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Abstract
Although hydrides of metal carbonyls are widely known, the
number of hydrides in the related family of metal nitrosyls is
extremely small. The preparation of a series of nitrosyl
hydrides from the treatment of [CpW(NO)12]2 (Cp=n5-C5H5) with

Na[HZAl(OCH CHZOCH3)2] is described. The addition of one or two

2
equivalents of the aluminum reagent results in the Formatiqn of
[CpW(NO)IH]2 or [CpW(NO)H2]2 respectively. The reaction of
[CpW(NO)lH]2 with a Lewis base (L=P(0Ph)3. P(OMe)B. PPh3 or PMe3)
gives the monometallic CpW(NO)IHL, while [CpW(NO)Hz]2 feactsbwjth
P(OPh)3 or P(OMe)3 to yield [CpW(NO)HL]2 which undergoes further
reaction to give CpW(NO)HZL. Proton NMR spectroscopy shows that
all bimetallic species contain bridging hydride ligands and are
therefore best. formulated as [CpW(NO)l]Z(u-H)Z, [CpW(NO)HJZ(u—H)2
and [CpW(NO)L]Z(u—H)Z.

1

The "H NMR spectrum of [CpW(NO)H]Z(u—H)2 shows that there is

no hydride ligand exchange on the NMR time scale and that

! ol 2
YHiterminal)W © YH(bridging)w > Juwe From this finding, it is

possible to develop new criteria for assessing the static or
fluxional nature of hydride ligands for several families of
organotungsten hydrides (szw. pr(C0)3. W(CO)5 and pr(NO)>< (x=1
or 2)). Within each family, the magnitude of lde strongly

reflects the type of metal hydride bonding, i.e.

H H O H
w=g=M > W:*:M > )\ = W—+—M x W—H
w M
H Cc H

ii



and suggests that'bridge bonding involves all the atoms in the
bridge and therefore the "fused" notation is introduced.
Treatment of CpW(NO)(CHZSiMe3)2 with low pressures of H2
(60-80 psig) in the presence of Lewis bases (L=P(0Ph)3, PMePhZ)
gives the unusually stable alkyl hydride compounds
CpW(NO)(H)(CHZSiMe3)L. This chemistry is then extended to the
Cp* (Cp*=n5—C5Mes) analogues, including the preparation of the
appropriate starting materials. Upon thermolysis of
Cp*W(NO) (H) (CH SiMe3)(PMe

2
activation product Cp*W(NO)(H)(CGHS)(PMe3) is cleanly formed.

3) in C6H6' the intermolecular C—-H

However, intermolecular activation of CH C_H or n—C6 does

47 T6 12

not occur under similar experimental conditions.

H14

Hydrogenolysis of Cp*W(NO)(CH,SiMe3), at high pressures
(=920 psig) with no Lewis base present results in the formation
of isolable [Cp*W(NO)H]Z(u—H)2 and
[Cp*W(NO)H](u—H)Z[Cp*W(NO)(CHZSiMe3)]. The latter is a new
example of the rare class of dinuclear alkyl hydride complexes.
Proton NMR spin tickling experiments on this compound allow the
complete assignment of all couplings in the spectrum and show

1 1

2 <
that dH(bridging)w and de have the same sign.

JH(terminal)W’

iii
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Chapter 1

Introduction

A. Historical Background

The first organometallic (or organometallic-1ike)

(1)

transition-metal hydride complexes identified were H Fe(CO)4

2
and HCo(C0)4(2) by Hieber’s group in 1931 and 1935 respectively.
These remained the only such hydride complexes known until the
mid-1950°s when the foundations of modern organometallic

chemistry were being laid and szReH(a)

and CpM(CO)3H
(M=Cr,Mo.W)(4) were isolated. Although the true nature of the
metal-H link was not properly understood then, it was recognized
that there was a direct metal-H interaction and this caused an
explosion of interest in these types of compounds, with many more
being prepared in the succeeding years.

This explosion of interest was further fuelled because it
was realized from early on that transition—-metal hydride
compounds were important in a number of highly desirable,
catalytic reactions. Even in the 1940’s, HCo(CO)4 was recognized
as a key element in the newly developed hydroformylation (Cn

)(5)

olefin » Cn+ aldehyde

1

alcohol » Cn+l alcohol).

and alcohol homologation reactions (Cn
(6)  In the early 1960°s, CIRN(PPh.); via
a hydride intermediate was discovered to be a rapid and efficient

homogeneous catalyst for olefin hydrogenation under

.exceptionally mild cohditions.(7) Still today, much of the



iﬁterest in this general class of compounds stems from their
utility in catalytic systems.

The first two hydrides were identified as having H atoms in
the molecule since H2 was produced upon their hydrolysis. Early
electron—diFFractioﬁ measurements suggested a tetrahedral
arrangement of C atoms about the metal-centre and the
formulations Co(C0)3(COH) and Fé(CO)z(COH)2 were.suggested.(e)

Later, Hieber had chemical evidence for a direct M-H link and so

it was suggested that the H atom(s) was buried in the orbitals of

(9) This explanation was used for a number of years to

the metal.
explain the results of numerous IR, NMR, broadlline NMR and
electron diffraction experiments carried out over the period
1939-59. In particular, it was used to explain the unusuai high-
field chemical shifts that the hydride H’s exhibited in their
high-resolution NMR spectra that greatly aided Wilkinson and
Birmingham in their initfal studies on CpZReH and its
relatives.(3)
However, the presently accepted nature of hydride 1igands,

thét they occupy normal coordination positions with normal

covalent bonds, was recognized in the early sixties when X-ray

) (10)
3’2

were done. The first neutron diffraction

2-
S

tricapped trigonal prism with Re—-H distances of 1.68A.

diffraction studies on such compounds as trans—-HPtBr (PEt

and HRN(CO) (PPhy) 5 (11)
study confirmed this nature, as ReH was found to be a

(12)



B. Structure and Bonding

The most common type of hydride complexes are those
containing simple, two electron covalent bonds between the metal
and terminal hydride ligands. These complexes may have anywhere
from one to nine hydride ligands (e.g. HCo(CO)4. HZFe(CO)4.
Reng_
centres. Since this thesis is only concerned with mono and

). Also common are hydrides that bridge two or more metal

dinuclear compounds, hydride bonding in higher order clusters
will not be discussed here.

When one hydride bridges two atoms, its bonding is generally
discussed in terms of "open" or "closed" centre bonding, after
the classic bonding descriptions developed in borane

(13) The first two such molecules to.be thoroughly

chemistry.
studied were HW,(CO)q(NO) and sz(CO)B(NO)[P(OMe)3],14 where it
was found that the W-H-W linkages are distinctiy bent, with the H

atom displaced away from its expected position based on a

strictly octahedral model:

H H

N N

This bonding has always been described as a "closed", 3-centre, 2

electron system, with overiap of orbitals from all three atoms



involved and a direct metal-metal interaction.(lsa) This is the
commonly accepted bonding rationale for most unsupported M—-H-M’
bridge bonds in transition—-metal complexes. However, some
calculations suggest that there is little or no direct bonding
between the metal atoms, and that the bonding takes place almost
exclusively through the hydrogen bridge in aniopen fashion, the
(15b,c)
same as that commonly accepted for boranes (e.g. BZHG)'

It is apparent that this point still needs clarification.

There are also a number of compounds that have two H atoms
(15)

bridging two metal centres, such as in [HZWZ(CO)SJZ—. In
these cases, the H atoms are almost aiways found inside the
positions expected based on an octahedral model. Although there

is ungquestionably a direct metal-metal interaction (e.g. W-W =

2

3.0162 & in [H,W,(CO)g) ") there is considerable debate as to

LAV N N

N\
/w w\ ‘/w\ W
L \H/ L L

N/
Fil/’ \\L

what the best description of the bonding is in these complexes
and this will be dealt with in more detail in chapter 3.

Earlier transition-metal and actinide hydrides also exhibit
M(u—H)ZM systems, but these differ somewhat in character. In

[CP*ThHI, (u-H) ,1€) and [n>~CgH me) ,ZrH1, (u-t) ,, 17 the metai-



metal separations are 4.007 and 3.4599 A, respectively,

H

indicating no direct metal-metal bonding 1" This

Th ¢
therefore seems to be analogous to the open centre bonding used
to describe the B-H-B bridging system.

There are a few examples of three or four hydride 1igands

bridging two metal centres. These include

+(18) (19)

{ (u=H) 3Fe, [ (Ph,PCH,) jCMe] ,) and H,(u=H) ;Re, (PEt,Ph) ,.
The latter is an example of a complex that contains both bridging
and terminal hydride ligands--as is common with compounds of this
type, it is highly fluxional and all eight H atoms are equivalent
on the NMR time scale (see chapter 3).

More recently, two new types of hydrogens bonded directly to
transition metals have been recognized. The first of these,
dubbed "agostic", is observed as an H atom bridging a metal and a

carbon of an alkyl group, usually itself bonded to the metal.(zo)

H
ct H 0 A
P _C—H N AATIN S
C ] Fe Fe
p7| "H / \\\~C./// \\C
Cl ¢l g 0
1 2



This may be described as an arrested elimination
(e.g. a~elimination in 1) or oxidative aadition (e.g. 2)
reaction. This type of interaction is generally the result of an
electron deficient metal centre attempting to relieve this
deficiency by accepting some electron density from the C-H bond.
It is usually identified by the observation of unusual chemical
Snifts and/or one-bond carbon—H coupling constants for the alkyl
H’s involved in the interaction.

The second, new type of "hydride" is the interesting

situation of dihydrogen bonded in a8 dihapto fashion to the metal.

(i-Pr)
0. P '3 H j
N H ~Jl P
oc—w ( Fe
C/,l H /17 \f\
o~ P H-H
(ref. 21) (ref. 22)

This may be described as an arrested oxidative addition of H2 to

the metal centre. It is interesting to note that both classical

hydride and nz—HZ |l igands may be present on the same metal.(ZZ)

The compounds are generally fdentified by the large magnitude of

the H-D J coupling observed in the 1

(21)

H NMR spectrum of the HD (vs.

HZ) analogue, or by the observation of very short T

l



2 (23)

relaxation times for the coordinated p _HZ' as well as by the

usual diffraction techniques.

C. Characterization of Metal Hydrides

There are essentially three techniques used to characterize
and identify transition metal hydrides: IR and NMR spectroscopy,»
and diffraction methods.

Terminal metal hydrides usually exhibit IR stretching

—l.(24)

frequencies (v These bands

MH) in‘the region 1650-2250 cm
are generally gquite weak in intensity making them difficult to
identify, particularly in carbonyl, cyano and nitrosyl complexes
where they are often degenerate with the Veo' VeN and YNO bands.
Comparisons of the spectra of the compounds with those of their
deuterio analogue are frequently done, as the vMH/vMD ratjo is
usually the expected 1.4. Even so, it is not always possible to
find these bands. Hydride ligands bridging two metal centres
generally exhibit IR fregquencies at much lower energies,
typically 1000-1700 cm—l.(ZS) They are usually even weaker in
intensity than the terminal M-H bands, and very broad, and are
therefore often impossible to detect in routine IR spectra.
Raman and low~temperature (4K) IR studies can sometimes be used
to find these bands.

Not surprisingly, lH NMR spectroscopy is an extremely useful

tool in detecting the presence of hydride ligands. Usually,

particularly for the later transition metals, hydride ligands



exhibit characteristic high-field chemical shifts, with

resonances generally in the region 8§ = -5 to -50 ppm.(26)

Eartjer transition metal, and lanthanide and actinide hydrides

commonly exhibit hydride'resonances in the more usual "organic"

region of the spectrum and are consequentiy more difficult to

(27)

identify. The observation of spin-spin couplings of the

hydride 1igand to other NMR active nuclei in the molecule is

often an extremely useful way of determining structure and/or

number of hydride hydrogens. This may take the form of coupling

directly to an NMR active metal centre (e.g. 89Y' ‘83w. 103

195

Rh,
Pt) or to nuclei of other ligands, particularly 31p in
phosphine or phosphine-like ligands.

Of course, the most definitive ways of establishing the
structures of compounds (in the solid state) are single-crystal
diffraction techhiques. As mentioned earlier, it was through the
use of these techniques that the true nature of the hydride
ligand was discovered. Unfortunately, since X-ray diffraction
depends upon electron density and hydrogen atoms have few -
electrons associated with them, it is often difficult to find
hydride hydrogens, particularliy when they are close to heavy
metal centres such as W or Pt. Frequently, therefore, the
location of a hydride hydrogen is inferred from the observation
of a "hole" in the coordination sphere of the metal. For

example, the first singie-crystal X-ray structure of a hydride

complex was done on trans—HPtBr(PEt3)2 and the Br and PEt3

8



ligands were found to form a T-shape about the metal. The

hydride was assumed to occupy the fourth position in a normal

(10)

square—-planar compound. This situation is complicated by the

fact that the hydride ligand is not very stereochemically

demanding and so it is not always possible to find an obvious

(15)

"mMole" where the hydride may be located. Under the best

conditions, the hydride ligand may be found by X-ray diffraction

(11).

such as for HRh(CO) (PPh Neutron diffraction remains the

3’3"
most definitive way to fully solve a hydride compound’s
structure, since the neutron scattering factors for most elements

are of the same order of magnitude and so hydrides are not

"swamped out" by heavier atoms. This allowed the proper

2- (12)

identification of ReH in the now-classic case. Neutron

9
diffraction is, however, very expensive to do and demands
crystals 100 to 1000 times larger than those needed for X-ray
diffraction and consequentiy the numbér of hydride compounds that
have been analyzed using this technique is smaller than might be

(15)

desired. X-ray and neutron studies have been successfully

combined on occasion to yield very useful results——for exampie in

(28) The two

the solution of the structure of HZOs3(C0)10.
techniques generally give slightly different bond lengths for the
metal-H distance. This is because in a metal-H link, the
electron density is skewed toward the heavy atom and so X-ray

data tend to give unreasonably short M-H distances. Neutron

diffraction, on the other hand, depends on the properties of the



atomic nuclei and so M-H interatomic distances from this

technique are much more reliable.

D. Preparation

ﬂetal hydride complexes can be made in a number of diFFerent
ways but the preparations may generally be divided into five
categories.(zg)
l. Oxidative Addition

a) oxidative addition of H

2
Ho
(30)
trans[erl(CO)(PPn3)2] —_—_ HZIrCI(CO)(PF’h3)2
PhMe
b) hydrogenolysis of alkyl groups
H
5. - 5_ - (31)
2 (n° CSHane)ZZrMe2 {(n CSHA"E)erHJZ(u H)2
+4 CH
PhH 4
c) oxidative addition of HX (X = halide, carbyl)
HC (aq) ‘
—_— (32)
IrCl(CO)(PEtZPh)2 leClz(CO)(PEtZPh)Z
EtOH
CeHi2
Cp*(PMe_)IrH Cp*(PMe ) Ir(H)(C_H, ) (33)
3 2 P 3 611
hv.-—H2

10



2. Reduction of Metal Halides (metathesis)

L1A|H4

' _— (34)
ReC|3(PEt2Ph)3 ReHs(PEtZPh)3

THF

3. Hydride Transfer

a) base catalyzed reductions using alcohols
OH
[rCl . (PEt,Ph) . —— HIrCl . (PET.PP) (35)
3 2 3 2 2 3
EtOH

D) hyaride abstraction from solvents

THF, N2 PPh(t—Bu)2
RNC1, + 2 PPh(t-Bu), —— H-RN-N=N (36)
Na/Hg PPh(t—Bu)2
4, FProtonation of Compiex Metal Anions
Na/Hg
_ _ (6)
1/2 CoZ(CO)6LPMePn2]2-——¢-Na[Co(CO)3(PMePn2)]
THF
| \\\:EPO4
HCo(CO)3(PMePh2)
5. Protonation of Neutral Complexes
HSGO_F

3
(n?-C,Hg) (CO) sFe ——— [ (n”=C Hg) (CO) gFe(r1t 37

1iq SO2

11



Methods #1, 2 and 4 are the most common but the choicé of
method is primarily governed by the availability of appropriate
starting materials. Hydride complexes can also result from more
indirect routes, such as decomposition of existing compounds

(e.g. B—elimination of metal alkyl complexes).

E. Nitrosyl Hydrides

Although hydrides of metal carbonyls are widely known and
examples exist for almost every transition metal, the number of
hydrides of the related family of metal nitrosyls is extremely
small. When work began on the project described in this thesis,
only a handful of nitrosyi hydride complexes had been identified.

The first of this class of compound prepared was HMn(NO)Z(PPha)2

in 1962.(38) The next report adid not appear until 1972 when
CpRe(CO) (NO)H was communicated by Graham and Sweet.(39) Since
that time, other than work done in our laboratory, only

HW, (CO) g (NOIL (L=CO, P(OMe) ), 1*) HRe(NO), (PPRy) ,, (40)

H,Re (NO) (PPRL) o0 ‘41 Hm, (co) | N0y (M=Ru, 0s), (42
HFe(CO) , (PPh3) ,(NO) 43) and HW(CO),(P(0-1-Pr) 1, (N0) 4%} have

been described (as well as a few phosphine substitution products

of these compounds).

Hydride preparation in our laboratory started in 1979 when

CpW(NO)éH was synthesized from CpW(NO)ZCI and

- (45)
2LHZOCHa)Z].

interesting in that it acts as a mild source of H , as opposed to

Na[HZAI(OCH This compoundvis particularly

I2



the related carbonyl analogue CpW(CO)BH, which is a moderately

(4)

strong acid (H+). Molecular orbital calculations have

attributed this to the three-legged piano-stool structure of

CpW(NO)ZH. as compared to the four—legged configuration of the

(46)

carbonyl hydride. In addition, partial hydride abstraction

by Ph3C+ of CpW(NO)ZH leads to the formation of the dinuclear

(47) Because of the

hydride [CPW(NO),](u-H)" (and analogues).
chemistry observed for CpW(NO)ZH, it was of interest to prepare

other nitrosyl hydrides and investigate their properties.

F. Scope of the Present Work

The work described in this thesis is a direct continuation

of the work started by J.C. Oxley.(48)

Chapter 2 describes the preparation of a series of nitrosyl

(49)

hydrides derived from [CpW(NO)I and in particular the

212
properties of three dimeric compounds. As a result of
characterizing the compounds described in chapter 2 and the
associated survey of the literature, some interesting and
significant NMR properties of tungsten hydrides were discovered--
these are discussed in chapter 3. While the work described in
chapters 2 and 3 was in progress, the novel, stable 16 electron
compounds CpM(NO)R2 {M=Mo, W; R=bulky alkyl) were prepared in our

50

laboratory™" by the reaction

13



1. RMgX

[CpM(NO)12]2 2 CpM(NO)R2

2. HZO

These compounds were found to undergo unique reactivity with

(51) 5 (52) (53)

58' 2

and NO., Because the yields of the interesting
compounds described in chapter 2 were too iow to allow much

derivative chemistry to be done, it was decided to try and obtain
nitrosyl hydrides from the hydrogenation of CpW(NO)(CHZSiMe3)2.
This work is detailed in chapter 4, along with its extension to

the Cp* analogues.

14



2.

3.

9.

10.

lll

12.

13I

References and Notes

Hieber, W.; Leutert, F. Z. Anorg. Allg. Chem. 1932, 204,

Hieber, W. Z. Elektrochem. 1934, 40, 158-159,

Wilkinson, G.; 8irmingham, J.M. J. Am. Chem. Soc. 1955, 77,

 3421-3422.

Fisher, €.0.; Hafner, W.; Stani, H.O. Z. Anorg. Allg.

Chem. 1955, 282, 47-62.
Parshall, G.W. '"Homogeneous Catalysis", Wiley—lnterécience:
Toronto, 1980 and references therein.

Martin, J.T.; Baird, M.C. Organometallics 1983, 2, 1073~

1078.
Osborn, J.A.; Jardine, F.H.3 Young, J.F.; Wilkinson, G. J.

Chem. Soc. A 1966, 1711-1732.

Ewens, R.V.G.; Lister, M.W. Trans. Faraday Soc. 1939, 35,

681-691.

Hieber, W. Die Chemie 1942, 55, 7-11, 24-28.

Owsten, P.G.; Partridge, J.M.; Rowe, J.M. Acta Crystallogr.

1960, 13, 246-252.

LaPlaca, S.J.; Ibers, J.A. J. Am. Chem. Soc. 1963, 85,

3501-3502.

Abrahams, S.C.; Ginsberg, A.P.; Knox, K. Inorg. Chem. 1964,

3, 558-567.

Huheey, J.E.; "Inorganic Chemistry", Harper & Row: San

Francisco, 1972, p 535 and references therein.

15



14.

15.

16.

17.

18.

19.

20.

a) Olsen, J.P.; Koetzle, T.F.; Kirtley, S.W.; Andrews, M.;

Tipton, D.L.s Bau, R. J. Am. Chem. Soc. 1974, 96, 6621-

6627.
b) Love, R.A.; Chin, H.B.; Koetzle, T.F.; Kirtley, S.W.;

Whittlesey, B.R.; Bau, R. J. Am. Chem. Soc. 1976, 98, 4491-

4498,
a) Teller, R.G.; Bau, R. “nystallograhic Studies of

Transition Metal Hydride Complexes", in: Struct. Bonding

(Berlin) 1981, 44, 1-82 and references therein.
b) Jezowska-Trzebiatowska, B; Nissen-Sobocifska, B. J.

Organometal. Chem. 1987, 322, 331-350.

c) Sherwood, D.E.Jr.; Hall, M.B. Organometallics 1982, 1,

1519-1524,
Broach, R.W.; Schultz, A.J.; Williams, J.M.; Brown, G.M.;
Manriquez, J.M.; Fagan, P.J.; Marks, T.J. Science

(Washington, D.C.) 1979, 203, 172-174.

Jones, S$.8.; Petersen, J.L. Inorg. Chem. 1981, 20, 2889-

2894.

Dapporto, P.; Midollini, S.; Sacconi, L. Inorg. Chem. 1975,

14, 1643-1650.
Bau, R.; Carroll, W.E.; Teiler, R.G.; Koetzle, T.F. J. Am.

Chem. Soc. 1977, 99, 3872-3874.

Brookhart, M.; Green, M.L.H. J. Organometal. Chem. 1983,

250, 395~408 and references therein.

16



21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Kubas, G.J.; Ryan, R.R.; Swanson, B.J.; Vergamini, P.J.;

Wasserman, H.J. J. Am. Chem. Soc. 1984, 106, 451-452.

Morris, R.H.; Sawyer, J.F.; Shiralian, M.; Zubkowski, J.D.

J. Am. Chem. Soc. 1985, 107, 5581-5582.

Crabtree, R.H.; Lavin, M.; Bonneviot, L. J. Am. Chem. Soc.

1986, 108, 4032-4037.
Adams, D.M. "Metal Ligand and Related Vibrations", Edward
Arnold: London, 1967, pp 1-25% and references therein.

Cooper, C.B.; Shriver, D.F.; Onaka, S. Adv. Chem. Ser.

1978, 167, 232-247.

Moore, D.S.; Robinson, $.0. Chem. Soc. Rev. 1983, 12, 415-

452,

Manriquez, J.M.; fFagan, P.J.; Marks, T.J. J. Am. Chem. Soc.

1978, 100, 3938-394]1 and references therein.
Orpen, A.G.; Rivera, A.V.; Bryan, £.G.; Pippard, D.;

Sheldrick, G.M.; Rouse, K.D. J. Chem. Soc., Chem. Commun.

1978, 723-724.

Green, M.L.H.; Jones, D.J. Adv. Inorg. Chem. Radiochem.

1965, 7, 115-183.

Vaska, L.; Rhodes, R.E. J. Am. Chem. Soc. 1965, 87, 4970-

4971.

Couturier, S.; Tainturier, G.; Gautheron, B. J.

Organometal. Chem. 1980, |98, 291-306.

Chatt, J.; Jdohnson, N.P.; Shaw, B.L. J. Chem. Soc. (A)

1967, 604-607.

17



33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Janowicz, A.H.; Bergman, R.G. J. Am. Chem. Soc.

3929-3939.

Chatt, J.; Coffey, R.S. J. Chem. Soc. (A) 1969,

Vaska, L.; DiLuzio, J.W. J. Am. Chem. Soc. 1962,

4990.

Yoshida, T.; Okano, T.3 Thorn, D.L.3 Tulip, T.H.;

$.; Ibers, J.A. J. Organometal. Chem. 1979, 181,

1983, 105,

1963-1972.

84, 4989-

Otsuka,

183-201.

Falkowski, D.R.; Hunt, D.F.; Lillya, C.P.; Rausch, M.D. J.

Am. Chem. 5Soc. 1967, 89. €387-6389.

Hieber, W.; Teryler, H. Z. Anorg. Allg. Chem. 1962, 318,

136-154.

Sweet, J.R.3; Graham, W.A.G. Organometallics 1982, 7, 982-

986 and references therein.

La Monica, G.; fFreni, M.; Cenini, S. J. Organometal. Chem.

1974o 71. 57—64.

Giusto, D.; Ciani, G.; Manassero, M. J. Organometal. Chem.

1976, 105, 91-95.

Jonnson, B.F.G.; Raithby, P.R.; Zuccaro, C J. Chem. Soc.,

Dalton Trans. 1980, 99-104.

Roustan, J.-L.A.; Forgues, A.; Merour, J.Y.; Venayuk, N.D.;

Morrow, B.A. Can. J. Chem. 1983, 61, 1339-1346.

Kundel, P.; Berke, H. J. Organometal. Chem. 1986, 314, C31-

C33.

Legzdins, P.; Martin, D.T. Inorg. Chem. 1979, 18, 1250-

1254.



46. Bursten, B.E.; Gatter, M.G. J. Am. Chem. Soc. 1984, 106,

2554-2558.

47. Hames, B.W.; Legzdins, P. Organometallics 1982, 1, 116-124.

48. Oxley, J.C. Ph.D. Dissertation, The University of British
Columbia, 1983.

49. Legzdins, P.; Martin, D.T.; Nurse, C.R. Inorg. Chem. 1980,

19, 1560-1564.
50. Legzdins, P.; Rettig, S.J.; Sanchez, L.; Bursten, B.E.;

Gatter, M.G. J. Am. Chem. Soc. 1985, 107, 1411-1413.

51. Legzdins, P.; Sanchez, L. J. Am. Chem. Soc. 1985, 107,

5525-5526.

52. Legzdins, P.; Rettig, S.J. Sanchez, L. Organometallics

1985, 4, 1470-1471.
53. Evans, S.V.; Legzdins, P.; Rettig, S.J.; Sanchez, L.;

Trotter, J. personal communication.

19



Chapter 2

New Organometallic Hydrido Nitrosyl Complexes of Tungsten

Very few organometallic nitrosyl hydride complexes are
known. As discussed in the previous chapter, when work in this
"area was started in our laboratory, only CpRe(CO)(NO)H was known

and the unusual properties of CpW(NO)ZH subsequently found

spurred our interest in the topic. In 1980, [CpW(NO)Iz]Z(l) was

prepared in our laboratory and it was hoped that hydride
complexes could be made from it by halide/hydride metathesis

(preparation method #2 - chapter 1). This work was started by

(2)

J.C. Oxley, who prepared the series of compounds CpW(NO)IHL

(L=P(OPNQ) P(OMe)3. PPh3) anq CpW(NO)HZ[P(OPh)3], as well as the

3'

compounds [CpW(NO)IHJZ. [CPW(NO)H and [CPW(NO)H{P(OPh)3}]2.

2l2
However, these three dimeric species were not correctily
characterized and the work described in this chapter ﬁainly
“involved the synthesis and complete characterization of these
three complexes, as well as a Fufl description of the properties
of the CpW(NO)YXX’L (X=1 or H; L=P(0Ph)3. P(OMe)3. PPh3 and/or
PMe_) series of compounds.

3

Experimental Section

All manipulations were performed so as to maintain all

chemicals under an atmosphere of prepurified dinitrogen either on

(3)

the bench using conventional Schlenk techniques or in a Vacuum

20



Atmospheres Corp. Dri-Lab Model HE-43-2 drybox. All chemicals
used were of reagent grade or comparable purity. All}reagents
were either purchased from commercial suppliers or prepared
according to published procedures, and their purity was checked
by elemental analyses and/or other suitable methods. Melting
points were taken in capillaries under nitrogen using a
Gallenkamp Melting Point apparatus and are uncorrected. Hexanes
and benzene were dried with CaHZ, toluene, diethyl ether and THF
were dried with Na/benzophenone ketyl and CH2C12 was dried with
P205. All solvents were distilled off their respective drying
agents and purged with N2 just prior to use. Unless otherwise
specified, the reactions described below were done at ambient
temperatures.

Infrared spectra were recorded on a Nicolet 5DX FT-IR
“instrument. Proton magnetic resonance spectra were obtained on a
Bruker WP-80, WH-400, HXS-270, Nicolet-Oxford H-270 or Varian XL-
300 spectrometer with reference to the residual proton signal of

the deuteriated solvent,employed,(A)

downfield from MeASi' 31P NMR spectra were recorded at 121.4-MH=z

and are reported in ppm

on a Varian XL-300, 40.5-MHz on a Varian XL—100; or at 32.38-MHz
on a Brukef WP-80 spectrometer using 2H as the internal lock.

The observed resonances were referenced to external P(OMe)3 which
was considered to have a chemical shift of +141 ppm downfield
from 35% H3PO4.(5)' Mrs. M.T. Austria, Ms. M.A. Heldman, Ms. L.K.

Darge and Dr. 5.0. Chan assisted in obtaining the NMR data.
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Electron impact mass spectra were recorded at 70 eV on an
Atlas CH4B or a Kfatos MS50 spectrometer using the direct-
insertion method with the assistance of Mr. M.A. Lapawa, Mr. J.W.
Nip and Dr. G.K. Eigendorf. The GC-MS samplies were run on a
Varian Vista 6000 gas chromatograph interfaced with a Nermag
R10-10 quadrupole mass spectrometer or a Carlo Erba GC interfaced
with a Kratos MS-80 RFA spectrometer using the conditions
specified below with the assistance onMs. C. Moxham. Gas
chromatographic analyses were carried out on a Perkin Elmer Sigma
4B instrument using a 30° x 1/8" 23% SP-1700 on 80/100 Chromosorb
P AW column at 70°C with 25 mL/min He carrier gas. Elemental

_analyses were performed by Mr. P. Borda.

Preparation of CpW(NO)IZL (L = P(OMe)3 or PMes).

These compounds were prepared by treating [CpW(NO)12]2 in

CH2C12 with 2 equivalents of L in the manner described
previously(l) for L=P(OPh)3 or PPhB. Both complexes were
isolated as brown crystals in yields of 87%. The analytical, IR
and NMR data for these and the other compounds synthesized in
this work, as well as related species from preliminary work(z)

are collected in Tables 2-1 and 2-11.

Preparation of [CpW(NO)IH]Z.
A vigourously stirred mixture of [pr(NO)Iz]Z(l) (3.00 g,

2.82 mmot), CH2C12 (25 mL) and benzene (150 mL) was heated gently

22



to solubilize the organometallic starting material. Once a \
clear, yellow-brown solution was obtained, the mixture was cooled
to room temperature with a water path. Then, before
precipitation of [CpW(NO)lZ]2 coulda occur, 0.85 mL (2.9 mmol) of

a 3.4 M solution of Na[H,Al(OCH,CH,OCH;),] in toluene®) was

2
rapidly added dropwise. The reaction mixture immediately turned
an intense, dark green colour with the simultaneous formation of
a large amount of very fine, brown, intractable precipitate. The
mixture was then filtered as rapidly as possible through a'3 xX 4
cm column of Celite supported on a medium porqsity glass frit,
which was subsequently washed with 2 x 15 mL portions of benzene.
The filtrate was concentrated under vacuum to 10-15 mL which
induced the formation of very intensely coloured dark green
microcrystals. This material was collected by filtration, washed

with benzene (3 x 5 mL) and -dried under vacuum (0.005 mm Hg) to

give 0.80 g (35% yield) of analytically pure [CpW(NO)IH]Z.

Preparation of CpW(NO)IH(PMe3).

Addition of neat Pﬁe3 (0.40 mL, 0.30 g, 4.0 mmol) to the
dark green filtrate containing [CpW(NO)IHJ2 (described above)
caused an immediate colour change to orange and the precipitation
of a brown intractable solid. The supernatant solution was
filter cannulated away from the precipitate and its volume
decreased to 50 mL under reduced pressure. Hexanes (60 mL) were

added, and the resulting solution was further concentrated to 40
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mL and let stand overnight. This resulted in the formation of a
light brown, microcyrstalliine precipitate which was collected by
filtration and washed with hexanes (5 x 10 mL) to obtain 0.98 g

(36% yield based on [CpW(NO)Iz]z) of a solid which analyzed as

CpW(NO)IH(PMeB) (see results and discussion).

