n5-C5H5)W(N0)I[P(OPh23](CH3CN)}BF4. The
orange oil was dissolved in nitromethane (10 mL); 0.04 g of NaCl were added;
the mixture was stirred 14 h; and then the solvent was removed under reduced

pressure. The red-orange 01l which resulted was extracted with dichloro-

methane (4 x 5 mL). These combined aliquots were filtered, and the filtrate
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was concentrated to~10 mL. Dropwise addition of diethyl ether (35 mL)
precipitated a rust-orange solid, (n5-C5H5)w(N0)I(C1)[P(OPh)3] (0.30 g,
68% yield), mp 144°C dec.

Anal. Calcd for CZSHZOWN04
I, 16.90. Found: C, 37.70; H, 2.86; N, 2.08; 0, 8.86; I, 16.09.

IC1P: C, 36.73; H, 2.66; N, 1.86; 0, 8.52;

IR (CH2012): v(NO) 1657 (s); also 1588 (m), 1487 (s), 1210 (m), 1182 (s),

1160 (s), 1074 (w), 1026 (w), 1010 (w), 930 (s, br), 836 (w) Cm_].

IR (Nujol): v(NO) 1651 (s); also 1587 (m), 1208 (s), 1180 (s), 1156 (s),

1071 (w), 1024 (w), 1009 (w), 957 (s), 936 (s), 912 (s), 897 (s), 857 (m),

-1

782 (s), 766 (s), 688 (m) cm IH NMR (C.D.): & 7.11 (m, 15H, P(OC_.H )3),

66 6
5.45 (d, 5H,<:5kg5)(3alH_31P = 2.93 Hz). H NMR (CDCl5): 6 7.29 (m, 15H,
3 -
P(OC6Q5)3), 6.01 (d,CgHg, ~2.5H) ( JlH_31P = 2.93 Hz), 5.99 (d,CeHg, ~2.5H)
(34g = 2.93 Hz).
14-31p

Reaction of (n5—C5ﬂ5)w(N0)£2[P(OPh)3] with AgBF , and (CH3§5214NBH4.

In order to generate a solution of {(n5-C5H5)w(NO)I[P(OPh)3](CHSCN)}BF4,

an acetonitrile solution (10 mL) of AgBF , (0.23 g, 1.2 mmol1) and a dichloro-

methane solution (60 mL) of (n5-C5H5)w(N0)12[P(OPh)3] (1.0 g, 1.2 mmol)
were stirred together 3h and then were filtered through a Celite column
(2 x 3 cm) which was supported on a frit. The orange filtrate was cooled
to -78°C and a solution of (CH3CH2)4

dichloromethane (10 mL) was added dropwise. No color change was observed,

NBH, (0.17 g, 1.2 mmol1) dissolved in
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but the infrared spectrum showed that the wNO absorption of the cation
at 1660 cm'] had disappeared and a band of much smaller intensity had
appeared at 1640 cm_1. The solvent was removed in vacuo, the product
was suspended in benzene (10 mL), and the slurry was transferred to the
top of @ 2 x 4 cm Florisil column. Elution of the column with benzene
resulted in the development of a single yellow-orange band which was
collected and taken to dryness under reduced pressure. Recrystallization
from dichloromethane/hexanes afforded orange crystals of (n5—C5H5)w(NO)—
(I)(H)[P(OPh)3] (0.11 g, 13% yield).

Anal. Calcd. for C23H21WNO4PI: C, 38.52; H, 2.95; N, 1.95.
Found: C, 38.46; H, 2.93; N, 1.94. IR (CHZC12): v(N0O) 1642 (s); also
1589 (s), 1482 (s), 1217 (m), 1186 (s), 1158 (s), 1070 (w), 1023 (m),
1006 (w), 926 (s), 862 (w), 827 (w) ™. IR (Nujol): v(W-H) 1865 (w);
v(NO) 1627 (s); also 1586 (s), 1420 (w), 1290 (w), 1218 (m), 1195 (s),
1173 (s), 1153 (s), 1073 (m), 1021 (m), 1009 (w), 1002 (w), 936 (s),
914 (s), 905 (s), 887 (s), 843 (w), 826 (m), 786 (m), 766 (s), 693 (s)
cn™'. TH NMR (CgDg): 6 7.45 (m, 6H, P(OCGH,) 4 ortho),7.00 (m, 9H,
P(0C6ﬂ5)3 para/meta), 4.82 (s, 5H, CSﬂS)’ -2.07 (WH, W-H), [29 =

14-31p

112 Hz, 1g = 55. Hz]. H NMR (CDC]3): § 7.33 (m, 15H, P(0C6H )3),
1H-183y "’

: 25 = 1 =
5.32 (s, SH. Collg), -1.98 (M, Wef). [P0, ) = T HZL 20,

54 Hz]. 3P NMR (C6D6): § 115 [2J31P—JH_= 112 Hz]. Mp. 112°C dec. Mass
spectrum (probe temperature 150°C): [(C5H5)W§N0§I(H)P(OPh)3]+,'

g ot + + +
[(CgHg)HENG)HP(0Ph),T™, L(CoH5IMNO)T,TT, [(CeHe )WY, [WI,TT,

[(C5H5)NCNO)IH2]+, and [(CcH)WI]™.
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Reaction of (n5-c555)u1N0112[P(0Ph)3] with Na[H,A1(OCH,CH,0CH,),].
While a benzene suspension (50 mL) of (n5-65H5)w(NO)IZ[P(OPh)3] (1.0 g,
1.2 mmo1) was stirred at room temperature, a benzene solution (3.5M) con-
taining 1.2 mmol (0.34 mL) of NaH,Al(OCH,CH,O0CH,),°” was added dropwise.

The original orange-red solution became brown, a brown solid precipi-

1 1

tated, and the uNO infrared absorption shifted from 1660 cm  to 1640 cm ';
its intensity decreased. The final reaction mixture was treated with
distilled water (0.04 mL) and filtered through a column of anhydrous
MgSO4; the filtrate was taken to dryness in vacuo. The resulting brown
product in a benzene (10 mL) slurry was transferred to the top of a 2 x 4
cm Florisil column. Elution of the column with benzene resulted in the
development of a single yellow-orange band which was collected. Recrystalli-
zation from a dichloromethane/hexanes mixture resulted in orange crystals
of (n5-C5H5)W(N0)(I)(H)[P(OPh)3] (0.20 g, 34% yield) (vide supra).

Reaction of (n5—CH3§5ﬂ4)Mn(N0lLPPh3}I with Na[H,AT(OCH,CH,0CH,),].

To a stirred benzene solution (40 mL) containing 2.0 g (3.6 mmo1) of

(n5-CH305H4)Mn(NO)(PPh3)IL+1 at ambient temperature was added a benzene
sotution (1.0 mL) containing an equimolar amount of Na[H2A1(0CHZCH20CH3)2].
As the addition proceeded, the colour of the former solution changed
1mmed1ate1y_from brown to red-brown; some gas evolution occurred; and a
brown solid precipitated. Water (15 mL) was added to the final reaction
mixture, and it was stirréd for an additional 5 min. The benzene layer
was then removed by syringe, and the remaining contents of the reaction
flask were washed with benzene (6 x 20 mL). The benzene solutions were

combined and were filtered through a 3.5 x 4 c¢cm column of alumina (acti-
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vity grade 1). The solvent was removed from the filtrate under reduced
pressure to obtain a red oil.

Subsequent manipulations were performed in an argon atmosphere.
The red 011 was suspended in hexanes (60 mL), and the suspension was
transferred onto a 2 x 8 cm column of alumina (activity grade 4).
Elution of .the column with hexanes first developed a green band which was
collected. Removal of solvent from the eluate afforded a small amount
of a green solid which has yet to be identified and a large amount of
triphenylphosphine. Continued elution with hexanes developed next a
broad, orange band which required a 50/50 mixture of hexanes/benzene
for complete removal from the column. The orange eluate was taken to

dryness in vacuo to obtain 0.30 g (20% yield) of (n°-CH,C H4)Mn(NO)(PPh

305 H

5)
as an orange, air-sensitive solid.

Anal. Calcd for CZ4H23MnNOP: C, 67.45; H, 5.42; N, 3.28. Found:
C, 67.68; H, 5.57; N, 3.05. IR (C6H ): VwNO 1683 cm'1. IH NMR (C6D6):
§ 7.66-6.98 (m, 15H, P(C6Q5)3), 4.60 (s, TH). 4.46 (s, TH), 3.92 (s, 2H),
1.86 (s, 3H,—Cﬂ3), -6.48 (d, 1H, Mn—ﬂ) [2J1 88.8 Hz]. Mp (under N2)

H-31p
42 .5°C dec.

Further elution of the column with benzene as eluant resulted in
the development of a dark green band which was collected and taken to
dryness under reduced pressure. The residue was recrystallized from
CH2C12/hexanes to obtain air-stable, green microcrystals (0.016 g, 1%
yield) of (n5-CHyCcH,) sMno(NO),* “which was characterized by its mass

spectrum (probe temperature 190°C): [Mn3(C6H7)3(NO)X]+ (for X =4, 2,
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or 1 and [MnZ(C6H7)2(N0)y]+ for y = 2 or 1); and spectral properties

1

* (IR in CH2C12: v(NO) 1538, 1483, and 1333 cm '; IH NMR in CDC13: § 4.78

(s, 12H, C5Q4),1.83 (s, 9H, —CH3)).

Reaction of [(vr15—C5H_5)|/~I(N0)IZJ_,2 with Na[H2A1jQpH2§520CH3121.

To a green-brown solution of [(n5-C5H5)W(NO)12]2L+3 (3.0 g, 2.8 mmol) 1in
dich]oromefhane (40 mL)/benzene (160 mL) at ambient temperature was
added dropwise a benzene solution (3.5M, ~0.8 mL) containing 2.8 mmol

of Na[H2A1(OCH2CH20CH3)é]. The solution became deep green in ecolour and

a green solid precipitated; infrared monitoring showed the disappearance

1 of the starting material and the

appearance of a new nitrosyl absorption at ~1640 cm'].

of the nitrosyl absorption at ~1660 cm”
The final reaction
mixture was treated with distilled water (£.1 mL) and filtered through
a short (3 x 4 cm) column of anhydrous MgS0, supported on a medium porosity
frit. As the filtrate was concentrated in vacuo to a total volume of~8 mL,
deep green microcrystals formed. These were collected on a frit and rinsed
with benzene (3 x 8 mL). This preparation led to analytically pure
[(n®>-CHg)W(NO)(I)(H)], (1.4 g, 61% yield), mp (under N,) 174°C dec.

Anal. Calcd for C10H]2W2N202I2{ C, 14.74; H, 1.47; N, 3.44; I, 31.20;
Found: C, 14.91; H, 1.51; N, 3.40; I,.30.95. IR (CH2C12): v(NO) 1640 cmi].
IR (Nujol): v(NO) 1634 (s), 1616 (s); also 846 (m) cn™'. IH NMR (CsDg) :
§ 5.25 (s, 5H, CSQS)’ -1.24 (5, TH, W—,IZIJ). 11H NMR (CDC13): $ 6.13 (s, 5H,
CeHg) s =1.24 (TH, W-H), (qle-lH’z 3.7 Hz, lJlH-183w = 88.3 Hz, and
3J1H32183Mf 70.8 Hz) (see Figure 1 and discussion). Mass spectrum (probe
temperature 130°C: [(CoH ) W, (NO),IH,I*, [(CcHJM(NOYI,HIY, [(CoHg)WI, 1Y,
[HI,0%, .[(CoHg JMNO) IH,T*, and. [(CsHg)HITY.
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Reactions of [(n.5-C5ﬂ_5)w(NO)IH]2 with Lewis Bases (L) These
experiments were performed similarly, and the reaction with L = P(OPh)3
is described as a representative example. To a green benzene solution
6f [(n5-C5H5)w(N0)IH]2, generated from [(n57p5H5)W(N0)12jé (1.5,.1.4 mmol)
and- Red-al(vide supra), was added by syringe neat triphenylphosphite
(0.70 mL, 2.7 mmol). After a few minutes the solution colour darkened
to orange. The reaction mixture was concentrated under reduced pressure
to 10 mL and transferred to the top of a 2 x 5 cm Florisil column.
Elution of the column with benzene resulted in the development of a single
yellow-orange band, which was collected. 'Thg benzene was removed in
vacuo; the orange oil was dissolved in dichloromethane (25 mL); hexanes
(15 mL) was added; and the solution was concentrated to yield orange
crystals of analytically pure (n5-C5H5)N(N0)(I)(H)[P(OPh3] (0.86 g, 70%
yield) (vide supra).

For L = P(OCH3)3_the yield of (n5-C5H5)w(NO)(I)(H)[P(OCH3)3] was
69% . "Mp 102-103°C. Anal. Calcd for CgHygWNO,IP: ‘C, 18.08; H, 2.82;

N, 2.64; I, 23.92; 0, 12.05. Found: C, 18.19; H, 2.88; N, 2.58; I, 23.71;

0, 12.17. IR (CH2C12): v(NO) 1627 (s); also 1060 (m), 1023 (s) cm'1.

IR (Nujol): v(W-H) 1918 (w); v(NO) 1616 (s); also 1174 (m), 1071 (m),

-1

1012 (s, br), 845 (w), 840 (w), 824 (m), 797 (s), 750 (s) cm 1H NMR

. ' 1 =
(CgDg): 6 5.12 (s, 5H, CeHe), 3.36 (d, 9H, P(OCH,)4), [Ny s1p = 12 Hzl,

1.41 (TH, W-H), [_J1H_31p 101 Kz, 20, g5y = 57 Hzl. IH NMR (CDC1,):
Y = -
5 5.77 (s, 5H, Cglc), 3.67 (d, 9H, P(0CH,),), [ ) 12 Hz], -1.42
(TH, W-H), [2J = 101 Hz, 1J = 57 Hz]. 1P NMR (C.D):
& 1H-31p 14183y 6

§ 131 [zJap_lH = 101 Hz].
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For L = PPhs, the product was (n5-C5H5)w(N0)(I)(H)(PPh3) isolated

in 66% yield. Mp 142°C dec. Anal. Calcd for C WNOIP: C, 41.26;

2311

H, 3.14; N, 2.09. Found: C,41.20; H, 3.18; N, 2.15. IR (CH2C12):
-1

v(NO) 1615 (s); also 1482 (w), 1094 (m), 823 (m) cm IR (Nujol):

v(W-H) 1936 (w); v(NO) 1617 (s); also 1095 (m), 1087 (m), 821 (w),

693 (m) cn™'. 1M NMR (CgDg): 6 7.70 (m, 6H, P(CcHg)qortho), 7.05

(m, 9H, P(Csﬂs)3 para/meta), 5.10 (s, 5H, C555), 0.10 (1H, w-g),

[2J = 85 Hz, 14 = 58 Hz]. 1H NMR (CDC]3): § 7.44 (m, 15H,
1431p 1183y
2 -
P(C6ﬂ5)3)’ 5.63 (s, 5H, C3n5), 0.31 (1H, N-ﬂ), [ JlH_31p = 85 Hz,
13 = 58 Hz]. 31P NMR (C.D.): § 14.1 [2J = 85 Hzj.
Lty ] (CeDg) t (#9315 _1 ]

Reaction of [(ns-Csﬂ_S)W(NO)(I)(H)]2 with Na[H2A1(OCH2£ﬂ20CH312]

To a suspension of green crystalline [(n5—C5H5)w(NO)(I)(H)]2 (0.65 g,
0.80 mmo1) in toluene (100 mL) was added 0.3 mL (1.05 mmol) Red-al by
syringe. Both the colour of the solution and that of the particulate
matter changed from green to brown; infrared monitoring indicated the
loss of the vNO absorption at ~1640 cm'], characteristic of the starting
material, and the appearance of a new vNO absorption at ~1600 cm—]. |
Distilled water (0.04 mL) was added, and the reaction mixture was
filtered through a 3 x 4 cm column of anhydrous MgSO4 supported on a
medium porosity frit. The filtrate was concentrated in vacuo to approxi-
mately 15 mL at which point a fine orange powder had precipitated. The
solid was collected on a frit and washed with 8 mL portions of toluene
until the washings had no green tint but were slightly orange in color

(about six aliquots). Analytically pure [(n5-CSH5)W(N0)H2]2 was thus

obtained in 16% yield (0.07 g), mp 130°C dec.
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Anal. Calcd for Ci H. W.N:0.:C, 21.35; H, 2.49; N, 4.98; 0, 5.69. Found:
na a or Cqg ]4w2N2Q2. ( ; n

C, 21.69; H, 2.63; N 4.95; 0, 6.00. IR (CH2C12): v(NO) 1596 (s) cm
IR (Nujol): 3108 (w), 3088 (w); v(W-H) 1934 (m); v(NO) 1563 (s, br);

also 1430 (m), 1421 (m), 1365 (w), 1317 (w), 1064 (w), 1016 (m), 927 (w),

]

845 (s), 749 (m) cm™ . XH NMR (C.D.): & 7.01 (m, 2.6H, W—ﬂ), 6.64 (dd,

66
2H, W-H), 5.26 (s, 10H, CcHg), 5.23 (s, 13H, CcHe), 1.66 (m, TH, W-H),
-1.90 (m, 2.6H, W-f{), -5.99 (td, TH; W-H). IH NMR (CDC15): § 6.98

(m, 2.6H, Hg and Hc), [%(1J1H5_183w + 1J1H6—183N) = 94 Hz], 6.54 (dd;

2H, Hy and Hp). [2375 = 2J,5 = 2.9 Hz; 2J, = 20,, = 8.6 Hz; %(1J1H]_183w
+JJ1H2_183W) = 97 Hz], 5.94 (s, 13H, Cgc), 5.93 (s, TOH, Cghc), 1.39

(m, TH, H3) [2J3] = 2J32 = 2.9 Hz; 2J34 = 2.3 Hz; 1J1H-183w = 91 Hz],
-2.02 (m, 2.6H, H, and Hg) [1/2(1J1H7_183w + 1J1H8_183w) = 92 Hz], -5.93
(td, TH, Hy) [20,; = 2,, = 8.6 Hz; 2043 = 2.3 Hz; Ny 143, = 95 Hz]

(see Figure 5 and discussion). Mass Spectrum (probe temperature 120°C):

[(CgHg) i, (NO),HT™ .

Reactions of [(n5—C5ﬂ5)w(N0)H212 with P(OPh) Neat triphenyl-

3;
phosphite (0.30 mL, 1.6 mmol) was added by syringe to a benzene (50 mL)

suspension of [(n5-C5H5)w(NO)H2]2 (0.30 g, 0.50 mmol). The reaction
mixture was stirred until most of the solid had dissolved and a burgundy-
coloured solution had formed (about 3h). The solution was filtered, con-
centrated to ~15 mL, and diluted with 10 mL hexanes. A brown solid preci-
pitated which was removed by filtration and discarded. Further addition
of hexanes (~30 mL) to the purple solution resulted in the formation of

a deep purple powder (n®-C.H-)W(NO)H,[P(OPh),] (0.20 g, 32% yield).
55 2 3



Anal. Calcd for C23HZZWNO4P: C, 46.705 H, 3.72; N, 2.37. Found:
C, 47.10; H, 3.75; N, 2.65. 1R (CH2C12): 1591 (s); v(NO) 1575 (s, br);
also 1487 (s), 1194 (s), 1186 (s), 1160 (m) cm']. IR (Nujol): 1589 (s);
v(NO) 1574 (s); also 1217 (m), 1196 (s), 1185 (s), 1159 (s), 1069 (w),

1023 (w), 1005 (w), 913 (s), 895 (s), 881 (s), 822 (w), 780 (s), 770 (s)

708 (w), 694 (s) cm_]. 1H NMR (C6DG); § 7.58 (d, 6H, P(C6ﬂ5)3~ ortho),

7.20 (t, 6H, P(C6ﬁ5)3 .meta), 6.94 (t, 3H, P(CGHS)B para), 5.17 (s, 5H,

3): § 7.35 (m, 15H, P(C6ﬁ5) )s

4.97 (s, 5H, C5H5), 1.10 (m, 2H, W—Q). 31p NMR (C6D6): 151 (t)

'[1/2(’2J3‘1P'1H-| + 2J31P__1H2)=24 Hz; 1J31P_183w = 595 HZ]. Mp 85°C dec.

CSQS)’ 1.32 (m, 2H, W-ﬂ). 14 NMR (cDC1

Mass spectrum (probe temperature 120°C): [(CSHS)W(NO)HP(OPh)3]+,
[(CHg)HP(OPh)41*, and .[WH,P(OPh),1". -

When recrystallization of purple (n5—C5H5)W(NO)H2[P(OPh)3] was
attempted employing dichloromethane/hexanes instead of benzene/hexanes,
the Colourof the purple solution slowly lightened until in approximately
3 hours the solution was orange. The light orange powder isolated from
this solution still had the empirical formula (CSHS)W(NO)HZ[P(OPh)3].

Anal. Calcd for C23HZZWNO4P: C, 46.70; H, 3.72; N, 2.37. Found:
C, 46.55; H, 3.84; N, 2.50. IR (CH2C12): v(NO) 1606 (s); also 1591 (s),
1487 (s), 1220 (m), 1194 (s), 1164 (m), 1073 (w), 1025 (m), 1009 (w),

1

965 (w), 916 (s), 865 (m), 827 (m) cm '. IR (Nujol): v(W-H) 1856 (w),

1831 (w); w(NO) 1601 (s); also 1586 (s), 1190 (s), 1151 (s), 1069 (w),
1028 (w), 1004 (w), 928 (m), 913 (m), 903 (s), 887A(s), 824 (w), 820 (w)

-1

776 (s), 770 (m), 691 (m) cm 1H NMR (C6D6): 7.42- 6.92 (m, 15H,

24

b



11y 183y = 87 HzJ. H NMR (CDC13): & 7.28 (m, 15H, P(CcHg)s), 5.10

(S, 5H, Cskl ), -1.82 (ZH, W-,}i) [2J1H_31P = 86 Hz; 1J1H_183w = 88 HZ].

25
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Results and Discussion

Preparation and Reactions of'[(,nf’—CSﬂ_,;)w(_NO)IL(,so]ven’c)]BF,l (1).

When the iodine bridges in [(n5-C5H5)w(_N0)12]2 are cleaved by a

Lewis base, L, (n5-05H5)w(N0)12L is formed in good yield. A "four-legged
piano stool" geometry is assumed for the molecular structures of the
(n5-C5H5)w(N0)12L complexes; and although this allows for the possibility
of cis-trans geometric isomers, H and 13C NMR spectra indicate the
presence of only one isomer in solution.“3 When (nS-CSHS)w(NO)IZL is
treated with one equivalent of AgBF4 in a dichloromethane/acetonitrile
mixture, silver iodide rapidly forms. Monitoring the reaction by infrared

spectroscopy shows a shift in the -vNO absorptions from that of the

1

starting material to that of the product (I) [1645 to 1665 cm ' for

L = PPh, and 1660 to 1680 cn™' for L = P(0Ph),]. For L = PPhy attempts
to isolate the product lead to an orange solid [W(NO) = 1657 (s)tcmf1,LCHéC]

v(N0Q) = 1656 cm-] (s) (Nujol), ~(CN) = 2310 (w), 2275 (w) en”! (Nujol),

),

and v(BF) = 1054 (s br) (Nujol)]. The 1H NMR spectrum (CD3N02) consists
of three multiplets: phenyl ( 8.1 -~ 7.4), cyclopentadienyl (s 6.23 (t),

ZJJH_31P = 2.2 Hz) and acetonitrile (8 2.8 » 2.2) of relative intensities
15 to 5 to 3. These observations are consistent with the abstraction of

one iodo Tigand to yield a cationic product which in time loses some of

its coordinated acetonitrile:
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CH,CN

3
5_ —2 5.
(n C5H5)W(N0)12L + AgBF4 [(n CSHS)W(NO)IL(_CHSCN)]BF4 + Aglv  (15)

L = PPh3

(a) Reaction of I with PPh3. Addition of PPh3 to the solvated

cation [pr(NO)I(PPh3)(CH3CN)]BF4 shifts the vNO  in the IR spectrum of

T to 1645 cn ! as is expected when the

the reaction solution from 1665 cm~
more electron-donating 1igand PPh3 replaces CH3CN. The resulting cation
[(n5-C5H5)w(N0)I(PM13);2]BF4 is a yellow-orange, diamagnetic solid which is
soluble in acetonitrile and nitromethane and slightly soluble in dichloro-
methane. Its IR spectrum (Nujol) exhibits a strong nitrosyl absorption

! and a tetrafluoroborate absorption at 1084 cm'1, which are

at 1657 cm”
characteristic of a terminal nitrosyl ligand"@ %% and an uncoordinated
anion,"> respectively.

