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ABSTRACT

Chemistry of highly reactive group 5 and 6 transition metal compounds:
Modeling aspects of the industrial hydrotreating process and
synthesis of the first transition metal complexes that feature a [CCC] X3-donor
pincer ligand

Aaron Sattler

Trimethylphosphine complexes of tungsten and molybdenum have been used to
model the coordination chemistry and reactivity that may be observed on the surface of
an industrial hydrotreating catalyst. Most notably, it was observed that W(PMe3)4(!2–
CH2PMe2)H is capable of (i) the unprecedented cleavage of an aromatic carbon–carbon
bond, and (ii) desulfurizing thiophene, benzothiophene, and dibenzothiophene.

In

addition to the group 6 chemistry, the first [CCC] X3-donor pincer ligand for a transition
metal was synthesized by two consecutive cyclometalations of a terphenyl complex of
the group 5 metal tantalum.
Chapter 1 describes two new transformations that occur between W(PMe3)4(!2–
CH2PMe2)H and haloarenes, namely the formation of (i) the alkylidene complex,
[W(PMe3)4(!2–CHPMe2)H]X (X = Br or I) and (ii) the phosphoniocarbyne complex,
W(PMe3)3Cl2(CPMe2Ph). Additionally, treatment of [W(PMe3)4(!2–CHPMe2)H]X with
LiAlD4, allows for the isolation of the isotopomer W(PMe3)4(!2–CHDPMe2)H, thereby
providing a means to measure the rate constant for the formation of the 16-electron
species [W(PMe3)5] from W(PMe3)4(!2–CH2PMe2)H.
Chapter 2 describes the reactivity of trimethylphosphine complexes of
molybdenum with phenazine and related N-heterocycles, in order to model aspects of
hydrodenitrogenation. Several new coordination modes of phenazine to molybdenum

were observed. Studies also indicate that oxidative addition of H2 is promoted by (i)
incorporation of nitrogen substituents into the central ring and (ii) ring fusion.
Furthermore, ring fusion promotes hydrogenation of the heterocyclic ligand.
Chapter 3 describes the novel aromatic carbon–carbon bond cleavage and
dehydrogenation of quinoxaline by W(PMe3)4(!2–CH2PMe2)H, giving the chelating bisisocyanide complex, ["2-C2-C6H4(NC)2]W(PMe3)4.
Chapter 4 describes the reactivity of trimethylphosphine complexes of tungsten
and molybdenum with thiophenes, in order to model aspects of hydrodesulfurization.
Mo(PMe3)4H4 desulfurizes thiophene and benzothiophene.

Moreover, W(PMe3)4(!2–

CH2PMe2)H is the first tungsten complex that is capable of desulfurization of thiophene,
benzothiophene and dibenzothiophene.
Chapter 5 describes the reactivity of trimethylphosphine complexes of tungsten
and molybdenum with furans, in order to model aspects of hydrodeoxygenation. Most
notably, Mo(PMe3)4H4 is capable of cleaving the C–C, C–O, and C–H bonds of furan,
thereby producing propene and carbon monoxide.
Chapter 6 describes the synthesis of the first [CCC] X3-donor pincer ligand for a
transition metal. Specifically, addition of PMe3 to [ArTol2]TaMe3Cl ([ArTol2] = 2,6-di-ptolylphenyl) induces elimination of methane and formation of the pincer complex, ["3ArTol’2]Ta(PMe3)2MeCl (Tol’ = C6H3Me). Reduction of ["3-ArTol’2]Ta(PMe3)2Cl2 with KC8 in
benzene gives the arene complex ["3-ArTol’2]Ta(PMe3)2(!6-C6H6), which is the first
structurally characterized benzene complex of tantalum.

Deuterium labeling

employing Ta(PMe3)2(CD3)3Cl2 demonstrates that the pincer ligand is generated by a
pair of Ar–H/Ta–Me sigma-bond metathesis transformations, rather than by a
mechanism that involves #–H abstraction by a tantalum methyl ligand. The [CCC]
pincer ligand (["3-ArTol’2]) was also synthesized on niobium.
Chapter 7 describes the synthesis of a variety of other terphenyl complexes of
tantalum, namely [ArTol2]Ta(NMe2)3X (X = Me, Et, Prn, Bun, Np, BH4, and [ArTol2]), all of

which cyclometalate under varying conditions to give ["2-ArTol,Tol’]Ta(NMe2)3.

The

dialkyl complexes, [ArTol2]Ta(NMe2)2R2 (R = Me, Et, Prn, Bun, and Np) have also been
synthesized from the dichloride complex, [ArTol2]Ta(NMe2)2Cl2.

The bis-neopentyl

complex, [ArTol2]Ta(NMe2)2Np2, is not stable in solution at room temperature and
converts to ["2-ArTol,Tol’]Ta(NMe2)2Np and neopentane, of which the former isomerizes to
produce ["2-Ar*Tol,Tol’]Ta(NMe2)2Np (* indicates the new connectivity of the aryl ligand).
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1.1

Introduction

1.1.1 Trimethylphosphine compounds of transition metals
There are several examples of zerovalent homoleptic trimethylphosphine (PMe3)
complexes of transition metals that have been synthesized in the literature, examples of
which are: Mo(PMe3)6,1 W(PMe3)6,2 Fe(PMe3)5,3 Os(PMe3)5,4 Co(PMe3)4,5 Ni(PMe3)4,6
Pd(PMe3)4,7 and Pt(PMe3)4.8 Trimethylphosphine is a ligand that has strong "-donor
properties combined with weak #-acceptor character, causing the aforementioned
transition metal PMe3 complexes, M(PMe3)n, to be deemed “electron rich”. For this
reason, oxidative addition reactions are often observed, as exemplified by the
intramolecular C–H bond cyclometalation of the early transition metal complexes,
Mo(PMe3)6 and W(PMe3)6, forming Mo(PMe3)4(!2–CH2PMe2)H and W(PMe3)4(!2–
CH2PMe2)H, respectively (Scheme 1). In the molybdenum system, the equilibrium (Keq
= 8.6 $ 10–3 at 30 ˚C) favors Mo(PMe3)6, thus only a small amount of Mo(PMe3)4(!2–
CH2PMe2)H and PMe3 are detected in solution.9 In contrast, the equilibrium for the
tungsten system (Keq = 17.8 at 30 ˚C) lies far towards the cyclometalated derivative,
W(PMe3)4(!2–CH2PMe2)H (Scheme 1); thus, solutions of W(PMe3)6 convert to
W(PMe3)4(!2–CH2PMe2)H and PMe3 with a half life of ca. 2 hours.2
PMe3
Me3P

PMe3
M

Me3P

PMe3

PMe3

PMe3

! PMe3
+ PMe3

PMe3

Me3P

Me3P
M
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CH2

Me3P
PMe3

PMe3

Scheme 1. Intramolecular cyclometalation of M(PMe3)6 (M = Mo and W) complexes.

1.1.2 W(PMe3)4(! 2–CH2PMe2)H
W(PMe3)4(!2–CH2PMe2)H,10 is an electron rich tungsten compound that exhibits
diverse reactivity, producing molecules such as: W(PMe3)6,2,11

W(PMe3)4(SiH3)2H2,12

4
W(PMe3)4(!2–CH2O)H2,13 W(PMe3)4H2F(FHF),14 W(PMe3)4(Te)2,15 W(PMe3)5H212 and
W(PMe3)4H4,12 as illustrated in Scheme 2. In many cases, the reactivity of W(PMe3)4(!2–
CH2PMe2)H can be interpreted in terms of a pre-equilibrium with the 16-electron
complex [W(PMe3)5], although in some situations the reactions occur via direct attack at
the W–C bond.

For example, the formation of W(PMe3)6 upon treatment of

W(PMe3)4(!2–CH2PMe2)H with PMe3 proceeds via [W(PMe3)5],11 while the formation of
W(PMe3)4(%2–OC6H4)H2 upon treatment of W(PMe3)4(!2–CH2PMe2)H with phenol
(PhOH) occurs via protonation of the W–C bond (Scheme 2).11
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H
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Scheme 2. Reactivity of W(PMe3)4(!2–CH2PMe2)H.

1.1.3 [W(PMe3)4(! 2–CHPMe2)H]+: A cationic tungsten alkylidene
Interestingly, we have now observed a new reaction manifold for W(PMe3)4(!2–
CH2PMe2)H that involves the overall formal abstraction of a hydride (H–) by aryl

5
Specifically, a cationic alkylidene complex, [W(PMe3)4(!2–

bromides and iodides.

CHPMe2)H]X (X = Br, I),16 is produced and this research is described herein.

1.2

Synthesis of [W(PMe3)4(! 2–CHPMe2)H]X (X = Br, I)
Treatment of an unstirred yellow solution of W(PMe3)4(!2–CH2PMe2)H in

benzene with either bromobenzene (PhBr) or iodobenzene (PhI) resulted in the
deposition of large bright blue-purple crystalline needles, which were identified as
[W(PMe3)4(!2–CHPMe2)H]X (X = Br, I respectively) by X-ray diffraction (Scheme 3).17 In
order to obtain information concerning the fate of the aryl group, W(PMe3)4(!2–
CH2PMe2)H was treated with p-bromotoluene (p-TolBr); the formation of toluene was
observed as analyzed by 1H NMR spectroscopy, thereby indicating that a formal
hydride abstraction had taken place. A minor byproduct of the reaction was identified
as [Me3PPh]X (X = Br, I); in the case of the iodide reaction, this was easily removed by
washing with H2O.

On the other hand, the bromide derivative, [W(PMe3)4(!2–

CHPMe2)H]Br, was appreciably soluble in H2O;18 thus, the [Me3PPh]Br could not be
washed away with H2O and was, therefore, not removed. Interestingly, extraction of
the crystalline products with D2O allowed us to obtain NMR spectroscopic data for
aqueous [W(PMe3)4(!2–CHPMe2)H]Br, confirming that the bright blue-purple solution
formed after addition of H2O was actually [W(PMe3)4(!2–CHPMe2)H]Br, and not a
“tungsten-blue” decomposition product.

Me3P
H

W

PMe2
CH2

Me3P
PMe3

+

PMe3

PMe3
ArX
–ArH
Ar = Ph, p-Tol
X = Br, I

Me3P
H

W

CH

Me3P

Scheme 3. Synthesis of [W(PMe3)4(!2–CHPMe2)H]X (X = Br, I).

PMe2

PMe3

[X]–

6
The most interesting feature of [W(PMe3)4(!2–CHPMe2)H]+ is the presence of the
!2–CHPMe2 alkylidene ligand, evidence for which is provided by both X–ray diffraction
(Figure 1) and NMR spectroscopy (vide infra). While the oxidative addition of a single
C–H bond of a PMe3 ligand to generate an !2–CH2PMe2 ligand is relatively common,19,20
the cleavage of two C–H bonds to generate the !2–CHPMe2 alkylidene ligand has little
precedent. Furthermore, the only structurally characterized compounds listed in the
Cambridge Structural Database21 that feature the !2–CHPMe2 ligand are tantalum
derivatives, namely Ta(PMe3)3(!2–CH2PMe2)(!2–CHPMe2),10 Ta(PMe3)2(!4–C4H6)(!2–
CHPMe2)Cl,22

Cp*Ta(PMe3)(!2-CHPMe2)H223

and

Cp*Ta(PMe3)(CH2CH2CMe3)2(!2–

CHPMe2).24,25

1.3

Structural features of [W(PMe3)4(! 2–CHPMe2)H]X (X = Br, I)
The molecular structures of [W(PMe3)4(!2–CHPMe2)H]X (X = Br, I) are shown in

Figure 1 and are similar to that of W(PMe3)4(!2–CH2PMe2)H,26 which is shown in Figure
2. A notable distinction, however, pertains to the W–C bond lengths. Specifically, the
W–C bond of [W(PMe3)4(!2–CHPMe2)H]+ [1.978(3) Å for X = Br; 1.981(4) Å for X = I] is
0.33 Å shorter than that in W(PMe3)4(!2–CH2PMe2)H [2.312(2) Å].

The substantial

shortening is in accord with the presence of a W=C double bond within [W(PMe3)4(!2–
CHPMe2)H]+. The average W=C bond length of 1.98 Å for the bromide and iodide
derivatives is identical to the mean value for structurally characterized compounds with
W=C double bonds listed in the Cambridge Structural Database,21 and is respectively
shorter and longer than the mean values for W–C single (2.22 Å) and W&C triple (1.81
Å) bonds. While not as pronounced as the difference in W–C bond lengths, another
interesting structural comparison is that the W–P bonds of [W(PMe3)4(!2–CHPMe2)H]+
are 0.01 – 0.11 Å longer than those in W(PMe3)4(!2–CH2PMe2)H (Table 1).27
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Figure 1. Molecular structures of [W(PMe3)4(!2–CHPMe2)H]Br (left) and [W(PMe3)4(!2–CHPMe2)H]I
(right); only cations shown.

Figure 2. Molecular structure of W(PMe3)4(!2–CH2PMe2)H.
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Table 1. Selected bond lengths (Å) for W(PMe3)4(!2–CH2PMe2)H and [W(PMe3)4(!2–CHPMe2)H]+.
W(PMe3)4(! 2–CH2PMe2)H

[W(PMe3)4(! 2–CHPMe2)H]X
X = Br

X=I

'a

W–C11

2.312(2)

1.978(3)

1.981(4)

0.333

W–P1

2.3718(6)

2.4489(9)

2.446(1)

–0.076

W–P2

2.4465(5)

2.4556(9)

2.452(1)

–0.008

W–P3

2.4242(6)

2.5361(9)

2.532(1)

–0.110

W–P4

2.4156(6)

2.5049(8)

2.5034(8)

–0.089

W–P5(P4’)

2.4212(6)

2.5049(8)b

2.5034(8)b

–0.083

1.73(3)

1.72(3)

1.88(6)

–c

W–H

(a) ' = d[W(PMe3)4(!2–CH2PMe2)H] – d{[W(PMe3)4(!2–CHPMe2)H]+}av.
(b) P5 = P4’.
(c) ' is insignificant due to the large e.s.d.’s associated with the hydride position.

1.4

NMR spectroscopic features of [W(PMe3)4(! 2–CHPMe2)H]X
Spectroscopic evidence for the presence of the alkylidene moiety in

[W(PMe3)4(!2–CHPMe2)H]+ is provided by the observation of a signal at 224.4 ppm in
the 13C NMR spectrum that exhibits coupling to all five phosphorus nuclei [1JP–C = 50 Hz
(d) and JP–C = 13 (quintet) Hz],28 and hydrogen [1JC–H = 174 (d) Hz]. The corresponding
alkylidene signal in the 1H NMR spectrum is observed as a doublet of quintets at 11.85
ppm, exhibiting coupling to the tungsten hydride [JH-H = 13 (d) Hz] and the four PMe3
ligands [JP-H = 10 (quintet) Hz].28 The experimental 1H NMR spectrum, along with the
simulated spectrum, are shown in Figure 3. These
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C and 1H NMR spectroscopic

signals of the alkylidene moiety are shifted significantly downfield from the
corresponding values of the methylene group of W(PMe3)4(!2–CH2PMe2)H, which are
observed at –11.7 ppm [1JC–H = 144 Hz]29 and 0.43 ppm, respectively.10 For comparison
purposes, the 1H and 13C chemical shifts of other compounds with !2–CHPMe2 ligands
are summarized in Table 2.10,22,23,25

9

Figure 3. 1H NMR spectra of the alkylidene hydrogen in [W(PMe3)4(!2–CHPMe2)H]+ (simulated values:
JH-H = 12.63 Hz, JP-H = 10.32 Hz, JW-H = 11.20 Hz).

Table 2. NMR Spectroscopic Data for !2–CHPMe2 Complexes.
( 13C

( 1H

( 31P

[W(PMe3)4(!2–CHPMe2)H]+

224.4

11.85

–153.8

Ta(PMe3)3(!2–CH2PMe2)(!2–CHPMe2)

193.5

9.46

Ta(PMe3)2(!4–C4H4)(!2–CHPMe2)Cl

173.1

Ta(PMe3)4(!2–CHPMe2)Cl

1

1

JP–C / Hz

Ref.

174

50

16

–77.5

–a

78

10

8.85

–118.2

158

50

22

187.8

9.46

–139.6

161

73

22

170

8.10

–124.0

–a

–a

22

Cp*Ta(PMe3)(!2–CHPMe2)H2

192.1

9.19

–a

171

53

23a

Cp*Ta(PMe3)(!2–CHPMe2)HBr

196.7

9.22

–a

–a

49

25

Cp*Ta(PMe3)(!2–CHPMe2)HI

202.1

9.53

–a

–a

50

25

Cp*Ta(PMe3)(!2–CHPMe2)Br2

207.1

10.49

–28.4

–a

48

25

Ta(PMe3)2(!2–CH2PMe2)(!2–CHPMe2)H2

(a) Values not listed.

JC–H / Hz
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Another interesting feature of the

1

H NMR spectrum of [W(PMe3)4(!2–

CHPMe2)H]+ is that the hydride signal is observed as a doublet of doublet of quintets
[JH-H = 12 (d), JP-H = 16 (d) and 2JP-H = 37 (quintet) Hz],28 whereas the hydride signal of
W(PMe3)4(!2–CH2PMe2)H is only a quintet [2JP-H = 39 Hz].10 Thus, while the hydride
ligand of [W(PMe3)4(!2–CHPMe2)H]+ couples to all phosphorus nuclei and the
alkylidene hydrogen,30 the hydride ligand of W(PMe3)4(!2–CH2PMe2)H exhibits
coupling to only four of the five phosphorus nuclei, and does not couple to the
methylene hydrogens.10 The experimental and simulated spectra for the hydride signal
of [W(PMe3)4(!2–CHPMe2)H]+ are shown in Figure 4.

Figure 4. 1H NMR spectra of the tungsten hydride in [W(PMe3)4(!2–CHPMe2)H]+ (simulated values:
JH-H = 12.63 Hz, JP-H = 15.81 Hz, 2JP-H = 36.63 Hz, JW-H = 29.00 Hz). In the experimental spectrum, the
hydride resonance of [W(PMe3)4(!2–CHPMe2)H]+ is obscured by the PMe3 resonances.
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1.5

Bonding descriptions of ! 2–CHPMe2 ligands
The bonding in compounds that feature !2-CHPMe2 ligands has been discussed

in the literature in terms of two resonance forms, namely alkylidene-phosphine (A) and
phosphaalkyne (B) structures, that respectively feature M=C and P=C double bonds
(Figure

5).23,25,31

Therefore,

we

have

investigated

[W(PMe3)4(!2–CHPMe2)H]+

computationally in order to evaluate which of these alternatives provides the better
description for the bonding.
Firstly, the geometry optimized32 structures of both [W(PMe3)4(!2–CHPMe2)H]+
and W(PMe3)4(!2–CH2PMe2)H correspond closely to the experimental structures and
reproduce the pronounced shortening of the W–C bond upon forming [W(PMe3)4(!2–
CHPMe2)H]+. Secondly, an analysis of the Fenske-Hall molecular orbitals33 provides
excellent evidence for the presence of a W–C #-bond (Figure 6) and hence an alkylidenephosphine (A) description of the bonding. Thus, as illustrated in Figure 6, the HOMO-1
is a #-bonding molecular orbital derived from overlap of a tungsten dxz orbital and a
carbon pz orbital,34 while the HOMO corresponds to a nonbonding tungsten dyz orbital,
consistent with a d2 configuration.

In contrast, both the dxz and dyz orbitals are

nonbonding for W(PMe3)4(!2–CH2PMe2)H, in accord with the d4 configuration of this
molecule (Figure 7).

Figure 5. Bonding description of M(!2–CHPMe2) interaction (the phosphorus atom in resonance B is
hypervalent).
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Figure 6. W=C # bonding molecular orbital (left) and HOMO (right) of [W(PMe3)4(!2–CHPMe2)H]+.

Figure 7. HOMO (left) and HOMO–1 (right) of W(PMe3)4(!2–CH2PMe2)H.

In support of potential contributions from the alternative phosphaalkyne
resonance structure (B), it has been noted that the P–C bond of the metallacycle in
[M(!2–CHPMe2)] complexes is shorter than the P–CH3 bonds in PMe3 ligands.23,25
However, the P–C bond of the metallacycle within W(PMe3)4(!2–CH2PMe2)H [1.766(2)
Å] is also shorter than the average value for PMe3 ligands (1.819 Å)21 and is only slightly
longer than that in the cation, [W(PMe3)4(!2–CHPMe2)H]+ [1.741(3) Å for X = Br; 1.739(4)
Å for X = I]. Thus, it is evident that factors other than double bond character are
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responsible for short P–C bonds in such ligands and that [W(PMe3)4(!2–CHPMe2)H]+ is
more appropriately described as an alkylidene-phosphine (A) derivative despite the
presence of a short P–C bond.

1.6

Kinetics of the redistribution of deuterium in W(PMe3)4(! 2–CHDPMe2)H
While the formation of [W(PMe3)4(!2–CHPMe2)H]+ by treatment of W(PMe3)4(!2–

CH2PMe2)H with ArX is irreversible, W(PMe3)4(!2–CH2PMe2)H can be regenerated from
[W(PMe3)4(!2–CHPMe2)H]+ by treatment with LiAlH4 (Scheme 4). Interestingly, the
corresponding reaction of [W(PMe3)4(!2–CHPMe2)H]+ with LiAlD4 proceeds such that
the deuterium is incorporated regioselectively into the methylene group to form
W(PMe3)4(!2–CHDPMe2)H. The ability to isolate this specific isotopomer is of note
because subsequent migration of the deuterium label from the methylene site provides
a means to probe the rate of forming the 16-electron species [W(PMe3)5] by C–H
reductive elimination (Scheme 4).

Scheme 4. Regioselective generation of W(PMe3)4(!2–CHDPMe2)H form [W(PMe3)4(!2–CHPMe2)H]+ and
LiAlD4.
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The rate constant for the process (k1) may be conveniently determined by
monitoring the transfer of hydrogen (1H) into the methylene group by using 1H NMR
spectroscopy (Figure 8), assuming that the PMe3 ligands of the 16-electron species
[W(PMe3)5] rapidly interconvert. As can be seen by the NMR spectra in Figure 8, the
methylene resonance (( = 0.40 ppm) increases in intensity with time, indicating the
conversion of [CHD] to [CH2], while there is a negligible change in the intensity of the
hydride signal (( = –3.75 ppm), due to only a statistical amount of deuterium
incorporated into the W–H position. In addition to the methylene signal growing in
intensity, the shape of the signal changes because the [CHD] and [CH2] groups have
slightly different chemical shifts. Significantly, at 30 ˚C, the derived free energy of
activation, 'G‡ = 24.4(2) kcal mol–1, compares favorably with the value of 24.5(3) kcal
mol–1 that Rabinovich and Parkin previously determined by indirectly measuring the
kinetics and equilibrium of the conversion of W(PMe3)6 to W(PMe3)4(!2–CH2PMe2)H and
PMe3,2,11,35 thereby validating the original measurement.
In addition to the determination of 'G‡, monitoring the redistribution reaction of
W(PMe3)4(!2–CHDPMe2)H to a mixture of d1-D-W(PMe3)4(!2–CH2PMe2)H isotopomers
at different temperatures allowed for the determination of the activation parameters,
'H‡ = 24(2) kcal mol–1 and 'S‡ = –3(6) cal mol–1 K–1. It should be noted that at 30 ˚C, the
reaction was also monitored in the presence of free PMe3 and there was a negligible
effect on the reaction rate; these observation, therefore, indicate that PMe3 dissociation
is not occurring prior the rate determining step, consistent with the proposed
mechanism. The rate constant data obtained can be seen in Table 3.
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Figure 8. 1H NMR spectra for isomerization of W(PMe3)4(!2–CHDPMe2)H at 53˚C (only every 5th
spectrum shown).
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Table 3. Rate constant data (k1) for isomerization of W(PMe3)4(!2–CHDPMe2)H.a
[PMe3] (mM)

k1 (s–1)

30

–

1.6(5) $ 10–5

30

1.9

2.0(2) $ 10-5 b

30

9.4

1.3(4) $ 10–5

53

–

2.08(8) $ 10–4

64

–

9.9(5) $ 10–4

Temperature (˚C)

(a) Activation parameters: 'H‡ = 24(2) kcal mol–1; 'S‡ = –3(6) cal mol–1 K–1.
(b) The hydride signal of d1-W(PMe3)4(!4-CH2PMe2)H, rather than that of mesitylene, was used as the
integration standard due to a small amount of decomposition during this experiment. In this regard,
although deuterium is incorporated into the hydride site during the course of the reaction, the statistical
variation in its intensity (from 1.00 to 0.98) is small compared to other sources of error in the experiment.
Thus, any error introduced by using the hydride signal is considered to be negligible.

1.7

Mechanism of formation of [W(PMe3)4(! 2–CHPMe2)H]+
Isolation of W(PMe3)4(!2–CHDPMe2)H also provides a means to obtain

mechanistic information concerned with the formation of the alkylidene complex,
[W(PMe3)4(!2–CHPMe2)H]+.

Specifically, the reaction of W(PMe3)4(!2–CHDPMe2)H

with p-TolBr is accompanied by the formation of toluene that possesses a significant
quantity (ca. 40%) of deuterium in the para position (Scheme 5).36 The formation of
d1-toluene signals a mechanism that is consistent with abstraction of a methylene
hydrogen (deuterium), as opposed to a mechanism that involves abstraction of the
tungsten hydride, followed by )–elimination (Scheme 5); additional details by which
the hydrogen atom is abstracted, however, remain unknown.37

17
H

Br
methylene H/D

D

+

abstraction
PMe3
Me3P
H

W

PMe2
CHD

Me3P

Me

Me
! [W(PMe3)4("2-CH*PMe2)H]Br

Me

H

PMe3
tungsten hydride H
abstraction
Me

Scheme 5. Possible hydride abstraction pathways from W(PMe3)4(!2–CHDPMe2)H.

1.8

Reactivity of W(PMe3)4(! 2–CH2PMe2)H towards chlorobenzene
Although treatment of W(PMe3)4(!2–CH2PMe2)H with bromobenzene and

iodobenzene allowed for the isolation and characterization of [W(PMe3)4(!2–
CHPMe2)H]X (X = Br, I), the reaction of W(PMe3)4(!2–CH2PMe2)H with chlorobenzene
proceeded differently.

Specifically, a solution of W(PMe3)4(!2–CH2PMe2)H and

chlorobenzene in benzene deposited, inter alia, large dark green crystals after sitting at
room temperature for several weeks, which were identified as W(PMe3)3Cl2(CPMe2Ph)
(Scheme 6) by X-ray diffraction (Figure 9).

Although the refinement of

W(PMe3)3Cl2(CPMe2Ph) converged well (R1 [I > 2!(I)] = 0.0470), because the structure is
highly disordered, the proposed structure of W(PMe3)3Cl2(CPMe2Ph) is tentative.
Nevertheless, density functional geometry optimization calculations correspond closely
with the experimental X-ray diffraction structure.32,38
PMe2Ph
Cl
PMe3
Me3P
H

W

C
PMe2
CH2

Me3P
PMe3

Cl
W

PMe3
PMe3

Me3P
Cl

Scheme 6. Production of W(PMe3)3Cl2(CPMe2Ph) from W(PMe3)4(!2–CH2PMe2)H and chlorobenzene.
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Figure 9. Molecular structure of W(PMe3)3Cl2(CPMe2Ph) (disorder not shown).

The most interesting feature of W(PMe3)3Cl2(CPMe2Ph) is the presence of the
W(CPMe2Ph) moiety; similar M(CPR3) groups have been previously reported in the
literature and named either phosphonio-methylidynes or phosphoniocarbynes.39 The
bonding in metal complexes that contain the (CPR3) moiety have been described by two
resonance structures,39 which are shown in Figure 10 for W(PMe3)3Cl2(CPMe2Ph),
consisting of either a M&C triple bond (A) or M=C double bond (B). The experimentally
determined W–C [1.82(2) Å] bond length compares closely with that of the mean W&C
triple bond length (1.81 Å) and is significantly shorter than the mean W=C double bond
length of 1.98 Å,21 giving indication that resonance (A) is most appropriate.

For

comparison of the geometrical features of (CPR3) ligands, the first isolated phosphoniomethylidyne, [W2(CPMe3)2(PMe3)4Cl4][AlCl4]2,39a has a W–C bond length of 1.83(3) Å and
the second complex of this type, WCl2(CO)(PMePh2)2(CPMePh2),39g has a W–C bond
length of 1.823(7) Å, which are quite similar to W(PMe3)3Cl2(CPMe2Ph) [1.82(2) Å].
However, the experimentally determined C–P bond length in the (C–PR3) fragment of
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W(PMe3)3Cl2(CPMe2Ph)

[1.76(3)

[W2(CPMe3)2(PMe3)4Cl4][AlCl4]2

Å)]
[1.71(3)

is

significantly

Å)],

and

longer

than

those

of

WCl2(CO)(PMePh2)2(CPMePh2)

[1.729(8) Å)]. The increased W–C bond length may be attributed to the disordered
nature of the structure, which refined with a W–C–P bond angle of 170(10) ˚. The large
e.s.d. gives indication to the low precision of the W–C–P bond angle and as such, small
deviations in this angle can effect the W–C and C–P bond distances. In accord with this
notion, the calculated geometry of W(PMe3)3Cl2(CPMe2Ph) has a C–P bond length of
1.71 Å and W–C–P bond angle of 176.4, which is more in line with the previously
determined structures.
PMe2Ph

PMe2Ph

C

C

Cl
W
Me3P

PMe3

Cl

PMe3

Me3P

W

PMe3
PMe3

Cl

Cl

A

B

Figure 10. Resonance structures of W(PMe3)3Cl2(CPMe2Ph) (the phosphorus atom in resonance B is
hypervalent).

Additional support for resonance structure (A), in which there is substantial
triple bond character in the W&C fragment of W(PMe3)3Cl2(CPMe2Ph), is provided by
analysis of the Fenske-Hall molecular orbitals,33 which are shown in Figure 11.
Specifically, there are two # molecular orbitals derived from (i) overlap of the tungsten
dyz orbital and the carbon py orbital, and (ii) the tungsten dxz orbital and the carbon px
orbital.40

In addition, the " orbital of the W&C interaction is shown, which is a

component of a 3-center 2-electron interaction between tungsten, the carbyne carbon
and the phosphorus of the PMe2Ph unit (Figure 11).
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Figure 11. Molecular orbitals showing the " and # components of the W&C interaction.

1.9

Formation of W(PMe3)3Cl2(CPMe2Ph)
The mechanism of formation of W(PMe3)3Cl2(CPMe2Ph) is intriguing because of

the (CPMe2Ph) moiety produced. In this regard, in addition to isolating crystals of
W(PMe3)3Cl2(CPMe2Ph), we observed the deposition of a colorless solid, which has
tentatively been identified as [Me3PPh]Cl by comparison of its 1H and
spectra with [Me3PPh]I.41
complexes39d,e,f

31

P{1H} NMR

The synthesis of several other phosphoniocarbyne

(e.g. CpTaCl2(CPPh3)) used the phosphorane (phosphonium ylide)

Ph3PCH2 as the active reagent, which results in the production of [Ph3PMe]Cl as a
byproduct. Thus, in the reaction between W(PMe3)4(!2–CH2PMe2)H and chlorobenzene,
we

propose

that

PhMe2PCH2

is

formed

in

situ,

which

then

produces

W(PMe3)3Cl2(CPMe2Ph) and [Me3PPh]Cl.

1.10 Summary and conclusions
In conclusion, the formal abstraction of a hydride to give the alkylidene complex
[W(PMe3)4(!2–CHPMe2)H]X (X = Br, I) represents a new type of reaction manifold for
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W(PMe3)4(!2–CH2PMe2)H. The latter compound may be regenerated by treatment of
[W(PMe3)4(!2–CHPMe2)H]+ with LiAlH4, via a process that is regiospecific, such that
LiAlD4 gives selectively W(PMe3)4(!2–CHDPMe2)H.

Isolation of W(PMe3)4(!2–

CHDPMe2)H allowed us to monitor, by using 1H NMR spectroscopy, the migration of
deuterium from the methylene group of W(PMe3)4(!2–CHDPMe2)H to d1-DW(PMe3)4(!2–CH2PMe2)H, thereby providing a means to measure the rate constant for
accessing the 16-electron species [W(PMe3)5]. Additionally, treatment of W(PMe3)4(!2–
CH2PMe2)H with chlorobenzene resulted in the formation of the phosphoniocarbyne
complex, W(PMe3)3Cl2(CPMe2Ph).

1.11 Experimental details
1.11.1 General considerations
All manipulations were performed using a combination of glovebox, high vacuum, and
Schlenk techniques under an argon atmosphere unless otherwise specified.42 Solvents
were purified and degassed by standard procedures. 1H NMR spectra were measured
on Bruker 300 DRX, Bruker 300 DPX, Bruker 400 Avance III, Bruker 400 Cyber-enabled
Avance III, and Bruker 500 DMX spectrometers. 1H chemical shifts are reported in ppm
relative to SiMe4 (( = 0) and were referenced internally with respect to the protio solvent
impurity (( 7.16 for C6D5H; ( 3.31 for CD2HOD, and ( 4.79 for HDO).43
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C NMR spectra

are reported in ppm relative to SiMe4 (( = 0) and were referenced internally with respect
to the solvent (( 49.99 for CD3OD).43
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P chemical shifts are reported in ppm relative to

85% H3PO4 (( = 0) and were referenced using P(OMe)3 (( = 141.0) as an external
standard.44 Coupling constants are given in hertz. Mass spectra were obtained on a
LCMate JEOL ltd. Tokyo mass spectrometer using atmospheric pressure chemical
ionization (APCI). W(PMe3)4(!2–CH2PMe2)H was prepared by the literature method.12
LiAlD4 was purchased commercially (Aldrich).
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1.11.2 X-ray structure determinations
X-ray diffraction data were collected on a Bruker Apex II diffractometer. Crystal data,
data collection and refinement parameters are summarized in Section 1.12, Table 4. The
structures were solved using direct methods and standard difference map techniques,
and were refined by full-matrix least-squares procedures on F2 with SHELXTL (Version
6.10).45

1.11.3 Computational details
Calculations were carried out using DFT as implemented in the Jaguar 7.5 (release 207)
suite of ab initio quantum chemistry programs.46

Geometry optimizations were

performed with the B3LYP density functional47 using the 6-31G** (C, H, and P) and
LACVP (W) basis sets.48 The energies of the optimized structures were reevaluated by
additional single point calculations on each optimized geometry using cc-pVTZ(-f)
correlation consistent triple-* basis set for C, H, and P and LACV3P for W. Molecular
orbital analyses were performed with the aid of JIMP2,33 which employs Fenske-Hall
calculations and visualization using MOPLOT.49

1.11.4 Synthesis of [W(PMe3)4(! 2–CHPMe2)H]I
A solution of W(PMe3)4(!2–CH2PMe2)H (200 mg, 0.35 mmol) in benzene (3 mL) was
treated with iodobenzene (145 mg, 0.71 mmol) giving rise to a dark yellow solution.
The solution was allowed to stand overnight at room temperature, thereby depositing
bright blue-purple crystals of [W(PMe3)4(!2–CHPMe2)H]I, together with colorless
crystals of [Me3PPh]I, as identified by comparison of the unit cell data with that of the
literature [a = 24.831(6) Å, b = 7.399(2) Å, c = 12.782(3) Å; ) = 90˚, + = 90˚, , = 90˚].50,51
The mother liquor was decanted in air and the crystals were washed sequentially with
pentane (3 $ 5 mL), Et2O (2 $ 5 mL), and distilled water (3 $ 5 mL) to remove the
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colorless crystals of [Me3PPh]I. The sample was then washed with Et2O (2 $ 5 mL) and
pentane (2 $ 5 mL) and dried in vacuo to give blue-purple crystals of [W(PMe3)4(!2–
CHPMe2)H]I suitable for X-ray diffraction (120 mg, 49% yield). Anal. Calcd.: C, 26.1%,
H, 6.4%. Found: C, 25.6%, H, 5.8%.
1

H NMR (CD3OD): 1.32 [ddquint, JH-H = 12, JP-H = 16, 2JP-H = 37, 1JW-H = 29, 1H of

W(PMe3)4(!2–CHPMe2)H], 1.60 [d, 2JP-H = 10, 6H of W(PMe3)4(!2–CHPMe2)H], 1.68 [s,
36H of W(PMe3)4(!2–CHPMe2)H], 11.86 [dquint, JH-H = 12, JP-H = 11, JW-H = 11, 1H of
W(PMe3)4(!2–CHPMe2)H].

31

P{1H} NMR (CD3OD): –154.0 [quint, 2JP-P = 12, 1JW-P = 81, 1P

of W(PMe3)4(!2-CHPMe2)H], –34.9 [d, 2JP-P = 12, 1JW-P = 204, 4P of W(PMe3)4(!2–
CHPMe2)H].
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C{1H} NMR (CD3OD): 19.2 [d, 1JP-C = 27, 2C of W(PMe3)4(!2–CHPMe2)H],

26.9 [m, 12C of W(PMe3)4(!2–CHPMe2)H], 224.4 [dquint, 1JP-C = 51, JP-C = 13, 1C of
W(PMe3)4(!2–CHPMe2)H].

1.11.5 Synthesis of [W(PMe3)4(! 2–CHPMe2)H]Br
A solution of W(PMe3)4(!2–CH2PMe2)H (400 mg, 0.71 mmol) in benzene (5 mL) was
treated with bromobenzene (250 mg, 1.60 mmol) giving rise to a dark yellow solution.
The solution was allowed to stand overnight at room temperature, thereby depositing
bright blue-purple crystals of [W(PMe3)4(!2–CHPMe2)H]Br, together with some
colorless crystals (presumably [Me3PPh]Br, vide supra). The mother liquor was decanted
in air, and the crystals were washed sequentially with pentane (3 $ 5 mL), Et2O (2 $ 5
mL), and pentane (2 $ 5 mL) and dried in vacuo to give blue-purple crystals of
[W(PMe3)4(!2–CHPMe2)H]Br suitable for X-ray diffraction (260 mg, 57% yield).
1

H NMR (CD3OD): 1.32 [ddquint, JH-H = 13, JP-H = 16, 2JP-H = 37, 1JW-H = 29, 1H of

W(PMe3)4(!2–CHPMe2)H], 1.59 [d, 2JP-H = 9, 6H of W(PMe3)4(!2–CHPMe2)H], 1.67 [s, 36H
of W(PMe3)4(!2–CHPMe2)H], 11.85 [dquint, JH-H = 13, JP-H = 10, JW-H = 11, 1JC-H = 174, 1H of
W(PMe3)4(!2–CHPMe2)H].
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P{1H} NMR (CD3OD): –153.8 [quint, 2JP-P = 12, 1JW-P = 82, 1P
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of W(PMe3)4(!2-CHPMe2)H], –34.7 [d, 2JP-P = 12, 1JW-P = 204, 4P of W(PMe3)4(!2–
CHPMe2)H].

13

C{1H} NMR (CD3OD): 19.2 [dquint, 1JP-C = 27, 3JP-C = 2, 2C of W(PMe3)4(!2–

CHPMe2)H], 26.9 [m, 12C of W(PMe3)4(!2–CHPMe2)H], 224.4 [dquint, 1JP-C = 50, 2JP-C = 13,
1C of W(PMe3)4(!2–CHPMe2)H].

13

C NMR (CD3OD): 19.2 [dq, 1JP-C = 27, 1JH-C = 129, 2C of

W(PMe3)4(!2–CHPMe2)H], 26.9 [q, 1JH-C = 132, 12C of W(PMe3)4(!2–CHPMe2)H], 224.4
[dd, 1JP-C = 50, 1JH-C = 174, 1C of W(PMe3)4(!2–CHPMe2)H]. 1H NMR (D2O): 0.23 [m, 1H
of W(PMe3)4(!2–CHPMe2)H], 1.56 [d, 2JP-H = 10, 6H of W(PMe3)4(!2–CHPMe2)H], 1.62 [s,
36H of W(PMe3)4(!2–CHPMe2)H], 12.01 [sextet, JP-H = 11, JH-H = 11, JW-H = 11, 1H of
W(PMe3)4(!2–CHPMe2)H].
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P{1H} NMR (D2O): –154.6 [quint, 2JP-P = 12, 1JW-P = 84, 1P of

W(PMe3)4(!2–CHPMe2)H], -35.7 [d, 2JP-P = 12, 1JW-P = 203, 4P of W(PMe3)4(!2–CHPMe2)H].

1.11.6 Reaction of W(PMe3)4(! 2–CH2PMe2)H towards bromotoluene
A solution of W(PMe3)4(!2–CH2PMe2)H (60 mg, 0.11 mmol) in C6D6 (ca. 0.7 mL) was
treated with p-bromotoluene (40 mg, 0.23 mmol) and allowed to stand at room
temperature for 12 hours. After this period, the mixture was filtered, removing inter alia
purple crystals of [W(PMe3)4(!2–CHPMe2)H]Br, and the filtrate was analyzed by 1H
NMR spectroscopy, thereby demonstrating the formation of toluene.

1.11.7 Reaction of [W(PMe3)4(! 2–CHPMe2)H]Br towards LiAlH4
A suspension of [W(PMe3)4(!2–CHPMe2)H]Br (12 mg, 0.02 mmol) in C6D6 (ca. 0.7 mL)
was treated with LiAlH4 (10 mg, 0.26 mmol). Et2O (ca. 0.1 mL) was then added, thereby
resulting in the formation of a bright yellow solution. The mixture was filtered and the
filtrate was lyophilized and the solid obtained was extracted into C6D6 and analyzed by
1

H NMR spectroscopy, thereby demonstrating the formation of W(PMe3)4(!2–

CH2PMe2)H.
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1.11.8 Reaction of [W(PMe3)4(! 2–CHPMe2)H]Br towards LiAlD4
A suspension of [W(PMe3)4(!2–CHPMe2)H]Br (50 mg, 0.08 mmol) in benzene (1 mL) was
treated with a solution of LiAlD4 (3 mg, 0.07 mmol) in Et2O (ca. 0.2 mL). The resulting
mixture was shaken for 1 minute and filtered. The filtrate was lyophilized and the
yellow powder was extracted into C6D6 (ca. 0.7 mL) and analyzed by 1H NMR
spectroscopy, thereby demonstrating the formation of an isotopologue of W(PMe3)4(!2–
CH2PMe2)H in which deuterium primarily resided in the methylene site, namely
W(PMe3)4(!2–CHDPMe2)H.

1.11.9 Crystal Structure and Molecular Orbital Analysis of W(PMe3)4(! 2–CH2PMe2)H
Crystals of W(PMe3)4(!2–CH2PMe2)H suitable for X-ray diffraction were obtained from a
solution in pentane at –15 ˚C.

1.11.10 Kinetics of isomerization of W(PMe3)4(! 2–CHDPMe2)H
A suspension of [W(PMe3)4(!2–CHPMe2)H]Br (100 mg, 0.16 mmol) in benzene (1 mL)
was treated with a solution of LiAlD4 (5 mg, 0.12 mmol) in Et2O (ca. 0.2 mL). The
resulting mixture was shaken for 1 minute and filtered. The filtrate was lyophilized
and the yellow powder of W(PMe3)4(!2–CHDPMe2)H obtained was extracted into C6D6
(ca. 2.1 mL) and filtered into a vial.

Mesitylene (1 µL) was added as an internal

integration standard, and the solution was divided evenly into 3 NMR tubes equipped
with J. Young valves. Two of the samples were treated with PMe3 and the kinetics of
the isomerization of W(PMe3)4(!2–CHDPMe2)H were measured at 30˚C by monitoring
the increase in intensity of the methylene signal in the 1H NMR spectrum. Using a
similar procedure, the kinetics were also measured at 53˚C and 64˚C in the probe of the
NMR spectrometer, as summarized in Table 3. Within experimental error, the rate
constant data are not influenced by the presence of PMe3.
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1.11.11 Reaction of W(PMe3)4(! 2–CHDPMe2)H towards bromotoluene
A sample of W(PMe3)4(!2–CHDPMe2)H was prepared by the above procedure
employing [W(PMe3)4(!2–CHPMe2)H]Br (200 mg, 0.31 mmol), benzene (1.5 mL) and a
solution of LiAlD4 (10 mg, 0.24 mmol) in Et2O (ca. 0.4 mL). The resulting mixture was
shaken for 1 minute and then filtered. The precipitate was extracted with benzene (1
mL), filtered and the filtrates were combined and lyophilized.

The bright yellow

powder was then extracted with d6-benzene (ca. 0.7 mL), filtered into an NMR tube
equipped with a J. Young valve and treated with p-bromotoluene (150 mg, 0.88 mmol).
The sample was monitored by 1H NMR spectroscopy, which demonstrated that the
toluene formed contained ca 40% deuterium in the para position.

1.11.12 Synthesis of [Ar(PhBr)2]H
1,3-diiodobenzene (1.57 g, 4.74 mmol), 2-bromophenylboronic acid (2.00 g, 9.96 mmol),
Pd(PPh3)4 (0.274 g, 0.24 mmol) and potassium carbonate (3.93 g, 28.44 mmol) were
added to a large Schlenk equipped with a stirbar. THF (50 mL) was then added via
cannula to the large Schlenk creating a yellow mixture. In a separate medium Schlenk,
a mixture of H2O (11 mL) and EtOH (11 mL) was subjected to 3 freeze pump thaw
cycles, and then was cannulated into the large Schlenk. The Schlenk was then equipped
with a reflux condenser, stirred vigorously and heated at 83 ˚C for 16 hours. After this
period, the mixture was allowed to be exposed to air and was filtered. The filtrate was
put into a separatory funnel and the organic layer was collected. The aqueous layer
was extracted with Et2O and the organic layers were then combined and pumped down
under reduced pressure creating a thick orange waxy oil. This waxy oil was then
dissolved in dichloromethane, and pre-absorbed onto silica gel, and purified by flash
column chromatography (silica gel, hexanes) in air. The hexanes were then removed
under reduced pressure resulting in a colorless to white wax.

The wax was then
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recrystallized by slow evaporation of a saturated pentane solution giving pure X-ray
quality crystals of [Ar(PhBr)2]H (1.20 g, 65% yield). Anal. Calcd.: C, 55.7 %, H, 3.1 %.
Found: C, 56.0 %, H, 3.2 . Mass Spec. (APCI+): m/z = 418.59 {M+ + MeOH}.
1

H NMR (C6D6): 6.73 [dt, 4JH-H = 2, 3JH-H = 8, 2H of Ar(PhBr)2H], 6.92 [dt, 4JH-H = 1, 3JH-H

= 8, 2H of Ar(PhBr)2H], 7.11 [dd, 4JH-H = 2, 3JH-H = 8, 2H of Ar(PhBr)2H], 7.19 [m, 1H of
Ar(PhBr)2H], 7.31 [m, 2H of Ar(PhBr)2H], 7.39 [t, 4JH-H = 2, 1H of Ar(PhBr)2H], 7.48 [dd, 4JH-H = 1,
3

JH-H = 8, 2H of Ar(PhBr)2H].

13

C{1H} NMR (C6D6): 123.1 [s, 2C of Ar(PhBr)2H], 127.6 [s, 2C of

Ar(PhBr)2H], 128.1 [s, 1C of Ar(PhBr)2H], 129.0 [s, 2C of Ar(PhBr)2H], 129.0 [s, 2C of Ar(PhBr)2H],
130.9 [s, 1C of Ar(PhBr)2H], 131.7 [s, 2C of Ar(PhBr)2H], 133.4 [s, 2C of Ar(PhBr)2H], 141.3 [s, 2C
of Ar(PhBr)2H], 142.8 [s, 2C of Ar(PhBr)2H].

1.11.13 Structural characterization of W(PMe3)3Cl2(CPMe2Ph)
A solution of W(PMe3)4(!2–CH2PMe2)H (100 mg, 0.18 mmol) in benzene (5 mL) was
treated with chlorobenzene (70 mg, 0.62 mmol) giving rise to a dark yellow solution.
The solution was allowed to stand at room temperature for ca. 3 weeks, thereby
depositing a mixture of dark green crystals and a colorless white solid (10 mg). The
green crystals were identified as W(PMe3)3Cl2(CPMe2Ph) by X-ray diffraction.
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1.12 Crystallographic data
Table 4. Crystal, intensity collection and refinement data.
[W(PMe3)4(! 2–CHPMe2)H]I

[W(PMe3)4(! 2–CHPMe2)H]Br

lattice

Tetragonal

Tetragonal

formula

C15H44IP5W

C15H44BrP5W

formula weight

690.10

643.11

space group

P42/m

P42/m

a/Å

13.598(3)

13.476(3)

b/Å

13.598(3)

13.476(3)

c/Å

14.392(3)

14.118(4)

)/˚

90

90

+/˚

90

90

,/˚

90

90

2661.3(11)

2563.8(11)

4

4

temperature (K)

150(2)

125(2)

radiation (-, Å)

0.71073

0.71073

. (calcd.) g cm-3

1.722

1.666

µ (Mo K)), mm-1

5.799

6.373

/ max, deg.

31.50

31.76

no. of data collected

45502

44100

no. of data

4582

4516

no. of parameters

125

124

R1 [I > 2!(I)]

0.0220

0.0188

wR2 [I > 2!(I)]

0.0469

0.0410

R1 [all data]

0.0295

0.0261

wR2 [all data]

0.0497

0.0433

GOF

1.054

1.042

V/Å3
Z
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Table 4 (cont). Crystal, intensity collection and refinement data.
W(PMe3)4(! 2–CH2PMe2)H

[Ar(PhBr)2]H

lattice

Monoclinic

Orthorhomic

formula

C15H45P5W

C18H12Br2

formula weight

564.21

388.10

space group

P21/n

Pbca

a/Å

14.8321(4)

7.2007(5)

b/Å

9.4806(3)

18.4482(13)

c/Å

18.0198(5)

22.2937(16)

)/˚

90

90

+/˚

106.6870(10)

90

,/˚

90

90

2427.19(12)

2961.5(4)

4

8

temperature (K)

125(2)

150(2)

radiation (-, Å)

0.71073

0.71073

. (calcd.) g cm-3

1.544

1.741

µ (Mo K)), mm-1

5.084

5.461

/ max, deg.

30.51

30.03

no. of data collected

14235

42597

no. of data

7349

4313

no. of parameters

208

181

R1 [I > 2!(I)]

0.0208

0.0287

wR2 [I > 2!(I)]

0.0461

0.0538

R1 [all data]

0.0259

0.0582

wR2 [all data]

0.0478

0.0627

GOF

1.011

1.032

V/Å3
Z
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Table 4 (cont). Crystal, intensity collection and refinement data.
W(PMe3)3Cl2(CPMe2Ph)
lattice

Orthorhombic

formula

C18H38Cl2P4W

formula weight

633.11

space group

Pmmn

a/Å

10.2123(6)

b/Å

14.0712(8)

c/Å

9.2360(5)

)/˚

90

+/˚

90

,/˚

90

V/Å3
Z

1327.21(13)
2

temperature (K)

225(2)

radiation (-, Å)

0.71073

. (calcd.) g cm-3

1.584

µ (Mo K)), mm-1

4.796

/ max, deg.

30.50

no. of data collected

20761

no. of data

2211

no. of parameters

148

R1 [I > 2!(I)]

0.0470

wR2 [I > 2!(I)]

0.1173

R1 [all data]

0.0478

wR2 [all data]

0.1177

GOF

1.200
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CHAPTER 2

Modeling aspects of hydrodenitrogenation:
Reactivity of Mo(PMe3)6 towards phenazine and related heterocycles
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2.1

Introduction

2.1.1 Hydrodenitrogenation (HDN)
Hydrodenitrogenation (HDN) is the industrial process whereby nitrogen
containing impurities are removed from crude oil, which is important for minimizing
toxic emissions of environmentally unfriendly gases, such as NO2, during
combustion.1,2,3 HDN involves the cleavage of strong C–N bonds by using H2, and is an
energy intensive process performed at high temperatures and pressures, most
commonly using a molybdenum sulfide catalyst supported on alumina (Scheme 1).4
Aromatic nitrogen heterocycles are some of the most challenging compounds to process
in crude oil because of their particularly strong C–N bonds. Therefore, studying the
reactivity of these aromatic N-heterocycles with molybdenum can provide useful
information concerning HDN. Specifically, inorganic compounds can serve as models
for the HDN process providing insight into the transformations that may be involved.2,5
[R!N] + H2

MoS2 catalyst
~ 350 ˚C

[R!H] + NH3

Scheme 1. Hydrodenitrogenation (HDN).

2.1.2 Mo(PMe3)6
As described in Chapter 1, there are several examples of homoleptic
trimethylphosphine complexes of transition metals, one of which is Mo(PMe3)6.
Mo(PMe3)6 was first synthesized in 1982 by Green et al. by using metal vapor synthesis
techniques.6

In 1995, Murphy and Parkin developed several new syntheses of

Mo(PMe3)6, by either (i) reaction of the dihydride complex Mo(PMe3)5H27 with neat
PMe3, (ii) reaction of the dinitrogen complex Mo(PMe3)5N28 with neat PMe3 or (iii)
reaction of MoCl5 with NaK alloy in neat PMe3.9

Mo(PMe3)6 has been a valuable

synthetic reagent for a variety of interesting complexes, such as: Mo(PMe3)4Se2,7
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Mo(PMe3)4(C2H4)2,8

Mo(PMe3)5N2,6

Mo(PMe3)2(C4H6)2,6

CpMo(PMe3)3H,6

and

Mo(PMe3)4(!2–CH2O)H210 (Scheme 2). It is also important to note that the reactivity of
Mo(PMe3)6 is not simply analogous to that of W(PMe3)4(!2–CH2PMe2)H.11 For example,
the reactivity of Mo(PMe3)6 with phenol or 2,4,6-trimethylphenol12 (Scheme 2) differs
significantly from the cyclometalation chemistry observed with W(PMe3)4(!2–
CH2PMe2)H (see Chapter 1).11
Me3P
H
H
Me3P

PMe3

PMe3
Mo

Se

Me3P

CH2

H

O

Mo

Me3P

O

Me3P

Me3P
PMe3

PMe3

PMe3
Mo
PMe3
Se

OH
MeOH

Se

PMe3
Me3P
Me3P

Mo

H

PMe3

PMe3
Mo

Me3P

PMe3

C2H4

Me3P

PMe3
Mo

Me3P

PMe3

PMe3

PMe3
OH

N2

N
PMe3

N

PMe3
O

O

Me3P

PMe3

O

PMe3
Mo

Mo

Mo

O
PMe3

Me3P

PMe3
PMe3

Scheme 2. Reactivity of Mo(PMe3)6.

2.1.3 Reactivity of Mo(PMe3)6 relevant to hydrodenitrogenation
In order to procure a more detailed understanding of the reactions involved in
HDN, the Parkin group has studied the coordination chemistry of heterocyclic aromatic
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nitrogen compounds with molybdenum, a key component of HDN catalysts.13 For
example, it was previously demonstrated that Mo(PMe3)6 reacts with quinoline (QH)
(Figure 1) to form (!6-C5N-QH)Mo(PMe3)3 (Scheme 3), the first example of !6coordination of quinoline via the heterocyclic ring.13c,14 Furthermore, it was found that
quinoline may be catalytically hydrogenated to 1,2,3,4-tetrahydroquinoline by (!6-C5NQH)Mo(PMe3)3 or Mo(PMe3)4H4 (Scheme 3).
H
N
4H2, PMe3

N

PMe3
Me3P

Me3P
N

PMe3
Mo
PMe3

Me3P
PMe3

H

Mo

80 ˚C
Me3P

PMe3

PMe3

H
Me3P

PMe3

2H2, PMe3

H
Mo

110 ˚C
80 atm H2

H
PMe3

N

Scheme 3. Catalytic hydrogenation of quinoline by a molybdenum compound.

Recent studies have demonstrated that polynuclear aromatic compounds inhibit
both hydrodenitrogenation and hydrodesulfurization,15 and it is, therefore, important to
investigate the means by which these compounds interact with molybdenum.
Accordingly, the reactivity of Mo(PMe3)6 with the trinuclear aromatic compound
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phenazine (PhzH) (Figure 1) is described in this chapter.

Specifically, several

molybdenum complexes of phenazine have been synthesized and structurally
characterized, thereby demonstrating that phenazine may adopt a variety of
unprecedented coordination modes to this metal. In addition, we investigated how ring
fusion impacts the reactivity of heterocyclic aromatic nitrogen compounds of the type
(!6-NHetH)Mo(PMe3)3 towards oxidative addition of H2 and subsequent hydrogenation,
and this research is described herein.
N

quinoline
(QH)

N
acridine
(AcrH)

N

N

N

N

quinoxaline
(QoxH)

phenazine
(PhzH)

Figure 1. Binuclear and trinuclear aromatic nitrogen heterocycles.

2.2

Synthesis and structural characterization of molybdenum phenazine complexes
The Parkin group has previously demonstrated that anthracene (AnH) and

acridine (AcrH) react with Mo(PMe3)6 to give (!6-AnH)Mo(PMe3)316 and (!6-C6AcrH)Mo(PMe3)3,13a respectively, in which the aromatic ligands coordinate in an !6manner via one of the outer rings (Scheme 4).

The reaction of phenazine with

Mo(PMe3)6 is considerably more complex and results in compounds that exhibit a
variety of coordination modes.17,18

Specifically, in addition to forming (!6-C6-

PhzH)Mo(PMe3)3,19 which is analogous to the reactivity observed for anthracene and
acridine, Mo(PMe3)6 also reacts with phenazine to yield (i) (!4-C4-PhzH)2Mo(PMe3)2, in
which two phenazine ligands coordinate via !4–coordination modes, and (ii) (µ-!6,!6PhzH)[Mo(PMe3)3]2, a dinuclear compound in which the phenazine ligand bridges two
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metal centers (Scheme 5).20

Thus, rather than only forming a complex in which

phenazine coordinates to molybdenum in a 1:1 ratio, complexes with 1:2 and 2:1
stoichiometries have also been isolated.

PMe3
Me3P
Mo
Me3P

PMe3
Mo

anthracene

PMe3

Me3P

PMe3

N

N

PMe3

Mo

acridine

PMe3

Me3P

PMe3

PMe3

Scheme 4. Previously reported reactivity of Mo(PMe3)6 with anthracene and acridine.
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N
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Mo

PMe3
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PMe3
N

PMe3
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PMe3

N

Mo
Me3P

N

N
Mo

1 eq

PMe3

PMe3

Me3P

PMe3

PMe3

N

N

N
N
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Mo

PMe3
PMe3
N
N

Scheme 5. Reactivity of Mo(PMe3)6 towards phenazine.
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The molecular structures of (!6-C6-PhzH)Mo(PMe3)3,21 (!4-C4-PhzH)2Mo(PMe3)2,
and (µ-!6,!6-PhzH)[Mo(PMe3)3]2 have been determined by X-ray diffraction (Figures 2 –
4, respectively) and illustrate several interesting features. Firstly, the phenazine ligand
in each compound coordinates by using only the carbon atoms of the carbocyclic rings, a
previously unknown coordination mode for phenazine; in all other structurally
characterized phenazine complexes, the ligand coordinates via its nitrogen atoms which,
in many cases, are the only binding functionalities.22,23 Another important feature of
these compounds (discussed in more detail below) is that the phenazine ligands of
(!6-C6-PhzH)Mo(PMe3)3 and (µ-!6,!6-PhzH)[Mo(PMe3)3]2 adopt !6-coordination modes,
while those in (!4-C4-PhzH)2Mo(PMe3)2 adopt !4-coordination modes, such that the
compound is closely analogous to the previously reported bis-butadiene complex
(!4-C4H6)2Mo(PMe3)26 and the recently synthesized bis-crotonaldehyde complex,
(!4-OC4H6)2Mo(PMe3)2 (see Chapter 5).

Figure 2. Molecular structure of (!6-C6-PhzH)Mo(PMe3) 3.
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Figure 3. Molecular structure of (!4-C4-PhzH)2Mo(PMe3)2.

Figure 4. Molecular structure of (µ-!6,!6-PhzH)[Mo(PMe3)3]2.

While the phenazine, acridine, and anthracene complexes (!6-C6-PhzH)Mo(PMe3)3,
(!6-C6-AcrH)Mo(PMe3)3,13a and (!6-AnH)Mo(PMe3)3,16 are structurally analogous, each
exhibiting coordination via a terminal carbocyclic ring, the facility with which these
complexes are obtained differs considerably. Thus, whereas the reaction of Mo(PMe3)6
with anthracene requires several days at 140 ˚C,16 the corresponding reactions of
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acridine and phenazine require less than 1 day, having half-lives of approximately 200
minutes and 10 minutes, respectively, at 80 ˚C. These observations indicate that the
presence of nitrogen atoms in the central ring significantly promotes the reaction of the
aromatic compound with Mo(PMe3)6, even though coordination of nitrogen is not
observed in the final product. Although the mechanisms for the formation of these
compounds are not known, it is possible that the nitrogen atom assists the initial
coordination of acridine and phenazine to the metal center through the "1-N mode,
thereby facilitating a subsequent transformation to the !6-coordination compound.
In view of the fact that addition of excess Mo(PMe3)6 to phenazine resulted in the
dinuclear complex (µ-!6,!6-PhzH)[Mo(PMe3)3]2, it was attempted to synthesize
dinuclear complexes of other aromatic N-heterocyles. Indeed, we were able to isolate
dinuclear complexes of acridine and quinoxaline (QoxH) (Figure 1), namely
(µ-!6,!6-AcrH)[Mo(PMe3)3]2 and (µ-!6,!6-QoxH)[Mo(PMe3)3]2,24 and their molecular
structures are shown in Figures 5 and 6, respectively.

Figure 5. Molecular structure of (µ-!6,!6-AcrH)[Mo(PMe3)3]2.
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Figure 6. Molecular structure of (µ-!6,!6-QoxH)[Mo(PMe3)3]2 (disorder of the quinoxaline ligand not
shown).

2.3

Oxidative addition of H2 to (! 6-NHetH)Mo(PMe3)3
Hydrogenation of the heterocyclic ring of polynuclear aromatic nitrogen

compounds is considered to be an essential step that occurs prior to cleavage of the C–N
bond during HDN.3,25 For this reason, the reactivity of the above phenazine complexes
towards H2 has been examined. For example, while the bis(phenazine) complex (!4-C4PhzH)2Mo(PMe3)2 does not react with H2 (ca. 1 atm) at room temperature, a green
solution of (!6-C6-PhzH)Mo(PMe3)3 in benzene reacts instantaneously with H2 (ca. 1 atm)
to give an orange-brown solution of (!4-C4-PhzH)Mo(PMe3)3H2 (Scheme 6). Although
the reaction is reversible, we were able to determine the molecular structure of
(!4-C4-PhzH)Mo(PMe3)3H2 by crystallization at low temperature (–18 ˚C) in pentane in a
sealed vial (Figure 7). As can be seen in Figure 7, the molecule has approximate Cs
symmetry in which the mirror plane of the !4-phenazine ligand is coincident with the
plane comprising Mo, P1 and the two hydride ligands.26,27
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H
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Scheme 6. Reactivity of (!6-C6-PhzH)Mo(PMe3)3 and (µ-!6,!6-PhzH)[Mo(PMe3)3]2 towards H2.

Figure 7. Molecular structure of (!4-C4-PhzH)Mo(PMe3) 3H2.
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The dinuclear complex (µ-!6,!6-PhzH)[Mo(PMe3)3]2 is likewise subject to
oxidative addition of H2, but the reaction occurs selectively with only one of the
molybdenum centers to give (µ-!6,!4-PhzH)[Mo(PMe3)3][Mo(PMe3)3H2] (Scheme 6). Xray diffraction indicates that the coordination geometries of the two metal centers of (µ!6,!4-PhzH)[Mo(PMe3)3][Mo(PMe3)3H2] (Figure 8) are similar to the respective
geometries of mononuclear (!6-C6-PhzH)Mo(PMe3)3 and (!4-C4-PhzH)Mo(PMe3)3H2.
Interestingly, while the molybdenum coordination environments of mononuclear
(!6-C6-PhzH)Mo(PMe3)3 and dinuclear (µ-!6,!6-PhzH)[Mo(PMe3)3]2 are similar, it is
evident that coordination of the second molybdenum center does exert an influence on
the ability of the other molybdenum center to undergo oxidative addition of H2. For
example, dinuclear (µ-!6,!4-PhzH)[Mo(PMe3)3][Mo(PMe3)3H2] transfers H2 to (!6-C6PhzH)Mo(PMe3)3, giving (µ-!6,!6-PhzH)[Mo(PMe3)3]2 and (!4-C4-PhzH)Mo(PMe3)3H2
with K = 7.4 at 30˚C (Scheme 7), thereby demonstrating that coordination of the second
molybdenum center inhibits oxidative addition of H2.

Figure 8. Molecular structure of (µ-!6,!4-PhzH)[Mo(PMe3)3][Mo(PMe3)3H2].
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Scheme 7. H2 transfer from (µ-!6,!4-PhzH)[Mo(PMe3)3][Mo(PMe3)3H2] to (!6-C6-PhzH)Mo(PMe3)3.

2.4

Influence of nitrogen atom substituents on oxidative addition of H2
Comparison of the reactivity of the phenazine, acridine and anthracene

complexes (!6-C6-PhzH)Mo(PMe3)3, (!6-C6-AcrH)Mo(PMe3)3 and (!6-AnH)Mo(PMe3)3,
provides a means to identify how nitrogen atom substituents in an adjacent fused ring
influence the ability of the metal center to undergo oxidative addition of H2.
Previously, the Parkin group reported that (!6-AnH)Mo(PMe3)3 reacts reversibly with
H2 at room temperature to give (!4-AnH)Mo(PMe3)3H2.16,28

Not surprisingly, the

acridine counterpart, (!6-C6-AcrH)Mo(PMe3)3,13a also reacts rapidly with H2 at room
temperature to yield (!4-C4-AcrH)Mo(PMe3)3H2 (Scheme 8). The molecular structure of
(!4-C4-AcrH)Mo(PMe3)3H2 has been determined by X–ray diffraction, using the same
crystallization procedure as that for (!4-C4-PhzH)Mo(PMe3)3H2 (Figure 9). Significantly,
(!4-C4-AcrH)Mo(PMe3)3H2 is the first structurally characterized complex that exhibits an
!4-coordination mode for acridine, which otherwise typically coordinates in a "1-N
manner.29,30 Also of note, the structure of (!4-C4-AcrH)Mo(PMe3)3H2 differs from that of
(!4-C4-PhzH)Mo(PMe3)3H2 in that the long axis of the !4-acridine ligand does not lie in
the mirror plane of the [Mo(PMe3)3H2] moiety.

The solid state structure of (!4-C4-

AcrH)Mo(PMe3)3H2 is, nevertheless, in accord with that proposed for one of the
configurations of (!4-C4-PhzH)Mo(PMe3)3H2 observed in solution at low temperature
(see reference 27). Furthermore, we also determined the molecular structure of the
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anthracene complex, (!4-AnH)Mo(PMe3)3H2 (Figure 10), which exhibits the same
configuration as that of (!4-C4-AcrH)Mo(PMe3)3H2 in the solid state.

N

N
K = 3,200 M!1
H2

Mo
Me3P

PMe3
PMe3

Me3P
Me3P

Scheme 8. Reversible reactivity of (!6-C6-AcrH)Mo(PMe3)3 with H2.

Figure 9. Molecular structure of (!4-C4-AcrH)Mo(PMe3) 3H2.

Figure 10. Molecular structure of (!4-AnH)Mo(PMe3)3H2.

Mo
H

PMe3
H
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As with (!6-AnH)Mo(PMe3)3,16,28 the oxidative addition of H2 to (!6-C6AcrH)Mo(PMe3)3 and (!6-C6-PhzH)Mo(PMe3)3 is reversible and a series of H2 transfer
experiments demonstrates that the equilibrium constant for oxidative addition increases
in the sequence KAnH < KAcrH < KPhzH (Table 1). Specifically, (!4-AnH)Mo(PMe3)3H2
transfers H2 to (!6-C6-AcrH)Mo(PMe3)3 giving (!4-C4-AcrH)Mo(PMe3)3H2 and (!6AnH)Mo(PMe3)3 (K = 2.0 at 30˚C), while (!4-C4-AcrH)Mo(PMe3)3H2 transfers H2 to (!6C6-PhzH)Mo(PMe3)3 giving (!4-C4-PhzH)Mo(PMe3)3H2 and (!6-C6-AcrH)Mo(PMe3)3 (K =
1.8 × 102 at 30˚C), as illustrated in Scheme 9. From these equilibrium measurements, it
is evident that the presence of nitrogen atoms in the central ring increases the ability of
the metal center to undergo oxidative addition of H2. In support of these observations,
density functional theory (DFT) calculations also predict that the exothermicity for
oxidative addition of H2 increases with the number of nitrogen atoms in the central ring
(Table 2).

Scheme 9. H2 transfer experiments [(!4-AnH)Mo(PMe 3)3H2 transfers H2 to (!6-C6-AcrH)Mo(PMe3)3 (top)
and (!4-C4-AcrH)Mo(PMe3)3H2 transfers H2 to (!6-C6-PhzH)Mo(PMe3)3 (bottom)].
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Table 1. Equilibrium constant data for oxidative addition of H2 to (!6-ArH)Mo(PMe3)3 in C6D6 at 30˚C.
(! 6-ArH)Mo(PMe3)3

K (M–1)

(!6-AnH)Mo(PMe3)3a

1.6 × 104

(!6-C6-AcrH)Mo(PMe3)3b

3.2 × 104

(!6-C6-PhzH)Mo(PMe3)3b

5.8 × 106

(µ-!6,!6-PhzH)[Mo(PMe3)3]2b

7.8 × 105

(!6-C6-QoxH)Mo(PMe3)3c

7.2 × 102

(a) Data taken from reference 28.
(b) Value determined from a thermodynamic cycle which couples experimentally measured values for
H2 exchange between the various metal centers (Schemes 7 and 9) with the oxidative addition of H2 to (!6AnH)Mo(PMe3)3.
(c) Value at room temperature.

Table 2. Computational !H (kcal mol-1) for oxidative addition of H2 to (!6-NHetH)Mo(PH3)3 giving two
isomers of (!4-NHetH)Mo(PH3)3H2.
(! 6-ArH)Mo(PH3)3

2.5

Symmetric
4

Asymmetric
4

(! -NHetH)Mo(PH3)3H2

(! -NHetH)Mo(PH3)3H2

(!6-AnH)Mo(PH3)3

-1.77

-4.19

(!6-C6-AcrH)Mo(PH3)3

-3.30

-5.67

(!6-C6-PhzH)Mo(PH3)3

-6.43

-8.04

Influence of ring fusion on oxidative addition of H2
Previous experimental and computational studies concerned with the benzene,

naphthalene and anthracene compounds, (!6-PhH)Mo(PMe3)3, (!6-NpH)Mo(PMe3)3 and
(!6-AnH)Mo(PMe3)3, have demonstrated that ring fusion also promotes oxidative
addition of H2.16 In particular, the dihydride only becomes experimentally observable
for the anthracene system. We have now extended this study to include heterocyclic
aromatic compounds.

Comparison of the reactivity of related mononitrogen

heterocyclic systems, namely the quinoline (QH) and acridine derivatives, which
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respectively possess two and three fused six-membered rings, demonstrates that ring
fusion also promotes oxidative addition in this system.

Thus, whereas (!6-C6-

AcrH)Mo(PMe3)3 reacts with H2 to give (!4-C4-AcrH)Mo(PMe3)3H2 (Scheme 10), (!6-C6QH)Mo(PMe3)3 is inert towards H2 under comparable conditions.13a
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H
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Scheme 10. Effects of ring fusion on oxidative addition of H2.