Prepafation of [CpW(NO)HZJZ,

The stirred dark green filtrate containing [CpW(NO)IH]2
(generated as above) was treated dropwise with a 3.4 M toluene
soiution of Na[HZAl(OCHZCHZOCHa)ZJ until the green colour just
disappeared (~0.7 mL, = 2.4 mmol). The final reaction mixture
consisted of a large amount of the usual fine, brown precipitate
and a dark red-brown solution. The mixture was theﬁ filtered as
rapidly as possible through a 3 x 4 cm column of Celite supported
on a8 medium porosity glass frit and the column washed with
benzene (2 x 15 mL). The resulting red-brown filtrate was then
concentrated under vacuum to ~10 mL, let stand for sevetal hours,
and the resuiting orange powder collected by filtration. It was
then washed with benzene (3 x 5 mL) and dried under vacuum (0.005
mm Hg) to give 0.16 g (10% yield based on original'[CpW(NO)lz]Z)
of analytically pure [CpW(NO)HZJZ. This powder could be
converted to small, well—-formed crystals of [pr(NO)HZJ2 in very
“low yield in the following manner. The powder was stirred with
toluene (50 mL) and warmed slightly (~50°C) to promote

solubilization. The orange solution was then filter cannulated
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into another flask and volume reduced under vacuum untit
precipitation started to occur (~15 mL). The solution was then
filter cannulated into a long, narrow Schienk tube, ensuring that

no precipitate came over and the solution was completely clear.

The Schlenk tube was then stored at —25°C overnight, inducing
formation of the crystals. The mother liquor was then cannulated
off and the crystals washed with 3 x 10 mL of diethyl ether, and
dried under vacuum (0.005 mm Hg) to yield ~20 mg of crystalline

[CPW(NO)H,],.

Preparation of [CpW(NO)H{P(OF’n)B}]2 and CpW(NO)HZ[P(OPh)B].

A mixture of [CDW(NO)H232 (V.10 g, 0.18 mmol) and benzene
(30 mL) was stirred and warmed with a water bath (~50°C) until a
clear, orange solution resulted (~10 min). To this was added
neat F’(OPh)3 (93 uL, 0.35 mmol) and the solution stirred for 6 h
as it turned a very intense purpie colour. The solvent was then
removed under vacuum and the purple, oily residue taken up in 15
mL benzene, filtered, and 25 mL of hexanes were added to
precipitate the product. The vefy intensely coloured, purple,
microcrystalline material was collected by filtration, washed
with hexanes and dried under vacuum to give 0.086 g (41% yield)
of [CDW(NO)H{P(OPh)3}]2.

A small amount of the purple crystals was dissolved in

CH Cl2 (10 mLL) and the resulting solution was stirred for 3 h

2

whereupon it became orange. Addition of hexanes to this solution
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induced the precipitation of a small amount of analytically pure
CpW(NO)HzP(OPh)3 as an orange powder, which was collected by

filtration as above.

Preparation of [CpW(NO)Brz]Z.

A solution of CpW(CO)Z(NO) (5.00 g, 15.0 mmol) in 40 mL
CHZCI2 was stirred and cooled to —40°C whereupon a solution of
Br2 (0.77 mL, 15.0 mmol) in 10 mL CHZCI2 was slowly added
dropwise. The mixture immediately turned dark red-brown and
vigorous gas evolution occurred while a dark brown precipitate
began to form. After stirring for ~5 min, the cold bath 'was
removed and the reaction mixture gradually allowed to warm to
near room temperature. The solvent was removed under vacuum
until ~20 mL remained, giving a deep green solution above a dark
brown precipitate. An IR spectrum of the solution showed bands
at 2099(s), 2010(s), 1927(s), 1693(s) and 1655 cm_l. Hexanes (25
mL) were added and the volume of the solution further decreased
under vacuum until ~10 mL of a very pale green solution was left
over a dark brown precipitate. This precipitate was then
filtered, washed with 3 x 20 mL hexanes and dried in vacuum

(0.005 mm Hg) overnight to give 5.20 g (79.2% yield) of dark

brown microcrystalline [CpW(NO)Brz]Z.
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Preparation of CpW(NO)BrH[P(OPh)BJ. .

To a dark green'solution of [CpW(NO)Brz]2 (1.00 g, 1.14
mmol) in 10 mL CHZCI2 and 50 mL benzene was added rapidly
dropwise 0.34 mL (1.1 mmol) of a 3.4 M solution of
Na[HzAl(OCHZCHZOCHs)ZJ in toluene. The solution instantly turned
orange and a8 large amount of brown precipitate formed. The
mixture was rapidly filtered through a 3 x 4 cm column of Celite
supported on a medium porosity glass frit which was then washed
with 2 x 15 mL portions of benzene. Triphenyiphosphite (P(OPh)B.
0.60 mL, 2.28 mmol) was then added to the filtrate and no
significant colour change was observed. The volume of the
solution was reduced to ~10 mL under vacuum and chromatographed
on Florisil (2 x 10 cm) using benzene as eluent to give only one
orange band. This band was collected, the solvent removed under
vacuum, aﬁd the resulting o0il recrystallized from CHZCIZ/hexanes
to give 0.20 g (13% yield) of large, red-brown crystals of

CpW(NO)BrH[P(OPh)B}.
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Table 2-1.

Analytical and Infrared Data for the Complexes

analytical data

other IR data (CHZCI
, °C -1 |
complex (dec) calecd found caled found calcd found calcd found Yo' v“,cn'
corno)1,gpioen) )1 1663
CpH(NO)lZ[P(One)S] 178 14,63 1458 2,15 2,18 2.13 2,02 1 38.64 38.49 1653
CpH(NO)IZ(PPna)“) 1646
Cpll(nO)lz(Pne3) 160 15.78 15.70 2.32 2.28 2.30 2.28 1 41.69 41.55 1638
Cpl(uO)IH[P(O'Pn)a] 112 38.52 38.46 2,95 3.10 1.95 1.89 1643 1683
CpH(NO)IH[P(One)al 103 18.08 17.96 2,82 2.84 2.64 2.65 1629 1923
Cow(0) (P ) {7 1615 3
Cpl(NO)lu(Pnes) 01 19.90 19.80 3.13 3.24 2.90 2.85 1613. (isomer A) 1931
19.90 19.86 3.13 3.00 2,90 2.85 I 26.28 26.40 1609 (A + B) 1929,
o 1898
[CPN(NO}I,) 1655
2°2
[Cpl(NO)IH]2 174 14,74 14,75 1.47  1.50 3.4 3.0 1646 n.o.
[Cpll(nomz]2 130 21,37 21.44 2,51 2.46 499 4,93 0 5.69  6.00 1599 1906
[Cp\l(l(O)M(P(OPh)3}]2 85 46.80° 46.64 3.9 3.63 2.31 2.3 1578 n.o0.
Cow(NO)H,(p(0Pm) 3] (7! 1607 1863
[(:le(NO)!irZ]Z 13.69 13.51 1.5 L16  3.19 3.15 Or 36.42 36.28 1655
CpH(NO)BrH[P(OPn)S) 102 41.22 41.40 3,16 3.29 2.09 2.05 @or 11.96 12.11 1636 1869
a The o for CpH(NO)ln(PPna) cannot be unequivocally assigned as there are several bands in the appropriate spectral

regions.
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Table 2-11.

NMR Data for the Complexes

Complex nucleus solv {somer assg’t §(d, H2)
| 3, .
CpH(NO)IZ[P(OPn)3] H (Il)(:l3 Cp 5.90 (d, S5, JHP = 3)
P(OL’Q)3 1.2 (br, 15)
3
CGDG Cp 5.43 (d, 5, "HP = 3)
P(Ol’_h)3 1.1 (br, 18)
I 3, .
CW{ND) I, [P(ONe) ;] K coct, p 5.98 (g, 5 "o = 2)
3
P(O!l_g)3 3.83 (g, 9, JHP = 11)
i, .
3, .
P(Oﬂ_e)3 3.45 (d, 9, "HP = 11}
| 3,
CpH(NO)IZ(PPna) H (II)CI3 Cp 5.91 (d, 5, JHP = 1.2)
PEh, 1.5 (br, 15)
3
c6°6 Cp 5.26 (d, 5, JHP = 2)
Peh, 1.1 (or, 15)
a l 3,
CpH(NO)lZ(Pne3) f (2DCI3 A Cp 5.94 {a, 5, dup © 2.8)
3
Pge_3 1.90 {q, 9, J"P = 10.2)
3, .
c606 A Cp 5.06 (a, S, Yyp * 2.8)
3
P1g3 1.08 (d, 9, Jm, = 10.2)
8 Cp 5.20 (51 5)
3
Pl!_e3 1.54 (0, 9, JHP = 10)

29



Table 2-11 {Cont’a)

CoM(NO) IH{P(0Pn) ] "
gl
CoM(NO) IH{P(One) ] Iy
| oy
CoH (D) 1H(PPn, ) Iy
T

CDCl3

Cel

()

Ceg

Cedg

Cp
PloPn),

L}

Co
P(og_rg)3

¥t

)

5.25 (s, 5)

1.2 (br, 15)

-2.08 (0, 1, ZJ“P = 12,

4.85 (s, 5)

1.1 (or, 15)

2

-2-06 (0. l' J” = ||2|

P
l -
115.5 (s, "dp, = 363)

5.81 (s, 9)

3.73 (Ul 9v 3JHP 3 IZ)
2

-1.44 (d, !, JHP = 101,
5.12 (s, 5)
3.36 (0, 9, 0 = 12)

) AN
’l.‘l (av lv ZJ"P = lDl'
131 {s)
5.63 (s, 5)

1.4 (br, 1)
2

1
0.31 (d, I, JHP = 85,

5.10 (s, 5)

1.4 (or, 15)

0.10 (6 1, Zyp = 85, 1

14.1 (s)

‘ -
g = 5

J“' = 54)

Iy = 57

JHU = 57)

wy = 58

h = 58



Table 2-11 (Cont’d)

CoM M0} In(Phe, ) N coc,
CeDe

I
CoM(NOI, (P(0PN) ] . coct,
CeDs

I

P e

1
COUONDIA, P(ONe) ] noc

31

Cp
Pe.
¥
Cp
Pre
-
Cp
Phe,
-
Cp
PRe

Cp
P(OPD),
-t

Cp

3
3.60 {d, 3, "o € 1)

3
1.87 (av 9' J"P s 9.5)

- LT
0.65 (0, 1, “u; = 84,

3 3
5.73 (00, 51 "0 "y

3
1.80 (d, 9 JHP = 9.7)
b

J

N0
5.11 (s, 5)

1.39 (dy 9, 200 = 9)

: Y7 Yyp

. "

13 (0, 1, g = 84,
4.80 (a0, 5, J = 1.8)
1.20 (4, 9, a“np = 9.5)

noP

5.10 (s, §)

1.3 (br, IS)

2

-1082 90. 2' J“ s 86'

P
4.69 {s, 5)
1.2 (br, 15}

2, |
'1.58 ‘01 Zv J"P * 87v

137 (s)

5.17 (s, 5)

347 (0, 9, Y0 = 12)
: ' Yyp

2
1.74 (d, 2, JMP = 81,

1
J“' = 66)

S 1S, (1)

JHU = 66)

Y * 88)

J"' = 81)

JHU = 87)



Table 2-11 {Cont’a)

[CPHINO) L, ],

(CON N0, (5t ,°

(CoN(NOIH], (u-t),©

# coct Ce

“w

€0

6% Cp

H coct Cp

co

H coci

¥-ti, -

32

2
6.30 (s, J"' e 1.8}

5.00 (s}

6.21 (s, 10)

TR
'1.21 (S| 20 J”H' s 3.7, J”'
1 -
J“,' = 70.8)

= 88.3,

5.31 {s, 10}

-1.21 (s, Z)d

5.95 (s, 10)

2
M R T T I

y .
* 4.5, Mo = 95,

6.99 (m, 2, 34

2
SN
2

J"' 2 13)

-2.05 (@, 2, N s 4, 121l

i
Sy =9

HOOH(X ) noow

5.93 (s, 10)

2

6-55 (dd. Z| ZJ s 3.0' J

I
(A

139 (~q, 1,

HIAIH(N) HIAH(X) ©

. 8.5, = 99)

=25 o 29

RIMH(X)
-5.94 (to, 1, 'y, .. = 96)

H(N}W

HexOw
5.23 (s, 10)

1.0t (m, 2)
-1.90 (m, 2)

5.26 (s, 10)



Table 2-11 (Cont’a)

(Cpﬂ(m)(ﬂ(wh)a)]z‘(u-n)z° W coc

€0

Hply) Ced

(COMNO(P(ONe) )1, (1), ' C.O

[CDH(NO)BrZ]2 H . CDCI3

66

U-ﬂﬂ-ﬂ

-

Cp
P(OPD)
¥-H-¥

Cp
P(0Ph)

33

6.64 (ad, 2)
1.66 {~q, 1)

-5.99 (td, 1)

4.97 (s, 10)

1.4 {br, 30)

1.10 (m, 2)
5,17 (dy 10, 3.0 = 1)
A7 (dy 10, Ty =

1.0 (br, 30}

2, . v
1.32 (t, 2, Yup = 24, JHH = 55)

|
151 (s, JP! = 595)

5.23 (s, 10)

3
3.67 (a, 18, dop = 12)

2, b,
0.82 {t, 2, dyp = 28 = 53)

3
5.60 (s, 10, Yop * 1)

i .
3.55 (d, 18, “Uy = 12)
2 !
0.84 (t, 2, "5 = 26, J = 54)

2
6.35 (54 JHH = 1.8)

5.08 (s)



Table 2-11 {Cont’d)

CpH‘NO)BrH[P(OPn)sl Iy CDCI3 Cp 5.29 (6. 5, 3J"" = 0.7)
P(Ogg)3 1.3 (or, 15)
- 3 - 2 -
N-H 0.21 {d sex, I, dyy = 01 = 112,
I
J"u=49)
' 3
0606 Co 4.84 (d, 5, JHH = 0.7)
P(Oﬂn)3 6.8-1.5 (br, 15)
- i, . 2,
V-1 0.20 (d sex, I, JHH = 0.1, JHP = 12,
|
Iy ° 48)
K1 | 1
P{'H) 0606 120.2 ( Jpy = 360)

a In CDCI3. CpH(NO)lz(Pnea) exists exclusively as isomer A.

b N0 = not observed.

¢ See text for a complete discussion of the ln NAR spectrum of this complex.

‘°3u satellites.

d [CbH(NO)l]Z(u-N)Z is not sufficiently soluble in C606 to perlitvresolution of the
e Couplings not as well resolved as in CDCIa.

f  Couplings not resolved in CDCIa,



Results and Discussion

The interrelationships between the compounds studied in this
investigation are summarized in Scheme 2-1. The preparation and
characterization of each of these complexes will now be

considered in turn.

A. Preparation of [CpW(NO)IH]Z.
As has been previously reported,(Z) [CDW(NO)IHJ2 may be
prepared as an analytically pure compound via step a in Scheme

2-1 (eq. 2-1) by the treatment of [CpW(NO)12]2 with an equimolar

Na[HzAl(OCH CHZOCH

2 3)2]
[CPW(NO) 1,1, - [CPW(NO) IH], (2-1)

amount of Na[HZAI(OCHZCHZOCHB)Z] inia mixed solvent system of
CHZCIZ/PhH. However, there are a number of important factors in
this preparation which have not previously been detailed that
must be controlled in oraer to obtain uncontaminated
[CpW(NO)IHJZ. Firstly, the reaction must be done as quickly as
possible since the preparation of [CpW(NO)IH]2 is accompanied by
the formation of some brown, insoluble byproducts which appear to
catalyze the decomposition of the desired species and so this
material must be rapidly filtered away. Secondly, the
stoichiometry of the Na[HZAl(OCHZCHZOCHa)ZJ addition is important

because it reacts further with [CpW(NO)lH]2 (see below).
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Scheme 2-1

[CpW(NO) 1,1, 2"“3;‘3“2‘”2 » 2 CpW(NO)L(PRy)
2H" 2H”
a CH20l2. PhH 9 PhH
[CpW (NO)IH], "Rt)c“zc'z"""“.- 2CpW (NO)IH(PR,)
2H" h 2H"
CHZCQ,PhH PhH
[COW (NO)H)» | | CpW (NO)H,(PR3)
d 2PR3 A PhH or CHZCI?_
< |PhH e
[CPW(NOH (PR3],

where R= Me, Ph, OMe, or OPh

Thirdly, the specified mixed solvent system is necessary. The

presence of CH_CI is needed to solubilize the [CpW(NO)12]2

2
starting material, but usihg this exclusively as a solvent
results in the final product being contaminated with Nal.(7)
(Nal is insoluble in the prescribed solvent system). 1f benzene
alone is uséd as the solvent, a large amount is needed to
solubilize the starting material and isolated yields are
generally reduced. Interestingly enough, [CpW(NO)IZ]2 is
suFFiciehtly less soluble in toluene than in benzene so as to
make the former soivent inappropriate for this reaction.

Finally, if [CPW(NO)IH], is obtained in an impure form, it is
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prone to undergo rapid decomposition both in solution and in the
solid state to a brown, intractable solid.

Pure [CpW(NO)IH]2 is a deeply coloured, dark green solid
which is thermally stable at room temperature in the solid state
under N2 for several months. As a solid, it is air-stable for
short periods of time, although solutions are somewhat more air-
sensitive. The complex is only slightly soluble in nondonor or
weakly donating solvents, with the solubility increasing in the
order hexanes, EtZO (insoluble) < toluene < benzene < CHZCIZ.
The resulting solutions are intensely green in colour and appear
red to transmitted light. Donor solvents, however, appear to

cleave the dimer after initital sotubilization (cf. step b of

Scheme 2-1) with tl/Z ~20 min in THF (eq 2-2). In solvents in

[CpW(NO)IH]2 + 2 THF 2 CPW(NO)IH(THF) (2-2)
green, initial YNO orange, final ¥NO
1 1

= 1650 cm = 1632 cm

which it retains its dimeric form, [CpN(NO)IH]2 is much less
stablie than as a solid, thereby precluding recrystallization.

For example, over the course of 3 days in C606 (more quickly in

CDC13) at room temperature, a green solution of [CpN(NO)IH]Z

slowly deposits the ubiquitous brown solid, and a sharp singlet

at 8§ = 1.50 appears in the 1H NMR of the colourtess supernatant,

along with attendant loss of all signals due to [pr(NO)IH]Z.

< (8)

Analysis by gas chromatography and GC-M of the solvent after
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distillation showed the product of this decomposition to be
undeuteriated cyclopentane, CSHIO’ in_?60—70% yield based on
évailable hydride H atoms. This must result from the auto-
hydrogenation by the compound of its cycliopentadienyl 1igands.
This mode of decomposition is in marked contrast to that observed
for the unstable molybdenum analogue, which apparently rapidly
loses H2 in solution and converts to the well-known
{CpMo(NO)I]Z.(l’g) The tungsten congener of this latter complex

is, as yet, unknown.

B. Spectroscopic Properties of (CPW(NO) IH],.

The dimeric nature of the complex is suggested by the
observation of a parent ion (mixture of P+, (P+2H)+: m/z = 816)
in the low-resolution mass spectrum. Unfortunately, overlapping
of some medium and strong intensity peaks in the lower mass range
makes any Further'unambiguous assignments extremely difficult.

Infrared spectra of [CpW(NO)IHJZ. either as a concentrated

Nujol! mull or as a CHZCI2 solution, show strong absorptions

1

attributable to terminal NO groups (eg. 1646 cm ° in CH,CI

appear to lack any bands attributable to terminatl W-H

Iinkages:(lo); absorptions attributable to W-H-W

bridges are not visible either, but, as noted in chapter |, these

are expected to be extremely weak and difficult to identiFy.(ll)

The lH NMR spectrum of the complex in CDCI3 (see Table 2-11,

Fig. 2-1) is particularly interesting. The hydride region
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Fig. 2=1. The 270-MHz !

3 8(ppm) 2

H NMR spectrum of [CDW(NO)I]z(u-H)2 in CDCI
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consists of a singlet, surrounded by two AA'X quartets due to
coupling to 183w (I = 172, natural abundance = 14.49) whose
combined area integrates to ~25% of the total hydride resonance

(the coupling constants given in Table 2-11 were calculated from

(12) 1

conventional algebraic equations). Furthermore, if the 'H

NMR spectrum is recorded under our usual Fourier transform
conditions of a 45° flip angle and ~2.5 s between pulses, the

relative integrations of the C HS:N—H resonances are ~3.5:1

5
instead of the expected 5:1. This was curious, as metal hydrides

~ are known for often having lengthy relaxation times.(l3)

Consequently, a T, experiment was performed with the result that

the Tl for the CSHS peak was found to be 15.3 s, while that for

the hydride resonance was 2.74 s (see Fig. 2—2).(14) Reports of

such a long reiaxation time for cyclopentadieny! protons are

(15)

rare, only one having previously appeared. This phenomenon

has been attributed to rapid rotation of the Cp ligand about the

metal—-Cp centroid axis. We have also found analogously low

1

integrations for C resonances in the H NMR spectra of most of

55
the complexes investigated in this study when a suitable delay

between pulses was not employed. Tl values were not measured for

any of the other compounds.
With the IR spectrum of the compound showing no bands
attributable to terminal W-H ligands and the hydride region of

183

the lH NMR spectrum showing W satellites integrating to 25% of

the area (see below), the possibility of [CpW(NO)IHJ2 containing

40



184

. 1 ; S )
S —— ———— 505
T T ‘s
I J 20s s
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' s 3s
T
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00300 ms
100 ms
s X —— 20 ms

Stacked plots of the resuits of the 270-MHz lH NMR Tl
exper iment on [CpW(NO)l]Z(u—H)2 in C606 using a 180°-1-90°
pulse sequence. The 1 for each sub-experiment is given

beside each plot. T ‘s : Cp = 15.3 s, W

1 (u_ﬂ)z = 2.7 s.
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briadaging H ligands is suggested. However, further discussion on
the structure of this compound will be deferred until the

properties of several related compounds are discussed.

g. The Complexes CpW(NO)IHL (L=Phosphine or Phosphite).

The orange compounds CpW(NO)IHL (L=P(OPh)
(2)

3 P(OMe)3 and

PPh3) have been described previously and their IR and NMR data
have been included in Tables 2-1 and 2-11 for the sake of
completeness. Briefly, they are prepared in ~40% yield (based on
[CpW(NO)Iz]2 by addition of a stoichiometric quantity of the
Lewis base to a dark green solution of [CpW(NO)IH]Z, followed by

chromatography on Florisilt and crystallization from

CHZCIZ/hexanes (steps a and b in Scheme 2-1, eq. 2-3). The

[CpW(NO)IH]2 + 2 L 2 CpW(NO)IHL (2-3)

CH2C12/PhH

yvields of monomers are essentially quantitative from the
[CpW(NO)IH]2 dimer and are marked improvements on their
preparations via steps f and g in Scheme 2—1.(2)
The physical and spectral properties of these three

compounds, as well as isomef A of CpW(NO)IH(PMes) {(see below),
suggest they are all monomers and are isostructural. They are
all orange, diamagnetic compounds that are stable in air for at
least several hours with no noticable decomposition occurring.
They are quite soluble in polar organic solvents (e.g. CH,CI

2C15),
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but only sparingly soluble in non-polar ones, to give mildly air-—
sensitive solutions. Their low-resolution mass spectra display
peaks corresponding to P+. (P—-I)+ and (P—L)+. where P = monomeric

parent fragment. Their IR spectra display vNo's in the region

1

1643-1613 cm ' (Table 2-1), suggesting terminal NO ligands.

These frequencies decrease, as expected, as the electron-donating

(16)

abilities of L increase in the order L=P(0Ph)3 < F’(OMe)3 <

PF’h3 < PMe3. In addition, weak absorptions attributable to

)(10)
WH

in these spectra. These latter vibrations increase in

(16)

terminal W-H stretching vibrations (v are observable at

~1900 cm !
frequency with the electron donating abilities of L, thereby
presumably indicating a corresponding increase in the W-H bond
strength. By analogy with the better known CpM(CO)ZHL (M=Cr, Mo
or W; L=CO or phosphine), these compounds probably possess a
conventional "four—-legged piano-stool” molecular structure.(l7).
In our case, with four unique ligands in addition to the Cp
group, there are a number of possible arrangements of these
ligands in the basal plane. Because the W atom in these
molecules is a chiral centre, these isomers consist of three sets
of enantiomeric pairs.

1

The "H NMR spectra of these complexes in CDCI3 or C.D

6 6
(Table 2-11) suggest the presence of only one isomer (as well,

of course, as its enantiomer) in solution. Thé observation of a
singlet C5H5 resonance and (large) ZJHP values in the range of 84

(18)

to 112 HZ is indicative of a cis orientation of the L and H
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ligands (1 and 11) (ZJHP’S of ~20 Hz would be expected for a

(18) 3lp’

trans configuration). In addition to coupling to

183

hydride resonances exhibit coupling to W, with these

satellites integrating to the expected 15% of the total hydride
integration. Unlike the positions of the VNO and VWH frequencies
in the IR spectra, no trends are evident in the positions of the
cyclopentadienyl or hydride resonances in the NMR spectra with

respect to the electron donating abilities or steric bulks of

(16)

L This is in agreement with Darensbourg and co-workers’

(19)

observations on the [HW(CO)4 L]_ system. However, as

summarized in Table 2-11, the values of lde do fncrease and

those of ZJHP do decrease as the electron-donating ability of L

increases. This is in contrast with the carbonyl results, where

2

the JHP values were observed to correlate with the steric,

rather than electronic, properties of L, and no trend was

1, (19)

observable with respecf to HW

The matter of the magnitude
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of 1

JHN in these and other complexes will be dealt with in much
more detail in chapter 3. On the basis of all these data, it is
not possible to determine whether the NO ligand is trans to L
(structure 1) or trans to H (structure I1). Our preference is
for structure I, with the strongly electron withdrawing NO trans
to the L donor ligand, and the two, one—eleétron l1igands mutually
trans, but such an identification must await a single—crystal X-
ray analysis of one of these compounds.

When L in reaction 2-3 is PMe the situation is slightly

37
more complicated than with the other L’s just considered. The
CpW(NO)IH(PMe3) product is formed as a mixture of two isomers
(designated A and B in Tables 2-1 and 2-11). One of the isomers
(A) is isolable in 11% yield by using the chromatographic
procedure employed for the other CpW(NO)IHL compounds. However,
fractional crystallization of the reaction mixture before
chromatography gives an analytically pure light brown mixture of
the two isomers in 367% yield. As discussed above, the
spectroscopic properties of isomer A suggest it is isostructural
with the other CpW(NO)IHL compounds. Comparison of the IR
spectrum (CHZClZ) of the isomeric mixture with that of A alone
shows both a broadening of the NO stretching band and the

1

appearance of a new v at 1898 em . The lH NMR spectrum of the

WH

mixture in C606 shows that they exist in an approximate 5:1 ratio
(A:B) initially. The spectrum in CDC13. which has better

resolution, shows the Cp resonance for isomer B to be resolved
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into a doublet of doublets, presumably due to coupling to both
the P and hydride atoms. This suggests(ls) that isomer B
probably has the structure of the third pair of enantiomers

referred to above, namely with the H and PMe_ ligands mutually

3

trans, i.e.

Curiously, no distinct resonance due to the hydride atom of
isomer B could be found in the lH NMR spectrum of the mixture.
Now having the CpW(NO)IHL compounds, it is interesting to

(18) and

compare their properties with those of the CpW(CO)ZHL
CpW(NO)IZL(l) series. The most striking difference between the
CpW(NO) IHL and CpN(CO)ZHL complexes is that the latter unde}go
rapid cis/trans isomerization in solution under ambient

conditions and the.isomers cannot be isolated independently.(la)

The CpW(NO)IHL compounds, on the other hand, generally exist as
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only one isomer (H and L cis) and no isomerization appears to
occur. In the one case where mixtures of isomers can be prepared
(L=PMe3), the isomer with H and L trans undergoes spontaneous
isomerization to the other isomer in CDCI3 solution over the
course of one week at 20°cC. Simitarly, preparation of the
CpW(NO)IZL complexes according to step f in Scheme 2-1 (eq. 2-4)

results in only one isomer when L=P(0Ph)3. P(OMe)3 or PPh

3°

Again, when L=PM83, two isomers (A and B in Table 2-11) are

formed in the ratio of ~5:1. In this case, isomer B is even
CHZCI2

[CpW(NO)IZJ2 *.2 L 2 pr(NO)IzL (2-4)

less Kinetically stable than in the case of CpW(NO)IHL, as it is
converted into isomer A immediately upon dissolution in CDCI3 and

somewhat more slowly in C6 6°
The second difference between the carbonyl! and nitrosyl
complexes is that the hydride resonances in the lH NMR spectra of
the CpW(NO)]lHL complexes appear at much lower field (by 6-8 ppm)
than do the corresponding signals for the CpW(CO)ZHL compounds.
In fact, the hydride resonances for all the hydrido nitrosyl
complexes investigated during this study are much less shielded
than is customary for middle and léte transition-metal hydrides
(see chapter 1). This point will be discussed further in chapter

3.

Finally, a comparison of IR data shows another interesting
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trend (Table 2-1). When one of the I atoms of CpW(NO)IZL is

replaced by an H atom, the v  diminishes by 20-25 em . This is
probably a refiection of the lower electronegativity of the H
atom versus an | atom and the correspondingly greater electron
density on the metal centre of the hydride complex available for
back—-donation to the NO ligand. However, no trend in the

1

chemical shifts of the H NMR signals of the cyclopentadienyl

ligands is evident when the replacement occurs (Table 2-11).

D. Synthesis and Properties of [CpW(NO)Hz]Z.

As is shown in step ¢ of Scheme 2-1, further addition of
Na(HZA](OCHZCHZOCHB)ZJ to the green filtrate containing
[CpW(NO)IHJ2 gives, after workup..low yields of orange

[CpW(NO)H2]2 {eg. 2-5). UuUnfortunately, this addition is very

Na[HzAl(OCHZCHZOCHB)Z]

[CpW(NO)IHJ2 [CpW(NO)H2]2 (2-5)

CHZLIZ/PhH

difficult to monitor because the guantity of [CpW(NO)IH]2
contained in the filtrate is not precisely known. It has proven
impossible to follow the reaction by IR sbectroscopy. as the NO
band of the'[CpW(NO)lH]2 starting material is very weak in this
system and it is difficult to tell when it has just disappeared.
Furthermore, the benzene solvent has a band that directly

over laps the YNO of the product. Attempts to follow the reaction
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by FT-IR spectroscopy anda employing computer subtraction of
solvent peaks were unsuccessful because the reaction must be done
rapidly for the same reasons as discussed above for the
preparation of [CpW(NO)IH]Z. Consequently, the addition of the
aluminum reagent must be monitored visually, with addition
ceasing when the reaction mixture is no longer green, but rather
a dark, orange-brown colour. Again, this is difficult to do
because the solutions are extremely intensely coloured, but it
has proven to be the only successful method. Independent
experiments involving addition of the aluminum hydride to a
solution made from a known amount of isolated [CpW(NO)IH]2
established that the stoichiometry is 1l:1, however, isolation of
the product [CpW(NO)Hz]2 from this procedure led to a lower
overall yield (based on [CDW(NO)IZJZ) than that above. Addition

of excess Na[HZAI(OCH CHZOCH3)2] results in further reaction to

2
give, as yet, unidentified hydride-containing products (as Jjudged

by lH NMR spectroscopy).

The [CPpW(NO)H isolated from the reaction mixture is an

21z
orange powder and may be crystallized to give small, red-orange
crystals in low yield as described in the Experimental Section.
The pure compound is a diamagnetic solid which persists in air
for short periods of time and is remarkably thermally stable,
being left unchanged when heated at 100°C overnight under NZ‘
Its solubility properties are very similar to those of

[CpW(NO)IH]Z. Like the latter complex, the dihydride dimer
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undergoes decomposition during 1 week in CDCI3 at room

temperature with the resulting formation of cyclopentane.
However, 0606 solutions of this compound show no evidence of
decomposition even after several weeks under the same conditions.

