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ABSTRACT

(I) Zinc complexes as synthetic analogues for carbonic anhydrase and
as catalysts for H2 production and CO2 functionalization

(II) Application of lithium silylamides in the synthesis of transition metal
isocyanide compounds from their carbonyl derivatives

(III) Structural and spectroscopic studies of thimerosal and its derivatives

Wesley Sattler

The multidentate alkyl ligand, [Tptm] ([Tptm] = tris(2-pyridylthio)methyl),
provides an organometallic counterpart to the more common tripodal ligands, [Tp]
([Tp]

=

tris(pyrazolyl)hydroborato)

imidazolyl)hydroborato).

and

[Tm]

([Tm]

=

tris(2-mercapto-

A wide range of [Tptm] zinc complexes have been

synthesized, enabling a diverse range of both stoichiometric and catalytic chemical
transformations including the production of H2 and the functionalization of CO2.
The [Tptm] ligand has been used to isolate the first mononuclear alkyl zinc
hydride complex, [!3-Tptm]ZnH. The hydride complex may be easily synthesized on a
multigram scale via reaction of the trimethylsiloxide complex, [!4-Tptm]ZnOSiMe3, with
PhSiH3. The hydride complex, [!3-Tptm]ZnH, provides access to a variety of other
[Tptm]ZnX derivatives. For example, [!3-Tptm]ZnH reacts with (i) R3SiOH (R = Me,
Ph) to give [!4-Tptm]ZnOSiR3, (ii) Me3SiX (X = Cl, Br, I) to give [!4-Tptm]ZnX and (iii)
CO2 to give the formate complex, [!4-Tptm]ZnO2CH. [!3-Tptm]ZnH is hydrolyzed to
give the dimeric hydroxide complex, {[!3-Tptm]Zn(µ–OH)}2, which when treated with

CO2, results in the bicarbonate complex, [!4-Tptm]ZnOCO2H. The halide complexes,
[!4-Tptm]ZnX (X = Cl, Br, I), can be used to synthesize the fluoride complex,
[!4-Tptm]ZnF, via treatment with tetrabutylammonium fluoride (TBAF).
The bis(trimethylsilyl)amide complex, [!3-Tptm]ZnN(SiMe3)2, which has been
prepared directly via the reaction of [Tptm]H with [ZnN(SiMe3)2]2, reacts with CO2 to
give the isocyanate complex, [!4-Tptm]ZnNCO.

The formation of the isocyanate

complex results from a multistep sequence in which the initial step is insertion of CO2
into the Zn-N(SiMe3)2 bond to give the carbamato derivative, [Tptm]Zn[O2CN(SiMe3)2],
followed by rearrangement to [!4-Tptm]ZnOSiMe3 with the expulsion of Me3SiNCO,
which further reacts to give [!4-Tptm]ZnNCO. An important discovery is that the rate
of the final metathesis step, to give [!4-Tptm]ZnNCO, is enhanced by CO2. Specifically,
insertion of CO2 into the Zn-O bond of [!4-Tptm]ZnOSiMe3 gives the carbonate complex
[!4-Tptm]Zn[O2COSiMe3], which is more susceptible towards metathesis than is the
siloxide derivative.
The [Tptm] ligand has also been effective for other metals, such as magnesium
and nickel. While [Tptm] complexes of magnesium exhibit chemistry that is similar to
that of zinc, the linear nickel nitrosyl complex, [!3-Tptm]NiNO, shows diverse reactivity
involving its nitrosyl ligand. For example, oxygenation of [!3-Tptm]NiNO is reversible.
The reaction of [!3-Tptm]NiNO with air gives the paramagnetic nitrite complex,
[!4-Tptm]Ni[!2-O2N], the latter which may be deoxygenated via reaction with
trimethylphosphine.
Additionally,

the

tetradentate

alkyl

ligand,

tris(1-methyl-imidazol-2-

ylthio)methyl, [TitmMe], has been studied as a comparison to the [Tptm] system. The
bis(trimethylsilyl)amide complex, [!3-TitmMe]ZnN(SiMe3)2 has been synthesized, and it
also reacts with CO2 to give the isocyanate complex, [!4-TitmMe]ZnNCO.
The

hydroxide

complexes,

t

[TpBu ,Me]ZnOH

t

([TpBu ,Me]

=

tris(3-t-butyl-5-

methylpyrazolyl)hydroborato), and {[!3-Tptm]Zn(µ–OH)}2, were used to model

transformations with CO2 that are of relevance to the mechanism of action of carbonic
anhydrase. Low temperature 1H and 13C NMR spectroscopic studies on solutions of the
t

hydroxide complex, [TpBu ,Me]ZnOH, in the presence of 1 atmosphere of CO2 have
t

allowed for the identification of the bicarbonate complex, [TpBu ,Me]ZnOCO2H. In the
t

t

presence of less than 1 atmosphere of CO2, both [TpBu ,Me]ZnOH and [TpBu ,Me]ZnOCO2H
may be observed in equilibrium, thereby allowing for the measurement of the
equilibrium constant for insertion of CO2 into the Zn–OH bond.

At 217 K, the

equilibrium constant is 6 ± 2 " 103 M–1, corresponding to a value of #G = –3.8 ± 0.2 kcal
t

mol–1. In addition to the solution-state spectroscopic studies, [TpBu ,Me]ZnOCO2H and
[!4-Tptm]ZnOCO2H have been structurally characterized by X-ray diffraction, thereby
providing the first examples of structurally characterized terminal zinc bicarbonate
complexes. The bicarbonate complexes afford important metrical data of importance to
the critical bicarbonate intermediate of the mechanism of action of carbonic anhydrase.
The dimeric hydroxide complex, {[!3-Tptm]Zn(µ–OH)}2, is sufficiently reactive towards
CO2 that it is able to abstract CO2 directly from air to form the bridging carbonate
complex, [Tptm]Zn(µ-CO3)Zn[Tptm]. Both the bicarbonate and carbonate complexes
are reduced by silanes to give the formate derivative, [!4-Tptm]ZnO2CH, a
transformation that is significant for the functionalization of CO2.
The alkyl zinc hydride complex, [!3-Tptm]ZnH, has also proven to be an effective
and robust catalyst for a variety of transformations including (i) the rapid generation of
hydrogen on demand, (ii) the hydrosilylation of aldehydes and ketones producing
siloxanes and (iii) the functionalization of CO2 to produce a useful formylating agent,
(EtO)3SiO2CH. The trimethylsiloxide complex, [!4-Tptm]ZnOSiMe3, may also be used as
an effective precatalyst for these reactions. For example, in the [!4-Tptm]ZnOSiMe3
catalyzed hydrolysis and methanolysis of PhSiH3, three equivalents of H2 are released,
with the methanolysis reaction achieving 105 turnovers and turnover frequencies
surpassing 106 h-1.