A similar effect is observed upon comparison of the quinoxaline (QoxH) and
phenazine compounds, (!6-C6-QoxH)Mo(PMe3)313c and (!6-C6-PhzH)Mo(PMe3)3, both of
which feature two nitrogen atoms in the adjacent fused ring. Thus, in contrast to the
rapid reaction of (!6-C6-PhzH)Mo(PMe3)3 with H2 to give (!4-C4-PhzH)Mo(PMe3)3H2, the
quinoxaline counterpart (!6-C6-QoxH)Mo(PMe3)3,13c with only two fused six-membered
rings, requires several days to react and yields (!4-C4-QoxH)Mo(PMe3)3H2 (Scheme 11)
as only a component of an equilibrium mixture under 1 atmosphere of H2 (K = 7.2 × 102
M-1 at room temperature). As such, it demonstrates that, in this system, ring-fusion
increases the reactivity of the metal center towards oxidative addition of H2 by a factor
of ≈ 104 in equilibrium constant, an observation that may be viewed as a heterocyclic
analogue of the “anthracene effect”.16
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Scheme 11. Equilibrium between (!6-C6-QoxH)Mo(PMe3)3 and H2 with (!4-C4-QoxH)Mo(PMe3)3H2.

Despite the fact that (!4-C4-QoxH)Mo(PMe3)3H2 is only observed as a component
of an equilibrium mixture, the compound was successfully crystallized by cooling a
solution in pentane at –18 ˚C in a sealed vial, and has been structurally characterized by
X–ray diffraction. Most interestingly, the asymmetric unit consists of two molecules
that differ by the orientation of the !4-quinoxaline ligand relative to the [Mo(PMe3)3H2]
moiety (Figure 11). As such, it is evident that (!4-C4-QoxH)Mo(PMe3)3H2 exhibits both of
the configurations discussed above for the phenazine, acridine and anthracene
compounds.

In view of the fact that each of these compounds exhibits two

conformations in solution at low temperature, it is possible that the different solid state
structures may merely reflect crystal packing effects.

Figure 11. Molecular structure of (!4-C4-QoxH)Mo(PMe 3)3H2 (both isomers are in the asymmetric unit).
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The ability to observe spectroscopically and structurally characterize (!4-C4QoxH)Mo(PMe3)3H2 is also noteworthy because the corresponding species were not
observed for the quinoline and naphthalene derivatives. As such, it provides a further
illustration that nitrogen substituents in an adjacent fused ring promote oxidative
addition of H2.

2.6

Hydrogenation of the N-heterocycles
(!6-C6-PhzH)Mo(PMe3)3

While

and

(!6-C6-AcrH)Mo(PMe3)3

only

undergo

oxidative addition of H2 at room temperature, the phenazine and acridine ligands are
hydrogenated at elevated temperatures. Accordingly, (!6-C6-PhzH)Mo(PMe3)3 releases
a mixture of 5,10-dihydrophenazine and 1,2,3,4-tetrahydrophenazine upon treatment
with H2 in benzene at 95 ˚C,31 while (!6-C6-AcrH)Mo(PMe3)3 releases 9,10dihydroacridine under the same conditions; in both cases, the principal molybdenum
containing product is (!6-PhH)Mo(PMe3)3 (Scheme 12).
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Scheme 12. Hydrogenation of phenazine and acridine by molybdenum.

In contrast to the hydrogenation of acridine, the quinoline counterpart (!6-C6QH)Mo(PMe3)3 is stable under these conditions,13a from which it is evident that ring
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fusion also promotes hydrogenation of the heterocyclic ligand in this system.
Furthermore, although the turnover number is low (7.2 turnovers over a period of 21
days), acridine is catalytically hydrogenated in the presence of (!6-C6-AcrH)Mo(PMe3)3
and H2 at 95 ˚C in cyclohexane. Under these conditions, the principal products are a ca.
2:3 mixture of 9,10-dihydroacridine and 1,2,3,4-tetrahydroacridine.32 The formation of
1,2,3,4-tetrahydroacridine is noteworthy because several studies indicate that acridine is
typically selectively hydrogenated at the central heterocyclic ring to give 9,10dihydroacridine.33

In fact, we are aware of only one catalyst that selectively

hydrogenates the carbocyclic rings of acridine, namely RuH2(!2-H2)2(PCy3)2, as reported
by Borowski and Sabo-Etienne.30

2.7

Structural comparison of ! 6- and ! 4-phenazine complexes
The phenazine complexes discussed above belong to two classes according to

whether the ligand binds in an !6 or !4 manner via the carbon atoms, both of which are
distinct from the previously reported modes for phenazine that involve coordination via
the nitrogen atoms.22,23 Thus, (!6-C6-PhzH)Mo(PMe3)3 and (µ-!6,!6-PhzH)[Mo(PMe3)3]2
exhibit !6-coordination, while (!4-C4-PhzH)Mo(PMe3)3H2 and (!4-C4-PhzH)2Mo(PMe3)2
possess !4-coordination modes, and (µ-!6,!4-PhzH)[Mo(PMe3)3][Mo(PMe3)3H2] exhibits
both modes.
Despite the fact that (!6-C6-PhzH)Mo(PMe3)3 and (µ-!6,!6-PhzH)[Mo(PMe3)3]2
both exhibit !6-coordination, the phenazine ligands do not coordinate symmetrically.
For example, the Mo–C bond distances for the carbocyclic ring of (!6-C6PhzH)Mo(PMe3)3 increase in the sequence Mo–Couter(av) [2.28 Å] < Mo–Ccentral(av) [2.30 Å] <
Mo–Cring junction(av) [2.41 Å] (Table 3). As such, the phenazine ligand slips so that the ring
junction becomes more distant from the metal. The displacement of the heterocycle
from symmetric !6–coordination may be expressed in terms of a slip parameter (#M–C),
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defined as the difference between (i) the average distance from the metal center to the
two ring junction carbons and (ii) the average distance from the metal to the outer
carbon atoms (Figure 12). In this regard, the slip parameters for (!6-C6-PhzH)Mo(PMe3)3
and (µ-!6,!6-PhzH)[Mo(PMe3)3]2 are comparable to those of the acridine, quinoxaline
and anthracene complexes, (!6-C6-AcrH)Mo(PMe3)3, (µ-!6,!6-AcrH)[Mo(PMe3)3]2, (µ!6,!6-QoxH)[Mo(PMe3)3]2and (!6-AnH)Mo(PMe3)3, as summarized in Table 3. Similar
slippages are also observed for !6-complexes of other fused-ring aromatic systems.34
X
X

X

!

X
djunct(av)

douter(av)
M

"M–C = djunct(av) – douter(av)

M
HA = angle between planes defined by
[Ccent#Cout#Cout#Ccent] & [Ccent#Cjunc#Cjunc#Ccent]

Figure 12. Definition of slip parameter (#M–C) and hinge angle (HA).

Table 3. Average Mo–C bond lengths for the outer, central and ring junction carbon atoms of [(!6–
ArH)Mo] complexes, slip parameters (#M–C) and hinge angles (HA) as determined by X–ray diffraction.
d(Mo–Cout)

d(Mo–Ccent)

d(Mo–Cjunct)

(# M–C)

HA

(Å)

(Å)

(Å)

(Å)

(˚)

(!6-C6-PhzH)Mo(PMe3)3

2.282

2.302

2.407

0.125

4.7

(µ-!6,!6-PhzH)[Mo(PMe3)3]2

2.290

2.292

2.406

0.116

5.4

(µ-!6,!4-PhzH)[Mo(PMe3)3][Mo(PMe3)3H2]

2.288

2.280

2.347

0.059

4.1

(!6-C6-AcrH)Mo(PMe3)3a

2.288

2.271

2.393

0.105

5.8

2.269

2.283

2.406

0.137

5.0

2.285

2.294

2.4150

0.130

5.5

2.246

2.259

2.396

0.150

10.9

2.273

2.283

2.416

0.143

6.0

2.278

2.288

2.421

0.143

5.8

(µ-!6,!6-AcrH)[Mo(PMe3)3]2
(µ-!6,!6-QoxH)[Mo(PMe3)3]2
(!6-C6-AnH)Mo(PMe3)3b
(a) Data taken from reference 13a.

(b) Data taken from reference 16 (values for two independent molecules).
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The origin of the slippage may be traced to the nature of the highest occupied $
molecular orbital ($–HOMO) of phenazine (Figure 13), obtained by analysis of the
Fenske-Hall molecular orbitals.35 In this regard, the bonding in transition metal
compounds [M(!6-arene)] is generally considered to involve $–donation from the arene
HOMO, supplemented by %–backbonding to the arene LUMO.36,37 It was previously
rationalized that the ring-slippage occurs in the naphthalene and anthracene
compounds, (!6-NpH)Mo(PMe3)3 and (!6-AnH)Mo(PMe3)3, because of this former
interaction.16 Specifically, the $–HOMO of a ring-fused arene is localized on the outer
carbon atoms, which causes the arene to slip in order to maximize the $–interaction
with the metal d orbital. The $–HOMO of phenazine is also largely localized on the
outer carbon atoms (Figure 13), thereby providing an explanation of the slippage in
(!6-C6-PhzH)Mo(PMe3)3 and (µ-!6,!6-PhzH)[Mo(PMe3)3]2.

Figure 13. The highest occupied $ molecular orbital of phenazine.

In contrast to the flat nature of the !6-phenazine ligands in (!6-C6PhzH)Mo(PMe3)3 and (µ-!6,!6-PhzH)[Mo(PMe3)3]2, the !4-phenazine ligands of (!4-C4PhzH)Mo(PMe3)3H2 and (!4-C4-PhzH)2Mo(PMe3)2 exhibit a distinct fold at the central
carbon atoms of the coordinated ring. The folding of the phenazine ligand may be
expressed in terms of the hinge angle (HA), defined as the dihedral angle between the
planes comprising (i) the !4-diene component and (ii) the central and junction carbon
atoms of the coordinated ring (Figure 12). In this regard, the phenazine ligand of (!4-C4-
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PhzH)Mo(PMe3)3H2 is folded by 34.5˚, while the phenazine ligands of the two
crystallographically independent molecules of (!4-C4-PhzH)2Mo(PMe3)2 exhibit hinge
angles in the range 28.4 – 37.3˚. For comparison, the hinge angles of the !6-phenazine
complexes are only in the range 4.1 – 5.4˚. In addition to the hinge angle, another
indication of the folding is provided by the slip parameter, which increases from 0.13 Å
for (!6-C6-PhzH)Mo(PMe3)3 to 0.91 Å for (!4-C4-PhzH)Mo(PMe3)3H2 (Tables 3 and 4).

Table 4. Average Mo–C bond lengths for the outer, central and ring junction carbon atoms of [(!4–
ArH)Mo] complexes, slip parameters (#M–C) and hinge angles (HA) as determined by X–ray diffraction.
d(Mo–Cout)

d(Mo–Ccent)

d(Mo–Cjunct)

(# M–C)

HA

(Å)

(Å)

(Å)

(Å)

(˚)

(!4-C4-PhzH)Mo(PMe3)3H2

2.214

2.356

3.119

0.905

34.5

(µ-!6,!4-PhzH)[Mo(PMe3)3][Mo(PMe3)3H2]

2.208

2.349

3.134

0.926

35.4

(!4-C4-AcrH)Mo(PMe3)3H2

2.226

2.355

3.127

0.901

35.0

(!4-AnH)Mo(PMe3)3H2

2.251

2.352

3.167

0.916

39.2

2.220

2.360

3.152

0.932

37.3

2.288

2.390

3.029

0.741

28.4

2.227

2.349

3.131

0.904

36.5

2.296

2.358

3.045

0.749

33.1

(!4-C4-QoxH)Mo(PMe3)3H2b

2.216

2.337

3.152

0.936

39.3

(!4-C4-QoxH)Mo(PMe3)3H2c

2.251

2.355

3.098

0.847

35.1

(!4-C4-PhzH)2Mo(PMe3)2a
(!4-C4-PhzH)2Mo(PMe3)2a

(a) Two crystallographically independent molecules.
(b) Symmetric isomer of two crystallographically independent molecules.
(c) Asymmetric isomer of two crystallographically independent molecules.

For purpose of comparison, the slip parameters and hinge angles of the !4complexes of anthracene,38 acridine, and quinoxaline complexes are also listed in Table
4. While a simple explanation of the bending of the aromatic ligands is to preserve an
18–electron configuration of the metal center, a more complete analysis indicates that
folding serves to stabilize the orbital involved in the metal-to-ligand backbonding

62
interaction by minimizing the antibonding component between the metal and the two
carbon atoms of the ring junction,39 and this molecular orbital is shown in Figure 14.35

Figure 14. The occupied back-bonding molecular orbital of (!4-C4-PhzH)Mo(PH3)3H2 for which the out-ofphase component with the d orbital (marked with an arrow) promotes folding of the heterocycle.

2.8

Summary and conclusions
In summary, phenazine reacts with Mo(PMe3)6 to give (!6-C6-PhzH)Mo(PMe3)3,

(µ-!6,!6-PhzH)[Mo(PMe3)3]2 and (!4-C4-PhzH)2Mo(PMe3)2, in which the phenazine
ligand exhibits previously unknown coordination modes via only the carbon atoms.
Comparison of the reactivity of the phenazine, acridine and anthracene complexes, (!6C6-PhzH)Mo(PMe3)3, (!6-C6-AcrH)Mo(PMe3)3 and (!6-AnH)Mo(PMe3)3, demonstrates
that incorporation of nitrogen substituents into the central ring promotes oxidative
addition of H2. The same conclusion is obtained by comparison of the reactivity of
compounds that feature two fused rings, namely the quinoxaline and quinoline
complexes,

(!6-C6-QoxH)Mo(PMe3)3

and

(!6-C6-QH)Mo(PMe3)3.

Furthermore,

comparison of the reactivity of (i) (!6-C6-PhzH)Mo(PMe3)3 and (!6-C6-QoxH)Mo(PMe3)3,
and (ii) (!6-C6-AcrH)Mo(PMe3)3 and (!6-C6-QH)Mo(PMe3)3 demonstrate that ring fusion
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promotes oxidative addition of H2. Lastly, the phenazine and acridine ligands of (!6-C6PhzH)Mo(PMe3)3 and (!6-C6-AcrH)Mo(PMe3)3 are hydrogenated when heated at 95 ˚C.

2.9

Experimental details

2.9.1 General considerations
All manipulations were performed using a combination of glovebox, high vacuum, and
Schlenk techniques under an argon atmosphere unless otherwise specified.40 Solvents
were purified and degassed by standard procedures. 1H NMR spectra were measured
on Bruker 300 DRX, Bruker 400 DRX, and Bruker Avance 500 DMX spectrometers. 1H
chemical shifts are reported in ppm relative to SiMe4 (% = 0) and were referenced
internally with respect to the protio solvent impurity (% 7.16 for C6D6, 2.09 for C7D8, 1.38
for C6D12, and 7.26 for CDCl3).41,42

13

C NMR spectra are reported in ppm relative to

SiMe4 (% = 0) and were referenced internally with respect to the solvent (% 128.06 for
C6D6).41

31

P chemical shifts are reported in ppm relative to 85% H3PO4 (% = 0) and were

referenced using P(OMe)3 (% = 141.0) as an external standard.43 Coupling constants are
given in hertz.

Infrared spectra were recorded on Nicolet Avatar 370 DTGS

spectrometer and are reported in cm-1. Mass spectra were obtained on a Micromass
Quadrupole-Time-of-Flight mass spectrometer using fast atom bombardment (FAB).
Mo(PMe3)6,7 (!6-AnH)Mo(PMe3)3,16(!4-AnH)Mo(PMe3)3H2,16 (!6-C6-AcrH)Mo(PMe3)3,13a
(!6-C6-QH)Mo(PMe3)3,13a (!6-C6-QoxH)Mo(PMe3)3,13c and (!6-C6-PhzH)Mo(PMe3)3,18 were
prepared by the literature methods.

2.9.2 X-ray structure determinations
X-ray diffraction data were collected on a Bruker Apex II diffractometer. Crystal data,
data collection and refinement parameters are summarized in Section 2.10, Table 5. The
structures were solved using direct methods and standard difference map techniques,
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and were refined by full-matrix least-squares procedures on F2 with SHELXTL (Version
6.10).44

2.9.3 Computational details
Calculations were carried out using DFT as implemented in the Jaguar 7.0 suite of ab
initio quantum chemistry programs. 45 Geometry optimizations were performed with the
B3LYP density functional46 using the 6-31G** (C, H, N and P) and LACVP (Mo) basis
sets.47 The energies of the optimized structures were reevaluated by additional single
point calculations on each optimized geometry using cc-pVTZ(-f) correlation consistent
triple-& basis set for C, H, N, and P and LACV3P for Mo. Molecular orbital analyses
were performed with the aid of Jimp 2,35 which employs Fenske-Hall calculations and
visualization using MOPLOT.48

2.9.4 Comparison of the reactivity of Mo(PMe3)6 towards phenazine and acridine
Two NMR tubes equipped with J. Young valves containing (i) a mixture of Mo(PMe3)6
(10 mg, 0.02 mmol) and phenazine (5 mg, 0.03 mmol) and (ii) a mixture of Mo(PMe3)6
(10 mg, 0.02 mmol) and acridine (5 mg, 0.03 mmol) were treated with a solution of C6D6
(ca. 0.7 mL), containing a trace amount of mesitylene as an internal standard. The
samples were heated at 80˚C and monitored by 1H NMR spectroscopy, thereby
demonstrating that the reaction of Mo(PMe3)6 with phenazine to form (!6-C6PhzH)Mo(PMe3)3 (t½ ' 10 minutes) is more facile than the corresponding reaction with
acridine to form (!6-C6-AcrH)Mo(PMe3)3 (t½ ' 200 minutes) under the same conditions.

2.9.5 Synthesis of (! 4-C4-PhzH)2Mo(PMe3)2
A mixture of Mo(PMe3)6 (20 mg, 0.04 mmol) and phenazine (20 mg, 0.11 mmol) in
benzene (ca. 0.7 mL) was heated at 95˚C for 4 days, over which period red crystals were
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deposited. The crystals were isolated, washed with pentane (2 mL) and dried in vacuo
to give (!4-C4-PhzH)2Mo(PMe3)2 as a red solid (12 mg, 55% yield) suitable for X-ray
diffraction. Anal. Calcd. for C30H34N4P2Mo: C, 59.2 %; H, 5.6 %; N, 9.2 %. Found: C,
59.3 %; H, 5.4 %; N, 9.1 %.
1

H NMR (C6D6): 0.42 [virtual triplet, PMe3 (minor conformation)], 0.60 [d, 2JP−H =

7, PMe3 (major conformation)], 2.97, 3.08, 3.21, 4.27, 4.82 [each broad singlet, 8H of 2
PhzH], 7.12 [m, 4H of 2 PhzH], 7.81 [m, 4H of 2 PhzH] (two conformations in the ratio
2:1 are observed in solution, but only the PMe3 signals are distinct). IR Data (KBr disk,
cm-1): 3054 (w), 2964 (w), 2907 (w), 2851 (w), 1570 (w), 1506 (w), 1448 (w), 1410 (m), 1362
(vs), 1333 (m), 1287 (w), 1261 (w), 1217 (w), 1114 (w), 1018 (w), 948 (s), 808 (w), 759 (s),
714 (w), 668 (w).

2.9.6 Synthesis of (µ-! 6,! 6-PhzH)[Mo(PMe3)3]2
A mixture of Mo(PMe3)6 (50 mg, 0.09 mmol) and phenazine (8 mg, 0.04 mmol) in d12cyclohexane (ca. 0.7 mL) was heated at 140˚C for 5 hours, after which period the volatile
components were removed in vacuo. The residue was washed with benzene (ca. 0.5 mL)
and with pentane (ca. 1 mL). Benzene (ca. 0.5 mL) was added and the mixture was
lyophilized to give (µ-!6,!6-PhzH)[Mo(PMe3)3]2 as a dark yellow solid (20 mg, 54%
yield) which contains a small amount of 5,10-dihydrophenazine (< 5%).

Crystals

suitable for X-ray diffraction were grown by slow evaporation of a solution in pentane
at –18 °C.
1

H NMR (C6D6): 1.17 [d, 2JP−H = 5, 54H of 6 PMe3], 3.95 [s, 4H of PhzH], 4.98 [s, 4H

of PhzH].

13

C{1H} NMR (C6D6): 25.7 [d, 1JP−C = 20, 18C of 6 PMe3], 70.6 [s, 4C of PhzH],

75.5 [s, 4C of PhzH], 120.2 [s, 4C of PhzH (quaternary)].

31

P{1H} (C6D6): 10.08 [very br,

PMe3]. IR Data (KBr disk, cm-1): 3058 (w), 2958 (m), 2895 (s), 2790 (w), 1506 (w), 1473
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(w), 1452 (w), 1414 (m), 1362 (w), 1327 (w), 1315 (w), 1288 (w), 1271 (s), 1117 (w), 1080
(w), 939 (vs), 928 (vs), 869 (w), 831 (w), 778 (w), 691 (w), 649 (m).

2.9.7 Synthesis of (! 4-C4-PhzH)Mo(PMe3)3H2
(!4-PhzH)Mo(PMe3)3H2 was synthesized by a modified procedure.18 A solution of (!6C6-PhzH)Mo(PMe3)3 (10 mg) in C6D6 (ca. 0.7 mL) with mesitylene as an internal standard
was placed in an NMR tube equipped with a J. Young valve and saturated with H2 (1
atm), thereby resulting in a rapid color change (ca. 1 minute) from green to orangeThe reaction was monitored by 1H and

brown.
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P NMR spectroscopy, thereby

demonstrating the conversion to (!4-C4-PhzH)Mo(PMe3)3H2 (> 95%).

The volatile

components were removed by lyophilization giving an orange-brown solid and crystals
suitable for X-ray diffraction were grown by slow evaporation of a solution in pentane
at –18 ˚C.

2.9.8 Synthesis of (µ-! 6,! 4-PhzH)[Mo(PMe3)3][Mo(PMe3)3H2]
A solution of (µ-!6,!6-PhzH)[Mo(PMe3)3]2 (5 mg) in C6D6 (ca. 0.7 mL) with mesitylene as
an internal standard was placed in an NMR tube equipped with a J. Young valve and
saturated with H2 (1 atm). The reaction was monitored by 1H NMR spectroscopy,
thereby demonstrating the conversion to (µ-!6,!4-PhzH)[Mo(PMe3)3][Mo(PMe3)3H2] (>
95%) over a period of 30 minutes.

The volatile components were removed by

lyophilization giving a green solid and crystals suitable for X-ray diffraction were
grown by slow evaporation of a solution in pentane at –18 °C.
1

H NMR (C6D6): -3.67 [br, 2H of MoH2)], 1.00 [d, 2JP−H = 7, 27H of PMe3], 1.37 [s,

27H of PMe3], 2.97 [br, 2H of PhzH], 3.87 [br, 2H of PhzH], 4.65 [br, 2H of PhzH], 4.76
[br, 2H of PhzH]. 1H NMR (C6D5CD3 at -73°C, hydride region only), two species in the
ratio ca. 2.5:1 are observed: -4.03 [t, 2JP-H = 41, 1H], -2.59 [dt, 2JP-H = 66, 2JP-H = 40, 1H]
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(major species); -8.30 [t, 2JP-H = 54, 1H], -3.75 [m, 1H] (minor species).

13

C{1H} NMR

(C6D6): 24.7 [d, 1JP−C = 24, 9C of PMe3], 26.9 [m, 9C of PMe3], 60.2 [s, 2C of PhzH], 70.0 [s,
2C of PhzH], 72.4 [s, 2C of PhzH], 74.6 [s, 2C of PhzH], 102.0 [s, 2C of PhzH], 159.4 [s, 2C
of PhzH].

31

P{1H} (C6D6): 7.1 [br, 6 P of PMe3]. IR Data (KBr disk, cm-1): 3046 (w), 3018

(w), 2957 (m), 2896 (s), 2797 (w), 1739 (br, m), 1556 (w), 1510 (m), 1418 (m), 1383 (w),
1361 (w), 1332 (m), 1280 (m), 1193 (w), 1097 (w), 1067 (w), 942 (vs), 845 (m), 718 (w), 689
(w), 657 (m).

2.9.9 Reactivity of (! 4-C4-PhzH)2Mo(PMe3)2 towards H2
(a) A suspension of (!4-C4-PhzH)2Mo(PMe3)2 (10 mg) in C6D6 (ca. 0.7 mL) was placed in
an NMR tube equipped with a J. Young valve and saturated with H2 (ca. 1 atm). The
sample was left at room temperature and monitored by 1H NMR spectroscopy, thereby
demonstrating that (!4-C4-PhzH)2Mo(PMe3)2 did not react after 2 days.

(b) A suspension of (!4-C4-PhzH)2Mo(PMe3)2 (10 mg) in C6D6 (ca. 0.7 mL) was placed in
an NMR tube equipped with a J. Young valve and saturated with H2 (ca. 1 atm). The
sample was heated at 95˚C and monitored by

1

H NMR spectroscopy, thereby

demonstrating that (!4-C4-PhzH)2Mo(PMe3)2 remained largely unreacted after 5 days.

2.9.10 Synthesis of (! 4-C4-AcrH)Mo(PMe3)3H2
(!4-AcrH)Mo(PMe3)3H2 was synthesized by a modified procedure.18 A solution of (!6C6-AcrH)Mo(PMe3)3 (10 mg) in C6D6 (ca. 0.7 mL) with mesitylene as an internal standard
was placed in an NMR tube equipped with a J. Young valve and saturated with H2 (1
atm), thereby resulting in a rapid color change (ca. 30 minutes) from green to yellow.
The reaction was monitored by 1H and 31P NMR spectroscopy, thereby demonstrating
the conversion to (!4-C4-AcrH)Mo(PMe3)3H2 (> 95%). The volatile components were
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removed by lyophilization giving a yellow solid and crystals suitable for X-ray
diffraction were grown by slow evaporation of a solution in pentane at –18 ˚C.

2.9.11 Synthesis of (! 4-C4-QoxH)Mo(PMe3)3H2
A solution of (!6-C6-QoxH)Mo(PMe3)3 (10 mg) in C6D6 (ca. 0.7 mL) with mesitylene as an
internal standard was placed in an NMR tube equipped with a J. Young valve and
saturated with H2 (ca. 1 atm). The reaction was monitored by 1H NMR spectroscopy,
thereby demonstrating the conversion to an equilibrium mixture with (!4-C4QoxH)Mo(PMe3)3H2 over a period of 2 days (K = 7.2 × 102 M-1 at room temperature).
Crystals suitable for X-ray diffraction were grown by slow evaporation of a solution in
pentane at –18 °C.
1

H NMR (C6D6): -4.0[very br, 2H of MoH2], 1.01 [d, 2JP−H = 7, 27H of PMe3], 2.75 [s,

2H of QoxH], 4.83 [s, 2H of QoxH], 7.26 [s, 2H of QoxH]. 1H NMR (C6D5CD3 at -73°C,
hydride region only), two species in the ratio ca. 3:1 are observed: -3.89 [ddt, 2JP-H = 41,
2

JP-H = 10, 2JH-H = 10, 1H], -2.42 [dt, 2JP-H = 67, 2JP-H = 39, 1H] (major species); -8.64 [ddt, 2JP-H

= 57, 2JP-H = 11, 2JH-H = 11, 1H], -3.61 [m, 1H] (minor species).

2.9.12 Structural characterization of (! 4-AnH)Mo(PMe3)3H2
(!4-AnH)Mo(PMe3)3H2 was synthesized as previously reported via reaction of (!6AnH)Mo(PMe3)3 with H2.16 Crystals suitable for X-ray diffraction were obtained by
slow evaporation of a pentane solution at –18 ˚C.

2.9.13 Hydrogenation of (! 6-C6-PhzH)Mo(PMe3)3
A solution of (!6-C6-PhzH)Mo(PMe3)3 (5 mg) in C6D6 (ca. 0.7 mL) with mesitylene as an
internal standard was placed in an NMR tube equipped with a J. Young valve and
saturated with H2 (ca. 1 atm), thereby resulting in a color change from green to orange-
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brown over a period of ca. 1 minute due to the formation of (!4-C4-PhzH)Mo(PMe3)3H2.
The solution was then heated at 95˚C for 17 days and monitored by 1H NMR
spectroscopy, thereby demonstrating conversion to, inter alia, 5,10-dihydrophenazine49
(ca. 50%) and 1,2,3,4-tetrahydrophenazine50 (ca. 30%).

The principal molybdenum

containing species produced is (!6−d6-PhH)Mo(PMe3)3 (ca. 70%), together with trace
amounts of (!4-PhzH)2Mo(PMe3)2.

2.9.14 Hydrogenation of (! 6-C6-AcrH)Mo(PMe3)3
A solution of (!6-C6-AcrH)Mo(PMe3)3 (5 mg) in C6D6 (ca. 0.7 mL) with mesitylene as an
internal standard was placed in an NMR tube equipped with a J. Young valve and
saturated with H2 (ca. 1 atm), thereby resulting in a color change from green to yellow
over a period of ca. 30 minutes due to the formation of (!4-C4-AcrH)Mo(PMe3)3H2. The
solution was heated at 95 ˚C for 3 days and monitored by 1H NMR spectroscopy,
thereby demonstrating conversion to 9,10-dihydroacridine (ca. > 95%), which was
identified by comparison of the 1H NMR spectrum in CDCl3 with that of an authentic
sample.51

The principal molybdenum containing species produced is (!6-d6-

PhH)Mo(PMe3)3.

2.9.15 Internal comparison of the reactivity of (! 6-C6-AcrH)Mo(PMe3)3 and (! 6-C6QH)Mo(PMe3)3 toward H2
A solution of (!6-C6-AcrH)Mo(PMe3)3 (5 mg) and (!6-C6-QH)Mo(PMe3)3 (5 mg) in C6D6
(ca. 0.7 mL) with mesitylene as an internal standard was placed in an NMR tube
equipped with a J. Young valve and saturated with H2 (ca. 1 atm). The solution was
heated at 95 ˚C and monitored by 1H NMR spectroscopy, thereby demonstrating that
(!6-C6-AcrH)Mo(PMe3)3 released 9,10-dihydroacridine over a period of 2 days, while
(!6-C6-QH)Mo(PMe3)3 was stable with respect to hydrogenation over this period,
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although a small amount of quinoline (ca. 25 %) dissociates due to conversion to (!6-d6PhH)Mo(PMe3)3.

2.9.16 Hydrogenation of acridine in the presence of (! 6-C6-AcrH)Mo(PMe3)3
A solution of (!6-C6-AcrH)Mo(PMe3)3 (4 mg) and acridine (7.4 equiv.) in d12-cyclohexane
(ca. 0.7 mL) with mesitylene as an internal standard was placed in an NMR tube
equipped with a J. Young valve and saturated with H2 (ca. 1 atm), thereby resulting in a
change in color from green to yellow over a period of ca. 30 minutes, indicating the
conversion to (!4-C4-AcrH)Mo(PMe3)3H2. The solution was heated at 95 ˚C and
monitored

by

1

H

NMR

spectroscopy,

thereby

demonstrating

the

catalytic

hydrogenation of 7.2 equivalents of acridine (in addition to the coordinated acridine)
over a period of 21 days to a mixture of 9,10-dihydroacridine51 and 1,2,3,4tetrahydroacridine,52 which were identified by 1H NMR spectroscopy and mass
spectrometry.

Due to solubility differences in cyclohexane, the ratio of 9,10-

dihydroacridine to 1,2,3,4-tetrahydroacridine (2:3) was determined by
spectroscopic analysis of the product mixture in CDCl3.

1

H NMR

In addition to 9,10-

dihydroacridine and 1,2,3,4-tetrahydroacridine, a small amount of insoluble 9,9’biacridane was identified by X-ray diffraction. The latter compound has been reported
to be generated via reaction between acridine and 9,10-dihydroacridine.53

The

hydrogenation reaction was repeated in the presence of elemental Hg, which was found
to have no impact on the course of the reaction.

2.9.17 Measurement of the equilibrium constant for oxidative addition of H2 to (! 6C6-QoxH)Mo(PMe3)3
A solution of (!6-C6-QoxH)Mo(PMe3)3 (5 mg) C6D6 (ca. 0.7 mL) with mesitylene as an
internal standard was placed in an NMR tube equipped with a J. Young valve and
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saturated with H2 (1 atm). The reaction was monitored by 1H NMR spectroscopy,
thereby demonstrating the conversion to an equilibrium mixture with (!4-C4QoxH)Mo(PMe3)3H2 over a period 2 days (K = 7.2 × 102 M-1 at room temperature). The
concentration of H2 was determined using reported solubility data.54

2.9.18 Measurement of the equilibrium constant for H2 transfer from (µ-! 6,! 4PhzH)[Mo(PMe3)3][Mo(PMe3)3H2] to (! 6-C6-PhzH)Mo(PMe3)3
A solution of (µ-!6,!4-PhzH)[Mo(PMe3)3][Mo(PMe3)3H2] (7 mg, 0.008 mmol) and (!6-C6PhzH)Mo(PMe3)3 (4 mg, 0.008 mmol) in C6D6 (ca. 0.7 mL) with mesitylene as an internal
standard was placed in an NMR tube equipped with a J. Young valve. The sample was
placed in a constant temperature bath at 30 ˚C and monitored for several days by 1H
NMR spectroscopy, thereby demonstrating the transfer of H2 from (µ-!6,!4PhzH)[Mo(PMe3)3][Mo(PMe3)3H2]

to

(!6-C6-PhzH)Mo(PMe3)3,

producing

(µ-!6,!6-

PhzH)[Mo(PMe3)3]2 and (!4-C4-PhzH)Mo(PMe3)3H2 as components of an equilibrium
mixture (K = 7.4).

2.9.19 Measurement of the equilibrium constant for H2 transfer from (! 4AnH)Mo(PMe3)3H2 to (! 6-C6-AcrH)Mo(PMe3)3
A solution of (!4-AnH)Mo(PMe3)3H2 (5 mg) and (!6-C6-AcrH)Mo(PMe3)3 (5 mg) in C6D6
(ca. 0.7 mL) with mesitylene as an internal standard was placed in an NMR tube
equipped with a J. Young valve. The sample was placed in a constant temperature bath
at 30 ˚C and monitored for several days by

1

H NMR spectroscopy, thereby

demonstrating the transfer of H2 from (!4-AnH)Mo(PMe3)3H2 to (!6-C6-AcrH)Mo(PMe3)3,
producing (!6-AnH)Mo(PMe3)3 and (!4-C4-AcrH)Mo(PMe3)3H2 as components of an
equilibrium mixture (K = 2.0).
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2.9.20 Measurement of the equilibrium constant for H2 transfer from (! 4-C4AcrH)Mo(PMe3)3H2 to (! 6-C6-PhzH)Mo(PMe3)3
A solution of (!4-C4-AcrH)Mo(PMe3)3H2 (5 mg) and (!6-C6-PhzH)Mo(PMe3)3 (5 mg) in
C6D6 (ca. 0.7 mL) with mesitylene as an internal standard was placed in an NMR tube
equipped with a J. Young valve. The sample was placed in a constant temperature bath
at 30 ˚C and monitored for several days by
demonstrating

the

transfer

of

H2

from

1

H NMR spectroscopy, thereby

(!4-C4-AcrH)Mo(PMe3)3H2

to

(!6-C6-

PhzH)Mo(PMe3)3, producing (!6-C6-AcrH)Mo(PMe3)3 and (!4-C4-PhzH)Mo(PMe3)3H2 as
components of an equilibrium mixture (K = 1.8 × 102).

2.9.21 Computational analysis of oxidative addition of H2 to (! 6-NHetH)Mo(PMe3)3
A computational analysis of the oxidative addition of H2 to (!6-NHetH)Mo(PMe3)3
giving (!4-NHetH)Mo(PMe3)3H2 was performed for computationally simpler system in
which the methyl groups of the PMe3 ligands were replaced by hydrogen atoms.
Furthermore, in each case, two isomers of (!4-NHetH)Mo(PH3)3H2 were considered on
the basis of the X-ray diffraction and 1H NMR spectroscopic studies18 on (!4NHetH)Mo(PMe3)3H2.

The thermodynamics for formation of both isomers of (!4-

NHetH)Mo(PH3)3H2 by oxidative addition of H2 to (!6-NHetH)Mo(PH3)3 were
evaluated.

Significantly, for each isomer, the calculations indicate that oxidative

addition of H2 becomes more exothermic in the sequence anthracene < acridine <
phenazine, in accord with experimental observations.
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2.10 Crystallographic data
Table 5. Crystal, intensity collection and refinement data.
(µ-! 6,! 6-PhzH)[Mo(PMe3)3]2

(! 4-C4-PhzH)2Mo(PMe3)2

Monoclinic

Triclinic

C30H62Mo2N2P6

C30H34MoN4P2

formula weight

828.52

608.49

space group

P21/n

P-1

a/Å

14.5169(10)

13.4843(9)

b/Å

9.0962(6)

14.0854(10)

c/Å

16.3795(11)

15.9116(11)

(/˚

90

76.5770(10)

)/˚

115.4630(10)

70.9850(10)

*/˚

90

79.8950(10)

1952.8(2)

2762.7

2

4

temperature (K)

170(2)

125(2)

radiation (+, Å)

0.71073

0.71073

, (calcd.) g cm-3

1.409

1.463

µ (Mo K(), mm-1

0.910

0.617

- max, deg.

30.54

30.51

no. of data collected

30537

44231

no. of data

5971

16778

no. of parameters

181

667

R1 [I > 2"(I)]

0.0467

0.0378

wR2 [I > 2"(I)]

0.0762

0.0879

R1 [all data]

0.1027

0.0668

wR2 [all data]

0.0911

0.1007

GOF

0.998

1.005

lattice
formula

V/Å3
Z
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Table 5 (cont). Crystal, intensity collection and refinement data.
(µ-! 6,! 4-PhzH)[Mo(PMe3)3](! 4-C4-PhzH)Mo(PMe3)3H2
[Mo(PMe3)3H2]
Monoclinic

Monoclinic

C21H37MoN2P3

C45H88Mo2N2P6

formula weight

506.38

1034.87

space group

P21/n

P21/c

a/Å

9.2889(5)

18.1740(16)

b/Å

11.5097(6)

9.4426(8)

c/Å

23.4023(13)

26.621(2)

(/˚

90

90

)/˚

101.2140(10)

97.4800(10)

*/˚

90

90

2454.2(2)

4529.5(7)

4

4

temperature (K)

125(2)

125(2)

radiation (+, Å)

0.71073

0.71073

, (calcd.) g cm-3

1.370

1.518

µ (Mo K(), mm-1

0.739

0.801

- max, deg.

30.54

30.52

no. of data collected

39614

71261

no. of data

7644

13827

no. of parameters

253

369

R1 [I > 2"(I)]

0.0310

0.0374

wR2 [I > 2"(I)]

0.0622

0.0801

R1 [all data]

0.0406

0.0588

wR2 [all data]

0.0665

0.0852

GOF

1.064

1.031

lattice
formula

V/Å3
Z
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Table 5 (cont). Crystal, intensity collection and refinement data.
(! 4-C4-AcrH)Mo(PMe3)3H2

(! 4-AnH)Mo(PMe3)3H2

Monoclinic

Monoclinic

C24.5H44MoNP3

C23H39MoP3

541.46

504.39

P21/c

P21/n

a/Å

9.7998(5)

10.1768(7)

b/Å

17.8776(9)

14.8140(10)

c/Å

16.1462(9)

16.9546(11)

(/˚

90

90

)/˚

100.4220(10)

103.3150(10)

*/˚

90

90

2782.1(3)

2487.3(3)

4

4

temperature (K)

125(2)

125(2)

radiation (+, Å)

0.71073

0.71073

, (calcd.) g cm-3

1.293

1.347

µ (Mo K(), mm-1

0.655

0.727

- max, deg.

32.62

30.57

no. of data collected

47516

39767

no. of data

9744

7603

no. of parameters

253

252

R1 [I > 2"(I)]

0.0348

0.0367

wR2 [I > 2"(I)]

0.0804

0.0706

R1 [all data]

0.0424

0.0652

wR2 [all data]

0.0829

0.0791

GOF

1.066

1.002

lattice
formula
formula weight
space group

V/Å3
Z
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Table 5 (cont). Crystal, intensity collection and refinement data.
(! 4-C4-QoxH)Mo(PMe3)3H2

(µ-! 6,! 6-AcrH)[Mo(PMe3)3]2

Monoclinic

Triclinic

C34H70Mo2N4P6

C33.5H69Mo2NP6

912.64

863.60

P21/c

P-1

a/Å

13.4943(11)

9.336(2)

b/Å

13.9119(11)

13.553(4)

c/Å

23.1706(19)

18.307(5)

(/˚

90

97.988(4)

)/˚

97.2630(10)

102.460(4)

*/˚

90

104.864(4)

4314.9(6)

2139.2(9)

4

2

temperature (K)

125(2)

125(2)

radiation (+, Å)

0.71073

0.71073

, (calcd.) g cm-3

1.405

1.341

µ (Mo K(), mm-1

0.832

0.833

- max, deg.

32.71

26.37

no. of data collected

73761

26107

no. of data

15174

8740

431

361

R1 [I > 2"(I)]

0.0251

0.0676

wR2 [I > 2"(I)]

0.0633

0.1337

R1 [all data]

0.0306

0.1480

wR2 [all data]

0.0669

0.1557

GOF

1.044

0.864

lattice
formula
formula weight
space group

V/Å3
Z

no. of parameters
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Table 5 (cont). Crystal, intensity collection and refinement data.
(µ-! 6,! 6-QoxH)[Mo(PMe3)3]2

9,9’-biacridane

Triclinic

Monoclinic

C26H60Mo2N2P6

C26H20N2

778.46

360.44

P-1

P21/n

a/Å

9.0199(5)

12.5971(7)

b/Å

9.1656(5)

5.4794(3)

c/Å

13.0969(7)

12.6940(7)

(/˚

71.8510(10)

90

)/˚

89.2920(10)

96.5030(10)

*/˚

61.9120(10)

90

895.99(8)

870.56(8)

1

2

temperature (K)

125(2)

125(2)

radiation (+, Å)

0.71073

0.71073

, (calcd.) g cm-3

1.443

1.375

µ (Mo K(), mm-1

0.986

0.081

- max, deg.

32.60

30.53

no. of data collected

15420

13405

no. of data

6083

2656

no. of parameters

166

135

R1 [I > 2"(I)]

0.0220

0.0434

wR2 [I > 2"(I)]

0.0525

0.1137

R1 [all data]

0.0260

0.0575

wR2 [all data]

0.0543

0.1248

GOF

1.039

1.026

lattice
formula
formula weight
space group

V/Å3
Z
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Aromatic carbon–carbon bond cleavage by tungsten
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3.1

Introduction
The cleavage of C–H and C–C bonds by transition metal centers is of

fundamental interest and plays an important role in the synthesis of complex organic
molecules from petroleum feedstocks.1,2,3,4,5,6 While there are many examples for the
oxidative addition of C–H bonds to a metal center, transformations that feature
oxidative addition of C–C bonds are rare.7 The paucity of transformations that involve
the cleavage of C–C rather than C–H bonds is usually attributed to kinetic factors
arising from (i) the greater steric hindrance and the directional nature of the spn hybrids
that form the C–C bond, and (ii) the thermodynamic factors arising from the fact that
M–C bonds are weaker than M–H bonds.2,3,4,5 Not surprisingly, most examples of C–C
bond cleavage thus either avoid the kinetic limitations by using metal compounds in
which the C–C bond is held in close proximity to the metal center, or avoid the
thermodynamic limitations by using organic substrates in which the cleavage is
accompanied by either a relief of strain energy or the formation of an aromatic
system.2,3,4,5 In this chapter, we report that a tungsten center can be used to cleave a
strong C–C bond that is a component of an unstrained 6-membered aromatic ring. The
cleavage is enabled by the formation of an unusual chelating di(isocyanide) ligand,
which raises the prospect that other metal centers with suitable ancillary ligands could
also accomplish the cleavage of strong C–C bonds of aromatic substrates and thus
provide new ways of functionalizing such molecules.

3.2

Reactivity of W(PMe3)4(! 2-CH2PMe2)H towards quinoxaline
The Parkin group has been developing the coordination chemistry of

molybdenum with respect to heterocyclic aromatic nitrogen compounds in order to
acquire

a

more

detailed

understanding

of

the

reactions

involved

in

hydrodenitrogenation (HDN), the important process by which nitrogen is removed
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from compounds in fossil fuels.8,9,10,11 As part of these investigations, it was previously
determined that quinoxaline (QoxH) (Figure 1) reacts with the electron-rich
molybdenum complex, Mo(PMe3)6, at 25 ˚C to give (!2-N,C-Qox)Mo(PMe3)4H via
oxidative addition of a C−H bond, which converts sequentially to (!6-C4N2QoxH)Mo(PMe3)3 and (!6-C6-QoxH)Mo(PMe3)3, upon heating at 80 ˚C and 130 ˚C, ,
respectively (Scheme 1).9 Furthermore, we later found that (!6-C6-QoxH)Mo(PMe3)3
reacts with H2 at room temperature to produce an equilibrium mixture with (!4-C4QoxH)Mo(PMe3)3H2 (see Chapter 2).
N

N

N

N

quinoxaline
(QoxH)

Me

6-methylquinoxaline
(QoxMeH)

N

Me

N

Me

6,7-dimethylquinoxaline
(QoxMe 2H)

Figure 1. Quinoxaline (QoxH), 6-methylquinoxaline (QoxMeH), and 6,7-dimethylquinoxaline (QoxMe2H).
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Scheme 1. Reactivity of Mo(PMe3)6 towards quinoxaline.
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Seeking to discover a system that would achieve cleavage of a C–N bond of the
aromatic ring, we explored tungsten compounds because of the greater ability of this
metal to accomplish bond cleavage via oxidative addition than does molybdenum.12 As
illustrated in Scheme 2, the reaction of W(PMe3)4(!2-CH2PMe2)H with quinoxaline
proceeds very differently compared with the molybdenum system. Thus, instead of
tungsten simply coordinating quinoxaline in an !6 manner, W(PMe3)4(!2-CH2PMe2)H
reacts with quinoxaline to either (i) induce aromatic C–C bond cleavage and
dehydrogenation to give ["2-C2-C6H4(NC)2]W(PMe3)4, or (ii) form the dihydride complex
(!4-C2N2-QoxH)W(PMe3)3H2.

The latter compound does not convert to ["2-C2-

C6H4(NC)2]W(PMe3)4 under the reaction conditions. The transformations observed for
quinoxaline

are

also

observed

for

6-methylquinoxaline

(QoxMeH)

and

6,7-

dimethylquinoxaline (QoxMe2H) (Figure 1), thereby demonstrating the generality of the
reactions.
N
Me3P
H
Me3P

PMe3
W

PMe3

N
PMe2
CH2

N

Me3P

90 ˚C

Me3P

PMe3

N
C

W

C

N

+ Me3P
N

PMe3

H

W
H

PMe3
PMe3

Scheme 2. Reactivity of W(PMe3)4(!2-CH2PMe2)H towards quinoxaline.

In addition to the dihydride (!4-C2N2-QoxH)W(PMe3)3H2, the tetrahydride
W(PMe3)4H4 is also formed in low yield (< 5 %) during the course of the reaction. While
an obvious source for the hydride ligands of these complexes is the H2 that is liberated
during the formation of ["2-C2-C6H4(NC)2]W(PMe3)4, we also observed conversion of
QoxH to 2,2’-biquinoxaline, (2,2’-Qox)2 (identified by X–ray diffraction, Figure 2) which
may also serve as a source of H2.

Not unexpectedly, the yield of (!4-C2N2-

QoxH)W(PMe3)3H2 (86 %), relative to that of ["2-C2-C6H4(NC)2]W(PMe3)4, increases
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considerably if the reaction between W(PMe3)4(!2-CH2PMe2)H and quinoxaline is
performed under an atmosphere of H2.

Figure 2. Molecular structure of 2,2’–Biquinoxaline, (2,2’–Qox)2.

Figure 3. Molecular structure of (!4-C2N2-QoxH)W(PMe3)3H2.

The dihydride complexes (!4-C2N2-QoxR2H)W(PMe3)3H2 (R2 = H, H; Me, H; Me,
Me) represent unprecedented examples of !4-coordination of this dinuclear aromatic
nitrogen compound via the heterocyclic ring and their molecular structures are shown
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in Figures 3 – 5, respectively. As such, the (!4-C2N2-QoxR2H)W(PMe3)3H2 complexes
provide important new structural motifs for the means by which heterocyclic nitrogen
compounds may bind to the surface of hydrodenitrogenation catalysts.

Figure 4. Molecular structure of (!4-C2N2-QoxMeH)W(PMe3)3H2.

Figure 5. Molecular structure of (!4-C2N2-QoxMe2H)W(PMe3)3H2.
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The most significant aspect of the reactions between W(PMe3)4(!2-CH2PMe2)H
and QoxR2H, however, pertains to the formation of ["2-C2-C6H2R2(NC)2]W(PMe3)4
(Scheme 2). As is evident from the molecular structures of ["2-C2-C6H4(NC)2]W(PMe3)4,
["2-C2-C6H3Me(NC)2]W(PMe3)4, and ["2-C2-C6H2Me2(NC)2]W(PMe3)4 in Figures 6 – 8,13,14
respectively, the formation of these compounds require the breaking of aromatic C–C
bonds that are substantially stronger than a typical C–C single bond.15 Remarkably, this
unprecedented cleavage of the aromatic C–C bond takes place in preference to that of
the C–N bond. The latter bond might have been expected to be more reactive because
the cleavage of the C–N bond in pyridine16 and its derivatives17,18,19,20 has been achieved
by various metal centers, thereby making the cleavage of the C–C bond in the present
system all the more noteworthy.

Figure 6. Molecular structure of ["2-C2-C6H4(NC)2]W(PMe3)4.
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Figure 7. Molecular structure of ["2-C2-C6H3Me(NC)2]W(PMe3)4.

Figure 8. Molecular structure of ["2-C2-C6H2Me2(NC)2]W(PMe3)4.

3.3

Structural and spectroscopic characterization of [" 2-C2-C6H2R2(NC)2]W(PMe3)4
The cleaved quinoxaline fragments within ["2-C2-C6H2R2(NC)2]W(PMe3)4, i.e.

C6H2R2(NC)2, correspond to known di(isocyanide) compounds.21

As such, ["2-C2-

C6H2R2(NC)2]W(PMe3)4 may be viewed as simple transition metal isocyanide complexes
of the type ML4(CNR)2, for which there is precedent.

However, the ["2-C2-

C6H2R2(NC)2]W(PMe3)4 complexes exhibit several interesting structural features. Firstly,
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whereas the majority of transition metal isocyanide compounds have almost linear
C–N–C bond angles (the mean C–N–C bond angle for isocyanide compounds listed in
the Cambridge Structural Database (Version 5.30) is 172˚), the geometries at the
nitrogen center in each of the ["2-C2-C6H2R2(NC)2]W(PMe3)4 complexes are severely bent,
having angles ranging from 125˚ to 128˚ (Table 1). Such bending, which has also been
observed for some monodentate isocyanide complexes,22 is consistent with considerable
metal-to-ligand #–backbonding so that W=C=N–R is a better description of the
interaction than is W$C–%N+–R.23 Further evidence for the multiply bonded nature of
the W–C interactions in ["2-C2-C6H2R2(NC)2]W(PMe3)4 is the observed average W–C
bond length of 1.93 Å (Table 1), which compares favorably with the mean value of
1.98 Å for structurally characterized compounds with W=CR2 double bonds listed in the
Cambridge Structural Database (Version 5.30), but is much shorter than the mean W–C
single bond length of 2.23 Å.

Table 1. Bond lengths (Å) and angles (˚) for the bis-isocyanide coordination to tungsten from molecular
structures as determined by X-ray crystallography.
d(W–C)

d(C–N)

W–C–N

C–N–C

(Å)

(Å)

(˚)

(˚)

2.03(2), 2.01(2)

1.19(3), 1.21(2)

164.5(2), 166.0(2)

127(2), 125(2)

1.78(2), 1.79(2)

1.39(3), 1.35(2)

169.2(2), 167.0(2)

127(2), 128(2)

1.962, 1.973

1.237, 1.244

166.0, 162.5

128.4, 129.9

["2-C6H3Me(NC)2]W(PMe3)4

1.948(4), 1.947(3)

1.246(4), 1.253(4)

166.7(3), 165.9(3)

127.4(3), 127.7(3)

["2-C6H2Me2(NC)2]W(PMe3)4

1.956(4), 1.966(4)

1.231(5), 1.257(5)

167.2(3), 164.6(3)

127.4(4), 128.0(4)

["2-C6H4(NC)2]W(PMe3)4a
["2-C6H4(NC)2]W(PMe3)4b

(a) The molecular structure of ["2-C2-C6H4NC)2]W(PMe3)4 was determined with a low quality data set.
Therefore, bond lengths and angles have a significant error associated with them. Furthermore, pseudosymmetry caused large deviations in bond lengths and angles for the two crystallographically
independent molecules in the asymmetric unit.
(b) These bond lengths and angles are obtained from the calculated DFT geometry optimized structure,
and are much more similar to ["2-C2-C6H3MeNC)2]W(PMe3)4 and ["2-C2-C6H2Me2NC)2]W(PMe3)4.
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A high degree of backbonding is also suggested by the &(CN) stretching
frequencies of ["2-C2-C6H2R2(NC)2]W(PMe3)4 ranging from 1698 – 1709 cm–1 (Table 2),
which is at the low end for transition metal isocyanide complexes; for comparison,
&(CN) for isocyanide complexes span a range of at least 2310 cm–1 to 1670 cm–1.24,25
Similarly, the 13C NMR spectroscopic signals of transition metal isocyanide compounds
have a range of at least 151.8 – 238.7 ppm,25,26 with the compound having the most
downfield chemical shift, namely [Fe(CNXyl)4]2-, having the lowest &(CN) stretching
frequency and a highly bent C–N–C bond angle of 144(3)˚.25 The

13

C NMR chemical

shift of 211.4 ppm for ["2-C2-C6H3Me(NC)2]W(PMe3)4 is thus also consistent with
considerable backbonding in this molecule.

Table 2. Isocyanide stretching frequencies of ["2-C2-C6 H2R2(NC)2]W(PMe3)4 complexes.
&(CN) (cm-1)a
["2-C2-C6H4(NC)2]W(PMe3)4

1698

["2-C2-C6H3Me(NC)2]W(PMe3)4

1699

["2-C2-C6H2Me2(NC)2]W(PMe3)4

1709

(a) Obtained using KBr disk.

An interesting point to note is that chelating isocyanide ligands are not common
because M–C–N–R moieties prefer to adopt linear coordination at both nitrogen and
carbon.26 For this reason, while o-(CN)2C6H4 has been employed as a ligand, it does not
chelate but rather serves as a bridging ligand.27 In accord with such behavior, the
smallest ring size previously reported for a complex of a bidentate di(isocyanide) ligand
is 12, as illustrated by ["2-C2-CH2{OC6H4(NC)}2]Cr(CO)4.28 The 7-membered ring of ["2C2-C6H4(NC)2]W(PMe3)4, featuring two W–C–N bond angles that are close to linear (165
– 169˚), is thus exceptionally small for a transition metal complex of a bidentate
di(isocyanide) ligand. The ability to isolate such a compound may result from the fact
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that its mechanism of formation involves insertion of the tungsten center into the
aromatic ring; indeed, treatment of W(PMe3)4(!2-CH2PMe2)H with o-(CN)2C6H4 at room
temperature results in the immediate formation of an unidentified precipitate, with no
evidence for formation of ["2-C2-C6H4(NC)2]W(PMe3)4 by 1H NMR spectroscopy.

3.4

Mechanism of C–C bond cleavage
Several different mechanisms could explain the observed formation of ["2-C2-

C6H4(NC)2]W(PMe3)4. One involves the direct insertion of tungsten into the C–C bond
followed by two '-hydrogen elimination steps. Such a process is in line with the
observation that electron donating substituents on olefins promote C–C bond cleavage,
as exemplified by the use of enetetramines to generate N–heterocyclic carbene
compounds.29,30 However, we favor the alternative mechanism outlined in Scheme 3
that comprises a series of C–H bond cleavage reactions to access a benzyne-type
intermediate [!2-C2-C6H4(NCCN)]W(PMe3)4H2, from which ["2-C2-C6H4(NC)2]W(PMe3)4
is then obtained via a sequence that involves reductive elimination of H2 and C–C bond
cleavage. The feasibility of this mechanism is supported by the report of the ruthenium
benzyne complex (!2-C6H4)Ru(PMe3)4,31 a structural analogue of the proposed
intermediate [!2-C2-C6H4(NCCN)2]W(PMe3)4. Additionally, we were able to (i) observe
the C–H activated complexes (!2-N,C-Qox)W(PMe3)4H and ("2-N,C-Qox)W(PMe3)4H by
1

H NMR spectroscopy (Scheme 3), and (ii) isolate the mononuclear C–H activated

complex, (!2-N,C-QoxMe2)W(PMe3)4H (Figure 9), and the dinuclear doubly C–H
activated complex, (µ–!2-N,C-"2-N,C-Qox’)[W(PMe3)4H]2 (Figure 9), during the course of
the reaction, providing evidence that C–H bond cleavage is facile in this system.

The

molecular structures of (!2-N,C-QoxMe2)W(PMe3)4H and (µ–!2-N,C-"2-N,C-Qox’)[W(PMe3)4H]2 have been determined by X-ray diffraction, and are shown in Figures 10
and 11, respectively.
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Figure 9. C–H activated complexes (!2-N,C-QoxMe2)W(PMe3)4H (left) and (µ–!2-N,C-"2-N,C-Qox’)[W(PMe3)4H]2 (right).

Figure 10. Molecular structure of (!2-N,C-QoxMe2)W(PMe3)4H.

Figure 11. Molecular structure of (µ-!2-N,C-"2-N,C-Qox’)[W(PMe3)4H]2.
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Importantly, C–H bond cleavage is reversible in this system and the observation
of (!2-N,C-Qox)W(PMe3)4H is thus not proof that this species is directly involved in the
C–C bond cleavage process. It is, however, significant that a computational analysis of
the reaction between W(PMe3)4(!2-CH2PMe2)H and quinoxaline was recently
performed, and was found to be in accord with our proposed reaction mechanism.32,33
Specifically, the authors DFT calculations indicate that (!2-N,C-Qox)W(PMe3)4H is
directly involved in the formation of the doubly C–H activated benzyne-type complex
[!2-C2-C6H4(NCCN)]W(PMe3)4H2, which then eliminates H2 to produce the final
product, ["2-C2-C6H4(NC)2]W(PMe3)4.32
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Scheme 3. Possible mechanism for formation of ["2-C2-C6H4(NC)2]W(PMe3)4.
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We note that the overall cleavage of the C–C bond of the benzyne-type species
proposed in this system resembles the formation of bis(isocyanide) compounds by baseinduced cleavage of diaminoacetylene species,34 a process that is the reverse of the wellknown coupling reactions of isocyanides.30,35,36 It is also worth noting that acetylenic
C–C bonds have been successfully cleaved using metal-cluster complexes.37

3.5

Reactivity of W(PMe3)4(! 2-CH2PMe2)H towards pyrazine
In view of the reactivity of quinoxaline with W(PMe3)4(!2-CH2PMe2)H, we

wanted to ascertain if the reactivity of the analogous mononuclear N-heterocycle,
pyrazine (PyzH), was similar.

In this regard, heating a solution of W(PMe3)4(!2-

CH2PMe2)H and pyrazine in d6-benzene at 90 ˚C (Scheme 4) allowed us to isolate
crystals of (!2-N,C-Pyz)W(PMe3)4H (Figure 12). However, we did not observe any C–C
bond cleaved products by 1H NMR spectroscopy. Thus, while C–H bond cleavage
occurs, which is proposed to be a prerequisite step before C–C bond cleavage (see
above), the absence of a fused phenylene ring clearly impacts further reactivity.
It is also interesting to note that the molecular structure of (!2-N,CPyz)W(PMe3)4H (Figure 12) is highly disordered, and this is shown in Figure 13.
Specifically, the tungsten center lies on a site that has m symmetry, such that a mirror
plane exists based on the crystallographically imposed symmetry, even though the
molecule (as it is oriented in the unit cell) does not. Therefore, the PART–1 command was
used for every atom, excluding tungsten, in order to model the 50:50 disorder (Figure
13).
N

PMe3
Me3P
H

W

PMe2
CH2

Me3P
PMe3

N

PMe3
Me3P
H
W

N

N

Me3P
PMe3

Scheme 4. Production of (!2-N,C-Pyz)W(PMe3)4H from W(PMe3)4(!2-CH2PMe2)H and pyrazine.
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Figure 12. Molecular structure of (!2-N,C-Pyz)W(PMe3)4H.

Figure 13. Disordered nature of (!2-N,C-Pyz)W(PMe3 )4H (solid lines represent one component of the
disorder while hollow lines represent the other component. The figure on the right has removed all
methyl groups from the PMe3 ligands for clarity).

3.6

Summary and conclusions
In conclusion, we have observed the cleavage of an aromatic C–C bond by

insertion of tungsten into an aromatic ring.

The C–C bond cleavage enables a

quinoxaline compound to be converted to an o-diisocyanobenzene derivative, a

105
transformation that may potentially be extended to other systems and thereby provide a
new means for functionalizing aromatic molecules.

3.7

Experimental details

3.7.1 General considerations
All manipulations were performed using a combination of glovebox, high vacuum, and
Schlenk techniques under an argon atmosphere unless otherwise specified.38 Solvents
were purified and degassed by standard procedures. 1H NMR spectra were measured
on Bruker 300 DRX, Bruker 400 DRX, and Bruker Avance 500 DMX spectrometers. 1H
chemical shifts are reported in ppm relative to SiMe4 (( = 0) and were referenced
internally with respect to the protio solvent impurity (( 7.16 for C6D5H).39

13

C NMR

spectra are reported in ppm relative to SiMe4 (( = 0) and were referenced internally with
respect to the solvent (( 128.06 for C6D6).39

31

P chemical shifts are reported in ppm

relative to 85% H3PO4 (( = 0) and were referenced using P(OMe)3 (( = 141.0) as an
external standard.40 Coupling constants are given in hertz.

Infrared spectra were

recorded on Nicolet Avatar 370 DTGS spectrometer and are reported in cm-1. Mass
spectra were obtained on a Micromass Quadrupole-Time-of-Flight mass spectrometer
using fast atom bombardment (FAB+). W(PMe3)4(!2–CH2PMe2)H was prepared by the
literature method.41

3.7.2 X-ray structure determinations
X-ray diffraction data were collected on a Bruker Apex II diffractometer. Crystal data,
data collection and refinement parameters are summarized in Section 3.8, Table 3. The
structures were solved using direct methods and standard difference map techniques,
and were refined by full-matrix least-squares procedures on F2 with SHELXTL (Version
6.10).42
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3.7.3 Computational details
Calculations were carried out using DFT as implemented in the Jaguar 7.5 suite of ab
initio quantum chemistry programs. 43 Geometry optimizations were performed with the
B3LYP density functional44 using the 6-31G** (C, H, N and P) and LACVP (W) basis
sets.45 The energies of the optimized structures were reevaluated by additional single
point calculations on each optimized geometry using cc-pVTZ(-f) correlation consistent
triple-) basis set for C, H, N, and P and LACV3P for W.

3.7.4 Reaction between W(PMe3)4(! 2-CH2PMe2)H and quinoxaline
A mixture of W(PMe3)4(!2-CH2PMe2)H (23 mg, 0.04 mmol), quinoxaline (5 mg, 0.04
mmol) and mesitylene (1.0 µL) as an internal integration standard was placed in an
NMR tube equipped with a J. Young valve and treated with d6-benzene (ca. 0.7 mL).
The sample was heated at 90 ˚C for 18 hours and monitored by 1H NMR spectroscopy,
thereby demonstrating the conversion to ["2-C2-C6H4(NC)2]W(PMe3)4 (15% yield based
on quinoxaline) and (!4-C2N2-QoxH)W(PMe3)3H2 (24% yield); in addition some
W(PMe3)4H4 is also formed. The volatile components were removed via lyophilization
and the residue was extracted into pentane (1 mL) and filtered. Red crystals of ["2-C2C6H4(NC)2]W(PMe3)4 suitable for X–ray diffraction were obtained by slow evaporation
of the filtrate at –18 ˚C.
1

H NMR (C6D6): 1.03 [d, 2JP-H = 5, 18H of W(PMe3)4], 1.73 [vt, |2JP-H + 6JP-H = 5|,

18H of W(PMe3)4], 6.50 [m, 2H of "2−C6H4(NC)2], 6.72, [m, 2H of "2−C6H4(NC)2].

31

P{1H}

(C6D6): -37.0 [t, 2JP-P = 14, 2P of W(PMe3)4], -30.4 [t, 2JP-P = 14, 2P of W(PMe3)4]. IR Data
(KBr disk, cm−1): 3047 (w), 2965 (m), 2901 (m), 2800 (w), 1698 (s) [&(CN)], 1624 (w), 1592
(w), 1565 (w), 1495 (m), 1451 (m), 1416 (s), 1374 (m), 1329 (s), 1295 (s), 1275 (s), 1230 (m),
1197 (m), 1117 (m), 1023 (w), 936 (vs), 849 (s), 746 (s), 711 (s), 664 (s) (sample contains ca.
10 % (!4-C2N2-QoxH)W(PMe3)3H2).
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Monitoring of the reaction by 1H NMR spectroscopy demonstrated the formation
of ("2-N,C-Qox)W(PMe3)4H and (!2-N,C-Qox)W(PMe3)4H during early stages of the
reaction, while a reaction performed in the presence of excess W(PMe3)4(!2-CH2PMe2)H
generated (µ–!2-N,C-"2-N,C-Qox’)[W(PMe3)4H]2, which was characterized by X–ray
diffraction. In addition, X–ray diffraction was used to identify the formation of 2,2’–
biquinoxaline, (2,2’–Qox)2, which has been previously reported.46
1
2

H NMR data for ("2-N,C-QoxH)W(PMe3)4H (C6D6): -6.89 [ddt, 2JP-H = 95, 2JP-H = 89,

JP-H = 13, 1H of W-H], 1.22 [m, 18H of W(PMe3)4], obscured [18H of W(PMe3)4], 6.95 [m,

1H of Qox], 7.25 [m, 1H of Qox], 7.51 [m, 1H of Qox], 7.70 [d, 3JH-H = 3, 1H of Qox]. 1H
NMR data for (!2-N,C-Qox)W(PMe3)4H (C6D6): -6.05 [ddt, 2JP-H = 84, 2JP-H = 65, 2JP-H = 9,
1H of W-H], 1.30 [m, 27H of W(PMe3)4], 1.44 [m, 9H of W(PMe3)4], 6.34 [m, 2H of Qox],
6.75 [m, 1H of Qox], 7.48 [m, 1H of Qox], 7.62 [s, 1H of Qox].

3.7.5 Reaction between W(PMe3)4(! 2-CH2PMe2)H and quinoxaline in the presence of
H2
A mixture of W(PMe3)4(!2-CH2PMe2)H (23 mg, 0.04 mmol), quinoxaline (5 mg, 0.04
mmol) and mesitylene (1.0 µL) as an internal integration standard was placed in an
NMR tube equipped with a J. Young valve and treated with d6-benzene (ca. 0.7 mL).
The sample was charged with H2 (ca. 1 atm) and heated at 90 ˚C for 2 hours. The
reaction was monitored by

1

H NMR spectroscopy, thereby demonstrating the

conversion to (!4-C2N2-QoxH)W(PMe3)3H2 (86% yield based on quinoxaline); in addition
some W(PMe3)4H4 is also formed. After this period, the volatile components were
removed via lyophilization and the residue obtained was extracted into pentane (1 mL)
and filtered. Dark yellow crystals of (!4-C2N2-QoxH)W(PMe3)3H2 suitable for X–ray
diffraction were obtained by slow evaporation of the extract at –18 ˚C.
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1

H NMR (C6D6): -6.32 [t, 2JP-H = 49, 1H of W-H], -0.28 [dt, 2JP-H = 44, 2JP-H = 59, 1H of

W-H], 1.23 [br, 9H of W(PMe3)3], 1.30 [d, 2JP-H = 3, 18H of W(PMe3)3], 6.03 [s, 2H of
QoxH], 6.65, [m, 2H of QoxH], 6.93 [m, 2H of QoxH].

13

C{1H} NMR (C6D6): 22.4 [m ,3C

of W(PMe3)3], 24.2 [m, 6C of W(PMe3)3], 92.4 [s, 2C of QoxH], 121.0 [s, 2C of QoxH],
122.0 [s, 2C of QoxH], 161.8 [s, 2C of QoxH].

31

P{1H} (C6D6): -28.2 [m, 1P of W(PMe3)3], -

19.3 [t, 2JP-P = 8, 2P of W(PMe3)3]. Mass Spectrum (FAB+): m/z = 545.2 {M+1}.

3.7.6 Reaction between W(PMe3)4(! 2-CH2PMe2)H and 6-methylquinoxaline
A mixture of W(PMe3)4(!2-CH2PMe2)H (23 mg, 0.04 mmol), 6-methylquinoxaline (5 µl,
0.04 mmol) and mesitylene (1.0 µL) as an internal integration standard was placed in an
NMR tube equipped with a J. Young valve and treated with d6-benzene (ca. 0.7 mL).
The sample was heated at 90 ˚C for 6 hours and monitored by 1H NMR spectroscopy,
thereby demonstrating the conversion to ["2-C2-C6H3Me(NC)2]W(PMe3)4 (15% yield
based on 6-methylquinoxaline) and (!4-C2N2-QoxMeH)W(PMe3)3H2 (17% yield); in
addition, some W(PMe3)4H4 is also formed. The volatile components were removed via
lyophilization and the residue was extracted into pentane (1 mL) and filtered. Dark
green crystals of ["2-C2-C6H3Me(NC)2]W(PMe3)4 suitable for X–ray diffraction were
obtained by slow evaporation of the extract at –18 ˚C. Anal. Calcd. for C21H42N2P4W: C,
40.0 %; H, 6.7 %; N, 4.4 %. Found: C, 39.75 %; H, 6.45 %; N, 4.32 %.
1

H NMR (C6D6): 1.04 [dd, 2JH-P = 5, 2JH-P = 2, 18H of W(PMe3)4], 1.73 [t, 2JH-P = 3, 18H

of W(PMe3)4], 1.97 [s, 3H of "2−C6H3Me(NC)2], 6.36 [d, 4JH-H = 2, 1H of "2−C6H3Me(NC)2,
(part of an ABC pattern)], 6.45 [d, 3JH-H = 8, 1H of "2−C6H3Me(NC)2 (part of an ABC
pattern)], 6.54 [dd, 3JH-H = 8, 4JH-H = 2 1H of "2−C6H3Me(NC)2 (part of an ABC pattern)].
13

C{1H} NMR (C6D6): 21.1 [s, 1C of "2−C6H3Me(NC)2], 25.6 [m, 12C of W(PMe3)4], 122.8 [s,

1C of "2−C6H3Me(NC)2], 123.6 [s, 1C of "2−C6H3Me(NC)2], 123.8 [s, 1C of
"2−C6H3Me(NC)2], 130.9 [s, 1C of "2−C6H3Me(NC)2], 131.7 [s, 1C of "2−C6H3Me(NC)2],
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211.4 [m, 2C of "2−C6H3Me(NC)2], 1C not observed.

31

P{1H} (C6D6): -36.8 [m, 2P of

W(PMe3)4], -30.6 [t, 2JP-P = 13, 1JP-W = 273, 2P of W(PMe3)4]. IR Data (KBr disk, cm−1): 2968
(w), 2907 (m), 2850 (w), 1699 (m) [&(CN)], 1616 (w), 1496 (m), 1418 (m), 1291 (m), 1090
(m), 949 (vs), 820 (w).