The 'H NMR spectrum of [(n5—C5H5)w(N0)I(PPh3)2]BF4 consists of a
multiplet at ¢ 7.64 (30H) due to the phenyl protons and a tripletats 5.97
(SH)'[3J1H—31P =2.0Hz] corresponding to the cyclopentadienyl protons.

The triplet pattern exhibited by the cyclopentadienyl protons must be the
result of coupling to two equivalent phosphorus atoms; a more complex
pattern would be expected in the case of inequivalent phosphine ligands.

The order of magnitude of the coupling is the same as that found in
(nﬁ-CSHS)W(NO)IZL (3JJH_3JP = 3.0 Hz for L = P(OPh)3; aJlH-3lP = 1.2 Hz for

)'43

L = PPh The equivalence of the phosphines is confirmed by the broad-

3
band proton .decoupled 31P NMR spectrum which is a three 1ine pattern— a
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large singlet centred in a small doublet which is of the proper intensity
ratio to the larger resonance (1 to 11.4 to 1) to be attributed to the NMR
pattern of the isotopomer [(n5—C5H5)183w(N0)I(PPh3)2]BF4 (the natural abun-
dance of 1834 = 14%48). The observed tungsten-phosphorus coupling
(1J31P—183w = 220 Hz) is of the same order of magnitude as that reported for
tungsten phosphinocarbonyl comp1exes.“7 The presence of a tetrafluoroborate
anion with tetrahedral symmetry is confirmed by the singlet at & 151 observed

"8 1t seems likely that the [(n5-C5H5)w(NO)IL2]+

in the 19F NMR spectrum.
cation (L = PPh3) is isostructural with (n5-C5H5)w(N0)IZL and possesses the
same "four-legged piano stool" conformation. For this structure both cis
and trans geometries are possible; but as the nuclear magnetic resonance

experiments indicate two equivalent phosphine 1igands, only the trans isomer

appears to exist in solution:

(b) Reaction of I with NaCl. The mixed halide complex (j?—CSHS)W-

(NO)I(C])[P(OPh)3] is formed when sodium chloride and 1(n5tC5H5)W(NO)IIP,
(OPh)3](CH3CN)}BF4 are stirred together in nitromethane for 14 h. The net
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reaction is simply the substitution of chloride for iodide:

AgBFa/CHoCN NaCl_,
CoU(NO) I [P(OPh) ] ===Tpg > {CPHNOYIP(OPH) 3 (CHaCN) 38F, g

CpN(NO)I(C])[P(OPh)3] (16)

(nS-C HS)W(NO)I(C1)[P(0Ph)3] has spectral properties similar to the parent

5
halide (n5-C5H5)N(NO)IZ[P(OPh)3].“3 Both exhibit a nitrosyl absorption at

1651 cm']

in their IR spectrum (Nujol). The lH NMR spectrum of the diiodo
precursor displays a multiplet at & 7.19 (CDC13) due to the triphenylphos-

phite protons and a doublet at 6 5.90 due to the cyclopentadienyl protons

with 3J1H-31P = 3.0 Hz; thus, though both cis and trans diiodo ligands are
possible, only one isomer is observed. Only one isomer of (n5-C5ﬁ5)w(NO)I-
(C1)[P(0Ph)3] appears to exist in d6-benzene: § 7.17 (m, 15H, P(OCGQS) and

5.45 (d, 5H, CSQS) with 3J1H-31P = 2.9 Hz. However, a proton NMR spectrum
of the mixed halide species obtained in d-chloroform on a 270 MHz spectro-
meter manifests two sets of C5H5 resonances; both are doublets, 3J1H-31P =
2.9 Hz, of approximately equal intensity centred at § 6.01 and 5.99. Thus,

of the three potential geometric configurations two are in evidence in chloro-

form solutions.

F P

NS

yd

o G g

(c) Reaction of I with (CH3CH224NBHq. Previous efforts in these

laboratories have succeeded in synthesizing (n5-C5H5)W(N0)2H in good yields
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(n60%) both by metathesis of the corresponding chloride complex (reaction

)35

14 and by addition of a hydride source to "pr(NO)2¥" generated in

9

situ.” It, thus, seemed likely that (n>-C:H )W(NO)IH[P(OPh)3] could be

55

obtained in good yield from the reaction of the cation and an H source.

Indeed, the organometallic-hydride is formed in the reaction of tetra-
ethylammonium borohydride with a cold (-78°C) dichloromethane solution

of {(n5-C5H5)W(N0)I[P(OPh)3](CH3CN)}BF4 and can be jdentified by its IR spectrum
(Nujol): v(W-H) 1865 (w); v(NO) 1627 (s) and 'H NMR spectra (CDCTg):

§ 7.33 (m, 15H, P(OC6Q5)3), 5.32 (s, 5H, CSQS), -1.98 (1H, w-n),

(%91 s1p = W11 Hzy 13y, 143, = 54 Hz). (A detailed discussion of the
properties of this hydride will follow in a later section.) Unfortunately,

~ the yield of reaction 17 is poor (13%). IR monitoring reveals that as

CH,C1
, 2" 2
{(nS-CSHS)W(NO)i[P(OPh)3](CH3CN)}BF4 + Et4NBH4_:3EFTT>(n5-C5H5)W(NO)IH[P—
(OPh)3] + Et4NBF4 (17)

(_CH3CH2)4NBH4 is dripped into the cation solution the vNO band of the
cation (1660 cm']) disappears and the only nitrosyl absorption which appears
is small in intensity and is that associated with the product (1640 cm'1).
Borohydride is chosen as the hydride source because it is a relati-
vely mild reducing agent, but under some circumstance it can contribute

more than one hydm'de.50 Further difficulties may arise from coordination

of the,BHﬁ group to the metal centre as has been found for
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. | 51
[RuCl,(ttp)], + excess NaBH , rg%%ﬁ?SUEL>HRu(n?-BH4)(ItP) (18)

ttp = PhP(__CHZCHZCHZPPhZ)2
Another complication may arise from the nitrosyl ligand, which itself is
susceptible to hydride attack, e.g.

[cper(N0),], 2 cp,Cry (N0) () (19)

Evidently another reaction occurs besides simple addition of H™ to the
metal centre which results in the loss of the nitrosyl moiety. That the
iodide abstraction is not the Tow yield step can be assumed from the good

yields of [(n5-CgHg)W(NO)I(PPhs),IBF, and (nS-CcHg)W(NO)I(CT)[P(OPh),]

produced via the same abstraction step (vide supra).

Metathetical Reactions of Na[H9A1(0CHOQEQOCH322] with Some Monomeric:

Halonitrosyl Complexes.

(a) (no-CeHe)W(NO)I,[P(OPh),T. Formation of (n3-CeHg)W(NO)I(H)-

[P(OPh)3], produced by the reaction of (_CH3CH2)4NBH4 with'{(n5—C5H5)W(NO)I-
[P(OPh)3](CH3CN)}BF4, is also successfully effected by the reaction of one
equivalent of sodium dihydridobis(2-methoxyethoxy)aluminate on (n5-C5H5)N—
(NO)IZ[P(OPh)3] in a benzene solution at room temperature. As the Red-a1®’
is added, the originally orange suspension darkens and a brown solid forms.

1 1

The nitrosyl infrared absorption shifts from 1660 cm ' to 1640 cm ',
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decreasing markedly in intensity. Then a slight stoichiometric excess
of water is added to quench the aluminum reagent. The yellow-orange

species isolated from chromatography on a benzene/Florisil column is identi-

fied by IR.and by 14, NMR spectroscopy (vide infra) to be the hydride (h5-C5H5)W—

(NO)I(H)[P(OPh)3]. The yield of reaction 20

Na[H2A1(OCH2CH20CH3)2] '
(n5-C5H5)W(NO)IZ[P(OPM)3] -> (n5-C5H5)W(NO)I(H)-

[P(0Ph) 5] (20)

(34%) represents a slight improvement over the quantity of hydride obtained
via the cation (reaction 17). 4

(b) (n®-CHyCel,)Mn(NO)[PPh_TI. - Just as with (nS-CoHe)W(NO)I,-
[P(OPh)3], sodium dihydridobis(2-methoxyethoxy)aluminate also undergoes

a simple metathetical reaction with (n°-CH,C.H )Mn(NO)(PPhB)IHl

3754 to

produce the hydridonitrosyl species.

Na[HzAJ(OCHZCHZOCH3)2]
benzene

(n5-CHyCeH ,)Mn(NO) (PPh3)1 > (n5=CH5CcH, )M (NO) -

(PPha)H (21)

Again, the optimum stoichiometry of the reactants is 1:1, and the trans-

formation proceeds to give the hydride in low yield.
(n5-CH3C5H4)Mn(N0)(PPh3)H‘ is an orange, air-sensitive solid (mp

42 .5°C dec.) which is free]y'so1ub1e in benzene, is sparingly soluble in

hexanes, and reacts with CH2C12. The H NMR spectrum of the compound in
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C606 exhibits resonances assignable to the PPh3 [s 7.66-6.98 (m, 15H)],
n5;Cﬂ3C5ﬂ4 [s 4.60 (s, TH), 4.46 (s, TH), 3.92 (s, 2H), 1.86 (s, 3H)],

and W-H [ -6.48 (d, TH); 2J1H-31P = 88.8 Hz] ligands. Its IR spectrum

in benzene displays a strong absorption at 1683 cm'] attributable to a
terminal nitrosyl group. However, the complex decomposes slowly both in
solution and in the solid state when maintained in an atmosphere of pre-
purified argon. For instance, a red benzene solution of (n5-CH3C5H4)Mn(NO)-
(PPh3)H at room temperature stowly becomes dark green and deposits a brown
solid. Monitoring of this transformation by lH NMR spectroscopy reveals

a gradua]hdiminution‘of the resonances due to the hydrido complex and a
concomitant increase in intensity of two sharp signals at & 1.64 and 4.60
of relative intensity 3:4 due to the well-known, green trimetallic complex
(n5-CH3C5H4)3Mn3(NO)4.7’.”2 The transformation is complete after 48 h.
Consequently, purification of the hydrido product of reaction 21 by column
chromatography also affords trace amounts of the trimetallic species. The
fact that (n5-CH3C5H4)Mn(N0)(PPhé)H decomposes thermally in this manner
rather than to [(n5-CH3C5H4)Mn(NO)(PPh3)]2 is presumably a reflection of
the considerable lability of the PPh3 group.

When a similar reaction is performed with Red-al and (n5—C5H5)Mn(CO)
(NO)IL*1 the hydridonitrosyl species is not the product. Instead, the product
is the dimer [(n5-C5H5)Mn(CO)(N0)]Z. Dimers are also produced by the reaction
of Red-al with either (n°-CgHg)Co(NO)I or (n®-CgHg)Cr(NO),X (X = NO5, NO,,

52
I,nl -CcHg, or BF4) as summarized in eqgs. 22, 23, and 24.
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CpMn(CO)(NO)T =i [CpMn(c0) (NO) 1, (22)
Red-al N

CpCo(NO)I ToTuene —78°¢ LCpCo(ND)1, (23)
Red-al .

CpCP(NO)ZX benzene or CH2C1£' [CpCr(NO)2]2 (24)

These dimeric products probably arise from the thermal decomposition .of

the corresponding monomeric hydridonitrosyl complexes (such a decomposition
pathway has been reported for (n5-C5H5)Cr(C0)3H53), but no direct physical
evidence for the existence of these species has been obtained. Support for
the involvement of (n5—C5H5)Cr(N0)2H‘as an intermediate is provided by the
observation thatf(ﬁ5-C5H5)Cr(N0)2]2 is formed in comparable yields during
the reaction ofRed-al-with a variety of (n5-C5H5)Cr(NO)2X precursors

(x = N03, NO,, I, nl-C5H5 or BF452 or 0135), while the reactions of Red-al
with (n5—C5H5)M(N0)2C1 (M = Mo or W)35 produce the hydride species

(n5—C5H5)M(NO)2H.p Consistent with the view that (n°-C H5)Mn(C0)(NO)H is

5
the labile intermediate in reaction 22 is the fact that (n5-CH3C5H4)Mn(NO)
(PPh3lH can be isolated from reaction 21. Evidently, introduction of the
better electron-donating CH3C5H4 and PPh3 groups into the coordination
sphere of the manganese atom stabilizes the latter hydride, whereas the

analogous hydridocarbonyl complex in reaction 22 is so unstable that it -

cannot be detected by conventional spectroscopic techniques.
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Reaction of [Ln5—C555)w(N0)1212~w1th Na[HZAT(OCH2§ﬂ20€H3)233'

In view of . the reactivity patterns of Na[H2A1(OCH2CHZOGH3)2],described

above, it was of interest to investigate its reactions with complexes
containing both bridging and terminal halide ligands. It seemed reason-
able that selective substitution of the terminal halides could be achieved
while leaving the halide bridges intact. Indeed, just such a transform-

ation does occur when [(n5-C5H5)w(NO)12]2 the precursor of (nS-C H5)w(NO)—

5
IZ[P(OPh)3] is treated with one equivalent of Red-al at room temperature,

1.e.

5_ 5_ 5_ 5_

n ‘\35H5 n /‘35”5 n>-CgHg n°-CgHg
I \ I
PN Red-al VRN
ON —— W W —— NO > W W — NO (25)
I/ \\\_1//7 \\ benzene H// \‘I/Z y
I

The unprecedented product of reaction 25 is a bright green, air-sensitive
solid which is soluble in most common organic solvents except paraffin
hydrocarbons. However, the compound is thermally unstable in solution
(benzene > CHZC'I2 > THF in order of decreasing stability), decomposing to
a brown,-intractable solid. Nevertheless, analytically. pure samples
of this compound can be obtained. Its physica] properties are -
consistent with it having- the melecular structure shown in-eq..25.

The solid state infrared spectrum (Nujol) reveals two strong nitrosyl

absorptions (1634 and’1616,cm71); but no tungsten-hydride. stretching abserpt-
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tion is evident. The two nitrosyl absorptions may result from packing
disorder in the crystal lattice. Its IR spectrum in dichloromethane
displays a strong nitrosyl absorption at 1640 cm'].
Only one isomer of [(n5-C5H5)w(NO)I(H)]2 is observed in its lH
NMR in d6-benzene or d-chloroform. The H NMR spectrum of a dilute sample
consists of two singlets at ¢ 5.25 and -1.25 in d6—benzene or at § 6.13
and -1.24 in d-chloroform of relative intensity 5:1 assignable to the
cyclopentadienyl protons and hydrides, respectively. The two hydride
ligands are isochronous but not magnetically equivalent; with a more
concentrated sample the signal to noise ratio increases such that 1H-183Y
coupling becomes observable, and the NMR pattern of the hydride region
becomes more complex (see Figure la). An AA'X pattern emerges around
the central resonance which is the expected 86% of the total intensity.
Coupling constants were tentatively assigned using algebraic equations
derived for the . interpretation of second order spectra;SL+ these assign-
ments were confirmed by computer simulation of the 183W satelite region
of the spectrum (Figure 1b). It is assumed that there is small probabi-
1ity of both tungsten atoms in the same molecule being the spin % isotope.
Where H is the hydride directly attached to !83W, the coupling constant

assjgnments are “J,,, = 3.7 Hz, 1J = 88.3 Hz, and 3Jyy-_1835; =
HH 14-183) Hr-183)

70.8 Hz).

The dimeric nature of the complex is further confirmed by its mass
spectrum (at a probe temperature of 130°C) which exhibits peaks attributable
to the parent ion and ions corresponding to the sequential loss of ligands.

Unfortunately, overlapping of some medium to strong intensity peaks in the
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M JJ\./L

Figure 1. a.

'H NMR Spectrum of the Hydride Region of [(n5-C5H5)W(NO)I(H)]
in CDC13 (400 MHZ)

Computer Simulation of the Tungsten-Hydride Couplings

2
b.
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lTower mass range makes unambiguous assignments difficult, especially in
the Tight of the polyisotopic nature of tungsten. The dimeric product
of reaction 25 can also be characterized chemically since it readily
reacts with a variety of Lewis bases L to produce new:tungsten -hydrido--

nitrosyl complexes, i.e.

n°-CeHs n°-CgHg
O~ b
oN—Du W No + 2 | -2Enzene, 2(n5-CgHe )W(NO) (H) ()L (26)
we N1 Ny

WhenE(n5-C5H5)Mo(NO)12]2 is treated with one equivalent of Red-al
at room temperature, the well-known dimer [(n5-C5H5)Mo(NO)I]255 is formed

in 6% yield. The yield can be improved to 18% when two equivalents of Red-

al are employed, 1.e;$2
5-CH 5-C.H 5-C.H 1. n5-C.H
n==tghg 1. " okss n==tglsg I 55
o — w& \\‘MJ/ no ZRed-al , Nl \$\Mo/// (27)
NN VAN
I I I NO I NO

By analogy with the tungsten congener (cf. reaction 25), it seems 1ikely that
reaction 27 probably proceeds via the unstable dihydrido intermediate
[(n5-C5H5)Mo(NO)(H)I]2. During the reaction, a greencolour. perhaps due

to the intermediate, appears after the addition of each aliquot of

Na[HZAl(OCHZCHZOCHB)Z]; but this colour persists only for several seconds
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before being replaced by the characteristic orange colour of the final
product. The species responsible for the green color cannot be detected
by IR spectroscopy. Curiously, thermal decomposition of [(n5-C5H5)w(NO)-
(H)I]2 in solution does not-result in the formation of the analogous

[(hs-csHs)WXNO)IJZ; a complex which has yet to be prepared.

Mention needs to be made of the stoichiometry of reactions 20, 21
and- 25. In each of'these transformations one equivalent of the aluminum:
reagent per equivalent of reactant is necessary to ensure completion of
the reaction. For the monomeric reactants (n5-CSH5)w(NO)IZ[P(OPh)3] and
(n5-C@305H4)Mn(N0)(PPh3)I this means Na[H2A1(OCH2CH20CH3)2] is acting as
the source of only one hydride. For bis[(n°~cyclopentadienyl)diiodo-
nitrosyltungsten] the aluminum reagent must be acting as a source of two
hydrides. Unlike the case in reaction 27 an extra equivalent of Red-al does
not increase the yield of the prbdutt, the hydridonitrosyl dimer; rather, it
initiates a further reaction (vide infra). Since in all cases the
transfer of one hydride from the aluminum reagent would be expected to

result in the same aluminum byproduct, it must be the relative inertness

of the monomers that prevents acceptance of a hydride from this source.

Reactions of [(n5-C5ﬂ5)W(N0)IH12 with Lewis Bases.
The iodine bridges in [(n5-C5H5)W(NO)I(H)]2 are easily cleaved by
a variety of Lewis bases, L, to form the monomeric complexes (n5-C5H5)w(NO)-

I(H)L (eq. 28):
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[CPH(NO)I(H)], + 2L > 2CpW(NO)I(H)L (28)

benzene or CH2C12

L = P(OPh).,, P(OMe).,, or PPh,-
3 3 3

The products of reaction 28 are orange, diamagnetic solids which can be
handled in air for short periods of time without the occurrence of notice-
able decombosition. They are quite soluble in polar organic solvents,

but only sparingly soluble in nonpolar anes, to give air-sensitive orange
solutions. Their spectral properties confirm the monomeric nqture of the
complexes and the presence of the W-H bond. Their IR spectra (Table I)
display single nitrosyl stretching absorptions in the range 1615 - 1642 cm_-I
(CH2C12) and a weak hydride stretching absorption in the range 1865 -

1936 cm™?

(Nujol). The decrease in VN® as L varies in the order
P(OPh)3 > P(OMe)3 > PPhy s consistent with the documented electron-
donating and -accepting properties of these ligands.56°57 The tungsten-
hydride stretching absorptions are broad, weak bands in the range expected
for organometallic hydrides$s 1900 + 300 cm'1.&” The mass spectrum of
(n5—C5H5)W(N0)I(H)[P(OPh)g] (at a probe temperature of 150°C) displays
peaks corresponding to the parent ion [CpW(NO)I(H)P(OPh),]%,
[CPH(NO)HP(OPh) 41", [CpH(NO)I,T*, [CpwI,1™, [WI,1*, [CpH(NO)I(H),1, and
[cpw1]™.

If the molecular structure of these complexes is assumed to be a
4-legged piano stool geometry,58 then there exists the possibility of

three geometric isomers (configurations I, II and III) as well as their

corresponding enantiomers.
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Table I. Spectral Properties of (n5-CgHg)W(NO)I I(H)L [L =

LOPh)3, P(OCH3)3, or PPh3] Complexes

14 NMR
L IRcen ' IRcn' IR em”! L,s CHe o6 H,s 201y a1p M1y 103y PP MR
: . : : . 295
CHyCl,  Nujol  Nujol (CDC1,) (cnc1,) (cnc1,) Hz Hz §,CgDg ¥lp-1H
v(NO)  v(NO) v(W-H) (C6D6) (CGD6) (C6D6) relative Hz
to H3P04
P(OPh), 1642 1627 1865 7.33(15H,m) 5.32(5H,s) -1.98(1H) 111 54 115 112
7.45 and 7.00(15H,m) . 4.82(5H,s) -2.07(1H) 112 55
P(OMe); 1627 1616 1918  3.67(9H,d)(Uy,_ 35 12H2) 5.77(5H,s) -1.42(1H) 101 57 131 101
3.36(9H,d)PJ1, 31512Hz) 5.12(5H,s) -1.41(1H) 101 57
PPh4 1615 1617 1936 7.44(15H ,m) 5.63(5H,s)  0.31(1H) 85 58 14.1 85
7.70 and 7.05(15H,m) 5.10(5H,s)  0.10(1H) 85 58
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However, their spectral properties (Table I) suggest that only one isomer
exists in solution. Thus, the 1H NMR spectra consist of a single sharp
resonance in the range § 4.82 - 5.12 (CGDG) assignable to the cyclo-
pentadienyl protons and a high field resonance pattern, a doublet each

half of which is surrounded by a smaller doublet, assignable to the hydrides
Whichfref1ects couplings to both the 183 and 31P atoms (see Figure 2). When
L = P(OPh)3 or PPhy there is a broad phenyl resonance around § 7.4

(CDC13) which is split into ortho and meta/para proton regions when the
solvent is changed to d6-benzene. When L = P(OCH3)3 there is a sharp
doublet ~ ¢ 3.4 (C6D6), coupling between the methyl protons and the

phosphorus atom being 12 Hz.