Additionally, [!3-Bptm*]ZnO2CH (Bptm* = bis(2-pyridylthio)(p-tolylthio)methyl)
has been synthesized using the tridentate [Bptm*] ligand, which has only two chelating
pyridyl arms, forbidding a !4-coordination. It serves as a room temperature catalyst for
the hydrosilylation of CO2, resulting in more rapid CO2 functionalization compared to
the [Tptm] system.

[!3-Tptm]ZnH and [!3-Bptm*]ZnO2CH provide the first two

examples of zinc complexes that catalyze the hydrosilylation of CO2. These results
provide evidence that, in suitable ligand environments, inexpensive and abundant nontransition metals can perform reactions that are typically catalyzed by precious metalcontaining compounds.
The use of Li[Me3SiNR] in order to generate an isocyanide complex from its
carbonyl precursor provides a novel, convenient synthetic method that circumvents the
use of the free isocyanide as a reagent.

Metal isocyanide compounds are most

commonly synthesized using the free isocyanide. By contrast, the reaction of transition
metal carbonyl compounds, LnMCO, with Li[Me3SiNR] yields the corresponding
isocyanide derivative, LnMCNR. This reaction is driven by the cleavage of a weak
silicon-nitrogen bond with concomitant formation of a stronger silicon-oxygen bond.
Both sterically hindered and enantiopure isocyanide complexes have been synthesized.
Thimerosal, [(ArCO2)SHgEt]Na, an organomercurial utilized since the 1930s as a
topical antiseptic, and more recently as a vaccine preservative, previously was not
structurally characterized. Therefore, the molecular structures have been determined
for thimerosal, its protonated derivative, (ArCO2H)SHgEt, and its mercurated derivative,
[(ArCO2HgEt)SHgEt]2, using single crystal X-ray diffraction. 1H NMR spectroscopic studies
indicate that the appearance of the 199Hg mercury satellites of the ethyl groups is highly
dependent on the magnetic field and the viscosity of the solvent; this observation is
attributed to relaxation caused by chemical shift anisotropy. The relative signs of the
Hg-H coupling constants (i.e. 2JHg-H and 3JHg-H) have been determined by virtue of the fact
that the inner pair of satellites appears as a singlet at 400 MHz. Reactivity studies

involving (ArCO2H)SHgEt provide evidence that the Hg-C bond is kinetically stable with
respect to protolytic cleavage. Finally, a series of known dithiol compounds have been
synthesized for use as mercury chelating agents.
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1.1

Introduction

1.1.1 Zinc Hydrides
Zinc hydride, ZnH2, a polymeric, insoluble binary compound, was first prepared
in 1947 by the reaction of LiAlH4 with Me2Zn.1 Twenty one years later, the first terminal
zinc

hydride

complex

was

prepared

via

the

reaction

of

ZnH2

with

trimethylethylenediamine to give 2-dimethylaminoethyl(methyl)amidozinc hydride
(Scheme 1).2 In 1991, the sterically demanding tris(3-tert-butylpyrazolyl)hydroborato
t

ligand, [TpBu ], was used by the Parkin Group to synthesize the first monomeric,
t

t

terminal zinc hydride, namely, [TpBu ]ZnH, via the reaction of ZnH2 with [TpBu ]Tl
(Scheme 1).3

Me

Me
N

MeNH

Me

+

ZnH2

H
Zn

N

-H2

N
Zn
N
Me2

H

H

B

N

N

N N
N N

Tl +
But
But

Me

But

But
N

NMe2

ZnH2

- "TlH"

H

B

N

N N
N N

Zn
But

H

But

Scheme 1. Synthesis of first terminal zinc hydride compound (top) and the first monomeric, terminal
zinc hydride compound (bottom).

According to the Cambridge Structural Database, there are currently 64
structurally characterized zinc hydride compounds, 18 of which contain terminal
hydride moieties.4 It is evident that zinc hydride compounds are not prevalent, and
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that well-defined mononuclear zinc complexes featuring terminal hydride ligands are
rare.5,6,7 The latter is presumably due to the proclivity of the hydride ligand to bridge
two or more zinc centers.8 Monomeric, terminal zinc hydrides are of greatest interest in
terms of detailed mechanistic studies because they are well-defined species.
Zinc hydride species are of considerable interest due to their intrinsic reactivity
as a hydride transfer agent and also because the moiety has been little studied. For
example, they have been used in organic transformations, usually as chemoselective
reductants.9

Additionally, zinc hydrides have a significant role in the Cu/ZnO

catalyzed synthesis of methanol from a mixture of CO, CO2 and H2.10 Specifically, zinc
hydride and zinc formate species (resulting from CO2 insertion into a zinc hydride
bond) are proposed intermediates in methanol synthesis and therefore are of interest in
the catalytic conversion of CO2 to reduced products (i.e. for the production of useful
"

chemicals and/or fuels). Zinc hydrides are nucleophilic (transfers H ), and are often
reactive towards numerous functionalities, such as (i) alcohols to produce H2 and the
corresponding zinc alkoxide compound, (ii) alkyl halides resulting in reduction to the
corresponding alkane and (iii) heterocummulenes, such as carbon dioxide and carbon
disulfide, resulting in a reduced species via an insertion reaction.3 However, progress in
utilizing zinc hydrides has been hampered mainly due to the difficulty in preparing
zinc hydride compounds. In this chapter, the synthesis and reactivity of a monomeric
zinc hydride based on the alkyl ligand derived from tris(2-pyridylthio)methane,
[Tptm]H (vide infra),11 will be described. The hydride complex, namely [!3-Tptm]ZnH,
is the first example of a monomeric alkyl zinc hydride complex.
1.1.2 Tris(2-pyridylthio)methane: [Tptm]H
Tris(2-pyridylthio)methane, [Tptm]H,11 was synthesized in 2002 in a manner
depicted in Scheme 2. We have developed a new synthesis for [Tptm]H (Scheme 3) that
produces [Tptm]H in much higher yields and proceeds at room temperature as
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opposed to ca. 80 °C. The molecular structure of [Tptm]H was determined by single
crystal X-ray diffraction, which is depicted in Figure 1. One aspect of the molecular
structure of [Tptm]H that is worth noting is the intramolecular hydrogen bonding
between the pyridyl nitrogen atoms and the methine hydrogen atom.