3.7.7 Reaction between W(PMe3)4(! 2-CH2PMe2)H and 6-methylquinoxaline in the
presence of H2
A mixture of W(PMe3)4(!2-CH2PMe2)H (23 mg, 0.04 mmol), 6-methylquinoxaline (5 µl,
0.04 mmol) and mesitylene (1.0 µL) as an internal integration standard was placed in an
NMR tube equipped with a J. Young valve and treated with d6-benzene (ca. 0.7 mL).
The sample was charged with H2 (ca. 1 atm) and heated at 90 ˚C. The reaction was
monitored by 1H NMR spectroscopy, thereby demonstrating the conversion to (!4-C2N2QoxMeH)W(PMe3)3H2 (49% yield based on 6-methylquinoxaline) over a period of 4
hours; in addition, some W(PMe3)4H4 is also formed. After this period, the volatile
components were removed via lyophilization and the residue obtained was extracted
into pentane (1 mL) and filtered. Colorless crystals of (!4-C2N2-QoxMeH)W(PMe3)3H2
suitable for X–ray diffraction were obtained by slow evaporation of the extract at –18 ˚C.
1

H NMR (C6D6): -6.31 [t, 2JP-H = 49, 1H of W-H], -0.28 [dt, 2JP-H = 35, 2JP-H = 63, 1H of

W-H], 1.26 [d, 2JP-H = 7, 9H of W(PMe3)3], 1.31 [br, 18H of W(PMe3)3], 2.15 [s, 3H of
QoxMeH], 6.03 [s, 2H of QoxMeH], 6.44, [d, 3JH-H = 7, 1H of QoxMeH], 6.72 [s, 1H of
QoxMeH], 6.83 [d, 3JH-H = 7, 1H of QoxMeH].

3.7.8 Reaction between W(PMe3)4(! 2-CH2PMe2)H and 6,7-dimethylquinoxaline
A mixture of W(PMe3)4(!2-CH2PMe2)H (25 mg, 0.04 mmol), 6,7-dimethylquinoxaline (6
mg, 0.04 mmol) and mesitylene (1.0 µL) as an internal integration standard was placed
in an NMR tube equipped with a J. Young valve and treated with d6-benzene (ca. 0.7
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mL).

The sample was heated at 90 ˚C for 2 days and monitored by 1H NMR

spectroscopy, thereby demonstrating the conversion to ["2-C2-C6H2Me2(NC)2]W(PMe3)4
(18 % yield) and (!4-C2N2-QoxMe2H)W(PMe3)3H2 (9% yield). The volatile components
were removed via lyophilization and the residue was extracted into pentane (1 mL) and
filtered. Red crystals of ["2-C2-C6H2Me2(NC)2]W(PMe3)4 suitable for X–ray diffraction
were obtained by slow evaporation of the filtrate at –18 ˚C.
1

H NMR (C6D6): 1.06 [d, 2JP-H = 5, 18H of W(PMe3)4], 1.74 [m, 18H of W(PMe3)4],

1.89 [s, 6H of "2−C6H2Me2(NC)2], 6.35, [s, 2H of "2−C6H2Me2(NC)2].
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P{1H} (C6D6): -36.7

[t, 2JP-P = 13, 2P of W(PMe3)4], -30.5 [t, 2JP-P = 13, 2P of W(PMe3)4]. IR Data (KBr disk,
cm−1): 2964 (m), 2900 (s), 1709 (m) [&(CN)], 1418 (m), 1328 (w), 1292 (m), 1272 (m), 1189
(w), 936 (vs), 848 (m), 705 (m), 656 (m).

Monitoring of the reaction by 1H NMR

spectroscopy demonstrated the formation of (!2-N,C-QoxMe2)W(PMe3)4H during early
stages of the reaction, which was also characterized by X–ray diffraction.

1

H NMR

(C6D6, partial data): -5.67 [ddt, 2JP-H = 84, 2JP-H = 67, 2JP-H = 8, 1H of W-H], 1.98 [s, 6H of
Me2], 6.44 [s, 1H of QoxMe2], 7.36 [s, 1H of QoxMe2], 7.74 [s, 1H of QoxMe2].

3.7.9 Reaction between W(PMe3)4(! 2-CH2PMe2)H and 6,7-dimethylquinoxaline in
the presence of H2
A mixture of W(PMe3)4(!2-CH2PMe2)H (23 mg, 0.04 mmol), 6,7-dimethylquinoxaline (6
mg, 0.04 mmol) and mesitylene (1.0 µL) as an internal integration standard was placed
in an NMR tube equipped with a J. Young valve and treated with d6-benzene (ca. 0.7
mL). The sample was charged with H2 (ca. 1 atm) and heated at 90 ˚C. The reaction was
monitored by 1H NMR spectroscopy, thereby demonstrating the conversion to (!4-C2N2QoxMe2H)W(PMe3)3H2 (38 % yield) over a period of 5 hours. After this period, the
volatile components were removed via lyophilization and the residue obtained was
extracted into pentane (1 mL) and filtered.

Colorless crystals of (!4-C2N2-

111
QoxMe2H)W(PMe3)3H2 suitable for X–ray diffraction were obtained by slow evaporation
of the extract at –18 ˚C.
1

H NMR (C6D6): -6.30 [t, 2JP-H = 50, 1H of W-H], -0.30 [dt, 2JP-H = 41, 2JP-H = 62, 1H of

W-H], 1.33 [d, 1JP-H = 6, 27H of W(PMe3)3], 2.06 [s, 6H of Me2], 6.05 [s, 2H of QoxMe2H],
6.77 [s, 2H of QoxMe2H].
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3.8

Crystallographic data

Table 3. Crystal, intensity collection and refinement data.
[" 2-C2-C6H4(NC)2]W(PMe3)4

(! 4-C2N2-QoxH)W(PMe3)3H2

Monoclinic

Monoclinic

C20H40N2P4W

C17H35N2P3W

616.27

544.23

P21

P21/c

a/Å

14.122(3)

9.0173(11)

b/Å

13.278(3)

15.1314(18)

c/Å

14.879(3)

16.403(2)

'/˚

90

90

*/˚

105.295(3)

104.366(2)

90

90

2691.1(9)

2168.1(5)

4

4

temperature (K)

125(2)

125(2)

radiation (,, Å)

0.71073

0.71073

1.521

1.667

µ (Mo K'), mm

4.539

5.551

. max, deg.

26.37

32.71

no. of data collected

32499

36560

no. of data

10985

7576

476

225

R1 [I > 2!(I)]

0.0756

0.0279

wR2 [I > 2!(I)]

0.1143

0.0509

R1 [all data]

0.1660

0.0466

wR2 [all data]

0.1374

0.0560

GOF

1.027

1.001

lattice
formula
formula weight
space group

+/˚
V/Å

3

Z

- (calcd.) g cm-3
-1

no. of parameters

113
Table 3 (cont). Crystal, intensity collection and refinement data.
[" 2-C2-C6H3Me(NC)2]W(PMe3)4

(! 4-C2N2-QoxMeH)-W(PMe3)3H2

Monoclinic

Monoclinic

C21H42N2P4W

C18H37N2P3W

630.30

558.26

C2/c

P21/n

a/Å

34.364(4)

10.4986(12)

b/Å

9.7012(10)

10.2558(12)

c/Å

19.2762(19)

21.635(3)

'/˚

90

90

*/˚

121.9860(10)

98.726(2)

+/˚

90

90

5450.5(10)

2302.5(5)

8

4

temperature (K)

125(2)

125(2)

radiation (,, Å)

0.71073

0.71073

- (calcd.) g cm-3

1.536

1.610

µ (Mo K'), mm-1

4.484

5.229

. max, deg.

32.30

30.94

no. of data collected

45947

35741

no. of data

9537

7250

no. of parameters

297

235

R1 [I > 2!(I)]

0.0344

0.0261

wR2 [I > 2!(I)]

0.0635

0.0508

R1 [all data]

0.0631

0.0410

wR2 [all data]

0.0713

0.0553

GOF

1.004

1.094

lattice
formula
formula weight
space group

V/Å3
Z
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Table 3 (cont). Crystal, intensity collection and refinement data.
[" 2-C2-C6H2Me2(NC)2]W(PMe3)4 (! 4-C2N2-QoxMe2H)W(PMe3)3H2
lattice

Monoclinic

Monoclinic

C22H44N2P4W

C19H39N2P3W

644.32

572.28

C2/c

P21/n

a/Å

34.669(3)

10.0850(8)

b/Å

9.8900(10)

10.8134(8)

c/Å

19.7025(19)

21.8990(16)

'/˚

90

90

*/˚

122.3070(10)

95.5850(10)

+/˚

90

90

5709.8(10)

2376.8(3)

8

4

temperature (K)

125(2)

125(2)

radiation (,, Å)

0.71073

0.71073

- (calcd.) g cm-3

1.499

1.599

µ (Mo K'), mm-1

4.282

5.068

. max, deg.

32.72

30.51

no. of data collected

48380

36946

no. of data

10028

7257

307

245

R1 [I > 2!(I)]

0.0421

0.0207

wR2 [I > 2!(I)]

0.1087

0.0297

R1 [all data]

0.0571

0.0323

wR2 [all data]

0.1159

0.0432

GOF

1.209

1.032

formula
formula weight
space group

V/Å3
Z

no. of parameters
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Table 3 (cont). Crystal, intensity collection and refinement data.
[µ-! 2-N,C-" 2-N,C-Qox’][W(PMe3)4H]2 (! 2-N,C-QoxMe2)W(PMe3)4H
lattice

Monoclinic

Triclinic

C32H78N2P8W2

C22H46N2P4W

1106.42

646.34

C2/c

P-1

a/Å

38.217(4)

12.560(2)

b/Å

9.4018(9)

14.272(3)

c/Å

26.655(3)

17.057(3)

'/˚

90

71.072(3)

*/˚

104.7300(10)

78.423(3)

+/˚

90

87.254(3)

9262.7(15)

2832.9(9)

8

4

temperature (K)

125(2)

125(2)

radiation (,, Å)

0.71073

0.71073

- (calcd.) g cm-3

1.587

1.515

µ (Mo K'), mm-1

5.263

4.315

. max, deg.

32.62

26.37

no. of data collected

78993

34419

no. of data

16288

11597

428

557

R1 [I > 2!(I)]

0.0454

0.0647

wR2 [I > 2!(I)]

0.0597

0.1404

R1 [all data]

0.0949

0.1520

wR2 [all data]

0.0687

0.1859

GOF

1.013

0.860

formula
formula weight
space group

V/Å3
Z

no. of parameters
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Table 3 (cont). Crystal, intensity collection and refinement data.
(! 2-N,C-PyzH)W(PMe3)4H

2,2’–Biquinoxaline

lattice

Orthorhombic

Monoclinic

formula

C16H41N2P4W

C16H10N4

formula weight

569.24

258.28

space group

Cmca

P21/n

a/Å

15.5462(14)

5.7903(6)

b/Å

9.7978(9)

5.3489(5)

c/Å

31.488(3)

18.7694(18)

'/˚

90

90

*/˚

90

91.350(2)

+/˚

90

90

4796.2(7)

581.16(10)

8

2

temperature (K)

125(2)

125(2)

radiation (,, Å)

0.71073

0.71073

- (calcd.) g cm-3

1.577

1.476

µ (Mo K'), mm-1

5.086

0.092

. max, deg.

32.65

28.27

no. of data collected

40128

2662

no. of data

4428

1305

no. of parameters

221

91

R1 [I > 2!(I)]

0.0237

0.0455

wR2 [I > 2!(I)]

0.0390

0.1420

R1 [all data]

0.0348

0.0614

wR2 [all data]

0.0412

0.1552

GOF

1.032

1.073

V/Å3
Z
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CHAPTER 4

Carbon–sulfur bond cleavage and hydrodesulfurization of thiophenes by
molybdenum and tungsten trimethylphosphine compounds
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4.1

Introduction

4.1.1 Hydrodesulfurization (HDS)
Hydrodesulfurization (HDS) is the important industrial process by which sulfurcontaining impurities are removed from crude petroleum feedstocks prior to their use,
in order to obtain (i) cleaner fuels that minimize environmental pollution and (ii)
cleaner chemical feedstocks that are less likely to poison the catalysts that are used for
subsequent transformations (Scheme 1).1,2,3,4,5,6 The catalysts employed for HDS are
largely composed of molybdenum and tungsten sulfides (MoS2 and WS2, respectively)
supported on alumina and also contain smaller quantities of other transition metals,
common examples of which are Co and Ni, which are called promoter metals.7 Much
effort has been directed towards enhancing the efficiency of this process, however, the
heterogeneous nature of the catalyst makes it difficult to achieve a molecular level
understanding of the catalytic cycle.7 As such, considerable effort has been directed
towards obtaining an understanding of this process at a mechanistic level by
investigating the reactivity of various sulfur-containing compounds, and thiophenes
(Figure 1) in particular, towards various metal centers.8,9
[R!S] + H2
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Scheme 1. Hydrodesulfurization.

Despite the fact that molybdenum and tungsten are the most universal
components of the industrial HDS catalysts,1,5,6 the majority of these studies has focused
on precious metals such as Rh, Ir, Pd and Pt.8,9 In this chapter, we describe (i) the
reactivity of several molybdenum hydride compounds with thiophenes10 and (ii) the
first report of desulfurization of thiophenes by molecular tungsten compounds.11
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Figure 1. Thiophene (T), benzothiophene (BT), and dibenzothiophene (DBT).
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4.1.2 Previous studies: HDS and molecular molybdenum compounds
Molybdenum is a major component of the hydrodesulfurization catalysts used in
industry.3 In this regard, the Parkin group has studied the reactivity of thiophenes with
molecular molybdenum complexes, in order to gain insight concerning the coordination
chemistry and reactivity that may be observed on the surface of a MoS2 catalyst. For
example, Parkin and his graduate students reported reactivity studies concerning the
ansa-metallocene complex, [Me2Si(C5Me4)2]MoH2,12,13 with thiophenes, as illustrated in
Scheme 2. The most notable feature of this study was the observation of C–S bond
cleavage of thiophene and benzothiophene (Scheme 2), which was first time that a
molybdenum complex had displayed this type of reactivity. The Parkin group also
reported on the reactivity of Mo(PMe3)6 towards thiophene14 and benzothiophene,15
observing several interesting products emanating from C–S bond cleavage (Scheme 3).
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Scheme 2. Reactivity of [Me2Si(C5Me4)2]MoH2 towards thiophenes.
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Scheme 3. Reactivity of Mo(PMe3)6 towards thiophene and benzothiophene.
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4.2

Reactivity of Mo(PMe3)5H2 towards thiophene
As shown in Scheme 3, Mo(PMe3)6 reacts with thiophene to give (i) the !5–

thiophene complex, (!5–C4H4S)Mo(PMe3)3, and (ii) the butadiene–thiolate complex, (!5–
C4H5S)Mo(PMe3)2(!2–CH2PMe2).14 We have now observed that (!5–C4H4S)Mo(PMe3)3
and (!5–C4H5S)Mo(PMe3)2(!2–CH2PMe2) can also be obtained via the reaction of
Mo(PMe3)5H2 with thiophene (Scheme 4).

Furthermore, Mo(PMe3)5H2 reacts with

benzothiophene at 60 ˚C to give, inter alia, the 1–metallacyclopropene-thiophenolate
complex ("1,!2–CH2CC6H4S)Mo(PMe3)4 (Scheme 4), a complex that is also obtained from
the reaction of Mo(PMe3)6 with benzothiophene (Scheme 3).15
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Scheme 4. Reactivity of Mo(PMe3)5H2 towards thiophene and benzothiophene.

When monitoring of the reaction between Mo(PMe3)5H2 and thiophene by 1H
NMR spectroscopy, signals for a paramagnetic intermediate were observed prior to
formation of (!5–C4H4S)Mo(PMe3)3 and (!5–C4H5S)Mo(PMe3)2(!2–CH2PMe2). The same
intermediate can also be observed in the reaction between Mo(PMe3)6 and thiophene
(Scheme 5), and since the reaction with Mo(PMe3)6 is much faster than the
corresponding reaction with Mo(PMe3)5H2, the intermediate can be isolated by
crystallization if the reaction mixture is immediately cooled to –15 ˚C before it has the
opportunity
CH2PMe2).

to

convert

to

(!5–C4H4S)Mo(PMe3)3

and

(!5–C4H5S)Mo(PMe3)2(!2–
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Scheme 5. Isolation of the paramagnetic intermediate, ("2–C4H4S)Mo(PMe3)4.

Significantly, the intermediate has been identified as the octahedral 16 electron
paramagnetic complex ("2–C4H4S)Mo(PMe3)4 by X–ray diffraction (Figure 2). In accord
with ("2–C4H4S)Mo(PMe3)4 being an intermediate, it rapidly converts to (!5–
C4H4S)Mo(PMe3)3

and

(!5–C4H5S)Mo(PMe3)2(!2–CH2PMe2)

at

room

temperature

(Scheme 5), with the predominant isomer depending on the reaction conditions.
Specifically, the !5–thiophene complex (!5–C4H4S)Mo(PMe3)3 is favored (> 95 %) in the
absence of PMe3, whereas the !5–butadiene–thiolate complex is the favored product in
the presence of PMe3. It is, therefore, suggested that conversion of ("2–C4H4S)Mo(PMe3)4
to (!5–C4H4S)Mo(PMe3)3 occurs via initial reversible dissociation of PMe3, while
dissociation of PMe3 occurs after (or possibly during) the rate determining step in the
transformation that gives the !5–butadiene–thiolate complex. This mechanistic scenario
is consistent with the substantial temperature dependence of the product distribution,14
in which the relative amount of (!5–C4H4S)Mo(PMe3)3 increases with temperature due to
a favorable entropy term resulting from dissociation of PMe3 prior to the rate
determining step.
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Figure 2. Molecular structure of ("2–C4H4S)Mo(PMe3)4.

Another interesting feature of this system is that the formation of the !5–
thiophene complex by treatment of Mo(PMe3)6 with thiophene does not simply proceed
by displacement of PMe3 ligands by thiophene, but rather occurs via a more complex
mechanism that involves reversible C–S bond cleavage. Thus, C–S bond cleavage of
thiophene precedes !5–coordination, a counter-intuitive result that may be of relevance
to other systems.16 Also of note, in the presence of protiothiophene (C4H4S), the d4–
isotopologue ("2–C4D4S)Mo(PMe3)4 converts selectively to (!5–C4D4S)Mo(PMe3)3, thereby
demonstrating that the transformation to the !5–thiophene complex does not involve
complete reductive elimination (i.e. C–S bond coupling and release of thiophene)
(Scheme 6). Thus, it is postulated that reductive coupling of the C–S bond leads directly
to an !x–thiophene adduct that subsequently transforms to the !5–thiophene derivative.
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Scheme 6. Reactivity of ("2–C4D4S)Mo(PMe3)4 in the presence of protiothiophene (C4 H4S).
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While the reactivity of Mo(PMe3)6 and Mo(PMe3)5H2 towards thiophene are
similar, there are some interesting differences. For example, the reaction of Mo(PMe3)6
with d4-thiophene is accompanied by the formation of an isotopomer of (!5–
C4D4HS)Mo(PMe3)2(!2–CH2PMe2) in which the hydrogen from the PMe3 ligand is
transferred selectively to the carbon adjacent to the sulfur of the !5–butadiene–thiolate
ligand (Scheme 7).14 The corresponding reaction of Mo(PMe3)5H2 is accompanied by
hydrogen (1H) incorporation into other sites of the !5–butadiene–thiolate ligand
(Scheme 7). Furthermore, 1H incorporation (mainly into the #-site)17 is also observed for
the !5–thiophene ligand of (!5–C4H4S)Mo(PMe3)3 obtained from the reaction of
Mo(PMe3)5H2 with d4-thiophene, whereas there is negligible incorporation for the
corresponding reaction of Mo(PMe3)6.

Another aspect is that the reaction between

Mo(PMe3)5H2 and d4-thiophene is accompanied by incorporation of hydrogen into the #position of free thiophene,18 thereby suggesting the existence of an additional pathway
that involves reversible #-C–H bond cleavage prior to formation of either (!5–
C4H4S)Mo(PMe3)3 or (!5–C4H5S)Mo(PMe3)2(!2–CH2PMe2).
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The above observations suggest that there are mechanistic differences pertaining
to the reactions of thiophene with Mo(PMe3)6 and Mo(PMe3)5H2. While Mo(PMe3)6 can
generate [Mo(PMe3)5] as a viable 16–electron intermediate, Mo(PMe3)5H2 can generate
both [Mo(PMe3)5] and the dihydride [Mo(PMe3)4H2] via reductive elimination of H2 and
dissociation of PMe3, respectively. For example, the conversion of Mo(PMe3)5H2 to
Mo(PMe3)6 upon treatment with PMe3 is an example of reductive elimination of H2,19
while the conversion of Mo(PMe3)5H2 to Mo(PMe3)4H4 upon treatment with H2 is an
example of a reaction that occurs via dissociation of PMe3.20 The subtle differences in
the reactivity of Mo(PMe3)6 and Mo(PMe3)5H2 towards thiophene are, therefore,
suggested to be a consequence of the ability of the latter to access [Mo(PMe3)4H2]. The
intermediate [Mo(PMe3)4H2] provides a simple means by which facile 1H incorporation
into the #-position of deuterothiophene can be achieved, via reversible C–H(D)
oxidative addition and reductive elimination, thereby resulting in different selectivities
for the 1H incorporation into the !5–thiophene and !5–butadiene–thiolate ligands of the
products derived from the reactions with d4-thiophene, as compared to that for
Mo(PMe3)6.

The reactivity of W(PMe3)5H2 with thiophene was also studied and

compared to that of Mo(PMe3)5H2, and this is described in Section 4.5.
4.3

Reactivity of Mo(PMe3)4H4 towards thiophenes
In contrast to the facile reaction between Mo(PMe3)5H2 and thiophene, the

tetrahydride Mo(PMe3)4H4 does not react with thiophene under mild conditions.
However, treatment of Mo(PMe3)4H4 with d4-thiophene does result in incorporation of
hydrogen into the #-position of free thiophene at 100 ˚C,21 analogous to the reaction
with Mo(PMe3)5H2.

Furthermore, at higher temperatures (120 ˚C), Mo(PMe3)4H4

converts thiophene to, inter alia, 1-butene (Scheme 8),22 thereby demonstrating that the
system is capable of C–S bond cleavage of thiophene and hydrogen transfer, which are
two key steps in the hydrodesulfurization of thiophene. It should be noted that C4
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hydrocarbons are the principal products of thiophene hydrodesulfurization and that the
formation of butenes has also been observed upon reaction of thiophene with a
molecular molybdenum-cobalt-sulfide cluster in the presence of H2.23,24 Although the
molybdenum containing compounds formed from the thermal reaction between
Mo(PMe3)4H4 and thiophene have not been identified,25 Mo(PMe3)4H4 reacts with
thiophene under photochemical activation to generate (!5–C4H4S)Mo(PMe3)3 and (!5–
C4H5S)Mo(PMe3)2(!2–CH2PMe2) as two components of a mixture of products (Scheme
9).
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Scheme 8. Desulfurization of thiophene and benzothiophene by Mo(PMe3)4H4.

Similar to the reaction of thiophene, Mo(PMe3)4H4 cleaves both C–S bonds of
benzothiophene at 120 ˚C to liberate ethylbenzene (Scheme 8)26 which is a principal
product

of

hydrodesulfurization.27

The

desulfurization

of

thiophene

and

benzothiophene described here is noteworthy because such transformations are not
well precedented in homogeneous systems,24,28,29,30,31,32,33,34 and are unknown for
mononuclear molybdenum compounds. Similar to the reaction with thiophene, the
molybdenum containing compounds from the thermal reaction between Mo(PMe3)4H4
and benzothiophene have not been identified; however, the photochemical reaction
generates, inter alia, the arylthiolate complex, Mo(PMe3)4(SC6H4Et)H3,15 the formation of
which is improved in the presence of H2 (Scheme 9).
Mo(PMe3)4(SC6H4Et)H3 is shown in Figure 3.

The molecular structure of
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Figure 3. Molecular structure of Mo(PMe3)4(SC6H4Et)H3 .
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Mo(PMe3)4H4 also reacts with dibenzothiophene to give [!6,"1-C6H5C6H4S]Mo(PMe3)2H, which results from C–S bond cleavage and hydrogen transfer (Scheme 9).
The molecular structure of [!6,"1-C6H5C6H4S]Mo(PMe3)2H has been determined by X–
ray diffraction, as illustrated in Figure 4. The formation of [!6,"1-C6H5C6H4S]Mo(PMe3)2H is noteworthy because it represents the first example of cleavage of the C–
S bond of dibenzothiophene by a molybdenum compound. As shown above in Scheme
2, although [Me2Si(C5Me4)2]MoH2 is capable of cleaving the C–S bonds of thiophene and
benzothiophene, [Me2Si(C5Me4)2]MoH2 reacts with dibenzothiophene to give only the
"1–adduct, [Me2Si(C5Me4)2]Mo("1–DBT).12 It should be noted that C–S bond cleavage of
dibenzothiophene has been observed for other metals but is not typically accompanied
by subsequent hydrogen transfer.35,36,37,38,39,40,41,42

Figure 4. Molecular structure of [!6,"1-C6H5C6H4S]Mo(PMe3)2H.

For comparison purposes, there are no other examples of structurally
characterized complexes listed in the Cambridge Structural database43 that feature
[!6,"1-C6H5C6H4S] ligands, although there are several examples of molybdenum
compounds that possess related [!6,"1-C6H5ArS] ligands. These compounds, however,
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are not obtained via C–S bond cleavage of dibenzothiophene derivatives, but are rather
obtained via reactions with the arylthiolate ligand.44,45,46,47 Previously the Parkin group
synthesized the closely related aryloxide complex [!6,"1-C6H5C6H3(Ph)O]Mo(PMe3)2H
via reaction of Mo(PMe3)6 with 2,6–Ph2C6H3OH.48 The most notable difference in the
structures of [!6,"1-C6H5C6H4S]Mo(PMe3)2H and [!6,"1-C6H5C6H3(Ph)O]Mo(PMe3)2H is
that the longer Mo–S and C–S versus Mo–O and C–O bonds allow the arylthiolate group
to lie closer to the plane of the !6-arene moiety, as illustrated in Figure 5. Thus, the ipso
carbon of the !6-arene moiety of [!6,"1-C6H5C6H4S]Mo(PMe3)2H is closer to planarity ($C–
C–C

= 359.8˚ and 360.0˚ for two crystallographically independent molecules) than is that

in [!6,"1-C6H5C6H3(Ph)O]Mo(PMe3)2H ($C–C–C = 357.4˚).

Correspondingly, the !6–

C6(centroid)–Cipso–Caryl angle for [!6,"1-C6H5C6H4S]Mo(PMe3)2H (171.4˚ and 173.2˚ for two
crystallographically independent molecules) is closer to 180˚ than is the value for
[!6,"1-C6H5C6H3(Ph)O]Mo(PMe3)2H (164.3˚).

Figure 5. Structural overlay of [!6,"1-C6H5C6H4S]Mo(PMe3)2H (blue) and [!6,"1-C6H5C6H3(Ph)O]Mo(PMe3)2H (red).
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4.4

Reactivity of W(PMe3)4(! 2–CH2PMe2)H towards thiophene
Tungsten is also a prevalent component of HDS catalysts and so we also

investigated the reactivity of W(PMe3)4(!2–CH2PMe2)H49 towards thiophenes, and have
discovered that it is capable of cleaving the C–S bonds of thiophene, benzothiophene
and dibenzothiophene. For example, W(PMe3)4(!2–CH2PMe2)H reacts with thiophene at
60 ˚C to give the butadiene-thiolate complex (!5–C4H5S)W(PMe3)2(!2–CH2PMe2),50 which
has been structurally characterized by X-ray diffraction (Figure 6), representing the first
example of thiophene C–S bond cleavage and hydrogen transfer by a tungsten
compound (Scheme 10).51

Furthermore, the butadiene-thiolate ligand of (!5–

C4H5S)W(PMe3)2(!2–CH2PMe2) may be hydrogenated at 60 ˚C to give the butanethiolate
complex W(PMe3)4(SBun)H3, as illustrated in Scheme 10.52,53

These observations

demonstrate that a single tungsten center is capable of achieving two of the key steps in
the hydrodesulfurization of thiophene, namely C–S bond cleavage and hydrogenation.
It should be noted that, to date, crystals of W(PMe3)4(SBun)H3 have not been obtained.
However, evidence for W(PMe3)4(SBun)H3 is provided by: (i) 1H,

31

P{1H} and

13

C{1H}

NMR spectroscopic data (Section 4.12.24) (ii) the reaction of W(PMe3)4(SBun)H3 towards
benzoic acid, which produces HSBun, thereby confirming the presence of the sulfur
atom in the (SBun) ligand (Section 4.12.25), and (iii) structural characterization of the
selenium analogue, namely W(PMe3)4(SeBun)H3,54 which is shown in Figure 7.
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Figure 6. Molecular structure of (!5–C4H5S)W(PMe3)2(!2–CH2PMe2).

Figure 7. Molecular structure of W(PMe3)4(SeBun)H3.

It is useful to compare the reactivity of W(PMe3)4(!2–CH2PMe2)H towards
thiophene with that of the corresponding molybdenum system because there are some
distinct differences.10,14,15,55 For example, whereas only the butadiene-thiolate complex
(!5–C4H5S)W(PMe3)2(!2–CH2PMe2) has been isolated for the tungsten system, the
reaction of Mo(PMe3)6 proceeds readily at room temperature

to give

the
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metallathiacycle, ("2–C,S–C4H4S)Mo(PMe3)4, which rapidly converts to the butadienethiolate complex (!5–C4H5S)Mo(PMe3)2(!2–CH2PMe2) and the !5–thiophene derivative
(!5–C4H4S)Mo(PMe3)3 (see Scheme 5 above).10,14 Another interesting difference is that
whereas the tungsten butadiene-thiolate complex (!5–C4H5S)W(PMe3)2(!2–CH2PMe2) is
readily hydrogenated to the butanethiolate complex W(PMe3)4(SBun)H3 at 60 ˚C, the
molybdenum counterpart (!5–C4H5S)Mo(PMe3)2(!2–CH2PMe2) does not react with H2
under the same conditions.

Figure 8.

1

H NMR spectrum of 1:1 mixture of (!5–C4H5S)W(PMe3)2(!2–CH2PMe2) and (!5–

C4H5S)Mo(PMe3)2(!2–CH2PMe2) (bottom). H2 (ca. 1 atm) was added, and the solution was heated at 60 ˚C
for 3 hours and analyzed by 1H NMR spectroscopy (top) (W = (!5–C4H5S)W(PMe3)2(!2–CH2PMe2), Mo =
(!5–C4H5S)Mo(PMe3)2(!2–CH2PMe2), W-S-CH2 = methylene adjacent to sulfur of W(PMe3)4(SBun)H3, 2WH = 2 hyrdrides of W(PMe3)4(SBun)H3).
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The dissimilar reactivity was demonstrated by heating a 1:1 mixture of (!5–
C4H5S)W(PMe3)2(!2–CH2PMe2) and (!5–C4H5S)Mo(PMe3)2(!2–CH2PMe2) in the presence
of H2 at 60 ˚C (see Section 4.12.34), and monitoring the reaction by using 1H NMR
spectroscopy (Figure 8).

As is illustrated in Figure 8, after the reaction mixture was

heated at 60 ˚C for 3 hours, the (!5–C4H5S)W(PMe3)2(!2–CH2PMe2) has largely converted
to W(PMe3)4(SBun)H3, while the (!5–C4H5S)Mo(PMe3)2(!2–CH2PMe2) remains unreacted.
Thus, although the formation of the butadiene-thiolate complex from the reaction of
thiophene with the molybdenum complex Mo(PMe3)6 is more facile than that for the
reaction of W(PMe3)4(!2–CH2PMe2)H, hydrogenation of the butadiene-thiolate ligand
occurs more readily for the tungsten system.

4.5

Reactivity of tungsten hydrides towards thiophene
In view of the fact that hydrogenation is an important component of

hydrodesulfurization, we have also investigated the reactivity of the series of tungsten
hydride complexes, W(PMe3)5H2, W(PMe3)4H4 and W(PMe3)3H6, towards thiophene
(Schemes 11 – 13, respectively). Significantly, these hydride complexes exhibit very
different reactivity to that of W(PMe3)4(!2–CH2PMe2)H.

For example, W(PMe3)5H2

reacts with thiophene (Scheme 11) to give the "1-thienyl complex, W(PMe3)4("1-C#C4H3S)H3, which has been structurally characterized by X-ray diffraction (Figure 9).56
W(PMe3)4("1-C#-C4H3S)H3 is also generated by the photochemical reaction of thiophene
with W(PMe3)4H4 (Scheme 12).57,58 In contrast, thiophene reacts with W(PMe3)3H6 to
give the butanethiolate complex W(PMe3)4(SBun)H3, as illustrated in Scheme 13.59
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Figure 9. Molecular structure of W(PMe3)4("1-C#-C4H3S)H3 (the thienyl ligand exhibits a two-fold
rotational disorder and only the major configuration is shown).

The fact that W(PMe3)4(!2–CH2PMe2)H and W(PMe3)5H2 behave differently
towards thiophene suggests that the reactions do not occur via a common [W(PMe3)5]
intermediate (see above for similar reactivity differences between Mo(PMe3)6 and
Mo(PMe3)5H2). We postulate that whereas the reaction of W(PMe3)4(!2–CH2PMe2)H
proceeds via [W(PMe3)5], the reaction of W(PMe3)5H2 involves initial dissociation of
PMe3 to give 16–electron [W(PMe3)4H2], followed by oxidative addition of a thiophene
C–H bond. This suggests that cleavage of the C–S bond, relative to a C–H bond, is
favored for the lower valent metal center.
The formation of the "1-thienyl complex W(PMe3)4("1-C#-C4H3S)H3 is also
noteworthy because the corresponding reaction of the molybdenum counterpart
Mo(PMe3)5H2 with thiophene does not yield Mo(PMe3)4("1-C#-C4H3S)H3, but rather gives
a mixture of the !5–thiophene and butadiene-thiolate complexes, (!5–C4H4S)Mo(PMe3)3
and (!5–C4H5S)Mo(PMe3)2(!2–CH2PMe2) (Scheme 4).10 Thus, the molybdenum system
exhibits a greater propensity to cleave the C–S bond of thiophene than does the
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tungsten system. We propose that the origin of this difference is that the tungsten "1thienyl complex W(PMe3)4("1-C#-C4H3S)H3 represents a kinetic product that is also of
sufficient thermodynamic stability to inhibit access to the intermediate that is capable of
achieving C–S bond cleavage.
As stated above, treatment of Mo(PMe3)5H2 with d4-thiophene is accompanied by
incorporation of hydrogen into the #-position of free thiophene prior to formation of the
!5–thiophene and butadiene-thiolate complexes,10 whereas no such exchange is
observed for W(PMe3)5H2. Furthermore, W(PMe3)4("1-C#-C4H3S)H3 does not react with
PMe3 to regenerate W(PMe3)5H2. These observations, therefore, are consistent with
facile reversible oxidative addition of the C–H bond of thiophene to molybdenum, but
irreversible (on the time-scale of the experiment) oxidative addition to tungsten.
Although the evidence presented above indicates that W(PMe3)4("1-C#-C4H3S)H3
does not undergo facile reductive elimination of thiophene, elimination of thiophene
may be induced by treatment of W(PMe3)4("1-C#-C4H3S)H3 with H2, a reaction that is
also accompanied by the formation of W(PMe3)3H6 and the butanethiolate complex,
W(PMe3)4(SBun)H3, as illustrated in Scheme 12.

Relative to W(PMe3)4(SBun)H3, the

formation of W(PMe3)3H6 and thiophene is inhibited by PMe3, thereby suggesting a
reversible dissociation of PMe3 prior to the rate determining step. As such, reductive
elimination of thiophene presumably occurs via a higher valent species such as
W(PMe3)3("1-C#-C4H3S)H5, obtained by dissociation of PMe3 and oxidative addition of
H2. The formation of the butanethiolate complex W(PMe3)4(SBun)H3 in this reaction is
interesting because it demonstrates that although W(PMe3)5H2 itself does not allow
isolation of a product derived from C–S bond cleavage (Scheme 11), such a species may
be achieved upon treatment with H2 (Scheme 12).60

145
4.6

Structural characterization of W(PMe3)3H6
Although not related to hydrodesulfurization, it is important to note that the

molecular structure of W(PMe3)3H6 has now been determined by X-ray diffraction.
W(PMe3)3H6 was first synthesized by Lyons and Wilkinson by the reaction of
WCl4(PMe3)3 and LiAlH4, followed by treatment with methanol;61,62 1H and

31

P NMR

spectroscopic studies indicate that W(PMe3)3H6 is fluxional in solution and that all six
hydrides are equivalent [% = –2.61, 2JP–H = 37.6 (q) Hz], as are the PMe3 ligands [% = 1.57,
JP–H = 8.2 (vt) Hz].61 The molecular geometry of W(PMe3)3H6 was proposed to have one
of two high symmetry idealized structures.61 The first has D3h symmetry, in which the
hydride ligands make up a trigonal prism with the phosphorus atoms of the PMe3
ligands capping the square faces (Figure 10, right), as predicted for other W(PR3)3H6
complexes.63,64 The second has C2v symmetry, also having a tricapped trigonal prism
geometry, but instead has only one phosphorus atom in a capping position, while the
other two occupy eclipsed positions on opposite prism faces (Figure 10, left), as was
found for W(PPhPri2)3H6.65,66
We have now determined the molecular structure of W(PMe3)3H6 (Figure 11),
and the data indicate that is best described as having an approximate C2v symmetric
structure (Figure 10, left).67 For example, whereas a D3h structure is expected to have
idealized P–W–P angles of 120˚, the bond angles in W(PMe3)3H6 deviate significantly
from 120˚ [P1–W–P2: 128.567(16)˚; P1–W–P2’: 128.567(16)˚; P2–W–P2’: 102.49(3)˚].
Furthermore, the W–P bond lengths [W–P1: 2.4156(8) Å, W–P2: 2.4706(6) Å, W–P2’:
2.4706(6) Å] are significantly different (0.055 Å), also indicating that W(PMe3)3H6 does
not have D3h symmetry, as a D3h symmetric structure is expected to have three equal W–
P bond lengths. Thus, W(PMe3)3H6 is best described as having a tricapped trigonal
prismatic structure with approximate C2v symmetry in which the [P2, H1, H2] and [P2’,
H1’, H2’] faces forming the top and bottom faces of the trigonal prism, while P1 caps
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the [H1, H2, H1’, H2’] square face and H3 and H4 cap the [P2, H2, H2’, P2’] and [P2, H1,
H1’, P2’] square faces, respectively (Figure 11, right). In accord with the experimental
structure, a density functional geometry optimization calculation predicts P–W–P
angles of 128.4˚, 129.8˚ and 101.4˚, and W–P bond lengths of 2.460 Å, 2.522 Å, and 2.536
Å, clearly deviating from a structure with D3h symmetry.68
The geometry is similar to that of the related hexahydride triphosphine complex,
namely W(PPhPri2)3H6 [P–W–P angles: P1–W–P2: 125.4(1)˚; P2–W–P3: 126.6(1)˚; P1–W–
P3: 107.9(1)˚. W–P bond lengths: W–P1: 2.528(1) Å, W–P2: 2.427(1) Å, W–P3: 2.524(1)
Å].65,66
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Figure 10. High symmetry structures for W(PMe3)3H6 (blue dashed lines show the trigonal prism and the
blue arrows represent the primary symmetry axis).

Figure 11. Molecular structure of W(PMe3)3H6 (left) and view showing the trigonal prism geometry with
hollow lines (right). W, P1, H3 and H4 lie on the crystallographic mirror plane.
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4.7

Reactivity of tungsten complexes towards benzothiophene
The reactivity of W(PMe3)4(!2–CH2PMe2)H, W(PMe3)5H2, W(PMe3)4H4 and

W(PMe3)3H6 towards benzothiophene has also been investigated.

W(PMe3)4(!2–

CH2PMe2)H reacts with benzothiophene to give a mixture of products that include
isomeric ("1,!2–CH2CHC6H4S)W(PMe3)3(!2–CH2PMe2) and ("1,!2–CH2CC6H4S)W(PMe3)4
(Scheme 14), both of which are the result of C–S bond cleavage. Interestingly, the
corresponding reaction of W(PMe3)5H2 with benzothiophene gives a different pair of
isomers, ("1,!2–CH2CHC6H4S)W(PMe3)4H and W(PMe3)4("1-C#-CCHSC6H4)H3 (Scheme
11), that feature two more hydrogen atoms than the products obtained from
W(PMe3)4(!2–CH2PMe2)H.69 Thus, ("1,!2–CH2CHC6H4S)W(PMe3)4H is formally different
from ("1,!2–CH2CHC6H4S)W(PMe3)3(!2–CH2PMe2) by addition of H2 across the W–C
bond, but is otherwise structurally very similar (Figure 12).

W(PMe3)4("1-C#-

CCHSC6H4)H3, which has been structurally characterized by X-ray diffraction (Figure
13), displays a similar coordination environment to the thienyl compound, W(PMe3)4("1C -C4H3S)H3, (Figure 9).
#

Figure 12. Molecular structures of ("1,!2–CH2CHC6H4S)W(PMe3)4H (left) and ("1,!2–CH2CHC6H4S)W(PMe3)3(!2–CH2PMe2) (right).
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Scheme 14. Reactivity of W(PMe3)4(!2–CH2PMe2)H towards benzothiophene.

Figure 13. Molecular structure of W(PMe3)4("1–C#–CCHSC6H4)H3 (the benzothienyl ligand exhibits a twofold rotational disorder and only the major configuration is shown).
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("1,!2–CH2CHC6H4S)W(PMe3)3(!2–CH2PMe2), ("1,!2–CH2CC6H4S)W(PMe3)4 and
("1,!2–CH2CHC6H4S)W(PMe3)4H all react with H2 at room temperature to give the
arylthiolate

W(PMe3)4(SC6H4Et)H3

(Scheme

14),

which

has

been

structurally

characterized by X-ray diffraction (Figure 14). Furthermore, W(PMe3)4(SC6H4Et)H3 is
also obtained upon treatment of benzothiophene with W(PMe3)4H4 and W(PMe3)3H6,
although the latter requires photochemical activation (Schemes 12 and 13,
respectively).70

Of most interest, however, upon heating, W(PMe3)4(SC6H4Et)H3

eliminates ethylbenzene (Scheme 14), a principal product of benzothiophene
hydrodesulfurization.71,72 As such, the reactivity exhibited by this tungsten system
provides a series of steps by which benzothiophene may be hydrodesulfurized by a
single tungsten center.53

Figure 14. Molecular structure of W(PMe3)4(SC6H4Et)H3.

4.8

Reactivity of W(PMe3)4(! 2–CH2PMe2)H towards dibenzothiophene
W(PMe3)4(!2–CH2PMe2)H is also capable of desulfurizing dibenzothiophene, one

of the compounds that is most resistant to hydrodesulfurization.9 Specifically,
W(PMe3)4(!2–CH2PMe2)H reacts with dibenzothiophene to give the dinuclear
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dibenzometallacyclopentadiene

complex,

[("2-C12H8)W(PMe3)](µ-S)(µ-CH2PMe2)(µ-

PMe2)[W(PMe3)3] (Scheme 15),73 which has been structurally characterized by X-ray
diffraction (Figure 15). While C–S bond cleavage of dibenzothiophene is precedented,
reactions that involve desulfurization are rare.9,74,75 Indeed, there is only one other
structurally characterized complex listed in the Cambridge Structural Database43 that
features a "2-biphenylene ligand derived from dibenzothiophene, a nickel compound
synthesized by Jones.74,76

In addition, treatment of [("2-C12H8)W(PMe3)](µ-S)(µ-

CH2PMe2)(µ-PMe2)[W(PMe3)3] with H2 (ca. 1 atm) at 60 ˚C liberates biphenyl (Scheme
15).
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Scheme 15. Reactivity of W(PMe3)4(!2–CH2PMe2)H towards dibenzothiophene.

Figure 15. Molecular structure of [("2-C12H8)W(PMe3)](µ-S)(µ-CH2PMe2)(µ-PMe2)[W(PMe3)3].
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Although we have not isolated any products from the reactions of either
W(PMe3)5H2, W(PMe3)4H4 or W(PMe3)3H6 with dibenzothiophene, the latter two are
effective

catalysts

for

the

exchange

of

deuterium

and

hydrogen

between

dibenzothiophene and C6D6.77 For example, W(PMe3)3H6 catalyzes the H/D exchange
into dibenzothiophene’s # positions at 60 ˚C and the & and ' positions at 80 ˚C, while
the % site remains undeuterated under these conditions.78,79

4.9 Bonding description of [(" 2-C12H8)W(PMe3)](µ-S)(µ-CH2PMe2)(µ-PMe2)[W(PMe3)3]
The bonding description of [("2-C12H8)W(PMe3)](µ-S)(µ-CH2PMe2)(µ-PMe2)[W(PMe3)3] is ambiguous because of (i) the presence of the bridging µ-PMe2 ligand, an
LX ligand, and (ii) the presence of two tungsten centers. Specifically, it is unclear what
is the metal–metal bond order; three probable resonance structures that have W–W
bond orders of 0, 1 and 2 are shown in Figure 16. Only resonance structures in which
both metal centers have even numbers of electrons are considered because the molecule
is diamagnetic (see Section 4.12.46). Additionally, although the W–W bond length
[2.7770(3) Å] compares favorably with the mean W–W single bond length (2.769 Å)
listed in the Cambridge Structural Database,43 and is approximately 0.2 Å longer than
the mean W=W double bond length (2.574 Å), there is ambiguity because of the
presence of three bridging ligands, which can influence the metal–metal bond
distances.80,81,82 For this reason, we have analyzed the Fenske-Hall molecular orbitals
(Figure 17).83 Examination of the molecular orbitals in Figure 17 indicates that there are
two bonding orbitals between the two tungsten atoms (( and )). Furthermore, the
HOMO is a nonbonding dxy orbital largely based on the tungsten atom of the
[W(PMe3)3] unit, indicating a d2 configuration for that metal center. Therefore, [("2C12H8)W(PMe3)](µ-S)(µ-CH2PMe2)(µ-PMe2)[W(PMe3)3] is best described as having a
W=W double bond (Figure 16).
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Figure 16. Possible metal–metal bonding in [("2-C12H8)W(PMe3)](µ-S)(µ-CH2PMe2)(µ-PMe2)[W(PMe3)3].

Figure 17. Molecular orbitals showing the ( and ) components of the W=W interaction and the HOMO.

4.10 Cluster chemistry
The ability of the previously synthesized transition metal terminal sulfido
compounds, W(PMe3)4S284,85 and Mo(PMe3)4S2,19 to serve as homogeneous models of a
hydrotreating catalyst was also explored.

In this regard, thermolysis (80 ˚C) of a

solution of W(PMe3)4S2 in benzene deposited black needle-shaped crystals of the Ci
symmetric tungsten sulfide cluster, W8S16(PMe3)10 (Scheme 16). The molecular structure
of W8S16(PMe3)10 is shown in Figure 18.
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Scheme 16. Synthesis of W8S16(PMe3)10.

Figure 18. Molecular structure of W8S16(PMe3)10.

W8S16(PMe3)10 has inversion symmetry, and as such, can be described as a
symmetric dimer with two equivalent halves.

Each half consists of: 3 W(PMe3)

fragments, 1 W(PMe3)2 fragment, 4 (µ-S) bridging sulfides, 2 (µ3-S) bridging sulfides, 1
terminal sulfide (W=S), and a (µ*-S) bridging sulfide, in which (µ*-S) is defined as a
ligand that bridges the two monomeric units, i.e. S6 and S6’ of the solid state structure
(Figure 18). Thus, W8S16(PMe3)10 is more precisely described by the formula [W4(µS)4(µ3-S)2(µ*-S)(=S)(PMe3)5]2 and its symmetrical nature is illustrated in Figure 19.
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The terminal sulfido ligand of W8S16(PMe3)10 has a W–S bond length of 2.214(2) Å;
evidence that it is, in fact, a terminal sulfide and not a terminal hydrosulfido is provided
by comparison with the other W–S bond lengths in W8S16(PMe3)10 (Table 1).

For

example, the W–S bond length of the W=S moiety is 0.155 Å shorter than the average
W–S bond length of the (µ-S) ligands86 and 0.193 Å shorter than the average bond length
of the (µ3-S) ligands. It is also prudent to compare the W–S bond length of the W=S
moiety of W8S16(PMe3)10 to the W=S moieties listed in the Cambridge Structural
Database (2.155 Å).43 In this regard, although 2.214 Å is 0.059 Å longer than the average
W–S bond length of terminal W=S moieties (Table 1), it is considerably shorter (0.189 Å)
than the mean W–S bond length for molecules with a W–S(R/H) fragment (2.403 Å).
Most notably, the W=S bond length of W8S16(PMe3)10 (2.214 Å) is very similar to the
other terminal sulfido complexes of tungsten that contain PMe3 ligands, namely
W(PMe3)4S2, W(PMe3)2(CNBut)2S2, and W(PMe3)2(!2-PhCHO)S2, which have an average
W–S bond length of 2.229 Å (Table 2).
Furthermore, there are several structurally characterized compounds with
terminal hydrosulfido ligands (W–SH), two of which are Cp*W(CO)3SH87 and [µ(C5H4)2][W(CO)3SH]2,88 having W–S bond lengths that are ca. 0.3 Å longer [2.522(2) Å
and 2.513(2) Å, respectively] than the W–S bond of W8S16(PMe3)10. The most relevant
comparison, however, is that with the previously reported tetranuclear tungsten cluster
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W4S6(PMe2Ph)6(SH)2, i.e. [W4(µ-S)4(µ3-S)2(PMe2Ph)6(SH)2] (Figure 20), having a terminal
hydrosulfido moiety (W–SH) with a W–S bond length of 2.390(2),89 which is 0.176 Å
longer that the W–S bond of W8S16(PMe3)10 (Table 1).

Table 1. Average experimental W–S bond lengths (Å) of W8S16(PMe3)10 and W4S6(PMe2Ph)6(SH).
d[W–(µ-S)]/Å

d[W–(µ 3-S)/Å

d(W=S)/Å

d[W–S(R/H)]/Å

W8S16(PMe3)10

2.369

2.407

2.214

–

W4S6(PMe2Ph)6(SH)2

2.356

2.382

–

2.390

C.S.D.a

2.311

2.418

2.155

2.403

(a) C.S.D. = Average bond lengths listed in the Cambridge Structural Database.

Table 2. Average experimental terminal W–S bond lengths (Å) in tungsten PMe3 terminal sulfido
complexes.
d(W=S)/Å

Reference

W8S16(PMe3)10

2.214

this work

W(PMe3)4S2

2.253

85

W(PMe3)2(CNBut)2S2

2.247

84,85

W(PMe3)2(!2-PhCHO)S2

2.186

84,85
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Figure 20. Previously synthesized electron-precise cluster W4S6(PMe2Ph)6(SH)2 (see reference 89).

It is interesting to compare the structure of W8S16(PMe3)10 with that of
W4S6(PMe2Ph)6(SH)2,89 and the major differences are illustrated in Figure 21 (colored
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blue). Thus, W8S16(PMe3)10 can be formally viewed as the product of condensation of
two molecules W4S6(PMe2Ph)6(SH)2, the PMe3 counterpart of W4S6(PMe2Ph)6(SH)2,
accompanied by dissociation of two phosphine ligands and elimination of two
molecules of H2.
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fragments are highlighted to illustrate the major differences]. PMe3 and PMe2Ph ligands are represented
by P in this figure.

The bonding in W8S16(PMe3)10 is also of interest but is complicated due to the
complex nature of the molecule (e.g. 8 tungsten atoms and 4 (µ3-S) LX2 ligands). Metal–
metal bonding in transition metal clusters has been previously described and is
commonly classified in three categories, namely: (i) electron-precise clusters, (ii)
electron-rich clusters, and (iii) electron-deficient clusters.90,91 In an electron-precise
cluster, exemplified by W4S6(PMe2Ph)6(SH)2 (Figure 20),89 the number of skeletal valence
electron pairs is equal to the number of metal–metal single bonds.

Thus, in

W4S6(PMe2Ph)6(SH)2, there are 14 total X-type interactions92 and there are four tungsten
atoms (each free tungsten atom has 6 valence electrons for a total of 24), such that there
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are 5 skeletal valence electron pairs [½(24 – 14)]. As illustrated by the blue bonds in
Figure 20, there are also five possible W–W contacts, and the cluster is, therefore,
electron-precise, as each metal–metal bond can simply be described as 2-center 2electron interaction. In accord with each W–W interaction consisting of equivalent
single bonds, the bond W–W bond distances [2.8373(8) Å, 2.8114(7) Å, 2.8118(6) Å,
2.8114(7) Å, and 2.8118(6) Å] are all very similar with the narrow range of 0.0259 Å.
On the other hand, W8S16(PMe3)10 is an electron-deficient cluster [32 X-type
interactions, 8 tungsten atoms, each with 6 valence electrons: ½(48 – 32) = 8], having 12
plausible W–W contacts but only 8 skeletal valence electron pairs.

In this regard,

analysis of the W–W bond lengths of W8S16(PMe3)10 indicate that the W–W interactions
are not equivalent. Specifically, there are two W–W interatomic distances [W1–W2:
3.2441(4) Å, W2–W3’: 4.1440(4) Å] that are significantly longer than the other four [W1–
W4: 2.7569(4) Å, W2–W3: 2.7501(4) Å, W2–W4: 2.8844(4) Å, W3–W4: 2.8489(4) Å] (Table
2, see Figure 18 for atom labels). Indeed, the mean W–W single bond length listed in
the Cambridge Structure Database is 2.772 Å,43 such that the large W–W interatomic
distances of 3.2441(4) Å and 4.1440(4) Å for W1–W2 and W2–W3’ are not indicative of
bonding interactions.

Thus, it is postulated that only 8 W–W bonds exist in

W8S16(PMe3)10, as illustrated in Figure 22 (blue bonds), which is in accord with the
presence of only 8 skeletal valence electron pairs.
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Figure 22. W8S16(PMe3)10 illustrating the proposed metal–metal bonding (blue).
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Table 3. W–W bond lengths (Å) of W8S16(PMe3)10 as determined by X-ray diffraction.
d(W–W)/Å
W2–W3

2.7501(4)

W1–W4

2.7569(4)

W2–W4

2.8844(4)

W3–W4

2.8489(4)

W1–W2

3.2441(4)

W2–W3’

4.1440(4)

C.S.D.a

2.772

(a) C.S.D. = Average W–W single bond length listed in the Cambridge Structural Database (1989 hits).

Additional evidence for the presence of 8 W–W bonds is provided by DFT
calculations. In this regard, the computationally simpler cluster W8S16(PH3)10, in which
the methyl groups of the PMe3 ligands have been replaced by hydrogen atoms, was
geometry optimized with imposed Ci symmetry. First, it should be noted that the
overall calculated geometry reproduces the experimental structure well. After
convergence, a simpler model (Figure 24) comprised of W4(µ-S)4(µ3-S)2(SH)2(=S)(PH3)5,
in which the two (µ*-S) bridging sulfide ligands were replaced by SH moieties, was
employed to derive Fenske-Hall molecular orbitals.83 Examination of the molecular
orbitals indicates that there are six molecular orbitals (Figure 23) that contribute to the 4
W–W (-bonds.93 Furthermore, there are no orbitals that (i) contribute to a fifth W–W
bond (i.e. between W1 and W2) or (ii) have any localized metal character, indicating that
all of the tungsten centers have a d0 configuration. Figure 25 illustrates a plausible
resonance structure for W8S16(PMe3)10, giving each tungsten center a d0 configuration (i.e.
every tungsten has 6 X-type interactions).
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Figure 23. Molecular orbitals of W4(µ-S)4(µ3-S)2(SH)2(=S)(PH3)5 showing the major (*bonding components
of the W–W interactions.

Orbital <60> is the HOMO (black: tungsten, yellow: sulfur, magenta:

phosphorus, white: hydrogen).
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Figure 24. Illustration of the geometry of W4(µ-S)4(µ3-S)2(SH)2(=S)(PH3)5 used for the molecular orbitals in
Figure 23 (left) and the replacement of SH moieties for the (µ*-S) bridging sulfide ligands (right).
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Figure 25. Illustration of the MLX description of each tungsten center; each tungsten has 6 X-type
interactions, thus each tungsten has a d0-configuration.

The synthesis of other chalcogenide clusters from the known tungsten terminal
selenido and tellurido compounds, W(PMe3)4Se294,85

and W(PMe3)4Te2,95,85 was also

attempted but unfortunately, single crystals of sufficient quality for X-ray diffraction
were not obtained.
A Ci symmetric molybdenum sulfide cluster has also been synthesized by
treating a suspension of Mo(PMe3)6 in benzene with hydrogen sulfide, thereby
depositing crystals of Mo4S6(PMe3)6(SH)2 (Figure 26) after standing at room temperature
for ca. 1 day (Scheme 17).96,97 Mo4S6(PMe3)6(SH)2 has been previously reported first by
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Saito,98 and then later by Rauchfuss.99 It should be noted that Mo4S6(PMe3)6(SH)2 is
isostructural with W4S6(PMe2Ph)6(SH)2 (Figure 20).89
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Scheme 17. Synthesis of Mo4S6(PMe3)6(SH)2.

Figure 26. Molecular structure of Mo4S6(PMe3)6(SH)2.

Two new trinuclear molybdenum clusters100 were produced by heating solutions
of in situ generated Mo(PMe3)4Se2 and Mo(PMe3)4Te2 in benzene, thereby depositing
black, block-shaped crystals of Mo3Se5(PMe3)6101 and Mo3Te5(PMe3)6,102 respectively
(Schemes 18 and 19). Mo3Se5(PMe3)6 and Mo3Te5(PMe3)6 are analogous to the previously
synthesized cluster, Mo3S5(PMe3)6.103,104 The molecular structures of the pseudo D3h
symmetric Mo3Se5(PMe3)6 and Mo3Te5(PMe3)6 were determined by X-ray diffraction and
are shown in Figures 27 and 28, respectively.105 The E (E = S, Se, and Te) and PMe3
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ligands of Mo3E5(PMe3)6 form an approximate octahedral geometry about each
molybdenum center, while the Mo–Mo bonds bisect the (µ2-E)-(µ3-E)-(µ3-E) faces (Figure
29).
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Scheme 18. Synthesis of Mo3Se5(PMe3)6.

Figure 27. Molecular structure of Mo3Se5(PMe3)6.
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Figure 28. Molecular structure of Mo3Te5(PMe3)6.
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Figure 29. Representation of Mo3E5(PMe3)6 (E = S, Se or Te) clusters exemplifying the octahedral
coordination, shown in blue, of the six ligands around molybdenum. The red lines represent the Mo–Mo
bonds, which bisect the (µ2-E)-(µ3-E)-(µ3-E) faces.

Unlike

Mo4S6(PMe3)6(SH)2,

which

is

an

electron-precise

cluster,90,91

or

W8S16(PMe3)10, which is an electron-deficient cluster, Mo3Se5(PMe3)6 and Mo3Te5(PMe3)6
are electron-rich clusters. Specifically, the Mo3E5(PMe3)6 (E = S, Se and Te) clusters each
have 4 skeletal valence electron pairs (10 X-type interactions and 3 molybdenum atoms)
but only 3 Mo–Mo contacts, thus having an excess of 1 electron pair, causing the
bonding description to be ambiguous. For example, the extra pair of electrons could (i)
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contribute to a Mo–Mo double bond, (ii) be a localized “lone pair” on one molybdenum
atom, (iii) be a delocalized non-bonding orbital on two or three molybdenum atoms, or
(iv) cause a Mo–Mo bond to break, as Mingos predicts.91 Furthermore, although the
Mo3E5(PMe3)6 (E = S, Se and Te) clusters are isostructural, the identity of the
chalcogenide does, nevertheless, effect the Mo–Mo interactions, as indicated by the
increase in the average Mo–Mo bond lengths of Mo3S5(PMe3)6, Mo3Se5(PMe3)6, and
Mo3Te5(PMe3)6 (2.714 Å,103 2.781 Å, and 2.910 Å, respectively) as the chalcogen increases
size (Table 4).106

Table 4. Average Mo–Mo bond lengths (Å) and Mo–E–Mo angles (˚) of Mo3E5(PMe3)6 (E = S, Se, and Te)
complexes, as determined by X-ray diffraction.
d(Mo-Mo)/Å

d[Mo-(µ-E)]/Å

d[Mo-(µ-E)]/Å

Mo-(µ-E)-Mo/˚

Mo-(µ 3-E)-Mo/˚

Mo3S5(PMe3)6

2.714

2.393

2.421

69.10

68.18

Mo3Se5(PMe3)6

2.781

2.508

2.541

67.08

66.36

Mo3Te5(PMe3)6

2.910

2.695

2.716

65.37

64.79

C.S.D. a

2.738

–

–

–

–

(a) C.S.D. = Average Mo–Mo single bond lengths listed in the Cambridge Structural Database (5104 hits).

In order to understand better the Mo3E5(PMe3)6 (E = S, Se, and Te) clusters, DFT
geometry optimization calculations were carried out on the computationally simpler
Mo3E5(PH3)6 clusters, in which the methyl groups of the PMe3 ligands were replaced by
hydrogen atoms.

First, it should be noted that the overall calculated geometries

reproduce the experimental structures well. Interestingly, although the Mo-Mo bond
lengths increase as the chalcogen increases size, the Mo–Mo orbital interactions in the
three clusters are very similar, which is illustrated by comparison of Figures 30–32, for
Mo3S5(PH3)6, Mo3Se5(PH3)6 and Mo3Te5(PH3)6, respectively.

Thus, the Mo3E5(PH3)6

clusters each possess 3 occupied orbitals [i.e. <45>, <46>, <47> for Mo3S5(PH3)6, <67>,
<71>, <72> for Mo3Se5(PH3)6, and <65>, <71>, <72> for Mo3Te5(PH3)6] that contribute to
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the Mo–Mo (-bonds, giving a metal-metal bond order of 1 for each Mo–Mo interaction
(Figures 30–32). Furthermore, the HOMO’s of the Mo3E5(PH3)6 clusters [i.e. <48> for
Mo3S5(PH3)6, <73> for Mo3Se5(PH3)6, and <73> for Mo3Te5(PH3)6] are localized only on
the three Mo centers, and can, therefore, be described as a delocalized nonbonding pair,
consistent with the presence of 3 metal-metal bonds and 10 X-type ligands.
In view of the similar molecular orbital interactions for the Mo3E5(PH3)6 clusters
that contribute to the metal-metal bonding, it is postulated that the increase in Mo–Mo
bond length is due to the increased atomic radius of the heavier chalcogen, which
essentially pushes the metal centers apart. Thus, if we make the simple assumption that
the Mo–(µ2-E)–Mo angles are equal, as the chalcogen increases size, the metal–metal
bond distance will increase, which is illustrated in Figure 33. The average Mo–E bond
lengths and Mo–(µ2-E)–Mo angles listed in the Cambridge Structural Database are listed
in Table 5 and it is apparent that the average Mo–E bond length does increase
significantly in the order S < Se < Te but the average Mo–(µ2-S)–Mo and Mo–(µ2-Se)–Mo
angles are quite similar, while the average Mo–(µ2-Te)–Mo angle is ca. 5 ˚ smaller.
Moreover, the experimental Mo–E bond lengths also increase significantly in the order S
< Se < Te in Mo3E5(PMe3)6 (E = S, Se, and Te, Table 4) while the Mo–(µ2-E)–Mo angles
have a small range of ~ 4˚ (Table 5). Thus, despite the fact that Mo3Te5(PMe3)6 has the
smallest Mo–(µ2-E)–Mo angle (65.37 ˚), the Mo–Mo bond lengths are still the longest
because of the increased Mo–Te bond distances.

166

Figure 30. Molecular orbitals of Mo3S5(PH3)6 showing the major (*bonding components of the Mo–Mo
interactions. Orbital <48> is the HOMO, which is delocalized over the three Mo centers (black: tungsten,
yellow: sulfur, magenta: phosphorus, white: hydrogen).
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Figure 31. Molecular orbitals of Mo3Se5(PH3)6 showing the major (*bonding components of the Mo–Mo
interactions. Orbital <73> is the HOMO, which is delocalized over the three Mo centers (black: tungsten,
yellow: selenium, magenta: phosphorus, white: hydrogen).
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Figure 32. Molecular orbitals of Mo3Te5(PH3)6 showing the major (*bonding components of the Mo–Mo
interactions. Orbital <73> is the HOMO, which is delocalized over the three Mo centers (black: tungsten,
yellow: tellurium, magenta: phosphorus, white: hydrogen).
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Figure 33. Illustration of how the Mo–Mo bond length increases as a function of chalcogenide atomic
radius, assuming that the Mo–E–Mo angle (+) is constant.

Table 5. Average Mo–E (E = S, Se, and Te) bond lengths (Å) and Mo–(µ2-E)–Mo angles (˚) listed in the
Cambridge Structural Databasea and the average Mo–(µ2-E)–Mo angles in the experimental structures of
Mo3E5(PMe3)6.
Cambridge Structural Database

Mo3E5(PMe3)6

d[Mo–(µ 2-E)]/Å

d[Mo–(µ 3-E)]/Å

Mo–(µ 2-E)–Mo/˚

Mo–(µ 2-E)–Mo/˚

S

2.316

2.366

75.06

69.10

Se

2.439

2.504

75.71

67.08

Te

2.665

2.675

69.74b

65.37

(a) Searches constrained for Mo–Mo single bonds and 2-coordinate chalcogenides (E = S, Se and Te).
(b) There are only a limited number (< 10) of structures with (µ2-Te) ligands and most contain other (µ2-X)
bridges such as (µ2-S). These were excluded from the search for the average Mo–(µ2-E)–Mo angle. If
these structures are included, the average Mo–(µ2-E)–Mo angle is 64.45˚.

For comparison, a series of complexes have been reported with Mo–(µ2-E)–Mo (E
= S, Se, and Te) bridging ligands, namely the syn isomers of [Cp*MoO(µ-S)]2,107
[Cp*MoO(µ-Se)]2,108 [Cp*MoO(µ-Te)]2,109 in addition to the anti isomers (Figure 34).109,110
In line with the Mo3E5(PMe3)6 (E = S, Se, and Te) clusters, the Mo–Mo bond distances in
[Cp*MoO(µ-E)]2 increase in the order E = S < Se < Te, while the Mo–E–Mo angles are
similar, and decrease slightly as the chalcogen increases size (Table 6).
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Figure 34. Syn and Anti isomers of [Cp*MoO(µ-E)]2 (E = S, Se, and Te).

Table 6. Average experimental Mo–Mo bond lengths (Å) and Mo–E–Mo angles (˚) of [Cp*MoO(µ-E)]2 (E
= S, Se, and Te) complexes, as determined by X-ray diffraction.
d(Mo–Mo)/Å

Mo–E–Mo/˚

syn

anti

syn

anti

[Cp*MoO(µ-S)]2

2.868

2.904

76.535

77.682

[Cp*MoO(µ-Se)]2

2.938

2.984

74.553

75.255

[Cp*MoO(µ-Te)]2

3.073

3.154

71.285

72.766

Although no more studies have been carried out with the clusters described
above, it is possible that they may be able to serve as model systems for the
hydrotreating catalysts, because they have structural similarities to tungsten and
molybdenum sulfide.111

4.11 Summary and conclusions
In

summary,

the

molybdenum

hydride

complexes

Mo(PMe3)5H2

and

Mo(PMe3)4H4 are capable of cleaving the C–S bonds of thiophene, benzothiophene and
dibenzothiophene under varying conditions.

Of particular note, Mo(PMe3)4H4 is

capable of desulfurizing thiophene and benzothiophene to liberate 1-butene and
ethylbenzene, respectively, while it cleaves the C–S bond of dibenzothiophene to give
[!6,"1-C6H5C6H4S]Mo(PMe3)2H. These results demonstrate the ability of molybdenum
compounds to serve as models for the hydrodesulfurization process.
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The reactivity of W(PMe3)4(!2–CH2PMe2)H, W(PMe3)5H2, W(PMe3)4H4 and
W(PMe3)3H6, towards thiophenes has demonstrated that tungsten centers are capable of
achieving a variety of transformations relevant to hydrodesulfurization. W(PMe3)4(!2–
CH2PMe2)H cleaves the C–S bond of thiophene to give the butadiene-thiolate complex,
(!5–C4H5S)W(PMe3)2(!2–CH2PMe2), that may be subsequently hydrogenated to the
butanethiolate complex W(PMe3)4(SBun)H3. W(PMe3)4(!2–CH2PMe2)H also cleaves the
C–S bond of benzothiophene to give isomeric ("1,!2–CH2CHC6H4S)W(PMe3)3(!2–
CH2PMe2) and ("1,!2–CH2CC6H4S)W(PMe3)4, that may be hydrogenated at room
temperature to give the arylthiolate W(PMe3)4(SC6H4Et)H3 which, upon heating,
liberates the hydrodesulfurization product, ethylbenzene.

Finally, W(PMe3)4(!2–

CH2PMe2)H is also capable of desulfurizing dibenzothiophene to form the dinuclear
dibenzometallacyclopentadiene

complex,

[("2-C12H8)W(PMe3)](µ-S)(µ-CH2PMe2)-

[W(PMe3)3]. The structural characterization of these compounds, together with their
interconversions, provide a foundation for analyzing the reactions that occur on
tungsten based HDS catalysts.

4.12 Experimental details
4.12.1 General considerations
All manipulations were performed using a combination of glovebox, high vacuum, and
Schlenk techniques under an argon atmosphere unless otherwise specified.112 Solvents
were purified and degassed by standard procedures. 1H NMR spectra were measured
on Bruker 300 DRX, Bruker 300 DPX, Bruker 400 Avance III, Bruker 400 Cyber-enabled
Avance III, and Bruker 500 DMX spectrometers. 1H chemical shifts are reported in ppm
relative to SiMe4 (% = 0) and were referenced internally with respect to the protio solvent
impurity (% 7.16 for C6D5H; % 2.09 for C7D7H).113 13C NMR spectra are reported in ppm
relative to SiMe4 (% = 0) and were referenced internally with respect to the solvent (%
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128.06 for C6D6).113

31

P chemical shifts are reported in ppm relative to 85% H3PO4 (% = 0)

and were referenced using P(OMe)3 (% = 141.0) as an external standard.114 Coupling
constants are given in hertz. Mo(PMe3)6,19 Mo(PMe3)5H2115 and Mo(PMe3)4H4116 were
prepared by the literature methods.

W(PMe3)4(!2–CH2PMe2)H, W(PMe3)5H2 and

W(PMe3)4H4 were prepared by the literature methods.117 W(PMe3)3H6 was obtained via
the

photochemical

reaction

of

W(PMe3)4H4

with

H2.118

W(PMe3)4(SH)2H2,84

Mo(PMe3)4Se2,19 and Mo(PMe3)4Te2,19 were prepared by the literature methods.
Thiophene was purchase from Aldrich and dried over molecular sieves prior to use.
Benzothiophene and dibenzothiophene were purchased from Aldrich. d4-Thiophene
was purchased from CDN Isotopes and dried over molecular sieves prior to use.