—
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Figure 2. 14 nNMR Spectrum (80 MHz) of Hydride Region of

(n5-C5H5)w(NO)I(H)[P(OPh)3] in CeD¢
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The NMR pattern of the hydride region of (n5-C5H5)w(NO)I(H)[P(OPh)S]
illustrated in Figure 2 is representative of all three hydride species.

The centre of the hydride pattern ranges from § +0.10 to -2.07 (C6D6 )

somewhat upfield from the hydride resonance in (n5-C5H5)W(N0)2H 3°

[s 2.77 (C6D6 )].  Nevertheless, these hydride resonances are at relatively
Tow field; these resonances are usually observed at high fields, typically
in the range § -5 to -20.'" For example, (n5-C5H5)Re(CO)(N0)H33 and
(n5-C5H5)Re(PPh3)(NO)H3” display signals:due to the hydride ligand at

s -8.2(C.D.)and s -9.15 (C6D6), respectively. A low field resonance is

&

not unknown for transition-metal hydrides, but to date it has been charac-

15 The shift of the

teristic only of early transition-metal complexes.
hydride resonance of (n5-C5H5)w(NO)IHLto Tower field as L varies in the
order P(OPh)3 > P(OCH3)3 > PPh;  follows the same trend as previously
noted for the decrease in "uNO in the infrared spectrum. However, the
tendency toward higher field hydride resonance with a variation in L
toward bétter electron donating ligands (judging donor/acceptor character
of L by wCO frequencies) has been reported by T01man57 for the coordi-
nation hydrides HNiL3CN. While Darensbourg23 claims to find no correlation
between the hydride chemical shift and a variation in L ligands in the
[HW(CO)4L]™ system, the hydride resonance when L = PPhy is at Tower field
than when L = P(OCH3)3.

The spin-spin coupling of the hydrogen with tungsten provides
additional evidence for a direct W-H bond. The major factors in determining

the magnitude of the coupling constant are the magnetogyric ratio of the

nuclei concerned and the Fermi contact interaction. For tungsten-hydride,
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coupling constants in the range 20-70 Hz have been observed.'® For
(n5-C5H5)w(NO)I(H)L 1J1H-1SQW are in a narrow range 54-58 Hz. The
slight increase in 1J1H-183w observed as L varies from P(OPh); < »
P(OCH3)3 < PPh3“ may reflect the donor ability of the Lewis base, but
the variation is probably too small to be of any real significance.

The phosphorus-hydrogen coupling constants are observed to
increase (2J1H_31P = 85, 100, and 111 Hz for L = PPh3, P(OCH3)3, and
P(OPh)3) in the same order as the hydride chemical shifts move upfield.

This trend has been observed in CpMo(GO)ZHL58' ahd»[Hw(CO)AfL]-g3

and been
attributed to shortening of the M-P bond due to the steric or electronic prop-
erties of L. Observation and analysis of hydrogen-phosphorus couplings

have been instrumental in the establishing of the stereochemistry of
hydride species. In most octahedral and square-planar complexes

?J1y_31p Cis (45-30 Hz) is much smaller than 2J1y_31p trans (+60-150 Hz) . '°
However, for other systems this correlation does not hold; for
(n5-C5H5)M(CO)2HL where M = MoorW 2J1H-31P cis = 60 while 2J1H-31P

trans = 20.58559 If this trend can be applied to (n5-C5H5)N(N0)I(H)L,

then the observed 2J1H-31P ranging from 85-112 Hz are indicative of a

cis geometry (configuration I or II). The cis geometry of the hydregen and
phosphorus is not surprising in view of the trend for strong trans effect
ligands (which H™, PR, and P(OR)3 are) to avoid occupying a position trans
to one another. What is surprising is the fact that no cis/trans tautome-
rism is indicated in the solution spectra of these tungsten hydridonitrosy?

compounds while (n5—C5H5)M(NO)2LH for M = Mo and W undergo rapid isomerization

at room temperature.5® ,5°
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The 31p NMR spectra of the (n5-C5H5)w(N0)I(H)L complexes have been
obtained with off-resonance decoupling of only the protons of the phosphorus 1i-
gands-and cyclopentadienyl ligands.'In all three cases only a sharp doublet is
observed which confirms the presence of only one conformer in solution.

When a phosphine is coordinated to a metal atom its 3P NMR resonance

is shifted, usually downfield, relative to the position of the free 11‘gand;60
no correlation has been made with phosphites.”’ In the 31P NMR spectra of
these hydridonitrosyls a downfield shift was observed for L = triphenyl-
phosphine, while for L = triphenylphosphite or trimethylphosphite a slight
upfield shift was detected (see Figure 3).

The yields of reaction 28 with any of the chosen Tigands are elose to
70%. For L = P(OPh)3 a 70% yield represents a considerable improvement
over the yields of (n5-C5H5)w(N0)I(H)[P(OPh)3] obtained from reaction 17
(13%) or reaction 20 (34%). If the overall yield from their common
starting material [(n5—05H5)w(N0)12]2 is considered (Figure 4), it becomes
apparent that the low yield step is consistently the addition of H . As
in the case when borohydride is the hydride source, several reaction modes of
Na£H2A1(DCH2CH§mH3%g can be envisioned which would not lead to the desired
tungsten nitrosyl hydride. The nitrosyl ligand can be Tost through reduction
(see reaction 19). Alternatively, coordination of the alkoxyaluminum

reagent to the metal atom may occur.as has-been reportedGJ for

Ta(C])Z(dmpe)z + Na[HZA](OCHZCHZOCH3)2]—>[Ta(H2A1(OCHZCHZOCH3)2(dmpe)2]2 (29)
dmpe = (CH3)2PCHZCH2P(CH3)2
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Nevertheless, it appears that reaction 28 represents the best method as
well as a generally applicable one for the synthesis of a series of com-
plexes of the type (n5-C5H5)W(NO)I(H)L where L is any ligand capable of

donating two electrons to the metal centre.

Reactivity of (n°-C.He(W)NO)JI(H)[P(OPh),].

In Tight of the anomalous hydridic character of (n54C5H5)w(N0)2H,
it was anticipated that other hydridonitrosy]l complexes of tungsten might
show similar reactivity. (n5-C5H5)w(N0)I(H)[P(OPh)3], however, is sur-
prisingly inert. Whereas many hydridocarbonyls are Lowry-Brgnsted acids
in polar solventst” reacting with (CH3CH2)3N and (n5—C5H5)N(N0)2H acts as
a H™ source reacting with.p—to1uenesu1fon1c acid, (n5-C5H5)w(NO)I(H)[P(OPh)3]
is largely unchanged by exposure to either of these reagents. Although some
decomposition occurs, after 24h no shift is observed in the nitrosyl
absorption of the infrared spectrum of the reaction solution; and the
hydride resonance remains visible in the 1H NMR spectrum, exhibiting its
characteristic hydrogen-phosphorus and hydrogen-tungsten couplings.
(n5-C5H5)w(NO)2H stirred in an acetonitrile solution with the well-known
hydride abstractor triphenylcarbenium tetrafluoroborate is converted to

. _ 35
the cation [(n5-C5H5)W(NO)2(CH3CN)]BF4.

But although {(n>-CcHg)W(NO)I
[P(OPh)3](CH3CN)bBF4 has been shown to be a viable species (vide supra)

an acetonitrile solution of (n5-C5H5)w(NO)I(H)[P(OPh)3] and (_C6H5)3CBF4
after 24h of stirring shows no shift in its. uNO; and though some preci-

pitate forms, lH NMR retains' the characteristic hydride pattern.
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Reactions with chloroform or carbon tetrachloride are often employed
to establish the presence of a metal-hydrogen bond;lq however, (n5-C5H5)w-
(N0)2H does not react with either halocarbon. (n 5-C5H5)W(NO)I(H)[P(OPh)3]
is stable for days in chloroform but does react with CC]4 forming
(n5-C5 5) (NO)I (C])[P(OPh)3]. But even with excess CC14, after two weeks
1H NMR monitoring of the reaction reveal that the reaction is incomplete

(ty

L= 280 h). A stoichiometric amount of hydrochloric acid added to a

dichloromethane solution of (n5-C5H5)w(N0)I(H)[P(OPh)3] also induces the
formation of the chloride as well as an intractable blue precipitate.
Again, both the resonance patterns of the hydride and the chloride species

are visible in the H NMR spectrum.

Reaction of. [(n 45*QW(NO ]? with Na[H A1(0CH9£ﬂ20CH )o1.

The solution colour darkens to brown, a brown precipitate forms,

-1

and the nitrosyl absorption in the IR spectrum shifts from ~1640 cm™ ' to

~1600 cm™!

when one equivalent of sodium dihydridobis(2-methoxyethoxy)-
aluminate is added to a green toluene or benzene suspension of
[(nS-CSHS)W(NO)I(H)]Z. Filtration followed by concentration of the filtrate
under reduced pressure leads to the precipitation of [(n>-C 5 5) (NO)H ]2

as an orange powder in 16% yield. The reaction sequence shown in Scheme II
is the net conversion of [(nS—CSHS)W(NO)IZ]2 into [(nS-CSHS)W(NO)Hz]2 in
approximately 10% yield. Direct synthesis of the orange hydride dimer from
the iododimer can be effected; however, for optimum yield the aluminum

byproduct should be removed after the first equivalent of Red-al has
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produced the green solution of [(n5-C5H5)w(N0)I(H)]2. Then less than
one equivalent (~0.6 eq.based on the initial amount of [(n5-C5H5)W(NO)Iz]2)
of the alkoxyaluminum hydride yields [(n5-C5H5)w(NO)H2]2.

This novel product is a bright orange, diamagnetic solid which is
freely soluble in dichloromethane, less soluble in chloroform and benzene,
and completely insoluble in hexanes. 1Its solutions are air sensitive,
but the solid itself can be handled in air for short periods of time without
noticeable decomposition. An infrared spectrum of a dichloromethane solution
of the species exhibits a strong absorption at 1596 cm"] which can probably
be assigned to terminal nitrosyl Tigands “*a,%4 Also visible in the
infrared spectrum of the Nujol mull of the complex is a band of moderate

intensity at 1934 cm_].

This can be attributed to terminally bonded
hydrides.

The compound is best formulated as a dimer [(n5-C5H5)W(NO)H2]2 with
a tungsten tungsten double bond since a monomeric formulation would leave
the tungsten atom with two electrons less than the favored 18-electron
configuration. Its dimeric nature is confirmed by its mass spectrum (at
a probe temperature of 120°C) which exhibits peaks attributable to the
parent ion and ions corresponding to the sequential loss of Tigands.
Unfortunately, overlapping of some medium to strong intensity peaks makes
unambiguous assignment difficult, especially in light of the polyisotopic
nature of tungsten.

The proton NMR spectra recorded both in d6-benzene and d-chloroform

on 80 and 400 MHz instruments as well as selective decoupling experiments

provide further insight as to the structural nature of [(n5-C5H5)W(NO)H2]2.
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Figure 5 shows its proton NMR spectrum in deuterochloroform. Evident

are two large singlets at & 5.94 (13H) and 5.93 (10H) assignable

to cyclopentadienyl protons. In addition there are five other complex
resonances at § 6.98 (2.6H), 6.54 (2H), 1.39 (1H), -2.02 (2.6H) _

and -5.93 (TH) which are attributed to hydride resonances due to the
visible tungsten-hydride couplings, which are approximately 94 Hz. Select-
ive decoupling experiments in d-chloroform reveal the manner in which these
resonances are related (see Figure 6). Irradiation at the frequency
corresponding to § 6.98 alters only the multiplet at ¢ -2.02; it becomes

a sharp singlet. Likewise, with irradiation at 6 -2.02 the multiplet at

§ 6.98 becomes a singlet. When decoupling is centered at 6 6.54 the
multiplet at § 1.39 becomes a doublet, while the triplet of doublets

(s -5.93) becomes a simple doublet. Decoupling at & +1.39 changes the
doublet of doublets centered at & 6.54 into a doublet, and the triplet of
doublets (6 -5.93) becomes a triplet. Finally, irradiation at § -5.93
transforms the pattern at & 6.54 into a doublet and that at § 1.39 into

a triplet. This study not only facilitates the assigning of coupling
constants but also demonstrates that two distinct species, two isomers,
exist in the solution.

Careful integration of the peak areas allows pairing of the cyclo-
pentadienyl proton resonances with the hydride groupings. The C5H5
resonance at ¢ 5.94 is grouped with the hydrides resonating at ¢ 6.98 and
-2.02 with the internal ratio 10:2:2 (isomer 1). The C5H5 resonance at

§ 5.93 is grouped with the hydride resonances at & 6.54, 1.39, and -5.93
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with the internal ratio of this grouping being 10:2:1:1 (isomer 2).
The ratio of isomer 1 to isomer 2 is approximately 1.3 to 1, a ratio which
is invariant in d6-benzene or d-chloroform.

Detailed analysis of the hydrogen patterns allows speculation as
to the conformation of these isomers. The hydride pattern in isomer 1
is an AA'XX pattern. Unfortunately, the pattern is not sufficiently
resolved to permit unambiguous assignment of the hydrogen-hydrogen
couplings. Isomer 2 displays an A2MX hydride pattern for which coupling
assignments have been made with the aid of computer simulation (see
Table II and Figure 7). An important feature of the lH NMR spectra of
both these isomers is the abnormally low field values for the tungsten-hyj
drogen protons at ¢ 6.98 (2H) (isomer 1) and & 6.54 (2H) (isomer 2). The
only tungsten complex with a comparably Tow-field hydride shift is
Schrock®s recently reported W(CHCMe3)HC13(PMe3)2 (6 WH=9,88).152 1t
has been notedld that, for derivatives of the same metal, the resonance
of the bridging hydrogen in a hydridometal cluster is often evidenced at

23
for

higher field than that of terminally bonded hydrogen. Darensborg,
example, has observed the hydrogen resonance in PPN[HNZ(CO)gP(OMe)3] at

§ -12.2 (CD3CN), a compound assumed on the basis of the similarity of its

vC0 in the IR spectrum to that of the we11-characterized-uH[Mo(CO)4(PMePh2)]é'
to have a bridging hydrogen ligand; under similar conditions the terminal
hydride of PPN[HW(CO)4P(OMe)3] has a chemical shift of ¢ -4.5. Following

this line of reasoning, the lowest field resonance of each isomer, each

of which represents two protons, 1s assigned to terminally bonded hydrogens.
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Table II. lH NMR Spectral Data of [(nF’-CSHS)w(NO)HZ]2
C5Hg H H H
(s) (8) (s) (8)
Isomer 1
CDC'l3 5.94 (s, 10H) 6.98 (m, 2H) -2.02 (m, 2H)
CeDe 5.23 (s, 10H) 7.01 (m, 2H) 1.90 (m, 2H)
Isomer 2 H],2 H3 H4
CDC]3 5.93 (s, 10H) 6.54 (dd, 2H) 1.39 {(m, TH) -5.93 (td, 1H)
(_J-|3 = J23 = 2.9 Hz) (_J34 = 2.3 Hz)
(J14 = Jpq = 8.6 Hz)
C.D 5.26 (s, 10H) 6.64 (dd, 2H) 1.66 (m, TH) -5.99 (td, 1H)

676



Sk
F

Figure 7. a. 1H NMR Spectrum of Hydride Resonances of Isomer 2 0f [(n® C5 5 NO)H ]

in CDC1, (s 6.54, 1 -39, -5.93, left to right) at 400 MHz.
b. Computer Simulation of the Hydr1de Resonances of Isomer 2.
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The proton NMR data makes it possible to preclude from consideration
totally symmetrical molecular conformations for [(n5-05H5)w(NO)H2]2 such as
all four hydride or both nitrosyl ligands bridging the two metals or four
terminal - and mutually trans hydride ligands. In such arrangements all
the hydrides would be chemically and magnetically equivalent, and only one
hydride resonance would be observed in the proton NMR spectrum; such is
not the case. There remains a number of possible structural configurations
(see Figure 8): an arrangement in which all the Tigands are terminally
bonded and the hydride 1igands are mutually cis (A); a structure possessing
two‘termina11y bound and two bridging hydrogens either perpendicular (B or
D) or parallel to the plane of the cyclopentadienyl rings (C or E).

~ The dominant species in solution, isomer 1, in which the hydride
ligands exhibit an AA'XX' pattern in the proton NMR spectrum, may adopt
one of the configurations illustrated in Figure 8 by A, D, or E. Although
structure A cannot be dismissed totally, one would not expect two terminal
hydrides in such an environment to have chemical shifts differing by almost
9 ppm. For example, the hydride resonances of ReH2(N0)(PPh3)3 overlap to-
form a multiplet at -1.5; the individual hydrogens are considered to have

chemical shifts -0.9 and--2.1.62

Therefore, it seems more feasible that
isomer 1 assumes the conformation shown in example D or E; the resonance

at 6§ 6.98 would then be assigned to the two terminal hydrides and the one

at § -2.02 to the two bridging ones. The requirement that isomer 2 have a
hydride pattern A2MX can be satisfied by structures B or C. It then follows

that the resonance at § 6.54 can be assigned to the two terminal hydride

ligands and the resonances at § 1.39 and § -5.93 can each be attributed to
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one of the inequivalent bridging hydrogens. The infrared spectrum consisting
of a single nitrosyl absorption at 1596 cm'1 in dichloromethane provides no

further clues as to structural nature of these species.

Reaction of [(n5-C5ﬂ5)W(NO)H212 with P(OPh)3.

Bis[(n>-cyclopentadienyldihydridonitrosyltungsten] reacts with the
Lewis base triphenylphosphite in benzene to form the purple complex

(n5-C5H5)W(NO)H2[P(OPh)3] in 32% yield (reaction 30).

2L
5 —_— 5.
[(n -CSHS)W(NO)HZ:I2 benzens 2(n C5H5)W(N0)H2L (30)
L = P(OPh)3

When the product of reaction 30 is jsolated by fractional crystallization
from a benzene/hexanes mixture, the major component is this purple product.
However, when recrystallizations are performed from dichloromethane/hexanes

the major product is an orange solid which also has the empirical formulation

(C5H5)W(N0)H2[P(0Ph)3].
Purple (n5—C5H5)w(NO)HZ[P(OPh)3] is an air-sensitive, diamagnetic -
solid which is freely soluble in common organic solvents but only sparingly
soluble in paraffin hydrocarbons to give highly air-sensitive intensely
purple solutions which turn yellow in minutes upon exposure to air. An
infrared spectrum of the solid in a Nujol mull displays a single nitrosy1.

absorption at 1574 cm'1, but the tungsten-hydride stretching absorptions

are not observable. Its mass spectrum shows a peak corresponding to
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[(CgHe )W(NOJHP(OPR) ;17 (m/z 590) as well as peaks due to [(CcHgliP(OPh);]*
and [WHZP(OPh)3]+ clearly identifiable by the correct tungsten isotope

pattern.

Orange (n5-C5H5)W(NO)Hz[P(OPh)3] is an air-sensitive solid which can
be formed from the purple complex with attendant decomposition. Its IR
spectrum displays a vNO absorption at 1601 en”! (Nujol), slightly higher
than its purple analogue. Furthermore, there are weak bands at 1856 and
1831 cm'] which can be assigned as terminally bonded W-H stretching absorp-
tions. However, it is best characterized by its H NMR spectrum. The
phenyl and cyclopentadienyl protons resonate at a similar frequency to
the purple species, & 7.32 (15H) and 5.10 (5H) (C6D ); but the hydride
resonances are centered at & -1.82 (2H) and display the familiar six-line
pattern (1:5.9:1, 1:5.9:1) (cf. Figure 2) reflecting coupling to both
the tungsten and phosphorus atoms. The lJlH_183w coupling (88 Hz) affirms
the tungsten-hydride 1ink while the 2J1H-31P coupling (86 Hz) allows the
dihydride species to be easily distinguished from its monohydrido-monoiodo
analogue. Lack of any observable hydride-hydride coupling and the simpli-
city of the resonance pattern indicate that the two ligands are magnetically
as well as chemically equivalent and, therefore, must be trans to each

other. The 31p NMR spectrum confirms
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the equivalence of the hydride ligands displaying a single resonance,
a triplet, only slightly shifted from that of the cis isomer (& 137 (t),
2J31P—1H = 87 Hz).

The designation of the purple form of [(n5-CSH5)w(NO)H2P(OPh)3]
as the cis isomer is based on its lH NMR spectrum. There are three
distinctive patterns in the phenyl region § 7.54 -~ 7.20 (15H) attributable
to the ortho, para, and meta protons of the phenyl rings of triphenyl-
phosphite. In addition there is a sharp singlet at § 5.10 (5H) assignable
to the cyclopentadienyl protons and a complex hydride pattern centred
at 6§ 1.32 (2H) (shown in figure 9). The spectrum in deuterochloroform
is similar, though with less detail in the phenyl region; but in this
solvent the cis-dihydride is observed by !H NMR to rearrange to the trans iso-
mer; with time the multiplet centred at &6 1.10 is lost and the familiar
six-1ine pattern of the trans-dihydride appears at & -1.82. The same ré-
arrangement occurs to some degree in benzene, but in this case it takes a mat-
ter of days instead of hours. The proton coupled 3!P NMR spectrum is a triplet
centred at 6 151 (relative to H3PO4); average 2J31P-1H = 24 Hz. This
phosphorus chemical shift has the expected downfield®? éhift from the free
triphed&]phosphite (s 126) .40

The complex hydride resonance pattern is invariant on an 80 or
400 MHz NMR instrument. For the cis structure an ABX pattern would be

expected. In an ABX spectrum the AB portion may be divided into two
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Figure 9. (left) !H NMR Spectrum (400 MHz) of Hydride Region of

cis-(n5-C5H5)W(N0)H2[P(OPh)3] in CGD6
(right)  Computer Simulation of Hydride Region
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AB-type quar‘te’cs.SI+ In this case there is an overlap of the two quartets
which produces the observed seven-line pattern. From the analysis of the
spacing of these quartets and computer simulation (Figure 9), the best

fit designates the chemical shifts of Hy and Hp as coincidental (s 1.32
Hi-Hg = 27.7 Hz, 2JHA\PX = 67.5, and
2JHBPX = -19.5. Thus, the 2J1H-31P observed in the coupled 31p NMR

CGDG) and assigns the couplings 2J

. 1
t {2J. + 2
spectrum is an average » JPXHA JPXHB)
of the phosphorus-hydrogen couplings are only relative to each other and do not

= 24 Hz. (Note that the signs

represent an absolute assignment.) The hydride ligand trans to the
phosphite is assigned the smaller coupling constant (-19.5 Hz) based on
the analogy to the (n5-C5H5)M(CO)2HL system!6:58,59 (vide supra). The
large hydrogen-hydrogen coup]ing‘is an anomaly, but this assignment
appears to be the only reasonable one.