The IR spectrum of [CpW(NO)Hz]2 in CHZCI2 shows a strong YNO

at 1599 c:m'-l and a much weaker, termina)l vWH at 1906 cm_l. the

latter contrasting to the spectrum of [CpW(NO)IH)Z, which has no
such band. The low-resolution mass spectrum (probe temperature

120°C) of [CpW(NO)H2]2 suggests the expected dimeric structure,

with a highest—-mass peak at m/z = 560, corresponding to

(p=2ry*. (2)

It is the lH NMR spectrum, however, particularly in CDC13,
that provides the most information about the structure of the
.compound (Fig. 2-3). This spectrum shows that two isomers (A and
B in Fig. 2-3) are present in solution, in an approximate 1.3:1
ratio, with this constant in CDCI3 and CGDS' The assiénments of
the observed resonances to individual isomers were made on the

basis of homonuclear decoupling experiments.(z)

183

Exclusive of

W satellites, isomers A and B exhibit AA“XX’ and AZMX
patterns, respectively, for their hydride ligands. The coupling
constants for isomer B are, of course, easily calculated since it
is a first-order spectrum. However, precise calculation of such

(12) is not possible for the AA‘XX’ system of isomer A

constants
because the spectrum is not sufficiently well resolved.(lz)

Nevertheless, these numbers may be reasonably estimated by
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Fig. 2-3. The 400-MHz !H NMR spectrum of (CPW(NO)H], (u=H), in CDCIj.
"A" and "B" refer to the hydride resonances assignable to

isomers A and B.



(20) and they are included ih Table 2-11.

The assignment of cis and trans lH—lH couplings across the metal

iterative simulation

centres (see below and Fig. 2—-4) are based on related assignments

discussed in chapter 4.

E. Molecular Structures of [CpN(NO)H]Z(u—H)2 and

[CpW(NO)IJZ(u—H)Z-

Numerous possible structures of [CpW(NO)HZJ2 having
different configurations of bridging and terminal hydride 1ligands
can be envisaged. The 1H NMR spectrum of this complex, however,
clearly shows that each of the two isomers A and B have two
bridging and two terminal hydride ligands. Generally speéking,
in molecules of this kind, the resonances for bridging hydrides

(21)  gp

occur at higher field than those for terminal hydrides.
this basis, the low field signals for each isomer (which have a
relative intensity of 2) may be tentatively assigned to terminal
W—-H groups with the remaining signals attributable to W-H-W
bridging linkages. More definitive, however, are the
integrations of the ‘83w satellites associated with each hydride
signal. The two downfield signals (§ = 6.99 and 6.55) have
satellites that integrate to ~16% of the total area for each
signal, while the the three upfield signals (6 = 1.39, -2.05 and
~-5.94) have satellites integrating to ~28%. In a binuclear
system, the relative proportions of isotopomers containing zero,

183

one and two W nuclei (l14.4% natural abundance) are
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(22)

73.3:24.7:2.1. Therefore, the three higher field resonances

are due to H atoms that show aimost equal (and large) coupling to

a 183w nucleus when it is at either metal centre. On the other

hand, the two lower field hydride peaks show coupling to a l83w
nucleus (with tlarge, one-bond coupling of 90-100 Hz) when it is
at only one of the two metal centres. Hence, the three upfield

resonances are due to bridging hydrides and the two downfield due

to terminal hydrides. 0Oeubzer and Kaesz have found that for

Cp. H_W+W(CO) ., Zd = 19.2 Hz(23) --— with this in mind, shoulders
22 5 HW

on the two downfield peaks may be attributed to two-bond,

tungsten—-hydrogen coupling across the H—w—183w system, with 2J

HW

=]3 and =15 Hz for isomers A and B, respectively. This
attribution is aiso consistent with the absence of these
shoulders on the resonances due to the bridging hydrides, for
which such two-bond coupling is not possible,.

On the basis of this evidence, [CpW(NO)H can therefore be

21z
more properly formulated as [CpW(NO)HJZ(u—H)Z. A large number of
structures consistent with the spectroscopic evidence are still
possible. After most of the work described in this chapter had

been published.(27)

we were fortunate to obtain a single crystal
of this compound suitable for X-ray analysis. This structure
will be discussed in detail in chapter 3 in a bonding context,
but inspection of the structure obtained (Fig. 3—-1 and 3-2) shows

that its hydride ligands would exhibit an AA’XX’ pattern in the

lH NMR spectrum and the structure is therefore that of isomer A.



(24). The

A drawing of this structure is shown in Fig. 2-4.
tungsten centres in this compound may be simplistically thought
of as four-coordinate and chiral due to having four different
substituents (H, NO, Cp and CDW(NO)HZ). Further examination of
isomer A shows, in fact, that it is a meso structure. It is
probable. therefore, that isomer B is a mixture of two
enantiomers of a diastereomer of A. However, unlike at analogous
chiral C centres where there is free rotation about all C-X axes
(X=any substituent), there is no free rotation about the W-W axis
in [CpW(NO)H]Z(u—H)2 (see chapter 3). This means any
reorientation of the wz(u—H)2 plane with respect to a fixed
orientation of the two CpW(NO)H end units would result in a
different molecule and a different hydride pattern in its IH NMR
spectrum. Consequently, there are a number of possible
structures of isomer B that can be envisaged--one of these is
depicted in Fig. 2-4. This was chosen simply on the basis that
it can be derived from the structure of A by the minimum number

1

of ligand exchanges and still yield an A_MX pattern for the 'H

2
NMR spectrum of the hydride ligands.

The wz(u—H)2 linkage of the dihydride dimer is not without
precedence in the literature, having been demonstrated
crystallographically by Churchill and Chang, and Bau and co-
workers (23} for [(u—H)sz(CO)BJZ- and having been proposed by Alt

(26)

and co-workers for [CpW(CO)Z]Z(u—H)Z. In the latter case,

the structural proposal was based primarily on the lH NMR
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183

spectrum exhibiting W satellites which were 249% of the total

hydride signal intensity. Our observations on the valence

isoelectronic [CpW(NO)H]Z(u—H)2 support this proposal.

Cp\ HX .,.HA Cp\ HX .,.Cp
ON:---W WETNO ON"/--W WE;-NO
HY Ay Cp HY A, H,
Isomer A lsomer B
(AA'XX") (A ,MX)
Cp H I
A\
ON°---W:+:W::NO
17 cp

Fig. 2-4. Probable molecular structures of [CpW(NO)H]Z(u—H)Z and
[CpW(NO)I]Z(u-H)Z.(24) The structure of isomer A of
[CpW(NO)HJZ(u—H)2 has been verified by a single

crystal X-ray analysis (see chapter 3).

Bearing in mind the spectral properties of

[CpW(NO)H]Z(u—H)Z, we can now consider the structure of
[CpW(NO)IH]Z.

compound (2 as

J.C. Oxley originally formulated this
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on the basis of the 18-electron ruie and incomplete analysis of

the lH NMR spectrum. The observation oF>183w satellites

integrating to 25% of the total area of the hydride signal rutles

out this possibility as a static (non-fluxional) structure. In

addition, the AA’X pattern of the 183 !

183 .
W couptling (lde = 88.3 and ldH,w = 70.8 Hz) leads us to

reformulate this compound as [CpW(NO)I]Z(u—H)2 (Fig. 2-4). (We

W satellites with strong "H-

have previously suggested the formulation of

(27) but now believe the structure with

[CpW(NO)]Z(u—H)Z(u—I)Z,
bridging hydrides and terminal halides to be the correct one
based on arguments presented in chapter 3). Such a bridging
hydride formulation also accounts for the lack of absorption
attributable to terminal W-H groups in its IR spectrum.
Unfortunately, it has not yet proven possible to grow single
crystals of [CpW(NO)I]Z(u—H)2 suitable for X-ray analysis due to
its instability in solution.

F. Reactions of [CpW(NO)H]Z(u—H)2 with PR, (R=0OPh or OMe).

3
Upon the addition of 2 equivaltents of P(OPh)3 to a benzene
solution of [CpW(NO)H)Z(u—H)2 at room temperature, the reaction

gradually changes from orange to intense purple in colour as

reaction 2-6 occurs (step d of Scheme 2-1I). The organometallic

[COW(NOIH,], + 2 P(OPh) 3 ——— [CPW(NO)H{P(OPh)3}1, + Hy,  (2-6)

PhH
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product may be isolated as a purple microcrystalline solid in 419
vield, while the H2 product was identified by GC—MS(ZB). The
solid may be handled in air for short periods of time and is
moderately soluble in non—-aliphatic organic solvents to produce
intense purple, air-sensitive solutions.

The IR spectrum of [CpW(NO)H{P(OPh)3}]2 in CHZCI2 shows a

strong v, at 1591 cm ! (which is very similar to that of the

dihydride dimer at 1599 cm_l) but no absorption attributable to a

terminal v The 1

WH*

contains the expected signals due to the phosphite and

H NMR spectrum of the complex in 0606

cyclopentadienyl 1igands and, more importantly, only one complex
multiplet that may be attributed to hydride hydrogens (Fig. 2-

5a). Careful integration of the spectrum, run with a sufficient
delay (45o pulse angle, ~10 s delay) between pulses to éllow the

cyclopentadienyl peaks to relax properly, shows that the ratio of

.1€29)

Cp to hydride hydrogens is 5 In addition, the 1H spectrum

run with 31P decoupling (Fig. 2-5b) shows lde = 55 Hz. This

fact permits the assignment of the complex multiplet shown in

Fig. 2-53 as the superimposition of a 1:2:1 triplet (due to

1 2

H—31P coupling, JHP = 24 Hz) on top of a doublet (due to

1,183,

H coupling) of 1:2:]1 triplets. Integration of either of

the hydride signals in Figure 5 shows the ‘83w satellites to

31

constitute ~25% of the total signal intensity. Finally, the P

NMR spectrum, recorded with only the phosphite protons decoupled,

consists of a 1:2:1 triplet with ZJPH = 24 Hz, in agreement with
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1 (2)

3
the H spectrum. 1

This relatively small "H- lP coupling is of

the magnitude expected for a trans H-L configuration by analogy

to those observed for the CpM(CO)ZHL {L=tertiary phosphine)

series of compounds.(le)

a) b)

U

1.40 1.30 120 140 1.30
8{ppm) 3(ppm}

Eig. 2-5. The hydride regions of the 400-MHzZ a) 1H. and b)
H(3'P) NMR spectra of [CPW(NO) {P(OPR) 331, (u=H), In

C606.

Taken together, the spectroscopic properties of

[CpW(NO)H{P(OPh)3}2] suggest its dimeric formulation and it is
therefore, perhaps, best formulated as [pr(NO){P(OPh)3}]2(u—H)2

with a8 structure as depicted in Fig. 2—6.(24) The two phosphite
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ligands are shown &8s being trans to each other since molecular
.models suggest that a cis configuration would be very
unfavourable on steric grounds. The hydride 1igands must be
exchanging rapidly on the NMR time scale in order to maintain, on
the average, something akin to a trans orientation with respect
to the two phosphite ligands. This will be dealt with further in
chapter 3. Thé wz(u—H)2 linkage in this system must be weaker
than those in [CpW(No)IJZ(u—H)2 and [CbW(NO)H]Z(u—H)Z since the
low-resolution mass spectrum of [CpW(NO)(P(OPh)B)]Z(u—H)2 {probe
temperature = 120°C) shows highest-mass peaks attributable only
to a mixture of [CpW(NO)H{P(OPh)B}]+ and [CpW(NO){P(OPh)B}]+ (m/z

= 590,184y, (2)

H ~P(OPh)
W __+_ W NO
()hl,:‘( \

3

(OPh),P

Eig.2-6. Proposed structure of [CDW(NO){P(OPh)B}]Z(u-H)Z.(24)

The weakness of this wz(u-H)2 interaction is reflected in
the instability oF'the compound. As summarized in step e of

Scheme 2-1, when a3 purple solution of [CpW(NO)(F’(OPh)B}]Z(u—H)2
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is stirred at room temperature (for a few days in benzene or a
few hours in CHZCIZ) it gradually becomes orange. Addition of
hexanes to the final solution. induces the precipitation of a
small amount of CpW(NO)HZ[P(OPh)BJ as an analytically pure orange
powder. This complex evidently resuits from a disproportionation

reaction of the starting dimer (eq. 2-7), but the nature of the

other organometallic products is not clear. A number of new,

CH CI2 or PhH

2
- [CPW(NO){P(OPh),}].,(u~H) CPW(NO)H,[P(OPh) 5] (2-7)
3742 2 2 3

~"CpW(NO)[P(OPh)3]"

cyclopentadienyl-type resonances are observed when this reaction
is followed by Ty NMR spectroscopy. In any event, the
occurrence of the individual reactions 2-6 and 2-7 (steps d and e
of Scheme 2-1) clearly shows that the reaction of
[CpW(NO)H]Z(u—H)2 with Lewis base does not proceed simply in a
manner analogous to that of steps b and f (eq. 2-3 and 2-4), as
in eq. 2-8. Surprisingly, CpW(NO)HZ[P(OPn)B] does not appear to
be accessible via step h (Scheme 2-]1)~--i.e. metathesis of an iodo

ligand with Na[HzAl(OCHZCHZOCH Stirring of

321+
CpW(NO)IH[P(OPh)3] with the aluminum hydride reagent overnight

results only in partial decomposition of the starting nitrosyl

hydride and no formation of the desired product.
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CHZCI2 or

[CPW(NOIH] , (u-H) 5, + 2 L X% 2 CPW(NO)H, L (2-8)

PhH

The complex CpW(NO)HZ[P(OPh)3) is an orange, diamagnetic,

relatively air—-stable solid which is soluble in most common,

organic solvents. An IR spectrum of a CH_.Cl. solution of this

27 2
compound (Table 2-1) has absorptions due to both terminal hydride
and terminal nitrosyl ligands. Its lH NMR spectrum (Table 2-11)
shows a@ Cp to hydride H atom ratio of 5:2 and has a hydride
resonance pattern qualitatively very similar to those of the
CeW(NO) IHL complexes (see above). This compound, therefore,

likely has a conventional "four-legged piano-stool" structure

with two equivalent, mutually trans, hydride ligands, f{.e.

*p(OPh),

Proton NMR monfitoring of the reaction QF [CpW(NO)H]Z(u—H)2
with P(OHE)B in Cc,Dg suggests that it proceeds analogously to

that of P(OPn) (eq. 2-6 and 2-7), albeit more rapidly. The only
3

difference is that. . in the presence of the sterically less

demanding phosphite, the purple intermediate
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[CpW(NO){P(OMe)a}]Z(u—-H)2 is formed as a mixture of isomers
(designated A and B in Table 2-11). The isomers show resonances
consistent with their having structures analogous to that in Fig.

2-6, with the P(OMe) ligands cis to each other in isomer A and

3
trans in isomer B. Both isomers appear to disproportionate in
solution at room temperature (the sterically crowded A more
rapidiy than B) to form CpW(NO)HZ[P(OMe)a] with the same trans
dihydride structure as the P(OPh)3 complex described above. No
other'hydride complexes of tungsten are detectable in the final

solution. None of these F’(OMe)3 compounds have been isolated in

a pure form.

9. Preparation and Properties of [pr(NO)BrZ]Z.
The yields of all the hydride preparations discussed above
are not very satisfactory. In particular, it was especially
desired to raise the yield of [CpW(NO)H]Z(u—H)2 sO that its
potentially interesting chemistry could be conveniently studied.
It was felt that one contributing factor to the low yields of all
the preparations is the low solubility of the [CpW(NO)Iz]2
starting material in the reaction solvents and the consequent
necessity of performing fhe reactions at room temperature.
Therefore, the bromo analogue was prépared in the hope that it
would be more soluble (on the grounds of smaller size and lower

molecular weight) and the reactions could then be tried at lower

temperature.
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The preparation of [CpW(NO)Br by ;he addition of a

212, |
stofchiometric amount of a Brz/CHZCI2 solution to CpW(CO)Z(NO)

(1) (seheme 2-11).

proceeds analogously to that of [CpW(NO)IZJ2
Scheme 2-11
_ _ -1
CpW(CO)Z(NO) Veo = 2010, 1927, “no = 1655 cm
Br‘z/CHZCI2
- CO
CPW(CO) (NO) B, Voo = 2099, v, = 1693 cm !
- CO
-1
CPW(NO)Br, vao = 1655 cm

The IR bands describeq in the Experimental Section may be
assigned to starting CpW(CO)Z(NO). the pr(CO)(NO)Br2
intermediate and the final CpW(NO)Br2 (see below). The
particularly unusual feature of this reaction is that the final
green reaction solution deposits a brown, analytically pure,
microcrystalline solid, which is the [CpN(NO)BrZJ2 product. This
material is much more air-sensitive than its iodo analogue and,
although it may be rapidly handled and weighed in air as a solid,
such exposure must be brief. Solutions are sufficiently air-
sensitive that complete decomposition of the complex occurs
within five minutes upon exposure to air. The brown complex is

considerably more soluble in most non-aliphatic, non-coordinating

organic solvents than is [CpN(NO)12]2 to yield brilliant green
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]

(30)

coloured solutions reminiscent of CpW(NO)ZCI. In

coordinating solvents, such as acetone, [CpW(NO)Brz]2 dissolves
to instantly give orange solutions of what presumably is the

solvated monomer, CpW(NO)Br_L (L=solvent). The IR spectrum of

at 1655 cm_l.

2

the bromo compliex in CH2C12 shows a single YNO

8 crrf-1 lower than that of its iodo analogue.(l)

the lH NMR spectrum of CpW(NO)Br‘2 dissolved in CDCI3 shows the

Interestingly,

expected singlet (at 8§ = 6.35), but this peak is sufficiently

183

narrow that coupling of the cyclopentadienyl protons to W can

be observed (ZJHW = 1.8 Hz - Fig. 2-7). Reinspection of the

spectrum of the iodo compound shows the same phenomenon (CDCI

= 6,29, dew = 1,8 Hz). None of the other cyclopentadieny]l

3+ ¢

tungsten compounds discussed in this thesis have narrow enough

cyclopentadienyl resonances for this coupling to tbe observable.

Unlike [CPW(NO)I (;) the tow—-resolution, electron-impact mass

2120

spectrum of [CpW(NO)Br (probe temperature = lSOOC) has no

272
peaks that can be attributed to a di-tungsten species, with the

818 184

highest mass peaks (m/z = 439; r, W) observed being due to

* «ps2)yh.

the monomeric ion [CpW(NO)BrZJ

The unusual brown/green solid/solution colour characteristic
of [CDW(NO)BI"Z]2 when compared to (CPW(NO)1,},, which forms dark
yellow—-brown solutions from the brown solid, led us to speculate

that the bromo compound might have a different solution

structure. Therefore, gualitative UV-vis spectra of the two
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6.40 6.30
S(ppm)
Fig. 2=7. The BO-MHz lH NMR spectrum of CpW(NO)BrZ in CDCI3
showing 2d = 1.8 Hz.

HW
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compounds were run in CHZCIZ (Fig. 2-8). At concentrations
5

appropriate for such spectra (1072 to 107> M), .solutions of the
iodo compound are bright yellow in colour, while those of the
bromo are a pale yellow—green. Although no attempt to measure
extinction coefficients was made, it was clear that much less
concentrated solutions of the iodo complex were needed to obtain
good spectra. Inspection of these (Fig. 2-8) shows that they are
qualitatively very similar, except the peaks for the iodo
compound are shifted ~100 nm to lower energy. The d-d
transitions may be assigned to the weak bands at 698 and 772 nm
for the bromo and iodo compounds, respectively, while a number of
much more intense charge-transfer bands may be seen at higher

energies.(Bl)

The spectrophotometric reason for the different
colours in solution is now apparent. The colour of the bromo
compound is governed by the weak d-d transition whose maximum fs
Jjust within the visible.region (400-700 nm), while thét of the
more intensely coloured iodo compound is governed by the much
stronger charge-transfer band at 447 nm. This band has shifted
from the ultraviolet region for the bromo complex into the
visible region for the fodo as part of the above mentioned 100 nm
shift. The overall similarity of the spectra suggest no radical
structural difference between the two complexes in solution.

The most obvious possible structural difference between two

such compounds would be a monomer/dimer differentiation. The

[CpW(NO)IZ]2 compiex was formulated as a dimer on the basis of
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the 18-electron rule and the observation of peaks in the mass
spectrum due to di-metallic containing Fragments.(l) The first
compound of this type, [CpMo(NO)IZJZ. was formulated as a dimer

on the same basis.(aza)

However, the tris-pyrazolylborate
analogues are believed to be dimers when the pyrazole rings are
unsubstituted (e.g. [(Hsz3)Mo(NO)12]2) but monomers when these
rings are partially methyl substituted (e.g.
[HB(3.5—ﬁesz)3]Mo(N0)12).(32b) The latter concliusions were
based on solubility properties and solution molecular weight
measurements on the substituted compounds. Additionally,
Cp*W(NO)I2 was recently prepared in our laboratory (see chapter
4) and shown to exist as a monomer both in the solid-state and in
CHZCIZ solution.(33)

It is clear from the fact that the electron—impact mass—
spectrum of [CpW(NO)BrZJ2 shows no di—tungsten fragments that any
(presumably) halide bridges holding such a dimer together must be
weaker in this compound that in its iodo analogue. However,
although the bromo compound is much more soluble than the iodo,
it is still not soluble enough for a solution molecutlar-weight

(34)

determination. Nevertheless, our belief is that

[CpW(NO)Br2]2

probably dissociates substantially upon dissolution to give green

exists as a brown dimer in the solid-state, but

solutions of the monomer, CpW(NO)Br although the evidence is

2'
not very conclusive. The similarity of the UV-vis spectra of the

bromo and iodo compounds would therefore suggest that the latter,
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too, forms a monomer in solution. These suggestions are
supported by recent electrochemical studiés which show the
simitarities of the cyclic voltammograms of the CpM(NO)X2 species
and by the preparation of a series of [CpH(NO)X2]°“ radical

(35)

anions. Additionally, the observation of orange coloured

solutions when [CpW(NO)Br is dissolved in coordinating

2]2
solvents (e.g. acetone) is suggestive of the formation of a
CpW(NO)BrzL {(where L = solvent) species. This is the same colour
as those observed for the CpW(NO)XZL (X=1, H, L=tertiary

phosphine or phosphite) series of complexes discussed earlier.

H. Preparation and Properties of CpW(NO)BrH[P(OPh)BJ.

Regardless of whether [CpW(NO)BrZJ2 exists as a monomer or
dimer in solution, it does meet the above stated objective of
greater solubility than its iodo analogue. The first step in
assessing its utility as a starting material for hydride
synthesis was to prepare the most easily isolated analogue to a
known iodo compound. ansequently. CpW(NO)BrH[P(OPh)3] was
prepared, at room temperature, in a manner exactly analogous to
that of CpW(NO)lH[P(OPh)B] (steps a and b, Scheme 2-1 above and
ref. 2). The bromo compound is a bright, orange-red crystalline
material whose air—-sensitivity, solubility and mass—spectral
properties are analogous to those of its iodo relative.

Its other spectroscopic properties are given in Tables 2-1

and 2-11 and it is informative to compare them with those of
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CpW(NO)IH[P(DPh)B]. For ease of comparison these data have been
"partially relisted in Table 2-111. Primarily, these spectral

data indicate that the bromo and iodo compounds are

isostructural. However, there are some interesting comparisons

that can be made. Infrared spectra (CHZCI2 solution) of the two

Table 2-111. Comparative Spectroscopic Data for the

CpW(NO)XH[P(OPn)3] Complexes.

X I Br
IR(CHZCIZ) VNO 1643 1636
-1
{cm ) YuH 1883 1869
Y MR (CcDg) &Cp 4.85 4.84
(8:ppm, J:HZ) SW—-H -2.06 0.20
1
de 54 48
|
QHP 112 112
31,1 : . :
P{ H} NMR (C606) P 115.5 120.2
1
($:ppm, J:HZ) JPN 363 360
. -1
compounds show decreases in both the vNO (7 em ) and VWH

(14 cm_l) vibrational frequencies upon substitution of Br for 1.

A decrease in YNO is usually ascribed to an increase in electron

density on the metal centre, thereby permitting more back-bonding

into the NO n* orbital.(ae) The observed reduction in

Vno 'S
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opposite to expectation, as substitution of | by the more

(37)

electronegative Br (2.5 vs. 2.8) would be anticipated to

diminish the electron density on the tungsten centre available
for back-bonding. The reason for the observation of the opposite
trend is not clear. The decrease in VWH is more in line with

expectations, as the draining of metal electron density onto the

Br atom should weaken the W-H bond. The hydride regions of the

lH NMR spectra are also interesting to compare. Substitution of

I by Br shifts qu by + 2.26 ppm. Electronegativity
considerations would lead one to anticipate such a deshielding,
but these arguments are usually not useful when discussing

(38)

transition—-metal hydrides. On the other hand, the decrease

in lde is consistent with the trend observed for the CpW(NO)IHL
complexes with decreasing donor ability of L discussed above.

The initial objective of turning to the bromo analogues was
to improve the yields of hydride complexes. Unfortunately, a
yield of only 13% was obtained in the preparation of
CpW(NO)BrH[P(OPh)3]——Iess than one-third of that obtained for the
iodo compound. Likewise, numerous attempts to prepare
[CPW(NO)H], (u=H), in ‘CH,Cl,/toluene at 0°C from [CPW(NO)Br,],
only gave very low yields of poor quality material. Reaction
temperatures lower than 0°C were not accessible because the
dibromo compound became too insocluble at about this temperature

for the reaction to:be practicable. Attempts to use

[CDW(NO)BFZ]Z as a starting material for hydride synthesis were
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therefore abandoned.

1. The Cyclic Voltammogram of [CpW(NO)Iz]Z.
In her pretiminary work, J.C. Oxley explored a number of

(2) As she

different routes to some of thése hydride complexes.
so correctly pointed out, the low-yield step in all the routes
attempted, including those described in this thesis, was always
the halide/hydride metathesis. In addition to being metathesis
reagents, hydride complexes such as Na[HZAI(OCHZCHZOCH3)2] can
act as reducing agents. In fact, Na[HZAI(OCHZCHZOCHB)ZJ has been
shown to work aimost as well as Na amalgam as a reducing agent in
the preparation of CpMo(NO)L2 complexes (L=tertiary phosphine)
from [CpMo(NO)12]2(39) (eg. 2-9). Sometime after the synthetic

work described in this chapter was completed, the cyclic

voltammogram (CV) of CpW(NO)I2 was run(35) in CH2C12 and this
appears to offer some explanation for the low yields.(40) A CV
Na/Hg or
Na[HZAI(OCHZCH20CH3)2]
[CpMo(NO)12]2 + 4 L - 2 CpMo(NO)L2 (2-9)

THF

is shown in fFig. 2-9 and, as can be seen, there are at least two

reduction waves at relatively low potentials (-0.34 and -0.63 V

vs., SCE). The ease of these reductions suggests the metathesis

goes via an electron transfer mechanism, or, at the very least,
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Fig. 2-9.

-1
Volts vs SCE

The (reductive) cyclic voltammogram of CpW(NO)I2 in

CHZCl2 using a Pt bead electrode and BuaNPFé as the

support electrolyte. Scanrate = 0.4 Vs—l.(35'4l)




an electron transfer reaction is competing with metathesis. The
fact that the reaction between CpW(NO)I2 and

Na[HZAl(OCH CHZOCH3)2] to form [CpW(NO)I]Z(u—H)2 is instantaneous

2
is also consistent with an electron transfer mechanism. As Fig.
2-9 shows, the first reduction wave is completely irreversible
and so electron transfer from Na[HZAI(OCHZCHZOCH3)2] to CpW(NO)I2
must result in an unstable species that rapidly undergoes
chemical change. The low yields for the metathesis reactions can
therefore be explained by suggesting that this change removes the
tungsten reagent from any pathway leading to the metathesis
product, [CpW(NO)I]Z(u—H)Z. The desired product is obtained,
therefore, only because the metathesis is extremely rapid and can
compete with the electron transfer pathway. further studies to
clarify this issue are underway by other members of our research

group.(35)
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CHAPTER 3

Qn the lﬂ Nuclear Magnetic Resonance Spectra of

Organometallic Tungsten Hydrides

In the last chapter, the syntheses and characterizations of

[CpW(NO)IH]Z, [CpW(NO)H2]2 and [CpW(NO)H{P(OPh)3}]2 were
discussed. During this work, one of the classic problems in
bimetallic hydride chemistry was encountered--namely, determining
the mode of attachment of the hydride ligands to the metal

(1)

centres. In trying to establish the structure of a bimetalliic

hydride complex, any investigator must deal with two questions:
1) Are the H atoms attached in a terminal or bridging fashion?
and 2) Even if the physical properties of the complex in solution
suggest the presence of a bridging H ligand, is this a truly
static linkage or is it a time-averaged structure reflecting the
occurrence of rapfd fluxional processes such as

H

H
| /\
M—M' &= M—M' = M—M' ?

H

As in our case, when one of the metals involved {s tungsten, the

principal tool employed to attempt to answer these questions is

lH NMR spectroscopy, since tungsten has a naturally occurring

183,

(14.4% abundant), spin 1/2 isotope, Arguments about the

nature of the W-H interaction in bimetallic compounds have

involved both the chemical shifts of the hydride resonances and

the magnitudes of the lH—183w coupling constants observed in the

(28)

solution lH NMR spectra of these species. .- However, there has
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been considerable uncertainty as to how these NMR parameters are
affected by the bridging or terminal nature of the H ligands(33)
as well as by the other ligands present in the complex. In this

chapter, lH NMR arguments are made that eliminate much of this

uncertainty.

For our di-tungsten complexes, we, too, had to answer the
two questions posed above. Fortunately, our problem was
simplified by the unique nature of (CpW(NO)HZ]Z. As discussed in
chapter 2, and will be dealt with further in this chapter, this
compound is more correctly represented as [CpW(NO)H]Z(u—-H)2 and
has both bridging and terminal hydride 1igands that are static.
Moreover, the distinctive lH NMR spectral parameters of this
complex have allowed us to develop criteria with which to

!

reinterpret numerous "H NMR spectra of bimetallic organotungsten

hydrides reported in the literature. In doing so, the static or
fluxional characters of a number of such species have been
deciphered, some of whose structures in solution have not been
known with certainty for over 20 years. Furthermore, it has been

183

found that the magnitudes of experimentally observed lH— W

coupling constanté permit reasonable estimates of the types of

fluxional processes operating and, occasionally, the approximate

"time scales involved; Finally, and perhaps most importantly, it

will be demonstrated that within certain, well-defined families

of compounds the dependence of the magnitude of lJHw on the

nature of the W-H 1ink can often be rationalized in terms of
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straightforward bonding arguments.

Because of the central importance of [CpN(NO)H]Z(u—H)2 to

the overall discussion, the results of a single crystal X-ray

analysis of this compound will be presented first.

Results and Discussion

A. Crystal and Molecular Structures of [CpW(NO)H]Z(u—H)Z.

The complex [CpW(NO)H]Z(u—H)2 was prepared as described in
chapter 2 and small single-crystals suitable for X-ray analysis
were grown by slow evaporation under N2 of a saturated CHZCI2
solution of the compound at room temperature in a three-neck
flask closed with a shut gas inlet tube and two unpunctured Suba-

Seal septa(?) (CH,C1, loss occurred via absorption of the solvent
vapour by the septa). Details of the data collection and
refinement have been published elsewhere.(a)
The crystal structure of [CpW(NO)H]z(u-—H)2 consists of
discrete molecular units separated by normal intermolecular
contact distances. Each unit, two views of which are shown in
Fig. 3-1 and 3-2, consists of a centrosymmetric dimer of the form
Cp(NO)(H)W(u—H)ZW(H)(NO)Cp whose atomic coordinates and important
structural parameters are given {in Tables 3-1 énd 3-11. The W-N-
O groups are essentially linear (174(1)°), with the short W-N
(1.753(11) R) and long N-O (1.218(16) &) bond lengths indicating

the existence of considerable back-bonding from the electron-rich
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Fig. 3-1. View of the molecular structure of [pr(NO)H]Z(u—H)Z.

H(B) and H(T) are shown in observed (but unrefined)

positions.

Fig. 3-2. End view of [CpW(NO)H]Z(u—H)2 down the W-W axis.
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Iable 3-1. Atomic Cocordinates for [CpW(NO)H]Z(u—H)Z.a

Atom x y z

W 0.17165(5) 0.04140(6) 0.16400(8)
N 0.2563(14) -0.1300(16) 0.0122(19)
0 0.3282(17) -0.2363(18) -0.0860(23)
C(l) 0.3499(17) _ 0.3538(19) 0.2323(26)
C(2) 0.2024(22) 0.4023(20) 0.2673(29)
C(3) 0.1876(20) 0.3124(24) 0.4711(32)
C(4) 0.3226(20) 0.2090(24) 0.5598(23)
C(S)b 0.4247(16) 0.2425(21) 0.4117(23)
H(T)b 0.182 -0.150 0.351

H(B) -0.049 -0.022 0.168

a Crystal Data: triclinic system, Pl space group, a = 8.542(1)

AR, b = 6.607(2) X, c = 5.838 &, a = 94.64(2)%, B =

108.06(1)°, vy = 98.70(2)°.

b Hydride positions estimated from the electron-density

difference maps, but not refined (see text and ref. 3).