4.12.2 X-ray structure determinations
X-ray diffraction data were collected on a Bruker Apex II diffractometer. Crystal data,
data collection and refinement parameters are summarized in Section 4.13, Table 7. The
structures were solved using direct methods and standard difference map techniques,
and were refined by full-matrix least-squares procedures on F2 with SHELXTL (Version
6.10).119

4.12.3 Computational details
Calculations were carried out using DFT as implemented in the Jaguar 7.5 (release 207)
suite of ab initio quantum chemistry programs.120 Geometry optimizations were
performed with the B3LYP density functional121 using the 6-31G** (C, H, P and S) and
LACVP (Mo and W) basis sets.122 The energies of the optimized structures were
reevaluated by additional single point calculations on each optimized geometry using
cc-pVTZ(-f) correlation consistent triple-, basis set for C, H, P, and S and LACV3P for
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Mo and W. Molecular orbital analyses were performed with the aid of JIMP2,83 which
employs Fenske-Hall calculations and visualization using MOPLOT.123

4.12.4 Reaction of Mo(PMe3)5H2 towards thiophene
Mo(PMe3)5H2 (50 mg, 0.10 mmol) was placed in an NMR tube equipped with a J. Young
valve and treated sequentially with d6-benzene (ca. 0.7 mL) and thiophene (ca. 25 µL,
0.31 mmol).

The sample was monitored by

1

H NMR spectroscopy, thereby

demonstrating the formation of small quantities of paramagnetic ("2–C4H4S)Mo(PMe3)4
(see below for synthesis). The sample was heated at 60 ˚C for 1 hour and the formation
of (!5–C4H4S)Mo(PMe3)3 and (!5–C4H5S)Mo(PMe3)2(!2–CH2PMe2) was demonstrated by
comparison of the 1H NMR spectra with authentic samples.14

4.12.5 Reaction of Mo(PMe3)5H2 towards d4-thiophene
(a) A sample of Mo(PMe3)5H2 (50 mg, 0.10 mmol) was placed in an NMR tube equipped
with a J. Young valve and treated sequentially with d6-benzene (ca. 0.7 mL) and d4thiophene (ca. 20 µL, 0.24 mmol). The sample was heated at 60 ˚C for 1 hour and
monitored by 1H NMR spectroscopy, thereby demonstrating that (i) hydrogen was
incorporated into the thiophene ring of (!5 –C4DxH4-xS)Mo(PMe3)3, (ii) hydrogen was
incorporated nonselectively into the !5–butadiene–thiolate ligand of (!5–C4D5x

HxS)Mo(PMe3)2(!2–CH2PMe2), and (iii) hydrogen is incorporated into the #-position of

free thiophene prior to formation of either (!5–C4DxH4-xS)Mo(PMe3)3 or (!5–C4D5x

HxS)Mo(PMe3)2(!2–CH2PMe2). The sample was lyophilized, dissolved in d8-toluene

and examined by 1H NMR spectroscopy at –70 ˚C (which increases the chemical shift
separation of the # and &-sites), thereby demonstrating that the majority ( > 90%) of
hydrogen incorporation occurred in the #-position of the thiophene ring.
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(b) Mo(PMe3)5H2 (15 mg, 0.03 mmol) was placed in an NMR tube equipped with a J.
Young valve and treated with protio benzene, C6H6, (ca. 0.7 mL) followed by addition of
d4-thiophene (ca. 10 µL, 0.12 mmol). The sample was heated at 60 ˚C for 1 hour and
monitored by

2

H NMR spectroscopy, demonstrating (i) that deuterium was

incorporated into the PMe3 ligands (ii) and deuterium was incorporated into the
hydride site of the Mo(PMe3)4H4D4-x produced in the reaction.

4.12.6 Reaction of Mo(PMe3)6 towards 2-D-d1-thiophene
A solution of 2-D-d1-thiophene in C6D6 (ca. 0.7 mL, see below) was added to a sample of
Mo(PMe3)6 (10 mg, 0.02 mmol) in an NMR tube equipped with a J. Young valve. The
mixture was heated at 60 ˚C for 0.5 hours and monitored by 1H NMR spectroscopy,
thereby demonstrating the formation of (!5–C4H3DS)Mo(PMe3)3.

The sample was

lyophilized, dissolved in d8-toluene and examined by 1H NMR spectroscopy at –70 ˚C
(which increases the chemical shift separation of the # and &-sites), thereby
demonstrating that the #-position of the !5 -thiophene ligand was the signal further
upfield (#H: % = 3.83, &H: % = 3.90).

Synthesis of 2-D-d1-Thiophene. A solution of thiophene (1 mL, 0.0125 mol) in pentane (5
mL) was treated slowly with BunLi (3.7 mL of 2.5 M solution in hexanes, 0.0093 mol,
0.75 equivalents).

The solution was stirred for 1.5 hours and then the volatile

components were removed in vacuo to give a yellow oil. The oil was cooled with an ice
bath and D2O (104 µL, 0.0057 mol, 0.38 equivalents) was added dropwise. After the
addition was complete, the mixture was cooled in a dry ice bath (–78 ˚C) and the
volatile components were removed in vacuo. The mixture was then allowed to thaw
and warm to room temperature and the volatile components were vacuum transferred
into an ampoule (25 mL) and were treated with d6-benzene (3 mL). The solution was
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examined by 1H NMR spectroscopy which demonstrated the formation of 2-D-d1thiophene.

1

H NMR (C6D6): 6.82 [m, 2H of &-positions of C4H3DS], 6.93 [m, 1H of #-

position of C4H3DS].

4.12.7 Synthesis of (" 2–C4H4S)Mo(PMe3)4
A sample of Mo(PMe3)6 (20 mg, 0.04 mmol) in pentane (ca. 1 mL) was treated with
thiophene (ca. 40 µL, 0.50 mmol), stirred for ca. 1 minute and filtered. The filtrate was
immediately placed in the freezer (–15 ˚C), thereby depositing dark green needle
shaped crystals of ("2–C4H4S)Mo(PMe3)4 after ca. 30 minutes. The mother liquor was
decanted and the X–ray diffraction quality crystals were washed with cold (–15 ˚C)
pentane (3 - 1 mL), and dried in vacuo (3 mg, 17 % yield).
1

H NMR (C6D6): -17.1 [very broad, 18H of trans PMe3], 8.7 [very broad, 9H of cis

PMe3], 10.6 [very broad, 9H of cis PMe3] (due to its facile conversion to (!5–
C4H4S)Mo(PMe3)3 and (!5–C4H5S)Mo(PMe3)2(!2–CH2PMe2), ("2–C4H4S)Mo(PMe3)4 was
characterized directly in the reaction mixture; assignment tentative due to paramagnetic
nature of the complex).

4.12.8 Conversion of (" 2–C4H4S)Mo(PMe3)4 to (! 5–C4H4S)Mo(PMe3)3 and (! 5–
C4H5S)Mo(PMe3)2(! 2–CH2PMe2)
(a) A solution of freshly synthesized ("2-C4H4S)Mo(PMe3)4 in d6-benzene (ca. 0.7 mL)
was placed in an NMR tube equipped with a J. Young valve.

The sample was

monitored by 1H NMR spectroscopy, thereby demonstrating that ("2-C4H4S)Mo(PMe3)4
converts rapidly (> 95 % conversion within 5 minutes) to (!5–C4H4S)Mo(PMe3)3 (> 95 %),
together with a negligible amount of (!5–C4H5S)Mo(PMe3)2(!2–CH2PMe2).
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(b) A sample of freshly synthesized ("2-C4H4S)Mo(PMe3)4 was dissolved in a pre-made
solution of PMe3 in d6-benzene and placed in an NMR tube equipped with a J. Young
valve. The sample was monitored by 1H NMR spectroscopy, thereby demonstrating
that, in the presence of PMe3, ("2-C4H4S)Mo(PMe3)4 converts rapidly (ca. 75% within 5
minutes, > 95% after 1 hour) to (!5–C4H5S)Mo(PMe3)2(!2–CH2PMe2), together with a
small amount of thiophene and Mo(PMe3)6.

Under these conditions, no (!5–

C4H4S)Mo(PMe3)3 could be detected in the 1H NMR spectrum.

4.12.9 Synthesis of (" 2–C4D4S)Mo(PMe3)4
A sample of Mo(PMe3)6 (15 mg, 0.03 mmol) in pentane (ca. 1 mL) was treated with d4thiophene (ca. 20 µL, 0.24 mmol), stirred for ca. 1 minute and filtered. The filtrate was
immediately placed in the freezer (–15 ˚C), thereby depositing dark green needle
shaped crystals of ("2–C4D4S)Mo(PMe3)4 after ca. 30 minutes. The mother liquor was
decanted and the crystals were washed with cold (–15 ˚C) pentane (3 - 1 mL), and dried
in vacuo.

4.12.10 Conversion of (" 2–C4D4S)Mo(PMe3)4 to (! 5–C4D4S)Mo(PMe3)3 and (! 5–
C4D4HS)Mo(PMe3)2(! 2–CH2PMe2)
(a) A sample of freshly synthesized crystals of ("2-C4D4S)Mo(PMe3)4 was dissolved in a
pre-made solution of thiophene (ca. 10 µL, 0.13 mmol) in d6-benzene (ca. 0.7 mL) and
placed in an NMR tube equipped with a J. Young valve. The sample was monitored by
1

H NMR spectroscopy, thereby demonstrating that ("2-C4D4S)Mo(PMe3)4 converts

rapidly (> 95 % conversion within 5 minutes) to (!5–C4D4S)Mo(PMe3)3 (> 95 %), with no
indication of any formation of (!5–C4H4S)Mo(PMe3)3.
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(b) A sample of freshly synthesized crystals of ("2-C4D4S)Mo(PMe3)4 was dissolved in a
pre-made solution of PMe3 in d6-benzene (ca. 0.7 mL) and placed in an NMR tube
equipped with a J. Young valve. The sample was monitored by 1H NMR spectroscopy,
thereby demonstrating that, in the presence of PMe3, ("2-C4D4S)Mo(PMe3)4 converts
rapidly (ca. 75% within 5 minutes, > 95% after 1 hour) to (!5–C4D4HS)Mo(PMe3)2(!2–
CH2PMe2), in which the 1H emanating from the PMe3 is solely incorporate in the site
adjacent to the sulfur.

4.12.11 Reaction of Mo(PMe3)5H2 towards benzothiophene
A mixture of Mo(PMe3)5H2 (20 mg, 0.04 mmol) and benzothiophene (10 mg, 0.07 mmol)
was placed in an NMR tube equipped with a J. Young valve and treated with d6benzene (ca. 0.7 mL). The sample was heated at 60 ˚C for 1.5 hour and monitored by 1H
NMR

spectroscopy,

thereby

demonstrating

the

formation

of

("1,!2–

CH2CC6H4S)Mo(PMe3)4, as identified by comparison with that of an authentic sample.15

4.12.12 Reaction of Mo(PMe3)4H4 towards thiophene
A sample of Mo(PMe3)4H4 (50 mg, 0.12 mmol) was placed in an NMR tube equipped
with a J. Young valve and treated sequentially with d6-benzene (ca. 0.7 mL) and
thiophene (ca. 20 µL, 0.25 mmol). The sample was heated at 120 ˚C for ca. 2 hours and
monitored by 1H NMR spectroscopy, thereby demonstrating the production of 1butene, together with a small amount of (!5–C4H5S)Mo(PMe3)2(!2–CH2PMe2).

4.12.13 Reaction of Mo(PMe3)4H4 towards d4-thiophene
(a) A sample of Mo(PMe3)4H4 (10 mg, 0.02 mmol) was placed in an NMR tube equipped
with a J. Young valve and treated sequentially with d6-benzene (ca. 0.7 mL) and d4thiophene (ca. 10 µL, 0.12 mmol). The sample was heated at 100 ˚C for 2 hours and
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monitored by 1H NMR spectroscopy, thereby demonstrating the incorporation of
hydrogen into the #-position of free thiophene.

(b) A sample of Mo(PMe3)4H4 (10 mg, 0.02 mmol) was placed in an NMR tube equipped
with a J. Young valve and treated sequentially with protio benzene, C6H6 (ca. 0.7 mL)
and d4-thiophene (ca. 10 µL, 0.12 mmol). The sample was heated at 100 ˚C for 2 hour
and monitored by 2H NMR spectroscopy, thereby demonstrating that deuterium was
incorporated into the PMe3 ligands and the hydride sites of the Mo(PMe3)4H4D4-x.

4.12.14 Reaction of Mo(PMe3)4H4 towards thiophene in the presence of mercury
A sample of Mo(PMe3)4H4 (20 mg, 0.05 mmol) was placed in a vial and treated
sequentially with d6-benzene (ca. 1.4 mL) and thiophene (ca. 20 µL, 0.25 mmol). This
solution was transferred equally to two NMR tubes equipped with J. Young valves, one
of which was treated with a drop of mercury. Both samples were heated at 120 ˚C for
ca. 12 hours and monitored by 1H NMR spectroscopy, thereby demonstrating that 1butene was produced in both samples.

4.12.15 Photochemical reaction of Mo(PMe3)4H4 towards thiophene
A sample of Mo(PMe3)4H4 (10 mg, 0.02 mmol) was placed in an NMR tube equipped
with a J. Young valve and treated sequentially with d6-benzene (ca. 0.7 mL) and
thiophene (ca. 10 µL, 0.12 mmol). The sample was photolyzed (.max = 350 nm) for 2.5
hours, and monitored by 1H NMR spectroscopy, thereby demonstrating the formation
of (!5–C4H4S)Mo(PMe3)3 and (!5–C4H5S)Mo(PMe3)2(!2–CH2PMe2).
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4.12.16 Reaction of Mo(PMe3)4H4 towards benzothiophene
A mixture of Mo(PMe3)4H4 (10 mg, 0.02 mmol) and benzothiophene (5 mg, 0.04 mmol)
was placed in an NMR tube equipped with a J. Young valve and treated with d6benzene (ca. 0.7 mL). The sample was heated at 120 ˚C for ca. 2 hours and monitored by
1

H NMR spectroscopy, thereby demonstrating the formation of ethylbenzene.

4.12.17 Reaction of Mo(PMe3)4H4 towards benzothiophene in the presence of mercury
A mixture of Mo(PMe3)4H4 (20 mg, 0.05 mmol) and benzothiophene (10 mg, 0.07 mmol)
was placed in a vial and treated with d6-benzene (ca. 1.4 mL).

This solution was

transferred equally to two NMR tubes equipped with J. Young valves, one of which was
treated with a drop of mercury. Both samples were heated at 120 ˚C for ca. 2 hours and
monitored by 1H NMR spectroscopy, thereby demonstrating that ethylbenzene was
produced in both samples.

4.12.18 Photochemical reaction of Mo(PMe3)4H4 towards benzothiophene
A mixture of Mo(PMe3)4H4 (20 mg, 0.05 mmol) and benzothiophene (11 mg, 0.08 mmol)
in a small vial was treated with d6-benzene (ca. 1.4 mL). This solution was transferred
equally to two NMR tubes equipped with J. Young valves. One sample was then
frozen, degassed, allowed to thaw and then charged with H2 (ca. 1 atm). Both samples
were then photolyzed (.max = 350 nm) for 3 hours, demonstrating the formation of
Mo(PMe3)4(SC6H4Et)H3, as identified by comparison with the 1H NMR spectrum of an
authentic sample.15 The sample charged with H2 gave Mo(PMe3)4(SC6H4Et)H3 in greater
yield.
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4.12.19 Reaction of Mo(PMe3)4H4 towards dibenzothiophene
A mixture of Mo(PMe3)4H4 (20 mg, 0.05 mmol) and dibenzothiophene (12 mg, 0.07
mmol) was placed in an NMR tube equipped with a J. Young valve and treated with d6benzene (ca. 0.7 mL). The sample was heated at 120 ˚C for ca. 24 hours and monitored
by

1

H

NMR

spectroscopy,

[!6,"1-C6H5C6H4S]Mo(PMe3)2H.

thereby
Crystals

demonstrating
of

the

formation

[!6,"1-C6H5C6H4S]Mo(PMe3)2H

of
were

obtained by slow evaporation of a pentane solution at –15 ˚C.
1

H NMR (C6D6): -4.91 [t, 2JP-H = 61, 1H of MoH], 1.23 [d, 3JP-H = 7, 18H of

Mo(PMe3)2], 3.27 [t, 3JH-H = 5, 1H of !6-Ph], 4.27 [t, 3JH-H = 5, 2H of !6-Ph], 4.45 [d, 3JH-H = 5,
2H of !6-Ph], 6.87 [dt, 5JH-H = 1, 3JH-H = 7, 1H of C6H4], 6.97 [dt, 5JH-H = 1, 3JH-H = 7, 1H of
C6H4], 7.26 [dd, 5JH-H = 1, 3JH-H = 7, 1H of C6H4], 7.78 [d, 3JH-H = 7, 1H of C6H4].
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P{1H}

NMR (C6D6): 6.9 [part of AB quartet, 2JP-P = 42, 1P of Mo(PMe3)2], 7.4 [part of AB quartet,
2

JP-P = 42, 1P of Mo(PMe3)2].

4.12.20 Synthesis of (! 5–C4H5S)W(PMe3)2(! 2–CH2PMe2)
A solution of W(PMe3)4(!2–CH2PMe2)H (50 mg, 0.09 mmol) in d6-benzene (ca. 0.7 mL) in
an NMR tube equipped with a J. Young valve was treated with thiophene (ca. 0.1 mL,
1.2 mmol). The sample was heated at 60 ˚C for 16 hours and monitored by 1H NMR
spectroscopy, thereby demonstrating conversion to (!5–C4H5S)W(PMe3)2(!2–CH2PMe2)
in ca. 20 % yield. The solution was lyophilized giving a dark black solid residue that
was extracted into pentane (ca. 2 mL). The extract was placed at –15 ˚C for 1 week,
thereby depositing yellow crystals of (!5-C4H5S)W(PMe3)2(!2-CH2PMe2). The mother
liquor was decanted and the crystals were washed with cold pentane (ca. 2 - 1 mL) and
dried in vacuo (6 mg, 14% yield). Crystals of (!5–C4H5S)W(PMe3)2(!2–CH2PMe2) suitable
for X-ray diffraction were obtained from pentane at –15 ˚C.
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1

H NMR (C6D6): 0.23 [br m, 2H of (!2-CH2PMe2)], 0.82 [d, 2JP-H = 9, 3H of (!2-

CH2PMe2)], 1.16 [d, peak under adjacent peak so can not report coupling, 3H of (!2CH2PMe2)], 1.19 [d, 2JP-H = 6, 9H of (PMe3)2], 1.32 [d, 2JP-H = 8, 9H of (PMe3)2], 1.92 [d, 3JH-H
= 6, 1H of SCHCHCHCH2], 2.67 [br, 1H of SCHCHCHCH2], 3.70 [d, 3JH-H = 8, 1H of
SCHCHCHCH2], 5.04 [t, 3JH-H = 6, 1H of SCHCHCHCH2], 5.74 [d, 3JH-H = 6, 1H of
SCHCHCHCH2] (the assignments are supported by HSQC spectroscopy).

31

P{1H} NMR

(C6D6): -75.3 [dd, 2JP-P = 65, 2JP-P = 6, 1P of W(!2-CH2PMe2)], -29.5 [dd, 2JP-P = 19, 2JP-P = 6, 1P
of W(PMe3)2], -15.4 [dd, 2JP-P = 63, 2JP-P = 19, 1P of W(PMe3)2] (the assignments are
supported by

31

P–1H HMBC spectroscopy).

13

C{1H} NMR (C6D6): -15.7 [m, 1C of (!2-

CH2PMe2)], 10.1 [d, 1JP-C = 15, 1C of (!2-CH2PMe2)], 19.2 [d, 1JP-C = 25, 1C of (!2CH2PMe2)], 21.5 [d, 1JP-C = 23, 3C of (PMe3)2], 24.8 [dd, 1JP-C = 29, 1JP-C = 7, 3C of (PMe3)2],
49.1 [t, 2JP-C = 10, 1C of SCHCHCHCH2], 88.1 [s, 1C of SCHCHCHCH2], 88.3 [s, 1C of
SCHCHCHCH2], 111.9 [s, 1C of SCHCHCHCH2] (the assignments are supported by
HSQC spectroscopy).

4.12.21 Reaction of W(PMe3)4(! 2–CH2PMe2)H towards d4-thiophene
A solution of W(PMe3)4(!2–CH2PMe2)H (10 mg, 0.02 mmol) in C6D6 (ca. 0.7 mL) in an
NMR tube equipped with a J. Young valve was treated with d4-thiophene (ca. 20 µL,
0.24 mmol). The sample was heated at 60 ˚C for 21 hours and monitored by 1H NMR
spectroscopy, thereby demonstrating the formation of (!5–C4D4HS)W(PMe3)2(!2–
CH2PMe2), in which the hydrogen (1H) derived from the cyclometallated PMe3 is
incorporated only into the CH group adjacent to sulfur. The sample was lyophilized,
dissolved in C6H6 (ca. 0.7 mL) and analyzed by 2H NMR spectroscopy, thereby
providing additional evidence that there was no deuterium (2H) incorporation into the
CH group adjacent to sulfur.
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4.12.22 Synthesis of W(PMe3)4(" 1-C# -C4H3S)H3
A solution of W(PMe3)5H2 (20 mg, 0.04 mmol) in d6-benzene (ca. 0.7 mL) in an NMR
tube equipped with a J. Young valve was treated with thiophene (ca. 20 µL, 0.25 mmol)
and heated at 80 ˚C. The reaction was monitored by 1H NMR spectroscopy, thereby
demonstrating the formation of W(PMe3)4("1-C#-C4H3S)H3 after a period of 6 hours. The
solution was lyophilized and the solid obtained was extracted into pentane (2 mL) and
placed at –15 ˚C, thereby depositing colorless crystals of W(PMe3)4("1-C#-C4H3S)H3
suitable for X–ray diffraction. The crystals were isolated, washed with cold pentane
(-15 ˚C) and dried in vacuo giving W(PMe3)4("1-C#-C4H3S)H3 (15 mg, 74% yield). Anal.
calcd. for W(PMe3)4("1-C#-C4H3S)H3: C, 33.5 %, H, 7.4 %. Found: C, 33.0 %, H, 6.9 %.
1

H NMR (C6D6): –3.98 [br m, 2H of WH3], -0.56 [br d, 2JP-H = 74, 1H of WH3], 1.24

[vt, 2JP-H =6, 18H of W(PMe3)4], 1.53 [d, 2JP-H = 7, 18H of W(PMe3)4], 7.20 [m, 2H of C4H3S],
7.59 [d, 3JH-H = 2, 1 H of C4H3S].
2

31

P{1H} NMR (C6D6): -43.4 [br, 1P of W(PMe3)4], -30.8 [t,

JP-P = 19, 1JW-P = 178, 2P of W(PMe3)4], -18.4 [br, 1P of W(PMe3)4].

4.12.23 Reaction of W(PMe3)5H2 towards d4-thiophene
A solution of W(PMe3)5H2 (20 mg, 0.04 mmol) in d6-benzene (ca. 0.7 mL) in an NMR
tube equipped with a J. Young valve was treated with d4-thiophene (ca. 20 µL, 0.25
mmol). The sample was heated at 60 ˚C for 18 hours, and monitored by 1H NMR
spectroscopy, thereby indicating that there was no hydrogen (1H) incorporation into
free d4-thiophene.

4.12.24 Synthesis of W(PMe3)4(SBun)H3
A solution of W(PMe3)4(!2–CH2PMe2)H (60 mg, 0.11 mmol) in benzene (5 mL) in an
ampoule was treated with thiophene (ca. 0.2 mL, 2.5 mmol). The mixture was treated
with H2 (ca. 1 atm) and heated at 60 ˚C for 1 day. After this period, the sample was

183
lyophilized to give a dark black solid (53 mg) which, on the basis of 1H NMR
spectroscopy consists of W(PMe3)4(SBun)H3 (85%), W(PMe3)3H6 (5%) and W(PMe3)4H4
(10%). Correspondingly, the yield of W(PMe3)4(SBun)H3 is 76%.
1

H NMR (C6D6): –4.26 [m, 2H of WH3], –0.46 [m, 1H of WH3], 1.01 [t, 3JH-H = 8, 3H

of SCH2CH2CH2CH3], 1.36 [d, 2JP-H = 7, 9H of W(PMe3)4], 1.52 [d, 2JP-H = 8, 9H of
W(PMe3)4], 1.60 [vt, 2JP-H = 6, 18H of W(PMe3)4], 1.67 [m, 2H of SCH2CH2CH2CH3], 1.96
[m, 2H of SCH2CH2CH2CH3], 3.01 [t, 3JH-H = 8, 2H of SCH2CH2CH2CH3].

31

P{1H} NMR

(C6D6): -36.7 [dt, 2JP-P = 28, 2JP-P = 16, 1P of W(PMe3)4], -33.7 [t, 2JP-P = 17, 1JW-P = 182, 2P of
W(PMe3)4], -16.6 [dt, 2JP-P = 28, 2JP-P = 17, 1P of W(PMe3)4].

13

C{1H} NMR (C6D6): 14.6 [s,

1C of SCH2CH2CH2CH3], 23.2 [s, 1C of SCH2CH2CH2CH3], 24.5 [vt, 1JP-C = 24, 6C of
W(PMe3)4], 25.3 [d, 1JP-C = 23, 3C of W(PMe3)4], 32.3 [d, 1JP-C = 30, 3C of W(PMe3)4], 40.2 [s,
1C of SCH2CH2CH2CH3], 44.1 [dd, 3JP-C = 16, 3JP-C = 5, 1C of SCH2CH2CH2CH3] (the
assignments are supported by HSQC spectroscopy).

4.12.25 Reactivity of W(PMe3)4(SBun)H3 towards benzoic acid
A solution of W(PMe3)4(SBun)H3 (10 mg, 0.02 mmol) in d6-benzene (ca. 0.7 mL) was
added to a sample of benzoic acid (8 mg, 0.07 mmol) in an NMR tube equipped with a J.
Young valve.

The solution was analyzed by

1

H NMR spectroscopy, thereby

demonstrating the immediate liberation of BunSH, which was identified by comparison
of the 1H NMR spectrum with that of an authentic sample.

4.12.26 Elimination of 1-butene from W(PMe3)4(SBun)H3
A solution of W(PMe3)4(SBun)H3 (5 mg, 0.01 mmol) in d6-benzene (ca. 0.7 mL) in an
NMR tube equipped with a J. Young valve was heated at 100 ˚C and monitored by 1H
NMR spectroscopy, thereby demonstrating that W(PMe3)4(SBun)H3 produces, inter alia,
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1-butene over a period of 18 hours. The presence of 1-butene was confirmed by
comparison of the 1H NMR spectrum with that of an authentic sample.

4.12.27 Reaction of W(PMe3)3H6 towards thiophene: formation of W(PMe3)4(SBun)H3
A solution of W(PMe3)3H6 (5 mg, 0.01 mmol) in d6-benzene (ca. 0.7 mL) in an NMR tube
equipped with a J. Young valve was treated with thiophene (ca. 20 µL, 0.25 mmol). The
sample was heated at 80 ˚C for 5 hours and monitored by 1H NMR spectroscopy,
thereby demonstrating the formation of W(PMe3)4(SBun)H3.

Furthermore, 1H NMR

spectroscopy demonstrated the incorporation of deuterium into both the # and & sites
of free thiophene.

4.12.28 Reaction of W(PMe3)3H6 towards thiophene in the presence of PMe3
A solution of W(PMe3)3H6 (5 mg, 0.01 mmol) in d6-benzene (ca. 0.7 mL) in an NMR tube
equipped with a J. Young valve was treated with thiophene (ca. 20 µL, 0.25 mmol) and
PMe3 (ca. 0.05 mL).

The sample was heated at 80 ˚C monitored by 1H NMR

spectroscopy, thereby demonstrating the formation of W(PMe3)4H4 over a period of 4
hours. W(PMe3)4(SBun)H3 was not observed under these conditions.

4.12.29 Photochemical reaction of W(PMe3)4H4 with thiophene:

H/D exchange

between thiophene and C6D6
A solution of W(PMe3)4H4 (5 mg, 0.01 mmol) in d6-benzene (ca. 0.7 mL) in an NMR tube
equipped with a J. Young valve was treated with thiophene (ca. 20 µL, 0.25 mmol). The
sample was photolyzed (.max = 350 nm) for 2.5 hours and monitored by 1H NMR
spectroscopy, thereby demonstrating the incorporation of deuterium into both the #
and & sites of free thiophene. In addition, W(PMe3)4H4 converted to W(PMe3)3H6 and
W(PMe3)4("1-C#-C4H3S)H3 (ca. 5:1).
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4.12.30 Photochemical reaction of W(PMe3)4H4 towards thiophene in the presence of
PMe3
A solution of W(PMe3)4H4 (10 mg, 0.02 mmol) in d6-benzene (ca. 1.4 mL) was treated
with thiophene (ca. 40 µL, 0.50 mmol) and divided equally into two NMR tubes
equipped with J. Young valves, one of which was treated with PMe3 (ca. 0.05 mL). Both
samples were photolyzed (.max = 350 nm) for 2.5 hours, and analyzed by 1H NMR
spectroscopy, thereby demonstrating that PMe3 inhibited the incorporation of
deuterium into free thiophene.

4.12.31 Reaction of (! 5-C4H5S)W(PMe3)2(! 2-CH2PMe2) towards H2:

formation of

W(PMe3)4(SBun)H3
A solution of (!5-C4H5S)W(PMe3)2(!2-CH2PMe2) (5 mg, 0.01 mmol) in d6-benzene (ca. 0.7
mL) in an NMR tube equipped with a J. Young valve was treated with H2 (ca. 1 atm).
The sample was then heated at 60 ˚C and monitored by 1H NMR spectroscopy, thereby
demonstrating the formation of W(PMe3)4(SBun)H3 after ca. 18 hours.

4.12.32 Reaction of (! 5-C4H5S)W(PMe3)2(! 2-CH2PMe2) towards H2 in the presence of
PMe3
A solution of (!5-C4H5S)W(PMe3)2(!2-CH2PMe2) (5 mg, 0.01 mmol) in d6-benzene (ca. 0.7
mL) in an NMR tube equipped with a J. Young valve was treated with PMe3 (ca. 0.05
mL) and then was charged with H2 (ca. 1 atm). The sample was then heated at 80 ˚C for
3 hours, and monitored by 1H NMR spectroscopy, indicating that the formation of
W(PMe3)4(SBun)H3 is not prevented by PMe3.
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4.12.33 Reactivity of (! 5-C4H5S)Mo(PMe3)2(! 2-CH2PMe2) towards H2
A solution of (!5-C4H5S)Mo(PMe3)2(!2-CH2PMe2) (5 mg, 0.01 mmol) in d6-benzene (ca.
0.7 mL) in an NMR tube equipped with a J. Young valve was treated with H2 (ca. 1 atm).
The sample was monitored by 1H NMR spectroscopy, which indicated that no
hydrogenation occurs after 60 ˚C for 3 hours, 80 ˚C for 3 hours, 100 ˚C for 3 hours, and
120 ˚C for 12 hours.

4.12.34 Reaction of (! 5-C4H5S)M(PMe3)2(! 2-CH2PMe2) [M = W and Mo] towards H2
A mixture of (!5-C4H5S)W(PMe3)2(!2-CH2PMe2) (6 mg, 0.01 mmol) and (!5C4H5S)Mo(PMe3)2(!2-CH2PMe2) (5 mg, 0.01 mmol) was placed in an NMR tube
equipped with a J. Young valve and treated with d6-benzene (ca. 0.7 mL) and mesitylene
(ca. 1 µL) as an internal integration standard. The sample was charged with H2 (ca. 1
atm) and heated at 80 ˚C. The reaction was monitored by 1H NMR spectroscopy,
thereby indicating that, under identical conditions, the tungsten complex, (!5C4H5S)W(PMe3)2(!2-CH2PMe2), converts to W(PMe3)4(SBun)H3 while the molybdenum
compound (!5-C4H5S)Mo(PMe3)2(!2-CH2PMe2) is inert to hydrogenation.

4.12.35 Reactivity of W(PMe3)4(" 1-C# -C4H3S)H3 towards PMe3
A sample of W(PMe3)4("1-C#-C4H3S)H3 (10 mg, 0.02 mmol) in an NMR tube equipped
with a J. Young valve was treated with PMe3 (ca. 0.1 mL) and heated at 80 ˚C for 2
hours. After this period, the volatile components were removed in vacuo and the solid
obtained was dissolved in d6-benzene (ca. 0.7 mL) and analyzed by
spectroscopy, thereby demonstrating that no W(PMe3)5H2 had formed.

1

H NMR
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4.12.36 Reactivity of W(PMe3)4(" 1-C# -C4H3S)H3 towards H2
A solution of W(PMe3)4("1-C#-C4H3S)H3 (5 mg, 0.01 mmol) in d6-benzene (ca. 0.7 mL) in
an NMR tube equipped with a J. Young valve was treated with H2 (ca. 1 atm). The
sample was heated at 80 ˚C for 3 hours and monitored by 1H NMR spectroscopy,
thereby demonstrating the formation of a mixture of W(PMe3)4(SBun)H3 (ca. 60%),
W(PMe3)3H6 (ca. 40%), and free thiophene.

4.12.37 Reactivity of W(PMe3)4(" 1-C# -C4H3S)H3 towards H2 in the presence of PMe3
A solution of W(PMe3)4("1-C#-C4H3S)H3 (10 mg, 0.02 mmol) in d6-benzene (ca. 1.4 mL)
was transferred equally to two NMR tubes equipped with J. Young valves, one of which
was treated with PMe3 (ca. 0.05 mL). The samples were charged with H2 (ca. 1 atm) and
heated at 80 ˚C. The reactions were monitored by 1H NMR spectroscopy, thereby
indicating that, in the absence of PMe3, W(PMe3)4("1-C#-C4H3S)H3 converted completely
to W(PMe3)4(SBun)H3 and W(PMe3)3H6, whereas in the presence of PMe3, the production
of W(PMe3)4(SBun)H3 is inhibited (ca. 30% conversion), and there is no formation of
W(PMe3)3H6.

4.12.38 Photochemical reaction of W(PMe3)4(" 1-C# -C4H3S)H3 towards H2
W(PMe3)4("1-C#-C4H3S)H3 (5 mg, 0.01 mmol) was added to an NMR tube equipped with
a J. Young valve and treated with d6-benzene (ca. 0.7 mL). The sample was treated with
H2 (ca. 1 atm) and photolyzed (.max = 350 nm) for 2.5 hours. The reaction was monitored
by

1

H NMR spectroscopy, indicating that W(PMe3)3H6, free thiophene, and

W(PMe3)4(SBun)H3 formed.
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4.12.39 Synthesis of (" 1,! 2–CH2CHC6H4S)W(PMe3)3(! 2–CH2PMe2)
W(PMe3)4(!2–CH2PMe2)H (30 mg, 0.05 mmol) and benzothiophene (10 mg, 0.07 mmol)
was added to an NMR tube equipped with a J. Young valve. The sample was heated at
60 ˚C for 3 hrs. After this period, the tube was pumped down in vacuo and the residue
was extracted with pentane (2 mL), and filtered into a small vial. The filtrate was
allowed to evaporate slowly over a period of 2 days, thereby depositing orange X-ray
quality crystals of ("1,!2–CH2CHC6H4S)W(PMe3)3(!2–CH2PMe2).

The crystals were

washed with cold pentane (–15 ˚C) and dried in vacuo, giving pure ("1,!2–
CH2CHC6H4S)W(PMe3)3(!2–CH2PMe2) (5 mg, 15 % yield). Mass Spectrum (FAB+): m/z =
622.01 {M+}.
1

H NMR (C6D6): 0.60 [very br, 1H of W(!2-CH2PMe2)], 0.94 [d, 2JP-H = 8, 6H of

W(!2-CH2PMe2)], 1.09 [very br, 9H of W(PMe3)], 1.30 [d, 2JP-H = 7, 9H of W(PMe3)], 1.33
[br d, 2JP-H = 4, 9H of W(PMe3)], 1.80 [br m, 1H of ("1,!2-CH2CHC6H4S)], 2.08 [br m, 1H of
("1,!2-CH2CHC6H4S)], 3.76 [br m, 1H of ("1,!2-CH2CHC6H4S)], 6.91 [m, 2H of ("1,!2CH2CHC6H4S)], 7.40 [d, 3JH-H = 7, 1H of ("1,!2-CH2CHC6H4S)], 7.60 [d, 3JH-H = 7, 1H of
("1,!2-CH2CHC6H4S)], 1H of W(!2-CH2PMe2) not observed.

31

P{1H} NMR (C6D6): -87.7

[br, 1P of W(!2-CH2PMe2)], -45.6 [br, 1P of W(PMe3)3], -34.5 [br, 1P of W(PMe3)3], -33.8
[br, 1P of W(PMe3)3].

4.12.40 Synthesis of (" 1,! 2–CH2CC6H4S)W(PMe3)4
A mixture of W(PMe3)4(!2–CH2PMe2)H (30 mg, 0.05 mmol) and benzothiophene (10 mg,
0.07 mmol) in an NMR tube equipped with a J. Young valve and treated with d6benzene (ca. 0.7 mL). The sample was heated at 60 ˚C for 18 hours and analyzed by 1H
NMR spectroscopy, thereby demonstrating the formation of, inter alia, ("1,!2–
CH2CC6H4S)W(PMe3)4, on the basis based on similarity of the 1H and 31P NMR spectra to
those of the molybdenum counterpart, ("1,!2–CH2CC6H4S)Mo(PMe3)4.15

("1,!2–
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CH2CHC6H4S)W(PMe3)3(!2–CH2PMe2) was only observed in small quantities under
these conditions.

4.12.41 Synthesis

of

(" 1,! 2–CH2CHC6H4S)W(PMe3)4H

and

W(PMe3)4(" 1-C# -

CCHSC6H4)H3
(a) A mixture of W(PMe3)5H2 (20 mg, 0.04 mmol) and benzothiophene (6 mg, 0.04
mmol) was placed in an NMR tube equipped with a J. Young valve and treated with d6benzene (ca. 0.7 mL). The sample was heated at 80 ˚C for 6 hours and monitored by 1H
NMR

spectroscopy,

thereby

demonstrating

the

formation

of

("1,!2–

CH2CHC6H4S)W(PMe3)4H and W(PMe3)4("1-C#-CCHSC6H4)H3 (the approximate ratio of
products is 9:1). After this period, the solution was lyophilized, extracted into pentane
(2 mL), filtered and placed at –15 ˚C, thereby depositing orange crystals suitable for X–
ray diffraction. The crystals were washed with cold pentane (–15 ˚C) and dried in vacuo
giving ("1,!2–CH2CHC6H4S)W(PMe3)4H (6 mg, 27% yield). Mass spectrum (FAB+): m/z
= 549.06 {M+ + 1 – PMe3}.
1
2

H NMR (C6D6): –4.05 [ddt, 2JP-H = 105, 2JP-H = 76, 2JP-H = 14, 1H of W–H], 0.98 [d,

JP-H = 6, 9H of W(PMe3)4], 1.27 [very br, 9H of W(PMe3)4], 1.40 [d, 2JP-H = 7, 9H of

W(PMe3)4], 1.47 [d, 2JP-H = 5, 9H of W(PMe3)4], 1.47 [1H of ("1,!2-CH2CHC6H4S);
coincident with a PMe3 signal and located via a 2D COSY experiment], 1.86 [m, 1H of
("1,!2-CH2CHC6H4S)], 3.02 [m, 1H of ("1,!2-CH2CHC6H4S)], 6.84 [dt, 4JH-H = 1, 3JH-H = 7, 1H
of ("1,!2-CH2CHC6H4S)], 6.90 [dt, 4JH-H = 1, 3JH-H = 7, 1H of ("1,!2-CH2CHC6H4S)], 7.32 [dd,
4

JH-H = 1, 3JH-H = 7, 1H of ("1,!2-CH2CHC6H4S)], 7.62 [dd, 4JH-H = 1, 3JH-H = 7, 1H of ("1,!2-

CH2CHC6H4S)].

31

P{1H} NMR (C6D6): –39.5 [m, 1P of W(PMe3)4], –34.0 [m, 2P of

W(PMe3)4], –33.0 [m, 1P of W(PMe3)4].
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(b) A mixture of W(PMe3)5H2 (20 mg, 0.04 mmol) and benzothiophene (6 mg, 0.04
mmol) was placed in an NMR tube equipped with a J. Young valve and treated with
PMe3 (ca. 0.2 mL). The sample was heated at 80 ˚C for 18 hours, after which period the
volatile components were removed in vacuo. The residue was dissolved in d6-benzene
and analyzed by 1H NMR spectroscopy, thereby demonstrating the formation of a ca.
2:1 mixture of W(PMe3)4("1-C#-CCHSC6H4)H3 and ("1,!2–CH2CHC6H4S)W(PMe3)4H, in
addition to unreacted W(PMe3)5H2 and benzothiophene (ca. 30%). The solution was
lyophilized and the solid obtained was extracted into pentane (1 mL) and placed at –15
˚C,

thereby

depositing

large

orange

X-ray

quality

crystals

of

("1,!2–

CH2CHC6H4S)W(PMe3)4H and several small colorless X-ray quality crystals of
W(PMe3)4("1-C#-CCHSC6H4)H3, which were separated by hand and used for X-ray
diffraction.
1

H NMR of W(PMe3)4("1-C#-CCHSC6H4)H3 (C6D6): –3.97 [m, 2H of WH3], –0.48

[br d, 2JP-H = 70, 1H of WH3], 1.22 [vt, 2JP-H = 6, 18H of W(PMe3)4], 1.53 [under
W(PMe3)5H2 signal, 18H of W(PMe3)4], 7.05 [t, 3JH-H = 7, 1H of ("1-C#-CCHSC6H4)], 7.25 [t,
3

JH-H = 7, 1H of ("1-C#-CCHSC6H4)], 7.79 [d, 3JH-H = 8, 1H of ("1-C#-CCHSC6H4)], 7.89 [d,

3

JH-H = 7, 1H of ("1-C#-CCHSC6H4)], 1H of ("1-C#-CCHSC6H4) not identified (assignments

are tentative because the compound was only obtained in significant quantities as a
component of a mixture).

4.12.42 Synthesis of W(PMe3)4(SC6H4Et)H3
(a) A mixture of W(PMe3)4(!2–CH2PMe2)H (50 mg, 0.09 mmol) and benzothiophene (12
mg, 0.09 mmol) in an ampoule was treated with benzene (3 mL) and charged with H2
(ca. 1 atm). The mixture was heated at 80 ˚C for 12 hours. After this period, the solution
was lyophilized to give a light green solid (27 mg) which, on the basis of 1H NMR
spectroscopy consists of W(PMe3)4(SC6H4Et)H3, W(PMe4)4H4 and benzothiophene (ca.
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5:4:1 ratio). Correspondingly, the yield of W(PMe3)4(SC6H4Et)H3 is 31%. Colorless X-ray
quality crystals of W(PMe3)4(SC6H4Et)H3 were obtained from a solution in pentane at
-15 ˚C. W(PMe3)4(SC6H4Et)H3 can also be obtained quantitatively by addition of H2 to
("1,!2–CH2CHC6H4S)W(PMe3)3(!2–CH2PMe2) (vide infra).
1

H NMR (C6D6): –4.12 [quintet, 2JP-H = 41, 2H of WH3], –0.12 [dt, 2JP-H = 89, 2JP-H =

22, 1H of WH3], 1.39 [m, 27H of W(PMe3)4], 1.53 [t, 3JH-H = 8, 3H of SC6H4Et], 1.55 [d, 3JP-H
= 7, 9H of W(PMe3)4], 3.38 [q, 3JH-H = 7, 2H of SC6H4Et], 7.00 [t, 3JH-H = 8, 1H of SC6H4Et],
7.23 [m, 2H of SC6H4Et], 8.66 [d, 3JH-H = 8, 1H of SC6H4Et].
2

31

P{1H} NMR (C6D6): -36.7 [dt,

JP-P = 29, 2JP-P = 15, 1P of W(PMe3)4], -31.1 [t, 2JP-P = 17, 1JW-P = 182, 2P of W(PMe3)4], -15.5

[dt, 2JP-P = 30, 2JP-P = 18, 1P of W(PMe3)4]. Mass Spectrum (FAB+): m/z = 629.1 {M+ + 1}.

(b) A mixture of W(PMe3)3H6 (5 mg, 0.01 mmol) and benzothiophene (5 mg, 0.04 mmol)
was placed in an NMR tube equipped with a J. Young valve and treated with d6benzene (ca. 0.7 mL). The sample was heated at 60 ˚C for 18 hours and monitored by 1H
NMR spectroscopy, thereby indicating the formation of W(PMe3)4(SC6H4Et)H3.

(c) A mixture of W(PMe3)4H4 (10 mg, 0.02 mmol) and benzothiophene (5 mg, 0.04
mmol) was placed in an NMR tube equipped with a J. Young valve and treated with d6benzene (ca. 0.7 mL). The sample was photolyzed (.max = 350 nm) for 3 hours, and
monitored

by

1

H

NMR

spectroscopy,

thereby

indicating

the

formation

of

W(PMe3)4(SC6H4Et)H3 and ("1,!2–CH2CHC6H4S)W(PMe3)4H (in a ratio of ca. 1:1),
together with a small quantity of W(PMe3)3H6 (< 10%). The sample was then charged
with

H2

(ca.

1

atm),

and

("1,!2–CH2CHC6H4S)W(PMe3)4H

converted

W(PMe3)4(SC6H4Et)H3 over a period of several hours at room temperature.

to
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4.12.43 Reactivity

of

(" 1,! 2–CH2CHC6H4S)W(PMe3)3(! 2–CH2PMe2)

and

(" 1,! 2-

CH2CC6H4S)W(PMe3)4 towards H2
(a) A solution of ("1,!2–CH2CHC6H4S)W(PMe3)3(!2–CH2PMe2) (5 mg, 0.01 mmol) in d6benzene (ca. 0.7 mL) in an NMR tube equipped with a J. Young valve was treated with
H2 (ca. 1 atm).
demonstrating

The sample was monitored by 1H NMR spectroscopy, thereby
that

("1,!2–CH2CHC6H4S)W(PMe3)3(!2–CH2PMe2)

converts

to

W(PMe3)4(SC6H4Et)H3 over a period of ca. 30 minutes at room temperature.

(b) Although ("1,!2-CH2CC6H4S)W(PMe3)4 has not been isolated in pure form (vide
supra), a sample in d6-benzene that contains ("1,!2-CH2CC6H4S)W(PMe3)4 was prepared
via the reaction of W(PMe3)4(!2–CH2PMe2)H with benzothiophene, and was treated with
H2 (ca. 1 atm.).

The sample was monitored by 1H NMR spectroscopy, thereby

demonstrating that ("1,!2-CH2CC6H4S)W(PMe3)4 converts to W(PMe3)4(SC6H4Et)H3 over
a period of ca. 30 minutes at room temperature.

4.12.44 Reaction of (" 1,! 2-CH2CHC6H4S)W(PMe3)4H towards H2
A solution of ("1,!2-CH2CHC6H4S)W(PMe3)4H (5 mg, 0.01 mmol) in d6-benzene (ca. 0.7
mL) in an NMR tube equipped with a J. Young valve was treated with H2 (ca. 1 atm).
The sample was monitored by 1H NMR spectroscopy, thereby demonstrating that ("1,!2CH2CHC6H4S)W(PMe3)4H converts to W(PMe3)4(SC6H4Et)H3 over a period of ca. 30
minutes at room temperature.

4.12.45 Elimination of ethylbenzene from W(PMe3)4(SC6H4Et)H3
A solution of W(PMe3)4(SC6H4Et)H3 (5 mg, 0.01 mmol) in d6-benzene (ca. 0.7 mL) in an
NMR tube equipped with a J. Young valve was heated at 100 ˚C and monitored by 1H
NMR spectroscopy, thereby demonstrating that W(PMe3)4(SC6H4Et)H3 produces, inter
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alia, ethylbenzene over a period of 20 hours. The presence of ethylbenzene was
confirmed by comparison of the 1H NMR spectrum with that of an authentic sample.

4.12.46 Synthesis of [(" 2-C12H8)W(PMe3)](µ-S)(µ-CH2PMe2)(µ-PMe2)[W(PMe3)3]
A mixture of W(PMe3)4(!2–CH2PMe2)H (50 mg, 0.09 mmol) and dibenzothiophene (15
mg, 0.08 mmol) was placed in an NMR tube equipped with a J. Young valve. The
sample was heated at 100 ˚C for 18 hours, after which period the volatile components
were removed in vacuo. The black solid residue was extracted with pentane (2 mL),
filtered and the filtrate was cooled at –15 ˚C for 3 days. Several different amorphous
solids were deposited after this period, one of which was a dark green solid. The dark
green solid was hand separated (in air) and returned to an argon glove box. The sample
was extracted into pentane (1 mL), filtered, and cooled at –15 ˚C for 1 day, thereby
depositing dark green X-ray quality crystals of [("2-C12H8)W(PMe3)](µ-S)(µ-CH2PMe2)(µPMe2)[W(PMe3)3] (2 mg, 5% yield). Mass spectrum (FAB+): m/z = 992.0 {M+}, 916.0 {M+ –
PMe3}, 840.0 {M+ – 2PMe3}.
1

H NMR (C6D6): –2.33 [br m, 2JH-H = 13, 1H of (µ-CH2PMe2)], –1.52 [br m, 2JH-H = 13,

1H of (µ-CH2PMe2)], 0.39 [d, 2JP-H = 5, 3H of (µ-PMe2)], 0.50 [d, 2JP-H = 6, 3H of (µ-PMe2)],
0.63 [d, 2JP-H = 6, 9H of (PMe3)], 1.49 [d, 2JP-H = 6, 9H of (PMe3)], 1.49 [3H of (µ-PMe2);
coincident with a PMe3 signal; assignment is based on integration and is tentative], 1.58
[d, 2JP-H = 6, 9H of (PMe3)], 1.66 [d, 2JP-H = 8, 9H of (PMe3)], 1.99 [d, 2JP-H = 8, 3H of (µPMe2)], 6.11 [d, 3JH-H = 6, 1H of ("2-C12H8)], 6.29 [t, 3JH-H = 7, 1H of ("2-C12H8)], 7.16 [1H of
("2-C12H8); coincident with the C6D5H signal and located via a 2D COSY experiment],
7.45 [t, 3JH-H = 7, 1H of ("2-C12H8)], 7.50 [dt, 4JH-H = 1, 3JH-H = 7, 1H of ("2-C12H8)], 7.56 [d, 3JHH

= 7, 1H of ("2-C12H8)], 7.79 [d, 3JH-H = 8, 1H of ("2-C12H8)], 8.23 [dd, 4JH-H = 1, 3JH-H = 7, 1H

of ("2-C12H8)].
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4.12.47 Elimination of biphenyl from [(" 2-C12H8)W(PMe3)](µ-S)(µ-CH2PMe2)(µ-PMe2)[W(PMe3)3] in the presence of H2
A

sample

of

freshly

crystallized

[("2-C12H8)W(PMe3)](µ-S)(µ-CH2PMe2)(µ-

PMe2)[W(PMe3)3] (5 mg, 0.01 mmol) was treated with d6-benzene (ca. 0.7 mL) and placed
in an NMR tube equipped with a J. Young valve. The sample was charged with H2 (ca.
1 atm) and heated at 60 ˚C. The reaction was monitored by 1H NMR spectroscopy,
thereby demonstrating that [("2-C12H8)W(PMe3)](µ-S)(µ-CH2PMe2)(µ-PMe2)[W(PMe3)3]
produces biphenyl over a period of 1.5 hours. The presence of biphenyl was confirmed
by comparison of the 1H NMR spectrum with that of an authentic sample. Further
confirmation that the sample contained biphenyl was obtained by lyophilizing the
sample and analyzing the 1H NMR spectrum in CDCl3.

4.12.48 Reactivity of W(PMe3)3H6 towards dibenzothiophene
A mixture of W(PMe3)3H6 (5 mg, 0.01 mmol) and dibenzothiophene (5 mg, 0.03 mmol)
was placed in an NMR tube equipped with a J. Young valve and treated with d6benzene (ca. 0.7 mL). The sample was heated at 60 ˚C and monitored by 1H NMR
spectroscopy, thereby demonstrating that deuterium was fully incorporated into the 4
and 6 positions of free dibenzothiophene after a period of 2 hours. The sample was
then heated at 80 ˚C for 2 more hours, thereby demonstrating that deuterium was fully
incorporated into the 2, 3, 7 and 8 positions of dibenzothiophene. The sample was
lyophilized, dissolved in C6H6 (ca. 0.7 mL) and analyzed by 2H NMR spectroscopy,
thereby confirming the incorporation of deuterium into the 2, 3, 4, 6, 7 and 8 positions.124

4.12.49 Photochemical reaction of W(PMe3)4H4 towards dibenzothiophene
A mixture of W(PMe3)4H4 (5 mg, 0.01 mmol) and dibenzothiophene (5 mg, 0.03 mmol)
was placed in an NMR tube equipped with a J. Young valve and treated with d6-
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benzene (ca. 0.7 mL). The sample was photolyzed (.max = 350 nm) for 2.5 hours, and
monitored by 1H NMR spectroscopy, thereby demonstrating that deuterium was
incorporated into the 2, 3, 4, 6, 7 and 8 positions of free dibenzothiophene.

4.12.50 Synthesis of W8S16(PMe3)10
W(PMe3)4S2 (50 mg, 0.09 mmol) and benzene (ca. 0.7 mL) were added to an NMR tube
equipped with a J. Young valve and heated at 80 ˚C for ca. 18 hours, thereby depositing
black needle shaped crystals of W8S16(PMe3)10, which were of sufficient quality for an Xray diffraction study. The mixture was diluted with pentane (2 mL) and shaken, and
the crystals were allowed to settle to the bottom of the NMR tube. The mother liquor
was then decanted and the crystals were washed with pentane (3 - 2 mL), and then
dried in vacuo giving W8S16(PMe3)10•(C6H6)0.1667 as dark black needle-shaped crystals (8
mg, 26% isolated yield).125 Anal. calcd. for W8S16(PMe3)10•(C6H6)0.1667: C, 13.50 %, H, 3.33
%. Found: C, 13.68 %, H, 3.10 %.
IR Data (KBr disk, cm-1): 2969 (m), 2901 (s), 2796 (w), 2539 (w), 2360 (w), 2340 (w),
2237 (w), 1997 (w), 1942 (w), 1613 (w), 1412 (s), 1298 (s), 1277 (s), 949 (vs), 848 (m), 729
(m), 670 (m), 615 (w), 443 (s) [/(W=S)], 423 (s) [/(W=S)]. When trying to obtain 1H NMR
spectroscopic data for W8S16(PMe3)10 in C6D6, a doublet (28 Hz) at 3.66 ppm was observed,
which is similar to the doublet observed for the SH signal in Mo4S6(PMe3)6(SH)2. Thus, it is
possible that this signal corresponds to a small impurity present, but the molecular assignment
of W8S16(PMe3)10 is, therefore, tentative.

4.12.51 Structural characterization of Mo4S6(PMe3)6(SH)2
Mo(PMe3)6 (250 mg, 0.45 mmol) and benzene (ca. 10 mL) were added to an ampoule.
The suspension was frozen at –198 ˚C, degassed and allowed to thaw. H2S (ca. 1 atm)
was then added, and the suspension was stirred for 1 hour, after which period the H2S
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atmosphere was removed and replaced by argon. The green mixture was allowed to sit
at room temperature for 1 day, thereby depositing large black crystals of
Mo4S6(PMe3)6(SH)2, which were of sufficient quality for an X-ray diffraction study.
1

H NMR (C6D6): 1.46 [m, 36H of 2 Mo(PMe3)2], 1.78 [d, 2JP-H = 8, 18H of 2

Mo(PMe3)], 2.74 [d, 3JP-H = 28, 2H of 2 Mo(SH)2, coupling supported by a selective
heteronuclear decoupling (1H{31P}) experiment].

31

P{1H} NMR (C6D6): –24.0 [t, JP-P = 6, 4P

of 2 Mo(PMe3)2], 2.2 [quint, JP-P = 6, 2P of 2 Mo(PMe3)]. IR Data (KBr disk, cm-1): 2968
(m), 2901 (s), 2797 (w), 2515 (w) [/(SH)], 2501 (w) [/(SH)], 2002 (w), 1477 (w), 1416 (m),
1297 (m), 1278 (s), 950 (vs), 847 (w), 724 (m), 670 (m), 457 (w), 422 (m).

4.12.52 Synthesis of Mo3Se5(PMe3)6
Mo(PMe3)6 (50 mg, 0.09 mmol), selenium powder (18 mg, 0.23 mmol) and d6-benzene
(ca. 0.7 mL) were mixed in a vial for ca. 5 minutes, and then allowed to stand at room
temperature for ca. 2 hours. The mixture was then filtered into an NMR tube equipped
with a J. Young valve and analyzed by 1H NMR spectroscopy, thereby demonstrating
the formation of Mo(PMe3)4Se2.19 The sample was then heated at 80 ˚C for ca. 18 hours,
thereby depositing black crystals of Mo3Se5(PMe3)6, which were of sufficient quality for
an X-ray diffraction study. The mother liquor was decanted and the crystals were
washed with pentane (3 - 2 mL), and then dried in vacuo giving Mo3Se5(PMe3)6 as dark
black block-shaped crystals (18 mg, 52% isolated yield). Anal. calcd. for Mo3Se5(PMe3)6:
C, 18.98 %, H, 4.78 %. Found: C, 18.94 %, H, 4.36 %.
1

H NMR (C6D6): 1.54 [s, 54H of (PMe3)6].

1

H NMR (CDCl3): 1.59 [br s, 54H of

(PMe3)6]. The assignment is tentative due to the quick decomposition observed in the CDCl3
solvent. The 1H NMR spectrum was obtained immediately (< 5 min) after CDCl3 was added to
the Mo3Se5(PMe3)6 crystals, but it is possible that the 1.59 ppm signal corresponds to another
species in solution. It should be noted that the 1H NMR spectrum of Mo3S5(PMe3)6 was reported
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as a broad singlet at 1.4 ppm in CDCl3.103

31

P{1H} NMR (C6D6): –15.0 [s, 6P of (PMe3)6]. [IR

Data (KBr disk, cm-1): 2962 (m), 2895 (s), 2791 (w), 2359 (w), 2335 (w), 2214 (w), 1995 (w),
1939 (w), 1410 (s), 1295 (s), 1273 (s), 943 (s), 846 (m), 719 (s), 665 (s).

4.12.53 Structural characterization of Mo3Te5(PMe3)6
Mo(PMe3)6 (50 mg, 0.09 mmol), tellurium powder (28 mg, 0.22 mmol), PMe3 (ca. 0.05
mL) and d6-benzene (ca. 0.7 mL) were mixed in a vial for ca. 5 minutes, and then
allowed to stand at room temperature for ca. 2 hours. The mixture was then filtered
into an NMR tube equipped with a J. Young valve and analyzed by 1H NMR
spectroscopy, thereby demonstrating the formation of Mo(PMe3)4Te2.19 The sample was
then heated at 80 ˚C for ca. 18 hours, thereby depositing black block-shaped crystals of
Mo3Te5(PMe3)6, which were of sufficient quality for an X-ray diffraction study. The
mother liquor was decanted and the crystals were washed with pentane (3 - 2 mL), and
then dried in vacuo giving Mo3Te5(PMe3)6 as dark black block-shaped crystals, in
addition to needle-shaped crystals, the molecular structure of which have not yet been
identified (6 mg total).

198
4.13 Crystallographic data
Table 7. Crystal, intensity collection and refinement data.
(" 2–C4H4S)Mo(PMe3)4

[! 6," 1-C6H5C6H4S]Mo(PMe3)2H

Tetragonal

Monoclinic

C16H40MoP4S

C18H28MoP2S

formula weight

484.36

434.34

space group

P42nm

P21/c

a/Å

15.815(6)

10.3741(12)

b/Å

15.815(6)

28.891(3)

c/Å

9.552(4)

12.8569(15)

#/˚

90

90

&/˚

90

92.947(2)

'/˚

90

90

2389.1(16)

3848.4(8)

4

8

temperature (K)

150(2)

125(2)

radiation (., Å)

0.71073

0.71073

0 (calcd.) g cm-3

1.347

1.499

µ (Mo K#), mm-1

0.901

0.951

+ max, deg.

29.12

30.52

no. of data collected

9774

61434

no. of data

3332

11726

no. of parameters

122

416

R1 [I > 2"(I)]

0.0639

0.0542

wR2 [I > 2"(I)]

0.1435

0.0656

R1 [all data]

0.1042

0.2142

wR2 [all data]

0.1625

0.0954

GOF

1.009

0.673

lattice
formula

V/Å3
Z
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Table 7 (cont). Crystal, intensity collection and refinement data.
(! 5-C4H5S)W(PMe3)2(! 2-CH2PMe2)
lattice

W(PMe3)4(" 1-C# -C4H3S)H3

Orthorhombic

Orthorhombic

C13H31P3SW

C16H42P4SW

formula weight

496.20

574.29

space group

Pna21

Pccn

a/Å

21.784(3)

16.282(3)

b/Å

10.1799(13)

32.499(6)

c/Å

8.4941(10)

9.1520(16)

#/˚

90

90

&/˚

90

90

'/˚

90

90

1883.6(4)

4842.9(15)

4

8

temperature (K)

125(2)

149(2)

radiation (., Å)

0.71073

0.71073

0 (calcd.) g cm-3

1.750

1.575

µ (Mo K#), mm-1

6.483

5.118

+ max, deg.

32.66

30.51

no. of data collected

31414

74148

no. of data

6622

7388

no. of parameters

185

237

R1 [I > 2"(I)]

0.0264

0.0276

wR2 [I > 2"(I)]

0.0430

0.0535

R1 [all data]

0.0391

0.0386

wR2 [all data]

0.0456

0.0568

GOF

1.001

1.042

formula

V/Å3
Z
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Table 7 (cont). Crystal, intensity collection and refinement data.
(" 1,! 2-CH2CHC6H4S)W(PMe3)3(! 2–CH2PMe2)

(" 1,! 2–CH2CHC6H4S)W(PMe3)4H

lattice

Monoclinic

Monoclinic

formula

C20H42P4SW

C20H44P4SW

622.33

624.34

P21/c

P21/n

a/Å

14.6865(16)

18.507(2)

b/Å

19.500(2)

15.220(2)

c/Å

18.620(2)

19.118(3)

#/˚

90

90

&/˚

105.020(2)

98.724(2)

'/˚

90

90

5150.4(10)

5322.9(12)

8

8

temperature (K)

150(2)

150(2)

radiation (., Å)

0.71073

0.71073

0 (calcd.) g cm-3

1.605

1.558

µ (Mo K#), mm-1

4.820

4.664

+ max, deg.

31.00

30.03

no. of data collected

59799

82546

no. of data

16375

15571

491

500

R1 [I > 2"(I)]

0.0420

0.0514

wR2 [I > 2"(I)]

0.0994

0.1065

R1 [all data]

0.0514

0.0786

wR2 [all data]

0.1050

0.1178

GOF

1.046

1.038

formula weight
space group

V/Å3
Z

no. of parameters
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Table 7 (cont). Crystal, intensity collection and refinement data.
W(PMe3)4(SC6H4Et)H3

W(PMe3)4(" 1-C# -CCHSC6H4)H3

Triclinic

Triclinic

C20H48P4SW

C20H44P4SW

628.37

624.34

P-1

P-1

a/Å

9.6343(11)

8.9970(13)

b/Å

12.1821(14)

10.0679(15)

c/Å

13.5960(15)

15.782(2)

#/˚

85.772(2)

80.769(2)

&/˚

72.371(2)

73.792(2)

'/˚

68.5870(10)

84.386(2)

1414.6(3)

1352.8(3)

2

2

temperature (K)

125(2)

150(2)

radiation (., Å)

0.71073

0.71073

0 (calcd.) g cm-3

1.475

1.533

µ (Mo K#), mm-1

4.387

4.587

+ max, deg.

30.63

30.51

no. of data collected

22975

21808

no. of data

8664

8217

no. of parameters

260

285

R1 [I > 2"(I)]

0.0239

0.0434

wR2 [I > 2"(I)]

0.0493

0.0685

R1 [all data]

0.0290

0.0688

wR2 [all data]

0.0508

0.0750

GOF

1.013

1.022

lattice
formula
formula weight
space group

V/Å3
Z
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Table 7 (cont). Crystal, intensity collection and refinement data.
[(" 2-C12H8)W(PMe3)](µ-S)(µCH2PMe2)(µ-PMe2)[W(PMe3)3]

W(PMe3)4(SeBun)H3

lattice

Monoclinic

Triclinic

formula

C29H58P6SW2

C16H48P4SeW

formula weight

992.33

627.23

space group

P21/n

P-1

a/Å

10.2637(11)

9.7057(19)

b/Å

21.784(2)

16.128(3)

c/Å

16.7801(18)

17.245(3)

#/˚

90

91.621(3)

&/˚

94.326(2)

99.820(3)

'/˚

90

92.254(3)

3741.0(7)

2656.2(9)

4

4

temperature (K)

150(2)

150(2)

radiation (., Å)

0.71073

0.71073

0 (calcd.) g cm-3

1.762

1.568

µ (Mo K#), mm-1

6.475

5.958

+ max, deg.

31.50

30.03

no. of data collected

63207

41389

no. of data

12439

15463

366

442

R1 [I > 2"(I)]

0.0253

0.0599

wR2 [I > 2"(I)]

0.0517

0.0629

R1 [all data]

0.0371

0.1748

wR2 [all data]

0.0556

0.0816

GOF

1.017

0.944

V/Å3
Z

no. of parameters
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Table 7 (cont). Crystal, intensity collection and refinement data.
W8S16(PMe3)10

Mo4S6(PMe3)6(SH)2

Rhombohedral

Monoclinic

C35.06H95.06P10S16W8

C30H68Mo4P6S8

2810.32

1254.90

R-3

P21/n

a/Å

39.2644(17)

11.4556(4)

b/Å

39.2644(17)

13.7281(5)

c/Å

14.7948(6)

16.5880(6)

#/˚

90

90

&/˚

90

98.6920(10)

'/˚

120

90

19753.2(15)

2578.73(16)

9

2

temperature (K)

125(2)

200(2)

radiation (., Å)

0.71073

0.71073

0 (calcd.) g cm-3

2.126

1.616

µ (Mo K#), mm-1

11.020

1.482

+ max, deg.

30.53

30.60

no. of data collected

53019

41259

no. of data

13418

7915

311

231

R1 [I > 2"(I)]

0.0378

0.0232

wR2 [I > 2"(I)]

0.0955

0.0485

R1 [all data]

0.0639

0.0314

wR2 [all data]

0.1053

0.0519

GOF

1.123

1.044

lattice
formula
formula weight
space group

V/Å3
Z

no. of parameters
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Table 7 (cont). Crystal, intensity collection and refinement data.
Mo3Se5(PMe3)6

Mo3Te5(PMe3)6

Monoclinic

Monoclinic

C18H54Mo3P6Se5

C18H54Mo3P6Te5

1139.05

1382.25

C2/c

C2/c

a/Å

19.5484(17)

20.219(5)

b/Å

11.1863(10)

11.559(3)

c/Å

51.077(4)

50.748(12)

#/˚

90

90

&/˚

90.3430(10)

90.208(3)

'/˚

90

90

11168.9(17)

11861(5)

12

12

temperature (K)

200(2)

200(2)

radiation (., Å)

0.71073

0.71073

0 (calcd.) g cm-3

2.032

2.322

µ (Mo K#), mm-1

6.151

4.806

+ max, deg.

28.28

28.28

no. of data collected

75153

60884

no. of data

13826

14734

461

461

R1 [I > 2"(I)]

0.0648

0.0598

wR2 [I > 2"(I)]

0.1257

0.1124

R1 [all data]

0.0720

0.0876

wR2 [all data]

0.1277

0.1211

GOF

1.375

1.113

lattice
formula
formula weight
space group

V/Å3
Z

no. of parameters
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CHAPTER 5

Modeling aspects of hydrodeoxygenation by using tungsten and molybdenum
trimethylphosphine complexes
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5.1

Introduction
Aspects of hydrodesulfurization (HDS) and hydrodenitrogenation (HDN) have

been discussed in Chapters 2 – 4. Hydrodeoxygenation (HDO) is another component of
the hydrotreating process, which removes oxygen impurities from crude feedstocks
(Scheme 1).1,2,3,4 In conventional crude oil, there is approximately 5 wt. % sulfur, < 1 wt.
% nitrogen and < 2 wt. % oxygen;5,6 thus a majority of the research in this area has
focused on HDS because of (i) the greater percentage of sulfur in feedstocks and (ii) the
deleterious effects combustion of mercaptans has on the environment. HDO receives
the least attention, compared with HDS and HDN, most likely because of (i) the low
percentage of oxygen compounds in conventional crudes and (ii) the fact that burning
oxygenated compounds produces water (Scheme 1), which is environmentally benign.1
However, in synthetic feeds derived from biomass, the concentration of oxygen is
significantly higher, sometimes reaching almost 50 wt. %,6 which introduces new
problems in the refining process. For example, some oxygen compounds can cause
catalyst deactivation in refineries and can also lead to low quality fuels for combustion.6
Analogous to our previous research concerning HDS7,8 and HDN9,10 detailed in
Chapters 2 – 4, and previous studies performed by the Parkin group,11,12,13 we were
interested in studying the reactivity of trimethylphosphine complexes of molybdenum
and tungsten with oxygenated compounds. In this regard, this chapter describes new
research concerning the reactivity of furans (Figure 1) with trimethylphosphine
complexes of molybdenum and tungsten in order to serve as models for the type of
reactivity that oxygenated organic compounds may have with the surface of an
industrial catalyst.
[R!O] + H2

Scheme 1. Hydrodeoxygenation (HDO).

MoS2 or WS2 catalyst
~ 350 ˚C

[R!H] + H2O
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O

O

furan

O

benzofuran

dibenzofuran

Figure 1. Furan, benzofuran and dibenzofuran.

5.2

Reactivity of W(PMe3)4(! 2–CH2PMe2)H towards furan
W(PMe3)4(!2–CH2PMe2)H reacts with furan at 60 ˚C in benzene to produce two

major species, namely (!5–C4H5O)W(PMe3)2(!2–CH2PMe2) and ("1,!2-C4H3O)("1-OC4H5O)W(PMe3)3 (Scheme 2).

The former compound, which can be considered a

butadiene-alkoxide derivative, is the oxygen analogue of the thiolate product obtained
from the reaction between W(PMe3)4(!2–CH2PMe2)H and thiophene, namely (!5–
C4H5S)W(PMe3)2(!2–CH2PMe2).8 It should be noted that C–O bond cleavage in furan
followed by hydrogen transfer has been previously observed by Felkin, when furan was
allowed to react with (Ph3P)2ReH7, thereby producing (!5–C4H5O)Re(PPh3)2CO.14
PMe3
inhibited by
PMe3
PMe3
Me3P
H

W

W
PMe3

O

PMe3

PMe2
CH2

Me3P

O

O

60˚C

O

PMe3
W
H2C

PMe3

PMe3

PMe2

Scheme 2. Reactivity of W(PMe3)4(!2–CH2PMe2)H towards furan.

The other major product of the reaction between W(PMe3)4(!2–CH2PMe2)H and
furan, ("1,!2-C4H3O)("1-O-C4H5O)W(PMe3)3, contains two different ligands emanating
from C–O bond cleavage of furan, and its molecular structure is shown in Figure 2. The
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most interesting aspect of ("1,!2-C4H3O)("1-O-C4H5O)W(PMe3)3 is the ("1,!2-C4H3O)
ligand, which is a butyne-enolate and is formally the result of C–O bond cleavage and
hydrogen atom elimination from the $-position of furan.15 It is key to note that similar
types of transformations with yttrium and rare-earth furyl complexes have been
previously observed.16 For example, it was demonstrated that upon heating, Cp*2Y("1C#-C4H3O) converts to [Cp*2Y]2(µ-OC4H2) and furan, in which the (µ-OC4H2) is a ring
opened bridging butynyl-enolate ligand.16a

Figure 2. Molecular structure of ("1-O,!2-C2–C4H3O)("1-O–C4H5O)W(PMe3)3.