When reaction 30 is performed using L = P(OCH3)3, the orangeisolution
of [(n5-C5H5)w(NO)H2]2 darkens to a red-violet colour upon addition of the
phosphite. However,if the solvent is not removed in vacuo within 90 min.,
the solution colour begins to Tighten until it is yellow-orange. The <H NMR
spectrum of the reaction mixture indicates that trans-(n5-CSHSIW(NO)HZP(OCH3)3

is formed: (CGDG) 8§ 5.63 (s,5H,C.H.), & 3.63 (P(OCH -1.90

M P(OCH)4),
(2H, W-H) [leH-31P = 81 Hz, lJlH-183w = 81 Hz]. Again, as in the case
with (n5-C5H5)W(NO)IHL, a decrease in 2J1H-31P is seen with a change in L
from P(OPh)3 to P(OCH3)3. The same correlation is also observed in

the infrared spectrum — uNO moving down from 1601 cm_] (Nujd]) in
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trans=(n3-CgHs )W (NOJH,P(OPh) 3 to 1564 cn™' in trans-(n3-CoHg)W(NOJH,-
P(OCH3)3. The mass spectrum of the latter confirms its formulation; at
probe temperature 120°C two groupings of peaks are seen with the charac-
teristic tungsten isotope pattern: one at 403 corresponding to
[(C5H5)W(N0)P(OCH3)3]+,(P)t and.one at 372 corresponding to (P-NO)Y.
Attempts to isolate this dihydride as a pure solid have so far been
frustrated by the large amount of attendant decomposition in this reaction.
Yields of product are estimated to be less than 10% of that isolated when

L = B(OPh)3. It appears that when L is trimethylphosphite the purple

isomer 1is much shorter lived and converts readily to the orange isomer

trans—(n5-C5H5)W(NO)H2L.

The Néture of the cis-trans Isomerism

Detailed 1H NMR studies of the cis-trans conversions of complexes of
the general form (n5—C5H5)Mo(CO)2LR (where L is a phosphine or phosphite
and R is hydrogen, halogen, benzyl, or methyl) have been discussed by
Faller>8 and by Poilblanc.%? Both conclude that the isomerization is an
intramolecular exchange phenomenon occurring via angle bending, not by

Tigand dissociation. The purple-orange conversion differs markedly from

the reported systems. Kinetic Consideration: Faller observes that the

rates of isomerization vary less than 25% from solvent to solvent. In
the (n5-C5H5)w(N0)H2[P(OPh);]case a dramatic difference in rate is observed
-=—the purple-orange conversion taking place in days in benzene and in hours

in dichloromethane. However, decomposition is detected in both these sol-
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vents occurring more slowly in benzene than in dichloromethane. Free
phosphite is observed in aged solutions. It is possible that Tligand
dissociation is one pathway to this isomerization. Triethylamine promotes
the formation of the orange isomer within an hour, albeit with some de-

composition (vide infra). Thermodynamic Considerations: Poilblanc

observes that the cis carbonyl compounds. are thermodynamically more

stable than the trans. This meains in the case of CpM(CO)ZHLAthat cis hydride/
phosphorus geometry is favored. The 1H NMR spectra of {(n>=CH)W(NO)-
HZ[P(OPh)3] make evident that the isomer with trans hydride ligands is the
one favored thermodynamically, for the transformation from the purple (cis)
to the orange (trans) isomer occurs in a matter of hours in any polar
solvent and in a matter of days in benzene. This trans arrangement of

the hydrides allows both to remain cis to the phosphorus atom, a require-
ment which is evidently more important for the hydride ligands than for the
carbonyl ligands in (n5-C5H5)Mo(C0)2LR.58’59 This cis arrangement of the
hydrogen and phosphorus atoms is the only one observed in the monohydrido
compounds (n5-C5H5)w(NO)I(H)L (vide supra). It appears that a primary
structural constraint is that the hydride ligand is not trans to another

strong trans effect ligand such as phosphine or phosphite.

Reactivity of (n5-C5ﬂ5)w(NO)H2[P(OPh)31,

" The principal .mode of reaction of cis-.(n5—C5H5)w(NO)H2EP-'
(0Ph) ;] is rearrangement. forming a mixture of the eis and trans

isomers in a matter of hours in chloroform, dichloromethane,
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or tetrahydrofuran solutions. Due .to the intense purple colour of the cis

isomer, no change in solution colour can be noted until most of the species

is trans. The cis/trans mixture can be totally converted to the trans

isomer by exposure to (CH3CH2)3N for 1 hour as evidenced by a colour change

in the dichloromethane solution from purple to orange, a loss of the cis

hydride pattern in the lH NMR spectrum'and the appearance of the trans

hydride resonance pattern. No further reaction with triethylamine is evident.
“Addition of p—toluenesu]fohic acid to a THF solution of (n5=C5H5)w(NO)—

HZ[P(OPh)SJ results in an immediate colour change in the solution from purple

to green-brown. Most of the nitrosyl-containing species precipitates out of

solution as an intractable green solid (determined by an IR spectrum of a

Nujol mull of this solid). No hydride resonance can be observed in the IH

NMR of the supernatant.

A purple actonitrile solution of cis and trans (n5—C5H5)W(NO)H2[P-
(OPh)3] immediately takes on an orange-brown colour when the hydride abstractor
triphenylcarbenium tetrafluoroborate is added to it. The principal featu-
res of the 'H NMR spectrum of the reaction §o1ution are a hydride pattern
centred around § -1.99 (1H) with 3J1H—31P = 112 Hz and cyclopentadieny]l
resonances at § 5.29 (5H) and 5.56 (12H). This suggests the presence of
two species — a new hydride-containing species possibly a monohydride
such as {(n5—C5H5)W(NO)H[P(OPh}3](CH3CN)}BF4 (cf. (n5-C5H5)W(NO)IH[P(*OPh)3]
with hydride resonance at § -1.98 and 2J1H-31P = 112 Hz) and a non-hydride-

containing species.
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ProTonged exposure of trans:(n5=05H5)W(N0)H2[P(0Ph)3}fto carbon tetra-
chloride results in the formation of a new hydrido-containing species.
Although the doublet of the original (n5-C5H5)18”N(N0)H2[P(0Ph)3] is
still visible in the 1H NMR spectrum at ¢ -1.28 and -2.35 [2Jy, 3, =
86 Hz), a new doublet which overlaps with the original one grows in at
§ -1.28 and -2.70 (2J1H-31P = 113 Hz). It is possible this is evidence
of the formation of (n®-C_H )18”w(NO)C1(H)[P(OPh)3] (cf. hydride pattern

55
of (n-CgHg)W(NOJI(H)[P(OPh) ;] — & =1.98, 233, 31, = 112 Hz). The

55

appearance of new cyclopentadienyl proton resonances in the 1H NMR spectrum
indicate new non-hydride-containing complexes are also formed.

Thus (n5-C5H5)w(NO)H2[P(OPh)3] undergoes the most common of
typical hydride reactions —reaction with halocarbons and hydride abstract-
ion by triphenylcarbenium. But like (n5—C5H5)w(N0)2H it acts as a H™
source interacting with the acidic reactant, p-toluenesulfonic acid, rather
than the basic one triethylamine. Overall, it is much more reactiQe than
(n°-CgH5 )W(NO)I(H)[P(OPh) ;1. To facilitate further study of this unique
nitrosyl dihydride it would be desirable to improve the yield from the
‘basic starting material [(_n5-C5H5)N(_NO)12]2 which is unoptimized at 3.2%.
Nevertheless, it appears reaction 30 represents a general route for the
series of complexes of the type (n5-C5H5)w(N0)H2L where L is a two-electron
donor.

In comparing the reactivity of the three hydrido nitrosyl species

(n5—C5H5)N(NO)I(H)L, (n5-C5H5)W(NO)(N0)H, and (n5C5H5)W(NO)HHL (where L =

P(OPh)3), the inertness of the iodohydride is striking. It may be that the
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halogen 1igand provideé a certain stability to the tungsten-hydrogen 1link
due to its ability both to donate electrons, as a = donor, and to withdraw
electrons by its inductive effect. The influence of the halogen deserves
further study. The reactivities of (n5-C5H5)w(NO)2H and (n5—C5H5)w(NO)H2L
are similar ——both appear to act as a source of H . However, one would
hesitate to draw a conclusion about the general effects of the nitrosy]l
ligand until other metal centres havé been employed.

Successful ~syntheses of organometallic nitrosyl hydrides by
metathesis of the corresponding halides with a hydridoaluminate reagent
opens the door to a great number of nitrosyl hydride complexes. The pre-
paration in this manner of (n5-05H5)w(N0)2H in 61% yield, of [(n5—C5H5)-
w(NO)IH]2 in 61% yield, and of (n5-C5H5)w(NO)I(H)L (L = PPhg., P(OMe)3,
P(OPh)3) in 43% yield is promising. The Tow yield obtained in the pre-
paration of (n5-C5H5)W(NO)IH[P(OPh)3] (34%) by metathesis of the diiodo
monomer and in the preparation of [(n5-C5H5)W(NO)H2]2 (16%) .notwithstanding,
metathesis by Na[H2A1(OCHZCH20CH3)2] appears to be the method of choice.

In short, the hydrido complexes, the syntheses of which are summarized in
Scheme III, embody the first such group of organometallic nitrosyl hydrides

available for systematic studies.
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Scheme |11

[(n-ciHpwmnoL,]

| 2],
/ lZH- 4H"
(n3-C4Hs W (NO),L [(ns-C,,Hs)W(NO)I(H)]z 2H [(nf'-c,,H5)wu\10)H;]2
lAg*/CHscN lzn_ lZL
+ T
[(n"’-C,,Hs)W(NO)IL(CHsCN)] —H > (n3-C,H )W (NO)I(H)L (n®-CsHg)W(NOH,L

L= P(OPh)y, PPhy, P(OMe),
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Part II

A. Cationic Nitrosyl Complexes of Molybdenum

The nitrosyl Tigand is generally acknowledged to be a better
acceptor than C0.63 Yet, though a great many anfionic carbonyl species
exist,3 attempts by this group to prepare anionic nitrosyl complexes
have been repeatedly frustrated. This dilemma suggested the desirability
of investigating the redox properties of a simple metal nitrosyl. However,
% £€0)y,.
compounds. Of the few reported, i.e., Co(NO)S,'f"L+ Cr(N0)4,65 Fe(N0),,%®

binary nitrosyls Mx(NO)y, unlike simple carbonyls, M are unstable
Ru(NO)4,67 only the former two have been well-characterized. Although
simple neutral nitrosyl complexes are a rarity, it has been known for

some time that solvated derivatives of the [M(NO)é]2+ cations where M =

Cr, Mo, or W may be synthesized by reactions such as

NOPF
6 68 .
Mo(C0)3(CH4CN) —Eﬁgfﬁa [Mo(No)Z(CH3CN)4](PF6)2 + 3C0 - (31)
NOPF6 69 _
Mo(co)6 "Eﬁgﬁﬁ’ [Mo(NO)Z(CH3CN)4](PF6)2 + 6C0 - (32)
‘ CHCN -
[Mo(N0)2012]ﬁ'2 AgPF6—7¥ﬁﬁ15?[Mo(NO)Z(CH3CN)4](PF6)2 + 2 AgCl  (33)

Thus, binary nitrosyl cations being more readily attainable, a study was

initiated to investigate the fundamental moiety “Mo(NO)22+“.
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Choice of solvent can have a profound effect on the outcome of
reactions involving NOPFG. The stereochemistry of the product may vary
from solvent to solvent:’?

CH,C1
cis-Mo(CO)z(diphos.)2 + NOPF ——3——33 cis + trans [Mo(CO)Z(diphos)z]PF6
+ NO (34)

CH30H/t01uene
-> trans [Mo(CO)Z(diphos)Z]PF6

+ NO

CH,CN
——> cis [Mo(CO)Z(diphos)z]PF6 + NO

Protonation sometimes occurs when the solvent system is toluene/methanol
due to the equilibrium: ' 73 CHa0H + N0+g::iCH30N0 + H*, for example

CeHig/ CH40H -
Mo(N2)2(d1‘phos)2 + NOPFp, —————> [MoF(N2H2)(diphos)2]PF6 (35)

As has already been demonstrated a solvent which is a good donor may become

75
attached to the metal centre.

CH3CN

Cr(C6H6)(CO)3 + NOPFp ——> [CY‘(NO)Z(CH3CN)4](PF6)2 + C6H6 (36)

CH3N02
——> [Cr(CgHg) (€0),(NO)IPF, + CO
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Consequently, it was expected that transformations of types 32" and 33
when effected in solvents of poor coordinating and good solvating abili-
ties7® would afford the desired binary nitrosyl cations.

Herein is reported the successful synthesis of the [Mo(N0)2]2+
cation and described in detail is its characteristic chemistry which
provides some insight concerning:

(a) the Lewis acid properties of the binary nitrosyl cations and how they
are modified by the presence of ancillary ligands, and
(b) the feasibility of forming neutral nitrosyl complexes by reduction

2+

of M(NO)2 -containing compounds.
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Experimental

A11 experimental procedures described here were performed under the
same general conditions outlined in PartiI with the exception that 31p NMR
spectra were recorded at 32.3 MHz on a Bruker WP-80 spectrometer using 2D
as the internal lock. Chemical shifts were referenced to external NaPF6
(s -144 - (CD3CN))upfie1d of H3P04) but are reported in ppm upfield from
H3PO4. A11 samples were prepared in adry box using dry deoxygenated
deuteroacetonitrile and sealed in 10 mL tubes. Low-temperature H NMR
spectra were obtained on a Bruker WP-80 spectrometer equipped with a
Bruker B-VT-1000 probe. The conductivities of solutions of various com-
plexes were measured at ambient temperature with a YSI. Model 31 conducti-
vity bridge and a micro solution cell with platinized electrodes. The cell
was calibrated with a 9.49 x 10‘4r4 nitromethane solution of Et4NBr; it
had a cell constant of 1.08 cm'1. The specific conductance of the nitro-
methane employed was 4.3 x 1077 ohm'] cm']. EPR spectra of ~1073M nitro-

methane solutions were recorded on a Varian E-3 spectrometer at ambient

temperature.

Reactions of Mo(_CO)5 with NOPF.. (a) In CH,C1, (Procedure A).
To 'a rapidly stirred, colourless solution of MO(C0)61(3302 gy 11.4.
mmo 1) in_CH2012 (140 mL) -was addeg solid NOPFg (2,00 g, 11.4 mmoT),
whereupon gas evolution occurred,.and the mixture-developed a

yellow-brown colouration.. After 40 h, the final reaction mixture consisted

of a green solid and a green solution whose IR spectrum displayed two weak
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nitrosyl absorptions at ~1815 and ~1685 (br) cm'1 in addition to the strong

1

v(C0) at ~1980 cm~' characteristic of Mo(CO)G. The solid was collected by

3 mm)

fi]tration,vwashed with CH2C12 (3 x 20 mL), and dried in vacuo (5 x 10~
for 1 h to obtain 1.23 g (48.4% yield based on NO) of Mo(NO)Z(PF6)2.
[Unreacted Mo(CO)6 (1.60 g) could be recovered by sublimation (60°C,
5 x 10'3 mm) of the residue remaining after the filtrate had been taken to
dryness under reduced pressure.]

Anal. Calcd for M0N202P2F]2: C, 0.00; H, 0.00; N, 6.28; Mo, 21.52.
Found: C, 0.76; H, 0.54; N, 6.32; Mo, 23.0. IR (Nujol mull): v(NO) 1811 (s),
1683 (s, br) cn™'; also 1265 (m, br), 1154 (m), 948 (m,br), 885 (m,br), 843 (m,br)

1

565 (s) cm™ . 19F NMR (CD,CN): & 72.0 (d, 1J19F-31P = 707 Hz). 31p NMR

3
(CD3CN): & -144  (sept., 1J31,_y9p = 707 Hz). Mp: 110°C dec.

The analytical data presented above are representative. Some prepa-
rations of this complex, however, afforded materials having slightly higher
carbon and hydrogen contents. Neverthe]ess, the following modifications
of the given experimental procedure did not alter the basic nature of the
isolated product: (a) sealing the reaction vessel under Ny, {b) bubbling
NO continuously through the reaction mixture, or (c) refluxing the initial
reaction mixture for 2 - 6 h either under an N2 or NO atmosphere.

If rigorously anhydrous conditions were not maintained the isolated
green solid had the following properties.

Anal. Calcd for MoN,0.P,F,: C, 0.00; H, 0.00; N, 7.82. Found

C, 0.64; H, 0.36; N, 8.02. IR (Nujol mull): v(NO) 1821 (s), 1693 (s, br)

en™Vs also 1265 (m, br), 1163 (m), 955 (m), 901 (m), and 569 (m) cm\.
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19F NMR (CD5CN): 6 81.7 -{d, Ji9p_31p

(t s J31P _1_9F.=-: 957 H)Z). Mp .>22-09..

= 957 Hz). 31p NMR (CDieNQ: s -17.9:

(b) _In CH3NO, (Procedure B). To a stirred suspension of Mo(CO)6

(1.50 g, 5.68 mmol) in CH3N02 (10 mL) was added dropwise a solution of
NOPF6 (2.00 g, 11.4 mmol) in CH3NO2 (10 mL) over a period of 0.5 h. Gas
evolution occurred throughout. When one-half of the NOPF6 solution had
been added, the supernatant so1ution was red-brown in colour and its IR
spectrum displayed a number of absorptions in the carbonyl (~2185 (w),
"2100 (s), 1980 (s) cm']) and nitrosyl (~1830 (m), ~1815 (m), ~1780 (m),
~1710 (s, br), ~1690 (s) cm'1) regions. When the addition of NOPF, was
complete, the carbonyl reactant had dissolved and the reaction mixture
consisted of a green solution. The IR spectrum of this solution verified
that all the Mo(_CO)6 had been consumed (i.e. the absorbance at 1980 e
was absent) and revealed three new bands at ~1880 (w), ~1850 (s, br), and

1

1745 (s) cm™ ' 1in addition to the other absorptions noted above. The

green solution was stirred for an additional 2.5 h, whereupon its final

IR spectrum exhibited only two strong wNO  at ~1860 and ~1750 cm—].

The solution was then concentrated to one-half of its original volume in
vacuo before being treated dropwise with CH2C12 (40 mL) to induce the
precipitation of a green solid. The solid was collected by filtration,
washed with CH2C12 (3 x 20 mL) and dried in a stream of dinitrogen for
0.5 h to obtain 2.41 g (61% yield) of [Mo(NQ)2(6H3N02)4}6PF6)2._

Anal. Calcd for M0N60]0C4H]2P2F]2: C, 6.965 H, 1.74; N, 12.17.
Found: C, 7.43; H, 1.77; N, 11.70. IR (Nujol mull): vw(NO) 1853 (s),
1743 (s, br) cm'1; also 1570 (s), 1316 (s), 1162 (w), 1103 (m), 843 (s, br),

1

741 (m), 673 (m) cm , IH NMR (CD3CN): § 4.34 (s).19F NMR (CD,CN): s 72.0

3
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(dy Jygp_s1p = 706 Hz). 31P NMR (CD,CN): § -144 (sept Jaip_19p = 706 Hz).

1 2 -1
cm”™ mol .

o (CH3N02): 202 ohm Mp: 88°C dec.

As with Procedure A, the analytical data presented above are
representative. Different preparations of this complex afforded materials
having slightly different C, H and N contents, a feature which reflected
the varyirig-amounts of CH3NO2 present. For instance, attempts to dry the
isolated solids in vacuo (5 x 1073 mm) produced complexes containing less
CH4NO, than indicated above.

Materials similar to those described above precipitated when the

original reaction was performed in a mixed solvent system using NOPF6 in

CH4NO,, (10 mL) and Mo(CO)6 suspended in CH,C1, (50 mL).

Reactions of[Mo(NO)ZgjéLwith AgBF,. (a) In CH,NO, (Procedure C).

To a stirred green suspension of partially dissolved WO(NO)2C1é];7 (0.50 g,

2.2 mmol) in CH3NO, (20 mL) was added solid AgBF, (0.86 g, 4.4 mmol).
Gradually, the solution intensified in colour and a flocculent white
precipitate formed. Monitoring of the progress of the conversion by IR
spectroscopy of the supernatant solution revealed the disappearance of

the vNO's characteristic of the nitrosyl reactant at ~1805 and ~1695 cm_1

and the concomitant growth of new absorptions at ~1860 and ~1750 cm'].
After 2h, the precipitated AgCl was removed by filtration, and the green
solution of [Mo(NO)Z(CH3N02)4](BF4)2 thus generated was used directly in

subsequent reactions.
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(b) In THF (Procedure D). A bright green THF solution of

[Mo(NO)Z(THF)dj(BF4)2 was ‘generated “in a manner-analegous to.that described

in the preceding paragraph. During this transformation in THF, however,

the nitrosyl absorptions displayed by the supernatant solution remained

invariant at ~1795-and ~1675 en !

Preparation of [Mo(NO),(CHsCN) J(PFe),. A sample of [Mo(NO),(CHoNO,),]-

‘(PF6)2 (0.45 g, ~0.65 mmol) prepared by Procedure B was dissolved in
CH3CN (20 mL), and the resulting green solution was stirred at ambient
temperature for 40 h. At the end of this time, the volume of the solution
was reduced to 10 mL under reduced pressure, and CH2C12 (50 mL) was added.
Cooling of the resulting solution to -78°C for 2 h induced the crystalli-
zation of 0.28 g (v70% yield) of [Mo(NO),(CHCN),1(PF),°® as bright
green crystals which were collected by filtration.

Anal. Calcd for M0N602C8H]2P2F12: C, 15.75; H, 1.98; N, 13.77;
Mo, 15.73. Found: C, 15.83; H, 1.93; N, 13.59; Mo, 15.41. IR (Nujol
mull): v(NO) 1863 (s), 1754 (s, br) cm-]; also 2333 (m), 2305 (m), 844
(s, br) cm']. Mp: 95°C dec..

Mo(_NO)Z(_PF6)2 (prepared by Procedure A) afforded the same product

in comparable yield when subjected to the identical experimental procedure.

Preparation of [Mo(NO),(bipy)o](PF512;_ To a bright green solution of

[Mo(NO-)Z(CH3N02)4](2PF6)2 (1.00 g, ~2.24 mmol, prepared by Procedure B) in

CH,NO,, (15 mL) was added a quantity (0.70 g, 4.5 mmol) of solid 2,2%bipy-
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ridine (bipy, C10H8N2). The resulting solution was stirred for 18 h
whereupon it became darker green in colour. IR monitoring of the reaction
in the nitrosyl region of the spectrum revealed the gradual replacement of
the absorptions due to the reactant by four strong, lower energy bands

at ~1825, ~1800 (br), ~1725 and ~1685 (br) cm-].

Volatiles were removed
from the final solution in vacuo, and the remaining green o0il was dissolved
in CH4CN (4 mL). Dropwise addition of CH,C1, (40 mL) to the CH4CN solution
caused the precipitation of [Mo(NO)Z(bipy)z]ﬁPFG)2 as a green solid
(0.47 g, ~28% yield) which was collected by filtration, washed with
CH,Cl, (2 x 8 mL), and dried at 5 x 107> mm.

Anal. Calcd for M0N602C20H16P2F12: C, 31.66; H, 2.11; N, 11.08.
Found: C, 31.59; H, 2.00; N, 11.08. IR (Nujol mul1): w(NO) 1816 (s),
1716 (s, br) cm'1; also 1603 (m), 1497 (w), 1321 (m), 881 (m), 840 (s, br),
765 (s), 730 (m) cm_1. IR (CH3N02): v(NO) 1825 (s), 1726 (s) cm'1; also

1

878 (w), 849 (s) em™'. IR (CHyCN): v(NO) 1824 (s), 1724 (s) an” s also

1605 (m), 1500 (w), 1323 (m), 880 (m), 847 (s), 752 (m), 733 (w) cn'.
TH NMR (CD4CN): § 7.5 - 9.2 (m). 19F NMR (CD4CN): 6 71.3 (d, dyop_s1p = 707 Hz).

31p NMR (CD4CN): & =144 (sept., Ja1p_jop = 707.Hz). Mp: 182°C. dec.