Iable 3-11. Important Interatomic Distances (A) and Angles (deg)

for [CpW(NO)H]Z(u-H)Z.a'b

W—W~’ 2.9032(9) N-O 1.218(16)

W-N 1.753(11) W-CP 2.019

W’ —W-N 99.5(4) W-N-0 174.3(10)

W’ —-W-CP 127.8 N-W-CP 126.6

a Primes indicate atoms related to those given in Table 3-1 by

the tranformation X,¥.,Z + —X,~-y,~2."

b CP is the centroid of C(l)—C(S):(0;2974, 0.3040, 0.3884).
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(4)

metal centres to the nitrosyl ligands. These structural

features are consistent with the relatively low nitrosyl-

1

stretching frequency (1599 cm in CHZCIZ) observable in the IR

spectrum of the compound (see chapter 2).
The most interesting part of this molecular structure is the
w2H4 grouping. The tungsten—-tungsten separation of 2.9032(8) X

is less than that of the W-W singlie bond (3.222(1) &) in

(5)
21

(2.448(1) A) in the most closely related species,
(6)

[CpW(CO)B] and rather greater than the MozMo triple bond

[CpMo(CO)2 The molecular structure of the tungsten

IPE

analogue, [CpW(CO) of this latter compound, has not yet been

2121
reported, but it is probable that its W=W distance is similar to
the Mo=Mo bond length in the molybdenum complex due to the

(7)

"lanthanide contraction.” In fact, the W-W bond length in the

dihydride dimer resembles the 3.0162(11) A separation found in

(8) thereby

the valence isocelectronic anion [{W(CO)4}2(u—H)2]2—s
indicating substantial metail-metal bonding in [CpW(NO)H]Z(u—H)2
(see below). The positions of the Cp and NO groups, and the
metal—-metal axis (Fig. 3-1) leave a "hole" in each tungstens
coordination sphere, suggesting the presence of one terminal

Iy

hydride ligand on each metal centre. Taken together with the
NMR spectrum discussed in chapter 2 and the crystallographic
centre of symmetry, this further implies the existence of two

bridging hydride ligands between the tungsten atoms. These

conclusions are given qualified support by the observation of
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regions of increased electron-density in the expected places in
the difference maps,(3)~but none of the hydride atom positions

(3)

could be successfully refined. Nevertheless, reasonable

positions for the bridging and terminal hydride ligands (H(B) and
H(T) respectively) could be assigned and they are given in Table
3-1 and Fig. 3-1 and 3-2. The plane defined by W, H(B), W’ and
W’(B) lies staggered between N0’ and H(T) (Fig. 3-2) as would be
expected on the basis of simple steric considerations and lends
credence to the assigned locations of the bridging hydride
ligands. By analogy with the solid-state structure of
[{W(CO)A}Z(u—H)Z]Z—.(B) it is believed that H(B) and H’(B) are
indeed equidistant from the two tungsten centres and that the
bridging systems are regular.

As discussed in chapter 2, [CpW(NO)H]Z(u‘-H)2 exists in
solution as a mixture of two isomers, A and B (ratio ~1.3:1 at
20°C), and the solid-state structure found here is that of isomer
A. Since a crystal of A_was subjected to X-ray analysis, the
possibility arises that in the solid-state, [CpW(NO)HJZ(u-H)2 may
exist solely as this isomer and that isomer B is formed only upon
dissolution of the compound in various solvents. We believe that
this is unlikely since the relative proportioﬁs of A and B are
the same in CDCI3 and 0606' Hence, it is more likely that both A
and B are formed during the initial synthesis of the complex and
its is mere chance that a crystal of A was selected for X-ray

analysis.
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B. Bonding in the wz(u—H)2 Unit of [CpW(NO)H]Z(u-H)Z.

Conventionally, the bridging system in [CpW(NO)H]Z(u—H)2

H
would be formulated as wé%%w the formal W=W double bond being
H

invoked so that each metal centre could attain the favoured 18-

(3) Identical'bridging systems

2-(8a)

valence electron configuration.

have also been proposed for [{(W(CO) (u—H)Z] and

al2
[CPW(CO)]Z(u—H)Z.(IO) However, the only related system to have

been subjected to detailed theoretical analysis to date is the
H

70N .
m\“/Os link in (u-H)2053(CO)10. On the basis of Fenske-Hall

molecular orbital calculations and the gas—-phase ultraviolet

(1)

photoelectron spectrum of (u—H)20$3(CO) Sherwood and Hal

10°
concluded that the major part of the bonding in the Osz(u-H)2
system is composed of two three~centre, two-electron 0Os-H-0Os
bonds with an additional tzg-tzg
the metal centres. In addition, however, they noted significant

" bonding interaction between

hydrogen—-hydrogen anti-bonding interactions. Because of these
results and our observations discussed later in this chapter that

this type of wz(u—H)2 system has a considerably different effect

on IJHw than would be expected from its representation as

primarily two independent three-centre, two-electron W-H-W
bridges, we believe that the planar wz(u—H)z»entity is best

considered as a single, four—-centre unit. To reflect this unity,
H
we therefore pfopose the "fused" notation w=£=w to represent
. H .
the bridging system in [CPW(NO)H],(u-H),. Such an interaction

results Iin a formal tungsten-tungsten bond order somewhat greater

86



than one, as is reflected by the W—-W separation observed in the
solid-state, above. That this wz(u—H)2 interaction is quite
strong is also suggested by the rigidity of the complex in
solution (see below). Finally, this linkage is also probably
aided by the presence of the NO ligands, which are known strong
n-acids. (%) Like the CO groups in (u-H),08s5(CO) 5.1 the
nitrosy! ligands can, in principle, remove W-W 1* antibonding
electron density and thereby increase the net metal-metal
bonding. Obviously, the confirmation of these inferences must
await a theoretical analysis of the bonding in [CpN(NO)H]Z(u—H)Z.

C. The !

H NMR Spectrum of [CpN(NO)H]Z(u—H)Z.

The assignment of the lH NMR spectrum of [CpW(NO)H]Z(u—H)2
has been discussed in chapter 2 in some detajl. However,
thorough analysis of this spectrum yields considerably more
information than mere assignment of the bridging and terminal
nature of the hydride ligands. Firstly, it can be seen that
observed values of the lde and ZJHW coupling constants are in
the range of 90-100 Hz and 13-15 Hz respectively (see Table 2~
Il1). Secondly, and very importantly, the spectrum shows that
both isomers A and B of [CpW(NO)H]é(u—H)2 are stereochemically
rigid on the NMR time scale. This can be concluded because of
obsérvations of well-resolved 1H—lH coupling amongst the hydride

1igands. In fact, from this, a reasonable estimate for the

minimum lifetime of (e.g.) isomer B with respect to
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intramolecular H(T) and H(B) exchange can be calculated to be 1 =

90 ms, since Av = !JHﬂA (12)

Therefore, this spectrum indicates that for a given

3“2,5 Hz.

electronic environment in bimetallic complexes of this type,
1) the m;gnitude of the lH_183w coupling is essentially

i ndependent oF.whether the hydride ligand is attached in a
bridging or terminal fashion;

2) one-bond lH—183

W coupling is greater than two-bond;
and 3) the resonances due to bridging hydrides appear upfield of
those due to terminal hydrides.

These key results, particularly 1), coupled with the
spectral parameters of appropriate monomeric tungsten hydrides,

now enable us to reanalyze the !

H NMR spectra of a number of
bimetallic tungsten hydride complexes that have been reported in
the literature over the years. First, however, we must discuss
what sort of spectral patterns would be expected for given
situations and how our results shed light on these patterns.
D. lH NMR Spectroscopic Criteria for Elucidating the Structures
of Bimetallic Organotungsten Hydrides in Solution.
For a NZH spin system, the lH NMR spectrum should consist of
an equally spaced, five—-peak pattern having an fntegrated

intensity ratio of 0.5:12.3:74.4:12.3:0.5 regardless of whether

the system involves a static, bridged W-H-W link or is undergoing
(13)

rapid H-W-W T—=W-W-H fluxionality. The fundamental
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difference between the two cases is that in the static situation,

_ 1 . : .
Jobsd = JH(B)—W’ while in the fluxional case J
2

1 .
1/2¢( JH(T)—w + JH(T)—W) as shown in Fig. 3-3. Analyses of

obsd ~

heterobimetallic spin systems of the type WHM give similar

conclusions, although for these systems only a three-1line lH NMR

pattern (intensity ratio = 7.7:85.6:7.7) due to coupling to ‘83w

1,,_183,

would be expected.  Reasonable estimates of the three "H

coupl ing constants involved in all these cases are obtainable by

analysis of the lH spectra of appropriate monomeric hydrido-—

tungsten complexes and by application of the principles derived

from our analysis of the spectrum of [CPW(NO)H]Z(u—H)Z, above.

1 1 2 .
JH(T)—w’ JH(B)—w and JH(T)—w in hand

(see Table 3-111), we are in a position to judge whether a

Having these estimates of

particular bimetallic organotungsten hydride is static or
fluxional in solution (with respect to the exchange of H 1igands
between metal centres) on the NMR time scale if the appearance of
its lH spectrum does not resolve this question unambiguously.
Furthermore, {f the bimetallic complex is judged to be fluxional,

the magnitude of J observed enables us to make reasonable

HW
estimates of the types of fluxional processes involved and, on

occasion, their approximate time scales.

The systems whose reported lH NMR spectra we have analyzed
are grouped éccording to families in Tables 3-1V and 3-VII.
These groupings contain most of the bimetallic'tungsten hydrides

and related monomeric complexes to be found in the literature to
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Static : Jobs?® 1JHBW

Fluxional : JObS: 1/2 (1JHTW . ZJHTW)

Jobs Jobs

Jobs
0.5 123 7% 4 123 05

Calculated Peak Intensities

Fig, 3-3. Expected IH NMR pattern for static and fluxional W-H-W
systems, the outer lines being drawn twice their

actual size for clarity.

date. In addition to the chemical formula of each complex and

the relevant lH‘NMR data, static representations of the tungsten-

hydrogen bonding interactions have been included since they are

central to hany of the arguments presented below. These "fused"

bonding representations are not, however, intended to reflect the

structural dynamics of the complexes in solution, but rather what
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Iable 3-111. Approximate lH—183W Coupling Constants Expected for

Stereochemically Rigid Organotungsten Hydrides.

nature of W-H approximate
linkage expected
family conventnl fused? "g-ww
of compds reprsntn reprsntn n J (Hz2)
Cp,W W-H W-H 1 75
WAV B
H \H
PN H 1 100
‘”\—H—/” w=+=u
H
H H 1 75
VAR
) .
CpW(CO), W-H W-H 1 40
H H 1 80
N\
w\n/" W=+=M
H
H H 1 55
M W+M
7N C
7N
H H
WS, 1 40
w M
W(CO); W-H W-H 1 55
2 15
H H 1 60
~N
w M
&
H “ 1 40
w/ \M )\
w L]
CpW(NO), W-H W-H 1 200
2 20
CpW(NO)? W-H W-H i 50-90
H H 1 70-100
/N
W\H =W w=+=w
H
H H 1 55
W——';;W W—+—W
H
a The rationale behind the use of the fused representation for
the various W-H linkages is presented in the text.
b Because of the variety of other ligands coordinated to the

CpW(NO) fragment, this family of compounds exhibits more

variation in the expected nJHw values.
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the bonding would be if the compound were static. In the

following discussion, all the Iy-183y coupling constants are
assumed to have the same sign, although no determinations of such

signs have been reported in the literature. However, spin

tickling experiments on [Cp“W(NO)H](u—H)z[Cp'w(NO)(CHZSiHeB)]

discussed in chapter 4 show that for this system, at least,

1 1
YH(B)-W’

suggesting that the above assumption is valid.

2
JH(T)—w and JH(T)—w all have the same sign,

E. szw Derivatives (Table 3-1V)
This family of compounds provides, perhaps, the most

unambiguous series of organotungsten hydrides for analysis.

Consideration of the lH NMR parameters in Table 3-1V for the szw

derivatives which are unquestionably rigid(za) in solution on the

NMR time scale leads to the approximate nde values listed in

Table 3~111 for this family. These approximate coupling

constants can be used to predict the solution molecular

structures of the various fluxional species in this family.

The observed 1H—183w coupling constant of 45 Hz for the

5

[(CpWH)Z(u-H){u(ns-CsHa—n —CSHA))]+ cation at ambient temperature

is consistent with the system undergoing terminal-terminal

hydrogen exchange H—W—=W—H = H—W=—W—H
H H
For such an exchange, JHN {predicted) =

2

1/6 (3 x IJHN +3x 29, =1/6 (3 x 65+ 3 x 20) Hz = 42.5 Hz,

in excellent agreement with the observed value. This exchange
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1

Table 3—-1V. Tungsten Hydride "H NMR Parameters for szw

Derivatives.

..’IN,,Il)w
complex ™ (°C) solv W=H interaction® & (ppm) n J* (Hz) Jgq (H2)  ref
Cp,WH, CeH, M ~12.28 1 732 14,15
W\N
[Cp,WH,)* conc HC! " H. 644 1 47.8¢ 1%
W<N.
"
' Hp. 608 1 NR
Cp,W(H)Ph C¢D, W-H ~11.1 1 80 16
Cp,W(CH,), CD, . W-CH, 0.24 2 6.0 17
Cp;WHW(CO)4 THF - co,“,u__ww. :'s(.z ; ?g.g 15
N, .
Cp;WH;Mo(CO), . THF H NR 1 658 15
Cp;MoH W (CO); THF i NR 2 196 15
[(CPWH),(e-H)u(n*-CsH~n*-CsH)I* CD,CN j‘\ -16.0 45 18
H—w W
{CpaW(u-H);Pt(PE,)(Ph)]* -30  CD,.Cl, 4‘; e :A.—l;.l 1 991 19
w==p1 L1711 1011
He e ’
{CpHW (u-H)Pt(PEL;),(Ph)}* -20  CDb,Cl, /L -18.7° 59.7 19
He—W Pt
[Cp,W(4-H);Rh(PPh;),]* CD,Cl, " -18.11° 107 20,21
wqﬂh
H
[CPW (u,0:1-5-9-CsH ) (n-H),IrH(PPh;),1* CDh,Cl, . 4;, H, -1641 1 92 2
< Hp. -1828 1 ~90
ne e Hc -2455 2 NO .
[CPW (H)(u,0:1~5-2-CsH,) (u-H) IrtH(dppe)(PPh;)1* CD,Cl, " ~15.88¢ 38 21
H—w Tr—H
Cp,WHAIE1, CeH, " -12.43 1 ~72 22
N—i—AI
Cp;WH;ZnCl,DMF DMF " -13.0 1 760 23
w—i—ln
a Ambient temperatures unless indicated otherwise.
b The W-H bonding interactions are discussed in detail in the
text. -
c NO = not observed (i.e., the cited paper specifically states
183 . ’
that no lH— W coupling was observed). NR = not reported

({.e., No mention whatsoever is made of this parameter).

d This coupling constant may be too low by a factor of 2 (cf.
ref 15).
e The complex is fluxional on the NMR time scale at the

indicated temperature and all hydride H's are equivalent.
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probably proceeds via a symmetrically bridged W-H-W intermediate,
but the intermediate does not possess a significant lifetime on
the NMR time scale and is therefore undetectable. A similar

exchange mechanism,
H—W—Ir—H &= H—W-=—Ir—H
: H H
may be invoked for the [prH(u.ozl-5—n—C5H4)(u-H)IrH(dppe)—
(PPh3)1+ cation at room temperature to account for its observed

de of 38 Hz. For both these cases an approximate maximum

lifetime for the exchanging species can be calculated to be 1 = §

(12)

ms, since Av = AJ > (65-20) = 45 H=z. This same type of

calculation can be done for all the exchanging species discussed

“in this chapter.

The fluxionality of the [szHw(u-H)Pt(PEt3)2(Ph)]+ cation at
—20°C is clearly different from that just considered since its

JHw value is 59.7 Hz. This observation may be reasonably well

accounted for by invoking either of the exchange mechanisms shown

below, f.e.
H=—W=—=Pt == H—W=—Pt—H

H

for which JHN (predicted) = 1/4 (3 x !

-

mem-w * e -w) =

1/4 (3 x 65 + 20) Hz = 54 Hz, or
' H

w—7—¢a:= ‘)\

H—w Pt
- '3 H l l
for which J . (predicted) = 1/4 (3 x Yyiry_w *+ Yymi)-w) =

1/4 (3 x 65 + 65) Hz = 65 Hz, if it is assumed that !J

'y

H(T)-W
H(B)-W 25 is true for [CpW(NO)H],(u-H),. Both these types of

fluxfonality are also consistent with the limited variable
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temperature lH NMR data on this complex.(lg)

1

The !'H NMR spectrum of [CpZW(u-H)ZRh(PPh3)2]+ fn CD,C1, at

ambient temperature is particularly interesting in that it
indicates both hydride ligands to be equivalent (rather than the
expected AA’MXX’ (= HH’RhPP’ system) and therefore fluxional, and

displays a large JHw value of 107 Hz. As can be seen from Table

3-111 and from a general perusal of Tables 3-1V to 3-VIIl, a

tungsten~hydride interaction that can be written (in static form)
as w=¥=u always shows a ly-183

greate: than that for its monomeric parent. The observation of
such a large coupling for this W=;=Rh linkage immediately

H
suggests what type of fluxionality is occurring. If this

H— W coupling constant considerably

compound were undergoing

H' H.
H/W=Rh/ = \W=Rh\H'
. : 1 2
fluxionality, then J_. (predicted) = 1/2 ("dy1y_w + “Yymy-w) =

1/2 (100 + 20) Hz = 60 Hz--a long way from the observed value.
On the other hand, if the exchange process involves the two.
hydride 1igands maintaining direct interaction with both metal

centres (e.g. by spinning about the metal-metal axis), then J

HW
- 1 1 =
(predicted) = 1/2 ( JH(B)-N + JH(B)—W) = 1/2 (100 + 100) Hz =
100 Hz—--very much in agreement with observation. An identical
conclusfon was reached by the originail lnvestigators(ZO'ZI) on

1

the basis of variable temperature 'H NMR studies.

The Lewis adduct complexes of CpZWH2 (e.g. szwHZ-AlEt3 and

CpZWHZ-ZnCIZODMF) present a different and interesting situation.
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These complexes have traditionally been assumed to involve a

(22)

simple W+M donor bond of the sort invoked for the

(15)

CpZsz»M(CO)5 compounds. This is because in the original

report on this type of compound (on CpZWHZOAIHeB). the IR

spectrum (KBr disc) showed a decrease in Yy uPon complexation

(1912 to 1898 cm !) which was thought to be too small for the H’s

(25)

to have gone from terminal to bridging. However, a recent,

low—-temperature (-166°C)'X—ray crystal analysis of CpZWH +AlMe

2 3
¢.(26)

shows this assumption to be {incorrec For this structure,

all the atoms including the hydride ligands could be refined, and
it showed these l11gands to be truly bridging--i.e.

szw(u-H)ZAlMeB. An earlier structure of CpZMoHZ-ZnBr *DMF

2
(27)

showed essentially the same thing. Simple electron—-counting

on these compounds shows that they cannot have a formally metal-
H

metal double-bond type of structure, e.g. w Al and this is

H

reflected in the observed J values (~75 Hz vs. 100 Hz).

HW
Rather, these compounds have a formally singly bonded W:;%l
type of linkage which appears to exhibit IJHN couplings "
essentially unchanged from those of the mononuclear precursor.
More will be said about this later in the discussion.

One final point concerning the data in Table 3-1V requires
discussion. This is that the chemical shifts of the individual
resonances due to the hydride |igands are unreliable guides to

their bridging or terminal natures. Signals due to static

hydrides terminally bound to the szw moiety can be found from
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4 -6 to -15 ppm, whereas those due to static, bridging hydrides
range from —-12 to -18 ppm. Although this agrees with the
generally observed trend of bridging hydrides exhibiting signals

(28)

upfield of those due to terminal H 1igands, it remains that

the overlapping of these two regions means thaf the chemical
shift of just a single signal cannot be employed with certainty
to determine whether a hydride is bridging or terminal. In
addition, in cases of fluxional molecules, the chemical shifts
provide no information whatsoever about whether the fluxionality
involves terminal—-terminal, terminal-bridging or bridging-
bridging exchange while, as we have seen, the observed JHw is

quite informative on this point. These same conclusions apply to

the other families of organotungsten hydrides which are

considered below.

F. CpW(CO)3 Derivatives (Table 3-V)

1

Although the maghitqdes of the H—IBBW coupling constants

observed for this family are smaller than those for the szw

derivatives, a similar type of analysis is possible. The model

1

complex, pr(CO)aH. exhibits JHN of ~37 Hz, which increases to

48 Hz upon replacement of one of the CO ligands by the strongly

basic PMea. This is presumably a manifestation of the f{ncreased

s—electron density at the metal centre in this latter complex

(see section I). As for the szw—containing compounds,
H

involvement of derivatives of this family in wW—e=w
H
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[able 3-V. Tungsten Hydride lH NMR Parameters for CpW(CO)3
Derivatives.

o IYRTT™

J
complex ™ (°0) solv W-H interaction® & (ppm) n J (H2) (lfl‘:) ref
CpW(CO),H CeH,, W-H -133 1 37.7 29
-10 cbCl, W-H -13 1 36.7 30
cis-CpW(CO),(PMe, ) H -38 C,D, W-H -8.32 1 48.0 3
trans-CpW(CO),(PMe;)H -38 C,D, W-H -7.51 1 43.0 3
CpW(PMe,)H, C¢D, W-H -3.95 1 425 2
CpW(PMe,),(n*-CsHy)H CeDs W-H -7.35 1 40 32
(ICPW(CO),h(u-H)* , conc H,SO, i -24.77 ] 38.6° e
w w
[ICPW(CO),l(u-H){CpMo(CO)4i1* conc H,SO, " ~22.88 1 38.0¢ 3
v/kuo
[CPW(CO);)3(s-H)(u-OMe) ~80 (CD,),CO H -10.56 1 57.4 3
wTw
{ICPW(CO)yhy(u-H)(u-MeCCMe))* (CD,),CO )"\ -18.5 1 32 »
’ w, W
[CPW(CO),) (w-H)(u-CHMe) [P1(PMe;);) "
isomer i -30 CDh,Cl, w+p -1.77 1 53 3%
isomer ii -30 CD,Cl, ' -8.29 i 56
/C\
Cp(CO);WCH(PMe;)-CHCOMe -20 CD,Cl, o 2.49 2 3.2 ¥
w<(!
w
2.01 2 45
[(PhPCsH,)W(CO);H]* CF,COOH W-H ~1.15 1 36 38
[CPW(CO),]:{u-H); -30 (CD,),CO H -13.24 1 83.1¢ 10
[(7%-C4Mes) W(CO),)y(u-H), (CD,),CO wet=w 930 1 8238 0
H .
CpW(CO0),(SnMe;) CeH, (n%-CsH )W NR 2 1.4 k)
W-Sn-CH, 0.52 3 ~0.6
a Ambient temperatures unless indicated otherwise.
b The W-H bonding interactions are discussed in detail in the
text.
c NR = not reported (i.e., the cited paper makes no mention
whatsoever of this parameter).
d ’83w satellites were reported to constitute ~149% of the
total integrated area ‘of the resonance.
e 183w satellites were reported to constitute ~249 of the

total integrated area of the resonance.

98



interactions markedly increases ld for example, to ~83 Hz for

HW?*
[CPW(CO) 51, (u=H) ,.

The complexes listed in Table 3-V that can be represented as

H
having 3-centre, 2-electron /L\ bridges constitute a most
w M

interesting cltass. These compounds fall into two categories:

unsupported and supported. In the former, the two complexes

which contain such an unsupported bridge,

1 83

[{CPW(CO) 3} (u=H) {CPM(CO) 3}1" (M=W or Mo), show H-183y coupling

constants of 38.6 and 38.0 Hz, which are similar to those

observed for the monomeric species. If these systems were

2

fluxional, then J_ (predicted) = 1/2 (‘de + 1/2 (40 +

de) =

1,183

15) Hz = 27.5 Hz if it is assumed that two-bond W coupling

in these systems is similar to that found for szw derivatives.

The only two-bond data available for the pr(CO)3 family involve

coupling through a carbon centre (Zde = 4 Hz)(37)

l1imited data in Tables 3-1V to 3-VII] suggest that through-carbon

——a scan of the

couplings are generally less than through-metal. Nevertheless,
the observation of coupling of the magnitude expected for a
monomer suggests that the [{CpW(CO)B}(u-H){CpH(CO)B}]+ cations in

solution are static with respect to hydride 1igand exchange.
In the second category are those complexes in which the
formally electron-deficient, 3-centre, 2-electron bridge is

supported by some other bridging ltigand. Superficially, the

bridges in [CpW(CO)ZJZ(u—H)(u—OMe) and [CpW(CO)ZJ(u-H)-

(u-CHMe)[Pt(PMeB)Z] each appear to be a combination of a
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separate, 3-centre, Z—-electron bridge and an electron-sufficient

(u-OMe) or (u—-CHMe) bridge. However, these complexes exhibit 1H—

183w couplings some 20 Hz greater than those for the unsupported

systems. Nevertheless these values are still ~25 Hz less than
» _
those observed for the w=*=w grouping in this family. To

H
reflect these facts, we believe that these two supported, planar

bridging systems are best viewed as single, four centre groupings

H
7N

7N
than as, for example, WM or W\O,M . Mese fused
7N |
symbols also visually suggest the similarity of these 1inkages to

H
the M=+=M bridge, which Sherwood and Hall have described(ll)

M
H
as being fundamentally the same, although the M=*=M interaction

H H
as the fused representations w=*=m and w=*=w imply, rather
PN ?

was shown to be weaker. Interestingly, this intuitively agrees

with the observed trend in coupling constants. When the bridge
H

incorporates a perpendicular acetylene to give W, W in
‘ . + 1,183 ¢
[{CpW(CO)Z}Z(u—H)(u—MeCCMe)] s the "H- W coupling constant

reverts back to that of an unsupported bridge, suggesting the
removal of planarity from the supported bridge results in a W-H-w
interaction that is essentially the same as an unsupported one.
Since‘the unsupported 3-centre, 2-electron |inkages appear to be
static in solution, it is believed that the supported ones are

non—-fluxional as well.
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g. W(CO)5 Derivatives (Table 3-VI1)

The obvious parent monomer presently known in this family fis

[HW(CO)S]-. and it exhibits lde = 53.4 Hz. Surprisingly, this

parameter does not change significantly upon replacement of a

carbonyl ligand by a phosphine or a phosphite. Nevertheless,
H
when these species engage in 3-centre, 2-electron w/Lw

1

linkages, there is a decrease in the observed H—183w coupling

constant to 38-45 Hz. At first glance, this would appear to be

suggestive of terminal-terminal hydrogen exchange (as for the

analogous szw derivatives discussed earlier). In such a

2

. . . 1 _ «
situation, de (predicted) = 1/2 ( JH + de) = 1/2 (54 + 15) H=z

(49)

W

= 34.5 Hz. However, the static nature of

[(N(CO)AP(OMe)B}(u—H)(N(CO)S}]— is established unambiguously by
the observation of two distinct lH-183w coupling constants, a
fact attributed to the presence of an asymmetric hydride

(41) 1

bridge. Furthermore, variable-temperature 'H NMR studies of

[N(CO)SJ(u—H)[AuPPhBJ have confirmed the absence of hydride

l1fgand exchange in this compound.(45)

By analogy, it therefore
seems likely that all the related species listed in Table 3-VI

are also static. This apparent contravention of the principles
established for the other families may possibly be explained by
the fact that the parent in this case is a monoanion, while the

parents in all the other cases are neutral. The anionic nature

of [HN(CO)S]_ would undoubtedly result in increased s-electron

density at the metal centre over what would be expected in a
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Table 3-VI. Tungsten Hydride lH NMR Parameters for W(CO)5

Derivatives.

W-H et g,
complex ™ (°C) solv interaction® & (ppm) n J(Hz) - (Hz) ref
[HW(CO),})" ] CD,CN W-H 42 1 53.4 40
[HW(CO),|P(OMe),]- CD,CN W-H -45 1 54 4
[HW(CO)(PMe,)]" CD,CN W-H -36 1 54 4
[{W(CO)gly(u-H)) THF ) -1252 1 419 Q
[{W(CO);l(u-H)[Mo(CO),l] THF -1237 1 423 &2
[{W(CO)sl(u-H)ICr(CO)4}]" THF -1543 1 ~40 R
[{W(CO).P(OMe)sly(u-H)}" CD,CN -119 1 45.2 430
[IW(CO)P(OMe),)(u-H)Cr(CO)4l] CD,CN > H < -144 1 384 4
[{W(CO),P(OMe);)(u-H)W(CO)J} CD,CN ,,J\,, -122 1 42,456* 4
[W(CO),(NO)}P(OMe);i](u-H) [W(CO)s] cbcy, -1250 1 39.5 44
[W(CO)s}(u-H)[AuPPh;} CD,Cl, -269 1 46 45
[W(CO),}(x-H)[Cp,Ta(CO)) CDs \ 1548 1 425 46
[{W(CO)4}{Fe(CO)H})- THF W-Fe-H = -118 2 150 47
[W(CO),}(4-CO)(k-n*-CH,C¢H Me-4)(u-dppm) [Re(CO);]  -20  CD,Cl, Moy -369 1 48 48
. C
v
8
(IW(CO) o (k-H),1* . (CD,),CO " -40 1 6247 43
w4=w
L]

W(CO)s(PMePh,) CH,Cl, W-P-CH, 221 3 2.1 39

a Ambient temperatures unless indicated otherwise.

b The W-H bonding interactions are discussed in the text.

c 183w satellites were reported to constitute ~249 of the

total integrated area of the resonance.
1 183 .
d Two separate H- W coupling constants are observable due

to the asymmetry of the complex.

e See text for discussion of this species.

f Redetermined value.

neutral species, and this could be the cause of the unexpectedly

large value of IJHW‘ The most appropriate parent for this family

could therefore be (nz'Hz)W(C0)3(PCY3)2 (Cy = cyclohexyl).

183

Unfortunately, probably because of dipolar broadening, L
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satellites of the n-H (50)

183

resonance were not observable. If

2

coupling to W is ever observed, it is predicted that the

coupling constant will be in the vicinity of 40-45 Hz (such

coupling may more conceivably be observable in the (nz-HD)

analogue). Because of the well-known isolobal analogy between
AuPPh3 and H.(Sl) the above mentioned [N(CO)SJ(u—H)[AuPPh3]
{perhaps better described as (n2—HAuPPh3)W(CO)5) may therefore be
a suitable parent "monomer." An alternative parent is one of the
recently reported HW(CO)X(NO)(PRB)A_x (x = 3 or 2) complexes,
however the lde values were not included in the report.(sz)

The [{W(CO)S}O{Fe(CO)4H}]_ anion is quite an interesting
species.' It was originally formulated as [{N(CO)S}-

(u~H){Fe(CO)4}]—(47a) but was later reformulated as having

"considerable Fe-H terminal character" on the basis of its solid-

(47b)

state molecular structure. In solution, some bridging

character was attributed to the hydride 1igand because of "the

distinctive highfield position of the hydride resonance (-11.8

ppm) and a definite (albeit small, 15.0 Hz) W-H coupling."(47b)

As has been noted earlier, the chemical shift is not a

particularly useful criterion to use in these situations. Since

the observed coupling constant is of the magnitude expected for

2
hw*
[{w(co)s}.{re(co)4H}]— is negligible. More recently, the

we believe that direct W-H interaction in

original investigators of the system have also adopted this

view.(SB)
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Previous investigators have reported lJHw values for

[{N(CO)A}Z(u—H)ZJZ— of 32(8P) anq 3p.4 Hz.(433)  These numbers
H

seemed too low for what would be expected for a w==w grouping

H
{see above). Consequently, we have redetermined this coupling

constant and found it to be 62 Hz, that is, twice the published

(43b)

value. This magnitude is more in line with the trends in

1, 183

H W coupling found for the other families of organotungsten

hydrides (Table 3-111).