If a metal

replaces the hydrogen atom, an atrane structural motif results (Figure 2);12 there is a
central covalent bond between the carbon atom of [Tptm] and a metal atom that forms a
caged structure. In 2008, the first two zinc containing compounds of [Tptm] were
synthesized,

namely

[!4-Tptm]ZnCl

and

[!4-Tptm]ZnBr.13

These

organozinc

compounds were prepared by reaction of [Tptm]H with ZnX2 (X = Cl, Br) in the
presence of K2CO3.13 The one-electron oxidation of these compounds was studied, and
was described as a ligand based oxidation resulting in the compounds’ decomposition.13

N

S
NH

+

CHBr3

S
N

KOH

CH

S

EtOH
S
N

[Tptm]H

Scheme 2. Synthesis of [Tptm]H.

S

SNa
NH

NaH

N

N
0.5 eq CHBr3

S
N
CH

S

THF
S
N

[Tptm]H

Scheme 3. New method for the synthesis of [Tptm]H.
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Figure 1. Molecular Structure of [Tptm]H.14

N
M

N

N
S
S

S

Figure 2. Atrane structural motif using the [Tptm] ligand.

While [Tptm] has been utilized with other metals, such as Fe15, Ni16, Sn17 and
Cu18, there has been little research performed using this ligand compared to similar
ligands, such as the tripodal ligands, [Tp] and [Tm]. A key difference between [Tptm]
and the [Tp] and [Tm] ligands is the L3X nature of the [Tptm] ligand. It should be noted
that the [Tptm] ligand can bind via 2 or 3 of its pyridyl arms, resulting in a L2X and L3X
ligand, respectively (vide infra). The tripodal ligands, [Tp] and [Tm] are L2X in nature,
with the X-type ligand being delocalized over the majority of the ligand. On the other
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hand, the [Tptm] ligand binds through its central carbon atom in a specific X-type
manner, and the L-type pyridyl donors provide additional chelation to the metal center.
One final distinction is that the [Tptm] ligand is an organometallic ligand, due to there
being a direct metal-carbon bond.

1.2

Metalation of [Tptm]
There has been no report in the literature of synthesizing a lithium or magnesium

complex of [Tptm]. Therefore, in order to have a [Tptm] anionic synthon, [Tptm] was
metalated with with (i) BunLi to give [!4-Tptm]Li and (ii) MeMgX to give
{[!4-Tptm]MgX}2 (X = Cl, Br) which is depicted in Scheme 4.19

N
Li

N

N
S

N

BunLi

S
CH

S

S
N

S

S

[Tptm]Li

N

MeMgX
X
N

(X = Cl, Br)

Mg

N

N
S
S

S

[Tptm]MgX
monomer shown for clarity

Scheme 4. Metalation of [Tptm]H to give [!4-Tptm]Li and {[!4-Tptm]MgX}2.
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[!4-Tptm]Li is a thermally sensitive solid and is therefore prepared and stored at
low temperature. On the other hand, the [Tptm]MgX compounds are thermally robust
and may be stored at room temperature. The molecular structures of [!4-Tptm]Li and
{[!4-Tptm]MgBr}2 are depicted in Figure 3 and Figure 4, respectively. Both the lithium
and magnesium complexes proved to be amenable for salt elimination reactions (i.e.
elimination of LiX or MgX2 where X = halide) with other metal compounds of interest
"

(vide infra). [!4-Tptm]Li is the more reactive source of [Tptm] , and importantly, it does
not contain any halide. The [Tptm]MgX compounds are easier to handle, but are less
reactive and do contain a halide. The latter can cause problems when performing
reactions with other metal compounds containing halides due to halide exchange,
therefore producing a mixture of compounds.

Figure 3. Molecular Structure of [!4-Tptm]Li.

As shown in Figure 3, [!4-Tptm]Li adopts an atrane structural motif, where the
lithium is coordinated by all three pyridyl donors to make a trigonal mono-pyramid
around lithium. On the other hand, {[!4-Tptm]MgBr}2 forms a dimeric compound with
bridging bromide ligands. In the magnesium structure, each magnesium atom is in a
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pseudo-octahedral geometry as depicted in Figure 4. The [Tptm]MgX compounds are,
in fact, Grignard reagents, as they are of the generic formula RMgX, where R is an alkyl
and X is a halide. However, due to the intramolecular chelation by the pyridyl rings,
there is little possibility of a Schlenk equilibrium occurring, unless [Tptm]2Mg were to
be formed, which has not been observed to date. These compounds could provide welldefined reactivity of the Mg"X bond in a Grignard reagent.

Figure 4. Molecular Structure of {[!4-Tptm]MgBr}2.

1.3

[! 3-Tptm]ZnH

1.3.1 Synthesis and structural characterization of [! 3-Tptm]ZnH
As mentioned earlier, [Tptm]H has been deprotonated using a weak base
(K2CO3) in the presence of ZnX2 (X = Cl, Br)9 and additionally, there have been reports
about the low pKa of orthothioformates.20

Therefore, basic ligands on zinc were

attempted to perform an intermolecular deprotonation of the methine proton in order
to form a zinc complex. In this vein, many zinc hydride compounds have already been
synthesized using ZnH2 as the hydride source, and additionally, hydride ligands on
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zinc are known to be basic. As such, ZnH2 appeared to be an appropriate reagent to
metallate [Tptm]H, where one of the hydride ligands on ZnH2 would deprotonate the
methine proton to give H2, leading to the desired organozinc hydride compound,
[Tptm]ZnH.

However, the reaction between ZnH2 and [Tptm]H gave undesired

products, with no sign of [Tptm]ZnH.
Another zinc compound with basic ligands is Zn[N(SiMe3)2]2.21 Not only are the
amide ligands basic, but the amine byproduct, HN(SiMe3)2 (hexamethyldisilazane)
should be easy to remove because it is a volatile liquid (b.p. = 126 °C). In this regard,
the

reaction

of

[Tptm]H

with

Zn[N(SiMe3)2]2

cleanly

produces

the

bis(trimethylsilyl)amide derivative, [!3-Tptm]ZnN(SiMe3)2 which is illustrated in
Scheme 5.

[!3-Tptm]ZnN(SiMe3)2 is easily prepared on multigram scale at room

temperature, and the desired compound is obtained as a pure off-white powder after
lyophilization of the reaction mixture.