Preparation of [Mo(NO)z(bipy)z](BF4)2. 0.75 CH,Cl,.  To a stirred,
bright green THF solution (20 mL) of [Mo(;NO)Z(THF)A](BF4)2 (~2.2 mmol, gene-
rated by Procedure D) was added dropwise a colourless THF solution (10 mL)

of bipyridine (bipy, C]OHBNZ; 0.69 g, 4.4-mmo1). As the addition proceeded,

the solution darkened to a green-black colour, and a black precipitate
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formed. Solvent was removed from the final reaction mixture under reduced
pressure, and the remaining green-black tar was extracted with CH3N02

(20 mL) to obtain a deep green solution whdse IR spectrum exhibited

- absorptions at ~1830 (s), ~1795 (s), ~1725 (s), and ~1690 (m) cm'] attri-
butable to nitrosyl groups. The extracts were taken to dryness in vacuo,
and the resulting green oil was crystallized by dissolution in CH;CN (3 mL)
and the dropwise addition of CH2C12 (25 mL). In this manner, 0.54 g

(38% yield) of analytically pure [Mo(NO)Z(bipy)z](BF4)2. 0.75 CH,C1, were
obtained as a green solid.

C B,F,Cl

2020 .75M17.582F 8t
N, 11.90. Found: C, 35.39; H, 2.67; N, 11.92. IR (Nujol mull): vw(NO)

Anal. Calcd for M0N60 5* C, 35.28; H, 2.48;

1816 (s), 1707 (s, br) cm_]; also 1603 (m), 1503 (w), 1329 (w), 1057 (s, br),

775 (m), 737 (m) cm'].

771 (m), 733 (m) cm'1.

IR (CH,NO,) : v(NO) 1828 (s), 1727 (s) e also

IR (CH,CN) : v(NO) 1828 (s), 1727 (s) en™ 1y also

1606 (m), 1059 (s), 750 (m), 731 (w) cm™'. IH NMR (CD,CN) § 7.5 - 9.2
(m, 16H), 5.44 (s, 1.6 H). Mp: 194°C dec. A_(CH,NO,): 191 ohm™' cn® mo1™".

The analogous reaction between_[Mo(NO)z(CH3N02) ](BF4)2(generated_by
Procedure C) and bipyridine in CH3NO2 afforded the same product in comparable

yield.

Preparation of [Mo(NO)g(diphos)o](PFslz;_ A stirred, green suspension

of Mo(NO),(PFg), (0.60 g, 1.35 mmol; prepared by Procedure A) in CH,CI,

(20 mL) was treated with solid Ph2PCHZCH2PPh278 (diphos, 1.07 g, 2.69 mmol),

whereupon the supernatant solution became slightly darker green in colour.
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The reaction mixture was refluxed for 18 h and then stirred at ambient
temperature for 14 days until all visible traces of the nitrosyl reactant
had disappeared. The final red-brown solution (displaying vNO's at ~1800
and 1675 cm'1 in its IR spectrum) was taken to dryness in vacuo, and the
remaining brown 0i1 was washed with benzene (3 x 20 mL). The oil was then
dissolved in CH2C12 (10 mL) and transferred by syringe to the top of a
silica gel column (2.5 x 6 cm) made up in CH2C12. Elution of the column
with CH2C12 produced a brown band which was removed and collected. The
voTume of the eluate was reduced in vacuo to ~10 mL, and benzene (45 mL)
was added dropwise tolinduce the precipitation of a brown powder. This
powder was coellected and dried in the customary manner (vide supra) to
obtain 0.8 g (48% yield based on Mo) of [Mo(NO)Z(diphos)z](PF6)2.

Anal. Calcd for M0N202C52H48P6F12: C, 50.24; H, 3.86; N, 2.25.
Found: C, 50.00; H, 4.00; N, 2.24. IR (CHZC12): v(NO) 1800 (m), 1676 (s)
cm-1; also 1593 (m), 1481 (w), 1437 (s), 1310 (m), 1127 (s, br), 1029 (m),

-1

1000 (m), 845 (s, br) cm . 'H NMR (CD,CN): § 7.37 - 7.59 (m, 40H), 2.78

3
(br,8H). 1F NMR (CD5CN): & 71.0 (d, Jjqp 5y, =-707 Hz). 31p NMR (CD5CN > Smm

tube): §-144 (nnJ3JP;lgF = 707 Hz), 38.5 (s). Mp: 150 - 151°C.

Preparation of [Mo(NO)Z(OPPh3)q](PFBlZL_ A stirred green suspension of

[MO(NO)2(£H3N02)4]CPF6)2 (0.5 g, ~1.1 mmol, prepared by Procedure B) in
CH,C1, (20 mL) was treated with Ph,PO (0.62 g, 2.2 mmol). After being
stirred for 18 h, the reaction mixture consisted of a green solution and

a light green solid. The solid was collected by filtration, redissolved
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in a minimum of CH3CN (5 mL), and reprecipitated by the addition of

CH2C12 (&300 mL). The final precipitate was isolated by filtration,

washed with cold (0°C) CH,CT, (4 x 2 mL), and dried in vacuo (5 x 10'3

mm) to obtain 0.40 g (46% yield based on Ph3P0) of [Mo(NO)Z(OPPh3)4]—
(PF6)2 as a lime green solid.

Anal. Calcd for M°N206 F12: C, 55.46; H, 3.85; N, 1.80.

C72M60P6
Found: C, 55.09; H, 4.15; N, 1.63. IR (CHyCN): v(NO) 1800 (s), 1680 (s)
en™'s also 1594 (w), 1125 (s), 1000 (m), 847 (s), 731 (s), 697 (m) cm™'.

IH NMR (CD5CN): & 7.0 - 7.8 (m). ‘Mp (in air): »220°C.

Preparation of [Mo(NO)h(CH3CN)2(OPPh322](BFq)2;_ To a stirred,
green solution of [Mo(NO)Z(CH3ON)/Zi-](BF4)279 (3.06 g, 6.20 mmo]).in
CH3CN (20 mL) was added solid OPPh (3.00 g, 10.8 mmol). No colour
change in the green solution was apparent, but its IR spectrum showed a
general shift of the original nitrosyl absorptions fo lower wave numbers
(i.e. from ~1860 (s), ~1830 (m), ~1760 (s) and ~1730 (m) cm_1 to 1832
(s), ~1810 (m), ~1720 (s) and ~1695 (m) en™'). After 15 min, the solvent
was removed in vacuo, and the green oil remaining was dissolved in CH2C12
(100 mL). Addition of toluene (40 mL) to this latter solution induced the
formation of bright green crystals (3.10 g, 59% yield based on OPPh3) of
[Mo(NO)2(CH3CN)2(0PPh3)2](BF4)2 which were collected by filtration.

Anal. Calcd for M0N404C40H36P282F8: C, 49.59; H, 3.72; N, 5.79.
Found: C, 49.33; H, 3.69; N, 5.77. IR (Nujol mu11): v(NO) 1827 (s), 1713
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-1; also 2320 (w), 2300 (w), 1143 (m), 1126 (m), 1056 (s, br),

-1

(s) cm

1036 (m), 766 (w), 726 (m) cm

cn™; also 1140 (w), 1124 (m), 1059 (s}, 733 (m) cm

IR (CH3CN): v(NO) 1832 (s), 1721 (s)

-1
. IR (CH2C12):

v(NO) 1831 (s), 1720 (s) cm'1; also 1446 (m), 1125 (s), 1067 (s, br),

-1

1049 (m), 1001 (w) cm 1H NMR (CDC13): § 7.5 7.7 (m, 30H), 2.22

(s, 6H). 19F NMR (CDCY § 147 (s).. 3IP NMR (CD4CN): & 50.6 (s, 1P),

3)
28.8 (s, 1P} “Mp: 134°C dec,_'Am(ﬁHéNOé):'T79<0hm’] cm? mol177,

Preparation of [MO(NO)Q(biEX)]giEfﬁlg;_ A sample of [MO(NO)2(§H3N02)4]-
(PFg)o (1.0 g, ~1.5 mmale) prepared by Procedure B) was dissolved in
acetonitrile (20 mL) and stirred for 6 h. The solution was then cooled
to 0°C, and a sodium amalgam (1.5 mmole Na 1in 7 mL of mercury) was added
dropwise over a period of 15 min. The solution. darkened from bright green
to olive green, and a shift in vN6'Was observed by IR, i.e. 1828 and 1716
em™ to 1800 and 1682 cm™) . After being stirred for 1 h the supernatant
solution was filtered and solid 2,2' bipyridine (0.46 g, 3.0 mmoles) was
added, whereupon the colour of the solution darkened to brown green. The
acetonitrile was removed in vacuo and the product was recrystallized twice:
first by adding THF (60 mL) dropwise to a CH4NO,, (5 mL) solution; second
by dropping CH,C1, (40 mL) into an CHLCN (2 mL) solution. By this method was
obtained 0:35 g (51% yield) of ~green-brown microcrystals of [Mo(NO)Z(bipy)JZ_
(PF6)2-

Anal. Calcd for M0N402C10H8PF6: C, 26.265 H, 1.75; N, 12.25. Found: (,

26.15; H, 2.00; N, 12.40. IR (Nujol Mull): v(NO) 1775 (s), 1639 (s, br) cm_];
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also 1602 (s), 1492 (w), 1318 (m), 1244 (w), 1163 (w) 1109 (w),

1075 (w), 1060 (w), 1047 (w), 1032 (w), 1020 (w), 845 (s), 768 (m),

SLUE o (CHyON) : v(NO) 1774 (s),11650 (s, br) cm™'3 also

-1

733 (m) cm
1602 (s), 873 (w), 850 (s) cm™'. H NMR (CD3CN) § 10.2 - 7.0 (m, vbr).
L9F NMR (CD,CN):: 8 71.2 (d, Jigp_s1p = 707 Hz). 31p  NMR - (CD4CN):- & -144
(sept., J31pz1gp = 707 Hz). Mp:208°C:dec.

Preparation of [Mo(NO) (phen')]o(PF612;_ To a green THF (40 mL) sus-

no

~

pension of [Mo(NO),(CH3NO,),1(PF,), - (1.0 g, ~1.5 mmol, prepared by
Procedure B) was added successively, solid 2% sodium amalgam (1.55 g,
1.5 mmol of Na) and mercury (~5 mL), and the mixture was stirred until all
the nitrosyl reactant had dissolved (~120 min). IR monitoring of the
progress of the reaction revealed a shift in the initial nitrosyl absorp-

1 to 1780 and

tions to Tower wave numbers, i.e. from 1790 and 1680 cm~
1673 cm_1. The olive green supernatant solution was removed from the

final reaction mixture by syringe and was filtered through a Celite column
(4 x 5 cm) supported on a medium porosity frit. The filtrate was treated
dropwise with a THF/CH2C12 solution (20/10 mL) of 3,4,7,8 tetramethyl-
1,10-phenanthroline (phen', 0.64g, 2.7 mmol) whereupon a fine pale yellow
precipitate formed. The precipitate was removed by filtration. The solvent
was evaporated from the filtrate in vacuo, and the resultant green tar
extracted with CH4CN (3 x 5mL). The CH4CN was removed in vacuo and the

green o0il dissolved in CH,C1, (30 mL). The dichloromethane solution was

filtered and to it toluene (5 mL) was added dropwise; the solution was
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concentrated to ~8 mL. The precipitated green brown solid was collected
on a medium porosity frit and rinsed with toluene (3 x 8 mL) then hexanes
(3 x 8 mL) to bbtain 0.4 g (47% yield) of golden-green [Mo(NO)Z(phenWJQ(PFG)Z.

Anal. Calcd for M0N4OZC H16PF C, 35.75; H, 2.98; N, 10.43. Found:

16 6°
C, 35.80; H, 3.20; N, 10.12. IR (Nujol mull): v(NO) 1786 (s), 1660 (s, br)

-1 1R

-1

em™'; also 1530 (m), 1304 (&), 1007 (w), 845 (s), 740 (w), 723 (m) cm
(CH2C12): v(NO) 1782 (s), 1661 (s, br) cm']; also 1530 (w), 849 (s) cm

14 NMR(CD,C1,): ¢ 9.5 - 7.2 (m, 2H), 3.1 - 0.8 (m, 12H). 19FNMR(CD,C1,):
272 272

6 71.5 (d,Ji9p 31p= 707 Hz). 31P-NMR(CDNO,, 5 mm tube): & -147.( m,

J = 707 Hz). Mp: 187°C_dec.

31p-19F

Preparation of Mo(NO),(acac),. A quantity of solid [Mo(NO),(€H,NO,),]-
| 2 2 724413 o g

(’_PEG)2 (1.40 g, ~2.02 mmol, prepared by Procedure B) was added to a suspen-

sion of Na,C0, (0.34 g, 3.3 mmol) in acetylacetone (acacH, 10 mL), and the
mixture was stirred for 3 days. During this time, the original green super-
natant solution gradually became brown, but white solid matter remained
suspended throughout. Solvent was removed from the final mixture under
reduced pressure, and the remaining brown 01l was extracted with hot hexanes
(2 x 80 mL). The hexanes extracts were concentrated in vacuo to 5 mL in
volume and were then transferred to the top of a Florisil column (1 x 12 cm)
made up in hexanes. Development of the column with hexanes afforded a green
band which was eluted with benzene. Removal of volatiles from the eluate’
under reduced pressure produced 0.50 g (70% yield based on Mo) of a green

solid. This solid was identified by its IR [(CH2C12): Vi 1773 (s), 1658 (s)

0



87

en™'s also 1570 (s), 1524 (s), 1373 (s), 1024 (m), 934 (m) cm™'] and

14 NMR[(CDC13): § 5.60 (s, 2H), 2.20 (s, 6H), 1.98 (s, 6H)] spectra as

Mo(NO),(acac),.68,70,80

Subsequent elution of the column with THF removed an orange-brown
band which was collected and taken to dryness in vacuo, The residue was
recrystallized from CH2C12/hexanes to obtain 0.23 g (25% yield based on

Mo) of Mo(NO)(acac)z(CH3C(O)C(N0)C(O)CH3)81 as an orange-brown solid.

Anal. Calcd for M0C15H20N208: C, 39.82; H, 4.42; N, 6.19. Found:

C, 39.73; H, 4.64; N, 6.18. IR (CHZC1 1718 (m), 1680 (s), 1637 (m),

):
2
1580 (S), 1522 (s), 1377 (s), 1177 (m), 1023 (m), 934 (w). H NMR(CDC]3):

§ 5.62 (s, 2H), 2.23 (m, 18H).

Reaction of[Mo(NOlzglé%with Na[(n5-C5ﬂ5)w(C0)3l;_ To a green solution
of Mo(N0) ,C1,1,77(0.50 g, 2.2 mmol) in THF (10 mL) at -78°C was added
Na[(nS—CSHS)N(CO)3]53’823 (1.59, 4.47 mmol) partially dissolved in THF
(30 mL) at -78°C, and the mixture was stirred at this temperature for 1 h
before being permitted to warm to roomvtemperature. The final reaction
mixture consisted of a brown precipitate and a dark red solution whose IR
spectrum displayed absorptions at 2300 (w), ~2075 (w), ~2020 (m), ~1980 (m),
21950 (s), ~1915 (s, br), 1785 (m), ~1745 (w), and ~1640 (m, br) cm'].
The mixture was filtered through a medium-porosity frit, and solvent was
removed from the filtrate in vacuo to obtain a red residue. A slurry of

this residue in benzene (5 mL) was transferred to the top of a Florisil

column (1 x 17 cm) made up in benzene. Elution of the column with benzene
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developed first an orange band and then a red band. The orange band was
eluted with benzene and collected. Removal of solvent from the eluate

and sublimation of the residue (60°C, 0.005 mm) onto a water-cooled probe
afforded 0.06 g (4% yield) of an orange solid which was identified as
(n5-C5H5)w(CO)2(N0)82a by its IR [(CH2C12): Veo 2070 (s), 1925 (s); VNO
1655 (s)] and its H NMR[(CDC13): s 5.60 (s, Csﬂs)]82b and its mass spectra.
Further elution of the column with CH2C12 removed the red band which was
collected and taken to dryness under reduced pressure to obtain [(nS-CSH ) -
w(co)3]2 (0.43 g, 29% yield) as a red solid identifiable by its characte-

ristic spectral properties [IR (CH2C12): Ve 1958 (s), 1910 (s); H NMR

0
(CDCT4): § 5.33 (s, CgHe)-1°° Finally, elution of the column with THF

produced a yellow solution (VCO at 2070 (m), ~1970 (m), ~1940 (s) and

~1880 (m) cm_1L which when taken to dryness in vacuo provided only trace
amounts of a yellow solid.

In a similar manner, IR spectral monitoring of the reaction between
[Mo(vN0)2C12]ﬁ(O.23 g, 1.0 mmo1) and K[(n3-CcHg)Fe(C0),18% (0.43 g, 2.0 mmol)
in THF (35 mL) at -78°C revealed the disappearance of the nitrosyl absorptions
at ~1795 and 1675 cm'] due to[Mo(NO)2C12kand only the appearance of carbonyl
absorptions at ~1985, ~1945 and ~1780 cm'1]characterist1c of [(n5-C5H5)Fe-
(CO)Z]Z(compared to an authentic samp1e):

Analogous reactions between [Mo(NO)Z(§H3N02)4J(PF6)ZuandeaLCnﬁ—CSHS)wf
(CO)3] or K[(n5—C5H5)Fe(CO)2] in THF resulted in products identical to those
desdribed in the preceding paragraphs. In no case were any molybdenum-con-

taining products isolable.
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Reaction of [Mo(NO),(CH,CN)J(PF ), with [(n°-CgHe)Cr(NO),], .

Solid [Mo(NO)Z('_CH3CN)4](PF6)2 (0.31 g, 0.50 mmol) was added to a violet

dichloromethane (20 mL) solution of [(n5-C5H5)Cr(NO)2]285 (0.18 g, 0.50

mmol). After three days the reaction mixture was brown in colour and a
green-brown precipitate had formed. An IR spectrum revealed the complete

loss of the nitrosyl absorption at ~1510 cﬁ'] of [(n5-CSH5)Cr(NO)2]2 (its

IR spectrum in CH,C1, consisting of two nitrosyl absorptions 1667 (s) and
1512 (m) cm"1); new nitrosyl absorptions were visible at ~1845 (s), ~1775

(w), and 1745 (s) cm']); and the initial vy, band at 1665 cm_] ([(nS-CSH ) -

NO
Cr(NO)Z]Z) had diminished in intensity. The brown reaction mixture was

filtered; THF (15 mL) and hexanes (10 mL) were added to the filtrate; and
the filtrate was concentrated in vacuo to give a green gold.selid (0.15 g,
83% yield) which was identified by its spectral properties to be

[(n>-CgHg) Cr(NO),(CHCN)IPF; .86 IR (Nujol):v(NO) 1862 (s), 1757 (s);v (EN)

2312 (m); w(PR84O (s, br) cm™ . IHNMR (CDNO,): 6 5.97 (s, 5H, Cghg), 2.40

(s, 3H, CHs).
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Result and Discussion

2+

Generation of "Mo(NO),”"" from Mo(C0). and NOPF

A. Dichloromethane Solvent. Due to the electrophilic nature of

the nitrosonium salts, they can function as oxidizing as well as nitro-
sylation agents. Connelly87 has proposed a general mechanism that accounts

for this dual mode of reactivity as is seen in Scheme IV.

Scheme IV

Lo+ NO
. >l
MLp + NO" —» [MLn(NO)] X

"ML, (NOY
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Specific reaction conditions determine whether oxidation or substitution
occurs; accordingly, these are examined minutely.

The mixing of NOPF6 with a dichloromethane solution of molybdenum
hexacarbonyl always results in the precipitation of an amorphous, dull-
green solid which exhibits two nitrosyl stretching bands in the infrared
spectrum of its Nujol mull. The ratio of the two reactants, (i.e. Mo(CO)6
to NOPF6 being 1:1, 1:2, or 1:3) does not appear to influence the outcome

of the reaction. Nitrosonium hexafluorophosphate, being extremely hygros-

copic, is weighed in_aninert atmosphere glove box and.on the bench-is:trans-.:

ferred-into the reaction flask under a strong stream of Nzu The inert
gas is introduced into the flasks via gas inlets connected by Tlatex hosing
to a silica gel drying tower, The‘reaction flask is kept under dry
dinitrogen atmosphere either by passing N2 over the mouth of the flask or
by maintaining a constant positive nitrogen pressure. Since minor CO bands
are visible in the IR spectrum of some of the collected samples, the
reaction flask is flushed with N, to facilitate removal of the CO gas
displaced. However, the solution is not spargéd with N2 as Connelly has
claimed®® that in acetonitrile the dinitrosy1>cation results from the
reaction of generated NO and that efficient removal of the NO gas results
in a mononitrosyl containing product:

CH3CN
1Md(CO)6 + 2NOPFg — [Mo(NO)(CH3CN)5](PF6)2 + NO ——>[M0(NO)2(CH3CN)4]-

(PFg),  (37)
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Nevertheless, with these precautions a reproducible product cannot be
obtained and etching of the reaction vessel anddiscolouration of the latex
hosing 1is sometimes observed. When further effort .is expended “to:ehSUre
rigorous exclusion of water from the reaction vessel by use of Schlenk-type
glassware attached to the nitrogen manifold of a double manifold high
vacuum Tine via all glass connections, glassware remains unetched and
a product which from its elemental analysis is formulated as Mo(NO)Z(PF6)2
is obtained reproducibly.

“Mo(NO)Z(PF6)2 is a highly air-sensitive, hygroscopic green solid
which decomposes upon heating to 110°C. The infrared spectrum of its
Nujol mull contains two strong nitrosyl stretching absorptions, 1811 and
1683 cm_] and several bands of medium intensity 1265 (br), 1154, 948,
885, 843, and 565 cm'1, which are not indicative of a hexafluorophosphate

anion with octahedral symmetry (a strong v = 830 cm']).88 The fact

P-Fs m
2+ Y

that the'species Mo(NO)2 would be extremely electron deficient suggests

6-

been claimed in the case of (n5-C5H5)Mo(CO)3PF689 and in that of (n54C5H5)-

Cr(_NO)zPF6.86 However, little significant alterations are observed in the

that ‘Mo(NO)z(PFG)Z might possess coordinated PF A coordinated FPFg has

IR spectrum of a coordinated PFg anion.89,90  The strong absorption at

]

840 cm'] may split into bands at ~880 and 810 cm™ ', but this splitting

may be obscured by the broadness of the bands. The absorptions seen in the

IR spectrum of Mo(NO)Z(PF o, at 1265, 1154, and 948 certainly do not originate

6)
from a PF6 anion coordinated or uncoordinated. The origin of these bands

will be discussed in the next section.
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Beck reports that the metal-fluorine link in (n5-C5H5)Mo(CO)3PF6
is so weak that even a weakly donating solvent such as dichloromethane
can displace it8%Indeed, when 'MQ(NO)Z(PF6)2 is placed in any solvent in
which it dissolves an octahedrally symmetric PFé is detectable by infrared
and 3P or 19F NMR spectroscopy (a septet § -144, 1J31§-19F = 707 Hz
(CD3CN), in the 31P'NMR spectrum and a doublet § 72, UlgF_31P = 707 Hz
(CD3CN)3 in the 19F NMR spectrum are characteristic of an octahedral hexa-
fluorophosphate anion“Y>%8) . Proton NMR spectroscopy performed in deutero-
acetonitrile verifies that no dichloromethane is incorporated into the
green solid, but in acetonitrile Mo(NO)Z(PFG)2 is converted to [Mo(NO)2
(GH;’O’CN3)4](PF6)2 and can be jsolated as such.