H. CpW(NO)x (x = 2 or 1) Derivatives (Table 3-VII).
This general class of compounds may be divided {into

dinitrosyl and mononitrosyl spécies. Contrary to the original

(54a) 1

report, the H NMR spectrum of the parent dinitrosyl

hydride., CPW(NO),H (Fig. 3-4) shows a 'J_, of 200 Hz,34P) by far

the largest value yet observed for this parameter. However, the

binuclear derivatives [{pr(NO)Z}(u—H)(CpM(NO)z}]+ {M=Mo, W)

exhibit couplings only slightly greater than one-half that of the

parent. This immediately implies the occurrence of terminal-

terminal H exchange,
H

WM T W=—M

for which J, (predicted) = 1/2 ('J 2

H(T)-W ¥ dH(T)-w) =

1/2 (200 + 15) Hz = 107.5 Hz, a value not far from those

observed. A reasonable estimate for the maximum 1ifetime of each
isomer containing a8 terminal M-H is 1« > 1.2 ms, since Av = AJ >

185 Hz.(12)
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Table 3-VIIl. Tungsten Hydride 1

H NMR Parameters for CpW(NO)x

{(x = 2 or 1) Derivatives

b [IYRTES
complex ™ (°C) solv W-H interaction® & (ppm) n J (H2) Jored (H2Z) ref
CpW(NO),H C4Ds W-H 2.67 1 200/ 54
[{CpW(NO),l(u-H)]* CD,NO, o ~-8.33 114.2¢ 13
[ICPW(NO),}(u-H)ICPMo(NO),I}* CD,NO; § w A 892 1239 1
CpW(NO)IH|P(OPh),} CDCl, W-H -2.04 1 54 55
trans-CpW{NO)H,{P(OPh);} CDCl, H-W-H -1.82 1 88 55
([CPW(NO)I];(u-H), cDCly Moo -1.214 1 88.3 55
W w 1 708
! H
[CPpW(NO)H],(k-H), :
isomer A CDCl, " _ny Ha 699 1 95/ 55
L w 2 ~13
W, Hy, -205 1 9344
i B Dl M, Ha 655 ] 99/ 55
isomer 3 /w=+=w/n A 2 ~15
ooy Hy. 1.39 1 924
Hy -594 1 96¢
[CPW(NO){P(OPh),}};(u-H), CeDs " 1.32 554 55
W—Fw
]
Cp(NO)(Cl)W{CHCHC(O)Me] -20 cD,Ch, /cg" 7.64 2 8.8 56
w
a Ambient temperatures unless indicated otherwise.
b The W-H bonding interactions are discussed in detail in the
text.
c Redetermined value.
d 183w satellites were reported to constitute ~24% of the
total integrated area of the resonance.
e The ‘83w satellites form an AA’X system; see text for a
discussion of this species.
f ‘83w satellites were reported to constitute ~149 of the
total integrated area of the resonance.
g J = 172¢'y + N
obsd H{X)—-W H(X’)-W
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3
JHH =0.7 Hz

Vw200 Hz

|

A A
JL\ | A/ |

. ’ . s ‘. ) 2 ) ) 'I(mm)

Eig. 3-4. The 80-MHz 'H NMR spectrum of CPW(NO) ,H in CgDg.

The monomeric mononitrosyl compounds listed in Table 3-VII

1,183

display considerably smaller 'H W coupling constants.

Nevertheless, these values are larger than those found for

analogous CpW(CO)3H derivatives (Table 3-V). For the

mononitrosyl compounds, the fact that pr(NO)Hz[P(OPh)3] exhibits

a larger coupling than does pr(NO)IH[P(OPh)s] is again probably

a manifestation of greater s—-electron density at the metal centre

of the former compound. This is consistent with the electronic

changes expected when a terminal H ligand is formally replaced by

the more electronegative | ligand. As was discussed in chapter
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2, the series pr(NO)iH(PRB) (R=OPh, OMe, Ph, Me) shows an
increase in the lJHw coupling as the electron donating ability of

the phosphine increases (Table 2-11)--this, again, is as expected

(see below).

1

The 'H NMR spectrum of [CpW(NO)IH]2 (Fig. 2—-1) unequivocally

~establishes that the complex s rigid in solution on the NMR time

scale and that the hydride ligands are bridging. This is because

183

the W satellites exhibit an AA’X pattern, with the H’s

183

inequivalent in the isotopomers with one W nucleus, with fully

resolved coupled (Table 2-11) and the satellites integrating to

~25% of the total hydride integration. In our coriginal paper on

(57)

the subject, this complex was formulated as

14183y,

[CpW(NO)]z(u—H)Z(u—I)Z. The greater understanding of "H-

coupling constants developed since then leads us to reformulate

this compound as [CpW(NO)I]Z(u—H)Z. with a structure closely akin

to that of [CpW(NO)HJZ(u-H)2 (Fig. 2~-4) and containing the

H
familiar w=—x=w bridging group.(ss)

H
two-fold. Firstly, the lJHw values exhibited by

The reasons for this are

[pr(NO)I]z(u—H)2 are only slightly less than those displayed by

[CDW(NO)HJZ(u—H)Z. and this slight decrease is expected upon

formal 1 for H substitution (see above). Secondly, involvement
H
of a CpW(NO)IH molety fna w==w interaction would be expected

H
to result in increased H—183N coupling constants relative to
those exhibited by related monomers, and Jjust such an increase is

observed. As mentioned in chapter 2, however, it has not yet
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proven possible to grow crystals of this compound suitable for an
X-ray crystallographic analysis in order to resolve this issue.
As an aside, if _[CpN(NO)I]Z(u—H)2 is the correct formulation for
this compound, this brings up an interesting bonding questidn.
Assuming that the starting material! for this compound,
[pr(NO)lz]Z. is a monomer fn solution as discussed in chapter 2,
then metathesis of an I~ by an H in the preparation would lead
to the formation of CpW(NO)IH, which must subsequently dimerize.
Dimerization leads to several possible products, the most obvious
of which are [CpN(NO)H]Z(u—I)Z. [prIH]Z(u—NO)2 and
[CpW(NO)IJZ(u-H)Z. The first two of these have electron-
sufficient bridging systems, while the last, the apparent
structure, has a formally electron—-deficient bridge. Why that
this electron—-deficient system appears to be favoured over
electron-sufficient systems is intriguing and it would be most
interestiﬁg to see some thermodynamic data and theoretical
calculation on the subject.

The work described in chapter 2 on
[CpN(NO){P(OPh)B]JZ(u-H)Z. which &ontains a w—i—w bridging
system, established that, in solution, the two ;ydride ligands
are éxchanging rapidly on the NMR time scale so as to maintain,
on average, a trans orientation with respect to the phosphite
phosphorus atoms. If they were undergoing rapid terminal-

terminal exchange, that is,

$—1x
F—x

—%

I
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then the observed lH—183w coupling constant of 55 Hz would imply

2 _ 1
JHW)' and therefore 55 = 1/2 ( JHw

+ 15) Hz, yielding a value of ld

JHw (observed) = 1/2 (I.JHw +
HW = 95 Hz. This is higher than
those usually found for terminal W-H linkages in this class
(Tables 3-1I11 and 3-VII) (excluding HW(u-H)sz system).
Consequently, the nonrigidity of [CpW(NO){P(OPh)s}]Z(u—H)2 likely
involves the two bridging hydride 1igands exchanging by spinning
about the metal-metal axis and maintaining direct contact with

both metal centres in a manner analogous to that suggested for

[CpZW(u—H)ZRh(PPh3)2]+ discussed above.

As noted in passing above, all the nitrosyl complexes listed

1,183

in Table 3-VI1]l exhibit "H- W couplings that are considerably

greater than those shown by analogous carbonyl compounds (Table
3-V). This is probably a manifestation of the fact that NO
ligands appear to be much stronger donors of o electron density

(59)

than are CO groups. Such donation by the nitrosyls would be

expected to increase the tungsten centres valence s—-electron
density and, consequently, lde (see below). In addition, to

1,183

their effect on the "H W coupling constants, the NO groups

also influence the chemical shifts of the resonances due to the
hydride ligands. The signals range from +7 to -2 ppm for static,
terminal hydrides and from +1.4 to -6 ppm for static, bridging

hydrides for the complexes given in Table 3-VII. These are

substantia]ly downfield of those exhibited by most of the other

organotungsten hydrides considered in this study. In terms of
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the chemical shift of the hydride ligand, these nitrosyl

complexes seem to be between the electron-rich later transition

metal hydrides and the electron-poor early transition-metal

hydrides (see chapter 1). MWhile the general trend of bridging

hydride signals being upfield of terminal hydride signals(ze)

also holds for the hydrido nitrosyl complexes, the fact remains

that the chemical shift of a single hydride resonance is not a

particularly useful indicator of the bridging or terminal nature

of the H ligand.(so)

l. Justification for Using "Fused" Bonding Representations.

Although the theoretical factors that influence the

magnitudes of one-bond, metal-hydrogen coupling constants have

(61)

not been studied in detail, more general analyses of one-bond

(62)

spin-spin couplings have appeared. It has been shown that

this interaction is usually dominated by the Fermi contact term,

which, in turn, is dominated by the polarizability of the bond

(i.e. the amount of s—-character in the bond) and the valence s-—

electron densities at the coupled nuclei. In the case of

transition—metal —phosphorus coupling, it has been suggested that

(63)

the polarizability factor predominates. If these analyses

hold true for one-bond tungsten—-hydrogen couplings, then

increases in the metal s bonding components and valence s-

electron densities at the metal and hydrogen nuclei should be

1

reflected in increased magnitude of Hw+ In fact, this latter



factor has been noted in several of the families of tungsten

hydrido nitrosyl complexes discussed above.

Inspection of the data summarized in Table 3-I11 shows that

the magnitudes of lJHw depend on the nature of the tungsten-

hydrogen interaction and decrease in the order

H H H H
w=g=M > w=ﬁ=m > w/kM = W—+—M = W—H

H c H H
within each family of compounds. The fact that the w=+=m

H
bridging systems exhibit the largest lH—183w coupling suggests it

possess the greatest s-—-character of all these interactions. This

supposition is given iIndirect support by the results of the

calculations on (u—H)ZOSB(CO)10 which show that the analogous

planar (u—H)ZOs2 bonding unit contains a substantial amount of Os

(11)

6s character. Surprisingly enough, only recently have

detailed molecular orbital calculations on transition—-metals
H
involved in unsupported ‘J\M 3-centre, 2-electron
M

(64)

interactions appeared in the literature. This discussion on

the [{M(CO) (u-H)]  species suggests that the orbitals that

512
make up the M(u-H)M bridge contain, at most, only a very small

amount of metal s—-character. This appears to be reflected in the
smaller couplings observed for these systems. Of course,
detailed, comparative calculations are necessary to confirm these

arguments.

At least as important as these points is the trend in

H .
~coupling constants which fndicates that W=+=M groupings do not
H H

simply involve two separate, three-centre, two-electron w/kw



(or WZ>u ) groups as is implied by their representation as

w=—=mM . Therefore, they are best viewed as single, four-

H
centre units, and therefore the w=%=u notation is suggested.
H H

[The wW=t=M representation was considered, but rejected, since

H
this could be viewed as involving dihydrogen as a

(50,66,67)

ligand, a connotation we wanted to avoid.]  For similar

reasons, the "fused" representations are employed throughout this

thesis. One primary advantage of this notation is that each line

from an atom represents one orbital contributed by that atom to

the bonding interaction, Jjust as in the familiar three-centre,
H H
three-orbital w)\m description. Consequently, M=*=M
: H
indicates a four—centre, six—-orbitatl interaction (as the
H

calculations on (u-H)ZOSa(CO)10 show) , M—+—M a four-centre,
H
four—-orbital interaction, and so on. The simplest way of

deducing the appropriate "fused" representation for any given
dinuclear situation is to use the idea of a protonated metal-

(33,68) That is, to perform a normal electron

metal bond.
count(g) on the molecule after considering it to have lost any
bridging hydrogens as protons, leaving the molecule anfonic
(assuming, of course, it was neutral to begin with). The

bridging hydrides are then added by formal protonation of the

resulting metal-metal bond to give the "fused" picture, as in
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(:p.\ lﬁ_-] (:p~\ H .J4
ON-oW =+=WE:-.-NO

HY Cp | H W "Cp

Of course, the number of electrons involved in the bonding

interaction cannot be inferred directly from the notation.

H
However, the /L\ system is generally believed to involve two

M M
() and the calculations on (u-—H)2053(C0)10 do suggest
H

that the M=+=M interaction does involve four electrons(ll)
H
this counting technique implies. We therefore feel that the

electrons,

as

“"fused" notation is a useful, accurate and simple representation

of these electron-deficient bridging systems.

J. Summary

The unique nature of [CpW(NO)H]Z(u—H)Z. along with the
analysis of a large amount of data on tungsten hydrides in the
literature, has allowed us to gain considerable insight into the
factors that govern the magnitude of observed tungsten-hydrogen
coupling constants in mono and dinuclear systems. It can now be
seen that the observation of the size of these coupl ings can
generally give an excellent idea of the type of metal-hydrogen

interaction involved when such couplings are compared with others

of the appropriate family. It has been shown that in a given
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1 2

> =J

HW
Iy

electronic environment, lJH(terminal)—w x JH(bridging)-w
and that estimates for these values may be obtained from the
NMR spectra of the appropriate monomeric parent. Using these, a
large number of observed couplings can be explained on the basis
‘oF static interactions or specific types of fluxional pathways
involving exchange of hydrides between metal centres, and that
some fdea of the time scales of these fluxionalities may be
dbtained. Not surprisingly, it was found that compounds with 4-

H

centre, 6-orbital interactions, W=3=M are considerably less
H H
fluxional than those with 3-centre, 3-orbital w/kw bridging

systems. Inferences regarding fluxionality drawn in this way are
generally consistent with exchange mechanisms suggested on the

basis of variable temperature 1

H NMR studies. Although bridging
hydride ligands generally show chemical shifts in areas upfield
of those due to terminal ones, the fact that these regions always
overlap even in any one particular family means that a particular
resonance cannot be used diagnostically to determine the bridging
or terminal nature of a particular hydride ligand in a8 complex.

1,183

The magnitude of the W couplings appears to be
influenced primarily by the valence s—electron densities at the
tungsten centre and the s—-orbital component of the bonding.
Within a given family of bimetallic tungsten hydrides, these

coupl ings decrease in the order

H

H (3 H
w==M > w=*=M > ‘J\ o~ W—+—M ~ W—H
w M
H c H
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This fact suggests that the four groups that contain bridging
hydride ligands are best thought of as single units held together
by delocalized bonding which extends over all the atoms involved
in the bridge. This conclusion supports various molecular
orbital calculations in the literature on some of these bridging
systems. To convey the unitary view, the Qse of these "fused"
representations for the interactions is suggested. Finally, it
may be noted that similar trends may exist for the coupling of
hydrides to other transition-metal centres; for example, lJHR is

H H

greater for Rh=x=Rn than for nw)\n .(63)
’ h

H

h
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Chapter.4

Stable Alkyl Hydride Complexes of Tungsten

The yields of the hydride preparations from the metathesis
reactions of [CpW(N0)12]2 discussed in chapter 2 were not
satisfactory. In particular, the [CpN(NO)H]z(u-—H)2 compound,
which has the potential to exhibit much fnteresting chemistry,
could only be prepared in such a low yield (~10%) and through
such a tedious procedure so as to make the extensive
investigation of its chemistry impractical. Consequentiy,
another synthetic route into this area was highly desirable.

While the work described in chapters 2 and 3 was in
progress, other work from our laboratory detailed the preparation
of the unique compounds CpM(NO)R2 {M=Mo, W and R=bulky alkyl) via

)

reaction 4-1. The compounds were isolated in reasonable

RMgX HZO

[CpM(NO)IZ]Z-—————>[CpM(NO)R *MgX 2 CpN(NO)R2 (4-1)

212 2

yields, particularly CpN(NO)(CHZSiMeB)Z. which was obtained in

greater than 70% yield. These are unusually stable, 16-electron

compounds that have an available, open coordination site and have

been shown to exhibit interesting reactivity with several small

molecules, including 02,(2) 58(3) and NO.(4)

It was hoped, therefore, that hydrogenolysis of this

compound (hydride preparation route #l--chapter 1) would result
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in the formation of [CpW(NO)HJZ(u—H)2 (eq. 4-2). Preliminary

Hy

2 CpN(NO)(CHZSWHEB)Z-——————»[CpN(NO)HJZ(H‘H)Z + 2 He4Si (4-2)
?

reactions at low H, pressures (<60 psig) resulteq only in

2
decomposition and the desired product was not obtained. However,
when this reaction was attempted in the presence of a tertiary
phosphine (or phosphite), PR3. novel prbducts of the form
CpW(NO)(H)(CHZSiMes)(PRB) were obtained. These preparations and
associated chemistry of the product complexes form part of the
work described in this chapter. For reasons that will become
clear in the discussion, this work was extended to the Cp*
analogues and a description of this system, including the

preparations of the relevant starting materials, constitute the

remainder of the chapter.

Experimental Section

Standard techniques employed were detailed in chapter 2.
Tetramethylisilane was identified using a Carbowax 20M 12m
capiliary column in a Hewlett-Packard HP 5880A Level 4 gas

chromatograph with helium carrier gas and an oven temperature of

50°C. Carbon-13 NMR spectra were run on a varian XL-300

spectrometer operating at 75.429-MHz referenced to C606 at 128.00

(5)

ppm or CD3NO2 at 62.8 ppm and are reported in ppm downfield
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(1,6) C (8)

372 5

prepared as described in the ititerature. The physical and

H(7) were

from TMS. CpW(NO)(CHZSiMe and NaCSMe

5M€s
spectroscopic properties of all new compounds prepared are given
in Tables 4-]1 and 4-11. CAUTION: The glass Fisher—Porter
pressure vessels must be handled with care as the_manufacturer
does not specify a safe operating pressure and they'are not
equipped with any automatic pressure relief system.

Preparation of CDW(NO)(H)(CHZSiMe L (L=P(0Ph)3, PMePhZ).

3
CDW(NO)(CHZSiMe3) (0.30 g, 0.66 mmol) was dissolved with

stirring in hexanes (10 mL) and cannulated into a 300 mL Fisher-

Porter vessel that had been evacuated and filled with H2 three

times. A stoichiometric amount of L (0.66 mmol, 0.18 mL P(OPh)3
or 0.12 mL PMePhZ) was then added via syringe to the Fisher-
Porter vessel, which was subsequently pressurized to ~80 psig H2.
The vessel was then agitated for a few moments to allow mixing of
L and speed solubilization of the H,, and left standing with no
stirring.

L=P(0Ph)3: Over the course of the reaction, the initial
dark purple solution gradually lightened to a very pale purple
with a concomitant deposition of a pale vyel low powdery
precipitate. After 2 h total reaction time, the pressure in the
vessel was relieved and the mother liquor cannulated away from

the precipitate. The reaction vessel was then opened in air and

the precipitate transferred into a nitrogen-filled flask. The
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precipitate was washed with hexanes (3 x 10 mL) under N2 and

dried under vacuum (0.05 mm Hg, 2 h) to yield 0.29 g (65% yield)
of yellow microcrystalline CPW(NO)(H)(CHZSiHeB)[P(OPh)BJ.
L=PMePh2: As the reaction proceeded, the initial dark
purple solution changed to a deep red—-brown colour as several
large, red-brown brick-shaped crystalline masses formed on the
bottom of the vessel, along with some other, amorphous material.
After 3 h total reaction time, the preﬁsure was relieved and the
mother liquor cannulated away from the solid material, whereupon
the Fisher—Porter vessel was opened in air and the brick-shaped
masses cérefully and quickly transferred to a nitrogen—-filled
flask. This crystalline material was then taken up in'EtZO,
filter cannulated to remove a small amount of dark coloured
insoluble material and the filtrate slowly concentrated under
vacuum to give a small amount of yellow, microcrystaliline
CpW(NO)(H)(CHZSiMe3)(PMePh2). Single crystals of this material

suitable for X-ray analysis were grown in less thanmn | h from

CH,Cl,/hexanes at -25°c.

Preparation of CpW(NO)(H)[P(OPh),(OC.H,)].

This compound was prepared by combining CpW(NO)(CHZSiMeB),
P(OPh)3 and H2 as above (on one—half the scale), but letting the
reaction proceed for 4 days at room temperature. This resulted
in an almost colourless solution above a yellow microcrystalline

crusty precipitate. The hexanes were removed under reduced
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pressure (in the Fisher—Porter vessel), EtZO was added and the
vessel agitated to help break up the hard crusty residue enough
to allow both the solid and solution to be poured into a nitrogen

filled flask. The EtZO was then removed under vacuum and the

solid material recrystallized overnight from toluene at —25°C.

The product was washed once with hexanes (10 mL) and dried

overnight (0.005 mm Hg) to give yellow, microcrystalline

CpW(NO)(H)[P(OPh)z(OéeHa)]. X-ray quality single crystals of
this compound were grown by slow evaporation of a C606 solution

in an NMR tube capped by a septum punctured with a needle in air

at room temperature.

Reactions of CpW(NOQO) (CH SiMe3)2. H2 and L (L=P(0Ph)3, PMePhZ) in

2
an NMR Tube.

To a smatil, NZ—Filled Schlenk tube was added

CpW(NO)(CHZSiMEB)2 (~0.01 g, ~0.04 mmol), CGD ~2 mL) and (by

g (
syringe) an approximately stoichiometric amount of L (12 uL
P(OPh)3 or 9 ubL PMePhZ). This mixture was stirred until a
homogeneous solution was obtained and part of this solution
cannulated into a thick—walled(g) NMR tube until ~3 cm of
solution was in the tube. The solution was then freeze-pump-thaw
degassed three times, following which 1 atm of H2 was allowed

into the NMR tube at -196°C and the tube flame sealed. After the

mixture had reached room temperature (resulting in an H2 pressure

of ~4 atm), lH and 31P NMR spectra were obtained over the course
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of ~60 h with intermittent shaking of the NMR tube.

Egquilibrium between CpW(NO) (CH SiMeB)2 and PMePh

2 2°
A mixture of CPW(NO)(CH,SiMe;), (0.0244 g, 5.38 x 1072

mmol), PMePh, (10 uL, ~5.4 x 1072

mmol), and toluene—d8 (0.90 mL)
was placed in an NMR tube, freeze-pump-thaw degassed three times
and the tube flame-sealed under vacuum. Proton and 31P{1H} NMR

spectra were then obtained at temperatures from -85°C to 25°c.

Preparation of Cp*W(CO)Z(No).(IOsll)
This compound was prepared by the standard method used for

CpW(CO)Z(NO)(IZ) in 92.7% yield using isolated, crystalline

(8)
NaCSMeS.

Preparation of Cp*W(NO)IZ.(l3)

To a well stirred solution of Cp“w(CO)z(NO) (10.02 g, 24.7
mmol) in toluene (100 mL) was added 12 (6.34 g, 24.8 mmol) in 4
portions while vigourous gas evolution occurred (CAUTION: this CO
gas should be vented to the fume hood). After gas evolution had
significantly subsided, a dark red-brown microcrystalline
precipitate was observed beneath a dark red-brown solution. The
solution was stirred under a slight dynamic vacuum while warming
with a8 warm water bath. The initial precipitate eventually

redissolved and was replaced by a brilliant—-green (below room

temperature) or gold (above room temperature) coloured
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microcrystalline precipitate over the course of several hours as
the toluene solvent was slowly reduced in volume. After ~3 h of
pumping and periodic additions of toluene when the solution
volume dropped below ~50 mL, the volume of solvent was reduced to
~20 mL under vacuum and the resulting precipitate coliected by

filtration, washed with small aliquots of Et. O (5 mL each) until

2
the filtrate was no longer dark brown and finally with hexanes (3
x 20 mL). The precipitate was dried under vacuum (0.005 mm Hg, 2
h) to yield 12.6 g (84.67) of green or gold thermochromic

microcrystalline Cp*W(NO)IZ.

Preparation of Cp“W(NO)(CHZSiHeB)Z.

This preparation is a slight modification of that for

: (1,6)
CpW(NO)(CHZSIMe3)2.

To a rapidly stirring green or goid

. suspension of Cp*W(NO)I2 (12.6 g, 21.2 mmol) in EtZO (150 mL) was
added 43 mL of 1.0 M Me3SiCH2MgCl(14) (43 mmol) dropwise from a
syringe. The mixture darkened to a red-brown colour as sbon as
the addition of the Grignard reagent had started and a dark
coloured precipitate began to appear. After ~1/2 h of stirring
the suspension, ~4 mL of Nz—purged deionized HZO was added via
syringe through a septum whereupon the solution turned purple and
a white precipitate was deposited over the course of ~1 h. The
volume of the mixture was then reduced to ~20 mL under vacuum and

transferred by cannulia to the top of a 15 x 4 cm Florisil column

made up in 4:1 hexanes:Etzo solvent. The residue at the bottom
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of the reaction flask was then extracted with 3 x 10 mL portions

of 4:1 hexanes:EtZO and this transferred by cannula to the top of
the column. The column was then slowly eluted with a 4:1
hexanes:Etzo mixture causing the development of a broad dark
purple band and a smaller, reddish yellow second band. The two
bands were collected separately with the second band being eluted
off the column using pure EtZO. The volume of the solution
containing the first band was reduced under vacuum to ~15 mL and
storage overnight at —25°C induced the crystallization of

Cp*W(NO) (CH Sineé)z. The mother 1igquor was then removed from

2
this crystalline material at -25°¢C by cannulation and the
crystals washed with 5 mL cold hexanes to give 5.62 g of product
after drying (0.05 mm Hg, 2 h). Reducing the volume of the
combined mother liquor and washings to ~2 mL and storage at -ZSOC
overnight induced further crystallization. These crystals were
isolated by cannula removal of the mother ligquor at -25°C and
washing once with ~2 mL cold hexanes and drying to give a further
1.20 g of product for a total yield of 6.82 g (61.4% yield) of
dark purple, crystalline Cp*N(NO)(CHZSiMe3)2. The solution
containing the second band was taken to dryness under vacuum and
the residue recrystallized from hexanes to give a small number of
colourless crystals identified by'elemental analysis and IR and

NMR spectroscopies as Cp*w(O)Z(CHZSiHe3).(15)
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Preparation of Cp*w(NO)(H)(CHZSiMe3)fPMe3).

| CD*W(NO)(CHZSiMe3) (3.00 g, 5.7 mmol) was dissolved in
hexanes (15 mL) in a 100-mb 3-necked flask and then cannulated
into a 300 mL Fisher—Porter vessel that héd been evacuated and
filled three times with H2. The 100-mL flask was rinsed with

hexanes (5 mL) and the rinsings cannulated into the Fisher—-Porter

vessel. PMe3 (~3 mL, ~30 mmol) was then syringed into the vessel
and 80 psig H2 added. The contents of the pressure vessel were
stirred for ~3 h as the colour changed from dark purple to red-
brown and a red-brown powder precipitated. The pressure was theﬁ
carefully relieved and the suspension cannulated under N2 into a
Schlienk tube, following which the Fisher—-Porter vessel was washed
.with 2 x 10 mL hexanes and the washings added to the suspension.
The solvent volume in the suspension was then reduced to ~10 mL
under reduced pressure and the mother 1iquor discarded by
cannula. Recrystallization of the resulting solid from
CHZCIz/hexanes gave 1.35 g of dark coloured well—-formed single
crystals of CD*W(NO)(H)(CHZSiMe3)(PHe3) which a further
crystallization from CHZCIZ/hexanes lightened to bright yellow.
The dark red-brown mother liquor from the first recrystallization
was dried under vacuum, taken up in _an approximately 6:1
hexanes%CHZCIZ mixture and put on a 10 x.2 cm Alumina VvV column
made up in hexanes. Elution first with hexanes caused the

development of a small dark red-brown band which was discarded.

Subsequent elution with a 6:1 hexanes:CH2C12 mixture gave a
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second band which was collected and from which could be
crystallized a further 0.24 g of yellow, microcrystalline

Cp*W(NO)(H)(CHZSiHe3)(PMeB) for a total yield of 1.59 g (54.0%).

Preparation of Cp*W(NO)(PMe3)2.

This compound was prepared via the Na/Hg reduction of

CD*W(NO)I2 in the presence of an excess of PMe3 by the method of

(16)

Hunter and Legzdins in 32% yield as a bright orange, very

air-sensitive, microcrystaltine solid.

3) in C6H6‘

Cp*W(NO)(H)(CHZSiMea)(PMe3) (0.10 g) was placed in a Schlenk

Thermolysis of Cp*W(NO)(H)(CHZSiMe3)(PMe

tube in a glove box and the tube closed with a new Suba-Seal
septum. Benzene (15 mL) was then added via syringe through the
septum and the Schienk tube put in a 40°C warm water bath
overnight, resulting in very little colour change. After the
benzene soilvent was removed under vacuum, the oily residue was

recrystallized from CH Clz/hexanes to yield a small amount of

2
red—-brown microcrystalline Cp*W(NO)(H)(CSHS)(PMe3).

Oxidation of Cp"W(NO)(H)(CH,SiMe ) (PMe;) with AgBF ,.

A few crystals of Cp*W(NO)(H)(CHZSiMe3)(PMe3) were dissolved
in C606 (~2 mL) in a small Schlenk tube and a spatula tip full of
finely divided AgBF4 added. A silver mirror immediately appeared
and the solution turned from orange to orange-red. The volatile

A
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material was trap-to-trap distilled off, analyzed by GC, GC-MS
and lH NMR spectroscopy and found to contain principally (CH3)4Si

as the reaction product.

Preparations of [Cp*W(NO)H]Z(u—H)2 and
[Cp*W(NO)H](u—H)z[Cp*W(NO)(CHZSiMeS)J.

| In a glove box, Cp*W(NO)(CHZSiMe3)2 (2.00 g, 3.82 mmol) was
loaded into a 300 mL Parr mini-reactor and hexanes (10 mL) was
added. The reactor was closed in the glove box and then properly
tightened up on the bench. Hydrogen (920 psig) was introduced
into the reactor and the contents stirred for 20 min. The
pressure was then relieved, the reactor opened in air and the
contents quickly poured into a nitrogen—-containing Schienk tube.
The reactor was rinsed with CH2C12 (10 mL) and the rinsings added
to the other material. The resulting solution was taken to
dryness under vacuum leaving a red-brown glass. Addition of ~10
mL of hexanes followed by vigourous trituration with a metal
spatula gave an orange-brown microcrystalline powder beneath a
dark red-brown solution. The solution was cannulated away and
the powder dried under vacuum. Recrystallization of this powder
from toluene—hexanes at —ZSOC gave a small amount of analytically
pure orange microcrystalline [Cp*W(NO)H]Z(u—H)Z. Two further
recrystallizations of the mother liquor from the first
recrystallization allowed the isolation of a small amount éf

analytically pure red crystalline
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[CP*W(NO)H] (u—H)Z[Cp*W(ND) (CHZSiHEB) ]. Small, "half-moon"
shaped single crystals of this latter compound were grown from a

Celite-filtered CD,NO, solution at -25°c.

3
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Table 4-1. Analytical, Infrared and Mass Spectral Data for the Complexes

analytical data

136

" #
Complex calcd found caled found calcd found
CpH(NO)(H)(CHZSiHea)[P(OPh)al 41.81 48.00 4.76 4.84 2.07 2.12
CpI(IO)(H)(CHzSiHeg)(PHePhZ) 46.57 46,52 5.33 5.33 2.41 2.51
‘Cpi(NO)(H)[P(OPn)Z(Oésﬂ‘)] 46.88 46.90 3.42 3.40 2.38 2.52
CpUHINON], 19.92  19.86 .51 2.4 .32 2.40
(Ip'U(MO)(CHZSiDle3)Z 41.30 41.03 1.12 1.30 | 2,68 2.67
Cp'H(O)z(CMZSiHe3) 38.37 38.20 5.98 5.99 0.00 0.00
CD’H(NO)(H)(CHZSiHe3)(PHe3) 9.1 39.82 1.07 6.96 .13 2.59
(.‘|7'H(N0)(F'!|e3)2 38.34 31.99 6.64 6.48 2.79 2.60
[Cp'H(NO)H]Z(u-H)Z 3421 33.90 4.88 4.89 3.99 4.04
[Cp'l(NO)H](H-H)Z[Cp'H(NO)(CHzSi!Ie3)] 36.56 36.83 5.62 5.56 3.55 3.50



Table 4-1 (Cont’d)
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IR data low resolution mass spectrus
Complex phase vm(cl-') v'“(u-l) m/z  probe temp assig't
CpH(NO)(H)(CHZSiHe3)[P(0Ph)3] Nujol 1579 1837
CHZCIZ 1601 1836
CpH(NO)(H)(CHzSiNea)(PNePhZ) Nujol 1553 1838 419 80 (P-CHZSine3)*-
(P-te i)'’
(:Mz(:l2 1560 1865
Cpi(NO)(H)[P(OPh)z(OéGH‘)] " Nujol 1611 1856 589 w0 ), et
CH2C|2 1626 1850
Cp’ll(NO)l2 Nujo! 1627 952 120 (ZP-IZ)*
(IHZ(H2 1629
Co*H(NO) (CH,SiNey) Nujol (solid)® 1549 523 120 @}
Rujol (soi™) 1512
| CHZCIZ 1543
Cp'l(NO)(H)(CHzSine3)(Pne3) Nujoi 1547 1852 b
(:MZCI2 1545 1850
Cp‘I(NO)(H)(CGHS)(PHes) Nujol 1551 1813 425 150 (P-CGHG)*
]
CNZClz 1560 or 1550 1807
Cp'U(NO)(PHe3)2 Nujol 1514, 1505
(IHZCI2 1498



Table 4-1 (Cont’d)

[Co W (NOIH), (3-H),

[Cp'l(NO)H](M'H)Z[Cp'H(NO)(CHZSiHe3)]

b

c

Nujol 1575(s), 1533(w) 1898
CHZCI2 1566(s), 1533(sh) 1902
Nujol 1574(sh), 1559(s) 1910
CHZCI2 1551 1921

Cp'U(NO)CHzSineJ)2 partially dissolves in Nujol upon sulling.