N

Zn
N

CH

S

N(SiMe3)2

N

S

S
N

[Tptm]H

Zn[N(SiMe3)2]2

N
S
S

S
N

[!3-Tptm]ZnN(SiMe3)2

Scheme 5. Synthesis of [!3-Tptm]ZnN(SiMe3)2.

Although the molecular structure of [!3-Tptm]ZnN(SiMe3)2 has not been
determined by single crystal X-ray diffraction, variable temperature

1

H NMR

spectroscopy provides evidence for the !3-coordination of the [Tptm] ligand.
Specifically, a 2:1 ratio of pyridyl groups in the 1H NMR spectrum at ≤ –10˚C is
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consistent with !3-coordination (Figure 5). At room temperature, only three broad
resonances are observed in the aromatic region. Analysis of the variable temperature
1

H NMR spectra (Table 1) allows for the determination of the activation parameters for

the exchange process occurring in solution.

Specifically, an Eyring plot, which is

depicted in Figure 6, gives #H‡ = 15.9 kcal mol-1 and #S‡ = 12.0 e.u (Table 2). The
positive value obtained for the entropy of activation implies that there is a decrease of
order in the transition state, suggesting a dissociative mechanism.

One possible

mechanism involves dissociation of one of the pyridyl moieties and formation of
[!2-Tptm]ZnN(SiMe3)2, prior to coordination of a different pyridyl arm.
[!3-Tptm]ZnN(SiMe3)2 may be stored at room temperature under an inert
atmosphere with no sign of decomposition after several months. We attempted to
synthesize the hydride complex directly from [!3-Tptm]ZnN(SiMe3)2 but no clean
reactivity was observed. However, due to the basic nature of the N(SiMe3)2 ligand, we
were able to use protic reagents for the synthesis of other [Tptm]Zn compounds.
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Figure 5. Variable temperature 1H NMR spectroscopy of [!3-Tptm]ZnN(SiMe3)2 (only aromatic region
shown for clarity).

Figure 6. Eyring plot for the exchange process occurring in toluene for [!3-Tptm]ZnN(SiMe3)2.
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For example, treatment of [!3-Tptm]ZnN(SiMe3)2 with the commercially available
silanol, trimethylsilanol (Me3SiOH), yields the siloxide complex, [!4-Tptm]ZnOSiMe3.
This reaction proceeds cleanly and pure [!4-Tptm]ZnOSiMe3 can be prepared on
multigram scale with quantitative conversion occurring in less than 5 minutes.
Lyophilization of the reaction mixture provides the trimethylsiloxide complex,
[!4-Tptm]ZnOSiMe3, as a pure yellow powder, which can be recrystallized from
benzene.

Trimethylsiloxide complexes of zinc are not common, and the only

structurally characterized compound listed in the Cambridge Structural Database is
[TpR,R’]ZnOSiMe3. 22

Figure 7. Molecular structure of [!4-Tptm]ZnOSiMe3.

The molecular structure of [!4-Tptm]ZnOSiMe3 has been determined by single
crystal X-ray diffraction, thereby confirming the !4-coordination mode of the [Tptm]
ligand. However, there are six independent molecules in the asymmetric unit (space
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group is P21/n, with a unit cell volume equal to 13618(3)) and the data quality is very
poor. Therefore, a ball and stick model is shown in Figure 7.
With the aim to synthesize the hydride complex, silanes were selected to perform
a metathesis reaction with [!4-Tptm]ZnOSiMe3; the strength of the Si"O bond would
provide the necessary driving force.

Specifically, [!4-Tptm]ZnOSiMe3 reacts

immediately with phenylsilane (PhSiH3) to deposit colorless crystals of the hydride
complex, [!3-Tptm]ZnH (Figure 8).

Figure 8. Molecular structure of [!3-Tptm]ZnH.

[!3-Tptm]ZnH is obtained in high yield and purity after decantation of the
mother liquor, followed by evaporation of the mixture in vacuo. [!3-Tptm]ZnH should
be stored at low temperature as it decomposes slowly at room temperature.

To

summarize, multigram quantities of [!3-Tptm]ZnH can be obtained in three steps
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starting with [Tptm]H and Zn[N(SiMe3)2]2 as depicted in Scheme 5 and Scheme 6. Two
attractive features of this synthetic route are (i) the ease of purification of the products
and (ii) the high yield of each step (89% overall yield beginning with [Tptm]H).

OSiMe3
N(SiMe3)2

N
Zn

Me3SiOH

N

N
Zn

N

PhSiH3

S

S
S

S

S

S

N

[!3-Tptm]ZnN(SiMe3)2

Zn
N

N
S

H

N

S

S
N

[!4-Tptm]ZnOSiMe3

[!3-Tptm]ZnH

Scheme 6. Synthesis of [!3-Tptm]ZnH.

Figure 9.
3

Variable temperature 1H NMR spectroscopy of [!3-Tptm]ZnH.

It should be noted that

[! -Tptm]ZnH has very limited solubility in toluene, the solvent used to acquire the spectra above.
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Figure 10. Eyring plot for the exchange process occurring in toluene for [!3-Tptm]ZnH.

The Zn-H moiety of [!3-Tptm]ZnH is characterized by (i) a Zn-H bond length of
1.51(3) Å, which compares favorably with the mean Zn-H bond length for terminal
hydride compounds listed in the Cambridge Structural Database (1.55 Å), (ii) a singlet
at $ 5.60 in the 1H NMR spectrum and (iii) an absorption at 1729 cm-1 in the IR spectrum,
which shifts to 1242 cm-1 for the zinc deuteride isotopologue [!3-Tptm]ZnD [%H/%D =
1.39]. The zinc deuteride, [!3-Tptm]ZnD, is easily prepared using PhSiD3 in place of
PhSiH3.

It should also be noted that H/D exchange is observed when mixing

[!3-Tptm]ZnD with PhSiH3 or visa versa (Scheme 7).
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Scheme 7. H/D exchange between [!3-Tptm]ZnD with PhSiH3.

The zinc methyl counterpart, [!3-Tptm]ZnMe (Figure 11), has also been
synthesized using the same methodology as the Zn[N(SiMe3)2]2 reaction, via the reaction
of [Tptm]H with dimethylzinc, Me2Zn.