The relative amounts of (!5–C4H5O)W(PMe3)2(!2–CH2PMe2) and ("1,!2-C4H3O)("1O-C4H5O)W(PMe3)3 in the product mixture are dependent on the reaction conditions,
with the latter being favored in the presence of a large excess of furan. However, if the
reaction between W(PMe3)4(!2–CH2PMe2)H and furan is performed in the presence of
PMe3, negligible amounts of ("1,!2-C4H3O)("1-O-C4H5O)W(PMe3)3 are formed. Thus, the
inhibitory effect of PMe3 on the formation ("1,!2-C4H3O)("1-O-C4H5O)W(PMe3)3 indicates
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that its production presumably involves a reversible dissociation of PMe3 prior to the
rate determining step.
In view of the similarity of (!5–C4H5O)W(PMe3)2(!2–CH2PMe2) to the analogous
compound obtained from reaction between W(PMe3)4(!2–CH2PMe2)H and thiophene,
namely (!5–C4H5S)W(PMe3)2(!2–CH2PMe2),8 it is of interest to ascertain if the
mechanisms of their formations are similar. In this regard, when d4-furan is allowed to
react with W(PMe3)4(!2–CH2PMe2)H, the hydrogen atom emanating from the PMe3
ligand terminates on the methylene group of the (!5-OCDCDCDCDH) ligand (Scheme
3), whereas in the thiophene system, the hydrogen atom from the PMe3 ligand ends up
on the position adjacent to the sulfur atom (!5-SCHCDCDCD2) (Scheme 3). Thus, the
divergent distributions of hydrogen atoms indicate that the mechanisms of formation
for the aforementioned compounds are different, even though they are structural
analogues.
D
O

D
D

D

O
D
CDH

D

D
H2C

W
PMe3
PMe2

PMe3

PMe3
Me3P
H

W

PMe2
CH2

Me3P

H

PMe3

S

D
D

D

S
D
CD2

D

D
H2C

W
PMe3
PMe2

PMe3

Scheme 3. Deuterium distribution of d4-furan and d4-thiophene reactivity towards W(PMe3)4(!2–
CH2PMe2)H.
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The mechanism of formation of ("1,!2-C4H3O)("1-O-C4H5O)W(PMe3)3 was also
studied. Although it may be obvious, there are two observations that should be noted.
One, the ("1-O-C4H5O) ligand is also a butadiene-alkoxide fragment as in (!5–
C4H5O)W(PMe3)2(!2–CH2PMe2), but instead of coordinating in an !5 manner, it
coordinates through a "1 mode using only the oxygen atom. Two, ("1,!2-C4H3O)("1-OC4H5O)W(PMe3)3 is formally related to (!5–C4H5O)W(PMe3)2(!2–CH2PMe2) by the
addition of one equivalent of furan. Thus, (!5–C4H5O)W(PMe3)2(!2–CH2PMe2) might be
an intermediate in the production of ("1,!2-C4H3O)("1-O-C4H5O)W(PMe3)3. However,
treatment of (!5–C4H5O)W(PMe3)2(!2–CH2PMe2) with furan in d6-benzene, a reaction
performed by graduate student Ashley Zuzek, resulted in a negligible amounts of
("1,!2-C4H3O)("1-O-C4H5O)W(PMe3)3 being produced, thereby indicating that (!5–
C4H5O)W(PMe3)2(!2–CH2PMe2) is not the active intermediate towards the production of
("1,!2-C4H3O)("1-O-C4H5O)W(PMe3)3.

In this regard, density functional theory

calculations17 were carried out to ascertain if the reaction of (!5–C4H5O)W(PMe3)2(!2–
CH2PMe2)

with

furan

to

produce

("1,!2-C4H3O)("1-O-C4H5O)W(PMe3)3

is

thermodynamically favorable; indeed, the computational %H was found to be ca. –30
kcal mol–1, thereby indicating that ("1,!2-C4H3O)("1-O-C4H5O)W(PMe3)3 is not formed
due to kinetic factors.
Two other complexes were isolated from the reaction between W(PMe3)4(!2–
CH2PMe2)H and furan by crystallization (Figure 3). One is an alkylidene derivatitve,
["2-O,C-OC3H2Me]W(PMe3)3(!2–CH2PMe2), and its molecular structure is shown in
Figure 4.

The other complex is most probably formed due to the presence of

adventitious oxygen, and is the dimeric compound, [µ2-"2,"2-(OC3H2Me)2][W(PMe3)3O]2;
Its molecular structure is shown in Figure 5.
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Me
PMe3
Me3P
H2C
Me2P

W

O

Me
PMe3

PMe3
Me3P
O

W

O

O

PMe3
W

O
PMe3

PMe3

Me
PMe3

Figure 3. Two compounds isolated from reaction of W(PMe3)4(!2–CH2PMe2)H and furan: ["2-O,COC3H2Me]W(PMe3)3(!2–CH2PMe2) (left) and [µ2-"2,"2-(OC3H2Me)2][W(PMe3)3O]2 (right).

Figure 4. Molecular structure of ["2-O,C-OC3H2Me]W(PMe3)3(!2–CH2PMe2).

Figure 5. Molecular structure of [µ2-"2,"2-(OC3H2Me)2][W(PMe3)3O]2.
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The reactivity of W(PMe3)4(!2–CH2PMe2)H towards furan in the presence of H2
(ca. 1 atm) was also studied, thereby demonstrating the formation of the furyl complex
W(PMe3)4("1-C#-C4H3O)H3 via furan #-C–H bond cleavage (Scheme 4). The molecular
structure of W(PMe3)4("1-C#-C4H3O)H3 has been determined by X-ray diffraction (Figure
6) and has very similar geometry to that of the thienyl complex, W(PMe3)4("1-C#C4H3S)H3 (see Chapter 4), as illustrated in Figure 7. Hence, the coordination geometry
around the tungsten center is almost identical, while the major difference resides in the
larger ring size of the thienyl ligand, compared with that of the furyl ligand (Figure 7).
Previous studies found that an ansa-molybdenocene complex reacted with furan
to produce the respective C–H activated furyl complex,18 but DFT calculations indicated
that C–O bond cleavage was, in fact, thermodynamically favored compared to C–H
bond cleavage; thus, the C–H bond cleaved species observed was due to kinetic factors.
In order to ascertain if this was the case in tungsten system described above, DFT
calculations were carried out on the two isomeric species, W(PH3)4("1-C#-C4H3O)H3 and
("2-C,O-C4H4O)W(PH3)4H2,19 which are products obtained by C–H and C–O bond
cleavage, respectively.20 The results show that ("2-C,O-C4H4O)W(PH3)4H2 is 9.1 kcal
mol-1 lower in energy than W(PH3)4("1-C#-C4H3O)H3, thereby indicating that
W(PMe3)4("1-C#-C4H3O)H3 is formed due to kinetic factors. It should be noted that, in
accord with these results, Chisholm has observed ring opening of furyl compounds at
ditungsten centers.21
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Scheme 4. Reactivity of W(PMe3)4(!2–CH2PMe2)H towards furan in the presence of H2.
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Figure 6. Molecular structure of W(PMe3)4("1-C#-C4H3O)H3.

Figure 7. Structural overlay of W(PMe3)4("1-C#-C4H3O)H3 (red) and W(PMe3)4("1-C#-C4H3S)H3 (blue).
Methyl groups of the PMe3 ligands are not shown for clarity.

5.3

Reactivity of tungsten hydrides towards furan
The furyl complex, W(PMe3)4("1-C#-C4H3O)H3, can also be produced from the

reactions of several other tungsten compounds with furan, namely W(PMe3)5H2,
W(PMe3)4H4, and W(PMe3)3H6. For example, heating a solution of W(PMe3)5H2 and
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furan in benzene at 60 ˚C results in the formation of W(PMe3)4("1-C#-C4H3O)H3 (Scheme
5), which is similar to the reactivity observed with W(PMe3)5H2 and thiophene, which
produces W(PMe3)4("1-C#-C4H3S)H3 (Chapter 4).

Furthermore, W(PMe3)4("1-C#-

C4H3O)H3 can also be synthesized by either (i) treatment of W(PMe3)4H4 with furan in
benzene under photochemical activation22 or (ii) treatment of W(PMe3)3H6 with furan in
benzene at 60 ˚C, shown in Scheme 5.
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Scheme 5. Reactivity of W(PMe3)5H2, W(PMe3)4H4, and W(PMe3)3H6 towards furan.

It is interesting to note that if the reactions of W(PMe3)4H4 or W(PMe3)3H6 with
furan are performed in d6-benzene, the only signals in the 1H NMR spectrum that are
observed for the furyl compound, W(PMe3)4("1-C#-C4H3O)H3, are those for the PMe3
ligands, indicating that H/D exchange is occurring. Additionally, when there is an
excess of furan in the reaction mixture, the resonances in the 1H NMR spectrum of both
the #- and $-sites of furan in solution almost quantitatively disappear, again indicating
that deuterium is being incorporated into furan. In contrast, H/D exchange is not
observed in reactions between W(PMe3)4(!2–CH2PMe2)H or W(PMe3)5H2 and furan.
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Taking all of these observations into account, we postulate that the active
intermediate inducing H/D exchange is the 16-electron tetrahydride complex
[W(PMe3)3H4] (Table 1) for the following reasons. One, the reactivities of W(PMe3)4(!2–
CH2PMe2)H and W(PMe3)5H2 with furan are different, thereby indicating that different
reactive intermediates are being produced. Therefore, while W(PMe3)4(!2–CH2PMe2)H
is likely to react via [W(PMe3)5], W(PMe3)5H2 presumably proceeds via [W(PMe3)4H2],
rather than the same [W(PMe3)5] intermediate (Table 1). Two, W(PMe3)5H2 does not
induce H/D exchange while W(PMe3)4H4 does, thereby indicating that different
intermediates are formed. Thus, while two likely intermediates of W(PMe3)4H4 are
[W(PMe3)4H2] and [W(PMe3)3H4] (Table 1), the former can be disregarded because it is
the same intermediate that is proposed for W(PMe3)5H2.

Three, W(PMe3)3H6 also

induces H/D exchange, and a likely intermediate is [W(PMe3)3H4], which is the same
proposed for W(PMe3)4H4. Although W(PMe3)3H6 could also lose a PMe3 ligand to
produce the intermediate [W(PMe3)2H6] (Table 1), it is considered to be unlikely because
the hexavalent nature of the compound would prevent oxidative addition of a C–D
bond of d6-benzene, although a sigma-bond metathesis process is possible.
Therefore, it is proposed that [W(PMe3)3H4] is the active intermediate that is able
to undergo reversible oxidative-addition of C–D bonds of d6-benzene and C–H bonds of
furan. This would, therefore, produce d4-furan and [W(PMe3)3D4], which would then
form the isotopomer, W(PMe3)4("1-C#-C4D3O)D3, after the reaction is complete.
Table 1. Proposed intermediates of tungsten compounds and their ability to undergo H/D exchange.a
Possible Intermediate(s)

H/D Exchange Observed?

[W(PMe3)5]

no

W(PMe3)4(!2–CH2PMe2)H
W(PMe3)5H2

[W(PMe3)5]

[W(PMe3)4H2]

no

W(PMe3)4H4

[W(PMe3)4H2]

[W(PMe3)3H4]

yes

W(PMe3)3H6

[W(PMe3)2H6]

[W(PMe3)3H4]

yes

(a) Blue intermediates represent the proposed active intermediate in the reactions with furan in C6D6.
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5.4

Reactivity of tungsten complexes towards benzofuran
The reactivity of tungsten trimethylphosphine complexes with benzofuran was

also studied. Unfortunately, heating a solution of W(PMe3)4(!2–CH2PMe2)H in benzene
with benzofuran at 60 ˚C is accompanied by a significant amount of decomposition;
however, the aryloxide-olefin compound, ("1,!2-CH2CHC6H4O)W(PMe3)3(!2–CH2PMe2)
(Scheme 6), was successfully isolated and its molecular structure is shown in Figure 8.
("1,!2-CH2CHC6H4O)W(PMe3)3(!2–CH2PMe2) is analogous to the product that is
obtained from the reaction between benzothiophene and W(PMe3)4(!2–CH2PMe2)H,
namely ("1,!2-CH2CHC6H4S)W(PMe3)3(!2–CH2PMe2) (see Chapter 4).

If the reaction

between W(PMe3)4(!2–CH2PMe2)H and benzofuran is carried out in the presence of H2,
two different products are observed (Scheme 6), namely (i) the C–H cleaved benzofuryl
W(PMe3)4("1-C#-CCHOC6H4)H3

complex,

and

(ii)

the

aryloxide

complex,

W(PMe3)4(OC6H4Et)H3,23 which presumably results from hydrogenation of the
aforementioned

C–O

bond

cleaved

product,

("1,!2-CH2CHC6H4O)W(PMe3)3(!2–

CH2PMe2). Both complexes have been structurally characterized by X-ray diffraction
and their molecular structures are shown in Figures 9 and 10, respectively, thereby
indicating that their geometries are very similar to the respective sulfur compounds,
W(PMe3)4("1-C#-CCHSC6H4)H3 and W(PMe3)4(SC6H4Et)H3 (see Chapter 4).
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Figure 8. Molecular structure of ("1,!2–CH2CHC6H4O)W(PMe3)3(!2–CH2PMe2).

Figure 9. Molecular structure of W(PMe3)4("1–C#–CCHOC6H4)H3.

Figure 10. Molecular structure of W(PMe3)4(OC6H4Et)H3.
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The reactivity of the series of tungsten trimethylphosphine hydrides, namely
W(PMe3)5H2, W(PMe3)4H4, and W(PMe3)3H6 with benzofuran was also investigated. For
example, treatment of W(PMe3)4H4 or W(PMe3)3H6 with benzofuran also results in the
formation of, inter alia, W(PMe3)4("1-C#-CCHOC6H4)H3 and W(PMe3)4(OC6H4Et)H3,
although the former requires activation by photolysis (Scheme 7). The best method of
synthesis of W(PMe3)4("1-C#-CCHOC6H4)H3 is, however, heating a solution of
W(PMe3)5H2 and benzofuran in benzene at 60 ˚C, as negligible quantities of
W(PMe3)4(OC6H4Et)H3 are observed (Scheme 8).
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5.5

Reactivity of Mo(PMe3)6 towards furan
The reactivity of Mo(PMe3)6 towards furan suffered from a significant amount of

decomposition when heated at 60 ˚C in d6-benzene, but two complexes were identified
in solution by comparison of the 1H NMR spectrum of the reaction mixture to that of the
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tungsten system, namely (!5–C4H5O)Mo(PMe3)2(!2–CH2PMe2) and ("1,!2-C4H3O)("1-OC4H5O)Mo(PMe3)3 (Scheme 9).

Furthermore, the formation of ("1,!2-C4H3O)("1-O-

C4H5O)Mo(PMe3)3 was confirmed by X-ray diffraction (Figure 11).

Interestingly, a

geometrical isomer of ("1,!2-C4H3O)("1-O-C4H5O)Mo(PMe3)3 is also formed in the
reaction between Mo(PMe3)6 and furan, in which the ("1-O-C4H5O) ligand has an E
configuration (Figure 12) rather than the expected Z isomer (based on the fact that furan
has a Z configuration). The molecular structure of the E isomer is also shown in Figure
11.24 Additionally, it is apparent that with the exception of the ("1-O-C4H5O) ligands,
the two isomers of ("1,!2-C4H3O)("1-O-C4H5O)Mo(PMe3)3 are structurally very similar,
which is illustrated by the structural overlay in Figure 13.
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Scheme 9. Reactivity of Mo(PMe3)6 towards furan.

It is interesting to note that while the reaction between Mo(PMe3)6 and thiophene
allowed for the characterization of the !5-thiophene complex (!5–C4H4S)Mo(PMe3)3,11
there is no evidence for the production of the analogous !5-furan complex in the
reaction between Mo(PMe3)6 and furan. This is, however, not surprising as &-complexes
of furan are not well-known;25,26 indeed, we are aware of only one report of a furan &complex, namely [Cp*Ru(!5-C4H4O)]Cl.27,28
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Figure 11. Molecular structures of Z (left) and E (right) isomers of ("1,!2-C4H3O)("1-O-C4H5O)Mo(PMe3)3.
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Figure 12. Isomeric forms of ("1,!2-C4H3O)("1-O-C4H5O)Mo(PMe3)3.

Figure 13. Structural overlay of Z (red) and E (blue) isomers of ("1,!2-C4H3O)("1-O-C4H5 O)Mo(PMe3)3.
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As an attempt to discover a better synthetic route towards the aforementioned
molybdenum compounds, the reactivity of crotonaldehyde towards Mo(PMe3)6 was
explored (Scheme 10). Alas, this reaction was also accompanied by a significant amount
of decomposition, and analysis of the 1H NMR spectrum did not indicate the presence
of any (!5–C4H5O)Mo(PMe3)2(!2–CH2PMe2) or ("1,!2-C4H3O)("1-O-C4H5O)Mo(PMe3)3.
However, a new complex of molybdenum, namely (!4-OC4H6)2Mo(PMe3)2, was isolated
and structurally characterized by X-ray diffraction (Figure 14). Interestingly, there are
no transition metal !4-crotonaldehyde complexes listed in the Cambridge Structural
Database,29 making (!4-OC4H6)2Mo(PMe3)2 the first structurally characterized example
of this type.30

It should be noted, however, that there are several structurally

characterized "1-crotonaldehyde complexes reported,31 all of which have an s-trans
conformation.
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Scheme 10. Reactivity of Mo(PMe3)6 towards crotonaldehyde.

Figure 14. Molecular structure of (!4-OC4H6)2Mo(PMe3) 2.
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The (!4-OC4H6) ligands in (!4-OC4H6)2Mo(PMe3)2 can be described by two
limiting resonance structures, illustrated in Figure 15.

In resonance (A), the

crotonaldehyde ligand is an L2 donor (Figure 15) with purely dative bonding from the
&-system to empty metal d-orbitals, and would be expected to be dominant in electronpoor complexes. On the other hand, in resonance (B), there is a significant amount of
backbonding such the crotonaldehyde ligand is more appropriately described as an LX2
ligand (Figure 15), and is expected for electron-rich complexes. In this regard, analysis
of the crystal structure data of (!4-OC4H6)2Mo(PMe3)2 indicate a situation intermediate
between resonances (A) and (B), in which there is a significant amount of metal-ligand
backbonding. Specifically, the relevant C–C bond lengths (i.e. not including the C–Me
bond) in the (!4-OC4H6) ligands [C31–C32: 1.415(3) Å, C32–C33: 1.421(3) Å, C41–C42:
1.417(3) Å, C42–C43: 1.424(3) Å] are all very similar with a narrow range of 0.009 Å,
indicating that there is not a localization of double bond character. For comparison
purposes, Templeton has reported the "1-crotonaldehyde complex of tungsten,
Tp’W(CO)(PhC'CMe)("1-OC4H6) (Tp’ = hydrotris(3,5-dimethylpyrazolyl)borate), which
has C–C bond lengths that differ by 0.095 Å [1.423(10) Å and 1.328(11) Å] in the ("1OC4H6) ligand, clearly indicating the localization of the double bonds in the #,$unsaturated system.31a Moreover, the O–C bond length of 1.232(8) Å in Tp’W(CO)(PhC'CMe)("1-OC4H6)31a is significantly shorter (%avg = 0.111 Å) as compared with the
C–O bond lengths [O3–C31: 1.344(2) Å, O4–C41: 1.342(2) Å] in (!4-OC4H6)2Mo(PMe3)2.
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Figure 15. Resonance structures describing the metal-ligand interactions in !4-crotonaldehyde complexes.
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It is relevant to note that the bis-butadiene compound (!4-C4H6)2Mo(PMe3)2
synthesized by Green32 is structurally very similar to that of (!4-OC4H6)2Mo(PMe3)2, and
this is illustrated in Figure 16. Akin to (!4-OC4H6)2Mo(PMe3)2, the C–C bond lengths in
(!4-C4H6)2Mo(PMe3)2 are all very similar [C1–C2: 1.406(5) Å, C2–C3: 1.395(5) Å, C3–C4:
1.413(5) Å, C5–C6: 1.409(5) Å, C6–C7: 1.397(5) Å, C7–C8: 1.413(5) Å], with a narrow
range of 0.018 Å, indicating a similar degree of metal-to-ligand backbonding.

Figure 16. Structural overlay of (!4-OC4H6)2Mo(PMe3 )2 (red) and (!4-C4H6)2Mo(PMe3)2 (blue). Methyl
groups of the PMe3 ligands are not shown for clarity.

5.6

Reactivity of molybdenum hydride complexes towards furan
The reactivity of furan towards molybdenum hydrides was also studied. For

example, heating a mixture of Mo(PMe3)6 and furan in benzene under an atmosphere of
H2 produces, inter alia, propene and propane (Scheme 11), as identified by 1H NMR
spectroscopy.33,34 These observations indicate that the C–O and C–C bonds of furan
have been broken. Furthermore, it was determined that the other fragment emanating
from furan is CO, as confirmed by obtaining a crystal structure of the metal carbonyl
compound, (!6-PhH)Mo(PMe3)2CO, shown in Figure 17.35

It should be noted that

Mo(PMe3)6 converts to Mo(PMe3)4H4 under such conditions, such that Mo(PMe3)4H4
may be the active reagent causing the furan fragmentation. In this regard, heating
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solutions of Mo(PMe3)4H4 and furan in benzene also produced propene and propane
(Scheme 11).36

Furan C–C and C–O bond cleavage reactions have been observed

previously in a homogenous system,14 and in addition, the formation of CO from furan
has also been observed on molybdenum and palladium surfaces.37,38
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Scheme 11. C–O, C–H, and C–C bond cleavage of furan by molybdenum.

Figure 17. Molecular structure of (!6-PhH)Mo(PMe3)2CO.

5.7

Structural characterization of molybdenum complexes derived from benzofuran

and dibenzofuran
The reactivity of Mo(PMe3)6 towards benzofuran was also studied. In contrast to
the other furan reactions with the abovementioned molybdenum and tungsten
compounds, a reaction between Mo(PMe3)6 and benzofuran occurs immediately at room
temperature when the two compounds are mixed in d6-benzene. Analysis of the 1H
NMR spectrum of the reaction mixture indicates the presence of at least two
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paramagnetic compounds. One of these paramagnetic compounds was identified by
former

graduate

student

Daniela

Buccella39

("1,!2-CH2CHC6H4O)Mo("1-C#-

as

CCHOC6H4)(PMe3)3 (Scheme 12), which has two ligands emanating from benzofuran:
one ligand is the C–H cleaved benzofuryl unit, ("1-C#-CCHOC6H4), and the other is the
aryloxide-olefin ("1,!2-CH2CHC6H4O), both of which were observed as ligands for
tungsten (see Section 5.4). Another compound identified by X-ray diffraction, namely
("1,!2-CH2CHC6H4O)("1,!2-HC(PMe3)CHC6H4O)Mo(PMe3)2 (Figure 18), also contains
two ligands derived from benzofuran (Scheme 12); both are aryloxide-olefins, except
one has a PMe3 group replacing a hydrogen at the vinyl position.

Lastly, ("1,!2-

CH2CHC6H4O)Mo(PMe3)3(!2–CH2PMe2), a diamagnetic complex, was isolated (Scheme
12) and structurally characterized (Figure 19), a complex that is analogous to product
obtained from the reaction between W(PMe3)4(!2–CH2PMe2)H and benzofuran, namely
("1,!2-CH2CHC6H4O)W(PMe3)3(!2–CH2PMe2).40
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Scheme 12. Reactivity of Mo(PMe3)6 towards benzofuran.
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Figure 18. Molecular structure of ("1,!2-CH2 CHC6H4O)("1,!2-HC(PMe3)CHC6H4O)Mo(PMe3)2.

Figure 19. Molecular structure of ("1,!2–CH2CHC6H4O)Mo(PMe3)3(!2–CH2PMe2).

The reactivity of Mo(PMe3)6 towards dibenzothiophene was also explored,
allowing for the isolation of (!6-C6H4C6H4O)Mo(PMe3)3, which has been structurally
characterized by X-ray diffraction (Figure 20).

Interestingly, in the Cambridge

Structural Database,29 there are no transition metal dibenzofuran complexes, such that
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(!6-C6H4C6H4O)Mo(PMe3)3 is the first structurally characterized transition metal
dibenzofuran adduct.

It should be noted that a substituted benzodibenzofuran

compound with a [Cr(CO)3] unit coordinated in an !6 fashion to the carbocyclic ring has
been synthesized and structurally characterized.41

Figure 20. Molecular structure of (!6-C6H4C6H4 O)Mo(PMe3)3.

5.8

Reactivity of W(PMe3)4(! 2–CH2PMe2)H and Mo(PMe3)6 towards dihydrofurans
The reactivity of dihydrofurans (2,5-dihydrofuran and 2,3-dihydrofuran)

towards W(PMe3)4(!2–CH2PMe2)H and Mo(PMe3)6 was also investigated. For example,
the dihydrofuryl complex, W(PMe3)4("1-C#-C4H5O)H3 (Figure 22), was isolated by
reaction of W(PMe3)4(!2–CH2PMe2)H towards 2,3-dihydrofuran in the presence of H2 at
60˚C (Scheme 13). The dihydrofuryl complex, W(PMe3)4("1-C#-C4H5O)H3, is structurally
very similar to that of the furyl complex, W(PMe3)4("1-C#-C4H3O)H3, which is illustrated
by the structural overlay in Figure 23. Additionally, the reaction of Mo(PMe3)6 and 2,5dihydrofuran at room temperature produces the compound (!5–C4H5O)Mo(PMe3)3H
(Scheme 14), which was characterized by 1H and 31P{1H} NMR spectroscopy.42 Hence,
(!5–C4H5O)Mo(PMe3)3H is related to (!5–C4H5O)Mo(PMe3)2(!2–CH2PMe2) by formal H2
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addition across the Mo–C bond of the cyclometalated (!2–CH2PMe2) ligand, and this H2
equivalent presumably emanates from the 2,5-dihydrofuran.43
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Figure 21. Isomeric forms of dihydrofurans.
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Figure 22. Molecular structure of W(PMe3)4("1–C –C4H5O)H3.
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Figure 23. Structural overlay of W(PMe3)4("1-C#-C4H5O)H3 (red) and W(PMe3)4("1-C#-C4H3O)H3 (blue).
Methyl groups of the PMe3 ligands are not shown for clarity.

Lastly, several other interesting reactions of Mo(PMe3)6 and W(PMe3)4(!2–
CH2PMe2)H towards dihydrofurans were discovered.

Specifically, treatment of (i)

Mo(PMe3)6 with either isomer of dihydrofuran resulted in the production of, inter alia,
propene33 and Mo(PMe3)5CO (Scheme 15) and (ii) treatment of W(PMe3)4(!2–CH2PMe2)H
with either isomer of dihydrofuran resulted in the production of, inter alia, propene33
and W(PMe3)5CO (Scheme 16) at 60 ˚C. The carbonyl compounds, Mo(PMe3)5CO and
W(PMe3)5CO, were structurally characterized by X-ray diffraction and are shown in
Figures 24 and 25, respectively.

These observations clearly indicate the ability of

molybdenum and tungsten to perform C–O, C–C, and C–H bond activations of
oxygenated compounds.
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Scheme 15. Reactivity of Mo(PMe3)6 with dihydrofurans.
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Scheme 16. Reactivity of W(PMe3)4(!2–CH2PMe2)H towards dihydrofurans.

Figure 24. Molecular structure of Mo(PMe3)5CO.

Figure 25. Molecular structure of W(PMe3)5CO.
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5.9

Reactivity of alcohols towards tungsten and molybdenum trimethylphoshpine

complexes
The Parkin group has previously examined the reactivity of alcohols with
Mo(PMe3)6,44,45 and W(PMe3)4(!2–CH2PMe2)H.46

Furthermore, Parkin and Green

discovered that W(PMe3)4(!2–CH2PMe2)H reacts with methanol to produce an !2formaldehyde complex via dehydrogenation, namely W(PMe3)4(!2-OCH2)H2,47 which
then reacts with H2 to produce the methoxy trihydride complex, W(PMe3)4(OMe)H3
(Scheme 17).48,49 We have now crystallographically characterized the formaldehyde
compound, and its molecular structure is shown in Figure 26.50

Similar reactivity

between ethanol and W(PMe3)4(!2–CH2PMe2)H has been observed (Scheme 17), first
producing the !2-acetaldehyde complex, W(PMe3)4(!2-OCMeH)H2, followed by the
hydrogenated ethoxy trihydride complex, W(PMe3)4(OEt)H3.51 Both complexes, namely
W(PMe3)4(!2-OCMeH)H2 and W(PMe3)4(OEt)H3,52 have been structurally characterized
by X-ray diffraction, and are shown in Figures 26 and 27, respectively.
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Scheme 17. Reactivity of W(PMe3)4(!2–CH2PMe2)H towards methanol and ethanol.

PMe3
H
W
OEt
PMe3

248
Interestingly, there are no metal acetaldehyde complexes listed in the Cambridge
Structural

Database,29

making

W(PMe3)4(!2-OCMeH)H2

the

first

structurally

characterized example of this type. It should be noted, however, that there are reports
of acetaldehyde complexes in the literature, but their molecular structures were not
determined.53 Lastly, W(PMe3)4(OEt)H3 has a similar coordination geometry to that of
the related phenoxide complex W(PMe3)4(OPh)H3, which has been previously
synthesized and structurally characterized by Wilkinson.49

Figure 26. Molecular structures of W(PMe3)4(!2-OCH2)H2 (left) (disorder between the !2-OCH2 unit and
the two hydrides not shown) and W(PMe3)4(!2-OCMeH)H2 (right) (only one disordered configuration of
the !2-OCMeH unit shown).

Figure 27. Molecular structure of W(PMe3)4(OEt)H3.
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5.10 Summary and conclusions
In summary, the reactivity of trimethylphosphine complexes of tungsten and
molybdenum towards organic oxygenated compounds has been investigated. Several
interesting C–O and C–H bond cleavage reactions have been observed for furan,
benzofuran and dihydrofurans, and many of these products have been structurally
characterized, giving insight into the type of coordination chemistry that may be
observed on the surface of a hydrotreating catalyst. Most interestingly, Mo(PMe3)4H4 is
capable of deoxygenating furan to produce propene and carbon monoxide, the latter
being trapped in situ to form the molybdenum carbonyl compound, (!6PhH)Mo(PMe3)2CO.

5.11 Experimental details
5.11.1 General considerations
All manipulations were performed using a combination of glovebox, high vacuum, and
Schlenk techniques under an argon atmosphere unless otherwise specified.54 Solvents
were purified and degassed by standard procedures. 1H NMR spectra were measured
on Bruker 300 DRX, Bruker 400 DRX, and Bruker Avance 500 DMX spectrometers. 1H
chemical shifts are reported in ppm relative to SiMe4 (( = 0) and were referenced
internally with respect to the protio solvent impurity (( 7.16 for C6D5H, 2.09 for C7D7H,
1.38 for C6D11H, and 7.26 for CHCl3).55,56

13

C NMR spectra are reported in ppm relative

to SiMe4 (( = 0) and were referenced internally with respect to the solvent (( 128.06 for
C6D6).55

31

P chemical shifts are reported in ppm relative to 85% H3PO4 (( = 0) and were

referenced using P(OMe)3 (( = 141.0) as an external standard.57 Coupling constants are
given in hertz.

Infrared spectra were recorded on Nicolet Avatar 370 DTGS

spectrometer and are reported in cm-1. Mass spectra were obtained on a Micromass
Quadrupole-Time-of-Flight mass spectrometer using fast atom bombardment (FAB).
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Mo(PMe3)6,58 Mo(PMe3)4H4,59 W(PMe3)4(!2–CH2PMe2)H,60 W(PMe3)5H2,60 W(PMe3)4H4,60
and were prepared by the literature methods.

W(PMe3)3H6 was obtained via the

photochemical reaction of W(PMe3)4H4 with H2.61 Furan, d4-furan, benzofuran, and
crotonaldehyde were purchased from Aldrich and dried over molecular sieves prior to
use. Dibenzofuran was purchased from Aldrich.

5.11.2 X-ray structure determinations
X-ray diffraction data were collected on a Bruker Apex II diffractometer. Crystal data,
data collection and refinement parameters are summarized in the Section 5.12, Table 2.
The structures were solved using direct methods and standard difference map
techniques, and were refined by full-matrix least-squares procedures on F2 with
SHELXTL (Version 6.10).62

5.11.3 Computational details
Calculations were carried out using DFT as implemented in the Jaguar 7.5 (release 207)
suite of ab initio quantum chemistry programs.63 Geometry optimizations were
performed with the B3LYP density functional64 using the 6-31G** (C, H, P and O) and
LACVP (Mo and W) basis sets.65 The energies of the optimized structures were
reevaluated by additional single point calculations on each optimized geometry using
cc-pVTZ(-f) correlation consistent triple-) basis set for C, H, P, and O and LACV3P for
Mo and W.

5.11.4 Synthesis of (" 1,! 2-C4H3O)(" 1-O-C4H5O)W(PMe3)3
W(PMe3)4(!2–CH2PMe2)H (25 mg, 0.04 mmol) was added to an NMR tube equipped
with a J. Young valve. Furan (ca. 71 µL, 0.98 mmol) was added to a vial with d6benzene (ca. 0.7 mL) and this solution was then added to the NMR tube and sealed.
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Integration of the 1H NMR spectrum of this sample indicated that the ratio of
W(PMe3)4(!2–CH2PMe2)H to furan was 1 : 22, respectively. The sample was heated at
60˚C for ~6 hours and monitored by 1H NMR spectroscopy, thereby demonstrating
conversion to ("1,!2-C4H3O)("1-O-C4H5O)W(PMe3)3 as the major product (5 : 1 with
respect to minor product, (!5-C4H5O)W(PMe3)2(!2-CH2PMe2)). The volatile components
were removed via lyopholization and the residue dried in vacuo, giving a dark brown
powder composed of ("1,!2-C4H3O)("1-O-C4H5O)W(PMe3)3, accompanied by ~ 16% (!5C4H5O)W(PMe3)2(!2-CH2PMe2), (12 mg). Based on the ratio of products determined by
1

H NMR integration, the yield of ("1,!2-C4H3O)("1-O-C4H5O)W(PMe3)3 is 41%. Black X-

ray quality crystals of ("1,!2-C4H3O)("1-O-C4H5O)W(PMe3)3 were obtained from a
pentane solution at –15 ˚C.
1

H NMR (C6D6) of ("1,!2-C4H3O)("1-O-C4H5O)W(PMe3)3: 0.63 [vt, 2JP-H = 7, 18H of

W(PMe3)3], 1.53 [d, 2JP-H = 7, 9H of W(PMe3)3], 4.98 [d, 3JH-H = 10, 1H of OCHCHCHCH2],
5.22 [dd, 3JH-H = 18, 2JH-H = 3 1H of OCHCHCHCH2], 5.50 [dd, 3JH-H = 11, 3JH-H = 5 1H of
OCHCHCHCH2], 7.48 [ddd, 3JH-H = 18, 3JH-H = 11, 3JH-H = 10, 1H of OCHCHCHCH2], 8.07
[s, 1H of OC4H3], 8.33 [d, 3JH-H = 5, 1H of OCHCHCHCH2], 9.25 [d, JP-H = 8, 1H of OC4H3],
13.04 [d, JP-H = 12, 1H of OC4H3].

31

P{1H} NMR (C6D6) of ("1-O,!2-C2-C4H3O)("1-O-

C4H5O)W(PMe3)3: -18.6 [s, 2P of W(PMe3)3], -17.8 [s, 1P of W(PMe3)3].

5.11.5 Synthesis of (! 5-C4H5O)W(PMe3)2(! 2-CH2PMe2)
W(PMe3)4(!2–CH2PMe2)H (25 mg, 0.04 mmol) was added to an NMR tube equipped
with a J. Young valve. Furan (ca. 6 µL, 0.08 mmol) was added to a vial with d6-benzene
(ca. 0.7 mL) and this solution was then added to the NMR tube. The tube was sealed,
frozen in liquid nitrogen and pumped on in vacuo to remove the argon atmosphere.
PMe3 (< 0.1 mL) was then vapor transferred into the NMR tube and sealed. Integration
of the 1H NMR spectrum of this sample indicated that the ratio of W(PMe3)4(!2–
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CH2PMe2)H to furan to PMe3 was 1 : 2 : 15, respectively. The sample was then heated at
60˚C for ~17 hours and monitored by 1H NMR spectroscopy, thereby demonstrating
conversion to (!5-C4H5O)W(PMe3)2(!2-CH2PMe2) as the major product (3 : 1 with respect
to minor product, W(PMe3)4H4).

The volatile components were removed via

lyopholization and the residue dried in vacuo, giving a dark red – brown powder
composed of (!5-C4H5O)W(PMe3)2(!2-CH2PMe2), accompanied by ~ 25% W(PMe3)4H4,
(17 mg). Based on the ratio of products determined by 1H NMR integration, the yield of
(!5-C4H5O)W(PMe3)2(!2-CH2PMe2) is 61%.

When crystals of (!5-C4H5O)W(PMe3)2(!2-

CH2PMe2) were trying to be obtained from a pentane solution at –15 ˚C, ["2-O,COC3H2Me]W(PMe3)3(!2–CH2PMe2) and [µ2-"2,"2-(OC3H2Me)2][W(PMe3)3O]2 crystallized
and their structures were determined by X-ray diffraction.
1

H NMR (C6D6) of (!5-C4H5O)W(PMe3)2(!2-CH2PMe2): 0.63 [m, 2H of (!2-

CH2PMe2), tentative due to impurities], 0.90 [d, 2JP-H = 9, 3H of (!2-CH2PMe2)], 0.95 [m, 1H
of OCHCHCHCH2], 1.22 [d, 2JP-H = 6, 9H of (PMe3)2], 1.25 [d, 2JP-H = 10, 3H of (!2CH2PMe2)], 1.35 [d, 2JP-H = 8, 9H of (PMe3)2], 2.45 [m, 1H of OCHCHCHCH2], 3.27 [m, 1H
of OCHCHCHCH2], 4.62 [m, 1H of OCHCHCHCH2], 6.63 [m, 1H of OCHCHCHCH2].
31

P{1H} NMR (C6D6) of (!5-C4H5O)W(PMe3)2(!2-CH2PMe2): -75.2 [dd, 2JP-P = 55, 2JP-P = 3, 1P

of W(!2-CH2PMe2)], -25.7 [dd, 2JP-P = 19, 2JP-P = 3, 1P of W(PMe3)2], -16.6 [dd, 2JP-P = 54, 2JP-P
= 19, 1P of W(PMe3)3]. Mass Spectrum (FAB+): m/z = 480.02 {M+}

5.11.6 Reaction between W(PMe3)4(! 2–CH2PMe2)H and d4–furan in C6D6
W(PMe3)4(!2–CH2PMe2)H (10 mg, 0.02 mmol) was added to an NMR tube equipped
with a J. Young valve. C6D6 (ca. 0.7 mL) was added followed by d4-furan. The sample
was heated at 60 ˚C for 1 day and monitored by 1H NMR spectroscopy, demonstrating
that deuterium incorporation in (!5-C4H5O)W(PMe3)2(!2-CH2PMe2) was in the CH2
group of !5-C4H5O.
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5.11.7 Reaction between W(PMe3)4(! 2–CH2PMe2)H and d4–furan in C6H6
W(PMe3)4(!2–CH2PMe2)H (10 mg, 0.02 mmol) was added to an NMR tube equipped
with a J. Young valve. C6H6 (ca. 0.7 mL) was added followed by d4-furan. The sample
was heated at 60 ˚C for 1 day and monitored by 2H NMR spectroscopy, demonstrating
that hydrogen incorporation in (!5-C4H5O)W(PMe3)2(!2-CH2PMe2) was in the CH2 group
of !5-C4H5O.

5.11.8 Synthesis of W(PMe3)4(" 1-C# -C4H3O)H3
W(PMe3)4(!2–CH2PMe2)H (50 mg, 0.09 mmol) was added to a medium size ampoule.
Benzene (3 mL) was added to the ampoule followed by furan (ca. 0.2 mL). The ampoule
was sealed, frozen in liquid nitrogen and pumped on in vacuo to remove the argon
atmosphere. The solution was allowed to thaw and then was charged with H2 (ca. 1
atm). The ampoule was then heated at 60˚C for 1.5 days. After this period, the solution
was frozen in liquid nitrogen and lyophilized giving a light yellow powder (34 mg). 1H
NMR spectroscopy indicated that 92% converted to W(PMe3)4("1-C#-C4H3O)H3 as the
major product, but a small amount of W(PMe3)3H6 (8%) was also formed. Based on the
ratio of products determined by 1H NMR integration, the yield of W(PMe3)4("1-C #

C4H3O)H3 is 65%. Colorless X-ray quality crystals of W(PMe3)4("1-C#-C4H3O)H3 were
obtained from a pentane solution at –15 ˚C.
1

H NMR (C6D6): –3.76 [m, 2H of WH3], –1.28 [dt, 2JP-H = 76, 2JP-H = 28, 1H of WH3],

1.25 [vt, 3JP-H = 6, 18H of W(PMe3)4], 1.55 [d, 3JP-H = 8, 9H of W(PMe3)4], 1.60 [d, 3JP-H = 7,
9H of W(PMe3)4], 6.44 [s, 1H of OC4H3], 6.50 [d, JH-H = 3, 1H of 1H of OC4H3], 7.80 [d, JH-H
= 2, 1H of 1H of OC4H3].

31

P{1H} NMR (C6D6): -37.6 [dt, 2JP-P = 28, 2JP-P = 20, 1P of

W(PMe3)4], -25.8 [t, 2JP-P = 19, 1JW-P = 175, 2P of W(PMe3)4], -18.8 [dt, 2JP-P = 28, 2JP-P = 19, 1P
of W(PMe3)4]. 13C{1H} NMR (C6D6): 26.2 [vt, 1JP-C = 24, 6C of W(PMe3)4], 29.1 [d, 1JP-C = 23,
3C of W(PMe3)4], 32.2 [d, 1JP-C = 29, 3C of W(PMe3)4], 111.4 [s, 1C of OC4H3], 129.1 [s, 1C
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of OC4H3], 144.8 [s, 1C of OC4H3], 1C not observed. Mass Spectrum (FAB+): m/z =
558.2 {M+}.

5.11.9 Reactivity of W(PMe3)5H2 towards furan
A solution of W(PMe3)5H2 (5 mg, 0.01 mmol) in d6-benzene (ca. 0.7 mL) was treated with
furan (ca. 0.01 mL) and added to an NMR tube equipped with a J. Young valve. The
solution was heated at 80 ˚C for 3 hours, and analyzed by 1H NMR spectroscopy,
thereby demonstrating conversion to W(PMe3)4("1-C#-C4H3O)H3.

5.11.10 Reactivity of W(PMe3)4H4 towards furan
(a) A solution of W(PMe3)4H4 (5 mg, 0.01 mmol) in benzene (ca. 0.7 mL) was treated with
furan (ca. 0.02 mL) and added to an NMR tube equipped with a J. Young valve. The
sample was photolyzed (*max = 350 nm) for 1.5 hours, lyophilized, and then treated with
d6-benzene (ca. 0.7 mL). The sample was analyzed by 1H NMR spectroscopy, thereby
demonstrating

that

W(PMe3)4("1-C#-C4H3O)H3

was

produced,

in

addition

to

W(PMe3)3H6.

(b) A solution of W(PMe3)4H4 (5 mg, 0.01 mmol) in d6-benzene (ca. 0.7 mL) was treated
with furan (ca. 0.02 mL) and added to an NMR tube equipped with a J. Young valve.
The sample was photolyzed (*max = 350 nm) for 1.5 hours, and analyzed by 1H NMR
spectroscopy, thereby demonstrating that (i) deuterium was incorporated (> 95%) into
both the # and $ sites of furan, (ii) W(PMe3)4("1-C#-C4D3O)D3 was produced (based on
comparison of

the

PMe3

resonances of

W(PMe3)3(H/D)6 was produced.

W(PMe3)4("1-C#-C4H3O)H3),

and

(iii)
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5.11.11 Reactivity of W(PMe3)3H6 towards furan
A solution of W(PMe3)3H6 (5 mg, 0.01 mmol) in d6-benzene (ca. 0.7 mL) was treated with
furan (ca. 0.02 mL) and added to an NMR tube equipped with a J. Young valve. The
sample was heated at 60 ˚C for 2 hours, and analyzed by 1H NMR spectroscopy, thereby
demonstrating that (i) deuterium was incorporated (> 90%) into both the # and $ sites
of furan, (ii) W(PMe3)4("1-C#-C4D3O)D3 was produced (based on comparison of the PMe3
resonances of W(PMe3)4("1-C#-C4H3O)H3).

5.11.12 Structural characterization of (" 1,! 2–CH2CHC6H4O)W(PMe3)3(! 2–CH2PMe2)
A solution of W(PMe3)4(!2–CH2PMe2)H (50 mg, 0.09 mmol) in d6-benzene (ca. 0.7 mL)
was treated with benzofuran (ca. 0.1 mL) and added to an NMR tube equipped with a J.
Young valve. The sample was heated at 60˚C for 1 day, lyophilized, extracted into
pentane (1 mL), filtered and then cooled to –15 ˚C, thereby depositing yellow crystals of
("1,!2–CH2CHC6H4O)W(PMe3)3(!2–CH2PMe2) suitable for X-ray diffraction.

5.11.13 Reaction between W(PMe3)4(! 2–CH2PMe2)H and benzofuran in the presence
of H2
A solution of W(PMe3)4(!2–CH2PMe2)H (10 mg, 0.02 mmol) in d6-benzene (ca. 0.7 mL)
was treated with benzofuran (ca. 0.02 mL) and added to an NMR tube equipped with a
J. Young valve. The sample was then charged with H2 (ca. 1 atm) and heated at 60 ˚C for
1 day. Analysis by 1H NMR spectroscopy demonstrated the production of two major
products,

namely

W(PMe3)4("1-C#-CCHOC6H4)H3

and

W(PMe3)4(OC6H4Et)H3.23

Although W(PMe3)4(OC6H4Et)H3 has been previously synthesized,23 we were able to
determine its molecular structure by X-ray diffraction.

Yellow crystals of

W(PMe3)4(OC6H4Et)H3 were grown in a solution of pentane at –15 ˚C.

256
5.11.14 Synthesis of W(PMe3)4(" 1–C# –CCHOC6H4)H3
W(PMe3)5H2 (50 mg, 0.09 mmol) was added to an NMR tube equipped with a J. Young
valve. C6D6 (ca. 0.7 mL) was added to the NMR tube, followed by benzofuran (ca. 10
µL, 0.90 mmol). The solution was heated at 60˚C for 9 hours, and monitored by 1H
NMR spectroscopy, demonstrating conversion to W(PMe3)4("1-C#-CCHOC6H4)H3, in
addition to a small amount of W(PMe3)4H4. After this period, the solution was frozen in
liquid nitrogen and lyophilized giving a dark brown oily substance. The thick oil was
re-dissolved in benzene, and lyophilized again. This was repeated twice in order to
remove all the excess benzofuran, and gave a mustard yellow (powder (47 mg).

1

H

NMR spectroscopy indicated that 85% converted to W(PMe3)4("1-C#-CCHOC6H4)H3 as
the major product, but a small amount of W(PMe3)4H4 (15 %) was also formed. Based
on the ratio of products determined by 1H NMR integration, the yield of W(PMe3)4("1C#-CCHOC6H4)H3 is 76%.

Yellow X-ray quality crystals of W(PMe3)4("1-C#-

CCHOC6H4)H3 were obtained from a pentane solution at –15 ˚C. Anal. Calcd.: C, 39.5%,
H, 7.3%. Found: C, 39.4%, H, 7.1%.
1

H NMR (C6D6) of W(PMe3)4("1–C#–CCHOC6H4)H3: -3.71 [m, 2H of WH3], -1.12

[dt, 2JP-H = 73, 2JP-H = 29, 1H of WH3], 1.19 [vt, 3JP-H = 6, 18H of W(PMe3)4], 1.52 [d, 3JP-H = 7,
9H of W(PMe3)4], 1.64 [d, 3JP-H = 7, 9H of W(PMe3)4], 6.88 [t, 4JP-H = 3, 1H of OC2HC6H4],
7.05 [t, 3JH-H = 8, 1H of OC2HC6H4], 7.16 [under solvent peak, should be triplet, 1H of
OC2HC6H4], 7.45 [d, 3JH-H = 8, 1H of OC2HC6H4], 7.53 [d, 3JH-H = 7, 1H of OC2HC6H4].
31

P{1H} NMR (C6D6): -37.8 [dt, 2JP-P = 26, 2JP-P = 20, 1P of W(PMe3)4], -28.1 [t, 2JP-P = 19, 1JW-P

= 175, 2P of W(PMe3)4], -19.9 [dt, 2JP-P = 26, 2JP-P = 19, 1P of W(PMe3)4].

13

C{1H} NMR

(C6D6): 26.2 [vt, 1JP-C = 24, 6C of W(PMe3)4], 29.1 [d, 1JP-C = 23, 3C of W(PMe3)4], 31.9 [d, 1JPC

= 29, 3C of W(PMe3)4], 108.9 [s, 1C of OC(CH)C6H4, adjacent to ring fusion], 117.6 [s,

1C of OC(CH)C6H4, adjacent to ring fusion], 119.7 [s, 1C of OC(CH)C6H4, meta to ring
fusion], 121.2 [s, 1C of OC(CH)C6H4, meta to ring fusion], 126.0 [s, 1C of OC(CH)C6H4],
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133.2 [s, 1C of OC(CH)C6H4, ring fusion], 161.0 [s, 1C of OC(CH)C6H4, ring fusion], 196.6
[br, 1C of OC(CH)C6H4, carbon bonded to W], peaks assigned are supported with
HSQC and HMBC spectroscopy.

5.11.15 Reactivity of W(PMe3)4H4 towards benzofuran
A solution of W(PMe3)4H4 (5 mg, 0.01 mmol) in benzene (ca. 0.7 mL) was treated with
benzofuran (ca. 0.02 mL) and added to an NMR tube equipped with a J. Young valve.
The sample was photolyzed (*max = 350 nm) for 1.5 hours, lyophilized, and then treated
with d6-benzene (ca. 0.7 mL). The sample was analyzed by 1H NMR spectroscopy,
thereby demonstrating that W(PMe3)4("1-C#-CCHOC6H4)H3 and W(PMe3)4(OC6H4Et)H3
were produced, in addition to W(PMe3)3H6.

5.11.16 Reactivity of W(PMe3)3H6 towards benzofuran
A solution of W(PMe3)3H6 (5 mg, 0.01 mmol) in d6-benzene (ca. 0.7 mL) was treated with
benzofuran (ca. 0.02 mL) and added to an NMR tube equipped with a J. Young valve.
The sample was heated at 60 ˚C for 2 hours, and analyzed by 1H NMR spectroscopy,
thereby

demonstrating

the

production

of

W(PMe3)4("1-C -CCHOC6H4)H3
#

and

W(PMe3)4(OC6H4Et)H3.66

5.11.17 Reaction Between Mo(PMe3)6 and Furan
A suspension of Mo(PMe3)6 (25 mg, 0.04 mmol) in d6-benzene (ca. 0.7 mL) was treated
with furan (ca. 0.1 mL) and added to an NMR tube equipped with a J. Young valve. The
sample was heated at 60 ˚C and monitored by 1H NMR spectroscopy, thereby
demonstrating conversion to, inter alia, ("1,!2-C4H3O)("1-O-C4H5O)Mo(PMe3)3 and (!5C4H5O)Mo(PMe3)2(!2-CH2PMe2).67 The sample was lyophilized, extracted with pentane
(1 mL), filtered and cooled to –15 ˚C, thereby depositing crystals of ("1,!2-C4H3O)("1-O-
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C4H5O)Mo(PMe3)3, which were characterized by X-ray diffraction. The mother liquor
was removed from the crystals, filtered and cooled at –15 ˚C, thereby deposited crystals
of the E isomer of ("1,!2-C4H3O)("1-O-C4H5O)Mo(PMe3)3, which was also characterized
by X-ray diffraction.

5.11.18 Structural characterization of (! 4-OC4H6)2Mo(PMe3)2
A suspension of Mo(PMe3)6 (10 mg, 0.02 mmol) in d6-benzene (ca. 0.7 mL) was treated
with crotonaldehyde (ca. 0.02 mL) and added to an NMR tube equipped with a J. Young
valve. The sample was allowed to sit at room temperature for 1 day, after which period
it was lyophilized, extracted into pentane (ca. 1 mL), filtered and cooled to –15 ˚C,
thereby depositing crystals of (!4-OC4H6)2Mo(PMe3)2, which were structurally
characterized by X-ray diffraction.

5.11.19 Reaction Between Mo(PMe3)4H4 and Furan
Mo(PMe3)4H4 (10 mg, 0.02 mmol), d6-benzene (ca. 0.7 mL) and furan (ca. 0.1 mL) were
added to an NMR tube equipped with a J. Young valve. The sample was heated at 120
˚C for ca. 12 hours, and monitored by 1H NMR spectroscopy, demonstrating that
propene and propane were produced.
compounds, (!6-PhH)Mo(PMe3)368 and

In addition, the molybdenum containing
(!6-PhH)Mo(PMe3)2CO, were also produced.

Yellow X-ray quality crystals of (!6-PhH)Mo(PMe3)2CO were obtained by slow
evaporation of a pentane solution at –15 ˚C.

5.11.20 Structural characterization of compounds derived from reaction of Mo(PMe3)6
towards benzofuran
(a) A suspension of Mo(PMe3)6 (20 mg, 0.04 mmol) in d6-benzene (ca. 0.7 mL) was
treated with benzofuran (ca. 0.03 mL) and added to an NMR tube equipped with a J.
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Young valve. A reaction occurs immediately, based on the color of the mixture and the
observation that the suspension turned into a solution, indicating that there was no
more Mo(PMe3)6. Crystals of ("1,!2-CH2CHC6H4O)Mo("1-C#-CCHOC6H4)(PMe3)3 were
obtained by former graduate student Daniela Buccella.

Crystals of ("1,!2-

CH2CHC6H4O)("1,!2-HC(PMe3)CHC6H4O)Mo(PMe3)2 were obtained from the reaction
mixture in benzene, and characterized by X-ray diffraction.
1

H NMR (C6D6) of ("1,!2CH2CHC6H4O)("1,!2-CHC(PMe3)CHC6H4O)Mo(PMe3)2

(tentative assignment due to paramagnetic nature of compound): –22.9 [9H of PMe3], –
17.9 [9H of PMe3], 3.4 [9H of PMe3]. Mass Spectrum of ("1,!2-CH2CHC6H4O)("1,!2HC(PMe3)CHC6H4O)Mo(PMe3)2 (FAB+): m/z = 563.16 {M+}, m/z = 487.13 {M+ – PMe3},
m/z = 411.10 {M+ – 2 PMe3}.

(b) A suspension of Mo(PMe3)6 (20 mg, 0.04 mmol) in d6-benzene (ca. 0.7 mL) was
treated with benzofuran (ca. 0.03 mL) and added to an NMR tube equipped with a J.
Young valve. The sample was heated at 60 ˚C for ca. 12 hours, after which period the
mixture was lyophilized, extracted with pentane (1 mL), filtered and cooled to –15 ˚C,
thereby depositing crystals of ("1,!2-CH2CHC6H4O)Mo(PMe3)3(!2–CH2PMe2), which
were characterized by X-ray diffraction.

5.11.21 Structural characterization of (! 6-C6H4C6H4O)Mo(PMe3)3
Mo(PMe3)6 (15 mg, 0.03 mmol) and dibenzofuran (5 mg, 0.03 mmol) were added to an
NMR tube equipped with a J. Young valve. The sample was heated at 120 ˚C for ca. 16
hours, after which period the volatile components were removed in vacuo. The dark
solid was then extracted into pentane (ca. 2 mL), filtered and allowed to slowly
evaporate, thereby depositing purple crystals of (!6-C6H4C6H4O)Mo(PMe3)3, which were
structurally characterized by X-ray diffraction.

260
5.11.22 Structural characterization of W(PMe3)4(" 1–C# –C4H5O)H3
A solution of W(PMe3)4(!2–CH2PMe2)H (50 mg, 0.09 mmol) in d6-benzene (ca. 0.7 mL)
was treated with 2,3-dihydrofuran (ca. 0.1 mL). The sample was then charged with H2
and heated at 60 ˚C for ca. 12 hours. Analysis by 1H NMR spectroscopy, indicated the
production of a trihydride compound. The sample was lyophilized, extracted with
pentane (1 mL), filtered and cooled to –15 ˚C, thereby depositing colorless X-ray quality
crystals of W(PMe3)4("1-C#-C4H5O)H3.
1
2

H NMR (C6D6) of W(PMe3)4("1-C#-C4H5O)H3: -4.00 [m, 2H of WH3], -1.49 [dtdt,

JP-H = 75, 2JP-H = 29, 2JP-H = 6, 2JH-H = 6, 1H of WH3], 1.50 [vt, 3JP-H = 6, 18H of W(PMe3)4],

1.53 [d, 3JP-H = 8, 9H of W(PMe3)4], 1.56 [d, 3JP-H = 7, 9H of W(PMe3)4], 2.56 [m, 2H of
OCH2CH2CHC], 4.10 [t,

3

JH-H = 10, 2H of OCH2CH2CHC], 5.00 [m, 1H of

OCH2CH2CHC], peaks assigned are supported with
1

31

P–1H HMBC spectroscopy and

H{31P} selective heteronuclear decoupling spectroscopy.

31

P{1H} NMR (C6D6) of

W(PMe3)4("1-C#-C4H5O)H3: -37.8 [dt, 2JP-P = 29, 2JP-P = 21, 1P of W(PMe3)4], -28.4 [t, 2JP-P =
21, 2P of W(PMe3)4], -20.0 [dt, 2JP-P = 29, 2JP-P = 20, 1P of W(PMe3)4]. 13C{1H} NMR (C6D6) of
W(PMe3)4("1-C#-C4H5O)H3: 26.3 [vt, 1JP-C = 25, 6C of W(PMe3)4], 29.0 [d, 1JP-C = 23, 3C of
W(PMe3)4], 32.1 [d, 1JP-C = 28, 3C of W(PMe3)4], 33.3 [s, 1C of OCH2CH2CHC], 69.2 [d, 4JP-C
= 3, 1C of OCH2CH2CHC], 116.3 [q, 3JP-C = 7, 1C of OCH2CH2CHC], 1C not observed,
peaks assigned are supported with HSQC spectroscopy.

5.11.23 Reaction between Mo(PMe3)6 and 2,5-dihydrofuran
(a) A suspension of Mo(PMe3)6 (10 mg, 0.02 mmol) in d6-benzene (ca. 0.7 mL) was
treated with 2,5-dihydrofuran (ca. 0.02 mL) and added to an NMR tube equipped with a
J. Young valve.

The sample was allowed to stand at room temperature, thereby

demonstrating conversion to (!5–C4H5O)Mo(PMe3)3H.

Ashley Zuzek has recently

crystallographically characterized this compound, confirming its structure.
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1

H NMR (C6D6) of (!5-C4H5O)Mo(PMe3)3H: -8.55 [ddd, 2JP-H = 92, 2JP-H = 61, 2JP-H =

31, 1H of MoH), 0.80 [br, 1H of !5-OCHCHCHCH2], 0.97 [d, 2JP-H = 6, 9H of Mo(PMe3)],
1.23 [d, 2JP-H = 6, 9H of Mo(PMe3)], 1.31 [d, 2JP-H = 7, 9H of Mo(PMe3)], 2.53 [m, 1H of !5OCHCHCHCH2], 4.22 [m, 1H of !5-OCHCHCHCH2], 4.74 [d, 3JH-H = 6, 1H of !5OCHCHCHCH2], 6.58 [s, 1H of !5-OCHCHCHCH2].

31

P{1H} NMR (C6D6) of (!5-

C4H5O)Mo(PMe3)3H: 3.7 [m, 1P of Mo(PMe3)], 5.0 [m, 1P of Mo(PMe3)], 9.6 [m, 1P of
Mo(PMe3)].

(b) A suspension of Mo(PMe3)6 (10 mg, 0.02 mmol) in d6-benzene (ca. 0.7 mL) was
treated with 2,5-dihydrofuran (ca. 0.02 mL) and added to an NMR tube equipped with a
J. Young valve. The sample was heated at 60 ˚C, thereby demonstrating conversion to,
inter alia, propene, Mo(PMe3)5CO69 and (!5–C4H5O)Mo(PMe3)3H.
1

H NMR (C6D6) of Mo(PMe3)5CO: 1.03 [d, 2JP-H = 4, 9H of Mo(PMe3)5], 1.40 [s, 36H

of Mo(PMe3)5].

31

P{1H} NMR (C6D6) of Mo(PMe3)5CO: –19.5 [q, 2JP-P = 25, 1P of

Mo(PMe3)5, trans to CO], –4.6 [d, 2JP-P = 25, 4P of Mo(PMe3)5, cis to CO]

5.11.24 Reaction between Mo(PMe3)6 and 2,3-dihydrofuran
A suspension of Mo(PMe3)6 (10 mg, 0.02 mmol) in d6-benzene (ca. 0.7 mL) was treated
with 2,3-dihydrofuran (ca. 0.02 mL) and added to an NMR tube equipped with a J.
Young valve. The sample was heated at 60 ˚C, thereby demonstrating conversion to,
inter alia, propene and Mo(PMe3)5CO.

5.11.25 Reaction between W(PMe3)4(! 2–CH2PMe2)H and 2,5-dihydrofuran
A solution of W(PMe3)4(!2–CH2PMe2)H (10 mg, 0.02 mmol) in d6-benzene (ca. 0.7 mL)
was treated with 2,5-dihydrofuran (ca. 0.02 mL) and added to an NMR tube equipped
with a J. Young valve.

The sample was heated at 60 ˚C, thereby demonstrating
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conversion to, inter alia, propene and W(PMe3)5CO, which was identified by X-ray
crystallography.

5.11.26 Reaction between W(PMe3)4(! 2–CH2PMe2)H and 2,3-dihydrofuran
A solution of W(PMe3)4(!2–CH2PMe2)H (10 mg, 0.02 mmol) in d6-benzene (ca. 0.7 mL)
was treated with 2,3-dihydrofuran (ca. 0.02 mL) and added to an NMR tube equipped
with a J. Young valve.

The sample was heated at 60 ˚C, thereby demonstrating

conversion to, inter alia, propene and W(PMe3)5CO.

5.11.27 Structural characterization of W(PMe3)4(! 2-OCH2)H2
A solution of W(PMe3)4(!2–CH2PMe2)H (25 mg, 0.04 mmol) in d6-benzene (ca. 0.7 mL)
was treated with MeOH (ca. 0.1 mL) and was added to an NMR tube equipped with a J.
Young valve.

Analysis by

1

H NMR demonstrated immediate conversion to

W(PMe3)4(!2-OCH2)H2. The sample was lyophilized, extracted into pentane (ca. 1 mL),
filtered and cooled to –15 ˚C, thereby depositing crystals of W(PMe3)4(!2-OCH2)H2,
which were structurally characterized by X-ray diffraction.

5.11.28 Structural characterization of W(PMe3)4(! 2-OCMeH)H2
A solution of W(PMe3)4(!2–CH2PMe2)H (25 mg, 0.04 mmol) in pentane (ca. 1 mL) was
treated with EtOH (ca. 0.1 mL) and immediately cooled to –15 ˚C. After several days,
pink crystals of W(PMe3)4(!2-OCMeH)H2•EtOH, which were very sensitive to air, were
deposited and structurally characterized by X-ray diffraction.

5.11.29 Structural characterization of W(PMe3)4(OEt)H3
A solution of W(PMe3)4(!2–CH2PMe2)H (25 mg, 0.04 mmol) in d6-benzene (ca. 0.7 mL)
was treated with EtOH (ca. 0.1 mL) and added to an NMR tube equipped with a J.
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Young valve. The sample was then charged with H2 (ca. 1 atm) and allowed to stand at
room temperature.

After 1 day, analysis by 1H NMR demonstrated conversion to

W(PMe3)4(OEt)H3.

The sample was lyophilized, extracted into pentane (ca. 1 mL),

filtered and cooled to –15 ˚C, thereby depositing crystals of W(PMe3)4(OEt)H3, which
were structurally characterized by X-ray diffraction.
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5.12 Crystallographic data
Table 2. Crystal, intensity collection and refinement data.
(! 2-OCH2)W(PMe3)4H2

(! 2-OCMeH)W(PMe3)4H2

lattice

Monoclinic

Orthorhombic

formula

C13H40OP4W

C16H48O2P4W

520.18

580.27

P2/c

Pbca

a/Å

16.4151(14)

17.4301(13)

b/Å

9.5486(8)

16.5047(12)

c/Å

15.6711(13)

17.8724(13)

#/˚

90

90

$/˚

117.7910(10)

90

+/˚

90

90

2173.0(3)

5141.5(7)

4

8

temperature (K)

125(2)

125(2)

radiation (*, Å)

0.71073

0.71073

, (calcd.) g cm-3

1.590

1.499

µ (Mo K#), mm-1

5.605

4.749

- max, deg.

32.67

30.65

no. of data collected

36770

78495

no. of data

7659

7936

no. of parameters

216

273

R1 [I > 2!(I)]

0.0251

0.0245

wR2 [I > 2!(I)]

0.0512

0.0470

R1 [all data]

0.0367

0.0516

wR2 [all data]

0.545

0.0566

GOF

1.030

1.298

formula weight
space group

V/Å3
Z
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Table 2 (cont). Crystal, intensity collection and refinement data.
W(PMe3)4(OEt)H3

(" 1,! 2-C4H3O)(" 1-O-C4H5O)W(PMe3)3

Orthorhombic

Monoclinic

C14H44OP4W

C17H35O2P3W

formula weight

536.22

548.21

space group

Pna2(1)

Cc

a/Å

12.0173(4)

9.0469(16)

b/Å

14.4460(5)

16.395(3)

c/Å

13.5266(13)

15.243(3)

#/˚

90

90

$/˚

90

90.608(3)

+/˚

90

90

2348.39(13)

2260.8(7)

4

4

temperature (K)

125(2)

125(2)

radiation (*, Å)

0.71073

0.71073

, (calcd.) g cm-3

1.517

1.611

µ (Mo K#), mm-1

5.188

5.328

- max, deg.

32.73

30.50

no. of data collected

38946

12495

no. of data

8240

6420

no. of parameters

205

222

R1 [I > 2!(I)]

0.0145

0.0329

wR2 [I > 2!(I)]

0.0356

0.0646

R1 [all data]

0.0158

0.0413

wR2 [all data]

0.0362

0.0672

GOF

1.038

1.011

lattice
formula

V/Å3
Z
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Table 2 (cont). Crystal, intensity collection and refinement data.
W(PMe3)4(" 1-C# -C4H3O)H3

[" 2-O,C-OC3H2Me]W(PMe3)3(! 2CH2PMe2)

lattice

Monoclinic

Triclinic

formula

C16H42OP4W

C16H40OP4W

formula weight

558.23

556.21

space group

P21/n

P-1

a/Å

9.3202(4)

9.045(2)

b/Å

16.1649(7)

9.228(2)

c/Å

16.1521(7)

15.499(4)

#/˚

90

85.153(4)

$/˚

91.0740(10)

87.990(4)

+/˚

90

62.047(4)

2433.05(18)

1138.6(5)

4

2

temperature (K)

125(2)

125(2)

radiation (*, Å)

0.71073

0.71073

, (calcd.) g cm-3

1.524

1.622

µ (Mo K#), mm-1

5.011

5.354

- max, deg.

30.51

26.39

no. of data collected

38590

17729

no. of data

7432

4658

no. of parameters

223

212

R1 [I > 2!(I)]

0.0144

0.0547

wR2 [I > 2!(I)]

0.0345

0.1244

R1 [all data]

0.0176

0.0655

wR2 [all data]

0.0357

0.1302

GOF

1.026

1.041

V/Å3
Z
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Table 2 (cont). Crystal, intensity collection and refinement data.
[µ 2-" 2," 2(OC3H2Me)2][W(PMe3)3O]2

(" 1,! 2-CH2CHC6H4O)W(PMe3)3(! 2CH2PMe2)

Triclinic

Orthorhombic

C26H64O4P6W2

C20H42OP4W

994.29

606.27

P-1

Pbca

a/Å

9.5478(17)

19.829(11)

b/Å

9.6423(17)

18.770(10)

c/Å

12.211(2)

27.142(15)

#/˚

103.736(2)

90

$/˚

93.439(3)

90

+/˚

110.804(2)

90

V/Å3

1007.8(3)

10102(10)

1

16

temperature (K)

125(2)

200(2)

radiation (*, Å)

0.71073

0.71073

, (calcd.) g cm-3

1.638

1.594

µ (Mo K#), mm-1

5.966

4.835

- max, deg.

30.55

26.37

no. of data collected

27162

114893

no. of data

6123

10318

no. of parameters

183

491

R1 [I > 2!(I)]

0.0392

0.0675

wR2 [I > 2!(I)]

0.0790

0.0980

R1 [all data]

0.0464

0.1910

wR2 [all data]

0.0816

0.1155

GOF

1.038

1.666

lattice
formula
formula weight
space group

Z
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Table 2 (cont). Crystal, intensity collection and refinement data.
W(PMe3)4(" 1-C# -CCHOC6H4)H3

W(PMe3)4(OC6H4Et)H3

lattice

Monoclinic

Monoclinic

formula

C20H44OP4W

C22.50H54OP4W

formula weight

608.28

648.39

space group

P21/n

P21/c

a/Å

9.2779(9)

13.916(2)

b/Å

10.6718(11)

33.829(5)

c/Å

26.780(3)

26.420(4)

#/˚

90

90

$/˚

95.2870(10)

103.779(3)

+/˚

90

90

2640.2(5)

12080(3)

4

16

temperature (K)

125(2)

125(2)

radiation (*, Å)

0.71073

0.71073

, (calcd.) g cm-3

1.530

1.426

µ (Mo K#), mm-1

4.625

4.048

- max, deg.

30.51

28.35

no. of data collected

41622

197346

no. of data

8055

30062

no. of parameters

259

1058

R1 [I > 2!(I)]

0.0186

0.0663

wR2 [I > 2!(I)]

0.0417

0.1557

R1 [all data]

0.0223

0.1095

wR2 [all data]

0.0428

0.1785

GOF

1.033

1.015

V/Å3
Z
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Table 2 (cont). Crystal, intensity collection and refinement data.
W(PMe3)4(" 1-C# -C4H5O)H3

(" 1,! 2-C4H3O)(" 1-OC4H5O)W(PMe3)3 (Z isomer)

lattice

Monoclinic

Monoclinic

formula

C16H44OP4W

C17H35MoO2P3

formula weight

560.24

460.30

space group

P21/n

Cc

a/Å

9.2152(11)

9.012(2)

b/Å

16.296(2)

16.437(4)

c/Å

16.257(2)

15.277(3)

#/˚

90

90

$/˚

91.266(2)

90.655(3)

+/˚

90

90

2440.7(5)

2262.8(9)

4

4

temperature (K)

125(2)

125(2)

radiation (*, Å)

0.71073

0.71073

, (calcd.) g cm-3

1.525

1.351

µ (Mo K#), mm-1

4.996

0.798

- max, deg.