See text for a discussion of this mass spectrum.

The v

N0

is overlapped by aromatic ring vibration bands.
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Table 4-11.

NNR Data for the Complexes

Complex nucleus assg't ¢ (J, Hz) a
|
CoH(ND) (H) (CH,Site,)[P(OPR) ;) °H Cp 4.65 (s, 3)
' POPR),  6.7-1.3 (m, 15)
Site, 0.56 (s, 9)
2 _ 3 -
NCH, Hg 0.07 (dddy 1o “dyoweg) = 1320 Yy = 32
3 2
Shiagp = 36 Yy 7 9
3 ) 3 )
HCH Hy 0.87 (dddy 1o “dy g = 830 "y pp = 30.8,
2
b 2 1
2 ) | )
-ty 249 (addy 1, Sdy o = T Ty = 4T
Be ipso PRC 15203 (d, ZJCP = 8.9)
ortho PhC  129.80 (s)
aeta Ph 122.29 (d, ‘JCP = 4.5)
para PhC  125.06 (s)
2
Cp 9.42 (d, “dp = 2.1)
Site,  3.49 (s)
) 3 1
NCH, S -14.88 (d, oo = 19.5, "d, = 61.5)
31 1, .
P{'H) 121.42 (s, 'dp, = 353)
CoN(NO) (H) (CH,SNe) (PHePh,) Iy Cp 5.02 (s, 5)
Phefh, 7-1.6 (m, 10)
3 .
Preph,  1.70 (dy 3, “yp = 8.0)
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. Table 4-11 (Cont’d)

sile, 0.37 (s, 9)

2 3 i
Ny <024 (ddd, Iy Sy = B35 Yy =

3 ,
Qe = 15 i
3

3 . .
NCH o -0.15 (ddd, Ly "y piueyy = 150 Tyigpp = 245,

2 x
T

2 ! )
V-t -0.47 (ddd, 1 “dyp = 8950 gy = 48.5)

5)
5.5)

Bel'm ipso PAC,  139.50 (d, Y= 1)

T
g 13079 4dy gy = 46)

2

dep
2,

ortho PhC, 131,87 (4, dgp = 10) -

3

ipso PhC
ortho PhCl 133.36 (d, = 11)

aeta PhCl 128.48 (d, JCP = 10)

3, .
neta PhC2 128.31 (d, JCP = 9)
|
para PhCl 130.14 (d, JCP = 2)

4
para Phcz 129.52 {d, Jcp = 1)

tp 95.68 (d, ZJCP = 2)
PePh 16.16 (d, l‘cp = 29)
sie, 3.69 (s)
. 2. 0,
NS <897 (d, Dp = 13, Uy = 66)
3p(ly) 149 (s, Ny, = 202)
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Table 4-11 (Cont’a)

CoR(ND) () [P(OPN) , (0 ) H POPDIOCH,)  6.1-1.5 (my 14)
Cp 4.78 (g, 5, 3an 3 0.6)
-t 185 (0, 1, D= 1003, = S0
Hocwy 176 (s, lJPu = 345)
CoHINO) 1, by Ce, 162 (s)
Heetny Ll 11692 (s)
Ceg 1236 (s)
CoH(N0) (Ch,Sie ), Iy Cte 151 (s, 15)
Sine, 036 (5, 18)
Wht 1.5 (0, ZJ“(A)H(B) = 10.9)°
W o180, ZJ"(B)u - 8.4)
etyy® e, 110.16 (s)
Ce, 9.83 (s, '“cn-‘ 128)
sine, 2.83 (s, IJCH = 118, g, = 51)
MCHSE 60 (s, g, = 120,116, 'Jg, = 88,
s = 46)
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Table 4-11 (Cont’d)

H Ccle 1.67 (s, 15)

Cp’H(O)Z(CHZSlHea) steg
Sike, 0.38 (s, 9, z‘uss : 6.4)
WS 0.2 (s, 2, By = 101)
B g 1650 (o)
Cohe 10.36 (s)°
Side,  0.80 (s, g, = 32)
NOHSE 2439 (s, g, = 135)
CP'H(NO)(H)(CHZSinea)(PHe3) y Cohe, LT (s, 15)
Phe, 1,09 (d, 9, 4, = 8.3)
Site, 048 (s, 9)
Wty 097 (ddd, 1 By = 134 3JH(A)H(§) = 5.9,
%MMP=MJ'%NMU=LM
W -0.68 (ddd, I, 3JH(B)“(H) : 6.0, 3JH(B)P = 2.9,
“hygyy = B0
V-t -1.25 (ddd, 1, 2JH(')P - 81.9, 'JN(')' - 56.6)
Bem et 10802 40, B = 2)
051_155 10.79 (s)
Phe, 18.90 (d, 'dpp = 31)
Sihe, 402 (s, g, = 49)
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‘CP'U(NO)(H)(CSHS)(PHe

Cp'U(NO)(PHe3)2

e
OPHe3

[cp-u(nmu]z(u-u)zf

3)

3lP[lH)

3|P{IH}

31P[1H}

l3c{l“}

3IP{lH}

HQHZSl

isomer A:

-5.73 (d, ZJCP = 14, lJc' = 40)

- Iy .
28.74 {s, JPH = 195)

1.62 (s, 15)

2 .
115 (dy 9 "o = 9.3)

1.1-8.9 (m, 5)

2, . |
5.15 (d, 1, JHP = 91.0, J“' = 19)

-3.14 (s, 'JP = 201)

1.91 (s, 15)

d .2, . (“
a0 dop = s, L s,
ZJPP, = -9.6, [N| = 7.6 Hz)

- , .
22.56 (s, JP' = 454)

3 .

0.88 (d, ", = 12.8)
!

17.85 (d, ‘,CP = 68.6)

33.52 (s)

© 2,03 (s, 19)

1.75 (m, 2)

-0.05 (m, 2)
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Table 4-11 (Cont'd)

isomer B:

csl_ig5 2.03 {s, 15)
!-ﬂ* 1.41 (a, 2)

I-ﬂn-l 4.5 (m, 1}

"ﬂx" 9

1, . . ]
Hin COZCI2 isomer A:

CSEES 2.22 (s, 15)

-, 7.4 (m, 2, ZJH(A)H(X) = 5.5 Aoy = 80
Sy = 10 Ny = 9 S = 19)

0.9 (w2, lJn(x)n(x') - 1.5, I/ZIlJH(x)' '
Sl = 9

isomer B:

CMe, 2,22 (s, 19)

i, 6.89 (dd, 2, ZJH(A)H(H) = 5.0, ZJH(A)H(X) - 8.4,
lJH(A)U * %)

T RN IJH(")H(X) - 2.3, IJH(")' s 90)"

o 84 (td, 1)

[Cp*H(NO)u](u-u)z[Cp-u(MO)(cu25ine3))f Iy Ceg,y 119 (5, 15)

Ce gy 2.04 (s, 15)
Sille 0.46 (s, 9)

1.21 (dd, 1)

'L‘::
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Table 4-11 (Cont’d)

lH in €D

3

NOZ

130y

in CD

3

NOZ

5.61 (dd, 1)

0.01 (d, 1)

-1.24 (dd, 1)

-6.43 (dn, 1)

1.93 (s, 15)

2.14 (s, 15)

0,06 (5, 9 g < 6.5)

657 (0 1 By e = 90 Dy = 50

S * 10 Sy < 1)

5.30 (dd, 1, IJH(A)H(D) . 2.5, IJH(D)'(A) = 93.5,
Yyoe = 80

01310 1 Mgy = 125 Hyegn * &
-1.39 (dd, 1, 3JH(A)H(B) : 3.0, ZJH(B)I(A)'= 1.5)

6,36 (ds, 1, N

112.63 (s)
110.62 (s)
11.28 (s)
10.60 (s)
2.79 (s)

31.74 (s)
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Table 4-11 (Cont’d)

a All NMR data recorded in C

6
b ]83l satellites obscured by overlap of Cp' resonance.

¢ lJCH data from the gated decoupled spectrus.

06 unless othervise noted.

d  Proton phosphine resonances form an X9AAX'9 pattern; {N|

Is the separation of the two most intense peaks.(l6’

e OPHe3 was prepared by the amethod of Steube and co-vorkers.(l7)
f  See text for a discussion of this species.
g S/N ratio not high enough to find this resonance.

2
h JHH not resolved.
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Results and Discussion

Hydrogenation at relatively low pressures (60-80 psig) of
CDW(NO)(CHZSiMe3)2 with no Lewis base present, whgther done on a
preparative scale or NMR tube scale, does not result in
[CpW(NO)H]Z(u—-H)2 or other readily identifiable novel product,
but only in the formation of an intractable tan material.
Surprisingly enough, the only compound ever isolated from this
reaction was a very low yield of CpW(O)Z(CHZSiMe3).(2) with the

oxo ligands presumably coming either from the NO ligand of the

(18)
2‘

starting material or from some adventitious O
A. pr(NO)(H)(CHZSiHe3)L (L=P(OPh)3. PMePhZ)

Hydrogenolysis of CpW(NO)(CHZSiMe3)2 at ~60 psig in the
presence of one equivalent of a bulky Lewis base, L, results in
the isolation of modest yields of CpW(NO)(H)(CHZSiMe3)L (eq. 4-3;

step ¢, Scheme 4-1).

hexanes, RT

CpW(NO) (CH_SiMe_ ), + L — CPW(NO) (H) (CH,SiMe_ )L (4-3)
2 372 - 2 3
3 h, 60 psig H2 .

-TMS

These are bright yellow, crystalline solids that are (for L=

PMePh,,) stable in sir at 0°C and under N, at 20°C for at least

six months (the complex with L=P(0Ph)3 very slowly undergoes a

thermal decomposition--see section B). They are only slightly
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Scheme 4-~1

Cp H(ND)I2

Cp’=Cp or Cp*
a RMgX
R=CHZSiMe3
[CP"M(NOIR, ], +MaX,
b HZO
Cp M(NO)R2
HZ {60-80psig) H2 (~900psig)
L c d
Cp’M(NO) (H) (R)L [CP'N(NO)HJZ(u—H)Z +

[Cp’H(NO)H](u—H)z[Cp'M(NO)(CHZSiMe3]

soluble in hexanes and Etzo. but quite soluble in more polar
organic solvents to form somewhat air-sensitive solutions. The

IR spectra of these compounds (Table 4-1) show strong, low

I

frequency nitrosyl stretching bands (1550-1600 cm ') indicative

of linear NO groups and suggestive of considerable amounts of

(19)

W-NO back—-donation. Much weaker, terminal W-H stretching

bands (1836-1865 cm“‘) are also visible. Additionally, in Nujol

mull spectra, two medium strength bands at ~1240 and ~1250 cm"l

are observed which are characteristic of the CHZSiMe3 ligand.(zo)
The electron-impact mass spectrum of CpW(NO)(H)(CHZSiMeB)(PMePhZ)
unfortunately does not show any peaks due to a parent ion, but
rather a highest-mass pattern with its most intense peak at m/z =
479, which is an overlap of the patterns expected for

(P—CHZSiMe3)+ and (P—ne45i)+.

148



The lH NMR spectra of these compounds are particularly

informative. In addition to the expected peaks for the Cp, L and

SiMe3 protons, an interesting pattern is observed for the w—Cﬁ2
and metal—-hydride peaks——this region is shown in Fig. 4-1 for
L=PMePh2. The most striking feature is the similarity of the
chemical shifts for the methylene and hydride protons.
Fortunately, at 400-MHz, the resonances are sufficiently resolved

to form an effectively first-order spectrum. Coupling is

observed between the two inequivalent methylene protons, the

31P nucleus of L, and 183

hydride proton, the W, giving the
observed superposition of a 24-1ine pattern on a 48-1ine pattern.
All the coubling constants (Table 4-11) can therefore be
calculated in a straightforward manner. As may be seen, the
methylene protons (HA and HB) each exhibit markedly different
coupling to the hydride proton (Hw) and the phosphorus-31
nucleus. This behaviour for vicinal coupling (H-C-W-H and H-C-W-
P) is reminiscent of that observed for organic ethane (H-C-C-H)
fragments which are understood in terms of the well-known Karplus

(74)

equation. Although it is unlikely that the true Karplus

equation holds across the H-C-W-H system (and, of course, it

3y

cannot across the H-C-W-P fragment), the principle of a larger
for a small dihedral angle is well-established and it is possibile
that a "Karplus—like" relation may hold for organometallic

systems. On this basis, 8@ reasonable idea of the relative

orientations of HA, HB’ Hw and P may be obtained and a Newman
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-Q.Tzs -0.50
6(ppm)
Cp
A SiMe3
HWHB NO
PhZMeP

Eig. 4-1. A section of the 400-MHz 1H NMR spectrum of

CpW(NO)(H)(CHZSiMeB)(PMePhZ) in CGDG showing the

resonances due to the hydride and a-C protons, along
with a Newman projection down the a-C-W axis showing
the possible orientation of the ligands based on the

observed coupling constants.
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projection down the C-W bond showing this is also given in Fig.
4-1.

The most obvious probable molecular structures for
CpW(NO)(H)(CHZSiMe3)L are conventional, four-legged piano-stools.
The large two bond coupling between the hydride and phosphorus
nuclei (J = 90-117 Hz)bis indicative of a cis orientation of the
H and L‘ligands in the base of the piano-stool (see chapter 2).
However, neither the NMR spectra nor any other spectroscopic

technique indicates whether the H and CHZSiMe ligands are

3
mutually cis or trans. Our expectation is that they should be
trans on the basis that the electron-withdrawing NO and electron-
donating L ltigands should be trans. Therefore, single crystals
of CPW(NO)(H)(CHZSiHeB)(PMeth) suitable for X-ray analysis were
grown and the structural analysis was performed by R.H. Jones and
F.W.B. Einstein of Simon Fraser University. (All the X-ray
analyses discussed in this chapter were performed by Jones and
Einstein and the details of the data collection and refinement
will be reported elsewhere.)

Two views of the solid-state molecular structure of
CpW(NO)(H)(CHZSiMeS)(PMePhZ) are shown in Fig. 4-2 and selected
bond angles and bond lengths are given in Table 4-111. As may be
seen, this complex does adopt a conventional pliano-stool

structure. The geometry of the WNO linkage is similar to that of

(CpW(NO)H]Z(u—H)2 (chapter 3), again indicating considerable W-+NO

(19)

backbonding. The W-N-O angle is close to linear, although
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slightly more bent here than in the dihydride dimer (170.4(9)o

vsS. 174.3(10)°). The molecule is also quite crowded, as is

Jable 4-11] Important Interatomic Distances (R) and Angles (deg)

for CPW(NO) (H) (CH,SiMe,) (PMePh.,)

W—N 1.781(8) N-O 1.213(11)
W-C(6) 2.246(11) wW-CP 2.023
W-P 2.492(3)

W-N-0 170.4(9) N-W-C(6) 94.7(9)
N-W-P 103.3(3) C(6)-wW-P 79.7(5)
N-W-CP 123.8 P-W-CP 129.5
C(6)-wW-CP 110.6 W-C(6)-Si 123.2(5)

reflected in the W-C(6)-5Si angle of 123.2(5)o which is a marked

departure from the expected tetrahedral angle of 109.6°.

Unfértunately, the hydride ligand could not be located from the
X-ray analysis. However. if a four—-legged piano—-stool structure
is assted, then there appears to be a "hole" in the metals
coordination sphere where the hydride may be located. Thé
molecule has been oriented in Fig. 4-2b so as to place this hole
te the right of the W atom (cf. Fig. 4-12). This empty
coordination site can be better seen in Fig. 4-3, which shows it
to be trans to the CHZSiMe3 ligand, thus supporting our
expectation. Of course, the compound is chiral and the views
shown in Fig. 4-2 and 4-3 are of only one of the enantiomers.
The CPW(NO)(H)(CHZSiHe3)L complexes are members of the very

small class of isolable transition—-metal alkyl hydride compounds

and are the first hydridoalkyl nitrosyl compounds known for any
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Fig.4-2.

SNOOPI diagrams of the molecular structure of
CpN(NO)(H)(CHZSiMeB)(PMePhZ). a) View showing the NO,
CHZSiMe3 and Pl'lePh2 ligands spread out. b) View
showing the hole where the hydride hydrogen atom fis

probably located to the right (cf. . Fig. 4-12).
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Fig. 4-3. Stick diagram of the structure of
CDW(NO)(H)(CHZSiMe3)(PMePh2) as viewed from directly
above the plane of the Cp ring showing the hole whére
the hydride hydrogen atom is probably located to the

right of the tungsten atom (cf. Fig. 4-13).

metal. The only other tungsten alkyl hydride complexes in the
literature are the tungstenocene derivatives.'CpZW(R)H, whose
chemistry was extensively investigated by Green and co-workers in

the 1970’5.(21) Structurally, the most closely related species

are CpRe(CO)Z(H)(CHzcsHs). reported by Fischer and Frank in
1978.(22) and CpRe(CO)Z(H)(Me), mentioned by Yang and Bergman in

1983.(23) Of these Re compounds, only CpRe(CO)Z(H)(CH2C6H5) has

154



been characterized crystaltographically. As with our W compound,
the hydride H atom was not located in the structure,(za) however,
there is a "hole” in the metals coordination sphere traﬁs
(assuming a four-—-legged, piano-stool geometry) to the benzyl
group and the complex is therefore isostructural to the W one.
This Re compound is much less sterically crowded than
CPW(NO)(H)(CHZSiNeB)(PMePhZ). as is evidenced by the Re-C-C angle
(across the benzyl group) being much less distorted (114.8(8)°)
away from the tetrahedral angle. This is not surprising since,
in the W compound, a8 relatively bulky PMePh2 group formally
replaces a CO ligand on the Re. Unlike the W complex, unigue
3JHH coupling is not observed between the hydride nucleus and the
individual a-carbon protons for either Re compound. Therefore
the extreme crowding in CpW(NO)(H)(CHZSiMe3)(PMePh2) and the
"Karplus—-1like" couplings observed in the lH spectrum suggest that
this alkyl hydride complex is less fluxional in solution than the
Re complexes and that it is unlikely that there is substantial
rotation about the w—CHZSiMe3

As a class, alkyl and the related acyl hydride compounds are

bond.

very important because they are implicated in a number of

homogeneocus, catalytic reactions such as olefin hydrogenation and

(25)

hydroformylation. Usually, however, hydridoalkyl complexes

are prone to undergo ready reductive elimination, much more so

(26)

than related dialkyl! or dihydride compounds. Because of the

paucity of isolable complexes of this class, little is known
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about their chemistry(27)

and so further study of these complexes
is of considerable interest.

It is worthwhile to speculate as to why these
CDW(NO)(H)(CHZSiMeB)L compounds are so stable.
Thermodynamically, alkyl'hydrides are generally believed to be
unstable with respect to alkane loss, i.e. M(R)(H) =+ M + RH,(26)
although this reaction is less favoured for third-row transition
metal compounds because of their greater M-C bond strengths than

(26)

for first- and second-row analogues. Consequently, isolable

complexes of this type are considered to be kinetically stable

for any of several reasons.(27) Firstly, reductive elimination

is not facile if the alkyl and hydride ligands are trans, as-in
—Ni - (28) -

trans NI(H)(Me)[P(CsH“)B]2 (CSHII' cyclohexyl) and trans

(29,30)

Pt(H) (R) (PR Related cis compounds undergo reductive

3 )2
elimination readily; for example, cis—Pt(H)(Me)(PPh3)2 loses

methane intramolecularly at —25°C.(31)

Secondly, elimination may
not occur even from a cis alkyl hydride if the complex is
stereochemically rigid. For example, 6-coordinate complexes such
as gi;—lr(H)(CHZC(O)H)(PMe3)3Cl are stable even upon extended

(32) The kinetics of the reductive elimination

heating at 100°cC.
from the related Rh species showed el imination to only .occur

after loss of one of the phosphine ligands, forming a nonrigid 5-
coordinate intermediate. Thirdly, intramolecular elimination may

not occur if the resulting metal-containing product is highly

unstable. Norton and co-workers have extensively studied alkane
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loss from gig—Os(H)(R)(CO)4 and shown that it goes via an
intermolecular pathway.(33) thus not allowing the formation of
the unstable Os(CO)4 fragment.

In Tight of the above results, the stability of the
CpW(NO)(H)(CHZSiMe3)L complexes can be considered. Although the
alkyl and hydride ligands are described as trans across the base
of a four-legged piano—stool} they are really not trans in an
octahedral sense and there are certainiy no intervening 1igands
between the two to prevent elimination. Therefore the Ni and Pt
trans argument above does not holid here. As has been noted
earlier, a reasonable case may be hade for the
CpW(NO)(H)(CHZSiMe3)L compounds to be non-fluxional in solution.
In spite of the fact that they are formally 7-coordinate, these
and the related CpW(NO)IlHL complexes discussed in chapter 2,
unlike the CpM(CO)ZLH compouncs,(aa) do not interconvert between
. cis and trans isomers and appear to prefer to exist in only one
form. [t may well be, therefore, this rigidity that stabilizes
these compounds enough to make them isolable. As for the third
possible reason for kinetic stability, at this point there is no
way of estimating the potential stability of the CpW(NO)L

fragment that would result from intramolecular Me4Si reductive

elimination and so any discussion on this is premature.
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B. Thermolysis of CpW(NO) (H) (CH SiMes)[P(OPh)3].

2
when CpW(NO)(H)(CHZSiMes)[P(OPh)3] is warmed gently in

hexanes solution, the mixture gradually lightens in colour and

pale yellow, microcrystalline CpW(NO)(H)[P(OPh)Z(OCGHA)]

precipitates out of solution (eq. 4—4).(34)

50°C

CPW(NO) (H) (CH,SiMe3) [P(OPh) 3] ———= CPW(NO) (H) [P(OPh) ,(OCH ) ]

12 n + Me,Si (4-4)

This material has very similtar physical properties to those of
the hydridoalkyl complexes discussed above, except it is
considerably less soluble in common organic solvents. Its IR

spectrum shows similar v and v H peaks, but, of course, it

NO W

lacks the bands attributable to the CHZSiMe3 1igand. That this

compound is an orthometal lated species was first suggested by its

31P[1H} NMR spectrum (GP = 176 ppm) when compared with that of

its alkyl hydride precursor (GP = 127 ppm)——see Table 4-]1. It

(36) that, among closely related species,

is generaily accepted
when a monodentate phosphine chelates to form a 5~membered ring,
a substantial downfield shift is observed in its phosphorus-31
NMR spectrum. In an attempt to confirm this, a 13C{IH} NMR
spectrum was run in the hope that this would show direct coupling
between ‘83w and the ring carbon atom attached to it.
Unfortunately, the low solubility of this complex in C606

prevented a useful 13C{lH} spectrum from being collected.
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Therefore, in order to confirm the structure, a single crystal X-
ray analysis was performed on crystals grown from CHZCIZ/hexanes
at -25°C.

The structural analysis does indeed show that this material

is CpW(NO)(H)[P(OPh)2(066H4)] and two views of the molecular
structure are shown in Fig. 4-4 while selected bond distances and

angles are gathered in Table 4-1V. Although these depictions are

Table 4-1V Important Interatomic Distances (&) and Angles (deg)

for CpW(NO)(H)[P(OPh)Z(OCSHA)]

W-N 1.795(6) N-O(1) 1.194(8)
W-C(12) 2.221(6) W-CpP 2.024
W—-P 2.380(2) P-0(2) 1.603(4)
P-0(3) 1.583(4) P-0(4) 1.611(5)
0(z2)-C(11) 1.413(7) 0(3)-C(21) 1.420(7)
0(4)-C(31) ' 1.413(8)

W-N-0(1) 173.7(5) N-W-C(12) 92.6(2)
N—-W-P 26.0(2) C(12)—-W-F 72.6(2)
N-W-CP 125.6 P-W-CpP 136.6
C(12)-wW-CP 112.6 W-rP-0(2) 112.6(2)
W-P-0(3) 114.9(2) W-P-0(4) 122.1(2)
P-0(2)-C(11) 112.8(4) 0(2)-C(11)-C(12) 119.3(5)
C(11)-C(12)-W 122.6(4) P-0(3)-C(21) 128.5(4)
P-0(4)-C(31) 121.2(4)

the opposite enantiomer to those given for
CpW(NO)(H)(CHZSiMe3)(PMePh2), it is apparent that the geometry is
remarkably simitar. The W-N and N-O distances are the same
(within experimental error), while the orthometallated complex
has a slightly more 1linear W-N-O 1inkage. Inspection of the

geometry of the phosphite moiety shows that orthometailation has

159



b)

SNOOPI diagrams of the molecular structure of

CPW(NO) (H)[P(OPh) ,(OC.H,)]. &) View showing the
orthometal lated phosphite ligand. b) View showing the

hole where the hydride hydrogen atom is probably
located to the right (cf. Fig. 4-12). The Ph group

attached to 0(4) has been omitted for clarity.
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not strained this ligand in any well-defined fashion. For
example, the W-P-0 angles are 112.6(2), 114.9(2) and 122.1(2) for
0(2), 0(3) and 0(4) respectively. ©5ince the 0(4) phenoxy group
is not the one involved in the chelation, this suggests that
these magnitudes of angle differences are not significant.

Again, as with pr(NO)(H)(CHZSiMe3)(PHePh2), the hydride H was
not located, however, the orthometallated complex also shows a
"hole" in the expected place in the metals coordination sphere
and this is shown as before in Fig. 4-4b and Fig. 4-5.

c. Reactions of CpW(NO) (CH_SiMe H

2 3020 H2
The full course of the hydrogenation reaction of

and L in NMR Tubes.

CPW(ND) (CH,SiMes), leading to CpW(ND)(H)[P(OPh)Z(OCGHd)] was
followed in a sealed NMR tube by both lH and 31P NMR spectroscopy
" and series’ of these spectra are shown in Fig. 4-6 and 4-7. As
"shown, the reactions were extremely clean and the overall course
is summarized in Scheme 4-11. As the reaction proceeded, the
resonances due to CpW(NO)(CHZSiMe3)2 (marked "A" in Fig. 4-6)
were gradually replaced with those due to the hydridoalkyl
complex ("B" in the figures) with the concomitant formation of
Me4Si. As‘the reactiqn continued, the alkyl hydride resonances
were themselves replaced with those due to the final

orthometal l1ated product ("C" in Fig. 4-6 and 4-7) as more Me4Si

" formed. These spectra illustrate that no other species were

produced in significant quantities. Because it is difficult to
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Fig.4-5. Stick diagram of the structure of

CpQ(NO)(H)[P(OPh)Z(OESHA)] as viewed from directly

above the plane of the Cp ring showing the hole where

the hydride hydrogen atom is probably located to the

right of the tungsten atom (cf. Fig. 4-13).

adequately mix the contents of an NMR tube of the type used.(g)

the réaction to produce the alkyl hydride complex was

considerably slower (see below) here than on a preparative scale.

This resulted in the formation of the orthometallation product

being competitive with that of the hydridoalkyl and so resonances

due to all three metal-containing species were observed

162



A=CpW(NO)(CH,SiMe3), A Start
B=CpWINO)(H)(CH,SiMe3)[P(OPh);]
C = CPW(NOXH)IP(OPh),(0CgH )]

‘ A B A B A B
N J
. \ _JJUL o«
A 1hour
B [ TMS

A B A A i
J‘\}\h i U A ,JLML__A "M‘# '

60 hours
C B

TMS

B

e . JTJ w&U‘

1
2 0 -2

S -
o~

&(ppm)
Fig.4-6. The 300-MHz lH NMR spectrum of the reaction between

CpW(NO)(CHZSiHeB)Z. P(OPh)3 and H2 showing the

successive formation of pr(NO)(H)(CHZSiHeB)[P(OPh)B)

and pr(NO)(H)[P(OPh)Z(OCeHA)].
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A= free P(OPh); A
B=CpW(NO) (H)(CH,SiMe3)[P(OPh)3]
C= CpWINOIH)IPIOP)(0CgH )]

e t=1"/7h

A
B
C
‘LlL » I t:451/2h
V"V-[Tlellll."l" LELERIRIE IR AL ]"T]T17j1"1rT1[l1]l“TI]I
170 140 1%0

140 & 130 PPM

Fig. 4-7. The 121.421-MHz >!P{!H)} NMR spectrum of the reaction

between CpW(NO)(CHZSiHe3)2. P(OPh)3 and H, showing the

successive formation of CPW(NO)(H)(CHZSiHea)[P(OPh)B]

and CpW(NO) (H) [P(OPh) ,(OCgH,4) 1.
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Scheme 4-11

CpW(NO)(CHZSiMe3)2

HZ' P(OPh)3

CeDg

- TMS

CpW(NO) (H) (CH SiMeB)[P(OPh)3]

2

C.D

6 - TMS

6

CPW (NO) (H) [P(OPh) ,(OC¢H ) )

simultaneously in some of the spectra. Preparatively,
CpW(NO)(H)(CHZSiMe3)[P(OPh)3] could be isolated without any
contamination from the orthometallated complex if the reaction
was done on a relatively small scale (see Experimental Section)
and if the reaction time was kept short (<3 h).

In light of the NMR study, and with the additional
observation that the hydrogenation reaction was substantially
s lowed when lower pressures of H2 were used (e.g. 15 psig vs. 60
psig), a reasonable and straightforward mechanism for the
reaction can be proposed (Scheme 4-111). This involves first the
slow oxidative addition of H, to the 16—electron
CpW(NO)(CHZSiHe3)2 to form a dihydrideodialkyl complex that

rapidly reductively eliminates MeASi to form the

CpW(NO)(H)(CHZSiMes) transient. When no L is present, this
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material rapidly decomposes (see above), but it may be readily
trapped by a suitable Lewis base. Although the alkyl hydride
complexes are reasonably stable and isolable, they do apparently
slowly reductively eliminate HeASi and, when L=P(0Ph)3. the
resulting CpW(NO)[P(OPh)3] then undergoes orthometal lation to
give the observed final product.

When an attempt was made to follow the hydrogenation of the

alkyl complex in the presence of PMePh,_, in an NMR tube, the

2
reaction was found to be much less clean than when L=P(0Ph)3.

Signals due to both Me,Si and CpW(NO) (H) (CH,

appear in the spectra, along with numerous other peaks in the

SIMEB)(PHePhZ) did

cyclopentadienyl and silylmethyl regions. Apparently PHePhZ is a
much less efficient trapping agent for the CpW(NO)(H)(CHZSiMe3)
fragment. The observation that this NMR tube reaction was much
less élean than in the P(OPh)3 case was in agreement with
observations on the preparative scale. In the latter situation,
the reaction solution turned from the intense purple colour of
the pr(No)(CHZSines)2 to a deep cherry red when L=PHePh2.
rather than the yellow colour observed when L=P(0Ph)3. The only
way found for obtaining pure alkyl hydride when PMeth was used
was not to stir the solution and allow |
CDW(ND)(H)(CHZSiHEB)(PHeth) to crystallize out of solution as it
formed. This crystalline material, which formed a remarkable

brick-shaped mass at the bottom of the flask, then had to be

picked out manually from the accompanying powdery precipitate
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and recrystallized.