[!3-Tptm]ZnMe has a distorted tetrahedral

geometry similar to that of [!3-Tptm]ZnH. For example, the C-Zn-H bond angle is
132(1)˚ while the C-Zn-CH3 bond angle is 135.8(1)˚ and 134.1(1)˚ for two different
crystalline forms that is noticeably greater than the tetrahedral value of 109.5˚.
[!3-Tptm]ZnH and [!3-Tptm]ZnMe both retain their !3-coordination in solution as
observed by using variable temperature 1H NMR spectroscopy (Figure 9 and Figure 12).
Analysis of the spectra gives the kinetics data listed in Table 1, from which the Eyring
plots for [!3-Tptm]ZnH and [!3-Tptm]ZnMe (Figure 10 and Figure 13, respectively) give
the activation parameters listed in Table 2. As mentioned for [!3-Tptm]ZnN(SiMe3)2, the
positive entropy of activation suggests a transition state with more disorder, implying a
dissociative mechanism. At this point, it is worth noting that the [Tptm] ligand can
have two coordination modes; two or three pyridyl arms can coordinate to the metal
center, namely !3- of !4- coordination, respectively (see section 1.5).
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Figure 11. Molecular structure of [!3-Tptm]ZnMe.

While [!3-Tptm]ZnMe is easily prepared, it has not been utilized much as a
precursor to other compounds due to its lack of selective reactivity; the Zn-Me moiety
and the carbon-zinc bond of the [Tptm] ligand both react with electrophiles. As such,
[!3-Tptm]ZnH and [!3-Tptm]ZnN(SiMe3)2 have been utilized to a much greater extent
for the synthesis of a variety of [Tptm]ZnX compounds (vide infra).
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Figure 12. Variable temperature 1 H NMR spectroscopy of [!3-Tptm]ZnMe (only aromatic region shown
for clarity).

Figure 13. Eyring plot for the exchange process occurring in toluene for [!3-Tptm]ZnMe.
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Table 1. Rate constants (s-1) at various temperatures derived from gNMR23 for the exchange process
occurring in toluene.

Rate constants (s-1)
Temperature

[! 3-Tptm]ZnN(SiMe3)2

[! 3-Tptm]ZnH

[! 3-Tptm]ZnMe

+40˚C

20,000

–

25,000

+25˚C

4,500

5,000

5,500

+10˚C

–

–

1,500

0˚C

320

550

450

–10˚C

80

150

140

–20˚C

18

30

40

–30˚C

5

13

13

Table 2. Activation parameters determined from Eyring plots for the exchange process occurring in
toluene.a

Compound

#H‡ (kcal mol-1)

#S‡ e.u.

#G‡298K (kcal mol-1)

[!3-Tptm]ZnN(SiMe3)2

17.5 ± 0.7

17.0 ± 3

12.5

[!3-Tptm]ZnH

15.7 ± 2.8

11.0 ± 10

12.4

[!3-Tptm]ZnMe

15.9 ± 0.7

12.0 ± 3

12.3

a

Least-squares error limits associated with the analysis are within a 95% confidence

interval.

1.3.2 Reactivity of [! 3-Tptm]ZnH and related compounds
[!3-Tptm]ZnH serves as a precursor to a variety of other [Tptm]ZnX derivatives,
as illustrated in Scheme 8. For example, the zinc hydride bond of [!3-Tptm]ZnH (i) is
protolytically cleaved by R3SiOH (R = Me, Ph) to give [!4-Tptm]ZnOSiR3, (ii) is
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protolytically cleaved by R’CO2H to give [!4-Tptm]ZnO2CR’ (R’ = H, Me), and (iii)
undergoes metathesis with Me3SiX (X = Cl, Br, I) to give [!4-Tptm]ZnX.13 Depicted in
Figure 14 is the molecular structure of [!4-Tptm]ZnO2CMe.
X
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N
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S
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S
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H
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Scheme 8. Reactivity of [!3-Tptm]ZnH.

Of most note, [!3-Tptm]ZnH reacts rapidly with CO2 via an insertion reaction to
give the formate complex, [!4-Tptm]ZnO2CH24 (Figure 15).

The facile reactivity of

t

[!3-Tptm]ZnH towards CO2 is in contrast to the [TpBu ]ZnH complex, which only reacts
with CO2 at 50 °C. Such reactivity towards CO2 is of specific interest in view of the fact

24
that formate species, which presumably arise from zinc hydride species, are proposed
intermediates in the ZnO and Cu/ZnO catalyzed synthesis of methanol.10

It is

important to note that the insertion of CO2 into zinc-hydride bonds is not well
precedented. The only other examples involving monomeric zinc hydride complexes
pertain to [TpR]ZnH derivatives. It should be noted that regeneration of [!3-Tptm]ZnH
from [!4-Tptm]ZnO2CH would result in catalytic CO2 functionalization (See chapter 5).
Furthermore, if reduction of the formate group to formaldehyde, methanol or methane
could be achieved, this would be useful for (i) chemical transformations and (ii) fuel.

Figure 14. Molecular structure of [!4-Tptm]ZnO2CMe.
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Figure 15. Molecular structure of [!4-Tptm]ZnO2CH.

Both

the

formate

and

siloxide

derivatives,

[!4-Tptm]ZnO2CH

and

[!4-Tptm]ZnOSiR3 (R = Me, Ph), can be converted to a variety of other [!4-Tptm]ZnX
derivatives upon treatment with Me3SiX (X = Cl, Br, I, N3, NCO, OAc), as illustrated in
Scheme 9. The halide compounds, [!4-Tptm]ZnX (X = Cl, Br, I) may also be synthesized
via the reaction of [!4-Tptm]Li with ZnX2 (Scheme 10), however, the former reaction
with Me3SiX is preferred due to ease of preparation. The halides are produced rapidly
when employing Me3SiX (X = Cl, Br, I), with all byproducts being volatile liquids which
are easily removed. On the other hand, the reaction between [!4-Tptm]Li with ZnX2
results in a mixture of [Tptm]H, [!4-Tptm]ZnX and LiX.
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Scheme 9. Reactivity of [!4-Tptm]ZnOSiMe3 and [!4-Tptm]ZnO2CH.

It should be noted that the reaction of [!4-Tptm]ZnO2CH with Me3SiOAc to give
[!4-Tptm]ZnOAc and Me3SiO2CH does not go to completion due to the establishment of
an equilibrium which has been studied using 1H NMR spectroscopy. However, both
[!4-Tptm]ZnO2CH and [!4-Tptm]ZnOAc may be prepared in pure form via the reaction
of [!3-Tptm]ZnMe or [!3-Tptm]ZnH with formic acid and acetic acid, respectively
(Scheme 11).