’Mo(NO)Z(R%&ﬁbrmed by reaction 38 can be compared to [Mo(NO)2C12]n,

CH, C1,
Mo(C0)g + 2NOPF, —=—=> Mo(NO),(PF), (38)

the product of a similar reaction 39.° [Mo(NO),C1.]lis also a hygroscopic green
27 2

CH2C12
Mo(CO)6 + excess NOC1 ——=» [Mo(NO)2C12]n (39)

solid with nitrosyl stretching absorptions in the Nujol mull infrared

spectrum 1805 and 1690 cm™!.

It is apparently a polymer which readily
dissociates into monomeric species in coordinating solvents. Its polymeric

structure 1s suggested as
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It is p9ssib1e that Mo(NO)Z(PFG)2 is a like polymer with cis nitrosyls
accounting for the two NO absorptions in the IR spectrum.

The alternate result of reaction 38, seemingly produced when condi-
tions are not rigorously anhydrous, is also a green solid the infrared
spectrum (Nujol) of which displays two strong nitrosyl absorptions 1821 and
1693 cm'.I and bands of medium intensity at 1265, 1163, 955, 901, and 569 cm'].

It is highly air sensitive, fumes when exposed to the atmosphere, but does not
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show noticeable decomposition when heated under a dinitrogen atmosphere
to 220°C. 1Its 31p and !°F NMR spectra differ markedly from that of

[MO(NO)Z(PFG)Z] The 31PNMR spectrum consists of a triplet § -17.9,

n-
1J31P-19F = 957 Hz, while the 19F spectrum is a doublet centred at & 81.7
(J19F_§1ﬁ4= 957 Hz). -+ . This data is not in accord with the presence

of a PFg anion but, rather, with that of 0,PF,” (see Table III). For

this formulation the fingerprint region of the infrared spectrum can be
assigned 1265 (asym P02), 1163 (sym POZ)’ 955 (asym PFZ)’ and 901 (sym

PF2) en™'. Since all these vibrational bands closely match those reported
in the system RZSn(OzPF2)29”’95 in which the 0,PF,"moiety is bidentate,

it seems likely this is also the mode of its coordination in this molyb-
denum nitrosyl cation. Cole-Hamilton®2 has suggested that the symmetric
PO stretching frequency can be correlated to the bonding mode of OZPFZT
i.e. , monodentate 1130 - 1140 cm-1, chelating 1165 - 1200 cm-]; bridging,
bidentate 1157 - 1175 cm']. Ionic OZPFZ' has been observed to possess
Vasym PO 1270 - 1310 and Vs ym PO 1137 - 1164 cm"1.96 Guided by these
classifications the difluorophosphate under consideration would also be said
to cooridinate in a bidentate fashion though whether to one or two molybdenum
centres is not certain. Further evidence is needed in order to make a more
specific assignment; conductance data which will be presented later along

with the elemental analysis suggest the correct formulation to be

[Mo(NO)Z(OZPFz)]OZPF2 with one coordinated and one ionic difluorophosphate.



Table III. 19F and 31P NMR Spectral Data

Re(C0)5(02PF2)
Re(C0) 5(bipy) (0,PF,)
trans-[Ru(CO)(dppm)2(02PF2)]PF6

trans'—{[RU(CO)(dppm)Z]Z(OZPFz)}(PF6)3
{[(n>-C5Hg)RN],(0,PF,) 3}PF,

(n5-CgHg) Cr(NO) HFPF g
[Mo(NO) 5 (PFg) ]
Mo(NO),(0,PF,),

[Mo(NO),(CH3NO,) 4, T(PF (),

(a) values standardized to CFC]3

(c) CD,C1, (d) nitromethane

76.

74

89
74

for Complexes Containing PF6'or OZPFZf

a
19F NMR
(s)

65.3(d

74 .4

75.
72.
81.
72.

(b) values standardized to H3PO,

(e) solvent unspecified

lJ19F_31p

(Hz)

969
969
955
708

951
708

952
708
750
707
957
706

(f) CDLCN

~31p NMR b
(s)

C
-12.7(t)
-12.7(t)¢

d
-16.8(t,0,PF,)
-145 (septet,£F6)

d
—15.3(t,02RF2)
—145(septet,P£6)

e
-33.1(t,3P,0,PF,)
-166.2(septet,1P,RF6)

-144(septet) f
217.9(t) f

-144(septet) f

Reference

91
9N
92

92

93

86

this work

this work

this work

96
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The hexafluorophosphate ion undergoes slow hydrolysis in acidic
media to form the phosphate salt; certain metal centres have been reported
to facilitate this hydrolysis.®” The transformation of hexafluorophosphate
into difluorophosphate in organometallic compjexegis unusual but not unpre-
cedented. For example, when [W(o—pheny]enebis(dimethy1arsine))(00)3(N0)]—
PFe is refluxed in "dry" acetone the 0,PF, salt forms , 98

19F NMR samples of [Mo(_NO)z(PFG)Z:In in d3-acetonitrile when allowed

to age in unsealed NMR tubes show a decrease in the intensity of the
doublet at § 72 (1J31P—19F = 707 Hz) characteristic of PFg~ and the growth
of a new doublet at § 82 (1J31P-19F.= 957) characteristic of 0,PF,” and a
broad resonance at § +160. Thus, the source of variability in reaction 38
is evident; [Mo(NO)z(PFG)ZJn is the initial product in any case, but in
the presence of trace amounts of water it is converted to the difluorophos-
phate salt and HF. HF can in turn initiate the production of more water
and cause the observed etching of glassware via reaction 40.

+ 2H (40)

6HF + Si0, ——> 2H,0 + SiF " ¥

&

Indeed,,aqueous-501utions,of_[Mo(Nﬁ)z(PFG)ZJn and‘[Mo(NO)Z(CH3N02»ﬂ(PF6)2-have
pH- = 3.35. The previously cited IR spectrwnoﬂ{Mo(NO)z(PF6ﬂn'ﬁs a Nujol mull
appears to display some incipient decomposition to 02PFé'(e.g. the bands at
1265, 1154, 948 cm']). This reflects the difficulty in obtaining a mull

IR spectrum under anhydrous conditions. In this case the 1°F and 31p NMR

spectra prove the more useful diagnostic tools sinceNMR samples can.be
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sealed from the environment more effectively than the infrared samples.

B. Nitromethane Solvent. In performing reaction 38 it was

initially of concern that since nitrosyl hexafluorophosphate is insoluble
in dichloromethane, it might be occluded in the equally insoluble product.
Accordingly, the analogous reaction was attempted in nitromethane with
the thought that as a good solvator it is capable of dissolving NOPF6
but as a poor donor it is not Tikely to become involved in the reaction.’®
Unfortunately, the latter did not prove to be the case. Instead the
product formed is [Mo(NO)Z(CH3N02)4](PF6)2.

The addition of a nitromethane solution of NOPF¢ to a nitromethane
slurry of Mo(CO)6 results in violent bubbling. IR monitoring of the

reaction solution shows a decrease in the vey band ofUMb(CO)6 at 1980 cm']

and an appearance of two new bands at 2185 and 2100 cm'1.

This suggests

a reaction path leading through a CO containing intermediate such as
[Mo(NO)z(CO)(so]vent)3](PF6)2 which has been reported for M = W.68,80

After two hours two IR bands are visible, 1860 and 1750 cm'], indicating
the presence of cis nitrosyl functionalities as well as a strong absorption
at 843 cm'1 indicating an octahedrally symmetric PF6 anion.88 The reaction
solution fumes and is extremely hygroscopic. Indeed, infrared monitoring
is difficult for the VNO bands of both the reaction solution and the
isolated product shift to lower wave.numbers if the solution is allowed to

sit in the IR cell as Tong as 4 minutes. Since this shift is not affected

by the utilization of KRS-5 (T1Br/T1C1) instead of NaCl IR windows it is not
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due to reaction with the NaCl plates as is observed with some organometallic
cations.?? It is probably due to hydrolysis since the aged solution also

- =]
exhibits VOH at 3400 cm .

A similar shift in YNO absorptions has been
reported for [Mo(NO)Z(CH3CN)4](PF6)2 but was speculated to be due to an
equilibrium between the tetrakisacetonitrile and the bisacetonitrile
species®®The solvate ligands are labile; HNMR studies have demonstrated
this.”’% [Nuclear magnetic resonance experiments performed in d3-acetoni-
trile on [Mo(,NO)Z(_CH3N02)4:|(,PF6)_2 confirm the presence of the CH,NO,

(H: s 4.34 (m)) and the PFg [3lp: s -144 (septet) (CD3CN or CD3N02):

19F: ¢ +72, 1J19F-31P = 706 Hz]. However, in acetonitrile the nitromethane
ligand is displaced; [Mo(NO)Z(CH3CN)4](PF6)2 can be isolated from this
solution. Monitoring of the !9F NMR spectrum reveals the ease with which
the compound is hydrolyzed from the PFe salt (s +72, J19F431P = 706 Hz) to the
0,PF, salt (8 +82, -Jygp-31p = 957 Hz) -(Vide supra).

[Mo(NO)z(CH3N02)4](PE6)2 is an amorphous green solid which Toses
nitromethane when subjected to high vacuum and decomposes upon heating to
88°C. It is highly hygroscopic and must be handled only in a dry atmosphere.
It deliquesces upon exposure to atmospheric conditions. Coordination of
nitromethane to the metal centre in an organometallic qompound is unusual,
but the presence of the nitromethane is established by the IR (1570 (s)
(Nujo1)) and the H NMR (& 4.34(CD3CN)) spectra and by the elemental analysis
of the complex. Donation would Tikely be through one oxygen in a monodentate

fashion so an octahedron such as
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2t
i NO ]
0
CH,NO-.._ | _-NO
cHNO? | O‘ONCH
i ONCH, |

can be envisioned, fulfilling the requirement of cis nitrosyl ligands.

2+

Generation of "Mo(NO),” " from[Mo(NO)Zlejn‘and AgBE, .

C. Nitromethane Solvent. Like [Mo(NO) (CH CN)4](BF4)

[MO(NO)Z(CH3N02)4](BF4)2 can be prepared by abstraction of chloride from

WO(NO 2C1ﬂ by AgBF4 in the appropriate solvent.
[Mo(N0),C1, ], *+ 2A9BF,—5 [Mo(NO),S,](BF,), + 2AgCl+ (a1)

Unfortunately at room temperature when S = CH3CN, reaction 41 does not

go to cohp]etion as is apparent from the continual precipitation of AgCl
over a period of days. The analogous reaction employing AgPF6 is reported
to go to completion under reflux conditions’® but stops at an intermediate

[Mo(NO)ZC1(CH3CN)3](PF6) if only stirred at room temperature.
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Mo(_N0)2C12 2;2;%*’ [Mo(N0)2C1(CH3CN)3]PF6 + AgCl+ (42)
However, in nitromethane reaction 41 s complete upon stirring 2 hours
at ambient temperature, possibly due to decreased solubility of AgCl in
this solvent.

The product [Mo(NO)254]2+ with coordinated nitromethane has certain
advantages over the complex with S = acetonitrile. In addition to the

ease of producing the product via the chloride abstraction, the nitro-

methane is less likely to be retained in subsequent reactions, i.e.

[Mo(NO)ZSZ(OPPh3)2](BF4)2 (43)
[MO(NO)254]X2 __fﬁﬁﬁki__«<::::j: S = CH3CN
[Mo(NO)Z(OPPh3)4](PF6)2 (44)

S = CH3NO2
These products will be discussed in detail later.

D. Tetrahydrofuran Solvent. Interestingly no shift in the nitrosyl

stretching frequences is observed when chloride abstraction (reactibn: 41) is

performed in tetrahydrofuran. Eyven if-only one chloride is removed, as is the
case when the solvent is CH3CN (reaction 42), some VNO change would be
expected. The fact that the same product [Mo(NO)Z(bipy)zj(X)2 X = PF¢ or

BF4’(react10n 45, vide infra) is formed when 2,2bipyridine is added to the



nitrosyl cation whether it is generated in CH3NO2 or THF cannot be taken

as proof that reaction 41 goes to completion in THF,for the same product
70

is obtained from the reaction solution of reaction 42 (see Scheme V).

70 further

(Although no mention is made of the fact in the original paper,
chloride abstraction must be evidenced in the presence of 2,2-bipyridine.)
However, the fact that no further precipitation of AgC1 is evident does
seem to argue that the chloride abstraction does go to completion in THF
media.

Tetrahydrofuran solutions of the dications cannot be easily
differentiated on the basis of their infrared spectra; [MO(NO)Z(PFé)Zjn,
[Mo(NO)Z(CH3N02)4](PF6)2, and [Mo(NO)Z(OZPFZ)](OZPFZ) all have virtually
the same VND absorptions. This may be due in part to the fact that they
all become THF solvates. But when a THF solution of either of the hexa-
fluorophosphate dications is exposed to a sodium amalgam, product formation
is accompanied by very small shifts in the VNO bands as compared to those
seen when the comparable reaction is performed in acetonitrile (vide infra).
No attempt has been made to isolate [Mo(NO)Z(THF)4](BF4)2 from the reaction
solution (41); rather the species is used in situ. Four coordinated THF
are assumed on the basis of the analogous dications formed 1in CH3CN or
CH3NO, .

In practice, an undésirab]e complication makes tetrahydrofuran a
Tess attractive solvent for reaction 41 than nitromethane. When this
reaction is effected in THF or when either [Mo(NO)Z(_PF6)2]n or
[Mo(NO)Z(_CH3N02)4](PF6)2 are stirred in tetrahydrofuran for any length
of time (longer than two hours), the green solutions became viscous. After

12 hours the solutions are extremely syrupy and in some instances form gels.
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Scheme V¥

+ 2 AgBF, . [Mo(NO), (CH5NO,), |(BF ), -
by
oo I:Mo (NO),( bipy )Z:I (BF,),

+ 2 AgBF, ~HE . reaction solution

[Mo(Noz) Cl ]

2In

+ 2 AgPFg —=—= [ Mo (NO),CI(CH;CN); | PRy —222 [MO(NO)Z( bipy)z:l (PF,),

in reaction solution
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If the gelling has occurred to only a slight extent the desired molybdenum
species can be salvaged by removal of the solvent under vacuum and
extraction of the resultant green tar with nitromethane or acetonitrile
to produce a green solution and leave a gummy white residue.

In the progress of these experiments it was observed and it has
since been reportedl90 that NOPFg reacts violently with THF, evolving
gas, and in hours polymerizing the THF. In fact, it has been claimed
that NOPF6 is one of the most promising catalysts for the polymerization
of tetrahydrofuran.l91 In light of this it is surprising that THF is
occasionally employed a§ a solvent for reactions involving NOPF6.102’103
It is possible that polymerization occurs at a rate appreciably slower
than that of the desired reaction.

Polymerization of THF is believed to occur only by an ionic
mechanism — a cationic ring-opening.l%! The propagating species in

the polymerization is a tertiary oxonium ion:

~ CH,O®

Propagation occurs by an SN2 mechanism: a tetrahydrofuran monomer adds

to the tertiary-oxonium ion chain end:
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- —
~O—(CH2 )4 O\@ >~O'(CH2)4- O'(CH2)4-O. ®

C ©

The required tertiary oxonium ion can be formed by several methods:

(1) direct acylation or alkylation of the oxygen of THF;

(2) in situ generation by a variety of reagents such as a halide and a
Lewis acid or a halide and a metal salt or sometimes a Lewis acid
alone:

(3) strong protonic acid addition to the oxygen of THF to form an inter-
mediate secondary oxonium ion which is subsequently converted to a
.tertiary oxonium ion.

Depending upon the presence or absence of a reactive halide, nitrosyl hexa-

fluorophosphate can initiate polymerization of tetrahydrofuran by either

method 2 or 3.

Originally it appeared the dications might be losing NO+ and thus
promoting THF polymerization. But CpMo(CO)Z(NO) and (CH3CSH4)Mn(CO)3

which are both readily nitrosylated by NOPF6,10”’105 fail to form any
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nitrosyl products when stirred in an acetonitrile solution of
[Mo(NO)Z(CH3N02)4](PF6)2 even under reflux conditions. A paper has
recently been pub]ishedloé claiming it is a general phenomenon that
electrophilic transition metal complexes react with olefins to generate
incipient carbonium ions which can then oligomerize. It reports that
[M(NO)Z(CH3CN)4](BF4)2, where M = Mo, W, initiates the polymerization

of a number of substituted olefins. Thus, it appears to be an intrinsic
property of the dications [Mo(NO)254](*'PF6)2 to react with monomeric THF
probably via method 3 to generate the tertiary oxonium ion which in-turn

initiates THF polymerization.

Conductivity Studies

Conductance studies are used to determine the electrolytic character
of a complex and by comparison with conductivities of related compounds
can provide insight into its solution structure. Molar conductance (in

units ohm_] cm2 mo]e-1) is calculated:

n = Ccell constant
m R-C,

where R is the resistance of the solution (ohms) and Cm is the molar con-
centration (mo1es/cm3). The cell constant (cm_1) is determined by measuring
the resistance (R) across a Wheatstone bridge of a known concentration (Cm)

of a salt for which the molar conductivity (Am) is known:
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cell constant = Am'R'Cm

The purity of the solvent employed is judged by its specific conductivity
k, determined by measuring its intrinsic resistance R in a cell of known

cell constant:

cell constant
R

Table IV contains conductivity values determined for various compounds
containing PFg and OZPFé‘moieties. GearylP7 has compiled conductance data
in nonaqueous media to produce expected ranges for molar conductivities
(ohm'] cn? mo]e'1) for the different electrolytic types in various solvents.
-In nitromethane the range is 60 - 115 for 1:1, 115 - 250 for 2:1, and
220 - 260 for 3:1 electrolytes. 1In acetone 1:1 electrolytes range from
100 to 140, 2:1 from 160 to 200, and 3:1 starts about 270 ohm™' cn’ mole.
For dilute nitromethane solutions (m10'3M) of NaPF¢ and of [Mo(NO)Z(CH3N02)4]—
(PFg), the molar conductivities were found to be 116 and 202 ohm™ cm? mo]e'1,
respectively. These values place NaPF6 in Geary's range for 1:1 electrolytes
and [Mo(NO)Z(CH3N02)4](PF6)2 in that of the 2:1 electrolytes (see Table IV). -
The difficulty with this method is that it requires the assumption of a
molecular weight which may be erroneous.

In a case in which the degree of molecular complexity of a compound
is unknown ([MLn]Xm Vs [MLn]a[Xm]a) equivalent conductance hg (ohm'1 cm2

equiva1ents_1) is determined



Table IV,

Molar Conductivities

(ohm~

[(n5-CgHg) Co(NO)PPh,IPF,

[(n5-CgHg )RA(NO) PPh,1PF,

[Mn( C0) 5(CH,CN) 1P

5
[(n "C5H5

JV(CH,CN

3N, 1(PFg),

trans[Ru(CO)(dppm)Z(OZPFZ)]PF6

cis[Ru(C0),(dppm),1(PF¢),

NaPF6

[Mo(0PPh, ) IPF,
[Mo(NO),, ( CH3NO,) ,1(PF)

[Mo(NO),(bipy),1(BF,),-3/4CH,CT,

[Mo(NO) o

CH3CN

), (0PPh4),1(BF,),

e
1

m
2

cm mo]ef1)

147
132
143
315
82
197
116
77.9
202
191

179

Electrolyte

Type

Solvent

acetone
acetone
acetone
acetone
unspecified
unspecified
nitromethane
nitromethane
nitromethane

nitromethane

nitromethane
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Reference

73

73

73

73

92

92
this work
this work
this work

this work

this work
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_ cell constant
e R-Ce

(where Ce = equivalent concentration in equiva]ents/cm3) over a range of

concentrations,and a simplification of Onsager's law is applied:

where K is a combination of terms dependent on such factors as the charges
on the ions concerned, their mobilities, and Ao, folar conductivity “at infinite

1
o]

dilution. The plotting of A, vs (Ce) gives an intercept A . A sample of

- L
such a plot is seen in .Plot 1. A second plot of Ay = Ag Vs (Ce)2 has

slope K which reflects the electrolyte type (e.g. see Pplot 2) Feltham

and Hayterl08 have elaborated this technique. From published slope values

(see Table V)108:109 it appears that K ranges from 150 to 220 for 1:1 electro-

lytes and from 390 to570 for 2:1 electrolytes. If it is ambiguous whether

or not the anion is in the coordination sphere of the metal, K values must

be determined for each possible case, i.e. for [MLn]X2 and for [MLnX]X.

Hopefully, only one of these K values will fall in its proper range.
Conductivity data for [Mo(NO)Z(CH3N02)4](PF6)2 confirm. that it is

a simple 2:1 electrolyte in nitromethane solution. For the hydrolyzed

species Mo(NO)Z(OZPFZ)2 Table ¥ shows the two possibilities for which Mg

vs vc and (AO - A_) vs /c plots were drawn. Comparing the K values for

o)

each to the acceptable range of values for K, it can be seen that only

[MO(NO)Z(OZPFZ)](OZPFZ) with a slope of 179 falls close to the proper range
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PLOT I Ae vsiC,
75- 74.8

° [Mo(~o>2(bmy)J2<pF6;2

A [MO(N O)z(ph en’) J2(PF6)2
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PLOT I Ay~ Ae Vs VCe

® [Mo(NO),(bipy)] o(PF),

A [Mon 0),(phen ) ]2( PF_),
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Table V. Conductivity Measurements in Nitromethane

Ao Slope ETectrolyte Reference
Type
[Ru2C13(PEt2Ph)6]C1 85.5 151 1:1 108
[CoBr(NO)(das)z]Br 93.8 150 1:1 109
[CoI(NO)(das)z]I 96.5 213 1:1 109
[CoC](NO)(en)2]C1O4 101.3 172 1:1 109
[sz(PEt2)2(phen)2](BPh4)2 88.0 392 : 2:1 108
[PdZ(PEtZ)Z(diphos)ZJ(BPh4)2 76.0 410 2:1 108
[PdZ(PPhZ)z(en)zj(BPh4)2 86.4 430 2:1 108
[Co(NO)(das)z](C104)2 126.5 571 2:1 109
[MO(NO)Z(OZPFZ)](OZPFZ) 33.2 178 1:1 this work
or
[Mo(NO)Z](_OZPFZ)2 16.5 68.4 this work
[MO(NO)Z(PFG)ZJ o 874 . 4320 ? this work
[Mo(NO)Z(bipy)]z(PF6)2 67.8 . 521 2:1 this work
[Mo(NO)Z(phen')]Z(PFG)2 74.8 . 368 2:1 this work

[(nS-CSHS)Mo(NO)(NS)PPh3]BF4 77.0 186 1:1 this work
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for its type, i.e.150 - 220 for 1:1 electrolytes. However, the Ay value
seems abnormally low, possibly due to incomplete dissociation. The data
obtained for [Mo(NO)Z(PFz)Z]n does not lend itself readily to interpretation.
Clearly in nitromethane solution it does not convert immediately to

[MO(_NO)Z(CH3N02) 4] (vPF6)2

2+,

Reactivity of "Mo(NO),

With Neutral Ligands: The molybdenum dications react readily with-

neutral ligands:

[Mo(NO)Z(so1vent)4]X2

X = PFE.BF, >—L» [Mo(NO) ,L 41X, (45)

[MO(NO)Z(PFB)ZJn _ L = CH,CN, OPPh3
L, = bipy, diphos

The acetonitrile adduct is well known,68-70,79,80 and does not merit
further delineation. For X = PFé, the bipyridyl complex has been reported,
but only its vy, IR absorptions have been published70:80 5o its properties
will be detailed here. [Mo(NO)Z(bipy)Z](PFG)2 is formed in good yield from
the addition of 2,2°bipyridine to a solution of [Mo(NO)Z(CH3N02)4](PF6)2.
Addition of dichloromethane to the solution precipitates deep green micro-
crystals whichdéobmpbsé upon heating to 182°C. The IR spectrum (Nujol)

1

consists of two VNO absorptions 1816 and 1716 cm~ ' which indicate cis
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1 due to an octahedrally symmetric

nitrosyl ligands and a band at 840 cm”
PF stretching absorption. It is only soluble in strongly solvating

solvents, i.e., acetonitrile and nitromethane. 31P NMR shows at septet & -144
(+d315_10p = 707 Hz), while the 19F NMR pattern is a doublet & +71.3.