Scheme 4-111

CpW(NO)(CHZSiHe3)2 + H, lée
slow
(CpN(NO)(H);(CHZSiMeB)Z] 18e~
fast - TMS
[CpW(NO)(H)tCHZSiMe3)] l16e”
fast +L
CPW(NO) (H) (CH,SiMe3)L 18e”~
slow - TMS
[CPW(NO)L] 16e
fast if L=P(0Ph)3
CPW (NO) (H) [P(OPN) , (OCgH4) ] 18e”

D. The Equilibrium Between CpW(NO)(CHZSiMe and PMePhZ.

3)2
when the NMR tube containing CpW(NO)(CHZSiMe3)2 and PMePh2

was undergoing the freeze-pump-thaw degassing cycles in
preparation for the hydrogenation reaction discussed above, it
was observed that, at low temperatures, the mixture reversibly

changed from the purple of the alkyl complex to a yellow colour

(37)

reminiscent of pr(NO)(CHZSiMe (PMeB). This suggested that

3)2
the adduct CpW(NO)(CHZSiMEB)Z(PMePhZ) is formed at low

temperature and so a lH and 31P{1H} NMR study of this equilibrium
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Table 4~-V. The Equilibrium Data for the Reaction Between

CpW(NO)(CHZSiMeB)2 and PMePhZ in toluene—dB.

T(°c) K2 (Lmo1™h K2  46,° (kdmo1™!) 8G,P (kdmo1™!)
25 o€ - - -
0 o€ - - -
-25 4.4 o9 -3.1 -
-50 22 o9 -5.7 -
-75 78 0.70 -7.2 0.5
-85 120 1.6 -7.5 -0.74
a see text for definitions of Kl and K2
b AG = -RTInK
c no appreciable adduct A formation
d no appreciable adduct B formation
was undertaken. Sample spectra are given in Fig. 4-8, while the

appropriate equilibrium data are listed in Table 4-V, These data
show that, in fact, two diFFeEent low temperature adducts are
formed (A and B). This is summarized in eq. 4-5, where R2=
CpW(NO)(CHZSiHeB)Z. P=free PMeth. and RZPA and RZPB are the
adducts. These two adducts are indistinguishable in the Iy nNMR
spectra. They both give two silyl methyl peaks (labelled Xl and

XZ in Fig. 4-8) which do not change in intensity relative to each
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a)

R, b) P

Xi| | X, d}|A
B
R
P P
M P T I S N P AL WSS

1

Variable temperature H and 31P[1H} NMR spectra (toluene-d

g)
showing the equilibrium between CDW(NO)(CHZSiMEB)2 and
PMePh,. a) 'H, -25%C; b) lp(lHy, -25%C; e) W, -85%C; o)
3IP{1H}. -85°cC. RZ = free CpW(NO)(CHZSiMEB)Z: P = free
PMePhZ; Xl' X2 = coincidental Siﬁg3 peaks (lH spectra) for
adducts A and B; A, B = 3lP(IH} peaks corresponding to
adducts A and B. Note the slight temperature dependence of

l 31

the 'H and 3!'P{'H} chemical shifts.



K, Ky
R, + P——=R,P, R,Pq | (4-5)
Ky = [RyP,] Ky = (R;Pg]
and
[R,1CP] [RyP,)

other as the temperature is lowered. The different adducts

manifest themselves in the 31P{1H} spectra, where (at -85°C) 6A =
1 1 . .
de = 145 Hz and 68 = 4.66, de «x 1587 Hz (A is the higher

temperature adduct and B is the lower).

3.91,

The most obvious possibilities for A and B are cis and trans
isomers. We think this unlikely because a phosphine trans to the
strong m—acid NO should exhibit a markedly different 31P chemical
shift than if it were trans to a mildly electron-donating alkyl
group. We have also seen that, in four—-legged piano-stool
structures of this type, a trans orientation is preferred and it
is likely that both A and B are trans adducts. This molecule is
undoubtedly very crowded and the close similarities of the lH and
3lP{IH} spectra of the adducts suggest that they differ only in
how the ligands are "locked together" in a rigid structure.

The observation that CpW(NO) (H) (CH SiHeB)[P(OPh)a] lost

2
Me4Si and underwent intermolecular C-H bond activation

(orthometallation) suggested the possibility that these compounds
may be precursors for intermolecular reactivity. Photochemically

induced intermolecular activation is currently an area of

considerable activity and much has appeared in the
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(38)

literature. However, thermal activation is a much rarer

phenomenon and it was of interest, therefore, to investigate this
possibility. Arene C-H bond activation has been observed to be

(39)

the most facile ——in fact, the szw fragment was found to

induce such a reaction both thermally and photochemically.(ZI)
Unfortunately, thermolysis of CpW(NO)(H)(CHZSiMeB)(PMePhZ) in
CGHS did not result in the identification of any C-H activation
product. Nuclear magnetic resonance analysis of the non-
volatiles showed only low yields of free PHEPhZ.(ao) OPMePh (41)

2'
(16) 1 31

and CpW(NO) (PMePh in the "H and P{IH} spectra amongst a

2)2
plethora of decomposition products.

Generally speaking, most known C—H bond activating species
contain relatively electron-rich metal centres such as Re, Rh and
Ir. Consequently, it was felt that increasing the electron
density on the CpW(NO)L fragment would render it more prone to

undergo intermolecular oxidative addition once Me4Si had been

lost. The obvious route to try was therefore with a stronger

phosphine donor such as PMeB.(48) However, PMe3 forms an adduct
at room temperature with CpW(NO)(CHZSiH93)2(37) and it thus
blocks the site for the initial H, reaction. Isolated

2

CpW(NO) (CH SiMeB)Z(PMEB) does lose some PMe_ upon dissolution,

2 3
reforming a small amount of the dialkyl compiex. When such a
mixture was hydrogenated, some of the desired hydridoalkyl

compound could be identified by lH NMR spectroscopy, but the

reaction was very slow and the desired product could not be
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separated. Therefore, this route was abandoned. These
experiments did provide support, however, for the initial step in
the hydrogenolysis reaction being oxidative addition of H2 to the
l6—eltectron CpW(NO)(CHZSlMEB)2
the metal-carbon bond.

rather than direct H2 attack on

Since changing the phosphine in this system did not offer a
promising route to a more electron-rich metal centre, it was
decided to turn to the analogous Cp* system.
Pentamethylcyclopentadienyl complexes are generally accepted to
have more electron-rich metal centres and to enjoy greater
thermal stability than their perhydro relatives.(42) The
' remainder of this chapter discusses this system, including the

preparation of the appropriate starting materials.

E. Cp“W(NO)IZ.
Very little Cp* chemistry of the group 6 nitrosyls has been

reported. Only the preparation and X-ray crystal structure of

(10)

Cp*W(CO)Z(NO) have been published. The synthesis of the

desired iodo precursor to the alkyl hydride starting material

" .
Cp W(NO)(CHZS|He3)2
been discussed, along with several of its Lewis base adducts (L=

(13)

(steps a and b Scheme 4-1), Cp*W(NO)lZ. has

tertiary phosphine or phosphite). During the preparation of
this complex for the work described here, a number of interesting
features were observed.

The standard preparation of the CpH(NO)Iz—type compounds
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invoives the addition of a stoichiometric amount of 12 to a3

(12)

CHZCI2 solution of CpM(CO)Z(NO) (see p 63). One eqguivalent

of CO is immediately evolved, vyielding CpM(CO)(NO)lZ, which then

loses the second equivalent more slowly as the CH_C} solvent is

2o
(43)  The CPM(CO) (NO) I, complexes

removed under gentle vacuum.
have not yet proven isolable. In the case of Cp*W(CO)Z(NO), the
second CO loss is much more difficult and the CH2C12 is usually
completely removed under vacuum before all the CO is released.
Consequently, it was decided to use the less-volatile solvent
toluene for this reaction. When this is done, shortly after all

the 12 has been added to the orange Cp*W(CO)Z(NO) solution, a

dark red-brown microcrystalline precipitate, presumably

(44) 1

(IR supernatant v = 2052, = 1676 cm

Co YNO

forms out of the deep red-brown solution. As the reaction

Cp*W(CO)(NO)I2 )}
mixture is further stirred and gentiy warmed under a slight
dynamic vacuum, this material redissolves and eventually
Cp"w(NO)I2 precipitates as the soivent volume is reduced. This
complex is isolated by filtration and must be thoroughly washed
with EtZO to remove any residual 12. otherwise attempts to

prepare Cp*W(NO)(CHZSiMe3 2 3re futile.

Physically, pure Cp*W(NO)I2 is a most unusual species. It
is thermochromic, being bright green at temperatures at, or
below, ~20°C, while it reversibly turns to a dirty-gold colour

above ~25°C. This change occurs both in solution in non-

coordinating solvents such as toluene and CHZCI2 and in the
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sol id—phase whether under vacuum or when exposed to air or an N2
atmosphere. Interestingly, no changes in the positions of the
NO~-stretching frequencies are observed in the IR spectra of
either the Nujol ﬁull or CHZCI2 solution phases as the
temperature is altered. As well, variable temperature lH.NMR
spectra in toluene—d8 show no substantial change in the position
of the Cp* resonance, only the usual slight temperature
dependence of shift expected for a conventional compound.
Indeed, the only physical technique that reflects the observed
colour change is, naturally, the UV-visible absorption spectrum
(Fig. 4-9). As can be seen, the spectrophotometric difference is
not very large; nevertheless it is apparently sufficient for the
effect to be startling to the eye.

The most obvious possible explanation for this
thermochromism is a monomer-dimer equilibrium. However, recent

solution molecular-weight studies (at 23°C)(45)

(46)

and an X-ray
crystallographic analysis indicate that the compound is a
monomer both in solution and as a solid. It therefore appears
that the colour change {s not due to any chemical change, but
rather to some subtlie electronic factor as yet unexplained.
Interestingly, the El mass spectrum of this compound (Table 4-1)
shows a highest mass peak at 952 ((ZP—12)+). which suggests the

complex may undergo agglomeration Iin the gas phase and that mass

spectra of these types of compounds are probably not a useful
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guide to their molecularity in the solid state.

0.2007
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—305°C
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Eig. 4-9. Variable temperature UV-visible spectrum of Cp"W(NO)I2

in CHZCIZ.

LLike its perhydro analogue, Cp*w(NO)l2 is sufficiently air-
stable for it to be readily handled in air as a solid. 1t is

somewhat more air-sensitive in solution. Solutions are easily

formed in all non-aliphatic common organic solvents to form green
or gold coloured mixtures. Coordinating solvents such as acetone
do not form thermochromic solutions but instead immediately yield

orange solutions, presumably of Cp*W(NO)IZL (L=solvent). Unlike
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[CpW(NO)Iz]Z, Cp*w(NO)l2 is somewhat thermally sensitive and
cannot be stored for extended periods of time. A shelf-life of
only 1-2 months at 0°C is practical—--this is decreased somewhat
at room temperature. The product of the decomposition is a dark-

green, almost black material that has not yet been identified.

F. Cp*W(NO)(CHZSiMe3)2.
The preparation of Cp*W(NO)(CHZSiMe3)2 (eq. 4-6; steps a and
b, Scheme 4-1) is analogous to that of the perhydro species.(l's)

RMgX H,0

2

Cp*W(NO)IZ———->l/2 {Cp*W(NO)R *MgX -————»Cp*W(NO)R2 (4-6)

2]2 2

In this reaction, somewhat more HZO is needed in the second step

to cleave the [Cp*W(NO)(CH.SiMe

2 3)2]2ongx2 adduct than in the Cp
case. Additionally, chrométography of the final reaction mixture
must be done with some care, as a small amount of
Cp*w(O)Z(CHZSiMeB)(Z) formafion always occurs and the two
products have similar chromatographic properties. The
Cp*W(NO)(CHZSiMe3)2 product is isolated either by crystallization
from pure hexanes at —25°C. or simply by drying under vacuum the
solution containing this complex after it elutes from the column.
If the separation from the oxo compound is good, this latter
technique %s preferred because there is usually considerable
yield loss of Cp*w(NO)(CHZSiMe3)2 due to its very high solubility

-in hexanes. For example, >0.8 g of the dialkyl complex can be
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crystallized from <1 mL of hexanes solution.

The Cp”W(NO)(CHZSiMe3)2 compound is an intensely coloured,
purple microcrsytalline material that is extremely soluble in all
common ‘organic solvents. As a solid, it may be handled rapidly

in air, but its solutions are quite air-sensitive. Solution IR

1

spectra show one strong NO stretching band (1543 cm © in CHZCIZ)

and the position of the band shows the same dependency on the

solvent acceptor number as do the.CpM(NO)L2 (L = tertiary

(16)

phosphine or phosphite) complexes. That is, even though this

material is a formally unsaturated, l6~electron compound, it

(47)

still shows significant Lewis base properties. Nujol mull IR

spectra of Cp*W(NO)(CHZSiMe3)2 usually show two YNO bands at 1549

and 1572 cm"l the latter being due to dissolution of the complex

in Nujol, as well as the usual bands for the CHZSiMe3 ligand.(zo)

The lH NMR spectrum of this compound shows the expected Cp*
and sily! methyl peaks, as well as two doublets for the
diasterectopic a-C protons (Fig. 4-10). One of these doublets is
partially obscured by the Cp* resonance (in C606 solution) and
may only be seen on a low field (e.g. 80-MHz) spectrometer. In
addition to geminal coupling and two-bond coupling to ‘83w.
slight shoulders are observable on the doublets that may be
ascribed to four-bond H-H coupling (across the metal)--thus these
protons actually form an AA'XX’ spin system (exclusive of l83W)
but the resonances are not sufficiently resolved for all the

coupling constants to be calculable.
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Fig. 4-10. The 80-MHz 'n NMR spectrum of Cp*N(NO)(CHZSiHe3)2 in

C606.

wWith Cp“W(NO)(CHZSiMeB)2 in handf a hydrogenolysis reaction
in an NMR tube in the presence oF‘P(OPh)3 (i.e. similar to that
in Scheme 4-11) was attempted. SomeAalkyl hydride formation was
observed, but no orthometallation product could be detected in
the reaction mixture, as a plethora of products (including MeASi)

were observed. Inspection of the molecular structure of

CpW(NO)(H)[P(OPh)Z(OéGHA)] (Fig. 4-4) offers a possible reason
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for this. As may be seen, one of the phenyl groups in this
structure points up towards the cyclopentadienyl ring-—-it may be
that the Cp* methyls prevent the phosphite from adopting the
conformation that would allow orthometallation. Consequently,

when Cp*W(NO) (H) (CH SiMe3)[P(OPh)3] loses MeASi, the resulting

2
fragment cannot trap itself and other reactions occur.

G. Cp*W(NO)(H)(CHZSiMe3)(PMe3).
As discussed earlier, in the search for an electron-rich

metal centre, PMe3 is a most desirable phosphine for our

(48)

system. Fortunately, PMe_ does not coordinate to

3

Cp*W(NO)(CHZSi"e3)2 even at —85°C in toluene—d8 and so
hydrogenolysis of this dialkyl was carried out in the presence of
PMe3 (eq. 4-7; step c, Scheme 4-]1). Using excess PMe3.(49) this
reaction proceeds smoothly to give good (547%) yields of
Cp*W(NO)(H)(CHZSiHe3)(PMe3). Like the other alkyl hydride

complexes isolated, this is a yellow, crystalline material that

80 psig H2

Cp*W(NO)(CHZSiMes)Z + Xs PMe3 Cp*W(NO)(H)(CHZSiMe3)(PMe3)
hexanes, 3 h (4-7)
- TMS

is air-stable in the solid phase, but somewhat air-sensitive in
solution. It is soluble in all conventional organic solvents,

with the solubility increasing in the order hexanes < EtZO
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(slight) < benzene < CHZCIZ. This compound exhibits a strong
nitrosy! stretching absorption in the IR spectrum (Table 4-1) at

1

1545 cm™} (CH,CI, solution), some 15 cm~ ' lower than that

observed for CP*W(NO)(H)(CHZSiMe3)(PMePh2). suggesting that an

19 the

increase in metal electron-density has been achieved.
mass spectrum of an analytically pure sample of this complex
shows é tungsten-containing highest mass pattern centred at m/z =
603, 90 mass units above the molecular weight. In addition,
numerous non-—-tungsten—-containing envelopes of peaks appear up to
m/z = 912, indicating that this complex undergoes extensive jon-
molecule reactions.

The !

H NMR spectrum of Cp*W(NO)(H)(CHZSiMe3)(PMe3) (Table 4-
I11) showé the same features exhibited by the other monomeric
alkyl hydride complexes, including the closely bunched pattern

for the a~C protons and the hydride resonances. Since the X-ray

analysis of the structure of CpW(NO){H) (CH SiMeB)(PMePhZ) does

2
not definitively establish the position of the hydride ligand, it
was hoped that an NOE difference experiment on
Cp*W(NO)(H)(CHZSiMeB)(PMeB) might prove useful in this

regard.(SO)

If the phosphine is cis to both the hydride and
alkyl ligands, then the phosphine methyls should be close (in
space) to the a-C and hydride protons and so irradiation of the
PﬂgB lH signals (§ = 1.09 ppm) should induce a positive nuclear
Overhauser effect. As Fig. 4-11 shows, when this irradiation is

performed, a positive NOE is observed for the hydride signal, as
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well as for one of the a-C protons (HB in Table 4-11). Not oniy
does this experiment provide further evidence for the trans
piano—-stool configuration, but it also confirms the assignments
of HA and HB that were originally based on dihedral angle and
coupling constant arguments (see section A) with HA pointing away
from the phosphine ligand and HB generally pointing towards it
(Fig. 4-1).

In order to further confirm the structure, a single-crystal
X-ray analysis of CD*W(NO)(H)(CHZSiMe3)(PM93) (at a temperature
of ~200 K) was performed. A SNOOPI diagram of the solid-state
molecular structure of this material is shown in Fig. 4-12 and
important bond distances and angles are given in Table 4-VI.
Comparison of the angles and distances for this compound with
those of CpW(NO)(H)(CHZSiMe3)(PMePh2) (Fig. 4-2 and Table 4-111)
shows these complexes to be remarkably isostructural. The
important analogous bond distances (i.e. W—-N, N-0, W-P and w—ca)
are all the same within experimental error, as are the bond
angles (i.e. W-N-O, N—N-Ca, N-W-P and P—W—Ca). The only
importént statistically significant bond angle difference is that
around the a-carbon atom (W-C(6)-Si = 123.2(5) vs. W-C(11)-Si =
119.8(3) for CDPHEPHZ vs. Cp*PHe3). This angle is slightly less
distorted away from the tetrahedral angle in the
Cp’W(NO)(H)(CHZSiMe3)(PMe3) case than for
CpW(NO)(H)(CHZSiHe3)(PMePh2).-as might be expected for the less

(48)

bulky phosphine, although the molecule is still very crowded.
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Fig, 4-11. NOE difference experiment on Cp*W(NO)(H)(CHZSiMeB)(PMe3).

Only the w—CﬂACHB—Si and w—nw region of the lH NMR spectrum

is shown (300-MHz, C.D). a) Normal spectrum; b) NOE
difference spectrum upon irradiation of the PﬂgB signal at §
= 1.09 ppm. See text for complete discussion.



Table 4-VI. Important Interatomic Distances (&) and Angles (deg)

for CD*W(NO)(H)(CHZSiMEB)(PMEB)

W-N"~ 1.771(5) N-O 1.223(7)

W-C(11) 2.248(6) W-H(1) 1.75

w-P 2.494(2) w-CP 2.045

H(1)-C(11) 3.80 (non-bonding) ‘

W-N-O 169.1(5) N-W-C(11) 94.0(2)

C(l1)—-W-P 8l1.1(2) P-W-H(1) 61.9

H(1)—-W-N 90.1 N-W-P 102.3(2)

H(1)-W-C(11) 142.8 N-W-CP 121.0

C(11)-W-CP 112.0 P-w-CP 132.4
W-C(11)-5i 119.8(3)

H{1)=-W-CP 96.9

Fortunately, the hydride hydrogen was located (although not
refined) in the structure of Cp*W(NO)(H)(CHzéiMe3)(PMe3). Fig.
4-12 has been oriented so that this hydrogen is to the right in
the picture, and a view from above the molecule is given in Fig.
4-13., These views confirm that the compound does have a trans
configuration in a severely distorted four-legged piano- stool.
Direct compariséns of Fig. 4-2b and 4-4b with Fig. 4-12 and Fig.

4-3 and 4-5 with Eig. 4-13 show that CpW(NO)(H)(CHZSiMe3)(PMePh2)

and CDQYNO)(H)[P(OPh)Z(OéeHA)] must also have the same
structures.

Examination of Fig. 4-12 shows that the crowding of the
basal ligands results in a véry interesting situation. 1In order
to relieve the steric strain, the H and CHZSiMe3 1igands have
been moved away from each other, resulting in an H(1)-C(11) non-
bonding distance of 3.80 A. This is particularly interesting in

light of the fact that MeASi can be induced to eliminate from the
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Fig. 4-12. SNOOPI diagram of the molecular structure of
CD*W(NO)(H)(CHZSiMeB)(PMEB). The molecule is
oriented with the hydride hydrogen (H(l)) to the

right (cf. Fig. 4-2b and 4-4b).

Fig. 4-13. Stick diagram of the structure of
Cp“W(NO)(H)(CHZSiMeB)(PMEB) as viewed from directly
above the plane of the Cp* ring-—-note the position of

the hydride hydrogen, H(l) (ef. Fig. 4-3 and 4-5).

184



complex (see p 186). If reductive elimination is fntramolecular,
the stability of this alkyl hydride may be because the C(11) and
H(l) atoms must move a long way before they can bond (see Fig. 4-
14). Alternatively, this long C-H distance suggests that perhaps
an intermolecular mechanism may be operative (see section A). As
a third possibility, there may be a slow equilibrium between the
trans form and a cis, with the cis undergoing rapid
intramolecular reductive eltimination and thus escaping detection.

In any event, 1t would certainly be of interest to investigate

the mechanism of the HEASi elimination reaétion.

Fig. 4-14. Side view of the structure of
Cp*W(NO)(H)(CHZSiHea)(PHEB). Note how far H(1) and

C(l11) must move in order to reductively eliminate.
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H. Thermal C-H Activation Involving

Cp*N(NO)(H)(CHZSiMe3)(PHeS).

As we had hoped, thermolysis of Cp*W(NO)(H) (CH
1

251ﬂe3)(PHe3)

in C6H6 does result in the loss of Me4Si (by "H NMR spectroscopy)

and the formation of Cp*W(NO)(H)(CeHS)(PMEB) {eq. 4-8). Although

C6H6' - MeASi

Qp*W(NO)(H)(CHZSiMe3)(PMe3) Cp“W(NO)(H)(CsHs)(PMes)

40°c, 22 n (4-8)

1

this reaction is quite clean by "H NMR spectroscopy, only a small

amount of Cp’W(NO)(H)(CSHS)(PHEB) was isolated due to the

concomitant formation of a very persistent oil and a small amount

(54,55)

of Cp*W(NO) (PMe The intermolecular activation product

3)z"
has very similar physical properties to the hydridoalkyl

complexes already discussed. Thé Nujol mull IR spectrum lacks

(20)

the bands attributable to the CHZSiMe3 ligand, and strong

bands due to the phenyl C-C bond stretches and the v

NO
1560 and 1550 em ! ?1) yn CH,C1, solution, thus making specific

appear at

assignment of the position of the nitrosyl band impossibile (Table

lH NMR spectrum exhibits the W-H resonance at § = 5.15

4-1). The
ppm (Fig. 4—-15), a substantial downfield shift from the § = ~1.25
ppm of the starting material. When this compound is kept in C6DG
at room temperature over the course of several weeks, the phenyl

H and hydride peaks disappear and are replaced by a singlet due

to CSHG‘ As this occurs, the Cp* and F‘He3 peaks are unaffected,
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as is the position oF'the resonance fn the 31P(lH} NMR spectrum.
However, this latter spectrum turns into a 1:1:] triplet, and
therefore these data suggest that the N(D)(CGDS) analogue is
being formed cleanly after the original compound reductively
eliminates benzéne. 'Interestingly, when
CD*W(NO)(H)(CHZSiMeB)(PMeB) is thermolyzed in C.D. instead of
C6H6' TMS is produced, but the reaction is much less clean and

numerous peaks are observed in the Cp* region of the lH NMR

spectrum. This suggests that the oxidative addition of the C-D

_A A o )
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8.0 7.0 6.0 5.0 4.0 3.0 2.0 61.0 PPM

Fig. 4-15. The 300-MHz 'H NMR spectrum of

T

Cp'W(NO)(H)(CGHS)(PMe3) in C606. The insets show the
phenyl (8 = 7 to 8) and hydride (8§ = 5.15)

resonances.
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bond is more difficult than that of the C-H bond, in line with

. the expected deuterium isotope effect.

The conditions employed in this intermolecular activation

are considerably milder than those cited in two recent reports of

thermal benzene C-H activation.(SZ)

and so we were encouraged to
try other substrates. However, thermolysis of
Cp*W(NO)(H)(CHZSiHea)(PMEB) in toluene results in a ltarge number
of products (by lH NMR spectroscopy). Two sets of resonances
with the same pattern are observed in a similar region of the
spectrum to that of the hydride peak of Cp*W(NO)(H)(CGHS)(PMe3).
indicating that some activation of the aromatic ring of toluene
occurs, however, we were unsuccessful at isolating the

(53)

products., Unfortunately, thermolysis of

Cp*W(NO)(H)(CHZSiMes)(PMea) in the presence of n—hexane,

cyclohexane or CH4 in CSDIZ does not result in the observation of
any C-H activation product. The only identifiable products are
Cp*W(NO)(PHeB)z,(54’55) free PMe3 and free DPMEB. Thermolysis was

also tried in the presence of PPh3 to see if arene activation

would occur in preference to phosphine binding. The lH NMR

spectrum shows no evidence for C-H activation and the 31P{IH}

spectrum indicates a mixture of Cp*W(NO)(PMeS)2 (6P = —-22.56,
1 1

Jpw = 454 HZz), Cp*W(NO)(PPh3)2 (GP = 42.21, JPw = 491 Hz) and
1 2

* = = . = '
Cp W(NO)(PHEB)(PPhB) (8ppp3 = 48.24, Joy = 474, Jpp = 8 Hz,
6PMe3 = -23.96, ldpw = 466 Hz) is formed, with the latter

predominating.
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Since most successful intermolecular C-H activation is

photochemical 1y initiated.(38)

the photolysis (Hanovia lamp) of
Cp*W(NO)(H)(CHZSiMe3)(PMe3) was attempted. This resulted only in
the loss of all nitrosyl containing species and decomposition
into an intractable brown oil. In another effort to induce
intermolecular reactivity, sonication was tried in the hope that
the transient high—-temperatures involved in this process might
prove usefu].(57) Sonication of Cp*W(NO)(H)(CHZSiMe3)(PMe3) in
C6H6 in an ultrasonic cleaning bath (the only sonic source

(57)

available) did give the activation product, but independent

experiments showed that this was merely the result of the warming

to ~400C of the water bath in the cleaner and therefore the

conventional thermal reaction.

K. The Redox Chemistry of Cp“w(NO)(H)(CHZSiMe3)(PMe3).

In a last attempt to invoke C-H activation, the catalytic
oxidation of CP*W(NO)(H)(CH,SiMe) (PMey) with Ag'BF,~ in C.H. was
tried. It was hoped (Scheme 4-1V) that oxidation of the alkyl
hydride to a more reactive l|7—-electron radicai cation (step a)
would cause MeASi elimination (step b) at a low temperature. The
resulting l15—-electron species might than be reduced by the
starting complex (step c), generating Cp*W(NO)PMeB, which would
then add C6H6 (step d), and the l7-electron radical cation, thus
forming a catalytic cycle. Unfortunately, this did not work.

However, cyclic voltammograms (CV’s) run in conjunction with this
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attempt suggest that steps a and b of Scheme 4-1V are reasonable
and this electrochemistry will now be discussed. George Richter-

Addo of our research group ran the CV’s in CHZCI2 at a complex

concentration of ~5 x 10-5 M, using 0.1 M Bu4NPF6 support

electrolyte with a Pt bead electrode and referenced to the

When the CV is run over positive potentials at a relatively

slow scan speed (Fig. 4-16a), an irreversible oxidation wave is

observed at Epa = 0.88 V. This is a considerably lower potential

Scheme 4-1V

N*(H)(CHZSiHea)
a - e

|

[W* (H) (CH,SiMe3) ]’ Y
b - Hedsi
(wey

c W*(H) (CH

2SiMeB)

w*
W*=Cp”W(NO) (PMe )
d C6H6
W* (H) (CH

5)

than those observed for the CDH(NO)ZX species(sg) (e.g. 1.38 V

for pr(NO)ZNe). reflecting the more electron-rich metal centre

(60)

of the alkyl hydride complex. As the scan rate is increased,
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Volts vs SCE

Fig. 4-16. Cyclic voltammograms of the oxidation of

CD’W(NO)(H)(CHZSiHeB)(PMeB) illustrating the
increasingly reversible character as the scan rate fis
increased.

Scan rates (Vs !): a) 2; b) 10; ) 20;
d) 40; e) 80; f) 120; g) 160.
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“the CV begins to show some reversible character (Fig. 4-16). A

plot of the corrected peak cathodic current divided by the
(61)

corrected peak anodic current (ipc/ipa) versus the scan rate
gives a straight line with a positive slop (Fig. 4-17). This
indicates(sz) that a reversible charge transfer (Er) followed by

an irreversible chemical change (Ci) is occurring (fi.e. an Erci
mechanism). Treatment oF.Cp*w(NO)(H)(CHZSiMeB)(PMeB) with AgBF4
in C606 results in the immediate deposition of a silver mirror
and a colour change in the solution from yellow to red-brown.
Proton NMR, GC and GC-MS analyses of the volatiles after vacuum
distillation show the primary product to be MeASi (a few other,
very minor, silyl methyl peaks were observed in the Iy NMR
spectrum). Infrared analysis of the non-volatile residue taken
up in CHZCI2 shows only a very small band in the NO region,
indicating the presence of no significant tungsten nitrosyli
containing species. Taken together, these results suggest that
steps a and b in Scheme 4-1V do occur. Such oxidatively induced
eliminations are known, but few examples have been studied in

detail.(63) +

In our system, the l15-electron (CpW(NO)(PMeB)]'
produced unfortunately is not a precursor for C-H bond activation
(i.e. steps ¢ and d of Scheme 4-IV do not occur).

Scanning the CV to negative potentials shows a completely
featureless voltammogram out to the solvent limit (~-2 V). This

indicates that Cp*w(NO)(H)(CHZSiMe3)(PMe3) is very difficult to

reduce. Treatment of the related, and less electron-rich,
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CPW(NO) (H) [P(OPh) ,(OCgH,4)] with Na/Hg in THF for 48 h does not

result in any change in the IR spectrum and presumably no

reaction.

ipc/ipa

Fig. 4-17.

0.62
0.61 - o
0.6 - o
0.59 -
0.58
0.57 ]
0.56 —
0.55 ~f
0.54 - o
0.53 —
0.52 —
0.51 -
05 -
0.49 J
0.48 -
0.47 ~
0.46
0.45 ﬂ
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Scan Rate (V/s) log scale

Plot of the corrected cathodic peak current divided

by the corrected anodic peak current (i ) as a

pc’/ ' pa
function of the scan rate for the oxidation of

CD“N(NO)(H)(CHZSiMe3)(PMe3). The positive slope

(61,62)

indicates an Erci mechanism. (Data points

taken from plots similar to Fig. 4-16).
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J. Hydrogenolysis of CD*N(NO)(CHZSiMe3)2 With No L Present..
The work described in this chapter so far stemmed from the
attempt to produce [CPW(NO)HJZ(u-—H)2 via the hydrogenolysis of
CpW(NO)(CHZSiMe3)2. Although this was unsuccessful in the
unsubstituted cyclopentadienyl system, it was decided to try
analogous reactions with the Cp* system. When ‘
C"pW(NO)(CHZSiMeB)2 was treated with a low pressure of H2 (~80
psig-—the same pressure-used for the alkyl hydride preparations)

for ~3 h in hexanes or C6H6’ complete decomposition was not the
result. The lH NMR spectrum of the residue in C606 after removal
of the reaction solvent under vacuum showed that a complex
mixture of compounds was obtained, along with some decomposition
material. Most promisingly, a number of small peaks in the

)

spectrum could be observed that showed H—183w coupling

characteristic of metal hydrides. 'Decoupling exper iments
indicated that at least 5 hydride containing compounds were
present, along with numerous other species. Attempts to
chromatograph these reaction mixtures resulted only in trace
quantities of non—-hydride materials being separated, but in too
small quantities and in too impure a8 form to be identifiable,
except for some Cp“W(O)Z(CHZSiMe3). Approximately the same
complex mixture was observed when the reaction was done under ~4
atm of H2 in C606 in a sealed NMR tube.