X
ZnX2

N
Li

N

N
S
S

X = Cl, Br, I

N
Zn

N

N
S

S

S

S

Scheme 10. Reaction of [!4-Tptm]Li with ZnX2 to give [!4-Tptm]ZnX (X = Cl, Br, I).
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While there is a reaction between [!4-Tptm]ZnOSiR3 (R = Me, Ph) and PhSiH3 to
produce the hydride complex, [!3-Tptm]ZnH, there is no reaction between
[!4-Tptm]ZnO2CH or [!4-Tptm]ZnOAc with PhSiH3. A catalytic cycle can be envisioned
for the reaction between PhSiH3 and R3SiOH to generate a siloxane and H2, where the
two catalytic intermediates are [!3-Tptm]ZnH and [!4-Tptm]ZnOSiR3 (see Chapter 5).
Catalysts that are able to perform silane-alcohol coupling are of interest for H2
production.

Figure 16. Molecular structure of [!4-Tptm]ZnN3.

[!3-Tptm]ZnH

cannot

be

converted

directly

to

[!4-Tptm]ZnN3

or

[!4-Tptm]ZnNCO using the respective Me3SiX reagents due to a competing insertion
reaction, which results in a mixture of products. However, conversion of [!3-Tptm]ZnH
to either [!4-Tptm]ZnOSiR3 (R = Me, Ph) or [!4-Tptm]ZnO2CH followed by reaction
with Me3SiN3 or Me3SiNCO allows for the conversion of [!3-Tptm]ZnH to
[!4-Tptm]ZnN3 or [!4-Tptm]ZnNCO, respectively, in two steps.
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S
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Scheme 11. Production of [!4-Tptm]ZnO2CH and [!4-Tptm]ZnOAc from [!3-Tptm]ZnMe.

In order to complete the halide series, several attempts were made to synthesize
the fluoride complex, [Tptm]ZnF. ZnF2 did not react with [Tptm]Li or [Tptm]MgX (X =
Br, I) to give [Tptm]ZnF, which is presumably due to the insolubility of ZnF2. Silane
reagents were not attempted due to the strong Si-F bond.

Treatment of

[!3-Tptm]ZnN(SiMe3)2 with hydrofluoric acid-pyridine (Olah Reagent), was then
attempted to produce the fluoride complex.

While this reaction did result in the

cleavage of the Zn-N bond to give a Zn-F bond, concomitant reaction with the Lewis
acid, SiF4 (presumably generated from reaction of HF with the glassware) resulted in
the formation of {[!4-Tptm]ZnF}2SiF4 (Scheme 12 and Figure 17).

N(SiMe3)2

N
Zn
N
S

S

S

Olah Reagent

S

S

F

F

N

N

Zn
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S

N

S

N

N

Scheme 12. Reaction of [!3-Tptm]ZnN(SiMe3)2 with HF•pyridine.

F

F

N

S

S

29

Figure 17. Molecular structure of {[!4-Tptm]ZnF}2SiF4.

Halide exchange between [!4-Tptm]ZnX (X = Cl, Br, I) and tetrabutylammonium
fluoride (TBAF) worked well to give [!4-Tptm]ZnF•H2O as a crystalline solid. The
water molecule, which is derived from the wet TBAF, is hydrogen bonded to the
fluoride ligand as shown in Figure 18.

[!4-Tptm]ZnF•H2O may be converted to

[!4-Tptm]ZnF by either (i) treatment with KH or (ii) by removal of the water from
[!4-Tptm]ZnF•H2O by evaporation in vacuo (Scheme 13).
X
N
Zn

N

TBAF

N

N
Zn

N

N
S

S

F

F • H2O

X = Cl, Br, I

Scheme 13. Synthesis of [!4-Tptm]ZnF.
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Figure 18. Molecular structure of [!4-Tptm]ZnF•H2 O (hydrogen bonded dimer shown).

Figure 19. Molecular structure of [!4-Tptm]ZnF.

The molecular structure of [!4-Tptm]ZnF has also been determined by X-ray
diffraction (Figure 19).
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F NMR spectroscopy provides evidence for hydrogen bonding

for the hydrated compound in solution. Specifically, whereas [!4-Tptm]ZnF has a 19F
signal at $ -216.7 ppm, [!4-Tptm]ZnF•H2O has a deshielded resonance at $ -204.2 ppm.
[!4-Tptm]ZnF

and [!4-Tptm]ZnF•H2O provide

two well-defined examples of
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monomeric zinc fluoride compounds, which are not common due to the propensity of
the fluoride ligand to bridge multiple zinc centers,25 the same tendency that has been
observed with hydride ligands. There are only four terminal zinc fluoride compounds
listed in the CSD.26
[!4-Tptm]ZnF, like [!3-Tptm]ZnH, also exhibits diverse reactivity with silane
reagents, which might be expected as the formation of the Si-F bond provides a strong
thermodynamic driving force. For example, [!4-Tptm]ZnF reacts with (i) Me3SiX (X =
Cl, Br, I) to form [!4-Tptm]ZnX and (ii) PhSiH3 to form [!3-Tptm]ZnH. This reactivity is
summarized in Scheme 14.

X
N
Zn

N

N

Zn

N

PhSiH3

N

X = Cl, Br, I
S

S

Zn

N

Me3SiX

S

N
S
S

S

S
S

H

N

F

S

N

Scheme 14. Reactivity of [!4-Tptm]ZnF with silane reagents.

We also explored the reactivity of [!4-Tptm]ZnF with strong Lewis acids in order
+

to generate a cationic [Tptm]Zn compound via fluoride abstraction. For example,
[!4-Tptm]ZnF
+

was

treated

with

the

powerful

Lewis

acids,

(C6F5)3B

and

-

[Ph3C ][(C6F5)4B ], resulting in fluoride abstraction and generating two distinct
compounds, as depicted in Scheme 15.

Specifically, application of (C6F5)3B to

[!4-Tptm]ZnF results in coordination of the boron atom to the fluorine atom but does
not completely abstract the fluoride ion from [!4-Tptm]ZnF; instead, there is a
lengthening of the Zn"F bond. In [!4-Tptm]ZnF, the Zn"F bond length is 1.9443(10) Å,
which is considerably shorter than the Zn"F bond length in [!4-Tptm]Zn…FB(C6F5)3,
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which is 2.262(3) Å. The molecular structure of [!4-Tptm]Zn…FB(C6F5)3 is presented in
Figure 20. This is the first example of an adduct between B(C6F5)3 and a zinc fluoride
complex.

+

-

Treatment of [!4-Tptm]ZnF with [Ph3C ][(C6F5)4B ] results in complete

fluoride abstraction.