The BFJ salt [Mo(NO)Z(bipy)Z](BF4)2 can be formed in nitromethane although
here the reaction is reported in THF. It is qualitatively the same as

the PFé’sa1t. Upon heating it decomposes at a slightly higher temperature
(194°C) than the PFg salt. The infrared spectrum of the solid (Nujol mull)
or of the solution (CH3CN or CH3N02) is virtually the same as that of the

1

PFé‘sa]t except for the absence of the PF stretching band at 840 cm ' and

the presence of the BF, band at 1057 em™'.
The 1H NMR spectra of both [Mo(NO)Z(bipy)Z]X2 (x = BF, or PFg) in

CD4CN are a complex series of resonances extending from § 9.22 to 7.53.

Free 2,2-bipyridine adopts a trans configuration in solution;!10 its

proton chemical shifts are somewhat solvent dependent, but the basic pattern

is a doublet & 8.68 (Hg), a doublet 8.49 (H3), a triplet 7.80 (H4) and a

triplet 7.28 (H5) (CDC13)_111,112

Hs Hs N He
HSON O He
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When dipyridyl is coordinated symmetrically to a metal centre the basic
pattern is maintained, two doublets and two triplets; although H6 may
experience an upfield shift, there is a general downfield shift of the
proton resonances due to less charge density on the Tigand, e.g. Mo(CO)4-
(bipy)il2 1H NMR (CD2C12): § 9.12 (H6), 8.16 (H3), 7.95 (H4), 7.39 (H5).
This would be the expected pattern if the nitrosyl ligands in [Mo(NO)Z-
(bipy)2]2+ assume a trans configuration. However, in the case of cis-

[Mo(NO),(bipy) ]2+ the pyridyl rings of each ligands are not magnetically
2 2

equivalent. An eight line pattern is possible, but resonances may overlap.

The protons of the pyridyl without a dipyridyl neighbour would be shifted
furthest downfield due to the absence of shielding by the aromatic ring%ll For
cis[Mo(NO)z(bipy)z]2+ a basic pattern of four resonances is distinguishable:

a doublet 9.22 ( = 5.4 Hz) (1H), a multiplet 8.61 (3H), a multiplet 8.13

Ihig-Hg
(2H), and a multiplet 7.53 (2H). From its coupling constant,l!! the first
resonance can be assigned as Hg on a pyridyl ring not influenced by an adjacent

ring; the other coupling constants cannot be determined.
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When the green solid [Mo(_NO)Z(PFG)Z]n is stirred in a dichloro-
methane diphenylphosphinoethane (diphos) solution for a number of days,
the green solid slowly disappears, the solution becomes red brown in
colour, and the IR spectrum evidences nitrosyl stretching bands at 1800

and 1676 cm'1.

The brown solid [Mo(NO)Z(diphos)Z](PFs)2 isolated from

this solution has a sharp melting point 150 - 151°C. Its H NMR spectrum
consists of a multiplet & 7.56 (40 H) produced by the phenyl protons and

a broad signal 2.78 (8 H) due to the methylene protons. It is not

unusual for the methylene protons of R,PCH,CH,PRy to be broadened.!!3

The 19F NMR is a doublet typical of PF; salts & +71.0 (1J19F_31P = 707 Hz).
31p NMR experiments show the usual septet § -144 for PF, salts and a broad
signal § 38.6 due to the phosphorous atoms of the diphos ligands. For the
cis nitrosyl formation demanded by IR evidence, the four phosphorus nuclei
of the two diphenylphosphinoethane ligands cannot be chemically equivalent, -
for two phosphorus must be trans to NO 1igands. Broad resonances have

been reported as evidence of inequivalent diphenylphosphinoethane ligands,”%»11%
but in this case some broading may be due to P-H coupling. Unfortunately,
this reaction proves difficult to repeat. The brown solid obtained from
subsequent attempts does not melt sharply at 150°C but decomposes around
170°C. Elemental analysis are slightly low in carbon and slightly high

in nitrogen content. |

0f interest is the fact that reactions which potentially could

generate [Mo(NO)Z(diphos)Z:I(PF6)2 fail to do so:
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7L
2N0PF6
—_ 1
CGHG/CHBOH [MoF(NZHZ)(d1phos)2]PF6 (35)
: excess NOBF4 115
Mo(Nz)Z(diphos)2 TAF > unidentified (46)

115

excess NOBF4
> [Mo(NO)(CH3CN)(diphos)2]BF4 (47)

CH3CN
1115

////}Uﬂi--—> unidentified (48)

74

v C6H6
Mo(N,),(diphos), + NO ———— "[Mo(NO)(diphos)]-2C.H." — brown powder
2’2 2 66 (49)
\ 115

THF/hv unidentified (50)

74
Mo(N,),(diphos), + excess NOCT E21Y€N€. yoc1 (NO)(0,0 diphos)

+ M0C12(N0)2(0,0 diphos) (51)
0,0 diphos = OP(Ph)ZCHzCHZ(Ph)ZPO

1

Mo(COD (N,) (diphos), 5 CeH, (52)
7L
SNOPFE  [Mo(co) (NO) (diphos), IPF,
/////’C6H6/CH3OH’
Mo(C0) (C,H(diphos), (53)

7k
_ CeHg/ CHAOH
Mo(C2H4)2(d1phos)2 + 2 NOPFg ————— [Mo(C2H4)(NO)(diphos)z]PF6 (54)
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Richards!!> who deliberately set out to generate Mo(NO)Z(diphos)2 reports
failure. The product of reaction 49 as well as the tentatively assigned
products of reaction 51 are both said to contain phosphine oxides.”"
Uncharacterizable products have been reported for the reaction of phosphine
donors PPh, or P(OCH3)3 with [Mo(NO)(CH3CN)5](PF6)2.69 Moreover, phosphine
attack on coordinated nitrosyl ligands has been reported: the phosphines
PRZPh and PRPh2 have been claimed to attack the nitrogenrof~nitpogen.okide,
weaking the N-0 bond and thus facilitating the removal of oxygen by

another phosphine.116

PPh,CH

+ yo Denzene 2”3, Mo(C1,)(NO)(PPh,CH,),(OPPh,CH,) (55)

MoC1 2CH3), (0PPh,

5

+

Mo(C14)(NPh CH3)(0PPh2CH

2 3)

+

[Mo(C]3)(NH2)(0PPh2CH3)]C1

These results suggest that the difficulty encountered in reproducibly
forming [Mo(NO)Z(diphos)zj(PFs)2 may arise from phosphine oxidation.
Reactions of phosphines with N02PF6 have been extensively studied by

0lah,117

N02PF6 + PPh3 —> OPPh3 (56)
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In order to circumvent the difficulties encountered when the
coordinating Tigand is a phosphorus donor, the Tess basic Tigand tri-
phenylphosphine oxide is employed. When OPPh3 is added to a dichloro-
methane slurry of [Mo(NO)Z(CH3N02)4](PF6)2 and the mixture is stirred for
days, the solution acquires a green colour; and the colour of the undis-- =
solved solid changes from medium green to 1ight green. The light green
precipitate is slightly soluble in CH2C12 and totally soluble in CH3CN
and CH3N02 and THF. It is recrystallized by dropwise addition of
dichloromethane to an acetonitrile solution of it. In CHJCN the IR

1 The H NMR

spectrum indicates cis dinitrosyls 1800(s) and 1680(s) cm
spectrum in CD3CN or CD3NO2 consists of a wide resonance about § 7.5,
typical for phenylphosphine protons. The green solid does not decompose
upon heating to 220°C. Elemental analysis gives results which are in
good agreement with the formula [Mo(NO)z(OPPh3)4](PF6)2.

Interestingly, when the comparable reaction is performed using

[Mo(NO)z(CH3CN)4](BF4)2, generated in situ, the same product is not obtained.

The bright green microcrystals formed in this reaction are soluble in CH,CT,

and chloroform, and they decompose upon heating to 134°C. The IR spectrum (CH.CN

shows the vyo bands are at higher frequency - than [Mo(NO)Z(OPPh3)4](PF6)2,
i.e., 1832 and 1721 cm'], indicating less electron density on the nitrosyl
ligands. The proton NMR (CDC13) spectrum consists of two multiplets & 7.65

(30H, P-C.H:) and 2.2 (6H,»CQ3CN). 19F NMR shows a singlet at & +147

60
normal for BFd'salts.”8 The spectral data and the elemental analysis are

consistent with the formulation [Mo(NO)Z(OPPh3)2(CH3CN)2](BF4)2; only two

3

)



CH3CN are replaced by OPPh3.
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IR evidence requires that this dication

have cis nitrosyl moieties so there are three possible configurations:

trans OPPh, ligands (A); trans CH4CN Tigands (B); all ligands cis (C).

ON-..._
™
Ph,pO? |

NO
| .-opPh,

NCCH,

A

o
e,

2+

ON-..._
™

OPPh,

| ..-NccH,

o
HeeN® | Wopph,

Jd L

However, the 3P NMR spectrum consists of two single peaks

+28.8; therefore, the phosphorus atoms must be inequivalent.

all cis structure C satisfies this requirement.

2+
i NO ]
ON~._ | .oppn,
Mo
HCeN® | Wopph,
NCCH, |

C

+50.6 and

Only the
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This reactivity with triphenylphosphine oxide serves to emphasize
the possible advantages of employing [Mo(NO)z(CH3N02)4](PF6)2 rather than

[Mo(NO),(CH,CN),J(PF.), in reactions requiring a labile 1igand.
2 3¥4 6’2

[Mo(N0),S,(0PPh,),1(BF,), (43)

o053, 0PPh, S = CHyCN
[Mo(NO)Z(DPPh3)4](PF6)2 (44)

S = CH4NO,

With Sodium Amalgam: The reduction of [Mo(NO)Z(PF6)2]n or

[Mo(NO)Z(CH3N02)4](PF6)2 is effected by one equivalent of sodium amalgam

in either a THF or CH4CN solution. As previously mentioned the degree of
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shift in NO absorption bands in the IR spectra during the reductions in
THF are not nearly as marked as in acetonitrile (1790 and 1680 shift to

1 in THF; 1828 and 1716 shift to 1800 and 1682 cm™' in

1780 and 1673 cm~
CH3CN). To facilitate the isolation of the reduction product a Lewis base

is added to the reaction solution. Choice of the ligand is prescribed by

two considerations. First, phosphorus donating bases are avoided due to
problems encountered with the dication (vide supra). Second, solubility

of the resulting product has to be such that it can be separated from the

side product of the reduction — NaPF6 (soluble in THF, CH3CN, and

CH3N02). For example 1,10-phenanthroline does not prove to be a satisfactory
ligand. When it is added to a warm THF solution of the reduction product,
immediately, a grey green precipitate forms, which has little solubility in

any solvent. If this solid is refluxed in CH;CN, the solution becomes light
green in colour. Filtration, which Teaves most of the original solid behind,
and cooling of the filtrate result in the formation of a small amount of

green powder-that is virtually insoluble in even the most polar solvents.

It has been formulated as impure [Mo(NO)Z(phen)z](PF6) on the basis of its

solid state properties. Anal. Calcd for M°N602CQ4H16PF6: C, 43.57; H, 2.42;

N, 12.71. Found: C, 43.72; H, 2.80; N, 13.46. IR (Nujol mul1): v(NO) 1767 (s),

1

1645 (s) cm™ ; also 1627 (s), 1605 (m), 1586 (m), 1500 (s), 1320 (s, br),

1220 (m), 1145 (m), 1055 (m, br), 850 (s, br), 730 (s) cm_1.

Mp. 165°C dec.
The Tigands which best meet the criteria are nitrogen donor Tigands
2,2-bipyridine (bipy) and 3,4,7,8-tetramethyl-1,10-phenanthroline (phen').

Judged from the elemental analysis and the IR data each. reacts with the
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reduction product to give a complex with the formula [Mo(NO)ZLz]PF6

where L2 is the bidentate ligand 2,21b1pyrid1ne or 3,4,7,8-tetramethyl-
1,10-phenanthroline. Both species are obtained in approximately 50% yield,
and many of their physical properties are similar. For L, = bipy the
compound is green brown in colour, decomposes upon heating to 208°C,

and has strong IR absofptions at 1775(N0), 1639(br)(NO), and 845(PF) cm'1
(Nujol mul1). 1Its 19F and 3P NMR spectra in CD,CN are typical for PFg~
salts,"8>%0 being & +71.2(d) (1J19F-31P“707 Hz) and & -144(septet),
respectively. For L2 = 3,4,7,8-tetramethyl-1,10-phenanthroline, the
solid is golden brown, decbmposes at 187°C, and has strong IR bands in

Nujol at 1786(NO), 1660(br)(NO), and 845(PF) cm™'.

As expected for a PF6

salt the 19F NMR (CD,C1,) consists of a doublet at & +71.5 (Migp_31p =

707 Hz) and the 31p NMR shows a septet pattern centered at s -147..

The so]ubi]ity'of each complex is dependent on L2. For L2 = 2,21bipyrid1ne

[Mo(NO)2L2]PF6 is soluble 1in CH4CN, CH3N02, and very s1ight1y soluble in

THF. This lack of solubility in THF permits the NaPF6 byproduct to be

separated from the product. When phen' is the ligand used, it imparts

a greater solubility to [Mo(NO)ZLz]PF6 so that it is soluble in dichloro-

methane, and thus this nitrosyl species can be separated from the NaPF6,
Dinitrosyl compounds of the type [M(NO)2L2]+ are known for cobaltl!®

with L = PPh3,CH3CN, (CH3)2CO or L2 = diphos, phenanthroline, 1,5-cyclo-

octadiene. These are reported to be monomeric, obeying the eighteen electron

rule. But a monomeric formulation for the case M = molybdenum would leave

the metal centre with formally only fifteen electrons. In such a case an
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E.P.R. signal might be expected to be detected, but none is detected with
a nitromethane (m10'3M) solution of the cation. Conductance data (Table V)
give slopes for the plots AO-Ae vs /C in the range of 2:1 electrolytes
(vide supra). Taken together, these data suggest that the molybdenum
dinitrosyl monocationic species are dimers, [Mo(NO)ZLz]Z(PF6)2. It is
possible that under more forcing conditions, with the proper coordinating
ligand, the metal-metal bond can be broken and another ligand introduced
into the coordination sphere of the molybdenum. Such may be the explanation
for the formation of [Mq(NO)Z(phen)z]PF6.

The H NMR spectra which might be expected to elucidate the structure
of these compounds are very complex. For L, = bipy a very broad resonance
is observed from7.0to8.5 ppm with small doublets at 9.2 and 10.2 ppm in
CD3CN. Cooling the sample to -40°C, the solvent limit, did not improve the
resolution. The H NMR of [Mo(NO)then']Z(PF6)2 is also difficult to
interpret. Free 3,4,7,8-tetramethyl-1,10-phenanthroline has a simple four

1ine pattern 1in CDC13: s 8.91 (s, 2Ha): 8.01 (s, 2H,); 2.66 (s, 6HC);

b)

2.31 (s, 6Hd).

Hy Hp
d H3C CHyq
cH,C q ()r—Cchse
N

Ha Hq
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Upon complexing to the molybdenum cation a myriad of resonances is seen
in the regions & 9.45 - 7.2 (1H, ring protons) and 3.2 - 0.8 (3H,-CQ3).
The multitude of resonances in the methyl region of the phen' species

seems to indicate the presence of several isomers. If one envisions a

five coordinate molybdenum species with a Mo-Mo bond, a number of isomers

is possible.

The phenanthroline ligands may be cis or trans to each other; the metal-

metal bond order may be one (a 16 electron species) or three (an 18 electron
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species); the arrangement of ligands around the molybdenum centres may
be trigonal bipyramidal or square pyramidal.

Slow addition of one equivalent of LiBEt3H119 to a cold, -78°C,

THF solution of the [Mo(NO)2(501vent)4]2+ species also produces the same
molybdenum dinitrosyl complex formed with one equivalent of sodium
amalgam or sodium.benzophenone. No evidence for. a hydride species is
detected by 1H NMR.

In some instances, when a large excess of a Lewis base L, is added
to the reaction solution containing the monoreduced molybdenum dinitrosyl
species, a white solid precipitates. This phenomenon has been observed
when L2 = 1,10-phenanthroline, 3,4,7,8-tetramethyl-1,10-phenanthroline,
or two triphenylphosphine oxides, Spot tests'20 reveal the presence of
molybdenum, and IR data indicate the presence of’LZand of PF6-. For
example, when L, = 2(OPPh3) strong IR (Nujol) absorptions are - visible at
1440, 1200, 1122, 843 (br) cn”',and when L, = (phen') absorptions are
observed at 1514 (m), 1016 (m), and 842 (s, br). 1H NMR spectra merely
confirm the presence of a coordinated L2 in a symmetric environment (lH NMR
for L, = 2(0PPh3)(CD3N02): § 7.61 (m); for L, = phen' (CD3NO)2: s 8.76
(s, 2H), 8.21 (s, 2H), 2.75 (s, 6H), 2.53 (s, 6H)). 19F NMR spectra confirm
the presence of the anion (19F NMR for Ly = 2(OPPh3)(CD3N02): s 72.7 (d,
Y1gp_31p = 707 Hz) and for L, = phen'(CD4NO,): & 73.0 (d, Yygp 31, = 707 Hz)).
The 31p NMR spectrum of the product L, = 2(0PPh3) not only affirms the
presence of the PF;™ anfon (& =144 (m, 13y, 19p = 707 Hz, CD4CN)) but
also that of equivalent phosphine oxide. ligands (s 29.8 (s; CD3CN)).
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On the basis of the elemental analyses and the data already cited these

white solids have been tentatively formulated as [Mo(L2)3]PF6 (L2 =
2(0PPh3),phen', or phen). [Elemental analyses: (a) L, = 2(0PPh3), anal.
calcd for M°06C108H90P7F6: C, 67.89; H, 4.71; N, 0.00; found: C, 68.13;

H, 4.56; N, 0.00; (b) L, = phen', anal. calcd. for M0N6C48H48PF6; C, 60.70;
H, 5.06; N, 8.85; found: C, 61.99; H, 5.54; N, 9.01; and (c) L, = phen,

anal. caled for M0N6C36H24PF6: C, 55.31; H, 3.07; N, 10.76; found C, 56.30;

H, 3.33; N, 10.82.] These species appear to be extremely hygroscopic.

A nitromethane solution of Mo(OPPh3)6PF6 (ﬂO-4

1

M) has a molar conductivity
of 77.9 ohm™ cn? mole”! and is therefore in Geary's!07 range for a 1:1
electrolyte. Cr‘(phen)3+ has been claimed12! as the product of dispropor-

Zt but the molybdenum analogue has

tionation between Cr(phen)3 and Cr(phen)3
not previously been reported.

A1l attempts to isolate a neutral molybdenum nitrosyl compound by
addition of two equivalents of reducing agent have failed. IR monitoring
reveals a shift in the two VNO absorptions to even lower wave numbers than
the monoreduced species. The solutions darken from the bright green colour

of the dication to the dark green of the monocation to brown of the supposed

neutral species, the transformation outlined in Scheme VI.

Providing ”Mo(NO)22+

" with two electrons either through the
agency of sodium amalgam or that of an anionic reagent (vide infra) in

all cases produced the gradual decomposition of the resulting product.
Formation of the non-nitrosyl containing species when a Lewis base is added

to the monocationic nitrosyl suggests one pathway of decomposition is

through loss of the nitrosyl ligand.
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Scheme VY]

[Mo(NO)ZSn:,2+ LI “[MO(NO)ZSn]+“ 1e “[MO(NO)Z]H

solution

colour : bright green olive green brown
IR (THF)
V(NO)em™) 1790, 1680 1780, 1675

1775, 1665
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With Anionic Reagents: A.Sodium Acetylacetonate: Treatment of

[MO(NO)Z(CH3CN)4](PF6)2 or[Mo(NO)zClékwith acetylacetone in the presence
of sodium carbonate leads to the formation of cis-Mo(NO)z(acac)Z.68,70’80
The analogous reaction with [Mo(NO)Z(CH3N02)4](PF6)2 Teads to the formation
of green cis-Mo(NO)z(acac)z as the major product and a minor amount of
Mo(NO)(hia)(acac)281 where 0
0N g
hia = CH3C-C=C-CH3 .

The former compound was identified by its characteristic IRand 'H NMR spectra.
The latter was identified by its IR, H NMR, and mass spectra, and elemental
analysis. It has been identified previously®! as a product of the reaction
of acac with dinitrosylmolybdenium derivatives in aqueous aerobic conditions.
A similar transformation of acetylacetonate has been observed in the

reaction of RuC13NO with that reagent in an acidic aqueous solution and has
been ascribed as the result of nucleophilic attack on the nitrogen of the
coordinated nitrosyl 1igand by the y carbon atom of an acetylacetonato

ligand. 122

O .CMe
N-—=CcMe

[Fu]

O




130

The following reactions fail to give isolable molybdenum nitrosy]l

products.

B. Sodium Cyclopentadienides: Like [Mo(NO),C1,].123 [Mo(NO),(CH,NO,),]-
27 2 2 3"274

(PF6)2 fails to give a tractable species when a THF or toluene solution of
it is stirred with one or with two equivalents of sodium cyclopentadienide
at room temperature or at -78°C. When NaCp is added, the green solution
turns red brown in colour and a brown solid precipitates. A similar trans-
formation is observed when the base is sodium methylcyclopentadienide.
There is no observable change in colour or IR spectrum when cyclopentadiene
is added to a THF solution of the dication. Neither of the hoped for

products [CpMo(NO)25]+ nor Cp(h;—Cp1Mo(NO%2 is. isolated.

C. Potassium Cyclooctatetraene: When either[No(N0)2C1j or [Mo(NO)Z—
(CH3N02)4](PF6)2 are treated with one equivalent of K,COT at -78°C, the :
solution changes from green to red brown in colour; and on warming to room
temperature a red brown, intractable solid precipitates. 1In the case of
the reaction with the PFé’sa1t VNO bands are still visible in the IR spectrum
of the supernatant, but no tractable species can be isolated. No reaction
is observed when 1,3,5,7-cyclooctatetraene is added to a THF solution of
the molybdenum hexafluorophosphate dication. No COT nitrosyl comp]ei'can

be isolated.
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D. Na[pr(CO)3] and K[CpEe(CO)OJ; Adding Na[pr(C0)3] or

KLCpFe(CO)ZJ to a cold (-78°C) THF solution of either Mo(N0)2012 or
Mo(NO)Z(CH3N02)4(PF6)2 results in a reaction from which no molybdenum
containing product can be isolated. In the case of the tungsten reagent
two products are identified by means of their mass and infrared spectra:
the major, [pr(CO)3]2 and the minor, CpWLCO)Z(NO). With the iron reagent
only the formation of [CpFe(CO)2]2 is observed by infrared monitoring.