However, when the H2 pressure was increased to ~920 psig

(~63 atm), the reaction was complete in under 20 min and a8 much
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less complicated mixture was obtained. When the reaction was
done in hexanes, a red-brown precipitate formed along with a very
intensely coloured red-brown solution. Removal of the solvent
under vacuum and several fractional crystallizations from
toluene/hexanes alliowed the isolation of two analytically pure
compounds in very small quantities. The lower yield and less
soluble material was identified as [Cp*W(NO)H]Z(u—H)2 and the
more soluble identified as [Cp*W(NO)H](u—H)Z[Cp“W(NO)(CHZSiMeB)]
(eq. 4—9;'step d, Scheme 4-1). These two compounds are very
similar in colour and solubility and are difficult to separate.
(It should be noted that in the lH NMR spectrum (CGDG) the Csﬂgs
resonance of [Cp*W(NO)H]Z(u—H)2 is.coincidental (even at 400-MHz)

with one of

H,(920 psig) CH\ H -‘R
S o
Cp* W(NO)(CH4 SiMe )2 e ON--W=EW=NO
hexanes 7 H *  (4-9)
20°C, 20 min H Cp |
R=H
=CH2SiMe3

the CgMeg resonances of [Cp*W(NO)H](u-H),[CP*W(NO) (CH,SiMe3) ],
making it difficult to assess when a quality sample of the latter

has been obtained.)
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K. [CD“W(NO)HJZ(u—H)Z. '

Analytically pure [Cp*W(NO)HJZ(u—H)2 is a red-brown powder
that is slightly soluble in hexanes and EtZO. somewhat more so in
benzene and readily dissolves in more poilar solvents such as
CHZCIZ. The material is easily handled in air as a solid, but
forms slightly air-sensitive solutions. It is considerably more
soiuble in conventional organic solvents than is its perhydro
analogue [CpW(NO)H]B(u—H)Z. but complete solubitization in, for
example, C6D6 is quite slow and the mixture usually must be
warmed to obtain a clear solution. Once the solution has become
clear, cooling back to room temperature generally does not induce
reprecipitation.

The IR spectra of (Cp*W(NO)HJZ(u—H)Z show some interesting
features (Table 4-1). In addition to the expected bands for a
terminal hydride 1igand, the spectra show two distinct nitrosyl
stretching Vibrations in both CHZC)2 solution aﬁd Nujol mull
phases, with this phenomenon being more prominent in the latter.
The higher frequency band (1571 cm—l in Nujol mull) is always
stronger, but the relative intensities of the bands vary. The
reason for these two bands is not clear. Unlike

Cp“W(NO)(CHZSiMe3)2. this material is not soluble enough to form

a solution in Nujol. Therefore, taken in conjunction with the

inFormationlgained from the !

H NMR spectra (see below), the most
likely possibility is that the more intense, higher frequency

band is due to [Cp*W(NO)H]Z(u—H)Z. while the lower frequency
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resonance is due to an isomer with no bridging hydride 1igands.

The IR spectrum of [CpW(NO)H]Z(u—H)2 shows only one YNO band at

1 1

1599 cm_ above that seen here,

(CHZCI2 solution), 33 cm
reflecting the expected increase in W-NO backbonding upon moving
from the Cp to Cp* system. \

The 'H NMR spectrum of [CP*W(NO)HI,(u-H), in CgDg (Fig. 4=
18) shows that, as for the perhydro compound, two isomers are
present. These two isomers show the same AA’XX’ (isomer A) and
AZMX (isomer B) hydride patterns as before, but the ratio of A:B
is ~9:1 in this case rather than the ~1.4:1 seen for the Cp
complexes. The Cp* resonances for the two isomers are
coincidental even at 400-MHz, although the hydride peaks are well
separated. However, the hydride peaks for isomer 8 are of such
183

low intensity that the W satellites are not discernable and,

in fact, the expected high-field hydride signal cannot be found.
Interestingly, unlike in the Cp system, the ratio of isomers

Iy

A and B changes when a different NMR solvent is used. The
spectrum of [Cp*W(NO)H]Z(u—H)2 in CDZCI2 shows this ratio to be
~3:1, with A still predominant. The increased proportion of B

183, satellites

allowed the observation and integration of the
for the two downfield resonances of the Aznx pattern (i.e. on A2
and M), as well as permitting the locating of the high-field X

part of the spectrum——unfortunately, the signal:noise ratio was

not sufficient for the ‘83w satellites of the latter to be seen.

The similarities of the overall patterns and the individual
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coupling constants in the lH NMR spectra of isomers A and B for

both the Cp and Cp* systems indicate that these compounds are
isostructural (see Fig. 2-4).

The fact that the A:B ratio is solvent dependent for
[CP*W(NO)H],(u-H), is suggestive of an equilibrium of the sort

given in eq. 4-10. Interconversion between the two isomers must

[Cp*W(NO)HZ]
/ \ (4-10)
[CD'W(NO)HJZ(M—H)2 [CP'W(NO)HJZ(u—H)2
isomer A {somer B
be slow on the NMR time scale, however, since fully resolved
hydride-hydride coupling is observed, and a minimum lifetime of
1> 0.2 s (J =1 Hz-—see Table 4-1]1 and chapter 3) may be
calcuiated for one molecule to be in a particular isomeric form.
If the interconversion passes through an unbridged
Cp(NO)H2w=WH2(NO)Cp dimer, this must have a transient existence
as it is not detectable in the NMR sample. If the isomerization
does take place via this complex, then scrambTing between
bridging and terminal hydrides would be expected. A spin-—
saturation transfer experiment on the hydride resonances of
isomer A in CSDG shows no transfer at all, and, coupled with a T,
exper iment that shows T1 (H bridging) = 0.98 s, Tl (H terminal) =
1.42 s and Tl(Cp*) = 2.49 s for this isomer, suggests that
isomerization via an unbridged species is slow and the lifetimes

of A and B are at least of the order of seconds. Indeed, this is
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what we believe is occurring. The IR spectra, as discussed
above, show two nitrosyl stretching bands. However, in CH2c12
(or CDZCIZ) the lower frequency band is of too low an intensity
to be due to the less abundant isomer B--it is likely that the
YNO bands for A and B are coincidental. This low freguency NO
band is therefore probably due to very short lived [Cp*W(NO)HZ]Z,
thch can be detected on the fast IR time scale but not on the
much slower NMR time scale (see chapter 3).

This hydrogenclysis method of preparing [Cp*W(NO)H]Z(u—H)2
only produced a very small yield of this material. Therefore,
several attempts were made in this Cp* system to try the
metathesis method using in chapter 2. Treatment of Cp"W(NO)I2
with one equivalent of Na[HzAl(OCHZCHZOCH3)2] did result in the
formation of the intensely green coloured solution expected for
[CP*W(NO)IJZ(u—H)2 and workup of the mixture in the same manner
as described in chapter 2 gave a green microcrystalline product.

1

However, the "H NMR spectrum showed this material to contain many

products in addition to the iodohydride dimer (§é
183

WH = -0.62 (s),

. 1 _ 1 _
W satellites form AA’X pattern, .JHH’ = 4.5, JHW = 93.5,

1
JH’w = 6B.5 Hz—-see chapter 2). Attempts to recrystallize this

mixture resulted only in decomposition. When the green solution,
above, was treated with a second equivalent of
Na[HZAI(OCHZCHZOCH3)2] in an attempt to prepare
[Cp*W(NO)H]Z(u—H)Z, all nitrosyl! bands were lost from the IR

spectrum and so this route was abandoned.
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L. [Cp*W(NO)H](u-H)z[Cp*w(NO)(CHZSiMe3)].
The second product obtained from the hydrogenolysis of

Cp®"W(NO) (CH SiMe3)2 is the novel dinuclear alkyl hydride complex

2
[CD*W(NO)H](u—H)z[Cp*W(NO)(CHZSiMeB)]. This is a bright, red-
orange crystalline material that is somewhat more soluble than is
[Cp*W(NO)H]Z(u—H)z. The compound appears to be air-stablie as a
solid, but forms slightly air-sensitive orange solutions. Its

Nujol IR spectrum (Table 4-1) shows a very strong YNO band at

1559 cm-l. as well as a weak terminal hydride stretch v

| WH at 1910
cm™! and weak bands attributable to the CH,SiMe, ligand at 1252
and 1242 cm_l.(zo) Unlike the mononuclear species, the electron

impact mass spectrum exhibits a (P-—H)+ ion, suggesting that MeASi
elimination is less favoured.
Single crystals of this dinuclear species suitable for an X-

ray crystallograhic analysis were grown from a filtered CD NO2

3
solution at -259C. It is essential that this solution be well-
filtered (i.e. through Celite) before crystal growth is
attempted, as [Cp*W(NO)HJ(ﬁ—H)Z[Cp*w(NO)(CHZSiMEB)] shows a great
tendency to nucleate about any suspended material.

Two views of the molecular structure of this compound are
shown in Fig. 4-19 and selected bond distances, angles and
torsion angles are given in Table 4-VIiIlI. As with the other
alkyl hydride complexes whose structures have been discussed in

this chapter, the WNO linkages in this complex show substantial

deviations from linearity, with these being the most bent
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(~166°). The two W-N-O angles in the asymmetric molecule do not
show any statistically significant difference between them,
however. In compérison with the structure of [CpN(NO)H]z(u-—H)2
discussed in chapter 3, these groupings show statistically the
same W-N and N-O distances, but the W-N-O angles in‘the dinuclear

alkyl hydride complex are more bent by ~8°. suggesting greater

(19)

W-NO back donation in the latter compound. This is also

I (1599 to 1557 em™ ! CH.C1. solution)

2°- 2
decrease in the NO stretching frequency. The W-W separation in

reflected in the 42 cm

[Cp*W(NO)H](u-H)z[Cp*W(NO)(CHZSiHe3)] is 2.984(1) &,

significantly longer than the 2.9032(8) A found for

Table 4-VII. Important Interatomic Distances (&), Angles (deg)

and Torsion Angles (deg) for

[Cp*N(NO)HJ(u—H)z[Cp*W(NO)(CHZSiMEB)].

W(l)-W(2) 2.984(1) W(l1)-CP(1) 1.997
W(1)-N(1) - 1.757(15)  N(1)-0(1) 1.225(17)
W(1)-N(1)-0(1) 165.8(11) W(2)-W(1)-N(1) 101.7(4)
CP(1)-W(1)-N(1) 101.7 CP(1)-W(1)-W(2) 129.2
W(2)-C(21) ‘ 2.227(15) W(2)-CP(2) 2.057
W(Z2)-N(2) 1.756(17) N(2)-0(2) 1.242(19)
W(2)-N(2)-0(2) 166.4(13) W(1)-W(2)-N(2) 98.2(4)
W(l)-Ww(2)-C(21) 111.2(6) N(2)-W(2)-C(21) 93.5(7)
W(2)-C(21)-Si 122.1(9) CR(2)-W(2)-N(2) 119.0
CP(2)-W(2)-C(21) 108.3 CP(2)-W(2)-W(1) 122.8
CP(1)-W(1)-W(2)-CP(2) 119 CP(1)-W(1)-W(2)-C(21) 111
CP(1)-W(1)-W(2)-N(2) 14 N(1)-W(1)-W(2)-CP(2) 26
N(L)-W(1)-W(2)-C(21) 104 N(L)-W(1)-W(2)-N(2) 159
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[CpW(NO)H]Z(u—H)Z. In a@a detailed theoretical study, Sherwood and

(64)

Hall have shown that the direct metal-metal interaction in

the closely reiated Osz(u—H)2 bridge of H2053(C0)10 is
strengthened by the w—-acidity of the carbonyl ligands, which
remove metal-metal antibonding electron density. The fact that
the W-W distance in the dinuclear alkyl hydride complex is longer
than that in [CpW(NO)H]Z(u—H)2 may therefore be the result of the
former having more electron density to.contribute into metal-
metal antibonding orbitals. Like the other alkyl hydride
compounds reported in this chapter, this moltecule is sterically
crowded, particularly around W(2). This is reflected in the
distortion of the angle about C(215 from the tetrahedral angle to
122.1(9)0. Unfortunately, the hydride hydrogens could not be
located by the X-ray analysis, but the position of the terminal
hydride can be approximately assigned by the observation of a
"hole" in the coordination sphere of W(l). However, the
structure does not give any suggestion whatsoever of further

lH NMR spectrum that is definitive as

hydride ligands. It is the
to the existence of the three hydride atoms.

There are extremely few dinuclear hydridoalkyl complexes in
the literature. The most extensively studied of these is
(OC) 4 (H)0sOs (CH3) (CO) , by Norton, 332) but this is not strictly
analogous because the alkyl and hydride ligands are on different

metal centres. More closely related are the [CpZZr(R)]Z(u—H)2

complexes that appear to be dimers as solids and partially
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Fig. 4-19. SNOOPI diagrams of the molecular structure of
[Cp'w(NO)H](u—H)Z[Cp“w(NO)(CHZSiHea)]. a) View
showing a side view of the molecule; b) View with all

Cp* and SiMe_, methyl groups deleted.

3
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dissociated in solution.(ss)

(66)

The most closely rélated

reported to date is the structurally characterized

[CpZW(u—H)ZPt(PEt3)(Ph)]+.(67) which was briefly discussed in

species

chapter 3. This seems to be the only other complex known that
H H

contains a M===M-R grouping, although an (RBSi)Pt=u=Pt(SiR3)
! ‘

H
arrangement has been observed.(66d)

Very little is known about

(66a)

dinuclear reductive elimination and so the study of such

potential reactivity on [Cp*N(NO)HJ(u—H)z[Cp*W(NO)(CHZSiMeB)].
especially in comparison with the related mononuclear compounds,

is of great future interest.

M. The lH NMR Spectrum of

[Cp'W(NO)H](u—H)z[Cp“W(NO)(CHZSiMeB)]‘

There is a great deal of information to be gained from a

detailed analysis of the lH NMR spectrum of this complex. This

spectrum is definitive as to the constitution of the compound,
and provides much information as to its geometry. The full
spectrum (in CDsNOZ) is shown in Fig. 4-20. Nitromethane-—d3 was
chosen as the solvent because the residual proton resonances of

many of the more common NMR solvents (CgDg» COClg, CD,CI,,

(5)

(CD CO) overlap with peaks due to the complex.

3tz
Interestingly enough, the compound is much less soluble in CD3NO

(68)

2

than it is in C The first thing that is apparent about

606.
the spectrum (both in CDBNO2 and CGDG)' is that there is only one

isomer, in contrast to the [Cp'N(NO)H]Z(u—H)Z (Cp’=Cp or Cp*")
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Fig. 4-20. The 400-MHz 'H NMR spectrum of
[CP™W(NO)H] (u=H) ,[CP*W(NO) (CH,SiMe;)] in CD NO,. See text

for a full discussion and assignment.



complexes. Additionally, there is no indication of any
fluxionality from the spectrum, as extensive coupling is
observed.

Assignment of some aspects of this spectrum are
straightforward. Sharp singlets are observed for the two
inequivalent Cp* ligands and the SiMe3 group. One of the Cp*
resonances (Cp*B) is exactly coincident (in CcD.) with the
analogous peak in the spectrum of [Cp*W(NO)H]Z(u-—H)2 and so is

assigned to the ligand on wB. The two protons on the o-C of the

CﬂZSiMe3 group are assigned (HB and HC) on the basis of the
geminal coupling constant (ZJBC = 12.5 Hz) and the observation of
183

W satellites with small coupling constants similar to those
seen for the related mononuciear tungsten compounds.

The assignment of the three remaining sets of resonances is
considerably more involved. Protons A through E (Fig. 4-20) form
a first-order, five spin system and decoupling at each of their
positions established the coupling constants given in Table 4-11.
In aadition to the geminal coupling noted above, one of the a-C
protons (HB) is coupled to one of the hydride nuclei, HA' while
the three hydride nuclei show full coupling amongst themselves.

Expansions of the resonances due to H HD and HE are shown in

183w

A'
Fig. 4-21, along with their simulations (excluding the

. (69)

satellites The assignments of HAY HD and HE as hydride

ligands are based on the observation of large, one-bond 183w

couplings, typical for this class of compound (see chapters 2 and
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Fig. 4-21.

-

Expansions of the experimental (top) and simulated

(bottom) peaks of the hydride regions of the 400-MHz

lH NMR spectrum of

[Cp*W(NO)H](u-H)Z[Cp*N(NO)(CHZSiMea)]. See Fig. 4-20

for assignment of the resonances.
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3). Furthermore, integration of the 183W satellites shows that

the HA and HD resonances are due to bridging hydride 1igands
(satellites ~25% of the area), while the HE peaks are due to a

terminal hydride (satellites ~15% of the area). This is given
additional support by the detection of shoulders on the main

’83w coupling.

resonance of HE that can be assigned to two-bond
A particularly noteworthy aspect of these assignments is the
relative chemical shifts exhibited by the bridging and terminal
hydride ligands (Fig. 4-20). The bridging hyaride peaks are far
apart, separated by almost 12 ppm, while the terminal hydride
resonance is separated from that of a bridging ligand by less
than 1.3 ppm. This further illustrates the point made in chapter
3 that the chemical shift of a hydride ligand is not a good
indicator of its bridging or terminal nature. Indeed, in this
complex, the intermingling of the peaks due to protons A-E would
have made assignment impossible witﬁout benefit of the ’83w
satellites.

Assignment of HA and HD to the positions shown in Fig. 4-20
can be made on the basis of a series of NbE difference
experiments. Enhancements of the peaks due to HA and HE were
observed upon irradiation of the H_ resonance, while only H

D
enhancement occurred when either the HA or HE peak was

D

irradiated. This shows that HD is close (in space) to both H

and HE' and is therefore oriented on the side of the W-W axis

A

towards HE' while HA and HE are well separated. Such an
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assignment further permits the assignment of "cis" and "trans"

ZJHH coupling in an HW(u-H)Zw system. It can be seen that

"trans" coupling (~9.0 Hz here) is greater than "cis" coupling
(5.0 Hz here) and the assignment given in Tables 2-11 and 4-11
for the [Cp'W(NO)H]Z(u-H)2 (Cp’'=Cp or Cp*) complexes reflect

this. It is interesting to note that in all the systems explored

in this work, ZJHH couplings are greater than IJHH coupl ings

H

across the w=+=w interaction—-—-these small IJHH
H

'probably manifestations of the H-H antibonding interactions that
(64)

values are

calculations have shown to be present.
No nuclear Overhauser effect was observed for the peaks due

to HB or HC when any oF the three hydride resonances were

frradiated. Consequently, individual assignment of HB and HC
peaks is not possible.

Because this molecule contains two inequivalent tungstén

centres, couplings of the hydride ligands to a ‘83w nucleus when

the latter is situated at one metal centre should be different

183

than when it is at the other. Since W satellites due to the

isotopomer containing two ‘83w nuclei cannot be seen, the

satellites observed are the result of the superimposition of the

‘83w at NA (183WA) on the

183 183

spectrum of the isotopomer with W at WB ( NB). Inspection

of Fig. 4-21 shows that the tungsten-183 satellites for the

spectrum of the {sotopomer with

bridging hydride peaks are not simply smaller versions of the

main resonance, but are more complex, indicating that couplings
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to 183WA and

terminal hydride, its one-—-bond

183wB) have the same pattern as the main peaks, while the two-

bond coupling to 183NA is much smaller and observed as shoulders.

183w8 are similar, but not identical. Since HE is a

‘83w satellites (coupling to

Careful analysis of the satellites of the H
1

A and HD peaks allow

JHW values, but at this stage,

they cannot be assigned individually to '83w and 1BBW

A B*
The solution to this problem lies with a series of spin
(70)

the calculation of individual

tickling experiments. A simplified splitting diagram for

three of the spins (HE. HA and WB, where wB is a ‘83w nucleus) in
the [Cp*W(NO)H](u—H)Z[Cp*w(NO)(CHZSiMe3)] molecule is shown in
Fig. 4-22. Underneath the diagram are denoted the spin states
+1/2 or -1/2) of the individual nuclei that give rise to the
splittings. The situation is depicted for when all three J’s are
positive. {The diagram would be the same if all the signs were
reversed, with the + and - signs interchanged). This splitting
diagram only applies, of course, to the 183w satellites and not
to the main resonances of the spectrum. As may be seen, the
upfield, or right, half of each set of both the H_. and HA signals

E

arise from we being in the same, +1/2, spin state. Therefore,

irradiation of the right half of the HA spectrum should result in

perturbation of the right half of the HE spectrum, and vice

. - 1 .
versa. This depends on the sign of JH(A)—W(B) being the same as

IJH(E)—W(B) -—if these signs were opposite, then irradiation of

the right half of the HA spectrum would give an effect on the



left half of the
from an analysis
well, of course,

to determine not

HE spectrum. The same result can be obtained

of the analogous HD—HA-—WB splitting diagram, as
as other possible combinations. This allows us

only the relative signs of the couplings of H

A'
HD and HE to wA and wB but also to determine which lde coupling
constant pertains to which tungsten centre. The retevant parts

of the spectra from the experiments to make these determinations

in Fig. 4-23.

He

are shown

Ha Wg

}4E - + - + -

F{A - + - + - + - +
lJB - - + + - - + +

Fig. 4-22. A simplified splitting diagram for couplings

exhibited by [Cp*N(NO)H](u—H)Z[Cp*W(NO)(CHZSiMe3)].
Spin states (+1/2 or-1/2) are denoted by + or -
The situation depicted is that with atll

signs. three

J’s positive. See text for a complete discussion.
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Figure 4-23a shows expansions of the 183W satellites of the

resonances due to HE' HD and HA‘ The top part of the figure

shows the experimental spectra. Directly underneath are shown

the superposition of the simulated spectra(sg)

183 183

due to coupling to
wA (thick line) and wB (thin line). (Of course, the
assignments shown in Fig. 4-23 are based on the spin tickling
experiments about to be described.) The bottom part of Fig. 4-
23a shows the simulated spectra after those due to the individual

(71)

isotopomers have been summed. It is these summed simulations

that are to be compared with the experimental spectra and, as can
be seen, the agreement is excellent. The other parts of Fig. 4-

23 are organized in the same fashion.

Fig.4-23. {next two pages) Spin tickling experimgnt on
[Cp*w(NO)H](u—H)Z[Cp*w(NO)(CHZSiMe3)]. In each

section, the top is the experimental spectrum, the

183

middle are the simulations of the individual W
satellites superimposed upon each other: thick line--
coupling to 183WA: thin line--coupling to 183WB.

bottom shows the sum of the simulated tuanten-lBB

satellites. a) spectrum with no irradiation; b), c)

and d) tickling irradiation centred at the arrow.

See text for complete discussion.
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Normally, when 38 spin tickling experiment is performed (in a
conventional organic, lH only system), low irradiation powers are

used in order to avoid saturating the entire resonance.(70)

However, in our system, because the 1

de's are large, the +1/2
spin state of WB can be irradiated with full, conventional
decoupling power without saturating the -1/2 spin state, allowing
these tickling experiments to be interpreted similarly to
conventional decoupling experiments.

Fig. 4-23b shows the results of the irradiation of the
upfield half of the ‘83w satellites of the HA spectrum
(irradiation centred at the arrow). Because the satellites due
to WA and WB overlap so much, no differentiation between the
couplings to these metal nuclei is possible here. However, as
can be seen, this irradiation results in the decoupling of the

upfield halves of the satellites for both HE and HD’ Comparison

of these upfield sections with the right half of the simulations
given beneath shows excellent'agreement. (The simulation
computer programme does not allow for decoupling of only half of
a doublet and so the left half of the simulations should be
fgnored.) Fig. 4-23c, showing irradiation of the right half of

the HD spectrum, yielids the same result.

It is the irradiation illustrated in Fig. 4-23d that allows
the assignment of the one-bond Jyw couplings to the individual W,
and WB centres. Irradiating the upfield half of the one-bond
183

W satellites in the HE spectrum results only in the decoupling
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of the part of the tungsten satellites in the H and H

D E
that come from the l83WB isotopomer. Consequently, the observed

spectra

upfield halves of the HD and HE tungsten satellites are the

superpositions of the spectra due to the unperturbed 183WA
isotopomer and the perturbed IBBWB isotopomer, as the simulations

183

illustrate. What is found is that NB couples to HA and HD

with almost the same coupling constant (83.5 and 84.0 Hz

respectively), while ‘83w

A exhibit markedly different couplings
to these nuclei (78.5 and 93.5 Hz respectively). Why this should
be so is not clear.

As noted above, these spin tickling experiments allow the
assignments of the relative signs of the hydride-metal coupling
-constants. In atl these experiments, irradiation of the upfield

half of a tungsten—-183 satellite resulits in the perturbation of

the upfield half of the other satellites. This means that

1 1 1 1

JH(A)-W(A)® JHD)-w(a)*' YH(D)-w(p) @nd
1
YH(E)-W(B)

right half of the

JH(A)-W(B) "

all have the same sign. In another experiment, the

‘83w satellites due to the two—-bond coupling of

HE with wA. which appears as a shoulder on the main resonance
(Fig. 4-23a), is irradiated. Because this coupling is small
(11.5 Hz), a low irradiation power must be used. Although the

results are not as unambiguous as for the other spin ticklings,
the spectra appear to again show perturbations of the upfield

R 2
halves of the HD and Hp spectra. This means that JH(E)—W(A) has

the same sign as the other couplings jUst mentioned. The overatl
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result of this is that, for this system, the signs of the one-

1, 183

bond bridging and terminal hydride "H-

1, 183

W couplings and the two-

bond terminal hydride "H- W couplings are the same. This
confirms the assumption on this point made for the analyses
carried out in chapter 3.

The spin—-tickling experiments reported here do not allow
assignment of the absolute sign of the hydride-tungsten-183
coupling constants. For this to be done, access to the 183w
spectrum of the complex is necessary and appropriate equipment is
not available. This is unfortunate, as

[Cp*W(NO)H](u—H)z[Cp*W(NO)(CHZSiMea)] is uniquely suited to do

this. Geminal coupling such as that exhibited by the W-CH
(72)

BHC—Si

fragment is always negative and so it would be a relatively
simple matter to determine the other absolute signs for the
coupled nuclei in this system. Few absolute sign determinations

have been made for transition metal-hydride coupling(73)

and, as
far as we can tell, no such determinations have been made in

tungsten Systems.

N. The Pathway for the Formation of [Cp*W(NO)H]Z(u—H)2 and
[Cp*W(NO)H](u—H)Z[Cp*W(NO)(CHZSiMeB)].
The concurrent formation of these two compounds is
intriguing and a likely pathway leading to this occurrence is
given in Scheme 4-V. Experiments done in connection with the

preparations of the mononuclear alkyl hydride complexes discussed
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in section C of this chapter provide support for steps a and b in
Scheme 4-V, leading to the formation of the l16—-electron W*RH
fragment. It is reasonable to expect that this can undergo

further hydrogenolysis via steps ¢ and d to form W*H the other

2
fragment necessary to give the observed compounds. It is
expected that step ¢, like step a, would be relatively slow
compared to the rapid reductive eliminations of b and d. These
fragments would tﬁen undergo the coupling reactions e, f and g to
give the dinuclear molecules, Rw*(u—H)Zw*R. Hw*(u—H)zw*R and
Hw*(u—H)zw*H. of which the latter two are the isolated products.
In the reaction done at 920 psig, the mixed product, HW*(u-H)Zw*R
is the major product and no Rw*(u—H)Zw*R compound'was observed.
This means that there must be a delicate balance betwgen the rate
of step ¢ and that of step f in order for some, but not all, of
the W*RH to be converted to the W*H2 necessary for the formation
of both isolatd dinuclear materials. It also means that w*H2 is
an efficient trap of the W*RH fragment, and that the dinuclear
alkyl hydride complex isolated is analogous to the mononuclear
species discussed earlier, with the phosphine replaced by the
Cp*W(NO)H2 grouping. It is also interesting to note that the
product distribution between Hw”(u-H)zw*R and Hw*(u—H)Zw*H is not
noticeably altered when the reaction time (at 920 psig H2 and in
hexanes) is changed from 20 min to 24 h. This suggests that

HW(u—H)Zw*R does not dissociate into mononuclear fragments in

solution, nor is it liable to hydrogenation as a dinuclear
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species.

Scheme 4-V
H2 - TMS
N*Rz—————>[w*R2H2]-———————>[W*RH]
a b
c H2
W*x=Cp*W(NO)
[W*RHs]
R=CHZSiMe3
d - TMS
=
[W*H,]
e

z2 [W*RH]————»RW*(u—H)ZW*R

f-'
[N*HZ] + [W*RH]————>HW‘(u—H)2W*R

9
2 [W*Hz]————>HW*(u—H)2W*H

When this hydrogenolysis is done at lower pressures (section
J; B0 psig instead of 920 psig), among the numerous peaks present

1

in the "H NMR spectrum of the crude reaction mixture are ones

attributable to [Cp*W(NO)H](u—H)z[Cp*w(NO)(CHZSiMEB)] and
[Cp*W(NO)H]Z(u—H)Z. In this system, the proportion of the former
to the latter (Hw*(u—H)ZW’R to HN*(u—H)ZW*H) appears to be
greater than in the higher pressure case. This is as would be
expected, since a lower H2 pressure should not convert as much

W*RH to w*HZ. In addition to the sets of peaks assignable to

Hw*(u—H)zw*R and Hw*(u—H)Zw*H is another prominent set similar to
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that of HW“(u—H)ZN*R. Unltike the five spin system (excliuding Cp*
and SiMe3 resonances) observed for Hw*(u-H)zw*R {see section M),
this other set consists of a four spin system, lacking a terminal

hydride resonance. However, it does include two bridging hydride

peaks at & = -7.8 (lu, = 74 Hz) and = 6.0 (lu,, = 96 Hz) and two
geminal W-CHZ—Si protons at é = -0.3 and > —-1.4 coupled with ZJHH
x 12 Hz, with the second of these coupied to the first bridging
hydride with ZJHH = 3 Hz (NMR data in C606). Comparison of these
data with those given in Table 4-11 for
[Cp'W(NO)H](u-H)Z[Cp'W(NO)(CHZSiMea)] in 0606 {the coupling
constants are given for the CD3NO2 spectrum) shows a remarkable
resemblance. In addition, the integrations for the geminal
protons in this four spin system is twice that relative to the

hydride peaks than is the case for the Hw*(u—H)Zw'R compound.

Taken together, these data strongly suggest the presence of the

- centrosymmetric dimer
Cps H R
AN .
ON-++W W-=-NQO R=CH2SiMes
/ ...o *
R H Cp
the product of step e in Scheme 4-V, In these lower pressure

reactions, this material is present in approximately the same

quantity as the Hw“(u—H)zw*R complex. Unfortunately, the large

number of other products from competing pathways in this reaction

mixture has not yet allowed the isolation of this compound.
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The fact that Rw*(u—H)Zw*R production appears to be
decreased while formation of Hw*(u—H)ZWR and Hw*(u—H)ZW’H
increases as the H2 pressure is raised is consistent with the
pathway proposed in Scheme 4-V and with step ¢ being somewhat
rate determining. Therefore, further increases in H2 pressure
should increase the proporfion of Hw*(u—H)zw*H formed. However,
our apparatus is limited to a pressure of ~1400 psig, and an
experiment using 1290 instead of the 920 psig used before did not
noticeably alter the ratio of (Cp*W(NO)H](u—H)2 to
[Cp*W(NO)H](u—H)Z(Cp'N(NO)(CHZSiMeS)]. Cbnsequently, it is
probable that another, order-of-magnitude, increase in H
pressure is necessary to get a substantial improvement in
[Cp*W(NO)H](u—H)2 production, at least in a room temperature,
hexanes solvent reaction. It is suggested therefore, that the
most promising route to try next to obtain significant amounts of
[Cp’w(NO)H](u—H)2 (Cp’=Cp or Cp*), which in sohe sense has been
the motivating force behind most of the work described in this
thesis, is to continue high—-pressure hydrogenations of the

Cp*W(NO)R, compounds and investigate the effects of varying the

2

temperature, sotlvent and R ligand.
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Spectral Appendix = Selected IR and NMR spectra

Compound

[CPW(NO)IJZ(M—H)Z
[CPW(NOYHT, (u-H) ,
[CPW(NO) {P(OPh) 331, (u=H)
CPW(NO)H, (P (OPNn) 5]
[COW(NO)BF, ],
CPW (NO)BrH[P(OPh) 5]

CpW(NO) (H) (CH SiMe3)[P(OPh)3]

2
CpN(NO)(H)(CHZSiMes)(PMePhZ)

CPW (NO) (H) [P(OPh) ,(OC¢H,4) )
Cp™W(NO) I,
Cp*W(NO)(CHZSiMe3)2
CP*W(0) ,(CH,SiMe )

Cp*W(NO) (H) (CH SiMea)(PMea)

2
CP*W(NO) (H) (CgHg) (PMe )
CP*W(NO) (PMe ) ,
[CP*W(NO)H], (u=H) ,

[Cp*W(NO)H](u—H)z[Cp*N(NO)(CHZSiMe3)]
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