31.51

26.47

no. of data collected

40990

24899

no. of data

8119

2344

no. of parameters

223

221

R1 [I > 2!(I)]

0.0206

0.0579

wR2 [I > 2!(I)]

0.0421

0.1404

R1 [all data]

0.0296

0.0669

wR2 [all data]

0.0449

0.1446

GOF

1.017

1.116

V/Å3
Z
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Table 2 (cont). Crystal, intensity collection and refinement data.
(" 1,! 2-C4H3O)(" 1-OC4H5O)W(PMe3)3 (E isomer)

Mo(PMe3)5CO

Monoclinic

Monoclinic

C17H35MoO2P3

C16H45MoOP5

460.30

504.31

P21/c

P21/n

a/Å

16.0739(14)

9.5943(13)

b/Å

8.9595(8)

16.209(2)

c/Å

16.3513(14)

16.505(2)

#/˚

90

90

$/˚

96.5260(10)

90.426(2)

+/˚

90

90

2339.6(4)

2566.7(6)

4

4

temperature (K)

125(2)

125(2)

radiation (*, Å)

0.71073

0.71073

, (calcd.) g cm-3

1.307

1.305

µ (Mo K#), mm-1

0.771

0.825

- max, deg.

31.56

32.71

no. of data collected

39015

43593

no. of data

7777

8949

no. of parameters

244

224

R1 [I > 2!(I)]

0.0468

0.0457

wR2 [I > 2!(I)]

0.0809

0.1057

R1 [all data]

0.1011

0.0700

wR2 [all data]

0.0960

0.1196

GOF

1.002

1.043

lattice
formula
formula weight
space group

V/Å3
Z
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Table 2 (cont). Crystal, intensity collection and refinement data.
Mo(PMe3)5CO

(! 6-PhH)Mo(PMe3)2CO

lattice

Orthorhombic

Monoclinic

formula

C16H45MoOP5

C13H24MoOP2

formula weight

504.31

354.20

space group

Pnma

P21/c

a/Å

21.915(4)

15.091(2)

b/Å

11.966(2)

9.4093(14)

c/Å

9.5783(19)

12.4116(19)

#/˚

90

90

$/˚

90

113.750(2)

+/˚

90

90

2511.7(9)

1613.1(4)

4

4

temperature (K)

125(2)

125(2)

radiation (*, Å)

0.71073

0.71073

, (calcd.) g cm-3

1.334

1.458

µ (Mo K#), mm-1

0.843

0.996

- max, deg.

32.72

31.93

no. of data collected

41959

26974

no. of data

4677

5515

no. of parameters

153

160

R1 [I > 2!(I)]

0.0222

0.0358

wR2 [I > 2!(I)]

0.0525

0.0720

R1 [all data]

0.0281

0.0624

wR2 [all data]

0.0557

0.0808

GOF

1.045

1.004

V/Å3
Z
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Table 2 (cont). Crystal, intensity collection and refinement data.
(" 1,! 2-CH2CHC6H4O)
Mo(PMe3)3(! 2-CH2PMe2)

(" 1,! 2-CH2CHC6H4O)(" 1,! 2HC(PMe3)CHC6H4O)Mo(PMe3)2

Triclinic

Monoclinic

C20H42MoOP4

C28H43MoO2P3

518.36

600.47

P-1

P21/n

a/Å

9.566(5)

9.2268(13)

b/Å

9.918(5)

26.978(4)

c/Å

14.383(7)

12.1568(17)

#/˚

76.904(7)

90

$/˚

85.410(7)

100.856(2)

+/˚

71.723(7)

90

V/Å3

1261.9(10)

2971.9(7)

2

4

temperature (K)

200(2)

125(2)

radiation (*, Å)

0.71073

0.71073

, (calcd.) g cm-3

1.364

1.342

µ (Mo K#), mm-1

0.781

0.625

- max, deg.

30.53

32.77

no. of data collected

20418

50718

no. of data

7670

10467

no. of parameters

256

336

R1 [I > 2!(I)]

0.0503

0.0411

wR2 [I > 2!(I)]

0.1038

0.0915

R1 [all data]

0.0921

0.0549

wR2 [all data]

0.1171

0.0958

GOF

1.018

1.042

lattice
formula
formula weight
space group

Z
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Table 2 (cont). Crystal, intensity collection and refinement data.
(! 4-OC4H6)2Mo(PMe3)2

(! 6-C6H4C6H4O)Mo(PMe3)3

Monoclinic

Triclinic

C14H30MoO2P2

C21H35MoOP3

formula weight

388.26

492.34

space group

P21/n

P-1

a/Å

10.6896(16)

8.5830(6)

b/Å

10.5998(16)

9.7259(7)

c/Å

15.882(2)

14.2710(11)

#/˚

90

82.8430(10)

$/˚

92.792(2)

86.7470(10)

+/˚

90

88.0610(10)

1797.4(5)

1179.69(15)

4

2

temperature (K)

125(2)

150(2)

radiation (*, Å)

0.71073

0.71073

, (calcd.) g cm-3

1.435

1.386

µ (Mo K#), mm-1

0.905

0.767

- max, deg.

30.51

32.02

no. of data collected

26640

20518

no. of data

5476

7972

no. of parameters

180

244

R1 [I > 2!(I)]

0.0273

0.0312

wR2 [I > 2!(I)]

0.0556

0.0663

R1 [all data]

0.0382

0.0419

wR2 [all data]

0.0601

0.0705

GOF

1.008

1.029

lattice
formula

V/Å3
Z
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Table 2 (cont). Crystal, intensity collection and refinement data.
W(PMe3)5CO
lattice

Monoclinic

formula

C16H45OP5W

formula weight

592.22

space group

P21/n

a/Å

9.587(2)

b/Å

16.179(4)

c/Å

16.496(4)

#/˚

90

$/˚

90.572(3)

+/˚

90

V/Å3
Z

2558.6(10)
4

temperature (K)

125(2)

radiation (*, Å)

0.71073

, (calcd.) g cm-3

1.537

µ (Mo K#), mm-1

4.830

- max, deg.

32.03

no. of data collected

43792

no. of data

8810

no. of parameters

224

R1 [I > 2!(I)]

0.0322

wR2 [I > 2!(I)]

0.0697

R1 [all data]

0.0504

wR2 [all data]

0.0775

GOF

1.038
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CHAPTER 6

Synthesis of the first transition metal complexes that feature a [CCC] X3-donor
pincer ligand
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6.1

Introduction
Ligand design is of fundamental interest in synthetic inorganic chemistry,1 and

those which bind to a metal with a !3–tridentate meridional (i.e. T-shaped) motif (Figure
1) have been termed “pincer” ligands. Pincer ligands are an important class of ligands
that have received much attention in areas such as (i) fundamental chemical
transformations involving bond activation, (ii) catalysis, (iii) sensors, (iv) switches and
(v) supramolecular chemistry.2 A large array of such ligands are known and, in many
cases, the backbone features 6-membered aromatic rings that either contain the central
A donor (Figure 1, II) or serve as a linker to the lateral B donors (Figure 1, III). This type
of arrangement enforces planarity with respect to the coordination sphere around the
metal center, especially when two 5-membered chelate rings are formed. One of the
reasons for the widespread applications of pincer ligands is that it is possible to vary the
steric and electronic nature of the ligand. Thus, tuning the ligand system can effectively
modulate the properties of the metal center. In this regard, pincer ligands are known
for each of the L3, L2X, LX2 and X3 Covalent Bond Classifications,3 which provides a
clear indication of the electronic variations that may be achieved within this system of
ligands.2 Furthermore, pincer ligands may incorporate a variety of donor atoms, of
which [NCN] and [PCP] are common examples.2

B

B
A

M

A

M

Figure 1. Pincer Ligand Motifs.
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M
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B

B
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B
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III

IV
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Notably absent from the large collection of known pincer ligands for transition
metals, however, are those that feature a planar [CCC] X3-donor array,4,5,6 an observation
that may reflect synthetic difficulties. We rationalized that access to an X3-donor [CCC]
pincer ligand could be achieved by cyclometalation of a terphenyl derivative.7,8 In this
regard, organometallic compounds containing !1-m-terphenyl ligands ([ArPh2]) (Figure
2) have received considerable attention over the past several decades due to the steric
protection provided by the flanking aryl rings, common examples of which are [ArMes2]
and [ArDipp2] (Figure 2).9 Indeed, structurally characterized compounds of the generic
formula [!1-m-terphenyl]M are known for almost half of the metals in groups 3 through
12, including: Sc,10 Y,10,11 Ti,12 Cr,13 Mn,13d,14 Fe,13d,14a-f,15 Co,13d,14b-d,16 Cu,17 Ag,17a,18 Au,19 Zn,20
Cd,20a,21 Hg,20a,22 as depicted in Figure 3. This chapter describes the synthesis of the first
terphenyl ([ArTol2]) (Figure 2) complex of tantalum and its subsequent cyclometalation
chemistry that allows the synthesis of the first transition metal complex with a [CCC]
X3-donor pincer ligand.

M

[ArPh2]M

M

[ArMes2]M

M

[ArDipp2]M

Figure 2. Examples of [!1-m-terphenyl] ligands and their common abbreviations.

M

[ArTol 2]M
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Figure 3. [!1-m-terphenyl]M compounds of groups 3 through 12 (blue = compounds structurally
characterized by X-ray diffraction, red = compounds not yet known by X-ray diffraction).

6.2

Trimethyldichlorotantalum: TaMe3Cl2
In 1964, Juvinall reported the first synthesis of a #-bonded alkyl compound of

tantalum, namely trimethyldichlorotantalum, TaMe3Cl2,23,24 in the reaction of TaCl5 and
Me2Zn (Scheme 1).25 TaMe3Cl2 has proven to be a valuable synthetic precursor for a
large variety of d0 tantalum compounds.26 Moreover, TaMe3Cl2 has been the subject of
several studies, including gas phase electron diffraction,27 photoelectron spectroscopy, 28
and density functional theory (DFT) calculations.28 Despite this interest, however, the
molecular structure of TaMe3Cl2 has not been determined by X-ray diffraction.
Cl
TaCl5

Me2Zn

Me

Ta

Me
Me

Cl

Scheme 1. Synthesis of TaMe3Cl2

We suspect that a possible reason for the absence of a single crystal X-ray
diffraction study on TaMe3Cl2 is its thermal instability and its high reactivity towards
air and water.23 We were, however, able to obtain pale yellow X-ray quality crystals of
TaMe3Cl2 by either (i) cooling a saturated solution of TaMe3Cl2 in pentane at –15 ˚C29 or
(ii) by subliming the product of the reaction between TaCl5 and Me2Zn into a vessel
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maintained at 0 ˚C. The molecular structure is shown in Figure 4, and reveals a welldefined trigonal bipyramidal geometry with axial chloride ligands and Cl–Ta–C and C–
Ta–C bond angles of 90˚ and 120˚, respectively. The derived bond lengths (Table 1) are
similar to those of the gas phase molecular structure of TaMe3Cl2 as determined by
electron diffraction.27 Additionally, the axial placement of the more electronegative
chloride ligands in TaMe3Cl2 is in accord with Hoffman’s analysis of five-coordinate
transition metal compounds.30

Figure 4: Molecular Structure of TaMe3Cl2 (the hydrogen atoms are placed in idealized positions and only
one of the disordered configurations is shown).

Table 1. Comparison of Ta–Me and Ta–Cl bond lengths of TaMe3Cl2 in the solid state and gas phase.
d(Ta–Me)/Å

d(Ta–Cl)/Å

reference

solid state

2.117(5)

2.312(2)

29

gas phase

2.158(5)

2.317(3)

27

Although five-coordinate tantalum compounds are known to adopt idealized
structures that are trigonal bipyramidal and square pyramidal,31,32 there are no TaMe3X2
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derivatives listed in the Cambridge Structural Database33 that possesses a trigonal
bipyramidal geometry with bond angles of 90˚, 120˚ and 180˚. It should be noted,
however, that the idealized bond angles for TaMe3Cl2 are dictated by the fact that the
tantalum atom resides on a site of 6 m2 symmetry in space group P63/mmc. Conversely,
if the tantalum were to be slightly displaced from the plane of the three methyl groups
towards one of the chloride ligands, the X–Ta–X bond angles would not be exactly 90˚
and 120˚. In such a case, the molecule would be statistically disordered about the 6 m2
site.

Although the shape of the thermal ellipsoid of the tantalum or other atoms

provides no indication for such disorder, it is not unprecedented for disorder of this
type to go unrecognized;34 as such, the possibility exists that the coordination
environment of TaMe3Cl2 is not rigorously trigonal bipyramidal, but is only
approximately so. In this regard, DFT calculations predict a slight distortion, with C–
Ta–Cl bond angles of 88˚ and 92˚ rather than 90˚.28,35,36 In contrast to the trigonal
bipyramidal nature of TaMe3Cl2, it is interesting to note that the pentamethyl complex,
TaMe5, adopts a structure that is better described as a square-pyramid.37
For comparison, the metrical data for other structurally characterized TaMe3X2
compounds are summarized in Table 2, and are largely restricted to complexes in which
X is an oxygen donor ligand.

Specific examples include the aryloxide derivatives

TaMe3(OAr)2 synthesized by Rothwell38 and an enolate derivative, TaMe3[OC(Ad)Ar]2,
synthesized by Cummins.26p Each of these complexes adopts a trigonal bipyramidal
geometry, as does the mixed siloxide-chloride derivative TaMe3[OSi(o-Tol)3]Cl.39 In
addition to these methyl compounds, other five-coordinate organotantalum compounds
that adopt trigonal bipyramidal geometries include Ta(CH2-p-Tol)3F2,40 Ta(CH2-pTol)3(OC6Ph2H3)2,41 and Ta(CH2SiMe3)3(OC6Ph2Pri2H)2.42 In line with TaMe3Cl2, the more
electronegative ligands in complexes above also occupy the axial sites.30 Conversely,
[!2-PhAs(CH2SiMe2NPh)2]TaMe3 is better described as a square-pyramid, but contains a
bidentate ligand.26b
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Table 2. Metrical data for TaMe3X2 compounds.
d(Ta–C)/Å

X–Ta–X/˚

reference

2.117(5)

180

this work

2.136(10), 2.138(10), 2.248(10)

164.1(2)

38

TaMe3(OC6 H2But2OMe)2

2.150(8), 2.169(8), 2.219(8)

167.2(2)

38b

TaMe3[OSi(o-Tol)3]Cl

2.107(7), 2.143(8), 2.169(8),

177.8(2)

39

TaMe3[OC(Ad)Ar]2

2.137(5), 2.139(4), 2.150(5)

175.76(10)

26p

TaMe5

2.073(14)apical, 2.150(7)basal

–

37

[!2-PhAs(CH2SiMe2NPh)2]TaMe3

2.176(2), 2.189(2), 2.223(2)

111.44(7)

26b

TaMe3Cl2
TaMe3(OC6 H3But2)2

6.3

Synthesis and molecular structure of Ta(PMe3)2Me3Cl2
In view of the fact that TaMe3Cl2 has a formal 10-electron configuration, it is

known to be capable of forming adducts with Lewis bases, such as pyridine and
dimethoxyethane.43 However, only one such adduct has been structurally characterized
by X–ray diffraction, namely Ta(bipy)Me3Cl2 (bipy = 2,2’-bipyridine), which features a
bidentate ligand.44 Therefore, it is noteworthy that a pale yellow solution of TaMe3Cl2 in
pentane reacts immediately with trimethylphosphine to deposit the bright yellow,
crystalline, seven-coordinate complex, Ta(PMe3)2Me3Cl2 (Scheme 2), which has been
structurally characterized by X-ray diffraction (Figure 5).45

Figure 5. Molecular Structure of Ta(PMe3)2Me3Cl2.
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Scheme 2. Synthesis of Ta(PMe3)2Me3Cl2.

Comparison of the molecular structures of TaMe3Cl2 and Ta(PMe3)2Me3Cl2 (Table
3) indicates that coordination of the two PMe3 ligands results in a distinct lengthening
of both the Ta–Me and Ta–Cl bond lengths. Thus, the average Ta–Me bond length in
Ta(PMe3)2Me3Cl2 (2.23 Å) is 0.11 Å longer than that in TaMe3Cl2 (2.12 Å) and the average
Ta–Cl bond length in Ta(PMe3)2Me3Cl2 (2.45 Å) is 0.14 Å longer than that in TaMe3Cl2
(2.31 Å). The Ta–P bond lengths [2.6711(7) Å and 2.6758(7) Å] are comparable to the
mean value for trimethylphosphine tantalum compounds listed in the Cambridge
Structural Database (2.61 Å).33

Table 3. Comparison of Ta–Me and Ta–Cl bond lengths of TaMe3Cl2 and Ta(PMe3)2Me3Cl2.

TaMe3Cl2
Ta(PMe3)2Me3Cl2

d(Ta–Me)/Å

d(Ta–Cl)/Å

2.117(5)

2.312(2)

2.219(3), 2.233(2), 2.240(3)

2.4501(7), 2.4588(6)

Seven-coordinate structures are often described as being based on one of three
idealized high symmetry structures, namely (i) a pentagonal bipyramid (D5h, 1:5:1), (ii) a
capped octahedron (C3v, 1:3:3), and (iii) a capped trigonal prism (C2v, 1:4:2), as illustrated
in Figure 6.46 In addition to these high symmetry geometries, there is also a lower
symmetry alternative, namely a tetragonal base-trigonal cap geometry, also known as a
4:3 piano stool, (Cs, 4:3) (Figure 6).46,47 Although compounds that feature a 4:3 piano
stool are not as common as those that are described as pentagonal bipyramidal, capped
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octahedral and capped trigonal prismatic, a variety of such complexes is known, as
originally highlighted by Lippard.48,49

pentagonal bipyramid
(D5h, 1:5:1)

capped octahedron
(C3v, 1:3:3)

capped trigonal prism
(C2v, 1:4:2)

tetragonal base-trigonal cap
(Cs, 4:3)

Figure 6. Idealized geometries of seven-coordinate compounds.

Of these idealized seven-coordinate geometries, the molecular structure of
Ta(PMe3)2Me3Cl2 bears little relationship to that of the pentagonal bipyramid,50 but can
be approximately represented as either (i) a capped octahedron, in which a methyl
group [C2] caps the trigonal face comprising a PMe3 and two methyl groups [P1,C1,C3],
(ii) a capped trigonal prism in which [P2] of a PMe3 ligand caps a quadrilateral face that
comprises two methyl groups and two chloride ligands [C1,C3,Cl1,Cl2], or (iii) a 4:3
piano stool in which the combination of the two PMe3 and two Cl ligands form the
tetragonal base (albeit not in the same plane) and the three methyl groups form the
trigonal cap. Views of Ta(PMe3)2Me3Cl2 that illustrate these different possibilities are
shown in Figure 7.
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Figure 7. Views of Ta(PMe3)2Me3Cl2 that illustrate the possible capped octahedron (left), capped trigonal
prism (center) and 4:3 piano stool (right) structural representations. For the capped octahedron, C2 caps
the [P1,C1,C3] trigonal face; for the capped trigonal prism, P2 caps the [C1,C3,Cl1,Cl2] quadrilateral face;
while for the 4:3 piano stool, [P1,P2,Cl1,Cl2] forms the tetragonal base and [C1,C2,C3] forms the trigonal
cap.

With respect to these alternatives, the molecular structure of Mo(PEt3)2(CO)3Cl2,51
a seven-coordinate compound that also possesses two PR3 ligands and two chloride
ligands has been described as possessing a capped octahedral structure.

For

Ta(PMe3)2Me3Cl2, however, the capped octahedral description is not particularly
satisfactory because, neglecting the capping [C2] methyl group, the remaining sixcoordinate fragment is grossly distorted from that of an octahedral geometry. For
example, the P–Ta–P bond angle [146.85(2)˚] deviates substantially from linearity. On
this basis, the capped trigonal prism would be the better description.
The notion that Ta(PMe3)2Me3Cl2 is best described as capped trigonal prism is
supported by consideration of the interligand bond angles.

Specifically, a simple

method that has been employed for identifying the best description for a sevencoordinate complex involves listing the 21 interligand bond angles in order of
decreasing size and comparing the values with those for idealized geometries.48c The
bond angles for the various geometries are listed in Table 4, from which it is apparent
that the average deviation in angle between the calculated and observed structures
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increases in the sequence: capped trigonal prism (3.2˚) < 4:3 piano stool (4.4˚) < capped
octahedron (5.8˚) < pentagonal bipyramid (10.9˚).
Interestingly, while the molecular structure of the bipyridyl analogue,
Ta(bipy)Me3Cl2,44 is also described as a distorted capped trigonal prism (Figure 8), the
detailed structure is very different from that of Ta(PMe3)2Me3Cl2. Specifically, whereas
the structure of Ta(PMe3)2Me3Cl2 is based on a PMe3 ligand capping a quadrilateral face
that comprises two methyl groups and two chloride ligands, the structure of
Ta(bipy)Me3Cl2 is based on a chloride ligand capping a quadrilateral face composed of a
methyl group, a chloride ligand and the two nitrogen atoms of the bipy ligand.44 The
distinctly different structures of Ta(PMe3)2Me3Cl2 and Ta(bipy)Me3Cl2 is undoubtedly a
consequence of the fact that the bipy ligand coordinates with a small N–Ta–N bond
angle [68.2(8)˚]. In contrast, the seven-coordinate tantalum trimethyl compound [!4N2P2-PhP(CH2SiMe2NSiMe2CH2)2PPh]TaMe3 has also been described as possessing a
capped trigonal prismatic geometry (Figure 8),26k but one that is much more similar to
that of Ta(PMe3)2Me3Cl2 than to Ta(bipy)Me3Cl2. For example, the P–Ta–P bond angle of
PhP(CH2SiMe2NSiMe2CH2)2PPh]TaMe3

[143.00(3)˚]

is

comparable

to

that

of

Ta(PMe3)2Me3Cl2 [146.85(2)˚] and for both complexes a phosphorus donor serves to cap
the quadrilateral face.

Figure 8. Different capped trigonal prism structures of Ta(bipy)Me3Cl2 (left, reference 44) and [!4-N2P2PhP(CH2SiMe2NSiMe2CH2)2PPh]TaMe3 (right, reference 26k), of which the latter is similar to that of
Ta(PMe3)2Me3Cl2. The Cl ligand marked with an asterisk (Cl*) is disordered with a methyl group.
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Table 4. X–Ta–Y bond angles (˚) for Ta(PMe3)2Me3Cl2 and comparison with the values for idealized sevencoordinate geometries.a
Angle#
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21

Exp
156.5
154.3
146.9
138.2
126.1
125.4
124.8
120.1
98.7
88.7
81.9
81.8
80.8
80.4
78.2
77.8
76.3
75.6
74.9
74.7
74.5

PBb
180.0
144.0
144.0
144.0
144.0
144.0
90.0
90.0
90.0
90.0
90.0
90.0
90.0
90.0
90.0
90.0
72.0
72.0
72.0
72.0
72.0

COb
160.0
160.0
160.0
130.0
130.0
130.0
108.9
108.9
108.9
83.1
83.1
83.1
82.0
82.0
82.0
82.0
82.0
82.0
70.0
70.0
70.0

CTPb
164.0
164.0
144.2
144.2
119.0
119.0
118.8
118.8
99.0
99.0
83.7
83.7
80.3
80.3
78.8
78.6
75.2
75.2
75.0
75.0
71.5

4:3b
170.0
153.6
153.6
130.8
130.8
120.0
120.0
108.8
108.8
89.4
89.4
83.1
83.1
83.1
75.5
75.5
75.5
75.5
73.3
73.3
70.0

$|Exp – ideal|
$|Exp – ideal|(average)

|Exp–PB|
23.5
10.3
2.9
5.8
17.9
18.6
34.8
30.1
8.7
1.3
8.1
8.2
9.2
9.6
11.8
12.2
4.3
3.6
2.9
2.7
2.5

|Exp–CO|
3.5
5.7
13.1
8.2
3.9
4.6
15.9
11.2
10.2
5.6
1.2
1.3
1.2
1.6
3.8
4.2
5.7
6.4
4.9
4.7
4.5

|Exp–CTP|
7.5
9.7
2.7
6.0
7.1
6.4
6.0
1.3
0.3
10.3
1.8
1.9
0.5
0.1
0.6
0.8
1.1
0.4
0.1
0.3
3.0

|Exp–4:3|
13.5
0.7
6.7
7.4
4.7
5.4
4.8
11.3
10.1
0.7
7.5
1.3
2.3
2.7
2.7
2.3
0.8
0.1
1.6
1.4
4.5

229.0
10.9

121.4
5.8

67.9
3.2

92.5
4.4

(a) Abbreviations: Exp (experimental), PB (pentagonal bipyramid), CO (capped octahedron), CTP
(capped trigonal prism) and 4:3 (4:3 piano stool).
(b) Values for idealized structures are taken from reference 48c.

6.4

1

H NMR spectroscopic features of Ta(PMe3)2Me3Cl2
The 1H NMR spectroscopic features of Ta(PMe3)2Me3Cl2 have also been analyzed.

For example, at room temperature, the 1H NMR spectrum in d8-toluene consists of two
signals in the ratio 1:2, namely a singlet at 1.38 attributable to the tantalum methyl
groups and a doublet at 1.22 attributable to the PMe3 groups (Figure 9). Thus, while the
X-ray diffraction study of Ta(PMe3)2Me3Cl2 indicates that there are two sets of
chemically inequivalent tantalum methyl groups in the ratio 2:1, 1H NMR spectroscopic
studies indicate that the molecule is fluxional such that the tantalum methyl groups are
observed as a singlet at room temperature (Figure 9). The absence of JP-H coupling for
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the tantalum methyl groups at room temperature implies that Ta(PMe3)2Me3Cl2
undergoes facile and reversible dissociation of PMe3.52 Lowering the temperature to –30
˚C, however, causes the rate of PMe3 dissociation to become sufficiently slow that
phosphorus coupling is observed and the signal attributable to the tantalum methyl
groups becomes a 1:2:1 triplet while the signal due to the PMe3 ligands become a virtual
triplet (Figure 9). Upon further lowering of the temperature to –70 ˚C, the triplet
attributable to the tantalum methyl groups starts to broaden, presumably indicative of
the onset of decoalescence into a 2:1 set of chemically inequivalent methyl groups.
Fluxionality of seven-coordinate trimethyl tantalum compounds has been previously
reported. For example, 2:1 ratios for the methyl groups have been observed by Arnold
for [!2-TolC(NSiMe3)2]2TaMe326d and for [!4-N2P2-PhP(CH2SiMe2NSiMe2CH2)2PPh]TaMe3
by Fryzuk,26k although the 2:1 ratio for the latter remains broad at temperatures as low
as –93 ˚C.

Figure 9. Variable temperature 1H NMR spectra of Ta(PMe3)2Me3Cl2 in d8-toluene (*). The presence of a
small quantity of a compound tentatively identified as Ta(PMe3)2Me2Cl3 (ca. 3 %) is indicated by the
signals marked (‡). While the Ta–Me signal of Ta(PMe 3)2Me2Cl3 is evident at room temperature, the PMe3
signal is only observed at low temperature.
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6.5

Reactivity of TaMe3Cl2 with [ArTol2]Li
Treatment of TaMe3Cl2 with [ArTol2]Li results in an immediate reaction, from

which [ArTol2]TaMe3Cl can be isolated (Scheme 3). [ArTol2]TaMe3Cl, however, exhibits
limited stability in solution and converts to, inter alia, [ArTol2]TaMe2Cl2. It is postulated
that the mechanism for the decomposition of [ArTol2]TaMe3Cl to [ArTol2]TaMe2Cl2 is via a
redistribution process, which produces [ArTol2]TaMe2Cl2 and [[ArTol2]TaMe4], the latter of
which is unstable and decomposes to give the %-hydrogen eliminated products
methane and [ArTol2]H, both of which are observed by 1H NMR spectroscopy. 53 In
accord with this behavior, Schrock demonstrated that treatment of TaNp3Cl2 (Np =
neopentyl) with NpLi (2 equivalents) produces the neopentylidene complex,
TaNp3(=CHCMe3), instead of the pentaalkyl complex, TaNp5, a process that is proposed
to occur via %-hydrogen abstraction.54 Additionally, Schrock has also reported that the
pentaalkyls, TaMe5 and TaBn5 (Bn = benzyl), decompose by an %-hydrogen atom
abstraction mechanism.55
The molecular structures of both [ArTol2]TaMe3Cl and [ArTol2]TaMe2Cl2 have been
determined by X–ray diffraction (Figures 10 and 11, respectively), thereby
demonstrating that while [ArTol2]TaMe2Cl2 is an approximate trigonal bipyramid (with
axial Cl substituents), the structure of [ArTol2]TaMe3Cl is distorted towards a square
pyramidal geometry. The most interesting structural features of [ArTol2]TaMe3Cl and
[ArTol2]TaMe2Cl2, however, pertains to the fact that the tantalum atom in each of these
complexes is displaced substantially from the plane of the aryl ligand.56 Specifically, the
Ta–Cipso–Cpara angles in [ArTol2]TaMe3Cl (145.1˚) and [ArTol2]TaMe2Cl2 (157.1˚) deviate
considerably from 180˚, as illustrated by the views in Figures 10 and 11.
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Scheme 3. Synthesis of [ArTol2]TaMe3Cl.

Figure 10. Molecular structure of [ArTol2]TaMe3Cl.

Figure 11. Molecular structure of [ArTol2]TaMe2Cl2.

Me
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Since tantalum phenyl compounds do not exhibit distortions of this
magnitude,33,57,58 the unusual displacement of tantalum from the respective aryl planes
in [ArTol2]TaMe3Cl and [ArTol2]TaMe2Cl2 may be attributed to increased steric interactions
between the tolyl groups and the equatorial methyl substituents that would result if the
tantalum were to reside in the aryl plane. In support of this notion, density functional
theory geometry optimization calculations on the phenyl counterparts, PhTaMe3Cl and
PhTaMe2Cl2, predict structures in which the tantalum lies in the aryl planes (Figure 12),
with Ta–Cipso–Cpara angles of 179.4˚ and 179.9˚, respectively, whereas nonplanar
geometries that are in accord with the experimental structures are predicted for
[ArTol2]TaMe3Cl (153.3˚) and [ArTol2]TaMe2Cl2 (157.2˚).

Furthermore, the geometry

optimized structure of PhTaMe3Cl reproduces the distortion towards a square
pyramidal geometry that is observed for [ArTol2]TaMe3Cl, thereby suggesting that the
square pyramidal distortion is not due to steric factors.

Figure 12. Geometry optimized structures of PhTaMe3 Cl (left) and PhTaMe2Cl2 (right).

It is also relevant to note that !1-terphenyl compounds do not typically exhibit a
displacement of the metal from the aryl plane.59 For example, the Yb–Cipso–Cpara angle in
five-coordinate [ArNap2]Yb(THF)2Cl2 and [ArMes2]Yb(THF)2Cl2 are 180.0˚ and 172.4˚,
respectively.60,61

Likewise, six coordinate [ArMes2]Yb(THF)3Cl2 exhibits a normal

coordination mode with a Yb–Cipso–Cpara angle of 176.3˚.61

Distortions of the type

observed for [ArTol2]TaMe3Cl and [ArTol2]TaMe2Cl2 have, nevertheless, been observed in
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compounds that feature two terphenyl ligands, as illustrated by [ArPh2]2Yb(THF)2, which
has Yb–Cipso–Cpara angles of 147.6˚ and 161.9˚,62 and [ArPh2]2Eu(THF)2, which has Eu–
Cipso–Cpara angles of 145.4˚ and 159.9˚.63,64

Additionally, a bis-terphenyl complex of

tantalum, namely [ArTol2]2Ta(NMe2)3, has also been synthesized (see Chapter 7) and
exhibits similar distortions in one of the [ArTol2] ligands, having Ta–Cipso–Cpara angles of
154.5˚ and 177.3˚.

6.6

Synthesis and structural characterization of tantalum complexes that feature a

[CCC] X3-donor pincer ligand
While the reaction of TaMe3Cl2 with [ArTol2]Li produced [ArTol2]TaMe3Cl,
treatment of a bright yellow solution of Ta(PMe3)2Me3Cl2 in benzene with [ArTol2]Li
produces the [CCC] X3-donor pincer complex [!3-ArTol’2]Ta(PMe3)2MeCl (Tol’ = C6H3Me),
as illustrated in Scheme 4.65,66

Additionally, [!3-ArTol’2]Ta(PMe3)2MeCl can also be

synthesized by treating [ArTol2]TaMe3Cl with PMe3; thus, cyclometalation of the [ArTol2]
ligand occurs in the presence of PMe3. In this regard, the ability of PMe3 to induce
alkane elimination in Ta(V) compounds by %-H abstraction has been previously noted.67
Solutions of [!3-ArTol’2]Ta(PMe3)2MeCl undergo ligand redistribution with the
formation of [!3-ArTol’2]Ta(PMe3)2Me2 and [!3-ArTol’2]Ta(PMe3)2Cl2. In order to try and
isolate pure [!3-ArTol’2]Ta(PMe3)2Me2, [!3-ArTol’2]Ta(PMe3)2MeCl was treated with Me2Zn;
however, this resulted in the formation of an equilibrium mixture of [!3ArTol’2]Ta(PMe3)2Me2 and [!3-ArTol’2]Ta(PMe3)2MeCl.

Contrasting Me2Zn, addition of

MeLi to [!3-ArTol’2]Ta(PMe3)2MeCl caused overalkylation, forming an anionic complex,
tentatively identified as [!3-ArTol’2]Ta(PMe3)Me3]–Li+.68 Fortunately, the Grignard reagent
MeMgBr

irreversibly

alkylated

[!3-ArTol’2]Ta(PMe3)2MeCl

ArTol’2]Ta(PMe3)2Me2 in good yield (Scheme 5).

once,

producing

[!3-
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In view of the fact that Me2Zn only formed equilibrium mixtures of [!3ArTol’2]Ta(PMe3)2Me2 and [!3-ArTol’2]Ta(PMe3)2MeCl, it was postulated that a suitable
reagent towards the synthesis of the dichloride complex, [!3-ArTol’2]Ta(PMe3)2Cl2 is
ZnCl2.

Indeed, addition of a suspension of anhydrous ZnCl2 in Et2O to [!3-

ArTol’2]Ta(PMe3)2MeCl allows for the isolation of [!3-ArTol’2]Ta(PMe3)2Cl2 (Scheme 5).69 It
should also be noted that the redistribution reaction was confirmed to be an
equilibrium; thus, treatment of [!3-ArTol’2]Ta(PMe3)2Me2 with [!3-ArTol’2]Ta(PMe3)2Cl2
produces the methylchloride complex, [!3-ArTol’2]Ta(PMe3)2MeCl.
Cl

Me

Me
Me

Ta

[ArTol2]Li

Me
Ta

Me

Me

Cl

Cl
PMe3

Me

Me3P

Me Me

Me
[ArTol2]Li
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Ta
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Me3P

Scheme 4. Synthesis of [!3-ArTol’2]Ta(PMe3)2MeCl.
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Scheme 5. Redistribution of [!3-ArTol’2]Ta(PMe3)2MeCl and syntheses of [!3-ArTol’2]Ta(PMe3)2Me2 and [!3ArTol’2]Ta(PMe3)2Cl2.
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The molecular structures of [!3-ArTol’2]Ta(PMe3)2MeCl, [!3-ArTol’2]Ta(PMe3)2Me2,
and [!3-ArTol’2]Ta(PMe3)2Cl2 have been determined by X–ray diffraction and demonstrate
the !3-planar binding mode of the pincer ligand, as illustrated in Figures 13 – 15,
respectively. [!3-ArTol’2]Ta(PMe3)2MeCl is shown from two different views in Figure 16,
in order to show the pseudo T-shape geometry of the tantalum center and the high
degree of planarity of the [!3-ArTol’2] ligand. The two PMe3 ligands bind in such a
manner that the P–Ta–P plane is approximately orthogonal to the plane of the pincer
ligand, while the methyl and chloride ligands are oriented such that the X–Ta–Y plane
(X = Me, Cl; Y = Me, Cl) approximately bisects the P–Ta–P and pincer planes. As such,
[!3-ArTol’2]Ta(PMe3)2Me2 and [!3-ArTol’2]Ta(PMe3)2Cl2 possess molecular C2 symmetry.

Figure 13. Molecular structure of [!3-ArTol’2]Ta(PMe3)2MeCl.

Figure 14. Molecular structure of [!3-ArTol’2]Ta(PMe3)2Me2.
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Figure 15. Molecular structure of [!3-ArTol’2]Ta(PMe3)2Cl2.

Figure 16. Views of [!3-ArTol’2]Ta(PMe3)2MeCl showing pseudo T-shape geometry of tantalum (left) and the
high degree of planarity of the [!3-ArTol’2] ligand (right).

With respect to the binding of the pincer ligand, the three Ta–Ar bond lengths in
each complex are very similar (Table 5) and are comparable to the Ta–[ArTol2] bond
lengths in both [ArTol2]TaMe3Cl and [ArTol2]TaMe2Cl2. Furthermore, these values are
comparable to the mean bond length of 2.23 Å for structurally characterized tantalum
phenyl compounds listed in the Cambridge Structural Database.33

In view of the

similarity in bond lengths, it would appear that there is little strain associated with the
!3-coordination mode, a notion that is endorsed by the fact that the Ta–C–C angles in
the pincer complexes are also close to the idealized value of 120˚ (Figure 17).
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Table 5. Ta–C bond lengths pertaining to coordination of [ArTol2] and [!3-ArTol’2] ligands.a
Ta–Ccent/Å

Ta–Clat#1/Å

Ta–Clat#2/Å

[!3-ArTol’2]Ta(PMe3)2Me2

2.200(5)

2.230(5)

2.243(5)

[!3-ArTol’2]Ta(PMe3)2Cl2

2.227(4)

2.207(3)

2.207(3)

[!3-ArTol’2]Ta(PMe3)2MeCl

2.190(3)

2.230(3)

2.227(3)

[!3-ArTol’2]Ta(PMe3)2("6-C6H6)

2.243(2)

2.356(2)

2.362(2)

[ArTol2]TaMe3Cl

2.116(3)

–

–

[ArTol2]TaMe2Cl2

2.139(2)

–

–

(a) cent = central carbon, lat = lateral carbon.

Figure 17. Bond lengths and angles in [!3-ArTol’2]Ta(PMe3)2MeCl.

6.7

NMR spectroscopic properties of [! 3-ArTol’2]Ta(PMe3)2Me2
The

NMR

spectroscopic

properties

of

the

dimethyl

complex

[!3-

ArTol’2]Ta(PMe3)2Me2 (Figure 18) are particularly interesting. For example, while the
31

P{1H} NMR spectrum of [!3-ArTol’2]Ta(PMe3)2Me2 is a singlet, indicative of chemically

equivalent PMe3 ligands, the

13

C{1H} NMR signal for the PMe3 ligands has the

appearance of an approximate doublet of triplets (Figure 19), rather than either a
doublet (as observed for [!3-ArTol’2]Ta(PMe3)2Cl2, vide infra) or a virtual triplet.70 In
addition, the

13

C{1H} NMR signal of the tantalum methyl groups does not appear as
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either a binomial 1:2:1 triplet or a doublet of doublets due to coupling to the two
phosphorus nuclei, but rather appears as a non-binomial triplet with an intensity ratio
of 1:13.7:1 (Figure 20, left). On the other hand, the corresponding 13C{1H} NMR signal
for the isotopically enriched isotopologue [!3-ArTol’2]Ta(PMe3)2(13CH3)2 exhibits an
irregular five line pattern (Figure 20, right), as does the 31P{1H} NMR spectrum of [!3ArTol’2]Ta(PMe3)2(13CH3)2 (Figure 21, right).71

Figure 18. Molecular structure of [!3-ArTol’2]Ta(PMe3)2Me2 showing C2 symmetry.

Figure 19.

13

C{1H} NMR signal for the PMe3 ligands of [!3-ArTol’2]Ta(PMe3)2Me2.
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Figure 20.

13

C{1H} NMR signals for the tantalum methyl ligands of natural abundance [!3-

ArTol’2]Ta(PMe3)2Me2 (left) and 13C labeled [!3-ArTol’2]Ta(PMe3)2(13CH3)2 (right).

Figure 21. 31P{1H} NMR signals for natural abundance [!3-ArTol’2]Ta(PMe3)2Me2 (left) and 13C labelled [!3ArTol’2]Ta(PMe3)2(13CH3)2 (right).
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The various spectra have been analyzed in detail and the unusual features of the
tantalum methyl region of the 13C{1H} NMR spectrum are associated with the fact that
the two 2JPC coupling constants have an equal magnitude but are of opposite sign. In
this regard, the tantalum methyl groups of natural abundance [!3-ArTol’2]Ta(PMe3)2Me2
are a component of an AA’X spin system (where A = phosphorus and X = carbon), such
that the 13C{1H} NMR spectrum would be composed of a maximum of five lines (Figure
22a).72,73 The overall appearance of the AA’X spectrum, however, depends on the values
of JAX, JA’X, and JAA’. For example, it is well established that such spectra have a first
order appearance (i.e. a 1:2:1 virtual triplet for X) if |JAA’| >> |JAX|, |JA’X|; under such
conditions the line spacing is the average coupling constant, i.e. ½(JAX + JA’X). The
observation of a triplet does not, however, require that |JAA’| is significantly larger than
|JAX| and |JA’X|. Specifically, a triplet may also be observed if JAX = –JA’X, regardless of
the magnitude of |JAA’|. However, for such a situation, the intensity ratio of the triplet
is not 1:2:1, and the line spacing does not correspond to a single coupling constant, but
is rather [(JAA’2 + JAX2)]½.72

Thus, the observation of a non-binomial triplet for the

tantalum methyl groups in the

13

C{1H} NMR spectrum of natural abundance [!3-

ArTol’2]Ta(PMe3)2Me2 (Figure 20, upper left) is a consequence of the two 2JPC coupling
constants having equal, but opposite, values, as illustrated by the simulation for 2JPP =
|13.7| and 2JPC = ± 8.0 Hz (Figure 20, lower left). More complicated patterns are
observed if |JAX| ≠ |JA’X|, and the sensitivity of the X spectrum as a function of varying
JA’X is illustrated in Figure 23. On the basis of this simulation, it is evident that one
could encounter situations where the signal has the approximate appearance of a
binomial triplet (e.g. JAX’ = 6 or 10), but the derived coupling constant would be
erroneous.
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Figure 22: AA’X spectra for different sets of coupling constants (Hz): (a) a five line pattern, (b) a binomial
triplet pattern, when J AX = JA’X (i.e. A2 X spectra, line spacing = |J AX|), (c) a virtual triplet pattern, when JAA’
>> |JAX|, |J A’X| (line spacing = ½(JAX + JA’X), (d) a non-binomial triplet pattern, when J AX = –JA’X (line
spacing = [(JAA’)2 + (JAX)2]½).

Figure 23. AA’X simulation (X spectrum) as a function of JA’X for fixed JAA’ (13.7 Hz) and JAX (8.0 Hz). A
non-binomial 1:13.7:1 triplet results when JA’X = –8.0 Hz (red), as compared to a binomial 1:2:1 triplet
when JA’X = 8.0 Hz (blue); A = phosphorus and X = carbon.
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The tantalum methyl region of the

13

C{1H} NMR spectrum of isotopically

enriched [!3-ArTol’2]Ta(PMe3)2(13CH3)2 is a 5 line pattern with an intensity ratio
1:4.7:11.4:4.7:1 (Figure 20, right). The latter spectrum is more complicated than that of
the natural abundance version (Figure 20, left) because the spin system is now
AA’XX’,74 rather than AA’X. An AA’XX’ spectrum gives a maximum of 10 lines for
each set of nuclei, but this reduces to five lines if JAX = –JA’X and JAA’ (or JXX’) = 0.73
Accordingly, the 13C{1H} and 31P{1H} NMR spectra of [!3-ArTol’2]Ta(PMe3)2(13CH3)2 may be
simulated satisfactorily with the parameters 2JPP = |13.7| Hz, 2JPC = 8.0 Hz and –8.0 Hz,
and 2JCC = 0.0 Hz.75,76
As indicated above, the unusual appearance of the tantalum methyl signals in
the 13C{1H} NMR spectra is a consequence of the two 2JPC coupling constants being of
equal magnitude but opposite sign. In this regard, it is well known that 2JXY coupling
constants in metal complexes vary with interligand bond angles. For example, the
magnitude of 2JPP in metal phosphine compounds is often used to assign a trans versus
cis stereochemistry by virtue of the fact that trans 2JPP coupling constants are generally
larger in magnitude than cis coupling constants; furthermore, the former are positive
and the latter negative.77 By comparison, there are fewer studies pertaining to 2JCC
coupling constants, but it has been observed that cis 2JCC coupling constants may be an
order of magnitude smaller than trans coupling constants, and are often not observed.78
In view of this angular dependence of 2JPP and 2JCC coupling constants, it is not
unreasonable that the substantially different P–Ta–C angles [75.1(1)˚ and 135.1(1)˚] for
[!3-ArTol’2]Ta(PMe3)2Me2 would give rise to significantly different 2JPC coupling constants.
Returning to the observation of a singlet in the

31

P{1H} NMR spectrum of [!3-

ArTol’2]Ta(PMe3)2Me2, but the appearance of an approximate doublet of triplets for the
PMe3 groups in the 13C{1H} NMR spectrum (Figure 19), the latter is reconciled by the
fact that the presence of a single 13C nucleus causes the phosphorus atoms of the two
PMe3 ligands to become chemically inequivalent due to a secondary isotope effect.79,80
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As such, the

13

C{1H} NMR signal for the PMe3 ligands corresponds to an ABX spin

system81 and the observed spectrum can be simulated by &'PP = 0.022 ppm,82 2JPP =
|13.7| Hz, 1JPC = |21.4| and 3JPC = 0.0 Hz.83,84 The impact of &'PP on the appearance of
the spectrum is illustrated by the simulation shown in Figure 24 in which 2JPP (13.7 Hz),
1

JPC (21.4 Hz) and 3JPC (0.0 Hz) are fixed. Further evidence for a secondary isotope effect

causing the phosphorus nuclei to become chemically inequivalent was obtained by
treating [!3-ArTol’2]Ta(PMe3)2MeCl with (13CH3)MgI•(Et2O)1.5, which gave a statistical
mixture

of

isotopologues,

ArTol’2]Ta(PMe3)2(13CH3)2

(25

namely
%),

[!3-ArTol’2]Ta(PMe3)2(12CH3)2

(25

and [!3-ArTol’2]Ta(PMe3)2(12CH3)(13CH3)

%),

[!3-

(50

%).

Specifically, analysis of the 31P{1H} (Figure 25) and 13C{1H} (Figure 26) spectra indicate
that the isotopologues have slightly different chemical shifts, based on the asymmetry
of the signals.

Figure 24. ABX simulation (X spectrum) as a function of &'AB for fixed JAB (13.7 Hz), JAX (21.4 Hz) and JBX
(0.0 Hz); A = phosphorus, B = phosphorus and X = carbon.

312

Figure 25. 31P{1H} NMR signals for the tantalum methyl ligands of [!3-ArTol’2]Ta(PMe3)2Me2, as a mixture
of isotopologues.

Figure 26. 13C{1H} NMR signals for the tantalum methyl ligands of [!3-ArTol’2]Ta(PMe3)2Me2, as a mixture
of isotopologues.
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It is interesting to note that, in contrast to [!3-ArTol’2]Ta(PMe3)2Me2, the
corresponding 13C{1H} NMR spectrum of the dichloride [!3-ArTol’2]Ta(PMe3)2Cl2 has the
appearance of a doublet for the PMe3 ligands (Figure 27). Despite its appearance,
however, the spectrum may be simulated with the parameters &'PP = 0.022 ppm,85 2JPP =
|3.0| Hz, 1JPC = |27.8| and 3JPC = 0.0 Hz (Figure 27). The fact that it appears as a
doublet, rather than a complex 6 line pattern similar to that for [!3-ArTol’2]Ta(PMe3)2Me2,
may be attributed to the smaller (but non-zero) value of 2JPP, which is presumably a
consequence of the fact that the P–Ta–P angle of [!3-ArTol’2]Ta(PMe3)2Cl2 [139.49(3)˚] is
smaller than that of [!3-ArTol’2]Ta(PMe3)2Me2 [144.77(4)˚].77 In this regard, the sensitivity
of the appearance of the 13C{1H} NMR spectrum to 2JPP is illustrated by the simulation
shown in Figure 28, for which &'PP (0.022 ppm), 1JPC (21.4 Hz) and 3JPC (0.0 Hz) are fixed
with values for [!3-ArTol’2]Ta(PMe3)2Me2.

Figure 27. 13C{1H} NMR signal for the PMe3 ligands of [!3-ArTol’2]Ta(PMe3)2Cl2.
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Figure 28. ABX simulation (X spectrum) as a function of JAB for fixed &'AB (0.022 ppm), JAX (21.4 Hz) and
JBX (0.0 Hz); A = phosphorus, B = phosphorus, X = carbon.

Finally, the 1H NMR spectrum of [!3-ArTol’2]Ta(PMe3)2Me2 also exhibits some
interesting features.

For example, while irradiation typically results in spectral

simplification, irradiation at the proton frequency of the PMe3 ligands results in the
appearance of additional coupling in the 1H NMR signal for the tantalum methyl groups
of [!3-ArTol’2]Ta(PMe3)2Me2.

Specifically, upon irradiation, the doublet takes on the

appearance of a “filled-in” doublet (Figure 29). A similar “filled-in” doublet pattern is
also observed for the tantalum methyl groups of the [!3-ArTol’2]Ta[P(CD3)3]2Me2
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isotopologue (Figure 29) and so it is evident that the simpler “doublet” appearance of
the non-irradiated spectrum is a result of a small 5JHH coupling between the PMe3 and
TaMe hydrogen atoms, which serves to broaden the features of the “filled-in” doublet.
A summary of the coupling constants is shown in Table 6.

Figure 29. 1H NMR signals for the tantalum methyl groups of [!3-ArTol’2]Ta(PMe3)2Me2 (left), [!3ArTol’2]Ta(PMe3)2Me2 upon selective decoupling of the 1H signals of the PMe3 ligands (center) and the
isotopologue [!3-ArTol’2]Ta[P(CD3)3]2Me2 (right).
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Table 6. Coupling Constant Data for [!3-ArTol’2]Ta(PMe3)2Me2 for spectra obtained on a 400.13 MHz (1H)
NMR spectrometer.
[CX(HX)3]3PX
CA(HA)3
Ta
CA'(HA')3
[CX'(HX')3]3PX'

CA

CA’

CX

CX’

PX

PX’

HA

HA’

HX

CA

-a

CA’

0

-a

CX

-a

-a

-a

CX’

-a

-a

-a

-a

PX

8.0b

(8.0b

21.4c

0

-a

PX’

(8.0b

8.0b

0

21.4c

13.7c

-a

HA

116.8e

-

-

-

12.21c

(0.10d

-a

HA’

-

116.8e

-

-

(0.10d

12.21c

2.00d

-a

HX

-

-

129.8e

-

7.26d

0.10d

0.10d

0.10d

-a

HX’

-

-

-

129.8e

0.10d

7.26d

0.10d

0.10d

0c

HX’

-a

(a) A dash (-) indicates that the coupling constant was not included in the simulation.
(b) The signs of the coupling constants may be mutually interchanged with no effect on the simulation.
(c) The simulation does not depend on the sign of these coupling constants.
(d) The JHX coupling constants listed correspond to the final simulations. It should be noted, however,
that small variations of these coupling constants give rise to similar simulated spectra.
(e) 1JCH are invariably positive [Multinuclear NMR Mason, J. (Ed.) Plenum Press, New York, 1987].

6.8

Mechanism for the formation of [! 3-ArTol’2]Ta(PMe3)2MeCl
The mechanism for formation of [!3-ArTol’2]Ta(PMe3)2MeCl is of interest in view of

(i) the geometrical constraints, and (ii) the several bond cleavages, which are involved in
construction of the pincer ligand. One mechanistic possibility for creation of the pincer
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ligand from a [ArTol2]Ta(PMe3)xMe3Cl species involves a pair of Ar–H/Ta–Me sigmabond metathesis (SBM) transformations, as illustrated in Scheme 6 (in which the PMe3
ligands are omitted for clarity). A second possibility involves elimination of methane
by an %–H abstraction process to generate a methylidene (Ta=CH2) species, that
subsequently reacts with the Ar–H bond by a formal 1,2-addition process. For example,
it was previously shown that (ArO)2TaMe3 (Ar = C6H3But2) thermally eliminates
methane by a sigma-bond metathesis (SBM) process to give the cyclometalated complex
(ArO)(!2-OC6H3ButCMe2CH2)TaMe2,

whereas

under

photochemical

conditions

(ArO)2TaMe3 eliminates methane via %–H abstraction to give the methylidene complex
(ArO)2Ta(CH2)Me;

the

latter

complex

subsequently

converts

to

(ArO)(!2-

OC6H3ButCMe2CH2)TaMe by 1,2-addition of a methyl C–H bond.8,86,87,88 Furthermore,
Bercaw has proposed that both sigma-bond metathesis and %–H abstraction processes
operate in the elimination of toluene from Ti[(OC6H2-2-But-4-Me)2C6H3](CH2Ph)2.6a
H

CD3
[Ta]

CD3
CD3 –CD3H
CD3

[Ta]

SBM

Cl

–CD3H

CD3 SBM

Cl

H

[Ta]

Cl

H
–CD4

H

CD3

!–H abstraction

CD3

CD3

CD3-xHx

1,2–add.

[Ta]

–CD4-xHx

[Ta]

CD2

Cl
H

CD2H !–H abs.

Cl
H

or
SBM

[Ta]

Cl
x = 0, 1, 2

[Ta] = Ta(PMe3)n (n = 0 – 2)

Scheme 6. Sigma-bond metathesis (SBM) and %-hydride abstraction mechanisms for formation of [!3ArTol’2]Ta(PMe3)2MeCl.
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In order to distinguish which type of mechanism is occurring in our system, the
reaction of the deuterated isotopologue Ta(PMe3)2(CD3)3Cl2 with [ArTol2]Li was
investigated (see Section 6.15.6 for synthesis of Ta(CD3)3Cl2 and Ta(PMe3)2(CD3)3Cl2).
Significantly, the reaction selectively generates CD3H and [!3-ArTol’2]Ta(PMe3)2(CD3)Cl,
both of which are inconsistent with a mechanism that involves %–H abstraction.89 For
example, an %–H abstraction reaction would require both elimination of CD490 and a
degree of incorporation of 1H into the tantalum methyl group (Scheme 6). Conversely,
elimination of methane by a sigma-bond metathesis process would liberate only CD3H
and result in no incorporation of 1H into the TaMe group. Thus, the observations of (i)
CD3H formation (coupled with the absence of CD4) and (ii) no 1H incorporation into the
tantalum methyl group, provide convincing evidence that the pincer ligand is created
by a pair of Ar–H/Ta–Me sigma-bond metathesis (SBM) transformations.

6.9

Reactions of [! 3-ArTol’2]Ta(PMe3)2X2 (X = Me, Cl) towards small molecules
Initial reactivity studies have been carried out in order to ascertain the ability of

the [CCC] X3-donor pincer platform, [!3-ArTol’2], to serve as a ligand for small molecule
activation chemistry. For example, treatment of [!3-ArTol’2]Ta(PMe3)2Cl2 with KC8 in
benzene resulted in the formation of [!3-ArTol’2]Ta(PMe3)2("6-C6H6) (Scheme 7),
presumably a reaction that proceeds via the trivalent intermediate [[!3-ArTol’2]Ta(PMe3)2].
[!3-ArTol’2]Ta(PMe3)2("6-C6H6) has been structurally characterized by X-ray diffraction, as
shown in Figure 30.

Despite the fact that the first tantalum benzene complex,

Ta("6-C6H6)2, was reported in 1981,91 and a variety of other tantalum arene compounds
have also been synthesized,92 there are no structurally characterized tantalum benzene
complexes listed in the Cambridge Structural Database.33,93 A notable feature of [!3ArTol’2]Ta(PMe3)2("6-C6H6) is that the "6-C6H6 ligand does not coordinate in a planar
symmetric manner, but is puckered, with a fold angle of 17.1˚ at C1•••C4, such that two
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of the Ta–C bonds [Ta–C(1) = 2.317(2) Å and Ta–C(4) = 2.318(2) Å] are 0.15 Å shorter
than the average for the other four carbon atoms (2.463 Å).94 Furthermore, the C–C
bond lengths of the benzene ring vary, with C(2)–C(3) and C(5)–C(6) (average of 1.373
Å) being significantly shorter than the bonds to C(1) and C(4) (average of 1.436 Å). The
localization of the single and double bonds, together with the variation of the Ta–C
bond lengths, suggests that the benzene is better described as an L2X2 1,4cyclohexadienediyl ligand (Figure 31).3,95,96

As such, [!3-ArTol’2]Ta(PMe3)2("6-C6H6) is

better classified as a d0 ML4X5 complex, rather than as a d2 ML5X3 derivative.
Me3P

Me3P
Cl
KC8/C6H6

Ta

Ta

Cl
Me3P

Scheme 7. Synthesis of [!3-ArTol’2]Ta(PMe3)2("6-C6H6).

Figure 30. Molecular structure of [!3-ArTol’2]Ta(PMe3)2("6-C6H6).

Me3P
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[M]
Figure 31. The L2X2 1,4-cyclohexadienediyl ligand.

In accord with the formulation as a d0 Ta 1,4-cyclohexadienediyl derivative,
analysis of the Fenske-Hall molecular orbitals97 indicates that the HOMO of [!3ArTol’2]Ta(PMe3)2("6-C6H6) is a Ta–("6-C6H6) bonding orbital, rather than a metal based
nonbonding orbital that is required for a d2 description. Specifically, as illustrated in
Figure 32, the HOMO represents a '-interaction between a tantalum dxy orbital98 and one
component of the benzene LUMO e2u set; a molecular orbital diagram for [!3ArTol’2]Ta(PMe3)2("6-C6H6) which illustrates this interaction is shown in Figure 33.

Figure 32. HOMO of [!3-ArTol’2]Ta(PMe3)2("6-C6H6).
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6p

6s

5d
xy

dxy
z2, x2!y2

2 CAr
1 CAr
2 PMe3

x2!y2

xz, yz

Figure 33. Qualitative molecular orbital diagram for [!3-ArTol’2]Ta(PMe3)2("6-C6H6), with the '-interaction
between the tantalum dxy orbital (blue) and one component of the benzene LUMO e2u set (red) shown in
grey box.
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The reactivity of [!3-ArTol’2]Ta(PMe3)2Cl2 towards carbon monoxide was also
studied, allowing for the isolation of [!2,"2-ArTol’,Tol(Me3PCO)]Ta(PMe3)Cl2 and ["2,"2ArTol(CO),Tol(Me3PCO)]Ta(PMe3)2Cl2 (Scheme 8);99,100,101 both complexes have been structurally
characterized by X-ray diffraction and their molecular structures are shown in Figures
34 and 35, respectively.
Cl

Me3P

Me3P

Cl
PMe3, CO

Ta

PMe3
Cl
Ta
O O

Me3P
O

PMe3

+

Ta

Cl
Me3P

Scheme 8. Reactivity of [!3-ArTol’2]Ta(PMe3)2Cl2 with PMe3 and CO.

Figure 34. Molecular structure of [!2,"2-ArTol’,Tol(Me3PCO)]Ta(PMe3)Cl2.

Cl
Cl

PMe3

323

Figure 35. Molecular structure of ["2,"2-ArTol(CO),Tol(Me3PCO)]Ta(PMe3)2Cl2.

Two possible mechanisms for the formation of the insertion products obtained
upon addition of

CO to [!3-ArTol’2]Ta(PMe3)2Cl2 (Scheme

8),

namely [!2,"2-

ArTol’,Tol(Me3PCO)]Ta(PMe3)Cl2 and ["2,"2-ArTol(CO),Tol(Me3PCO)]Ta(PMe3)2Cl2, are illustrated in
Scheme 9. For example, insertion of CO to one Ta–Tol’ bond, followed by attack of
PMe3 on the carbonyl (Scheme 9, right pathway) would give [!2,"2-ArTol’,Tol(Me3PCO)]Ta(PMe3)Cl2. The formation of ["2,"2-ArTol(CO),Tol(Me3PCO)]Ta(PMe3)2Cl2 is, however, more
complicated. For example, one possibility is that after [!2,"2-ArTol’,Tol(Me3PCO)]Ta(PMe3)Cl2
is formed, another CO insertion occurs followed by bond migrations and addition of
PMe3 (Scheme 9, right pathway).102 Another option is, nevertheless, that after formation
of the first acyl intermediate (Scheme 9, top left), the Ta–Ar bond migrates to the
carbonyl, which then reacts with another equivalent of CO and PMe3 to produce ["2,"2ArTol(CO),Tol(Me3PCO)]Ta(PMe3)2Cl2 (Scheme 9, left pathway).
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O

O
CO
insertion

[Ta]

[Ta]

CO
insertion

[Ta]

PMe3
PMe3

PMe3

Me3P

O

O
[Ta]

[Ta]

PMe3
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[Ta] = Ta(PMe3)Cl2
Methyl groups on tolyl rings not shown

[Ta]

O
[Ta]
O

PMe3
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Me3P

O
PMe3

[Ta]
O

PMe3
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Scheme 9. Possible mechanisms of formation of [!2,"2-ArTol’,Tol(Me3PCO)]Ta(PMe3)Cl2 and ["2,"2ArTol(CO),Tol(Me3PCO)]Ta(PMe3)2Cl2 (isolated products are bolded for clarity).

O
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O
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Another interesting compound was isolated from the reaction of [!3ArTol’2]Ta(PMe3)2Cl2 towards KC8 in the presence of ethylene, namely [!3-ArTol’2]Ta(PMe3)2(!2-C4H8) (Scheme 10), which has been structurally characterized by X-ray
[!3-ArTol’2]Ta(PMe3)2(!2-C4H8) is formally obtained by the

diffraction (Figure 36).

coupling of two ethylene molecules and the tantalum center,103,104,105 but likely proceeds
via the production of a metallacyclopropane, followed by a 1,2-insertion of ethylene.106
Me3P

Me3P
Cl
KC8

Ta

Ta

ethylene
Cl

Me3P

Me3P

Scheme 10. Reactivity of [!3-ArTol’2]Ta(PMe3)2Cl2 with ethylene and KC8.

Figure 36. Molecular structure of [!3-ArTol’2]Ta(PMe3)2(!2-C4H8).

Another compound was isolated from the reaction of neopentyllithium (NpLi)
with [!3-ArTol’2]Ta(PMe3)2MeCl (Scheme 11). Specifically, addition of excess NpLi to [!3ArTol’2]Ta(PMe3)2MeCl

forms

the

neopentyl

neopentylidene

complex,

[[!3-

ArTol’2]Ta(PMe3)Np(=CHCMe3)][LiPMe3], which has been structurally characterized by
X-ray diffraction (Figure 37).

The most interesting feature of [[!3-ArTol’2]-
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Ta(PMe3)Np(=CHCMe3)][LiPMe3] is the presence of the lithium atom that is interacting
with the metallacyclopentadiene )-system of the pincer ligand. It should, however, be
noted that lithium )-arene complexes are known.107 For example, a close analogue is the
previously synthesized nickel compound, [CpNi(!2-C12H8)][Li•DME], in which the
lithium atom is also bound to the metallacyclopentadiene moiety.107a Furthermore, a
related lithium-tantalum complex , namely [Cp*Ta(NAr)2Cl][LiOEt2] (Ar = 2,6-C6H3Pri2),
has been structurally characterized by Wigley.108
Me3P

Me3P

Me
NpLi

Ta

C

Li

Ta

Cl
Me3P

Me3P

Scheme 11. Reactivity of [!3-ArTol’2]Ta(PMe3)2MeCl with neopentyllithium.

Figure 37. Molecular structure of [[!3-ArTol’2]Ta(PMe3)Np(=CHCMe3)][LiPMe3].

H
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6.10 Niobium chemistry
Juvinall also reported the synthesis of the first #-bonded alkyl complex of
niobium, namely NbMe3Cl2.23,109,110

Therefore, studies were carried out in order to

determine if a niobium complex supported by a [CCC] X3-donor pincer ligand could
also be synthesized.

6.11 Molecular structure of NbMe3Cl2
The crystal structure of NbMe3Cl2 has been previously described in the literature
in the noncentrosymmetric space group P63mc; this space group was selected based on
the authors’ DFT calculations that predict a slightly distorted trigonal bipyramid
geometry.35

In view of the almost identical unit cell parameters of NbMe3Cl2 and

TaMe3Cl2 (TaMe3Cl2 crystallizes in the centrosymmetric space group P63/mmc, see
Section 6.2), the molecular structure of NbMe3Cl2 was reinvestigated. Interestingly, it
was determined that the structure of NbMe3Cl2 refined better in the centrosymmetric
space group P63/mmc, compared with the reported noncentrosymmetric space group of
P63mc. Thus, it is proposed that even though DFT calculations predict that NbMe3Cl2
adopts a slightly distorted trigonal bipyramidal geometry, the best solid-state crystal
structure description is in space group P63/mmc, with a rigorous trigonal bipyramidal
geometry. The centrosymmetric structure of NbMe3Cl2 is shown in Figure 38.
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Figure 38. Molecular Structure of NbMe3Cl2 (the hydrogen atoms are placed in idealized positions and
only one of the disordered configurations is shown).

6.12 Reactivity of NbMe3Cl2
NbMe3Cl2 is significantly less stable in solution compared with TaMe3Cl2, making
it more difficult to handle. For example, a solution of NbMe3Cl2 in d6-benzene produces
methane and a fine black precipitate within minutes.111

In accord with these

observations, there are only three compounds, including NbMe3Cl2, in the Cambridge
Structural Database33 with the [NbMe3] fragment,35,112 compared with 33 for that of
tantalum, .i.e. [TaMe3].
Addition of PMe3 to NbMe3Cl2 resulted in the formation of a blood red solution,
and it was determined that the major product was Nb(PMe3)2Me3Cl2 (Scheme 12).113
However, there was a significant amount (ca. 25 %) of an impurity tentatively identified
as Nb(PMe3)2Me2Cl3, most likely due to a redistribution process.

The molecular

structure of Nb(PMe3)2Me3Cl2 was determined by X-ray diffraction (Figure 39), but
unfortunately, also contained a significant amount of the trichloride impurity,
Nb(PMe3)2Me2Cl3 (ca. 40 %).
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Nb

Me3P
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PMe3
Cl

Scheme 12. Synthesis of Nb(PMe3)2Me3Cl2.

Figure 39. Molecular Structure of Nb(PMe3)2Me3Cl2 (disorder with Nb(PMe3)2Me2Cl3 not shown).

Despite the instability of NbMe3Cl2 and Nb(PMe3)2Me3Cl2, their reactivity
towards [ArTol2]Li was studied. For example, treatment of a solution of NbMe3Cl2 with
[ArTol2]Li allowed for isolation of [ArTol2]NbMe2Cl2 (Scheme 13),114,115 which has been
structurally characterized by X-ray diffraction (Figure 40).116 Moreover, treatment of
Nb(PMe3)2Me3Cl2 with [ArTol2]Li resulted in the formation of [!3-ArTol’2]Nb(PMe3)2MeCl
(Scheme 14), and its molecular structure is shown in Figure 41.117

Similar to the

tantalum system, [!3-ArTol’2]Nb(PMe3)2MeCl undergoes a redistribution process in
solution, forming [!3-ArTol’2]Nb(PMe3)2Me2118 and [!3-ArTol’2]Nb(PMe3)2Cl2, both of which
can be isolated by crystallization after addition of MeMgBr and ZnCl2,119 respectively
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(Scheme 15).120

The molecular structures of [!3-ArTol’2]Nb(PMe3)2Me2 and [!3-

ArTol’2]Nb(PMe3)2Cl2 are shown in Figure 42.
Cl

Me

Nb

Cl
[ArTol2]Li

Me

Me
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Me

+

CH4

+ [ArTol2]H + ...

Me
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Cl

Scheme 13. Reactivity of NbMe3Cl2 with [ArTol2]Li.

Figure 40. Molecular structure of [ArTol2]NbMe2Cl2.
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Scheme 14. Production of [!3-ArTol’2]Nb(PMe3)2MeCl.
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ZnCl2

Me3P
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Me3P

Me3P
Me
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Nb

+

Nb
Cl

Nb
Cl
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Me3P

Me3P

Me3P

MeMgBr

Scheme 15. Production of [!3-ArTol’2]Nb(PMe3)2Me2 and [!3-ArTol’2]Nb(PMe3)2Cl2.

Figure 41. Molecular structure of [!3-ArTol’2]Nb(PMe3)2MeCl (disorder between Me and Cl not shown).

Figure 42. Molecular structure of [!3-ArTol’2]Nb(PMe3)2Me2 (left) and [!3-ArTol’2]Nb(PMe3)2Cl2 (right).
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6.13 NMR spectroscopic features of [! 3-ArTol’2]Nb(PMe3)2Me2
It is useful to note that the NMR spectroscopic features of [!3-ArTol’2]Nb(PMe3)2Me2 are similar to those of [!3-ArTol’2]Ta(PMe3)2Me2. For example, the methyl
signal of [!3-ArTol’2]Nb(PMe3)2Me2 in the 1H NMR spectrum is a filled-in doublet (Figure
43), but upon irradiation of the PMe3 signal, the methyl changes shape significantly,
thereby indicating that there is 5-bond H–H coupling constant between the methyl and
PMe3 hydrogens (Figure 43).121

Furthermore, the

13

C{1H} NMR spectrum of [!3-

ArTol’2]Nb(PMe3)2Me2 (Figure 44) demonstrates that the signal for the PMe3 ligands
appears as a doublet of triplets due to a secondary isotope effect (see above for full
explanation with tantalum system).

Figure 43. 1H NMR spectra of NbMe2 and Nb(PMe3)2 signals of [!3-ArTol’2]Nb(PMe3)2Me2.

Figure 44. 13C{1H} NMR spectrum of Nb(PMe3)2 signal of [!3-ArTol’2]Nb(PMe3)2Me2.

333
6.14 Summary and conclusions
In conclusion, a novel [CCC] X3-donor pincer ligand has been constructed on
tantalum and niobium by the PMe3 induced cyclometalation of a terphenyl ligand. The
mechanism for the cyclometalation for the tantalum system involves a pair of sigmabond metathesis reactions and, as such, it is possible that this approach may provide a
general means for obtaining [CCC] X3-donor pincer complexes of other metals, and
especially those of the early transition elements for which sigma-bond metathesis
reactions are common.

6.15 Experimental details
6.15.1 General considerations
All manipulations were performed using a combination of glovebox, high vacuum, and
Schlenk techniques under an argon atmosphere unless otherwise specified.122 Solvents
were purified and degassed by using standard procedures.

1

H NMR spectra were

measured on Bruker 300 DRX, Bruker 300 DPX, Bruker 400 Avance III, Bruker 400
Cyber-enabled Avance III, and Bruker 500 DMX spectrometers. 1H chemical shifts are
reported in ppm relative to SiMe4 (' = 0) and were referenced internally with respect to
the protio solvent impurity (' 7.16 for C6D5H and 2.09 for C7D7H).123

13

C NMR spectra

are reported in ppm relative to SiMe4 (' = 0) and were referenced internally with respect
to the solvent (' 128.06 for C6D6).123

31

P chemical shifts are reported in ppm relative to

85% H3PO4 (' = 0) and were referenced using P(OMe)3 (' = 141.0) as an external
standard.124 Coupling constants are given in hertz. NMR spectroscopic simulations
were performed using gNMR 5.1 (Adept Scientific) and MestReNova v7.0.3 (Mestrelab
Research S.L. 2001) and final images were produced by MestReNova. TaCl5, PMe3,
P(CD3)3,

13

CH3I, CD3I and Li wire (0.5 – 1.0 % Na) were obtained commercially from

Aldrich. NbCl5 and Me2Zn were obtained commercially from Strem Chemicals. ZnCl2
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was obtained from Strem Chemicals and dried with SOCl2 prior to use.125 Et2O was
dried over LiAlH4 and vacuum transferred into an ampoule containing molecular sieves
prior to use.