However, presumably due to the high Lewis acidity of the
+

resulting zinc cation, [!4-Tptm]Zn , an additional molecule of [!4-Tptm]ZnF traps
+

[!4-Tptm]Zn

to

make
+

the

dinuclear

zinc

cation,

namely,

-

{[!4-Tptm]ZnFZn[!4-Tptm] }{(C6F5)4B } (Scheme 15). The Zn"F bond lengths (2.0450(6)
and 2.0358(6) Å) are moderately lengthened in this complex, presumably due to the
multi-center

bonding.
+

The

molecular

structure

of

-

{[!4-Tptm]ZnFZn[!4-Tptm] }{(C6F5)4B } is shown in Figure 21. This is the first example
of a linear, two coordinate fluoride ligand between two zinc centers, where the two zinc
atoms are only connected by the bridging fluoride ligand.27
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Scheme 15. Fluoride abstraction from [!4-Tptm]ZnF using strong Lewis acids.
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Figure 20. Molecular structure of [!4-Tptm]ZnF…B(C6F5)3 (Fluorine atoms on B(C6F5)3 not labeled for
clarity).

Figure 21. Molecular structure of {[!4-Tptm]ZnFZn[!4-Tptm]+}{(C6F5)4B-}. Anion not shown for clarity.
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In summary, the alkyl zinc hydride compound, [!3-Tptm]ZnH, is reactive, and is
able to generate numerous other zinc compounds such as [!4-Tptm]ZnOSiR3 (R = Me,
Ph), [!4-Tptm]ZnX (X = Cl, Br, I), and the formate complex, [!4-Tptm]ZnO2CH.
Additionally, [!3-Tptm]ZnH is novel, as it is the first example where zinc incorporates
an alkyl ligand and a hydride ligand.

1.4

Reactivity of [! 3-Tptm]ZnN(SiMe3)2 towards CO2 and the CO2 promoted
displacement of siloxide ligands.
In addition to its role in methanol synthesis,10 there are efforts to discover other

synthetic methods that employ CO2 as a C1 building block.28 This is exemplified by (i)
the metal-catalyzed hydrogenation to formic acid and formates,29 and (ii) the formation
of polycarbonates by copolymerization with epoxides (Scheme 16).30 The reactivity of
CO2 towards transition metal compounds has, therefore, been the focus of much
attention.28,31 For example, the insertion of CO2 into metal amide bonds (M-NR2) bonds
to give carbamato (M-O2CNR2) derivatives has been widely studied (Scheme 16).32
O
CO2 + H2

catalyst

H

OX

X = H or cation

R1

O

LnM!OR

CO2 +
R1

M

O

OR

O

R2

R2

O

n

O
M

NR2

CO2

NR2
M

O

Scheme 16. CO2 hydrogenation to formic acid or formates (top), CO2 co-polymerization with epoxides
(middle) and CO2 insertion into metal amide bonds (bottom).
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In contrast, however, there are few reports concerned with the reactivity of CO2
towards

main

group

amides,

and

complexes.33

bis(trimethylsilyl)amido

even
In

fewer
this

reports

context,

[!3-Tptm]ZnN(SiMe3)2 towards CO2 was investigated.

concerned

the

reactivity

with
of

While one might expect the

carbamato product, namely [Tptm]Zn[O2CN(SiMe3)2], formed via insertion of CO2 into
the Zn-N bond, the carbamato intermediate has not been observed or isolated. Instead,
the final product of the reaction is the isocyanate complex, [!4-Tptm]ZnNCO, which has
been structurally characterized by X-ray diffraction (Figure 22 and Scheme 17).
O
C
N
N(SiMe3)2

N
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CO2

N
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N

N

N

S

S
S

S
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Scheme 17. Reaction of [!3-Tptm]ZnN(SiMe3)2 with CO2 to give [!4-Tptm]ZnNCO.
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Figure 22. Molecular structure of [!4-Tptm]ZnNCO.

It is evident that, rather than undergoing only a simple insertion reaction of the
type that is observed for many metal amide complexes,32 the reaction proceeds to
deoxygenate CO2, a transformation that is made feasible by the formation of a strong
Si-O bond.34,35

The formation of the isocyanate complex [!4-Tptm]ZnNCO differs

compared to the analogous reaction of Zn[N(SiMe3)(Ad)]2 (Ad = adamantyl) with CO2
which gives the symmetrical carbodiimide, AdN=C=NAd and unidentified zinc
trimethylsiloxide species.36 AdN=C=NAd, presumably results from the reaction of the
generated isocyanate, AdNCO, with Zn[N(SiMe3)(Ad)]2 through a mechanism
involving insertion, followed by Me3Si migration (i.e. the equivalent mechanism as the
CO2 reaction, where one oxygen atom has been replaced by AdN).
Ad

Me3Si
N Zn N
Ad

SiMe3

CO2

"[Zn(OSiMe3)2]" +

Scheme 18. Reaction of Zn[N(SiMe3)(Ad)]2 (Ad = adamantyl) with CO2.

AdN

C

NAd
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Similar reactivity with CO2 was also observed for the bis(trimethylsilyl)amido
complexes of tin(II) and germanium(II), namely Sn[N(SiMe3)2]2 and Ge[N(SiMe3)2]2,
respectively.

These group 14 amide complexes react with CO2, resulting in the

formation of M2(OSiMe3)4 (M = Sn and Ge) with the generation of both the isocyanate
and carbodiimide products, namely Me3SiNCO and Me3SiN=C=NSiMe3 (Scheme 19).37
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Me3SiN

C

O
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C

NSiMe3

+

SiMe3

Scheme 19. Reactivity of Sn[N(SiMe3)2]2 and Ge[N(SiMe3)2]2 with CO2.

The reaction of Zn[N(SiMe3)2]2 with CO2 results in the formation of Me3SiNCO
and unidentified zinc trimethylsiloxide compounds, which provides evidence that the
formation of [!4-Tptm]ZnNCO is permitted to occur due to the incorporation of an
additional ancillary ligand, namely [Tptm].
The generation of [!4-Tptm]ZnNCO must be a multistep reaction in which the
initial step is proposed to be the insertion of CO2 into the Zn-N bond to give
[Tptm]Zn[O2CN(SiMe3)2]. As mentioned above, this proposed intermediate has not
been observed due a rapid rearrangement to the trimethysiloxide derivative
[!4-Tptm]ZnOSiMe3 with the expulsion of Me3SiNCO (Scheme 20). In support of this
proposal, both [!4-Tptm]ZnOSiMe3 and Me3SiNCO are observed by

1

H NMR

spectroscopy as the initial products, which decrease during the course of the reaction.
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Scheme 20. Reaction of [!3-Tptm]ZnN(SiMe3)2 with CO2 to initially generate [!4-Tptm]ZnOSiMe3 and
Me3SiNCO.