The lack of any iron nitrosyl species is not surprising as it has been
previously observed to be a strohg nucleophile with NOC1, preferring to

be oxidized rather than nitrosylated.!2% However, it had been hoped that
either the Lewis basel25 [(nS-CoHW(C0),]1™ or [(n3-CoHg)Fe(C0),1™ might

575

combine with the Lewis acid [Mo(NO)ZS4]2+

to form a multimetallic species
with the molybdenum centre attached to the Lewis base either via a metal-
metal boﬁd or through a carbonyl oxygen. A tungsten-molybdenum bimetallic
species is a possible intermediate in nitrosyl ligand transfer from
molybdenum to tungsten. But electron transfer from [CpFe(CO)Z]' to Mo(NO)g+

may occur by an inner or outer sphere mechanism.

With [(n3-C-H.)Cr(NO),],: Although the molybdenum dication fails to
react with CpMo(C0),(NO) or (CH,CeM,)Mn(CO), (vide supra), [Mo(NO),(EH3oN),1-
(PF6)2'haS-beénfobéerVéﬁ*tdﬁCt‘aS an oxidizing agent with another neutral
organometallic species. When [CpCr(N0)2]285 is stirred with the molybdenum
nitrosyl in CH2C12 in a 1:1 ratio, after three days the chromium dimer is
consumed (inferred from loss of its bridging nitrosyl absorption (1510 cm'])

in the IR spectrum). The chromium complex isolated is [CpCr(NO)Z(CH3CN)]-

PFg, identified by its characteristic IR and 'H NMR spectra.®® Although
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YNO bands are visible in the reaction solution that:are not those of the
identified chromium product, no molybdenum pontaining species can be
isolated. Since this reaction and all subsequent work-up do not employ
acetonitrile, that coordinated to the chromium must have originated from
the molybdenum dication. Once again an acid/base*adauct.js‘presymgb1y an

intermediate.

The molybdenum dinitrosyl dications appears to be Lewis acids which
prefer to coordinate hard Lewis bases such as OPPh3, 2,2"-bipyridine, CH3CN.
However, any reagent capable of being oxidized readily gives up an electron
to the molybdenum nitrosyl without resulting coordination, forming the
molybdenum dinitrosyl monocation which can be isolated with bases such as
2,2bipyridine and 3,4,7,8-tetramethyl-1,10-phenanthroline. "Mo(N0)22+"
readily accepts one or two electrons, but the neutral species is unstable
and cannot be isolated. Just as hydride attack®? (vide supra) sometimes
occurs at the coordinated nitrosyl resulting in the loss of that moiety,
so it is possible electron transfer may disrupt the integrity of the

nitrosyl ligand. This may account for the paucity of anionic nitrosyl

complexes.126
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B. Cationic Thionitrosyl Complexes of Molybdenum and Other Group VIB Metals

Few thionitrosyl complexes existl27 because no convenient source of
NSt has been available. In this group (n5-C5H5)Cr(CO)2N8128 has been
prepared by the reaction of N3S3C13129 in THF on Na[(nS-CSHS)Cr(CO)3]

(reaction 57)

3Nal (n5-CcHg)Cr(C0) 5] + NgS,Cl THE o (15-C.Ho)Cr(CO)

o
+ (57)

[(n5-CgHg)er(C0),1,S

Unfortunately, this has not proved to be a general synthetic route to new
thionitrosyl compounds. Recently, Herberhold!30 has reported that three
equivalents of AgPFe added to a nitromethane solution of N3S3C13 produce
an in situ source of NSPFg presumably via reaction 58.

CH3NO,
N3S3C13 + 3AgPF6 —_—> 3NSPF6 + 3AgCl+ (58)

The filtrate when added to an acetonitrile solution of Cr‘(CO)6 produced
[Cr(NS)(CHSCN)S](PF6)2 in 23% yield. Here are reported attempts to use this
in situ NS+ to prepare the thionitrosyl analogues of several known nitrosyl
species which can be formed with nitrosonium salts, including some of these

reported in Part IIA,
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Experimental

A1l experimental procedures described here were performed under
the same general conditions outlined in Part I and IIA. N3S3C13 was
prepared by the method of Jol11y.l29 A nitromethane solution of "NSBF4“ was

130 ot

prepared following the outline reported-by Herberhold.
(NSC])3 and AgBF4 were weighed and transferred into a three-necked flask
in an inert atmosphere glove box. Once outside the glove box and attached
to the dinitrogen manifold of a high vacuum 1ine, the reaction flask was
charged with nitromethane (15 mL). The orange reaction mixture was
stirred for three or four minutes and then was filtered through a medium
porosity frit, to remove the precipitated AgCl, through all glass connec-

tions directly into the flask containing a solution or slurry of the organo-

metallic reactant.

Reaction of "NSBF," with Na[(n°-CpH)M(C0)5] (M = Cr or Mo). When

a freshly prepared nitromethane solution (10 mL) of "NSBF4" (2.0 mmol) was
added to a coltd (0°C) nitromethane solution (20 mL) of Na[(n5-CSH5)Cre i
(CO)‘3:|53‘382 (0.45 g, 2.0 mmol), the solution turned green in colour and gas
evolved. The solvent was removed in vacuo, and the residue extracted with
hexanes (10 x 25 mL) and filtered. The filtrate was taken to dryness in
vacuo, and sublimation of the green brown residue onto a dry-ice-cooled

probe (30°C, 5 x 10-3 mm) afforded red crystals of (n®-C.H )Cr(CO)Z(NS)

55
(0.05 g, 11% yield), identified by its spectroscopic properties;128
IR (hexanes): vpy 2033, 1962 can™'; vy 1180 cm™'; 1 NMR (CDC15):i6 5.08 (s).
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The green hexanes residue which did not sublime was recombined with the
original reaction residue. These combined solids were suspended in toluene
and transferred to the top of a 3 x 10 cm Florisil column. Elution of the
column with toluene afforded a broad green band which was collected and
taken to dryness under reduced pressure. The green residue which resulted
was recrystallized from dichloromethane/hexanes to give green crystals of
[(n5—C5H5)Cr(CO)2]25 (0.15 g, 11% yield) which were identified by their

characteristic IR and H NMR spectra:!?8 IR(hexanes): 2000, 1960, :.;

]

Vo
1932, 1924 cm™ '; H NMR (CDC13): s 4.87 (s).

When Na[(n5—C5H5)Mo(CO)3]82 (0.50 g, 1.9 mmo1) was treated in an
analogous manner, the main product proved to be the well-known red
[(n5-C5H5)Mo(CO)3]283 (0.13 g, 28% yield). IR(CHZCIZ): vCO 1960, 1915

em™. IH NMR (CDCT

3): § 5.20. The orange product which sublimed from the

hexanes extracts in trace amounts was indentified as (n5-C5H5)Mo(CO)2(NO)

by its characteristic spectral properties:gz‘[(IR(CH2C12): veo 2020, 1937;
yNO 1663 cm;]; 1H NMR (GDE13):-& 5;53 (s)]: No thionitrosyl-containing

species was isolated.

Reaction of "NSBF," with (n5-C555)M0(C0)2(N0). Into an orange nitro-

methane (5 mL) or acetonitrile (10 mL) solution of (n5-C5H5)M0(CO)2(NO)82
(0.68 g, 2.45 mmol) was filtered a nitromethane solution (10 mL) of ”NSBF4"
(2.45 mmol). The reaction mixture became deep purple in colour. The solvent
was removed under reduced pressure, and the residue was washed with dichloro-

methane (4 x 20 mL). The remaining purple black solid was redissolved in

nitromethane (10 mL), and to it triphenylphosphine (0.64 g, 2.4 mmol) was
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added. Once again the nitromethane was removed in vacuo, and the residue
dissolved in dichloromethane (40 mL) and refluxed for one hour. The
reaction solution was taken to dryness under reduced pressure and washed
with toluene (3 x 15 mL). Subsequent recrystallization from dichloromethane/
diethyl ether (25 mL/15 mL) Ted to the isolation of a brown solid [(n5—C5H )-
Mo(NO)(NS)PPh3]BF4 (0.70 g, 66% yield)

Anal. Calcd for M0023H20N205PBF4: C, 47.10; H, 3.41; N, 4.78.
Found: C, 47.37; H, 3.65; N, 5.00. IR (Nujol mul1): vw(NO) 1636 (s, br);
v(NS) 1092 (s), v(BF) 1054 (s, br); also 830 (w, br), 746 (w), 693 (m).
IR (CH2C12): v(NO) 1647 (s, br); v(NS) 1069 (s); v(BF) 1030 (s). 1H NMR
(CDC13): 7.44 (m, 15H, P(C6§5)3, 5.93 (br m, 5H, C5ﬁ5). Conductivity
(CH3N02): hy = 77.0 ohn™ ! cm? eq']; slope hy=Ng VS /C = 186. Mp (air)
133°C dec.

Reaction of "NSBF," with Mo(COl5L_ As a deep orange nitromethane

(20 mL) solution of "NSBF4“ (3.1 mmo1) was filtered into a clear dichloro-
methane (25 mL) solution of Mo(CO)6 (0.41 g, 1.5 mmol) the reaction mixture
turned black and a black precipitate formed. The solvent was decanted, and
the black solid was rinsed with dichloromethane (3 x 15 mL) and redissolved
in nitromethane (10 mL). To this solution triphenylphosphine (1.6 g,

6.1 mmo1) was added. The solvent was removed in vacuo, and the brown residue
was dissolved in dichloromethane (30 mL) and refluxed one hour. The infra-
red spectrum of the dichloromethane solution (vNS = 1195 cm']) was
unaffected by refluxing. Filtration of the dichloromethane mixture,

addition of toluene (25 mL), and partial removal of the solvent under reduced
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pressure produced a brown solid (0.40 g). Anal. Found: C, 58.05; H, 4.19;

N, 5.65. IR (CH2C12):v(N§)1105 (s); w~EBF)51057 (s); also 1555 cm-].

14 NMR (CD3N02): § 7.28 (m). Molar conductivity: Ay = 198 ohm'1 cm? mo1e'].
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Results and Discussion

Reactions of “NSBF4" with Transition Metal Cyclopentadienyl Carbonyl Species

A fresh solution of "NSBF4" combined with NanCr(CO)3 in nitromethane
gives the same products obtained when N3S3C13 is employed as the thionitrosyl-
ating agent, i.e. CpCr{CO),NS and [CpCr(C0)2]25.128 Both products are
identified by their spectral properties: IR and lH NMR. However, 1ike
N3S3C13, in situ "NSBF4" fails to produce the carbonyl thioiiitrosyl analogues
when reacted in a similar mode with Na&pMo(CO)J. The major product of this
reaction is [CpMo(CO)3]2;83 a trace product is identified as CpMo(CO)Z(NO).82
Both are identified by their IR and H NMR spectra. Observation of a
nitrosyl product suggests some oxidation of the thionitrosyl.

Surprisingly, no reaction is evidenced when a fresh nitromethane
solution of "NSBF4” is filtered into an acetonitrile solution of (CH365H4)
Mn(C0);. This organometallic species is readily nitrosylated by NOPF6105
to produce [(CH3C5H4)Mn(CO)2(N0)]PF6.

An orange acetonitrile solution of CpMo(CO),(NO) turns deep purple
in colour when a nitromethane solution of ”NSBF4" is filtered into it.
Addition of diethylether to the reaction mixture results in the precipita-
tion of a purple solid, which from IR and 1H NMR spectral evidence may be
[CpMo(NO)(NS)(CH3CN)]BF4. [IR (Nujol mu]]):\AQNXZBZO(w), 2350 (w); v(NO)

1650 (s, br); v(NS) 1065 (s); v(BF) 1035 (s, br). H NMR (CD3CN) 6.21 (m, br).]
To stabilize this cation, which appears to Tose solubility in solution with

the passage of time,PPh3 is added to replace the acetonitrile ligand. The
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purple product now forms a dichloromethane solution from which [CpMo(NO)
(NS)(PPh3)]BF4 can be precipitated by addition of toluene. The overall
transformation is shown in reaction 59.

CH,CN PPh3

CpMo(CO)Z(NO) + NSBF —:%aa-[CpMo(NO)(NS)(CH3CN)]BF4-———a [CpMo(NO) (NS)-

4

(PPh,) IBF,. (59)

The infrared spectrum (CH2C12) confirms this formulation exhibiting a
nitrosyl absorption at 1647 (s, br), a thionitrosyl absorption at 1069 (s},
and an absorption at 1030 (s, br) cm-] characteristic of a BFd’anion with
tetrahedral symmetry. The proton NMR (CDC13) displays resonances at

§ 7.44 (m, 15H) and 5.93 (br m, 5H) which are in the right range and of

the correct intensity to be due to the phenyl protons of triphenylphosphine
and the cyclopentadienyl protons. The puzzling feature is that instead of

a sharp cyclopentadienyl resonance which is usually found in cyclopentadienyl
complexes a very broad signal is observed. No satisfactory explanation has
been found for this phenomenon. Conductivity measurements of a nitromethane
solution (&10'3M) of the cation are consistent with its being a 1:1 electro-
lyte (see Table V). A similar reaction occurs when a nitromethane “NSBF4"

solution is added to ( n5C5H )W(CO)Z(NO).82 The infrared and H NMR spectra

5
are analogous to the molybdenum thionitrosyl cation. The IR spectrum

(CHyC1,) exhibits a vy at 1630 (s), a vye at ~1100 (s), and a vy at

-1

BF

21055 (s, br) cm '; the 1H NMR spectrum has a multiplet at & 7.58 assignable
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to the phenyl protons of PPh3 and the same strange broad resonance at

§ 6.12. The 1°9F NMR spectrum (CD3CNW shows at singlet at & 148 which is
characteristic of BF4'. However, a satisfactory elemental analysis has

not been obtained to substantiate the formulation [(n5—C5H5)W(N0)(NS)PPh3]-
BF,-

Reactions of "NSBF," with Mo(CO)5

In hopes of isolating a [Mo(NS)2L4](BF4)2 species analogous to the
dinitrosyl dications discussed earlier in this work, a nitromethane
solution of "NSBF4" is filtered into a clear dichloromethane solution of
Mo(CO)6. The solution turns dark purple in colour, and a black precipitate
forms. This solid is dissolved in nitromethane and treated with a Lewis
base, L. When L is acetonitrile or isobutyronitrile the product can be
precipitated by dropwise addition of CH2012. In each case the isolated
product appears to be hydrolyzed, despite handling in a dry dinitrogen
atmosphere. The Nujol mull IR spectra show bands at ~2300 (w) (CN) and

']. If the mull of the

~1050 (s, br) (NS and/or BF), and 3300 (s) (OH) cm
purple isobutyronitrile product is exposed to the atmosphere for two hours,
it becomes completely green in colour; the OH stretching band increases in
intensity, while the CN band disappears. The elemental analyses are not
consistent with there being four nitriles around the molybdenum centre.

The carbon, nitrogen, and hydrogen contents are low; this taken with the
IR data suggests nitrile ligands are readily replaced by water. Further

attempts to characterize these species have been abandoned due to their

extreme moisture sensitivity.
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When PPh3 is used as the Lewis base instead of a nitrile, a
dichloromethane-soluble, purple solid can be isolated. Spectral data
is not inconsistent with the formulation [Mo(NS)Z(PPh3)4](BF4)2;
IR (CH2C12): v(NS) 1105 (s); v(BF) 1057 (s); also 1555 cm"]; 1H NMR
(CD3N02): § 7.28 (m)]. A conductance measurement of a nitromethane solution

(r\fIO-3

M) of this thionitrosyl dication confirms it as a 2:1 electrolyte.
However, the elemental analysis of C, H, and N is not consistent with the
formulation [Mo(NS),(PPhs;),1(BF,), (MoNZSéC72H6OP4BzF8) which requires

a C:H:N ratio of 36:30:1 while the one obtained‘iS 12:10:1. The tendency
of phosphines to react with coordinated nitrosyl Tigands has already been
discussed (see reaction 55). Phosphines are such strong thiophiles that
triphenylphosphine is sometimes employed to abstract sulfur as in reaction

60,131

: CS
2
(n5-CSH5)Mo(CO)2(68H]4) + PPh, —=5 (n5-C H5)Mn(C0)2(CS)+C Hqyg#SPPhy (60)

5 814

It is possible that the reaction of Mo(C0)6 with in situ "NSBF4" produces
the thionitrosyl analogue of the molybdenum dinitrosyl dication, but because
NSt is a strong oxidizing agent further reactions occur in the presence of
phosphine.

Use of triphenylphosphine oxide as the coordinating ligand instead of
PPh3 does not appear to alleviate the problem. No satisfactory elemental
analysis has been obtained for the green product formed though its spectral

properties were those expected for [Mo(NS&(DPPh3)4](BF4)2}[IR (CH2C12):
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v(NS) ~1120 (s); v(BF) ~1055 (s, br). H NMR (CDC13): 6 7.3]. Use of the
nitrogen ligand Z,Zbipyridine produces a red solid which 1s only soluble
in nitromethane or acetonitrile, thus, making separation from: the residual
"NSBF," difficult.

Although NOCT reacts with a variety of Lewis acids to form NO+,
(SNC])3 reacts with Lewis acids to form numerous products.!32 Further,
chloride abstraction from P3N3C16 does not form PN* cleanly though reaction
with silver salts results in the precipitation of silver chloride.133
Therefore, it appears that the reaction of (SNC])3 with AgBF, yields a
complex mixture which does not provide a clean source of Ns¥. Moreover,
if thionitrosyl species are produced they may be prone fo form thio rather than
thionitrosyl complexes. It shou]dAbe’noted that -the pfincipa] broduct bf the
attempted thionitrosylation of Na[(n5-C5H5)Cr(CO)3] with N3S3C13 or “NSBF4"
is not the thionitrosyl (n5—05H5)Cr(C0)2NS but the bridging sulfur complex

[(n5—C5H5)Cr(CO)2]25. Thus, thionitrosyl organometallic complexes remain

a rarity.
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C. Reaction of Acetonitrile with N0PF6;

Recently Herberhold!3% has reported that a binary nitrosyl dication
[Fe2(_N0)6](PF6)2 can be formed from the reaction of NOPF6 with iron powder
in nitromethane media. It would seem that both the solvent and the nitro-
sylating agent are critical in this reaction since in acetonitrile NOBF4
with any of the metals Mn,Fe,Co,Ni,Zn,Cu,135 or Pd136 forms the dipositive

metal acetonitrile species [M(CH3CN)n]2+(

BF,),3 and nitrosyl metalchlorides
are produced from the action of NOC1 on certain metals Al,Ga,In,Pt,Au.l37

In an attempt to form simple, binary nitrosyl complexes of fhe group VIB
elements, tungsten beads were treated with NOCT in THF or dichloromethane or
with NOPF6 in nitromethane; no nitrosyl species formed. However, when
tungsten beads and NOPF6 were stirred in acetonitrile for one day the clear
solution over the tungsten acquired a pinkish tint and bands began to appear
in the 1850 - 1650 cm'1 region of the IR spectrum. After three days the
solution over the tungsten beads was deep red purple in colour and the
YNO IR band of NOPF6 had disappeared. The purple solution was decanted
from the tungsten; dichloromethane was added dropwise; and a purple brown
solid was isolated. Conventional wet analysis methods!20 determined that
the solid contained no tungsten. Subsequently, it was found that the same
reaction could be effected by using chromium powder or with no metal present
at all would proceed slowly, initiating after seven days. However, the purple
colour was only produced if the NOPF6/CH3CN solution were in a dry nitrogen

atmosphere. If acetonitrile was replaced by isobutyronitrile, no reaction

with NOPF6 was evidenced even in the presence of tungsten.
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The purple brown solid is difficult to characterize as it is extremely
hygroscopic. It is soluble in polar and donating solvents: butanol, acetone,
water, acetonitrile, nitromethane, tetrahydrofuran, methanol, and ethyl-
acetate. It is insoluble in all hydrocarbon §o1vents and in dichloro-
methane and diethyl ether,. Aqueous solutions have a pH of 2.1. The physical
and spectral properties of this purple brown solid are reported below.

IR (Nujol mul1): 3328 (s, br), 1751 (m), 1690 (m), 1634 - 1575 (m, vbr),
1267 (m, br),1203 (m, br), 1137 (m, br), 1039 (m, vbr), 844 (s, br), 743

"1 (Florolube mull: 3320 (s, br), 2947 (w), 1755 (m), 1696 (s),

-1

(m) cm
1627 (m, br), 1526 (s, br), 1425 (m), 1377 {(m), 842 (s, br) cm NMR
(CD3N02): I4: 6 12.8 - 11.1 (br, 1H), 9.0 - 8.0 (br, 1H), 2.08 - 2.05
(m, 8H); 19F: s 71.5 (d, PEe> 1J19F-31P = 696 Hz). Mass spectrum (common
peaks of three): 117 (C2HN3PF, CH402PF2); 107 (PF4); 104 (OPF3); 101 (CH4-
0PF2); 88 (PF3); 85 (OPFZ); 59 (CZNOHS); 51 (CHFZ); 45 (C2H5O); 43 (CH3N2);
41 (C3H5). Elemental analysis (average of four): C, 21.7; H, 2.74; N, 16.4
(C:H:N = 1.54/2.34/1.00).

When the polymerization of THF by NOPF6 was studied by Eckstein and
Dreyfuss,190 they noted that lower yields of polymeric THF were obtained
when CH3CN was the solvent, suggesting some side reaction involving CH3CN.

Acetonitrile has been known to participate in reactions with nitrosonium

and nitronium salts:
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NOPF '°° N H,0 0
RX + CHyO G B 0s [R-N*=CCH;] —%—> RNHCCH, (61)

140 NO
NO,BF H,0 P2
RCH = CHR' =—=> —_— R?H-CHR' (62)
CH3CN
NHCOCH 4
141 | g |
NOBF R} o |
RCH = CHR" e eN; =15 to 0°C” ﬁ., | ' - - .
3 . BF,~
HN. @ NOH
CH -
4 3
RT:R (63)
¢ Red-a137
HN\\\fﬁﬁ;N aqueous
. CH3

It is known that commercial acetonitrile often contains traces of
acrylonitrile which are difficult to remove.l%2 If acrylonitrile reacts
with NOPF6 as an olefin, a reaction such as 62 or 63 might occur. Indeed,:ad-
dition of acry]onitriie to an acetonitrile solution of NOPF6 causes initial
colouration to appear in one day. Since fhis is about the same rate of
colour formation observed when tungsten is present, it is possible that the

metal catalyzes the decomposition of acetonitrile to acrylonitrile.



146

This intriguing purple solid, although apparently a PFé’sa1t of some
sort of oligomerized acetonitrile, is definitely not the desired binary
metal nitrosyl; therefore, further attempts to ascertain its identity have
been abandoned. It is evident, however, since NOPF6 reacts with tetrahydrofuran,
acetonitrile, and methanol, that nitromethane is the only solvent in which
NOPF, can dissolve and maintain its.integrity; it should be the solvent of
choice in reactions involving nitrosonium salts.

This study has shown the feasibility of preparing the Mo(NO)22+
unit both with and without coordinated solvent molecules and of reducing
it to a monocationic Mo centre. Both the neutral “MO(NO)Z" unit and
analogous thionitrosyl species femain elusive. The role of the solvent in
reactions involving nitrosonium salts has been demonstrated. Since both
tetrahydrofuran and acetonitrile are capable of reacting with NOPFg,
nitromethane and dichloromethane are the only innocent solvents which are
presently empjoyed in NOT reactions, and of these two only the former

dissolves NOPF6.
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