6.15.2 X-ray structure determinations
X-ray diffraction data were collected on a Bruker Apex II diffractometer. Crystal data,
data collection and refinement parameters are summarized in Section 6.16, Table 7. The
structures were solved using direct methods and standard difference map techniques,
and were refined by full-matrix least-squares procedures on F2 with SHELXTL (Version
6.10).126

6.15.3 Computational details
Calculations were carried out using DFT as implemented in the Jaguar 7.5 (release 207)
suite of ab initio quantum chemistry programs.127 Geometry optimizations were
performed with the B3LYP density functional128 using the 6-31G** (C, H, Cl and P) and
LACVP (Ta) basis sets.129 The energies of the optimized structures were reevaluated by
additional single point calculations on each optimized geometry using cc-pVTZ(-f)
correlation consistent triple-* basis set for C, H, Cl, and P and LACV3P for Ta.
Molecular orbital analyses were performed with the aid of JIMP2,97 which employs
Fenske-Hall calculations and visualization using MOPLOT.130

6.15.4 Synthesis of TaMe3Cl2
The synthesis of TaMe3Cl2 was adapted from the literature method.23 A suspension of
TaCl5 (2.0 g, 5.6 mmol) in pentane (25 mL) was treated with a solution of Me2Zn (0.70
mL, 10.2 mmol) in pentane (5 mL) over a period of 10 minutes. The suspension was
stirred for 2 hours, after which period the mixture was filtered.

The volatile
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components were removed from the filtrate in vacuo to give TaMe3Cl2 as a pale yellow
crystalline solid (1.38 g, 83% yield). Pale yellow crystals of TaMe3Cl2, suitable for X-ray
diffraction studies, were obtained by cooling a solution of TaMe3Cl2 in pentane at –15
˚C.

6.15.5 Synthesis of Ta(PMe3)2Me3Cl2
A suspension of TaCl5 (1.0 g, 2.8 mmol) in pentane (25 mL) was treated with a solution
of Me2Zn (0.35 mL, 5.1 mmol) in pentane (5 mL) over a period of 10 minutes. The
suspension was stirred for 1 hour, after which period the mixture was filtered. The
volatile components were removed from the filtrate in vacuo to give TaMe3Cl2 as a pale
yellow crystalline solid. The solid was dissolved in cold pentane (10 mL at –78 ˚C) and
the pale yellow solution was frozen in a liquid nitrogen bath and treated with PMe3 (0.7
mL, 6.9 mmol) via vapor transfer.

The mixture was allowed to warm to room

temperature, producing a bright yellow suspension. The suspension was cooled to –78
˚C for 20 minutes to induce additional crystallization, after which period the bright
yellow crystalline Ta(PMe3)2Me3Cl2 was isolated by filtration and dried in vacuo (0.86 g,
69% yield). Bright yellow crystals of Ta(PMe3)2Me3Cl2, suitable for X-ray diffraction
studies, were obtained by cooling a solution of Ta(PMe3)2Me3Cl2 in pentane at –15 ˚C.
Anal. Calcd.: C, 24.1%, H, 6.1%. Found: C, 22.5%, H, 5.6%.
1

H NMR (C6D6): 1.21 [d, 2JP-H = 8, 18H of 2PMe3], 1.46 [s, 9H of TaMe3] (chemical

shift values vary slightly with concentration; values given are for a 0.1 M solution). 1H
NMR (d8-toluene): 1.22 [d, 2JP-H = 8, 18H of 2PMe3], 1.38 [s, 9H of TaMe3].
(C6D6): 2.3 [br s, 2P of 2PMe3].
[s, 3C of TaMe3].

13

31

P{1H} NMR

C{1H} NMR (C6D6): 13.6 [d, 1JP-C = 21, 6C of 2PMe3], 76.0
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6.15.6 Synthesis of Ta(CD3)3Cl2 and Ta(PMe3)2(CD3)3Cl2
The synthesis of Ta(CD3)3Cl2 was adapted from the literature procedure for
Ta(CH3)3Cl2.23c A solution of CD3I (2.5 g, 17.2 mmol) in Et2O (3 mL), cooled to –78 ˚C to
minimize evaporation of CD3I, was added to a suspension of lithium wire (600 mg, 86
mmol, 0.5 – 1.0 % Na, ca. 5 mm pieces) in Et2O (20 mL) at room temperature over a
period of 10 minutes. The mixture was stirred for 2 hours at room temperature and
filtered. The filtrate was slowly added to a stirred suspension of ZnCl2 (1.41 g, 10.3
mmol, dried with SOCl2) in Et2O (5 mL) at –78 ˚C. After the addition was complete, the
suspension was allowed to warm to 0 ˚C, and stirred for 30 minutes. The in situ
generated solution of Zn(CD3)2 in Et2O was then vapor transferred into a Schlenk tube
containing TaCl5 (750 mg, 2.1 mmol) at –196 ˚C. After the transfer was complete, the
mixture was allowed to warm to room temperature and stirred for 2 hours. 1,4-Dioxane
(0.3 mL, 0.31 g, 3.5 mmol) was added to precipitate ZnCl2•dioxane, which was removed
by filtration. The volatile components were removed from the filtrate in vacuo and the
resulting pale yellow solid was extracted with pentane (50 mL) and filtered.

The

pentane was removed from the filtrate in vacuo to give Ta(CD3)3Cl2 (250 mg, 39 % yield).
The pale yellow residue of Ta(CD3)3Cl2 that could not be removed from the sides of the
Schlenk tube was dissolved in pentane (10 mL) and treated with PMe3 (0.5 mL, 4.9
mmol). The resulting bright yellow suspension was stirred for 20 minutes, after which
the volatile components were removed in vacuo to give Ta(PMe3)2(CD3)3Cl2 (200 mg, 21
% yield). The combined yield based on TaCl5 is 60 %.

6.15.7 Synthesis of Ta[P(CD3)3]2Me3Cl2
A solution of TaMe3Cl2 (350 mg, 1.18 mmol) in pentane (5 mL) was treated with P(CD3)3
(250 mg, 2.94 mmol, cooled at –15 ˚C). The resulting bright yellow mixture was shaken
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for 10 minutes. After this period, the volatile components were removed in vacuo to
give Ta[P(CD3)3]2Me3Cl2 as a bright yellow solid (523 mg, 95 % yield).

6.15.8 Synthesis of [ArTol2]I
The synthesis of [ArTol2]I was adapted from literature procedures.131

(i) Preparation of p-TolMgBr
A degassed solution of p-bromotoluene (50.0 g, 0.292 mol) in THF (50 mL) was added
slowly over a period of 4 hours to a stirred mixture of Mg (10.0 g, 0.411 mol) and THF
(250 mL). The mixture was stirred for a further 16 hours to generate a solution of the
p-TolMgBr Grignard reagent.

(ii) Preparation of [C6H3Cl2]Li
A solution of 1,3-dichlorobenzene (17.6 g, 0.120 mol) in THF (200 mL) was cooled to -78
˚C and treated dropwise with a solution of BunLi in hexanes (52.0 mL, 2.5 M, 0.130 mol)
over a period of 3 hours, resulting in a yellow-white suspension. The mixture was then
stirred for an additional 2 hours at –78 ˚C to generate [C6H3Cl2]Li.

(iii) Synthesis of [ArTol2]I
The stirred suspension of [C6H3Cl2]Li in THF/hexanes at –78 ˚C [see section (ii) above]
was treated dropwise with the p-TolMgBr Grignard reagent [see section (i) above] over
a period of 2 hours. After the addition, the mixture was allowed to warm slowly to
room temperature and stirred for an additional 12 hours at room temperature, and then
refluxed for 1 hour. An aliquot was taken to confirm that the coupling was complete by
using

1

H NMR spectroscopy; the aliquot was also used to obtain crystals of

[ArTol2]MgBr(THF)2 that were analyzed by X-ray diffraction to confirm the identity of
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the product (see Supporting Information), although it should be noted that there is
disorder with the chloride derivative. The bulk reaction mixture was then cooled to 0
˚C and treated slowly with a solution of I2 (55 g, 0.217 mol) in THF (100 mL) over a
period of 20 minutes, and then allowed to warm to room temperature. The mixture was
filtered in air through a glass frit to remove the insoluble salts and the filtrate was
washed sequentially with aqueous Na2SO3 (2 + 200 mL) and H2O (2 + 100 mL). The
aqueous washings were combined and extracted into Et2O (200 mL). The ether extract
was combined with the original organic layer, which was then dried with MgSO4. The
volatile components were removed in vacuo to give a light yellow sticky solid that was
washed with pentane (3 + 50 mL) and then dried in vacuo to give [ArTol2]I as a white
powder (28.2 g). The pentane washes were combined and cooled to –15 ˚C, thereby
depositing crystals that were washed with pentane (2 + 10 mL) to give an additional
crop of [ArTol2]I (3.7 g). The combined yield of [ArTol2]I is 31.9 g (yield 69 %). X-ray
quality crystals of [ArTol2]I were obtained from a solution in pentane at –15 ˚C. Anal.
Calcd.: C, 62.5 %, H, 4.5 %. Found: C, 62.7 %, H, 4.6%.
1

H NMR (C6D6): 2.14 [s, 6H of Me of ArTol2], 7.03 [m, 5H of ArTol2], 7.11 [d, 3JH-H = 8,

2H of ArTol2], 7.27 [d, 3JH-H = 8, 4H of ArTol2].

13

C{1H} NMR (C6D6): 21.2 [s, 2C of Me of

ArTol2], 104.8 [s, 1C of ArTol2], 129.0 [s, 3C of ArTol2], 129.7 [s, 4C of ArTol2], 137.2 [s, 2C of
ArTol2], 143.5 [s, 2C of ArTol2], 148.9 [s, 2C of ArTol2].

6.15.9 Synthesis of [ArTol2]Li
A stirred suspension of [ArTol2]I (5.0 g, 0.013 mol) in pentane (50 mL) was cooled to –78
˚C and treated slowly with a solution of BunLi in hexanes (6.77 mL, 2.5 M, 0.017 mol)
over a period of 10 minutes. The mixture was allowed to warm to room temperature
over a period of approximately 40 minutes, after which period the volatile components
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were removed in vacuo. The resulting white waxy solid was washed with pentane (2 +
50 mL) and dried in vacuo to give [ArTol2]Li as a fine white powder (3.4 g, 99% yield).
1
3

H NMR (C6D6): 2.04 [s, 6H of Me of ArTol2], 6.78 [d, 3JH-H = 8, 4H of ArTol2], 7.34 [d,

JH-H = 8, 4H of ArTol2 and 1H of ArTol2 located by COSY], 7.43 [d, 3JH-H = 8, 2H of ArTol2].

13

C{1H} NMR (C6D6): 20.9 [s, 2C of Me of ArTol2], 124.4 [s, 2C of ArTol2], 126.5 [s, 1C of

ArTol2], 126.9 [s, 4C of ArTol2], 131.0 [br s, 4C of ArTol2], 136.4 [s, 2C of ArTol2], 144.7 [s, 2C of
ArTol2], 152.1 [s, 2C of ArTol2], 175.4 [s, 1C of ArTol2, not observed, located using 2D
HMBC].

6.15.10 Synthesis of [ArTol2]TaMe3Cl
A pale yellow solution of TaMe3Cl2 (60 mg, 0.20 mmol) in Et2O (1 mL) at –15 ˚C was
treated with a suspension of [ArTol2]Li (60 mg, 0.23 mmol) and Et2O (2 mL) at –15 ˚C
resulting in the immediate formation of a dark brown suspension.

The volatile

components were removed in vacuo resulting in a brown solid that was washed with
pentane (3 + 1 mL), and then extracted into benzene (2 + 0.5 mL). The solution was
lyophilized to give [ArTol2]TaMe3Cl as an orange brown powder (22 mg, 21% yield). Xray quality crystals were obtained from slow evaporation of a solution in pentane at
room temperature. Anal. Calcd.: C, 53.24%, H, 5.05%. Found: C, 54.06%, H, 5.04%.
1

H NMR (C6D6): 0.86 [s, 9H of TaMe3], 2.09 [s, 6H of Me of ArTol2], 7.06 [d, 3JH-H = 7,

4H of ArTol2], 7.22 [t, 3JH-H = 8, 1H of ArTol2], 7.31 [d, 3JH-H = 8, 2H of ArTol2], 7.72 [d, 3JH-H =
7, 4H of ArTol2].

13

C{1H} NMR (C6D6): 21.2 [s, 2C of Me of ArTol2], 86.4 [very br, 3C of

TaMe3, supported by HSQC spectroscopy], 129.1 [s, 2C of Me of ArTol2], 130.4 [s, 4C of
Me of ArTol2], 131.4 [s, 1C of Me of ArTol2], 131.4 [s, 4C of Me of ArTol2], 138.1 [s, 2C of Me
of ArTol2], 139.2 [s, 2C of Me of ArTol2], 145.1 [s, 2C of Me of ArTol2], 216.1 [s, 1C of Me of
ArTol2].
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6.15.11 Decomposition of [ArTol2]TaMe3Cl to [ArTol2]TaMe2Cl2
A solution of [ArTol2]TaMe3Cl in d6-benzene decomposes at room temperature to
produce, inter alia, [ArTol2]TaMe2Cl2 and methane over a period of several days. X-ray
quality crystals were obtained from a solution in pentane at –15 ˚C.
1

H NMR (C6D6): 1.06 [s, 6H of TaMe2], 2.06 [s, 6H of Me of ArTol2], 6.98 [d, 3JH-H = 8,

4H of ArTol2], 7.16 [1H of ArTol2, under C6D5H signal], 7.22 [d, 3JH-H = 7, 2H of ArTol2], 7.67
[d, 3JH-H = 8, 4H of ArTol2].

6.15.12 Synthesis of [! 3-ArTol’2]Ta(PMe3)2MeCl
A solution of Ta(PMe3)2Me3Cl2 (50 mg, 0.11 mmol) in d6-benzene (ca. 1 mL) in a vial was
treated with [ArTol2]Li (50 mg, 0.19 mmol). After 5 minutes, the mixture was filtered
through celite into an NMR tube equipped with a J. Young valve and then allowed to sit
at room temperature for 12 hours. After this period, the mixture was lyophilized,
washed with pentane (3 + 1 mL), extracted into d6-benzene (2 + 0.5 mL), and filtered
through celite. The filtrate was analyzed by 1H and 31P{1H} NMR spectroscopy, thereby
demonstrating the formation of [!3-ArTol’2]Ta(PMe3)2MeCl. The solution was lyophilized
to give [!3-ArTol’2]Ta(PMe3)2MeCl as an orange brown powder (34 mg, 48% yield). X-ray
quality crystals were obtained from a solution in pentane at –15 ˚C. It should be noted,
however, that the methyl and chloride ligands are disordered.

Furthermore, in

solution, [!3-ArTol’2]Ta(PMe3)2MeCl is in equilibrium with [! 3-ArTol’2]Ta(PMe3)2Cl2 and
[!3-ArTol’2]Ta(PMe3)2Me2 (K ≈ 5 + 10–2). The disorder was modeled such that the Ta-Me
and the Ta-Cl ligands each have a total occupancy of 1. Anal. Calcd.: C, 50.76%, H,
5.68%. Found: C, 50.03%, H, 5.41%.
1

H NMR (C6D6): 0.42 [d, 2JP-H = 9, 9H of (PMe3)2], 0.53 [d, 2JP-H = 9, 9H of (PMe3)2],

2.00 [d, 3JP-H = 12, 3H of TaMe], 2.23 [s, 6H of Me of ArTol’2], 7.08 [d, 3JH-H = 7, 2H of ArTol’2],
7.36 [t, 3JH-H = 8, 1H of ArTol’2], 7.62 [d, 3JH-H = 8, 2H of ArTol’2], 7.75 [d, 3JH-H = 7, 2H of
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ArTol’2], 7.82 [s, 2H of ArTol’2].
13

31

P{1H} NMR (C6D6): 9.0 [d, 2JP-P = 10, 1P of (PMe3)2], 17.3 [d,

2

JP-P = 10, 1P of (PMe3)2].

C{1H} NMR (C6D6): 14.5 [d, 1JP-C = 24, 3C of (PMe3)2], 15.0 [d,

1

JP-C = 25, 3C of (PMe3)2], 21.8 [s, 2C of Me of ArTol’2], 75.9 [dd, 2JP-C = 13, 2JP-C = 9, 1C of

TaMe], 119.4 [t, JP-C = 3, 2C of ArTol’2], 121.3 [s, 2C of ArTol’2], 128.0 [s, 1C of ArTol’2, under
C6D6, located by HSQC spectroscopy], 129.1 [s, 2C of ArTol’2], 133.5 [s, 2C of ArTol’2], 139.9
[s, 2C of ArTol’2], 152.8 [s, 2C of ArTol’2], 156.4 [t, 2JP-C = 3, 2C of ArTol’2], 198.8 [dd, 2JP-C = 26,
2

JP-C = 19, 1C of ArTol’2], 204.8 [dd, 2JP-C = 11, 2JP-C = 8, 2C of ArTol’2].

6.15.13 Reaction between Ta(PMe3)2(CD3)3Cl2 and [ArTol2]Li
(a) A solution of Ta(PMe3)2(CD3)3Cl2 (20 mg, 0.04 mmol) in d6-benzene (ca. 0.7 mL) in a
vial was treated with [ArTol2]Li (18 mg, 0.07 mmol) and filtered quickly through celite
into an NMR tube equipped with a J. Young valve that was closed following the
transfer. The solution was analyzed by 1H NMR spectroscopy, thereby demonstrating
the rapid formation of CD3H. In addition, there were no signals attributable to the
methyl groups of [!3-ArTol’2]Ta(PMe3)2Me2 and [!3-ArTol’2]Ta(PMe3)2MeCl, consistent with
the

presence

of

[!3-ArTol’2]Ta(PMe3)2(CD3)2

and

[!3-ArTol’2]Ta(PMe3)2(CD3)Cl

isotopologues.

(b) A solution of Ta(PMe3)2(CD3)3Cl2 (20 mg, 0.04 mmol) in benzene (ca. 0.7 mL) in a vial
was treated with [ArTol2]Li (18 mg, 0.07 mmol). The vial was capped with a suba seal,
shaken for 1 minute and then allowed to stand at room temperature for 30 minutes.
The gas above the solution was then collected using a 1 mL gastight microsyringe and
injected into the mass spectrometer (Electron Ionization (EI) method, 70 eV ionization
energy through gas inlet reservoir; HX110 double focusing mass spectrometer JEOL ltd.
Tokyo, Japan). The spectra displayed a signal at m/z = 19 (CD3H), and no signal at m/z
= 20 (CD4), thereby providing further evidence for the presence of CD3H, with no
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evidence for CD4. After the first analysis, another 1 mL of gas was collected and the
experiment was repeated, giving consistent results.

6.15.14 Reaction between Ta[P(CD3)3]2Me3Cl2 and [ArTol2]Li
(a) A solution of Ta[P(CD3)3]2Me3Cl2 (20 mg, 0.04 mmol) in d6-benzene (ca. 0.7 mL) was
treated with [ArTol2]Li (18 mg, 0.07 mmol). The mixture was shaken for 1 minute,
filtered through celite into an NMR tube equipped with a J. Young valve and allowed to
stand at room temperature for 12 hours.

The solution was analyzed by 1H NMR

spectroscopy, thereby demonstrating the formation of [!3-ArTol’2]Ta[P(CD3)3]2MeCl.

(b) The above solution of [!3-ArTol’2]Ta[P(CD3)3]2MeCl was treated with PMe3 (0.05 mL)
and monitored by

1

H NMR spectroscopy, thereby demonstrating PMe3/P(CD3)3

exchange over a period of 12 hours.

6.15.15 Conversion of [ArTol2]TaMe3Cl to [! 3-ArTol’2]Ta(PMe3)2MeCl
A solution of [ArTol2]TaMe3Cl (22 mg, 0.04 mmol) in d6-benzene in an NMR tube
equipped with a J. Young valve was treated with PMe3 (ca. 0.05 mL) via vapor transfer.
The reaction was monitored by

1

H and

31

P{1H} NMR spectroscopy, thereby

demonstrating the formation of [!3-ArTol’2]Ta(PMe3)2MeCl as the major product, in
addition to a small quantity of ArTol2H (< 10%). The sample was lyophilized, washed
with pentane (2 + 1 mL), and extracted into benzene (2 + 0.5 mL). The solution was
lyophilized to give [!3-ArTol’2]Ta(PMe3)2MeCl as an orange powder (17 mg, 63% yield).

6.15.16 Reaction between [ArTol2]Ta(CD3)3Cl and PMe3
A solution of Ta(CD3)3Cl2 (20 mg, 0.07 mmol) in d6-benzene (ca. 0.7 mL) was treated with
[ArTol2]Li (18 mg, 0.07 mmol). The mixture was shaken for 1 minute and then filtered
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through celite into an NMR tube equipped with a J. Young valve. The sample was
analyzed by 1H NMR spectroscopy demonstrating the immediate conversion to, inter
alia, [ArTol2]Ta(CD3)3Cl. PMe3 (0.05 mL) was added via vapor transfer and the solution
analyzed by 1H NMR spectroscopy, thereby demonstrating the immediate formation of
CD3H. In addition, there were no signals attributable to the methyl groups of [!3ArTol’2]Ta(PMe3)2Me2 and [!3-ArTol’2]Ta(PMe3)2MeCl, consistent with the presence of [!3ArTol’2]Ta(PMe3)2(CD3)2 and [!3-ArTol’2]Ta(PMe3)2(CD3)Cl isotopologues.

6.15.17 Synthesis of [! 3-ArTol’2]Ta(PMe3)2Cl2
A solution of [!3-ArTol’2]Ta(PMe3)2MeCl (25 mg, 0.04 mmol) in d6-benzene (ca. 0.7 mL) in
an NMR tube equipped with a J. Young valve was treated with a suspension of ZnCl2
(25 mg, 0.18 mmol) in Et2O (ca. 0.1 mL). The sample was lyophilized after 1 hour,
extracted into benzene and filtered into an NMR tube. The sample was treated with
PMe3 (ca. 0.05 mL) and analyzed by 1H NMR spectroscopy, thereby demonstrating the
formation of [!3-ArTol’2]Ta(PMe3)2Cl2. The sample was then lyophilized and the residue
obtained was washed with pentane (1 mL), extracted into benzene (2 + 0.7 mL) and
lyophilized to give [!3-ArTol’2]Ta(PMe3)2Cl2 as a red powder (11 mg, 42 %yield). X-ray
quality crystals of [!3-ArTol’2]Ta(PMe3)2Cl2 were obtained from a solution in pentane at –
15 ˚C. Anal. Calcd.: C, 47.4%, H, 5.0%. Found: C, 47.6%, H, 4.8%.
1

H NMR (C6D6): 0.54 [d, 2JP-H = 10, 18H of (PMe3)2], 2.16 [s, 6H of Me of ArTol’2],

7.08 [d, 3JH-H = 8, 2H of ArTol’2], 7.32 [t, 3JH-H = 8, 1H of ArTol’2], 7.61 [d, 3JH-H = 8, 2H of
ArTol’2], 7.70 [d, 3JH-H = 7, 2H of ArTol’2], 8.27 [s, 2H of ArTol’2].
2P of (PMe3)2].

13

31

P{1H} NMR (C6D6): 20.2 [s,

C{1H} NMR (C6D6): 15.5 [apparent doublet, 1JP-C = 27.75, 2JP-P = 3.0, 3JP-C =

0, 'P-P = 0.022 (see below for simulation), 6C of (PMe3)2], 21.7 [s, 2C of Me of ArTol’2], 120.3
[s, 2C of ArTol’2], 121.2 [s, 2C of ArTol’2], 128.0 [s, 1C of ArTol’2, under C6D6, located by
HSQC spectroscopy], 130.4 [s, 2C of ArTol’2], 133.9 [s, 2C of ArTol’2], 141.6 [s, 2C of ArTol’2],
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152.0 [s, 2C of ArTol’2], 156.6 [s, 2C of ArTol’2], 201.5 [t, 2JP-C = 25, 1C of ArTol’2], 206.4 [t, 2JP-C
= 9, 2C of ArTol’2].

6.15.18 Synthesis of [! 3-ArTol’2]Ta(PMe3)2Me2
(a) A solution of Ta(PMe3)2Me3Cl2 (50mg, 0.11 mmol) in d6-benzene (ca. 1 mL) in a vial
was treated with [ArTol2]Li (50mg, 0.19 mmol). After 5 minutes, the mixture was filtered
through celite into an NMR tube equipped with a J. Young valve and then allowed to sit
at room temperature for 12 hours to generate [!3-ArTol’2]Ta(PMe3)2MeCl.

After this

period, MeMgBr (20 mg, 0.17 mmol) was added, the tube was shaken, and allowed to
sit at room temperature for 4 hours. The mixture was then lyophilized and the residue
obtained was washed with pentane (3 + 1 mL) and extracted into benzene (2 + 0.5 mL).
The solution was lyophilized to give [!3-ArTol’2]Ta(PMe3)2Me2 as an orange brown
powder (32 mg, 46% yield). X-ray quality crystals of [!3-ArTol’2]Ta(PMe3)2Me2 were
obtained from a solution in pentane at –15 ˚C.
1

H NMR (C6D6): 0.46 [m, 18H of (PMe3)2], 1.73 [m, 6H of TaMe2], 2.29 [s, 6H of Me

of ArTol’2], 7.10 [d, 3JH-H = 8, 2H of ArTol’2], 7.37 [t, 3JH-H = 8, 1H of ArTol’2], 7.61 [d, 3JH-H = 8,
2H of ArTol’2], 7.67 [s, 2H of ArTol’2], 7.77 [d, 3JH-H = 8, 2H of ArTol’2].
6.9 [s, 2P of (PMe3)2].

13

31

P{1H} NMR (C6D6):

C{1H} NMR (C6D6): 14.3 [m, 6C of (PMe3)2], 21.9 [s, 2C of Me of

ArTol’2], 77.7 [m, 2C of TaMe2], 118.7 [t, JP-C = 3, 2C of ArTol’2], 121.3 [s, 2C of ArTol’2], 127.6
[t, JP-C = 3, 2C of ArTol’2], 128.0 [s, 1C of ArTol’2, under C6D6, located by HSQC
spectroscopy], 133.2 [s, 2C of ArTol’2], 138.1 [s, 2C of ArTol’2], 153.6 [s, 2C of ArTol’2], 156.9 [t,
JP-C = 3, 2C of ArTol’2], 198.2 [t, 2JP-C = 21, 1C of ArTol’2], 206.9 [t, 2JP-C = 8, 2C of ArTol’2].

(b) A mixture of [!3-ArTol’2]Ta(PMe3)2Cl2 (10 mg, 0.02 mmol) and MeMgBr (4 mg, 0.03
mmol) in an NMR tube equipped with a J. Young valve was treated with d6-benzene (ca.
0.7 mL) and Et2O (ca. 0.05 mL). The reaction was monitored by 1H NMR spectroscopy,
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thereby demonstrating conversion to [!3-ArTol’2]Ta(PMe3)2Me2 over a period of less than
10 minutes.

6.15.19 Synthesis of (13CH3)MgI•(Et2O)1.5
A stirred suspension of Mg turnings (0.85 g, 35.0 mmol) in Et2O (7 mL) was treated with
13

CH3I (1.0 g, 7.0 mmol) and stirred for 2 hours at room temperature. After this period,

the mixture was filtered and the volatile components were removed from the filtrate in
vacuo to give (13CH3)MgI•(Et2O)1.5 as a white powder (1.20 g, 62% yield).
1

H NMR (C6D6): –0.41 [d, 1JC-H = 105, 3H of

(Et2O)1.5], 3.36 [q, 3JH-H = 7, 6H of (Et2O)1.5].

13

13

CH3MgI], 0.78 [t, 3JH-H = 7, 9H of

C{1H} NMR (C6D6): –9.2 [s, 1C of 13CH3MgI],

14.1 [s, 3C of (Et2O)1.5], 66.7 [s, 3C of (Et2O)1.5].

6.15.20 Synthesis of [! 3-ArTol’2]Ta(PMe3)2(13CH3)2
A mixture of [!3-ArTol’2]Ta(PMe3)2Cl2 (10 mg, 0.02 mmol) and (13CH3)MgI•(Et2O)1.5 (5 mg,
0.02 mmol) in an NMR tube equipped with a J. Young valve was treated with d6benzene (ca. 0.7 mL). The reaction was monitored by 1H NMR spectroscopy, thereby
demonstrating conversion to [!3-ArTol’2]Ta(PMe3)2(13CH3)2 over a period of less than 10
minutes. The mixture was lyophilized and the residue was extracted into d6-benzene
for analysis by multinuclear NMR spectroscopy.
Selected 1H NMR (C6D6): 1.72 [dm, 1JC-H = 117, 6H of Ta(13CH3)2].

6.15.21 Synthesis of [! 3-ArTol’2]Ta(PMe3)2(13CH3)2-x(Me)x
A mixture of [!3-ArTol’2]Ta(PMe3)2MeCl (10 mg, 0.02 mmol) and (13CH3)MgI•(Et2O)1.5 (3
mg, 0.01 mmol) an NMR tube equipped with a J. Young valve was treated with d6benzene (ca. 0.7 mL). The reaction was monitored by 1H NMR spectroscopy, thereby
demonstrating

conversion

to

a

mixture

of

isotopologues,

[!3-
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ArTol’2]Ta(PMe3)2(13CH3)2-x(Me)x (x = 0, 1, 2), over a period of less than 10 minutes. The
mixture was lyophilized and the residue obtained was extracted into d6-benzene for
analysis by multinuclear NMR spectroscopy. Simulation of the

13

C{1H} and

31

P{1H}

NMR spectra (see supporting information) identified that the mixture of isopologues
consisted of [!3-ArTol’2]Ta(PMe3)2(13CH3)2 (25 %), [!3-ArTol’2]Ta(PMe3)2(13CH3)(12CH3) (50 %)
and [!3-ArTol’2]Ta(PMe3)2(12CH3)2 (25 %).
Selected 1H NMR (C6D6) for the mixture of three isotopologues: 1.72 [dm, 1JC-H =
117, 6H of Ta(13CH3)2]; 1.72 [dm, 1JC-H = 117, 3H of Ta(13CH3)Me], 1.72 [m, 3H of
Ta(13CH3)Me]; 1.72 [m, 6H of TaMe2].

6.15.22 Synthesis of [! 3-ArTol’2]Ta(PMe3)2(" 6-C6H6)
A solution of [!3-ArTol’2]Ta(PMe3)2Cl2 (30 mg, 0.05 mmol) in benzene (ca. 1 mL) in a vial
equipped with a stir bar was treated with KC8 (30 mg, 0.22 mmol). The resulting
mixture was stirred for 1 hour, filtered, and the filtrate was lyophilized. The sample
was extracted into pentane (1 mL), and cooled at –15 ˚C thereby depositing red crystals
of [!3-ArTol’2]Ta(PMe3)2("6-C6H6) (ca. 3 mg), in addition to colorless crystals of [ArTol2]H.
X-ray quality crystals of [!3-ArTol’2]Ta(PMe3)2("6-C6H6) were obtained from a solution in
hexane at –15 ˚C.
1

H NMR (C6D6): 0.27 [vt, 2JP-H = 8, 18H of (PMe3)2], 2.44 [s, 6H of Me of ArTol’2], 4.10

[t, JP-H = 2, 6H of ("6-C6H6)], 7.11 [d, 3JH-H = 8, 2H of ArTol’2], 7.43 [m, 3H of ArTol’2], 7.81 [d,
3

JH-H = 8, 2H of ArTol’2], 7.93 [d, 3JH-H = 8, 2H of ArTol’2].

31

P{1H} NMR (C6D6): –29.3 [s, 2P of

(PMe3)2]. Selected 13C{1H} NMR located by 2D HSQC experiment (C6D6): 98.7 [6C of ("6C6H6)], 16.2 [6C of (PMe3)2].

347
6.15.23 Structural characterization of [" 2," 2-ArTol(CO),Tol(Me3PCO)]Ta(PMe3)2Cl2 and [! 2," 2ArTol’,Tol(Me3PCO)]Ta(PMe3)Cl2
A solution of [!3-ArTol’2]Ta(PMe3)2Cl2 (10 mg, 0.02 mmol) in d6-benzene (ca. 0.7 mL) was
added to an NMR tube equipped with a J. Young valve. The sample was then treated
consecutively with PMe3 (ca. 0.01 mL) and CO (1 atm), and allowed to stand at room
temperature for ca. 2 days. The sample was then lyophilized, extracted with Et2O (ca. 1
mL), filtered into a vial and cooled to –15 ˚C, thereby depositing two different sets of
crystals: yellow blocks and purple plates. Both sets were analyzed by X-ray diffraction,
thereby identifying that the yellow blocks were ["2,"2-ArTol(CO),Tol(Me3PCO)]Ta(PMe3)2Cl2 and
the purple plates were [!2,"2-ArTol’,Tol(Me3PCO)]Ta(PMe3)Cl2.

6.15.24 Structural characterization of [! 3-ArTol’2]Ta(PMe3)2(! 2-C4H8)
A solution of [!3-ArTol’2]Ta(PMe3)2Cl2 (20 mg, 0.03 mmol) in benzene (ca. 1 mL) was
added to an NMR tube equipped with a J. Young valve. KC8 (20 mg, 0.15 mmol) was
then added to the top of the tube, but was not mixed into the solution. The sample was
then treated with ethylene (1 atm), allowed to stand at room temperature for ca. 10
minutes, after which period the KC8 was mixed into the solution. The resulting mixture
was shaken vigorously, allowed to stand at room temperature for ca. 1 day, and then
lyophilized. The sample was then extracted into pentane (1 mL), filtered, and cooled at
–15 ˚C thereby depositing yellow crystals of [!3-ArTol’2]Ta(PMe3)2(!2-C4H8), which were
analyzed by X-ray diffraction.

6.15.25 Structural characterization of [[! 3-ArTol’2]Ta(PMe3)Np(=CHCMe3)][LiPMe3]
A solution of [!3-ArTol’2]Ta(PMe3)2MeCl (10 mg, 0.02 mmol) in d6-benzene (ca. 0.7 mL)
was added to an NMR tube equipped with a J. Young valve and treated with NpLi (5
mg, 0.06 mmol). The sample was allowed to stand at room temperature for ca. 1 day
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and was then lyophilized. The resulting dark powder was extracted with pentane (ca. 1
mL), filtered into a vial and cooled to –15 ˚C, thereby depositing yellow crystals [[!3ArTol’2]Ta(PMe3)Np(=CHCMe3)][LiPMe3], which were analyzed by X-ray diffraction.

6.15.26 Synthesis of NbMe3Cl2
The synthesis of NbMe3Cl2 was adapted from the literature method.23 A suspension of
NbCl5 (2.0 g, 7.4 mmol) in pentane (20 mL) was treated with a solution of Me2Zn (1.0
mL, 14.8 mmol) in pentane (5 mL) over a period of 10 minutes. The suspension was
stirred for 3 hours, after which period the mixture was filtered.

The volatile

components were removed from the filtrate in vacuo to give NbMe3Cl2 as a yelloworange crystalline solid (1.07 g, 69% yield). Crystals of TaMe3Cl2, suitable for X-ray
diffraction studies, were obtained by cooling a solution of NbMe3Cl2 in pentane at –15
˚C.

6.15.27 Structural characterization of Nb(PMe3)2Me3Cl2
A solution of NbMe3Cl2 (200 mg, 0.96 mmol) in pentane (10 mL) was frozen in a liquid
nitrogen bath and treated with PMe3 (0.25 mL, 2.4 mmol) via vapor transfer.

The

mixture was allowed to warm to room temperature, producing a blood red suspension,
which was allowed to stand at room temperature for ca. 10 minutes. The volatile
components were then removed in vacuo giving a blood red powder identified. Bright
red crystals of Nb(PMe3)2Me3Cl2, suitable for X-ray diffraction studies, were obtained by
cooling a solution of Nb(PMe3)2Me3Cl2 in pentane at –15 ˚C.
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6.16 Crystallographic data
Table 7. Crystal, intensity collection and refinement data.
TaMe3Cl2

Ta(PMe3)2Me3Cl2

lattice

Hexagonal

Monoclinic

formula

C3H9Cl2Ta

C9H27Cl2P2Ta

296.95

449.10

space group

P63/mmc

C2/c

a/Å

7.431(2)

25.613(3)

b/Å

7.431(2)

9.3349(9)

c/Å

8.058(2)

13.9838(14)

%/˚

90

90

,/˚

90

98.2670(10)

-/˚

120

90

385.36(19)

3308.7(6)

2

8

temperature (K)

150(2)

170(2)

radiation (., Å)

0.71073

0.71073

/ (calcd.) g cm-3

2.559

1.803

µ (Mo K%), mm-1

14.841

7.132

0 max, deg.

31.43

31.51

no. of data collected

5998

27366

no. of data

273

5509

no. of parameters

10

137

R1 [I > 2!(I)]

0.0128

0.0207

wR2 [I > 2!(I)]

0.0325

0.0422

R1 [all data]

0.0141

0.0278

wR2 [all data]

0.0333

0.0444

GOF

1.245

1.042

formula weight

V/Å3
Z
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Table 7 (cont). Crystal, intensity collection and refinement data.
[ArTol2]I

[ArTol2]TaMe3Cl

Orthorhombic

Monoclinic

formula

C20H17I

C23H26ClTa

formula weight

384.24

518.84

space group

P212121

P21/n

a/Å

7.5927(5)

7.0053(8)

b/Å

19.6428(13)

18.055(2)

c/Å

21.5544(14)

16.2693(18)

%/˚

90

90

,/˚

90

91.585(2)

-/˚

90

90

3214.7(4)

2057.0(4)

8

4

temperature (K)

125(2)

170(2)

radiation (., Å)

0.71073

0.71073

/ (calcd.) g cm-3

1.588

1.675

µ (Mo K%), mm-1

1.984

5.476

0 max, deg.

30.51

31.00

no. of data collected

51962

25434

no. of data

9789

6516

no. of parameters

384

231

R1 [I > 2!(I)]

0.0247

0.0322

wR2 [I > 2!(I)]

0.0557

0.0630

R1 [all data]

0.0287

0.0535

wR2 [all data]

0.0575

0.0698

GOF

1.037

1.027

lattice

V/Å3
Z
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Table 7 (cont). Crystal, intensity collection and refinement data.
[! 3-ArTol’2]Ta(PMe3)2MeCl

[! 3-ArTol’2]Ta(PMe3)2Cl2

Monoclinic

Monoclinic

C27H36ClP2Ta

C26H33Cl2P2Ta

638.90

659.31

C2/c

C2/c

a/Å

26.179(3)

12.4272(17)

b/Å

13.3008(15)

12.8506(18)

c/Å

16.988(2)

16.636(2)

%/˚

90

90

,/˚

117.349(2)

102.338(2)

-/˚

90

90

5254.1(10)

2595.4(6)

8

4

temperature (K)

170(2)

170(2)

radiation (., Å)

0.71073

0.71073

/ (calcd.) g cm-3

1.615

1.687

µ (Mo K%), mm-1

4.420

4.577

0 max, deg.

31.50

32.02

no. of data collected

43742

22162

no. of data

8756

4492

no. of parameters

297

146

R1 [I > 2!(I)]

0.0320

0.0281

wR2 [I > 2!(I)]

0.0620

0.0557

R1 [all data]

0.0603

0.0377

wR2 [all data]

0.0721

0.0592

GOF

1.019

1.038

lattice
formula
formula weight
space group

V/Å3
Z

352
Table 7 (cont). Crystal, intensity collection and refinement data.
[! 3-ArTol’2]Ta(PMe3)2Me2

[ArTol2]TaMe2Cl2

lattice

Monoclinic

Triclinic

formula

C28H39P2Ta

C22H23Cl2Ta

618.48

539.25

C2/c

P-1

a/Å

26.1350(19)

8.8509(9)

b/Å

13.3142(10)

8.9422(9)

c/Å

17.0189(13)

13.5025(13)

%/˚

90

82.2550(10)

,/˚

116.8610(10)

79.6780(10)

-/˚

90

80.4060(10)

5283.1(7)

1030.60(18)

8

2

temperature (K)

150(2)

170(2)

radiation (., Å)

0.71073

0.71073

/ (calcd.) g cm-3

1.555

1.738

µ (Mo K%), mm-1

4.295

5.594

0 max, deg.

30.63

31.51

no. of data collected

41940

17480

no. of data

8097

6764

no. of parameters

290

231

R1 [I > 2!(I)]

0.0410

0.0213

wR2 [I > 2!(I)]

0.0728

0.0475

R1 [all data]

0.0819

0.0253

wR2 [all data]

0.0865

0.0488

GOF

1.001

1.056

formula weight
space group

V/Å3
Z
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Table 7 (cont). Crystal, intensity collection and refinement data.
[! 3-ArTol’2]Ta(PMe3)2(" 6[ArTol2]MgBr0.66Cl0.34(THF)2
C6H6)
lattice

Triclinic

Triclinic

C28H33Br0.66Cl0.34MgO2

C32H39P2Ta

490.54

666.52

P-1

P-1

a/Å

7.8735(9)

9.311(3)

b/Å

8.7919(10)

11.161(4)

c/Å

37.038(4)

14.008(5)

%/˚

88.550(2)

90.704(4)

,/˚

88.722(2)

97.034(4)

-/˚

89.755(2)

111.539(4)

V/Å3

2562.4(5)

1341.4(8)

4

2

temperature (K)

125(2)

150(2)

radiation (., Å)

0.71073

0.71073

/ (calcd.) g cm-3

1.272

1.650

µ (Mo K%), mm-1

1.152

4.236

0 max, deg.

30.64

31.51

no. of data collected

41974

22648

no. of data

15704

8812

588

324

R1 [I > 2!(I)]

0.0555

0.0177

wR2 [I > 2!(I)]

0.1159

0.0443

R1 [all data]

0.1009

0.0193

wR2 [all data]

0.1309

0.0450

GOF

1.015

1.048

formula
formula weight
space group

Z

no. of parameters
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Table 7 (cont). Crystal, intensity collection and refinement data.
[" 2," 2-ArTol(CO),Tol(Me3PCO)][! 2," 2-ArTol’,Tol(Me3PCO)]Ta(PMe3)2Cl2
Ta(PMe3)Cl2
lattice

Monoclinic

Monoclinc

C33H47Cl2O2.5P3Ta

C31H43Cl2O2P2Ta

formula weight

828.47

761.44

space group

P21/n

C2/c

a/Å

9.8909(11)

34.016(4)

b/Å

16.0716(17)

11.0628(14)

c/Å

22.022(2)

17.126(2)

%/˚

90

90

,/˚

98.4210(10)

90.953(2)

-/˚

90

90

3463.0(7)

6443.9(14)

4

8

temperature (K)

150(2)

150(2)

radiation (., Å)

0.71073

0.71073

/ (calcd.) g cm-3

1.589

1.570

µ (Mo K%), mm-1

3.497

3.703

0 max, deg.

31.77

31.51

no. of data collected

59006

53688

no. of data

11762

10720

405

306

R1 [I > 2!(I)]

0.0277

0.0353

wR2 [I > 2!(I)]

0.0555

0.0682

R1 [all data]

0.0426

0.0580

wR2 [all data]

0.0609

0.0736

GOF

1.021

1.009

formula

V/Å3
Z

no. of parameters
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Table 7 (cont). Crystal, intensity collection and refinement data.
[! 3-ArTol’2][[! 3-ArTol’2]Ta(PMe3)Ta(PMe3)2(! 2-C4H8)
Np(=CHCMe3)][LiPMe3]
lattice

Triclinic

Triclinic

C30H41P2Ta

C36H54LiP2Ta

644.52

736.62

P-1

P-1

a/Å

9.0763(19)

10.9638(16)

b/Å

10.815(2)

11.2328(17)

c/Å

14.666(3)

15.545(2)

%/˚

88.981(3)

85.984(2)

,/˚

84.450(3)

88.165(2)

-/˚

69.130(3)

67.073(2)

V/Å3

1338.6(5)

1758.8(5)

2

2

temperature (K)

150(2)

150(2)

radiation (., Å)

0.71073

0.71073

/ (calcd.) g cm-3

1.599

1.391

µ (Mo K%), mm-1

4.242

3.237

0 max, deg.

30.25

30.55

no. of data collected

40901

28330

no. of data

7946

10718

no. of parameters

306

385

R1 [I > 2!(I)]

0.0573

0.0365

wR2 [I > 2!(I)]

0.1092

0.0706

R1 [all data]

0.0896

0.0545

wR2 [all data]

0.1184

0.0768

GOF

1.049

1.002

formula
formula weight
space group

Z
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Table 7 (cont). Crystal, intensity collection and refinement data.
NbMe3Cl2

Nb(PMe3)2Me3Cl2

lattice

Hexagonal

Monoclinic

formula

C3H9Cl2Nb

C8.61H25.83Cl2.39NbP2

208.91

369.02

space group

P63/mmc

C2/c

a/Å

7.403(4)

25.469(3)

b/Å

7.403(4)

9.3275(11)

c/Å

8.053(4)

13.9866(16)

%/˚

90

90

,/˚

90

98.302(2)

-/˚

120

90

382.2(3)

3287.8(7)

2

8

temperature (K)

150(2)

150(2)

radiation (., Å)

0.71073

0.71073

/ (calcd.) g cm-3

1.815

1.491

µ (Mo K%), mm-1

2.159

1.286

0 max, deg.

32.71

31.50

no. of data collected

6163

27164

no. of data

297

5472

no. of parameters

10

141

R1 [I > 2!(I)]

0.0243

0.0349

wR2 [I > 2!(I)]

0.0670

0.1062

R1 [all data]

0.0275

0.0395

wR2 [all data]

0.0680

0.1106

GOF

1.194

1.058

formula weight

V/Å3
Z
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Table 7 (cont). Crystal, intensity collection and refinement data.
[ArTol2]NbMe2Cl2

[! 3-ArTol’2]Nb(PMe3)2MeCl

Triclinic

Monoclinic

C22H23Cl2Nb

C27H36ClNbP2

451.21

550.86

P-1

C2/c

a/Å

8.8031(7)

26.157(5)

b/Å

8.9200(8)

13.288(3)

c/Å

13.5091(11)

16.989(18)

%/˚

82.3730(10)

90

,/˚

79.6980(10)

117.690(3)

-/˚

80.4600(10)

90

V/Å3

1023.42(15)

5228.4(18)

2

8

temperature (K)

150(2)

150(2)

radiation (., Å)

0.71073

0.71073

/ (calcd.) g cm-3

1.464

1.400

µ (Mo K%), mm-1

0.851

0.698

0 max, deg.

31.51

29.80

no. of data collected

17270

39816

no. of data

6705

7485

no. of parameters

230

297

R1 [I > 2!(I)]

0.0275

0.0502

wR2 [I > 2!(I)]

0.0709

0.0998

R1 [all data]

0.0326

0.1107

wR2 [all data]

0.0746

0.1224

GOF

1.033

1.019

lattice
formula
formula weight
space group

Z
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Table 7 (cont). Crystal, intensity collection and refinement data.
[! 3-ArTol’2]Nb(PMe3)2Me2

[! 3-ArTol’2]Nb(PMe3)2Cl2

lattice

Monoclinic

Monoclinic

formula

C28H39NbP2

C26H33Cl2NbP2

530.44

571.27

C2/c

C2/c

a/Å

26.149(5)

26.122(18)

b/Å

13.331(3)

13.281(8)

c/Å

17.027(17)

16.919(10)

%/˚

90

90

,/˚

117.113(2)

118.994(17)

-/˚

90

90

5283.3(17)

5134(6)

8

8

temperature (K)

150(2)

150(2)

radiation (., Å)

0.71073

0.71073

/ (calcd.) g cm-3

1.334

1.478

µ (Mo K%), mm-1

0.590

0.814

0 max, deg.

31.51

30.84

no. of data collected

43629

14564

no. of data

8804

7507

no. of parameters

290

288

R1 [I > 2!(I)]

0.0407

0.0639

wR2 [I > 2!(I)]

0.0973

0.1108

R1 [all data]

0.0628

0.3407

wR2 [all data]

0.1114

0.1741

GOF

1.052

0.633

formula weight
space group

V/Å3
Z
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7.1

Introduction
In Chapter 6, the cyclometalation chemistry of [ArTol2]TaMe3Cl ([ArTol2] = 2,6-di-p-

tolylpheny) was elucidated, towards the synthesis of the first [CCC] X3–donor pincer
ligand on a transition metal, namely [!3-ArTol’2]Ta(PMe3)2MeCl (Tol’ = C6H3Me). In this
chapter, other attempts towards the synthesis of a [CCC] X3–donor pincer on tantalum
are described.

7.2

Synthesis of [ArTol2]Ta(NMe2)3Cl
It has been previously reported that dimethylamide ligands of transition metals

are capable of hydrogen atom abstraction reactions.1 In this regard, [Ta(NMe2)3Cl2]22,3
was selected as an appropriate starting material for the cyclometalation of a terphenyl
ligand.

Thus, treatment of [Ta(NMe2)3Cl2]2 with [ArTol2]Li gives [ArTol2]Ta(NMe2)3Cl

(Scheme 1), and its molecular structure is shown in Figure 1. [ArTol2]Ta(NMe2)3Cl is
stable in solution over a period of days at room temperature; even upon heating, there
was no detectable cyclometalation of the tolyl groups of [ArTol2] ligand,4,5 but instead,
decomposition to, inter alia, [ArTol2]H was observed. Furthermore, attempts to induce
elimination of HNMe2 by addition of PMe36 were also unsuccessful, and no reaction was
observed at room temperature.

Figure 1. Molecular structure of [ArTol2]Ta(NMe2)3Cl.
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Cl
[ArTol2]Li

[Ta(NMe2)3Cl2]2

Ta

NMe2
NMe2

NMe2

Scheme 1. Synthesis of [ArTol2]Ta(NMe2)3Cl.

7.3

Functionalization of [ArTol2]Ta(NMe2)3Cl
It was determined that [ArTol2]Ta(NMe2)3Cl could be alkylated upon treatment

with the appropriate lithium reagent. For example, treatment of [ArTol2]Ta(NMe2)3Cl
with RLi (R = Me, Et, Prn, Bun or Np) produced the tantalum complexes
[ArTol2]Ta(NMe2)3R (Scheme 2).

All of the tantalum alkyl complexes have been

structurally characterized by X-ray diffraction, and their molecular structures are
shown in Figures 2 – 6.
NMe2

Ta

NMe2
Me

NMe2
NMe2

NMe2
NMe2
MeLi

Ta

NMe2

Ta

NpLi

NMe2

EtLi
Cl

Ta

NMe2
NMe2

NMe2
BunLi

NMe2

NMe2

Ta

PrnLi

NMe2

NMe2

Scheme 2. Alkylation of [ArTol2]Ta(NMe2)3Cl.

Ta

NMe2

NMe2

NMe2
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Figure 2. Molecular structure of [ArTol2]Ta(NMe2)3Me.

Figure 3. Molecular structure of [ArTol2]Ta(NMe2)3Et.

Figure 4. Molecular structure of [ArTol2]Ta(NMe2)3Prn.
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Figure 5. Molecular structure of [ArTol2]Ta(NMe2)3Bun.

Figure 6. Molecular structure of [ArTol2]Ta(NMe2)3Np.

In addition to the synthesis of the tantalum alkyl complexes, the bis-terphenyl
complex [ArTol2]2Ta(NMe2)3 was formed upon treatment of [ArTol2]Ta(NMe2)3Cl with
[ArTol2]Li (Scheme 3), and its molecular structure is shown in Figure 7.7 Interestingly,
[ArTol2]2Ta(NMe2)3 is not stable in solution and decomposes to give the cyclometalated
complex [!2-ArTol,Tol’]Ta(NMe2)3 (Figure 8) and [ArTol2]H over a period of one day at room
temperature (Scheme 4). Notable spectroscopic signals of [!2-ArTol,Tol’]Ta(NMe2)3 are (i)
the inequivalent methyl groups of the [!2-ArTol,Tol’] moiety ["(1H) = 2.19 ppm and 2.38
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ppm, "(13C{1H}) = 21.2 ppm and 21.9 ppm], (ii) the asymmetry of the [!2-ArTol,Tol’] moiety,
giving 8 signals rather than the typical 4 observed for [ArTol2]Ta(NMe2)3X (X = Cl, Me,
Et, Prn, Bun, Np, [ArTol2], and BH4) complexes, and (iii) the presence of two 13C signals
with chemical shifts of approximately 200 (± 10) ppm [" = 197.7 ppm and 199.6 ppm],
distinctive for the aryl carbons bonded to tantalum [Ta–Caryl] (see experimental section,
7.12).8
Moreover, it was determined that upon heating (100 ˚C) solutions of the
tantalum alkyl complexes, [ArTol2]Ta(NMe2)3R (R = Me, Et, Prn, Bun or Np),
cyclometalation also occurs, forming [!2-ArTol,Tol’]Ta(NMe2)3, in addition to the respective
alkane (Scheme 4).
H

H

B
H

H

Ta

Cl
NMe2

LiBH4

Ta

NMe2

[ArTol2]Li

NMe2

NMe2
NMe2

NMe2

NMe2

Scheme 3. Synthesis of [ArTol2]Ta(NMe2)3(BH4) and [ArTol2]2Ta(NMe2)3.

Figure 7. Molecular structure of [ArTol2]2Ta(NMe2)3.

Ta
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Figure 8. Molecular structure of [!2-ArTol,Tol’]Ta(NMe2)3.
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Scheme 4. Reactivity of [ArTol2]Ta(NMe2)3Cl and synthetic routes towards [!2-ArTol,Tol’]Ta(NMe2)3.
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Additionally, the synthesis of a tantalum hydride complex was attempted by
addition of LiBH4 to [ArTol2]Ta(NMe2)3Cl; however, this resulted in the formation of the
borohydride complex, [ArTol2]Ta(NMe2)3(BH4) (Scheme 3),9 which has been structurally
characterized by X-ray diffraction (Figure 9). In order to abstract the BH3 fragment,
[ArTol2]Ta(NMe2)3(BH4) was treated with PMe3. In this regard, Me3P#BH3 is formed but
the

major

tantalum

product

is

[!2-ArTol,Tol’]Ta(NMe2)3

(Scheme

4).

Thus,

[[ArTol2]Ta(NMe2)3H] is presumably a short-lived intermediate that eliminates H2 at
room temperature via cyclometalation.

Figure 9. Molecular structure of [ArTol2]Ta(NMe2)3(BH4).

7.4

Synthesis and reactivity of [ArTol2]Ta(NMe2)2Cl2
In view of the cyclometalation chemistry observed for the monoalkyl complexes,

[ArTol2]Ta(NMe2)3R, dialkyl complexes were sought after. In this regard, the dichloride
complex, [ArTol2]Ta(NMe2)2Cl2, can be formed upon treatment of [ArTol2]Ta(NMe2)3Cl
with Me3SiCl, which can subsequently be converted to the dialkyl complexes
[ArTol2]Ta(NMe2)2R2 (R = Me, Et, Prn, Bun, and Np), after addition of the appropriate
alkyllithium reagent (Scheme 5). The molecular structures of [ArTol2]Ta(NMe2)2Cl2 and
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the dialkyl complexes [ArTol2]Ta(NMe2)2R2 (R = Me, Et, Prn, Bun, and Np) have been
determined by X-ray diffraction, and are shown in Figures 10 – 15.10
Cl

Ta

NMe2

Me3SiCl

Ta

NMe2
NMe2

NMe2

Cl
NMe2
Cl

RLi
R = Me, Et, Prn, Bun, Np

NMe2

Scheme 5. Synthesis of [ArTol2]Ta(NMe2)2Cl2 and reactivity with alkyllithium reagents.

Figure 10. Molecular structure of [ArTol2]Ta(NMe2)2Cl2.

Figure 11. Molecular structure of [ArTol2]Ta(NMe2)2Me2.

R
Ta
R
NMe2
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Figure 12. Molecular structure of [ArTol2]Ta(NMe2)2Et2.

Figure 13. Molecular structure of [ArTol2]Ta(NMe2)2Prn2.

Figure 14. Molecular structure of [ArTol2]Ta(NMe2)2Bun2.
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Figure 15. Molecular structure of [ArTol2]Ta(NMe2)2Np2.

7.5

Reactivity of the dialkyl tantalum complexes, [ArTol2]Ta(NMe2)2R2
Unfortunately, heating (100 ˚C) solutions of [ArTol2]Ta(NMe2)2R2 (R = Me, Et, Prn,

and Bun) did not result in the desired clean formation of [!3-ArTol’2]Ta(NMe2)2 and 2
equivalents of alkane (RH). Instead, significant decomposition to, inter alia, [ArTol2]H
was observed. In addition, the formation of [!2-ArTol,Tol’]Ta(NMe2)3 was identified by 1H
NMR spectroscopy, signifying the occurrence of a redistribution process. In contrast to
the other dialkyls, the bis-neopentyl complex, [ArTol2]Ta(NMe2)2Np2, was unstable in
solution at room temperature, and cyclometalates to give [!2-ArTol,Tol’]Ta(NMe2)2Np and
neopentane (Scheme 6). The molecular structure of [!2-ArTol,Tol’]Ta(NMe2)2Np has been
determined by X-ray diffraction and is shown in Figure 16.
NMe2

Ta

NMe2

NMe2

! CMe4

Ta
NMe2

Scheme 6. Room temperature cyclometalation of [ArTol2]Ta(NMe2)2Np2 to give [!2-ArTol,Tol’]Ta(NMe2)2Np
and neopentane.
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Figure 16. Molecular structure of [!2-ArTol,Tol’]Ta(NMe2)2Np.

Interestingly, when a solution of [!2-ArTol,Tol’]Ta(NMe2)2Np in d6-benzene was
heated at 60 ˚C and monitored by 1H NMR spectroscopy, a new major product was
observed that still contained a neopentyl (–CH2CMe3) group.11 The 1H and 13C{1H} NMR
spectra of this reaction mixture have been analyzed, and it is postulated that the major
product is an isomer of [!2-ArTol,Tol’]Ta(NMe2)2Np, namely [!2-Ar*Tol,Tol’]Ta(NMe2)2Np (the
* signifies the different connectivity of the center arene to tantalum), as shown in
Scheme 7.12,13 It is apparent that this isomerization reaction requires that (i) the Ta–Ar
bond is broken, (ii) a new Ta–Ar* bond is formed, and (iii) a hydrogen atom is formally
transferred from the meta position to the ipso position of the central arene.14

NMe2

NMe2
Ta

60 ˚C
NMe2

Scheme 7. Isomerization of [!2-ArTol,Tol’]Ta(NMe2)2Np to [!2-Ar*Tol,Tol’]Ta(NMe2)2Np.

Ta
NMe2
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7.6

Spectroscopic characterization of [! 2-Ar*Tol,Tol’]Ta(NMe2)2Np
It is useful to first note two important features of the 1H NMR spectrum of the C2

symmetric [ArTol2]Ta(NMe2)2Np2, which is shown in Figure 17. These are:
1. The tolyl-methyl groups are equivalent.
2. The aromatic region (i.e. 6 – 9 ppm) has only 4 signals with a total integration of 11
(as compared with the CMe3 group normalized to 18), thereby indicating that Tol
groups have not been cyclometalated.
3. Furthermore, in the

13

C{1H} NMR spectrum, there is only one signal with a

chemical shift of approximately 200 (± 10) ppm, i.e. 201.6 ppm, thereby indicating
that there is only one aryl carbon bonded to tantalum.

Figure 17. 1H NMR spectrum of [ArTol2]Ta(NMe2)2Np2 in d6-benzene (‡).
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It is also prudent to analyze the 1H spectrum of [!2-ArTol,Tol’]Ta(NMe2)2Np, which
is shown in Figure 18. The key observations are:
1. Unlike [ArTol2]Ta(NMe2)2Np2, there are two signals for the inequivalent tolyl-methyl
groups in [!2-ArTol,Tol’]Ta(NMe2)2Np.
2. The aromatic region has 8 signals with a total integration of 10 (as compared with
the CMe3 group normalized to 9), indicating its asymmetry due to cyclometalation.
3. One of these aromatic signals is a singlet (8.24 ppm, marked with an asterisk in
Figure 18), representative of an aromatic proton that does not have protons in the
respective ortho positions, thus lacking the typical ~8 Hz coupling constant.15
4. In the

13

C{1H} NMR spectrum of [!2-ArTol,Tol’]Ta-(NMe2)2Np, there are two signals

with chemical shifts of approximately 200 (± 10) ppm, i.e. 197.7 ppm and 201.5
ppm, thereby indicating the presence of two aryl carbons bonded to tantalum.

Figure 18. 1H NMR spectrum of [!2-ArTol,Tol’]Ta(NMe2)2Np in d6-benzene (‡).
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The

1

H NMR spectrum of the reaction mixture produced from heating

[!2-ArTol,Tol’]Ta(NMe2)2Np is shown in Figure 19, and the major observations that give
indication that [!2-Ar*Tol,Tol’]Ta(NMe2)2Np has been formed are the following:
1. There are two new signals for inequivalent tolyl-methyl groups.
2. There is a new set of signals for a neopentyl (–CH2CMe3) group.
3. The aromatic region contains 8 new signals.
4. There are two signals, which lack ~8 Hz coupling constants [i.e. 7.90 ppm (s) and
8.15 ppm (d, 4JH-H = 1.5 Hz)], indicating that there are two protons positioned on the
arenes that do not have vicinal protons (marked by an asterisk in Figure 19).
5. In the 13C{1H} NMR spectrum of the reaction mixture (Figure 20), there are two new
signals with chemical shifts of approximately 200 (± 10) ppm, i.e. 199.7 ppm and
201.2 ppm,16 thereby indicating the presence of two aryl carbons bonded to
tantalum.

Figure 19. 1H NMR spectrum of [!2-Ar*Tol,Tol’]Ta(NMe2)2Np in d6-benzene (‡).
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Figure 20. 13C{1H} NMR spectrum of [!2-Ar*Tol,Tol’]Ta(NMe2)2Np in d6-benzene (‡).

7.7

Protolytic cleavage studies
Protolytic cleavage studies were performed in order to obtain supporting data

for the structural assignment of [!2-Ar*Tol,Tol’]Ta(NMe2)2Np. In this regard, d4-MeOD
was added to d6-benzene solutions of (A) [ArTol2]Li, (B) [!2-ArTol,Tol’]Ta(NMe2)2Np and
(C) [!2-Ar*Tol,Tol’]Ta(NMe2)2Np, to ascertain the positions in which the deuterium ends
up after protolytic cleavage. The rational dx-[ArTol2]H products of these reactions are
shown in Scheme 8 and the 1H NMR spectra of the reactions, with peak assignment and
integration, are shown in Figure 21.
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The protonated ligand, [ArTol2]H, has been characterized by 1H NMR and its peak
assignment is shown in Figure 21.

In reaction (A), signal (a) is absent, thereby

indicating the presence of deuterium in position (a). In reaction (B), signal (a) is absent
but additionally, the integration of the signal that consists of (b) and (d) integrates to 5
(as compared with the tolyl-methyl groups normalized to 6), indicating that one site of
(d) has been replaced with deuterium. In reaction (C), signal (a) is present but the
integration of the signal that consists of (b) and (d) integrates to 4, signifying that one
site of (b) and one site of (d) has been replaced with deuterium atoms.17

Lastly,

reactions (B) and (C) were also analyzed by 2H NMR spectroscopy and the deuterium
signals are in accord for both [!2-ArTol,Tol’]Ta(NMe2)2Np and [!2-Ar*Tol,Tol’]Ta(NMe2)2Np
(Figure 22).
Li
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D3COD

A
NMe2

B

D

D3COD

Ta

D

NMe2
NMe2
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D3COD

Ta
NMe2

D

D

Scheme 8. Proposed deuterium distribution upon treament of (A) [ArTol2]Li, (B) [!2-ArTol,Tol’]Ta(NMe2)2Np,
and (C) [!2-Ar*Tol,Tol’]Ta(NMe2)2Np with d4-MeOD.
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Figure 21. 1H NMR spectra of [ArTol2]Li, and reactions (A) [ArTol2]Li, (B) [!2-ArTol,Tol’]Ta(NMe2)2Np, and (C)
[!2-Ar*Tol,Tol’]Ta(NMe2)2Np with d4-MeOD in d6-benzene (‡). The peak integration is written below each
signal.

Figure 22. 2H NMR spectra of reactions (B) [!2-ArTol,Tol’]Ta(NMe2)2Np, and (C) [!2-Ar*Tol,Tol’]Ta(NMe2)2Np
with d4-MeOD in d6-benzene (‡).
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7.8

Kinetics of thermolysis of [ArTol2]Ta(NMe2)2Np2
The kinetics of cyclometalation of [ArTol2]Ta(NMe2)2Np2 to form [!2-ArTol,Tol’]-

Ta(NMe2)2Np, and subsequent isomerization of [!2-ArTol,Tol’]Ta(NMe2)2Np to form
[!2-Ar*Tol,Tol’]Ta(NMe2)2Np was analyzed by using 1H NMR spectroscopy. In this regard,
if the reaction is performed at 47 ˚C, the first step (i.e. elimination of neopentane from
[ArTol2]Ta(NMe2)2Np2 giving [!2-ArTol,Tol’]Ta(NMe2)2Np, Scheme 6), can be monitored
without isomerization to [!2-Ar*Tol,Tol’]Ta(NMe2)2Np occurring (Figure 23). Analysis of
the data gives good evidence that the reaction is first order (i.e. unimolecular) in
[ArTol2]Ta(NMe2)2Np2 (Figure 24) and the first order rate constant (k1) is 6.67 $ 10–5 s–1,
corresponding to a free energy of activation (%G‡) of 24.9 kcal mol–1 at 47 ˚C.
NMe2
Np
Ta

NMe2
! NpH
47 ˚C

Np
NMe2

Ta

Np
NMe2

Figure 23. Plot of intensity of [ArTol2]Ta(NMe2)2Np2 (blue) and [!2-ArTol,Tol’]Ta(NMe2)2Np (red) versus time
at 47 ˚C. 256 data points were collected, each point at 0.66 min intervals. The kinetics were measured in
the probe of the NMR spectrometer, by monitoring the intensity of the (NMe2)2 1H NMR signals for both
compounds.
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Figure 24. Plot of the natural log of intensity of [ArTol2]Ta(NMe2)2Np2 versus time at 47 ˚C (using the data
from Figure 23).

If the thermolysis of [ArTol2]Ta(NMe2)2Np2 is performed at higher temperature (67
˚C), the kinetics of the cyclometalation and isomerization reaction (i.e. [!2-ArTol,Tol’]Ta(NMe2)2Np forming [!2-Ar*Tol,Tol’]Ta(NMe2)2Np, Scheme 7) can be analyzed.

As

illustrated in (Figure 25), [ArTol2]Ta(NMe2)2Np2 (light blue) quickly disappears (within
20 min) with subsequent production of [!2-ArTol,Tol’]Ta(NMe2)2Np (dark blue), which
then converts to [!2-Ar*Tol,Tol’]Ta(NMe2)2Np (red).

Analysis of the data gives good

evidence that the isomerization reaction is also first order in [!2-ArTol,Tol’]Ta(NMe2)2Np
(Figure 26); the first order rate constant (k1) is 1.15 $ 10–4 s–1, corresponding to a free
energy of activation (%G‡) of 26.1 kcal mol–1 at 67 ˚C.
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NMe2
Np
Ta

! NpH
67 ˚C

Np
NMe2

NMe2

NMe2
Ta

Np
67 ˚C
NMe2

Ta

Np
NMe2

Figure 25. Plot of the intensity of [ArTol2]Ta(NMe2)2Np2 (light blue), [!2-ArTol,Tol’]Ta(NMe2)2Np (dark blue),
and [!2-Ar*Tol,Tol’]Ta(NMe2)2Np (red) versus time at 67 ˚C. 220 data points were collected, each point at
1.14 min intervals. The kinetics were measured in the probe of the NMR spectrometer, by monitoring the
intensity of the (NMe2)2 1H NMR signals for the three compounds.

Figure 26. Plot of the natural log of intensity of [!2-ArTol,Tol’]Ta(NMe2)2Np versus time at 67 ˚C (using the
data from Figure 25). The data starts at 20 minutes because this is the time at which [ArTol2]Ta(NMe2)2Np2
had all reacted.
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Mechanism of formation of [! 2-Ar*Tol,Tol’]Ta(NMe2)2Np

7.9

The mechanism of formation of [!2-Ar*Tol,Tol’]Ta(NMe2)2Np is of interest as it
requires several bond cleavages and bond formations. One possibility is the formation
of a neopentylidene intermediate via &-hydride abstraction, followed by a 180˚ bond
rotation, and then a 1,2-addition to form the new Ta–Ar* bond and reform the
neopentyl unit (Scheme 9). In this regard, an isotopologue of [ArTol2]Ta(NMe2)2Np2,
namely d4-[ArTol2]Ta(NMe2)2(CD2But)2, was synthesized in order to ascertain if this
mechanism was plausible.

Monitoring the thermolysis reaction of d4-[ArTol2]Ta-

(NMe2)2(CD2But)2 in d6-benzene by 1H NMR spectroscopy demonstrates the selective
formation of d2-[!2-ArTol,Tol’]Ta(NMe2)2(CD2But) followed by d2-[!2-Ar*Tol,Tol’]Ta(NMe2)2(CD2But).

The formation of d2-[!2-ArTol,Tol’]Ta(NMe2)2(CD2But) indicates that this

compound is formed by a sigma-bond metathesis (SBM) mechanism rather than &hydride abstraction.18 The formation of d2-[!2-Ar*Tol,Tol’]Ta(NMe2)2(CD2But),19 in which
there is no hydrogen incorporation into the methylene site of the neopentyl unit, is very
informative as it rules out the formation of a neopentylidene intermediate as a plausible
mechanism for this reaction (Scheme 9).
NMe2

NMe2
D

Ta
H

D

D

NMe2

NMe2

!"hydride abstraction

1,2"addition

NMe2
D
H

NMe2
180 ˚ rotation

Ta

H

D
NMe2

H

Ta

D

D

Ta

D
NMe2

Scheme 9. Possible mechanism of isomerization (ruled out by isotopic labeling experiment).
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Another possible mechanistic scenario is one in which an amide ligand (NMe2)
cyclometalates to form a metallaaziridine ring, ('2-CH2NMe), transferring a hydrogen to
the ipso position, followed by bond rotation and 1,2-addition to reform the NMe2 group
(Scheme 10). As illustrated in Scheme 10, the neopentyl group is not participating in
this pathway; thus the (CD2But) group would not be expected to have protio
incorporation. In support of this notion, cyclometalation of dimethylamido ligands on
tantalum has been previously observed. 20
Me

CH3

Me

N

N
CH2CMe3

Ta
H

H

!"hydride abstraction

NMe2

1,2"addition

Me

Me
N

H

CH2CMe3

Ta

NMe2

H

CH2H

CH2
CH2CMe3

Ta

CH2

N
180 ˚ rotation

H
H

NMe2

Ta

CH2CMe3
NMe2

Scheme 10. Possible mechanism of isomerization through a metallaaziridine ring.

7.10 Structural Aspects of {[ArTol2]Ta} Complexes
The molecular structures of the mono-alkyl compounds, [ArTol2]Ta(NMe2)3R (R =
Me, Et, Prn, Bun, and Np) have all been determined by X-ray diffraction. Notably, the
Ta–Cipso–Cpara angles, which are listed in Table 1, have a large range of 18.6˚ (160.7˚ to
179.3˚); however, there is no discernable trend based on steric factors. In fact, the
[ArTol2]Ta(NMe2)3Np

(179.3˚)

has

the

most

idealized

angle

[ArTol2]Ta(NMe2)3Prn (160.7˚) has the largest deviation from linearity.

(180˚),

while

In order to

understand these differences, density function geometry optimization calculations were

409
performed on the alkyl derivatives.21

However, the calculated geometries did not

reproduce the Ta–Cipso–Cpara angles that were determined by X-ray diffraction [%Calculated–
Crystal

(˚), Table 1], with a calculated range of 5.0 ˚ (163.4˚ to 168.4˚), which is significantly

smaller than the experimental range (18.6˚). The largest deviation form linearity for the
Ta–Cipso–Cpara angle is observed in the bis-terphenyl complex, [ArTol2]2Ta(NMe2)3, having
angles of 154.5˚ and 177.3˚.22

This distortion, however, is reproduced by density

function calculations giving indication that the calculations are working properly.
Thus, although it is possible that the calculations are erroneous, the deviations from
linearity observed in the experimental crystal structures are postulated to be due to
crystal packing effects.23

Table 1. Ta–Cipso–Cpara Angles for [ArTol2]Ta(NMe2)3X.
X=

Crystal (˚)

Calculated (˚)

% Calculated–Cystal (˚)

Cl

162.7

166.7

4.0

Me

174.5

168.4

–6.1

Et

161.0

164.2

3.2

Prn

160.7

165.0

4.3

Bun

176.9

163.4

–13.5

Np

179.3

164.0

–15.3

177.3, 154.5

176.1, 150.4

–1.2, –4.1

174.9

174.6

–0.3

[ArTol2]a
BH4

(a) Two [ArTol2] groups in complex.

Is it worth noting that contrary to the mono-alkyl complexes, the di-alkyl
complexes [ArTol2]Ta(NMe2)2R2 (R = Me, Et, Prn, Bun, and Np), which have also been
structurally characterized by X-ray diffraction, do not display significant Ta–Cipso–Cpara
angle distortions (Table 2). Instead, they prefer to take a C2 symmetric geometry, as
depicted for [ArTol2]Ta(NMe2)2Me2 in Figure 27.
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Figure 27. Molecular structures of [ArTol2]Ta(NMe2)2Me2 showing C2 symmetry (Ta–Cipso–Cpara = C2 axis,
directly into page). [Pink = Tantalum, Blue = Nitrogen, Black = Carbon, Red = Carbon’s of TaMe2,
Hydrogen atoms not shown for clarity].

Table 2. Ta–Cipso–Cpara Angles for [ArTol2]Ta(NMe2)2R2.
R=

Crystal (˚)

Me

180.0

Et

169.2

Prn

178.3

Bun

176.3

Npa

180.0, 177.2

(a) Two independent structures for [ArTol2]Ta(NMe2)2Np2 were obtained. Space groups: C2/c and P-1,
respectively.

7.11 Summary and conclusions
In conclusion, a series of new [ArTol2] tantalum complexes supported by
dimethylamido ligands have been synthesized and structurally characterized. Several
methods were observed to induce cyclometalation of the [ArTol2]Ta(NMe2)3X (X = Me, Et,
Prn, Bun, Np, [ArTol2] and BH4) complexes, thereby forming [!2-ArTol,Tol’]Ta(NMe2)3.
Additionally, [ArTol2]Ta(NMe2)2Np2 eliminates one equivalent of neopentane at room
temperature to form [!2-ArTol,Tol’]Ta(NMe2)2Np, which subsequently isomerizes to
[!2-Ar*Tol,Tol’]Ta(NMe2)2Np.
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7.12 Experimental details
7.12.1 General considerations
All manipulations were performed using a combination of glovebox, high vacuum, and
Schlenk techniques under an argon atmosphere unless otherwise specified.24 Solvents
were purified and degassed by using standard procedures.

1

H NMR spectra were

measured on Bruker 300 DRX, Bruker 300 DPX, Bruker 400 Avance III, Bruker 400
Cyber-enabled Avance III, and Bruker 500 DMX spectrometers. 1H chemical shifts are
reported in ppm relative to SiMe4 (" = 0) and were referenced internally with respect to
the protio solvent impurity (" 7.16 for C6D5H and 2.09 for C7D7H).25

13

C NMR spectra

are reported in ppm relative to SiMe4 (" = 0) and were referenced internally with respect
to the solvent (" 128.06 for C6D6).25

31

P chemical shifts are reported in ppm relative to

85% H3PO4 (" = 0) and were referenced using P(OMe)3 (" = 141.0) as an external
standard.26 Coupling constants are given in hertz. NMR spectroscopic simulations
were performed using gNMR 5.1 (Adept Scientific) and MestReNova v7.0.3 (Mestrelab
Research S.L. 2001) and final images were produced by MestReNova. TaCl5, PMe3, EtLi
(0.5M solution in benzene/cyclohexane 9:1), Li wire (0.5 – 1.0 % Na), MeI, P(OPh)3, and
pivaloyl chloride were obtained commercially from Aldrich.
commercially from Acros Organics.

LiAlD4 was obtained

ZnCl2 was obtained commercially from Strem

Chemicals and dried with SOCl2 prior to use.27

Et2O was dried over LiAlH4 and

vacuum transferred into an ampoule containing molecular sieves prior to use. THF was
dried over LiAlH4 and vacuum transferred into an ampoule containing molecular sieves
prior to use. Me3SiCl was obtained from Aldrich, dried over CaH2 prior to use, and
vacuum transferred directly into the reaction flask. PrnLi,28 NpLi,29 and [ArTol2]Li30 were
prepared by the literature methods.
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7.12.2 X-ray structure determinations
X-ray diffraction data were collected on a Bruker Apex II diffractometer. Crystal data,
data collection and refinement parameters are summarized in Section 7.13, Table 3. The
structures were solved using direct methods and standard difference map techniques,
and were refined by full-matrix least-squares procedures on F2 with SHELXTL (Version
6.10).31

7.12.3 Computational details
Calculations were carried out using DFT as implemented in the Jaguar 7.5 (release 207)
suite of ab initio quantum chemistry programs.32 Geometry optimizations were
performed with the B3LYP density functional33 using the 6-31G** (C, H, N, B, and Cl)
and LACVP (Ta) basis sets.34 The energies of the optimized structures were reevaluated
by additional single point calculations on each optimized geometry using cc-pVTZ(-f)
correlation consistent triple-( basis set for C, H, N, B, and Cl and LACV3P for Ta.

7.12.4 Synthesis of [Ta(NMe2)3Cl2]2
The synthesis of [Ta(NMe2)3Cl2]2 was adapted from the literature procedure.35 In an
ampoule, a stirred suspension of LiNMe2 (3.575 g, 0.070 mol) in pentane (100 mL) was
treated with TaCl5 (5 g, 0.014 mol). The mixture was stirred while open to argon for 5
hours, after which point the ampoule was sealed and stirred for an additional 2 days.
The resulting dark brown suspension was allowed to settle and filtered. [Caution!
Mixture is not filtered to dryness because of previous reports of detonation, see: Chesnut, R. W.;
Rothwell, I. P.; Holl, M. B.; Wolczanski, P. T. Chem. Eng. News 1990, 68, 2] At this point,
instead of isolating the Ta(NMe2)5,36 the filtrate was frozen at –196 ˚C, and treated with
Me3SiCl (ca. 10 mL, 0.079 mol) via vapour transfer. The mixture was allowed to warm to
room temperature and stirred for 3 hours, thereby producing an orange brown powder.
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The powder was allowed to settle after which point the mother liquor was removed by
filtration. The powder was then washed with pentane (1 $ 100 mL, 1 $ 50 mL), and
dried in vacuo giving [Ta(NMe2)3Cl2]2 as a light orange brown powder (3.32 g, 62%
isolated yield).

7.12.5 Synthesis of [ArTol2]Ta(NMe2)3Cl
To a stirring suspension of [Ta(NMe2)3Cl2]2 (1.0 g, 1.30 mmol) in Et2O (15 mL) was
added a solution of [ArTol2]Li (760 mg, 2.88 mmol) in Et2O (10 mL) over a period of 5
minutes. The mixture was then stirred for 30 minutes, after which period the volatiles
were removed in vacuo. The resulting solid was first washed with pentane (15 mL), and
then extracted with pentane (100 mL), filtered and the filtrate pumped down in vacuo
giving a golden-yellow to brown powder. The powder was then washed with pentane
(ca. 1 $ 5 mL, 1 $ 3 mL) and dried in vacuo giving [ArTol2]Ta(NMe2)3Cl (427 mg, 28%
isolated yield). X-ray quality crystals were obtained from a solution in pentane at –15
˚C. Anal. Calcd.: C, 51.5%, H, 5.8%, N, 6.9%. Found: C, 51.4%, H, 5.9%, N, 6.8%.
1

H NMR (C6D6): 2.17 [s, 6H of Me of ArTol2], 2.86 [s, 18H of (NMe2)3], 7.05 [d, 3JH-H

= 8, 4H of ArTol2], 7.19 [dd, 3JH-H = 8, 3JH-H = 7, 1H of ArTol2], 7.30 [d, 3JH-H = 8, 2H of ArTol2],
7.74 [br s, 4H of ArTol2].

13

C{1H} NMR (C6D6): 21.1 [s, 2C of Me of ArTol2], 46.9 [s, 6C of

(NMe2)3], 126.0 [s, 1C of ArTol2], 128.8 [s, 4C of ArTol2], 130.4 [s, 2C of ArTol2], 130.9 [br s, 4C
of ArTol2], 136.0 [s, 2C of ArTol2], 144.7 [s, 2C of ArTol2], 146.5 [s, 2C of ArTol2], 202.5 [s, 1C of
ArTol2].

7.12.9 Synthesis of [ArTol2]Ta(NMe2)3Me
A solution of [ArTol2]Ta(NMe2)3Cl (30 mg, 0.05 mmol) and d6-benzene (ca. 0.7 mL) in an
NMR tube equipped with a J. Young valve was treated with a suspension of MeLi (10
mg, 0.45 mmol) in Et2O (ca. 0.1 mL).

The suspension was analyzed by 1H NMR
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spectroscopy, thereby demonstrating conversion to [ArTol2]Ta(NMe2)3Me. The mixture
was then lyophilized, extracted into pentane (ca. 1 mL), filtered through celite and
placed at –15 ˚C for 1 day, thereby depositing light yellow crystals of
[ArTol2]Ta(NMe2)3Me. The mother liquor was removed using a pipette, and the crystals
were washed with cold (–15 ˚C) pentane (2 $ 1 mL), and dried in vacuo giving
[ArTol2]Ta(NMe2)3Me (15 mg, 52% isolated yield). X-ray quality crystals were obtained
from a solution in pentane at –15 ˚C. Anal. Calcd.: C, 55.4%, H, 6.5%, N, 7.2%. Found:
C, 55.4%, H, 6.6%, N, 7.0%.
1

H NMR (C6D6): 0.25 [s, 3H of TaMe], 2.20 [s, 6H of Me of ArTol2], 3.01 [br s, 18H of

(NMe2)3], 7.08 [d, 3JH-H = 8, 4H of ArTol2], 7.20 [t, 3JH-H = 8, 1H of ArTol2], 7.35 [d, 3JH-H = 8,
2H of ArTol2], 7.46 [d, 3JH-H = 8, 4H of ArTol2].

13

C{1H} NMR (C6D6): 21.2 [s, 2C of Me of

ArTol2], 46.6 [s, 6C of (NMe2)3], 53.3 [s, 1C of TaMe], 125.2 [s, 1C of ArTol2], 129.0 [br s, 4C
of ArTol2], 129.8 [s, 4C of ArTol2], 130.4 [s, 2C of ArTol2], 135.8 [very br, 2C of ArTol2], 145.9
[very br, 4C of ArTol2], 200.3 [s, 1C of ArTol2].

7.12.10 Synthesis of [ArTol2]Ta(NMe2)3Et
[ArTol2]Ta(NMe2)3Cl (30 mg, 0.05 mmol), d6-benzene (ca. 0.7 mL), and EtLi (2 mg, 0.05
mmol) were consecutively added to a small vial. The suspension was mixed for 1
minute, filtered through celite and then added to an NMR tube equipped with a J.
Young valve.

The pale yellow to colorless solution was analyzed by 1H NMR

spectroscopy, thereby demonstrating conversion to [ArTol2]Ta(NMe2)3Et. The mixture
was then lyophilized, extracted into pentane (ca. 1 mL) and allowed to evaportate
slowly at room temperature giving light yellow crystals of [ArTol2]Ta(NMe2)3Et. The
crystals were washed with cold (–15 ˚C) pentane (1 mL), and dried in vacuo giving
[ArTol2]Ta(NMe2)3Et (8 mg, 27% isolated yield). X-ray quality crystals were obtained
from a solution in pentane at –15 ˚C.
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1

H NMR (C6D6): 0.42 [q, 3JH-H = 8, 2H of TaCH2CH3], 1.77 [t, 3JH-H = 8, 3H of

TaCH2CH3], 2.20 [s, 6H of Me of ArTol2], 3.00 [br s, 18H of (NMe2)3], 7.08 [d, 3JH-H = 8, 4H
of ArTol2], 7.20 [t, 3JH-H = 8, 1H of ArTol2], 7.34 [d, 3JH-H = 8, 2H of ArTol2], 7.46 [d, 3JH-H = 8,
4H of ArTol2].

13

C{1H} NMR (C6D6): 15.2 [s, 1C of TaCH2CH3], 21.2 [s, 2C of Me of ArTol2],

46.8 [s, 6C of (NMe2)3], 67.2 [s, 1C of TaCH2CH3], 125.1 [s, 1C of ArTol2], 128.9 [br s, 4C of
ArTol2], 130.0 [br s, 4C of ArTol2], 130.4 [s, 2C of ArTol2], 136.2 [very br, 2C of ArTol2], 146.1
[very br, 4C of ArTol2], 200.5 [s, 1C of ArTol2].

7.12.11 Synthesis of [ArTol2]Ta(NMe2)3Prn
[ArTol2]Ta(NMe2)3Cl (30 mg, 0.05 mmol), d6-benzene (ca. 0.7 mL), and PrnLi (5 mg, 0.10
mmol) were consecutively added to a small vial. The suspension was mixed for 1
minute, filtered through celite and then added to an NMR tube equipped with a J.
Young valve. The pale yellow to colorless solution was analyzed by 1H NMR
spectroscopy, thereby demonstrating conversion to [ArTol2]Ta(NMe2)3Prn. The mixture
was then lyophilized, extracted into pentane (ca. 1 mL), filtered and placed at –15 ˚C for
ca. 1 week, thereby depositing light yellow crystals of [ArTol2]Ta(NMe2)3Prn. The mother
liquor was removed using a pipette, and the crystals were washed with cold (–15 ˚C)
pentane (1 mL), and dried in vacuo giving [ArTol2]Ta(NMe2)3Prn (6 mg, 20% isolated
yield). X-ray quality crystals were obtained from a solution in pentane at –15 ˚C. Anal.
Calcd.: C, 56.8%, H, 6.9%, N, 6.8%. Found: C, 56.0%, H, 6.7%, N, 5.8%.
1

H NMR (C6D6): 0.28 [m, 2H of TaCH2CH2CH3], 0.93 [t, 3JH-H = 7, 3H of

TaCH2CH2CH3], 1.80 [m, 2H of TaCH2CH2CH3], 2.22 [s, 6H of Me of ArTol2], 3.00 [br s,
18H of (NMe2)3], 7.08 [d, 3JH-H = 8, 4H of ArTol2], 7.20 [t, 3JH-H = 8, 1H of ArTol2], 7.35 [d, 3JH-H
= 8, 2H of ArTol2], 7.46 [d, 3JH-H = 8, 4H of ArTol2].

13

C{1H} NMR (C6D6): 21.2 [s, 2C of Me of

ArTol2], 22.3 [s, 1C of TaCH2CH2CH3], 24.6 [s, 1C of TaCH2CH2CH3], 46.8 [s, 6C of
(NMe2)3], 79.6 [s, 1C of TaCH2CH2CH3], 125.1 [s, 1C of ArTol2], 128.9 [br s, 4C of ArTol2],
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130.0 [br s, 4C of ArTol2], 130.3 [s, 2C of ArTol2], 136.2 [very br, 2C of ArTol2], 146.1 [very br,
4C of ArTol2], 200.9 [s, 1C of ArTol2].

7.12.12 Synthesis of [ArTol2]Ta(NMe2)3Bun
[ArTol2]Ta(NMe2)3Cl (30 mg, 0.05 mmol), d6-benzene (ca. 1 mL) and BunLi (3 mg, 0.05
mmol, in 0.2 mL d6-benzene) were consecutively added to a small vial. The suspension
was mixed for 1 minute, filtered through celite and then added to an NMR tube
equipped with a J. Young valve. The pale yellow to colorless solution and analyzed by
1

H NMR spectroscopy, thereby demonstrating conversion to [ArTol2]Ta(NMe2)3Bun. The

mixture was then lyophilized, extracted into pentane (ca. 1 mL), filtered and placed at –
15 ˚C for ca. 1 week and allowed to evaporate slowly, thereby forming light yellow
crystals of [ArTol2]Ta(NMe2)3Bun on the side of the vial wall. The crystals were dried in
vacuo giving [ArTol2]Ta(NMe2)3Bun (9 mg, 29% isolated yield). X-ray quality crystals
were obtained from a solution in pentane at –15 ˚C.
1

H NMR (C6D6): 0.25 [m, 2H of TaCH2CH2CH2CH3], 0.91 [t, 3JH-H = 7, 3H of

TaCH2CH2CH2CH3],

1.23

[m,

2H

of

TaCH2CH2CH2CH3],

1.76

[m,

2H

of

TaCH2CH2CH2CH3], 2.22 [s, 6H of Me of ArTol2], 3.01 [br s, 18H of (NMe2)3], 7.08 [d, 3JH-H
= 8, 4H of ArTol2], 7.20 [t, 3JH-H = 8, 1H of ArTol2], 7.35 [d, 3JH-H = 8, 2H of ArTol2], 7.47 [d, 3JHH

= 8, 4H of ArTol2].

13

C{1H} NMR (C6D6): 13.7 [s, 1C of TaCH2CH2CH2CH3], 21.2 [s, 2C of

Me of ArTol2], 30.4 [s, 1C of TaCH2CH2CH2CH3], 33.1 [s, 1C of TaCH2CH2CH2CH3], 46.8
[s, 6C of (NMe2)3], 79.3 [s, 1C of TaCH2CH2CH2CH3], 125.1 [s, 1C of ArTol2], 128.9 [br s, 4C
of ArTol2], 130.1 [br s, 4C of ArTol2], 130.3 [s, 2C of ArTol2], 136.1 [very br, 2C of ArTol2], 146.0
[very br, 4C of ArTol2], 200.8 [s, 1C of ArTol2].
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7.12.13 Synthesis of [ArTol2]Ta(NMe2)3Np
[ArTol2]Ta(NMe2)3Cl (30 mg, 0.05 mmol), d6-benzene (ca. 0.7 mL), and NpLi (5 mg, 0.06
mmol) were consecutively added to a small vial. The suspension was mixed for 1
minute, filtered through celite and then added to an NMR tube equipped with a J.
Young valve.

The pale yellow to colorless solution was analyzed by 1H NMR

spectroscopy, thereby demonstrating conversion to [ArTol2]Ta(NMe2)3Np. The mixture
was then lyophilized, extracted into pentane (ca. 1 mL), filtered and placed at –15 ˚C for
ca. 1 week, thereby depositing light yellow crystals of [ArTol2]Ta(NMe2)3Np. The mother
liquor was removed using a pipette, and the crystals were washed with cold (–15 ˚C)
pentane (2 $ 1 mL), and dried in vacuo giving [ArTol2]Ta(NMe2)3Np (10 mg, 31% isolated
yield). X-ray quality crystals were obtained from a solution in pentane at –15 ˚C. Anal.
Calcd.: C, 58.0%, H, 7.2%, N, 6.6%. Found: C, 57.5%, H, 6.7%, N, 6.2%.
1

H NMR (C6D6): 0.04 [s, 2H of TaCH2CMe3], 0.98 [s, 9H of TaCH2CMe3], 2.23 [s,

6H of Me of ArTol2], 3.05 [br s, 18H of (NMe2)3], 7.07 [br, 4H of ArTol2], 7.21 [t, 3JH-H = 8, 1H
of ArTol2], 7.40 [br, 4H of ArTol2], 7.52 [br, 2H of ArTol2].

13

C{1H} NMR (C6D6): 21.2 [s, 2C of

Me of ArTol2], 34.3 [s, 1C of TaCH2CMe3], 37.7 [s, 1C of TaCH2CMe3], 46.8 [s, 6C of
(NMe2)3], 98.7 [s, 1C of TaCH2CMe3], 124.7 [s, 1C of ArTol2], 129.2 [br s, 4C of ArTol2], 129.8
[br s, 4C of ArTol2], 130.8 [br s, 2C of ArTol2], 135.3 [br s, 1C of ArTol2], 136.7 [br s, 1C of
ArTol2], 143.8 [br s, 1C of ArTol2], 144.8 [br s, 1C of ArTol2], 145.6 [br s, 1C of ArTol2], 146.8 [br
s, 1C of ArTol2], 201.3 [s, 1C of ArTol2].

7.12.14 Synthesis of [ArTol2]2Ta(NMe2)3
A solution of [ArTol2]Ta(NMe2)3Cl (25 mg, 0.04 mmol) in d6-benzene (ca. 0.7 mL) in a
small vial was treated with [ArTol2]Li [15 mg, 0.06 mmol]. The reaction mixture was
stirred (ca. 1 min), filtered into an NMR tube equipped with a J. Young and monitored
by 1H NMR spectscopy, thereby demonstrating that all of the [ArTol2]Ta(NMe2)3Cl had
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reacted. The sample was then lyophilized, extracted with pentane (ca. 1 mL), filtered,
and crystallized at –15 ˚C for 1 week, thereby depositing yellow crystals of
[ArTol2]2Ta(NMe2)3• ½ C5H12. The mother liquor was removed using a pipette, and the
crystals were washed with cold pentane (–15 ˚C) (2 $ 1 mL), giving [ArTol2]2Ta(NMe2)3•
½ C5H12 (14 mg, 39% isolated yield).

X-ray quality crystals were obtained from a

solution in pentane at –15 ˚C. Anal. Calcd.: C, 66.7%, H, 6.3%, N, 5.1%. Found: C,
65.6%, H, 6.3%, N, 4.5%.
1

H NMR (C6D6): 2.19 [s, 12H of Me of ArTol2], 2.51 [s, 18H of (NMe2)3], 7.08 [d, 3JH-H

= 7, 8H of ArTol2], 7.10 [t, 3JH-H = 8, 2H of ArTol2], 7.24 [d, 3JH-H = 7, 4H of ArTol2], 7.40 [d, 3JHH

= 7, 8H of ArTol2].

13

C{1H} NMR (C6D6): 21.1 [s, 4C of Me of ArTol2], 47.0 [s, 6C of

(NMe2)3], 125.4 [s, 2C of ArTol2], 128.4 [s, 8C of ArTol2], 130.1 [s, 8C of ArTol2], 131.3 [s, 4C of
ArTol2], 134.9 [s, 4C of ArTol2], 147.8 [s, 4C of ArTol2], 152.2 [s, 4C of ArTol2], 199.2 [s, 2C of
ArTol2].

7.12.15 Synthesis of [ArTol2]Ta(NMe2)3(BH4)
[ArTol2]Ta(NMe2)3Cl (50 mg, 0.08 mmol) and LiBH4 (3 mg, 0.14 mmol) was added to an
NMR tube equipped with a J. Young valve and was treated with Et2O (ca. 0.5 mL).
After 30 minutes, the volatiles were removed in vacuo, and the off white solid was
extracted with pentane (2 mL), filtered, and placed at –15 ˚C for 1 day, thereby
depositing colorless crystals of [ArTol2]Ta(NMe2)3(BH4). The mother liquor was removed
using a pipette, and the crystals were washed with cold (–15 ˚C) pentane (2 $ 1 mL), and
dried in vacuo giving [ArTol2]Ta(NMe2)3(BH4) (13 mg, 27% isolated yield). X-ray quality
crystals were obtained from a solution in pentane at –15 ˚C. Anal. Calcd.: C, 53.3%, H,
6.7%, N, 7.2%. Found: C, 51.7%, H, 6.2%, N, 6.9%.
1

H NMR (C6D6): 2.17 [s, 6H of Me of ArTol2], 2.92 [s, 18H of (NMe2)3], 3.28 [very br,

4H of Ta(BH4)], 7.03 [d, 3JH-H = 8, 4H of ArTol2], 7.20 [dd, 3JH-H = 8, 3JH-H = 7, 1H of ArTol2],
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7.31 [d, 3JH-H = 8, 2H of ArTol2], 7.48 [d, 3JH-H = 8, 4H of ArTol2].

13

C{1H} NMR (C6D6): 21.1 [s,

2C of Me of ArTol2], 48.9 [s, 6C of (NMe2)3], 125.9 [s, 1C of ArTol2], 128.6 [s, 4C of ArTol2],
130.1 [s, 2C of ArTol2], 130.8 [br s, 4C of ArTol2], 135.5 [s, 2C of ArTol2], 145.7 [s, 2C of ArTol2],
148.0 [s, 2C of ArTol2], 198.4 [s, 1C of ArTol2].

11

B NMR (C6D6): –8.4 [br, 1B of Ta(BH4)].

7.12.16 Synthesis of [! 2-ArTol,Tol’]Ta(NMe2)3
[ArTol2]Ta(NMe2)3Cl (50 mg, 0.08 mmol), d6-benzene (ca. 0.7 mL), and NpLi (7 mg, 0.09
mmol) were consecutively added to a small vial. The suspension was mixed for 1
minute, and then filtered through celite into an NMR tube equipped with a J. Young
valve. The solution was analyzed by 1H NMR spectroscopy, thereby demonstrating
conversion to [ArTol2]Ta(NMe2)3Np. The sample was then heated at 100 ˚C for 2 hours,
thereby demonstrating conversion to [!2-ArTol,Tol’]Ta(NMe2)3 and neopentane.

The

mixture was then lyophilized, extracted into pentane, filtered and evaporated giving
[!2-ArTol,Tol’]Ta(NMe2)3, which contained a small amount (ca. 10%) [ArTol2]H (27 mg total,
ca. 55% yield of [!2-ArTol,Tol’]Ta(NMe2)3). X-ray quality crystals were obtained from a
solution in pentane at –15 ˚C.
1

H NMR (C6D6): 2.19 [s, 3H of Me of ArTol,Tol’], 2.38 [s, 3H of Me of ArTol,Tol’], 3.03 [s,

18H of (NMe2)3], 7.11 [d, 3JH-H = 8, 2H of ArTol,Tol’], 7.16 [m, 1H of ArTol,Tol’, under C6D5H
signal, located by 2D COSY and homonuclear decoupling], 7.63 [dd, 3JH-H = 7, 4JH-H = 2,
1H of ArTol,Tol’], 7.68 [m, 3H of Ar Tol,Tol’], 7.85 [d, 3JH-H = 7, 1H of ArTol,Tol’], 7.90 [d, 3JH-H = 8,
1H of ArTol,Tol’], 8.24 [d, 4JH-H = 2, 1H of ArTol,Tol’].

13

C{1H} NMR (C6D6): 21.2 [s, 1C of Me of

ArTol,Tol’], 21.9 [s, 1C of Me of ArTol,Tol’], 42.6 [s, 6C of (NMe2)3], 119.6 [s, 1C of ArTol,Tol’],
121.2 [s, 1C of ArTol,Tol’], 125.5 [s, 1C of ArTol,Tol’], 127.5 [s, 2C of ArTol,Tol’], 129.7 [s, 2C of
ArTol,Tol’], 129.9 [s, 1C of ArTol,Tol’], 135.7 [s, 1C of ArTol,Tol’], 136.5 [s, 1C of ArTol,Tol’], 139.8 [s,
2C of ArTol,Tol’], 140.4 [s, 1C of ArTol,Tol’], 142.2 [s, 1C of ArTol,Tol’], 154.2 [s, 1C of ArTol,Tol’],
158.3 [s, 1C of ArTol,Tol’], 197.7 [s, 1C of ArTol,Tol’], 199.6 [s, 1C of ArTol,Tol’].
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7.12.17 Production of [! 2-ArTol,Tol’]Ta(NMe2)3 via Cyclometalation
In the reactions (i – vi, not including vii) below, the major products (> 75%) are [!2ArTol,Tol’]Ta(NMe2)3 and the eliminated XH [X = Me, Et, Pr, Bu, Np, [ArTol2], H]. In reaction vii,
a significant amount of [ArTol2]H (ca. 50%) is produced instead of the [!2-ArTol,Tol’]Ta(NMe2)3,
Me3P"BH3 and H2.

(i) [ArTol2]Ta(NMe2)3Me (5 mg, 0.01 mmol) and d6-benzene (ca. 0.7 mL) were added to an
NMR tube equipped with a J. Young valve. The sample was heated at 100 ˚C for 1 day,
thereby demonstrating the formation of, inter alia, [!2-ArTol,Tol’]Ta(NMe2)3 and methane.

(ii) [ArTol2]Ta(NMe2)3Et (5 mg, 0.01 mmol) and d6-benzene (ca. 0.7 mL) were added to an
NMR tube equipped with a J. Young valve. The sample was heated at 100 ˚C for 3
hours, thereby demonstrating the formation of, inter alia, [!2-ArTol,Tol’]Ta(NMe2)3 and
ethane.

(iii) [ArTol2]Ta(NMe2)3Prn (5 mg, 0.01 mmol) and d6-benzene (ca. 0.7 mL) were added to
an NMR tube equipped with a J. Young valve. The sample was heated at 100 ˚C for 3
hours, thereby demonstrating the formation of, inter alia, [!2-ArTol,Tol’]Ta(NMe2)3 and
propane.

(iv) [ArTol2]Ta(NMe2)3Bun (5 mg, 0.01 mmol) and d6-benzene (ca. 0.7 mL) were added to
an NMR tube equipped with a J. Young valve. The sample was heated at 100 ˚C for 3
hours, thereby demonstrating the formation of, inter alia, [!2-ArTol,Tol’]Ta(NMe2)3 and
n-butane.
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(v) [ArTol2]Ta(NMe2)3Np (5 mg, 0.01 mmol) and d6-benzene (ca. 0.7 mL) were added to
an NMR tube equipped with a J. Young valve. The sample was heated at 100 ˚C for 2
hours, thereby demonstrating the formation of, inter alia, [!2-ArTol,Tol’]Ta(NMe2)3 and
neopentane.

(vi) [ArTol2]2Ta(NMe2)3 (10 mg, 0.01 mmol) and d6-benzene (ca. 0.7 mL) were added to an
NMR tube equipped with a J. Young valve. The sample was allowed to stand at 22 ˚C
for 1 day, thereby demonstrating the formation of, inter alia, [!2-ArTol,Tol’]Ta(NMe2)3 and
[ArTol2]H.

(vii) [ArTol2]Ta(NMe2)3(BH4) (10 mg, 0.02 mmol) and d6-benzene (ca. 0.7 mL) were added
to an NMR tube equipped with a J. Young valve. The sample was treated with PMe3
(ca. 0.05 mL) and allowed to stand at 22 ˚C for 1 day, thereby demonstrating the
formation of, inter alia, [!2-ArTol,Tol’]Ta(NMe2)3, Me3P#BH3 and H2.

7.12.18 Treatment of [ArTol2]Ta(NMe2)3X (X = Cl, Me, Et, Prn, Bun, and Np) with PMe3
[ArTol2]Ta(NMe2)3X (5 mg, 0.01 mmol, X = Cl, Me, Et, Prn, Bun, and Np) and d6-benzene
were added to an NMR tube equipped with a J. Young valve. The sample was then
treated with PMe3 (ca. 0.05 mL) and monitored by 1H NMR spectroscopy, thereby
demonstrating that there was no observable formation of [!2-ArTol,Tol’]Ta(NMe2)3 over a
period of 1 day at room temperature.

7.12.19 Synthesis of [ArTol2]Ta(NMe2)2Cl2
[ArTol2]Ta(NMe2)3Cl (100 mg, 0.17 mmol) and d6-benzene (ca. 1 mL) were added to an
NMR tube equipped with a J. Young valve.

Me3SiCl (ca. 0.7 mL) was the vapor

transferred into the NMR tube, shaken for 1 minute, and allowed to stand at room
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temperature for 10 minutes.

The sample was analyzed by 1H NMR spectroscopy,

thereby demonstrating conversion to [ArTol2]Ta(NMe2)2Cl2 and Me3SiNMe2.

The

volatiles were removed in vacuo leaving a yellow oily residue, which was extracted with
pentane (5 $ 1 mL), filtered into 5 separate small vials, and cooled to –15 ˚C, thereby
depositing yellow crystals of [ArTol2]Ta(NMe2)2Cl2. The mother liquor was removed
from each vial using a pipette, and the crystals were washed with cold (–15 ˚C) pentane
(1 mL each), combined and dried in vacuo giving [ArTol2]Ta(NMe2)2Cl2 (30 mg).
Additionally, the yellow solid left over after the pentane extractions was extracted into
benzene, filtered and lyophilized giving an additional batch of [ArTol2]Ta(NMe2)2Cl2 (23
mg). The total isolated yield is 54% (53 mg). X-ray quality crystals formed on the wall
of the NMR tube after the benzene solution was pumped down. Anal. Calcd.: C, 48.3%,
H, 4.9%, N, 4.7%. Found: C, 49.1%, H, 4.5%, N, 4.2%.
1

H NMR (C6D6): 2.18 [s, 6H of Me of ArTol2], 2.94 [s, 12H of (NMe2)2], 7.07 [d, 3JH-H

= 8, 4H of ArTol2], 7.16 [m, 1H of ArTol2], 7.29 [d, 3JH-H = 7, 2H of ArTol2], 7.72 [br d, 3JH-H = 7,
4H of ArTol2].

13

C{1H} NMR (C6D6): 21.3 [s, 2C of Me of ArTol2], 47.7 [s, 4C of (NMe2)2],

128.3 [s, 1C of ArTol2, under C6D6 signal, located by HSQC], 129.3 [s, 4C of ArTol2], 130.4
[s, 2C of ArTol2], 131.4 [s, 4C of ArTol2], 137.5 [s, 2C of ArTol2], 139.4 [br s, 2C of ArTol2], 144.4
[s, 2C of ArTol2], 201.4 [s, 1C of ArTol2].

7.12.20 Synthesis of [ArTol2]Ta(NMe2)2Me2
A solution of [ArTol2]Ta(NMe2)2Cl2 (20 mg, 0.03 mmol) and d6-benzene (ca. 0.7 mL) in an
NMR tube equipped with a J. Young valve was treated with a suspension of MeLi (10
mg, 0.45 mmol) in Et2O (ca. 0.2 mL) and mixture for ca. 1 hour. The suspension was
analyzed

by

1

H

NMR

[ArTol2]Ta(NMe2)2Me2.

spectroscopy,

thereby

demonstrating

conversion

to

The sample was lyophilized, extracted into d6-benzene, and

analyzed by 1H NMR spectroscopy demonstrating that the sample consisted of
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[ArTol2]Ta(NMe2)2Me2 as the major product, in addition to [ArTol2]H (< 5%). The sample
was then lyophilized giving [ArTol2]Ta(NMe2)2Me2 (12 mg, 65% yield) as a light brown
powder. X-ray quality crystals were obtained from a solution in pentane at –15 ˚C.
1

H NMR (C6D6): –0.41 [s, 6H of TaMe2], 2.15 [s, 6H of Me of ArTol2], 2.89 [s, 12H of

(NMe2)2], 6.99 [d, 3JH-H = 8, 4H of ArTol2], 7.22 [m, 1H of ArTol2], 7.28 [m, 6H of ArTol2].
13

C{1H} NMR (C6D6): 21.2 [s, 2C of Me of ArTol2], 43.0 [s, 4C of (NMe2)2], 56.1 [s, 2C of

TaMe2], 125.1 [s, 1C of ArTol2], 128.8 [s, 4C of ArTol2], 129.6 [s, 4C of ArTol2], 130.5 [s, 2C of
ArTol2], 136.4 [s, 2C of ArTol2], 141.0 [s, 2C of ArTol2], 143.6 [s, 2C of ArTol2], 195.6 [s, 1C of
ArTol2].

7.12.21 Isolation of [ArTol2]Ta(NMe2)2MeCl
During the synthesis of [ArTol2]Ta(NMe2)2Me2, if less than 2 equivalent of MeLi was
added or if the sample was not mixture for a long enough period, a mixture of
[ArTol2]Ta(NMe2)2Me2 and [ArTol2]Ta(NMe2)2MeCl was observed. Additionally, we were
able to crystallize [ArTol2]Ta(NMe2)2MeCl allowing for its molecular structure to be
determined. X-ray quality crystals were obtained from a solution in pentane at –15 ˚C.
1

H NMR (C6D6) – tentative because mixture: 0.20 [s, 3H of TaMe], 2.14 [s, 6H of Me

of ArTol2], 2.74 [br s, 12H of (NMe2)2], 7.05 [d, 3JH-H = 7, 4H of ArTol2], 7.18 [m, 1H of ArTol2],
7.28 [m, 2H of ArTol2], 7.80 [d, 3JH-H = 7, 4H of ArTol2].

7.12.22 Synthesis of [ArTol2]Ta(NMe2)2Et2
[ArTol2]Ta(NMe2)2Cl2 (15 mg, 0.03 mmol), d6-benzene (ca. 0.7 mL), and EtLi (3 mg, 0.08
mmol) were consecutively added to a small vial. The suspension was mixed for 1
minute, filtered through celite, and then added to NMR tube equipped with a J. Young
valve. The solution was analyzed by 1H NMR spectroscopy, thereby demonstrating
conversion to [ArTol2]Ta(NMe2)2Et2 (which may be used for further reactions directly
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when appropriate). The mixture was then lyophilized, extracted into pentane (ca. 1 mL)
and allowed to evaportate slowly at –15 ˚C giving light yellow crystals of
[ArTol2]Ta(NMe2)2Et2. X-ray quality crystals were obtained from a solution in pentane at
–15 ˚C.
1

H NMR (C6D6): 0.15 [q, 3JH-H = 8, 4H of Ta(CH2CH3)2], 1.32 [t, 3JH-H = 8, 6H of

Ta(CH2CH3)2], 2.18 [s, 6H of Me of ArTol2], 2.99 [s, 12H of (NMe2)2], 7.05 [d, 3JH-H = 8, 4H
of ArTol2], 7.18 [m, 1H of ArTol2], 7.25 [d, 3JH-H = 7, 2H of ArTol2], 7.32 [d, 3JH-H = 8, 4H of
ArTol2].

13

C{1H} NMR (C6D6): 13.6 [s, 2C of Ta(CH2CH3)2], 21.2 [s, 2C of Me of ArTol2], 43.4

[s, 4C of (NMe2)2], 71.1 [s, 2C of Ta(CH2CH3)2], 126.0 [s, 1C of ArTol2], 128.8 [s, 4C of
ArTol2], 130.1 [s, 4C of ArTol2], 130.4 [s, 2C of ArTol2], 136.5 [s, 2C of ArTol2], 142.0 [s, 2C of
ArTol2], 145.3 [s, 2C of ArTol2], 197.8 [s, 1C of ArTol2].

7.12.23 Synthesis of [ArTol2]Ta(NMe2)2Prn2
[ArTol2]Ta(NMe2)2Cl2 (15 mg, 0.03 mmol), d6-benzene (ca. 0.7 mL), and PrnLi (3 mg, 0.06
mmol) were consecutively added to a small vial. The suspension was mixed for 1
minute, filtered through celite, and then added to NMR tube equipped with a J. Young
valve. The solution was analyzed by 1H NMR spectroscopy, thereby demonstrating
conversion to [ArTol2]Ta(NMe2)2Prn2 (which may be used for further reactions directly
when appropriate). The mixture was then lyophilized, extracted into pentane (ca. 1 mL)
and allowed to evaportate slowly at –15 ˚C giving light yellow crystals of
[ArTol2]Ta(NMe2)2Prn2. X-ray quality crystals were obtained from a solution in pentane
at –15 ˚C.
1

H NMR (C6D6): 0.04 [m, 4H of Ta(CH2CH2CH3)2], 0.80 [t, 3JH-H = 7, 6H of

Ta(CH2CH2CH3)2], 1.32 [m, 4H of Ta(CH2CH2CH3)2], 2.21 [s, 6H of Me of ArTol2], 2.97 [s,
12H of (NMe2)2], 7.02 [d, 3JH-H = 8, 4H of ArTol2], 7.19 [t, 3JH-H = 7, 1H of ArTol2], 7.26 [d, 3JH-H
= 7, 2H of ArTol2], 7.30 [d, 3JH-H = 8, 4H of ArTol2].

13

C{1H} NMR (C6D6): 21.2 [s, 2C of Me of
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ArTol2], 22.0 [s, 2C of Ta(CH2CH2CH3)2], 23.1 [s, 2C of Ta(CH2CH2CH3)2], 43.5 [s, 4C of
(NMe2)2], 83.1 [s, 2C of Ta(CH2CH2H3)2], 125.6 [s, 1C of ArTol2], 128.8 [s, 4C of ArTol2],
129.9 [s, 4C of ArTol2], 130.4 [s, 2C of ArTol2], 136.5 [s, 2C of ArTol2], 141.9 [s, 2C of ArTol2],
144.7 [s, 2C of ArTol2], 197.6 [s, 1C of ArTol2].

7.12.24 Synthesis of [ArTol2]Ta(NMe2)2Bun2
[ArTol2]Ta(NMe2)2Cl2 (10 mg, 0.03 mmol), d6-benzene (ca. 0.7 mL), and BunLi (2 mg, 0.03
mmol) were consecutively added to a small vial. The suspension was mixed for 1
minute, filtered through celite, and then added to NMR tube equipped with a J. Young
valve. The solution was analyzed by 1H NMR spectroscopy, thereby demonstrating
conversion to [ArTol2]Ta(NMe2)2Bun2 (which may be used for further reactions directly
when appropriate). The mixture was then lyophilized, extracted into pentane (ca. 1 mL)
and allowed to evaportate slowly at –15 ˚C giving light yellow crystals of
[ArTol2]Ta(NMe2)2Prn2. X-ray quality crystals were obtained from a solution in pentane
at –15 ˚C. X-ray quality crystals were obtained from a solution in pentane at –15 ˚C.
1

H NMR (C6D6): 0.04 [m, 4H of Ta(CH2CH2CH2CH3)2], 0.83 [t, 3JH-H = 7, 6H of

Ta(CH2CH2CH2CH3)2], 1.10 [sextet, 3JH-H = 7, 4H of Ta(CH2CH2CH2CH3)2], 1.28 [m, 4H of
Ta(CH2CH2CH2CH3)2], 2.21 [s, 6H of Me of ArTol2], 2.99 [s, 12H of (NMe2)2], 7.03 [d, 3JH-H
= 8, 4H of ArTol2], 7.19 [m, 3JH-H = 7, 1H of ArTol2], 7.26 [m, 3JH-H = 7, 2H of ArTol2], 7.31 [d,
3

JH-H = 8, 4H of ArTol2].

13

C{1H} NMR (C6D6): 13.8 [s, 2C of Ta(CH2CH2CH2CH3)2], 21.2 [s,

2C of Me of ArTol2], 30.1 [s, 2C of Ta(CH2CH2CH2CH3)2], 31.6 [s, 2C of
Ta(CH2CH2CH2CH3)2], 43.4 [s, 4C of (NMe2)2], 79.5 [s, 2C of Ta(CH2CH2CH2CH3)2], 125.6
[s, 1C of ArTol2], 128.8 [s, 4C of ArTol2], 130.0 [s, 4C of ArTol2], 130.4 [s, 2C of ArTol2], 136.5 [s,
2C of ArTol2], 142.0 [s, 2C of ArTol2], 144.8 [s, 2C of ArTol2], 200.8 [s, 1C of ArTol2].
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7.12.25 Synthesis of [ArTol2]Ta(NMe2)2Np2
A suspension of [ArTol2]Ta(NMe2)2Cl2 (60 mg, 0.10 mmol) in pentane (ca. 2 mL) was
added to NpLi (19 mg, 0.24 mmol) and stirred for ca. 5 minutes until all the yellow solid
([ArTol2]Ta(NMe2)2Cl2) was gone. The mixture was the filtered through celite and the
filtrate was cooled at –15 ˚C for 1 day, thereby depositing yellow crystals of
[ArTol2]Ta(NMe2)2Np2. The mother liquor was removed using a pipette, and the crystals
were washed with cold (–15 ˚C) pentane (2 $ 0.5 mL), giving [ArTol2]Ta(NMe2)2Np2 (27
mg, 40% isolated yield).

X-ray quality crystals were obtained from a solution in

pentane at –15 ˚C. Anal. Calcd.: C, 61.07%, H, 7.69%, N, 4.19%. Found: C, 60.86%, H,
7.65%, N, 4.19%.
1

H NMR (C6D6): 0.12 [s, 4H of Ta(CH2CMe3)2], 0.93 [s, 18H of Ta(CH2CMe3)2], 2.23

[s, 6H of Me of ArTol2], 3.30 [s, 12H of (NMe2)2], 7.08 [d, 3JH-H = 8, 4H of ArTol2], 7.13 [m, 1H
of ArTol2], 7.23 [m, 6H of ArTol2].

13

C{1H} NMR (C6D6): 21.2 [s, 2C of Me of ArTol2], 34.8 [s,

6C of Ta(CH2CMe3)2], 38.5 [s, 2C of Ta(CH2CMe3)2], 47.7 [s, 4C of (NMe2)2], 111.5 [s, 2C
of Ta(CH2CMe3)2], 125.9 [s, 1C of ArTol2], 129.0 [s, 4C of ArTol2], 130.3 [s, 4C of ArTol2],
130.4 [s, 2C of ArTol2], 136.5 [s, 2C of ArTol2], 143.9 [s, 2C of ArTol2], 146.2 [s, 2C of ArTol2],
201.6 [s, 1C of ArTol2].

7.12.26 Synthesis of [! 2-ArTol,Tol’]Ta(NMe2)2Np
(a) A solution of [ArTol2]Ta(NMe2)2Np2 (10 mg, 0.02 mmol) in d6-benzene was added to
an NMR tube equipped with a J. Young valve and allowed to stand at room
temperature for 2 days. Analysis by 1H NMR spectroscopy demonstrated conversion
to, inter alia, [!2-ArTol,Tol’]Ta(NMe2)2Np (ca. 90%) and NpH.

The mixture was then

lyophilized, extracted into pentane (1 mL) and cooled to –15 ˚C, thereby depositing
yellow crystals of [!2-ArTol,Tol’]Ta(NMe2)2Np, which were used for X-ray diffraction
studies.
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(b) A solution of [ArTol2]Ta(NMe2)2Np2 (5 mg, 0.01 mmol) in pentane was allowed to
stand at room temperature for 2 days in a sealed vial. After this period, the mixture
was filtered, and cooled to –15 ˚C, thereby depositing yellow crystals of [!2ArTol,Tol’]Ta(NMe2)2Np. The mother liquor was removed using a pipette, and the crystals
were washed with cold (–15 ˚C) pentane (0.5 mL), giving [!2-ArTol,Tol’]Ta(NMe2)2Np (2
mg, 45% isolated yield).
1

H NMR (C6D6): 0.96 [s, 9H of TaCH2CMe3], 1.52 [s, 2H of TaCH2CMe3], 2.22 [s,

3H of Me of ArTol,Tol’], 2.38 [s, 3H of Me of ArTol,Tol’], 2.59 [s, 12H of (NMe2)2], 6.99 [d, 3JH-H
= 8, 2H of ArTol,Tol’], 7.16 [m, 1H of ArTol,Tol’, under C6D5H signal, located by 2D COSY],
7.21 [d, 3JH-H = 8, 2H of ArTol,Tol’], 7.33 [m, 2H of ArTol,Tol’], 7.83 [d, 3JH-H = 8, 1H of ArTol,Tol’],
7.84 [dd, 3JH-H = 7, 4JH-H = 2, 1H of ArTol,Tol’], 8.24 [br s, 1H of ArTol,Tol’].

13

C{1H} NMR (C6D6):

21.1 [s, 1C of Me of ArTol,Tol’], 21.9 [s, 1C of Me of ArTol,Tol’], 35.7 [s, 3C of TaCH2CMe3],
37.4 [s, 1C of TaCH2CMe3], 39.1 [br s, 4C of (NMe2)2], 96.2 [very br s, 1C of TaCH2CMe3],
119.4 [s, 1C of ArTol,Tol’], 122.1 [s, 1C of ArTol,Tol’], 128.7 [s, 2C of ArTol,Tol’, tentative because
very close to C6D6 signal, assignment supported by 2D HSQC and HMBC
spectroscopy], 128.7 [s, 2C of ArTol,Tol’], 129.5 [s, 2C of ArTol,Tol’], 130.0 [s, 1C of ArTol,Tol’],
135.0 [s, 1C of ArTol,Tol’], 135.2 [s, 1C of ArTol,Tol’], 141.9 [s, 1C of ArTol,Tol’], 145.3 [s, 1C of
ArTol,Tol’], 152.2 [s, 1C of ArTol,Tol’], 154.3 [s, 1C of ArTol,Tol’], 154.9 [s, 1C of ArTol,Tol’], 197.7
[very br s, 1C of ArTol,Tol’, confirmed by 2D HMBC spectroscopy], 201.5 [s, 1C of ArTol,Tol’].

7.12.27 Kinetics of elimination of neopentane from [ArTol2]Ta(NMe2)2Np2
A solution of [ArTol2]Ta(NMe2)2Np2 (10 mg, 0.02 mmol) in d6-benzene was added to an
NMR tube equipped with a J. Young valve.

The kinetics of the conversion of

[ArTol2]Ta(NMe2)2Np2 to [!2-ArTol,Tol’]Ta(NMe2)2Np and neopentane was measured at 47
˚C by monitoring the intensity of the (NMe2)2 groups for both compounds in the probe
of the NMR spectrometer.
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7.12.28 Isomerization of [! 2-ArTol,Tol’]Ta(NMe2)2Np to [! 2-Ar*Tol,Tol’]Ta(NMe2)2Np
A solution of [ArTol2]Ta(NMe2)2Np2 (10 mg, 0.02 mmol) in d6-benzene was added to an
NMR tube equipped with a J. Young valve and heated at 80 ˚C for ca. 6 hours. Analysis
by

1

H

NMR

spectroscopy

demonstrated

conversion

to,

inter

alia,

[!2-Ar*Tol,Tol’]Ta(NMe2)2Np (assignment is tentative, see above for analysis).
1

H NMR (C6D6) (assignment is tentative because obtained as a mixture of

compounds; 2D COSY experiment was also conducted to assist with assignment): 1.10
[s, 9H of TaCH2CMe3], 1.85 [s, 2H of TaCH2CMe3], 2.18 [s, 3H of Me of ArTol,Tol’], 2.39 [s,
3H of Me of ArTol,Tol’], 2.83 [s, 12H of (NMe2)2], 7.11 [d, 3JH-H = 8, 1H of ArTol,Tol’ and 2H of
ArTol,Tol’], 7.62 [dd, 3JH-H = 8, 4JH-H = 2, 1H of ArTol,Tol’], 7.66 [d, 3JH-H = 8, 2H of ArTol,Tol’], 7.81
[d, 3JH-H = 8, 1H of ArTol,Tol’], 7.90 [s, 1H of ArTol,Tol’], 8.11 [d, 3JH-H = 8, 1H of ArTol,Tol’], 8.15
[d, 4JH-H = 2, 1H of ArTol,Tol’].

13

C{1H} NMR (C6D6) (assignment is tentative because

obtained as a mixture of compounds; 2D HSQC and 2D HMBC experiments was also
conducted to assist with assignment): 21.1 [s, 1C of Me of ArTol,Tol’], 22.0 [s, 1C of Me of
ArTol,Tol’], 35.1 [s, 3C of TaCH2CMe3], 37.9 [s, 1C of TaCH2CMe3], 40.0 [s, 4C of (NMe2)2],
99.5 [s, 1C of TaCH2CMe3], 119.5 [s, 1C of ArTol,Tol’], 121.2 [s, 1C of ArTol,Tol’], 125.4 [s, 1C of
ArTol,Tol’], 127.5 [s, 2C of ArTol,Tol’], 129.7 [s, 2C of ArTol,Tol’], 130.0 [s, 1C of ArTol,Tol’], 135.6 [s,
1C of ArTol,Tol’], 136.6 [s, 1C of ArTol,Tol’], 139.7 [s, 2C of ArTol,Tol’], 140.2 [s, 1C of ArTol,Tol’],
142.2 [s, 1C of ArTol,Tol’], 154.1 [s, 1C of ArTol,Tol’], 158.1 [s, 1C of ArTol,Tol’], 199.7 [s, 1C of
ArTol,Tol’], 201.2 [s, 1C of ArTol,Tol’].

7.12.29 Kinetics of conversion of [ArTol2]Ta(NMe2)2Np2 to [! 2-ArTol,Tol’]Ta(NMe2)2Np
and subsequent isomerizaton to [! 2-Ar*Tol,Tol’]Ta(NMe2)2Np
A solution of [ArTol2]Ta(NMe2)2Np2 (10 mg, 0.02 mmol) in d6-benzene was added to an
NMR tube equipped with a J. Young valve.
[ArTol2]Ta(NMe2)2Np2

to

The kinetics of the conversion of

[!2-ArTol,Tol’]Ta(NMe2)2Np

and

neopentane

and

then
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isomerization to [!2-Ar*Tol,Tol’]Ta(NMe2)2Np was measured at 67 ˚C by monitoring the
intensity of the (NMe2)2 groups for all three compounds in the probe of the NMR
spectrometer.

7.12.30 Synthesis of d2-Me3CCD2OH
The synthesis of d2-Me3CCD2OH was adapted from the literature method.37 LiAlD4 (2.0
g, 47.6 mmol) and Et2O (40 mL) were added to a Schlenk tube equipped with a magnetic
stir bar and the suspension was cooled to 0 ˚C in a ice bath. The suspension was treated
slowly with a solution of pivaloyl chloride (11 mL, 89.4 mmol) and Et2O (10 mL) over a
period of 30 minutes. The suspension was stirred at 0 ˚C for 1 hour, and then allowed
to warm to room temperature and stirred for an addition 16 hours. After this period,
ice water (30 mL) was added slowly the Schlenk, and then the mixture was poured into
a 10% H2SO4 aqueous solution (100 mL) in air. The organic layer was separated, and the
aqueous layer was extracted with Et2O (3 $ 100 mL).

The organic extracts were

combined with the original organic layer and the volatile components were removed by
using a rotavap. The thick oil obtained was distilled under vacuum at 44 ˚C, with the
collection flask being cooled at –78 ˚C, giving a white solid. Analysis by 1H and 2H
NMR spectroscopy demonstrated production of d2-Me3CCD2OH (5.35 g, 66% yield).
1

H NMR (CDCl3): 0.91 [s, 9H of Me3CCD2OH], 1.34 [s, 1H of Me3CCD2OH], 3.28

[t, 2JD-H = 2, < 1% impurity of Me3CCHDOH].

2

H NMR (CDCl3): 3.28 [s, 2D of

Me3CCD2OH].

7.12.31 Synthesis of d2-Me3CCD2I
The synthesis of d2-Me3CCD2I was adapted from the literature method.38 To a two-neck
round bottom flask (250 mL) equipped with a magnetic stir bar and reflux condenser
was added d2-Me3CCD2OH (5.2 g, 57.7 mmol, see above), P(OPh)3 (16.6 mL, 63.5 mmol),
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and MeI (5.4 mL, 8.65 mmol) consecutively. The mixture was then heated in oil bath,
starting at 75 ˚C and gradually raising the temperature to 130 ˚C over a period of ca. 6
hours, and then heated for an additional 5 hours at 130 ˚C causing the mixture to turn
brown. After this period, the mixture was allowed to cool to room temperature, and
was then distilled under vacuum at room temperature, with the collection flask being
cooled at –78 ˚C, giving a colorless liquid. Analysis by 1H and 2H NMR spectroscopy
demonstrated production of d2-Me3CCD2I (5.32 g, 46% yield), which contained a small
amount of MeI (ca. 5%).
1

H NMR (CDCl3): 1.07 [s, 9H of Me3CCD2I], 3.15 [t, 2JD-H = 1, < 1% impurity of

Me3CCHDI]. 2H NMR (CDCl3): 3.17 [s, 2D of Me3CCD2I].

7.12.32 Synthesis of d2-Me3CCD2Li
The synthesis of d2-Me3CCD2Li was adapted from the literature method.39 A stirring,
degassed solution of d2-Me3CCD2I (1.0 g, 5.0 mmol) in Et2O (10 mL) was cooled to –78
˚C and treated with ButLi (7.0 mL, 1.7M in pentane, 11.9 mmol). The solution was
stirred at –78 ˚C for 1 hour, then allowed to warm to room temperature and stirred for
an additional 4 hours. After this period, the volatiles removed in vacuo, extracted into
pentane (10 mL), and filtered through a celite. The volatile components from the filtrate
were removed in vacuo, and the off-white sticky solid residue obtained was sublimed at
150 ˚C given d2-Me3CCD2Li as a white solid (95 mg, 24% yield).40

7.12.33 Synthesis of d4-[ArTol2]Ta(NMe2)2(CD2But)2
A suspension of [ArTol2]Ta(NMe2)2Cl2 (30 mg, 0.05 mmol) in pentane (ca. 2 mL) was
added to d2-Me3CCD2Li (12 mg, 0.15 mmol) and stirred for ca. 5 minutes until all the
yellow solid ([ArTol2]Ta(NMe2)2Cl2) was gone. The mixture was the filtered through
celite and the filtrate was cooled at –15 ˚C for several days, thereby depositing yellow
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crystals of d4-[ArTol2]Ta(NMe2)2(CD2But)2.

The mother liquor was removed using a

pipette, and the crystals were washed with cold (–15 ˚C) pentane (3 $ 0.5 mL), giving
d4-[ArTol2]Ta(NMe2)2(CD2But)2 (5 mg, 15% isolated yield).

This sample was then

dissolved in d6-benzene and monitored by 1H NMR spectroscopy to inquire towards the
fate of the deuterium in the CD2CMe3 groups.
1

H NMR (C6D6): 0.93 [s, 18H of Ta(CD2CMe3)2], 2.23 [s, 6H of Me of ArTol2], 3.30 [s,

12H of (NMe2)3], 7.08 [d, 3JH-H = 8, 4H of ArTol2], 7.13 [m, 1H of ArTol2], 7.23 [m, 6H of
ArTol2]. 2H NMR (C6D6): 0.03 [s, 4D of Ta(CD2CMe3)2],
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7.13 Crystallographic data
Table 3. Crystal, intensity collection and refinement data.
[ArTol2]Ta(NMe2)3Cl

[ArTol2]2Ta(NMe2)3

lattice

Orthorhombic

Monoclinic

formula

C26H35ClN3Ta

C48.50H58N3Ta

formula weight

605.97

863.93

space group

P212121

Cc

a/Å

9.6031(13)

14.278(2)

b/Å

14.944(2)

25.977(4)

c/Å

17.795(2)

11.9948(18)

&/˚

90

90

)/˚

90

100.324(2)

*/˚

90

90

2553.7(6)

4377.0(11)

4

4

temperature (K)

125(2)

125(2)

radiation (+, Å)

0.71073

0.71073

, (calcd.) g cm-3

1.576

1.311

µ (Mo K&), mm-1

4.426

2.545

- max, deg.

32.70

30.60

no. of data collected

44550

35193

no. of data

9023

13362

no. of parameters

289

482

R1 [I > 2#(I)]

0.0248

0.0513

wR2 [I > 2#(I)]

0.0544

0.0915

R1 [all data]

0.0276

0.0778

wR2 [all data]

0.0555

0.1004

GOF

1.036

1.003

V/Å3
Z
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Table 3 (cont). Crystal, intensity collection and refinement data.
[ArTol2]Ta(NMe2)3Me

[ArTol2]Ta(NMe2)3Et

lattice

Monoclinic

Monoclinic

formula

C27H38N3Ta

C28H40N3Ta

585.55

599.58

P21/c

P21/n

a/Å

15.093(3)

8.2335(16)

b/Å

11.3005(19)

14.005(3)

c/Å

16.072(3)

22.975(5)

&/˚

90

90

)/˚

111.135(2)

92.520(3)

*/˚

90

90

2556.8(8)

2646.7(9)

4

4

temperature (K)

125(2)

125(2)

radiation (+, Å)

0.71073

0.71073

, (calcd.) g cm-3

1.521

1.505

µ (Mo K&), mm-1

4.317

4.172

- max, deg.

31.25

30.58

no. of data collected

42458

41984

no. of data

8326

8119

no. of parameters

300

298

R1 [I > 2#(I)]

0.0284

0.0372

wR2 [I > 2#(I)]

0.0541

0.0673

R1 [all data]

0.0439

0.0651

wR2 [all data]

0.0594

0.0760

GOF

1.012

1.008

formula weight
space group

V/Å3
Z
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Table 3 (cont). Crystal, intensity collection and refinement data.
[ArTol2]Ta(NMe2)3Prn

[ArTol2]Ta(NMe2)3Bun

lattice

Monoclinic

Triclinic

formula

C29H42N3Ta

C30H44N3Ta

613.61

627.63

P21/c

P-1

a/Å

18.3491(16)

9.2501(19)

b/Å

8.2356(7)

11.644(2)

c/Å

18.4468(17)

13.988(3)

&/˚

90

91.261(3)

)/˚

98.9770(10)

101.672(3)

*/˚

90

105.295(3)

2753.5(4)

1418.7(5)

4

2

temperature (K)

150(2)

150(2)

radiation (+, Å)

0.71073

0.71073

, (calcd.) g cm-3

1.480

1.469

µ (Mo K&), mm-1

4.012

3.895

- max, deg.

32.64

30.68

no. of data collected

46017

22814

no. of data

9648

8713

no. of parameters

307

303

R1 [I > 2#(I)]

0.0395

0.0253

wR2 [I > 2#(I)]

0.0713

0.0528

R1 [all data]

0.0720

0.0332

wR2 [all data]

0.0797

0.0562

GOF

1.029

1.055

formula weight
space group

V/Å3
Z
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Table 3 (cont). Crystal, intensity collection and refinement data.
[ArTol2]Ta(NMe2)3Np

[ArTol2]Ta(NMe2)3Me

Triclinic

Triclinic

C31H46N3Ta

C27H38N3Ta

641.66

585.55

P-1

P-1

a/Å

9.8935(19)

7.8601(7)

b/Å

11.596(2)

11.6184(11)

c/Å

13.552(3)

15.1169(14)

&/˚

91.385(3)

100.6700(10)

)/˚

106.725(3)

102.1860(10)

*/˚

98.740(3)

103.2760(10)

V/Å3

1467.8(5)

1273.1(2)

2

2

temperature (K)

125(2)

150(2)

radiation (+, Å)

0.71073

0.71073

, (calcd.) g cm-3

1.452

1.527

µ (Mo K&), mm-1

3.767

4.335

- max, deg.

30.51

31.00

no. of data collected

23766

21333

no. of data

8898

8051

no. of parameters

327

289

R1 [I > 2#(I)]

0.0250

0.0422

wR2 [I > 2#(I)]

0.0544

0.0625

R1 [all data]

0.0301

0.0657

wR2 [all data]

0.0564

0.0691

GOF

1.024

1.012

lattice
formula
formula weight
space group

Z
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Table 3 (cont). Crystal, intensity collection and refinement data.
[ArTol2]Ta(NMe2)3(BH4)

[! 2-ArTol2]Ta(NMe2)3

Triclinic

Monoclinic

C26H39BN3Ta

C26H34N3Ta

585.36

569.51

P-1

P21/n

a/Å

8.1186(7)

12.652(3)

b/Å

11.0365(9)

12.661(3)

c/Å

16.5384(17)

15.517(4)

&/˚

107.4530(10)

90

)/˚

93.6850(10)

102.655(4)

*/˚

108.7840(10)

90

1316.9(2)

2425.4(10)

2

4

temperature (K)

125(2)

125(2)

radiation (+, Å)

0.71073

0.71073

, (calcd.) g cm-3

1.476

1.560

µ (Mo K&), mm-1

4.190

4.548

- max, deg.

31.51

30.51

no. of data collected

22254

37750

no. of data

8635

7401

no. of parameters

301

279

R1 [I > 2#(I)]

0.0190

0.0304

wR2 [I > 2#(I)]

0.0480

0.0611

R1 [all data]

0.0205

0.0484

wR2 [all data]

0.0487

0.0672

GOF

1.050

1.025

lattice
formula
formula weight
space group

V/Å3
Z
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Table 3 (cont). Crystal, intensity collection and refinement data.
[! 2-ArTol2]Ta(NMe2)3

[ArTol2]Ta(NMe2)2Cl2

Triclinic

Triclinic

C26H34N3Ta

C24H29Cl2N2Ta

569.51

597.34

P-1

P-1

a/Å

9.6625(16)

7.6995(7)

b/Å

10.9602(18)

16.9002(16)

c/Å

12.279(2)

19.9505(19)

&/˚

96.318(2)

109.2150(10)

)/˚

91.912(2)

93.4150(10)

*/˚

107.030(2)

101.0120(10)

V/Å3

1232.8(4)

2385.2(4)

2

4

temperature (K)

125(2)

125(2)

radiation (+, Å)

0.71073

0.71073

, (calcd.) g cm-3

1.534

1.663

µ (Mo K&), mm-1

4.474

4.845

- max, deg.

32.03

30.63

no. of data collected

21374

38779

no. of data

8346

14573

no. of parameters

279

535

R1 [I > 2#(I)]

0.0264

0.0440

wR2 [I > 2#(I)]

0.0503

0.0733

R1 [all data]

0.0342

0.0833

wR2 [all data]

0.0524

0.0824

GOF

1.008

1.029

lattice
formula
formula weight
space group

Z
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Table 3 (cont). Crystal, intensity collection and refinement data.
[ArTol2]Ta(NMe2)2Me2

[ArTol2]Ta(NMe2)2Et2

lattice

Monoclinic

Monoclinic

formula

C26H35N2Ta

C28H39N2Ta

556.51

584.56

C2/c

P-1

a/Å

13.4946(13)

8.3648(12)

b/Å

9.9492(10)

11.9259(16)

c/Å

18.1475(18)

14.1706(19)

&/˚

90

81.000(2)

)/˚

101.9400(10)

74.040(2)

*/˚

90

72.405(2)

2383.8(4)

1291.4(3)

4

2

temperature (K)

150(2)

150(2)

radiation (+, Å)

0.71073

0.71073

, (calcd.) g cm-3

1.551

1.503

µ (Mo K&), mm-1

4.625

4.272

- max, deg.

30.56

31.51

no. of data collected

18758

22280

no. of data

3651

8524

no. of parameters

137

288

R1 [I > 2#(I)]

0.0176

0.0403

wR2 [I > 2#(I)]

0.0384

0.0651

R1 [all data]

0.0206

0.0588

wR2 [all data]

0.0394

0.0705

GOF

1.040

1.004

formula weight
space group

V/Å3
Z
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Table 3 (cont). Crystal, intensity collection and refinement data.
[ArTol2]Ta(NMe2)2Prn2

[ArTol2]Ta(NMe2)2Bun2

Triclinic

Triclinic

C30H43N2Ta

C32H47N2Ta

612.61

640.67

P-1

P-1

a/Å

9.268(9)

9.566(4)

b/Å

10.540(10)

10.824(4)

c/Å

14.868(14)

15.350(6)

&/˚

101.431(13)

76.545(5)

)/˚

93.462(13)

83.679(5)

*/˚

99.112(14)

80.275(5)

1399(2)

1519.3(10)

2

2

temperature (K)

150(2)

150(2)

radiation (+, Å)

0.71073

0.71073

, (calcd.) g cm-3

1.454

1.400

µ (Mo K&), mm-1

3.946

3.638

- max, deg.

31.00

31.51

no. of data collected

17149

25861

no. of data

8752

9993

no. of parameters

306

360

R1 [I > 2#(I)]

0.0387

0.0279

wR2 [I > 2#(I)]

0.1054

0.0550

R1 [all data]

0.0457

0.0387

wR2 [all data]

0.1101

0.0586

GOF

1.014

1.025

lattice
formula
formula weight
space group

V/Å3
Z
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Table 3 (cont). Crystal, intensity collection and refinement data.
[ArTol2]Ta(NMe2)2Np2

[ArTol2]Ta(NMe2)2Np2

Triclinic

Monoclinic

C34H51N2Ta

C34H51N2Ta

668.72

668.72

P-1

C2/c

a/Å

11.397(3)

10.8942(6)

b/Å

12.209(3)

22.6287(13)

c/Å

12.874(3)

13.2647(8)

&/˚

84.030(3)

90

)/˚

85.101(4)

92.7990(10

*/˚

63.744(3)

90

V/Å3

1596.4(6)

3266.1

2

4

temperature (K)

125(2)

250(2)

radiation (+, Å)

0.71073

0.71073

, (calcd.) g cm-3

1.391

1.360

µ (Mo K&), mm-1

3.466

3.388

- max, deg.

30.72

31.00

no. of data collected

23037

26846

no. of data

9787

5210

no. of parameters

346

200

R1 [I > 2#(I)]

0.0320

0.0263

wR2 [I > 2#(I)]

0.0609

0.0622

R1 [all data]

0.0439

0.0343

wR2 [all data]

0.0646

0.0653

GOF

1.008

1.142

lattice
formula
formula weight
space group

Z
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Table 3 (cont). Crystal, intensity collection and refinement data.
[ArTol2]Ta(NMe2)2MeCl

[! 2-ArTol2]Ta(NMe2)2Np

Triclinic

Orthorhombic

C25H32ClN2Ta

C29H39N2Ta

576.93

596.57

P-1

P212121

a/Å

12.256(4)

9.5686(16)

b/Å

13.518(4)

12.125(2)

c/Å

17.546(5)

22.251(4)

&/˚

99.364(4)

90

)/˚

105.030(4)

90

*/˚

115.011(4)

90

V/Å3

2417.9(13)

2581.4(7)

4

4

temperature (K)

150(2)

150(2)

radiation (+, Å)

0.71073

0.71073

, (calcd.) g cm-3

1.585

1.535

µ (Mo K&), mm-1

4.669

4.276

- max, deg.

31.56

30.03

no. of data collected

41007

40852

no. of data

15890

7558

537

299

R1 [I > 2#(I)]

0.0370

0.0375

wR2 [I > 2#(I)]

0.0620

0.0602

R1 [all data]

0.0725

0.0534

wR2 [all data]

0.0713

0.0653

GOF

1.005

1.015

lattice
formula
formula weight
space group

Z

no. of parameters
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H NMR spectroscopy indicates that there is an impurity present. The material
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Research Mentor for Undergraduate Student: Diana Bryk (Spring 2009)

•

Volunteer for the Columbia Secondary School Science Day (2008)

•

Volunteer for the Columbia Secondary School Bridge-to-School Day (2008)

•

Volunteer for the Women in Science at Columbia, Girls' Science Day (2008)

•

Volunteer for the Johns Hopkins University Center for Talented Youth Academic Program "Pathways to
College" program. (2008)

•

Research Experience for Undergraduates (REU) Mentor: Philip May (Summer 2008)

Technical Skills
•

Single Crystal X-Ray Diffraction

•

Organic and inorganic synthesis (including air and water sensitive compounds)

•

Homonuclear and Heteronuclear Nuclear Magnetic Resonance (NMR) Spectroscopy

•

UV-Visible Spectroscopy (UV-Vis)

•

Infrared Spectroscopy (IR)

•

DFT Calculations (Jaguar 7.5, Schrödinger)

•

Website Design:
Creator of the Parkin Group Website: http://www.columbia.edu/cu/chemistry/groups/parkin/
Creator of the Buccella Group Website: http://www.nyu.edu/fas/dept/chemistry/buccellagroup/
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