Interestingly,

while

the

simplest

explanation

for

the

formation

of

[!4-Tptm]ZnNCO from [!4-Tptm]ZnOSiMe3 and Me3SiNCO involves direct metathesis
to give hexamethyldisiloxane, (Me3Si)2O, additional experiments suggest that this is not
the operative mechanism. Specifically, independent experiments indicate that while
[!4-Tptm]ZnNCO is formed upon treatment of [!4-Tptm]ZnOSiMe3 with Me3SiNCO, the
reaction is extremely slow by comparison to the formation of [Tptm]ZnNCO upon
treatment of [!3-Tptm]ZnN(SiMe3)2 with CO2. The formation of the isocyanate complex,
[Tptm]ZnNCO is, however, accelerated if CO2 is added to a mixture of
[!4-Tptm]ZnOSiMe3 and Me3SiNCO. On this basis, we propose that the formation of
[!4-Tptm]ZnNCO is promoted by insertion of CO2 into the Zn-OSiMe3 bond to give the
trimethylsilyl carbonate derivative, [!4-Tptm]Zn[O2COSiMe3], that is more susceptible
towards metathesis with Me3SiNCO compared to [!4-Tptm]ZnOSiMe3 (Scheme 21).
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Scheme 21. Proposed mechanism of CO2 accelerated metathesis.

Evidence for the facile and reversible insertion of CO2 into the Zn-OSiMe3 bond is
provided by variable temperature

13

C{1H} NMR spectroscopic studies.

Specifically,

[!4-Tptm]Zn[O2COSiMe3] is observed at temperatures ≤ ca. 5 ˚C, as illustrated by a
signal at $ 157.9 ppm in the 13C{1H} NMR spectrum attributable to the carbonate moiety
(Figure 23).

Figure 23. Variable 13C NMR spectroscopic evidence for [!4-Tptm]Zn[O2COSiMe3] using 13CO2.
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Additionally, broadening of the OSiMe3 group is observed in the 1H NMR
spectrum at room temperature, suggesting fluxionality on the NMR timescale.
Metathesis occurring between [!4-Tptm]Zn[O2COSiMe3] and Me3SiNCO should
produce the byproduct bis(trimethylsilyl) carbonate, (Me3SiO)2CO, which has been
verified by 1H and 13C NMR spectroscopy, as well as mass spectrometry. Importantly,
this observation is in accord with Me3SiNCO undergoing metathesis with
[!4-Tptm]Zn[O2COSiMe3] and not with [!4-Tptm]ZnOSiMe3.

The overall proposed

mechanistic scheme is depicted in Scheme 22.
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Scheme 22. Proposed mechanism for the reaction of [!3-Tptm]ZnN(SiMe3)2 with CO2. Atoms derived
from CO2 are bolded and in blue.

Depicted in Figure 24 are the
[!3-Tptm]ZnN(SiMe3)2 and

13

CO2.

13

C{1H} NMR spectra of the reaction between

The initial spectrum shows mostly Me3SiN13CO,

which decreases over time as (Me3SiO)213CO and [!4-Tptm]ZnN13CO are formed.
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(Me3SiO)213CO decomposes over time to form (Me3Si)2O and 13CO2, which is why the
(Me3SiO)213CO signal disappears.

Figure 24.

13

C{1H} NMR spectra of the reaction between [!3-Tptm]ZnN(SiMe3)2 and 13CO2. The peaks that

are not labeled are due to [Tptm].

Two factors that may contribute to the more facile cleavage of the
Zn-OC(O)OSiMe3 bond compared to the Zn-OSiMe3 bond are (i) insertion of the CO2
group displaces the OSiMe3 group from the metal center such that there is less steric
hindrance around the metal center, and (ii) the presence of the C(O) group allows for a
six-membered transition state differing from a four-membered transition state, which is
depicted in Figure 25. In view of the ability for CO2 to accelerate the reaction between
[!4-Tptm]ZnOSiMe3 and Me3SiNCO, a variety of other Me3SiX compounds were
explored for the same type of rate enhancement.

Consistent with the proposed
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mechanism, a variety of Me3SiX (X = Cl, Br, I, N3) showed enhanced reactivity in the
presence of CO2 with [!4-Tptm]ZnOSiMe3 to give the corresponding [!4-Tptm]ZnX
compound. Additionally, CO2-accelerated rate enhancement is also observed for the
reactions of [!4-Tptm]ZnOSiPh3 with Me3SiX (X = Cl, Br, I, N3).
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Figure 25. CO2 accelerated metathesis (left) compared to metathesis in the absence of CO2 (right).

The ability of CO2 to promote the overall displacement of a siloxide ligand has
implications with respect to the fact that siloxides find frequent use as ancillary
ligands.38

Thus, while the insertion of CO2 into M-OSiR3 bonds has been little

investigated,39,40 it is evident from the above studies that the presence of CO2 could
provide a general means to enhance the reactivity of compounds with M-OSiR3 bonds.41
In this respect, it also suggests that the presence of CO2 could be disadvantageous for
situations in which the siloxide ligand is intended to play the role of a spectator (i.e. as
an ancillary ligand).

1.5

Ligand kapticity: A Density Functional Theory Investigation
The [Tptm] ligand has the ability to coordinate to zinc via two or three of its

pyridyl groups, namely in a !3- or !4-manner, generating two structural classes of
[Tptm]ZnX compounds. Specifically, !4-coordination is observed in the solid state for
[!4-Tptm]ZnF,

[!4-Tptm]ZnF•H2O,

[!4-Tptm]ZnCl,

[!4-Tptm]ZnBr,

[!4-Tptm]ZnI,
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[!4-Tptm]ZnNCO,

[!4-Tptm]ZnN3,

[!4-Tptm]ZnOSiMe3,

[!4-Tptm]ZnOSiPh3,

[!4-Tptm]ZnO2CH and [!4-Tptm]ZnO2CMe, while !3-coordination is observed for
[!3-Tptm]ZnH and [!3-Tptm]ZnMe. Low temperature 1H NMR spectroscopic studies
suggest that these coordination modes are also preserved in solution. Although all
[Tptm]ZnX complexes exhibit three chemically equivalent pyridyl groups at room
temperature, a 2:1 pattern of peaks in the 1H NMR emerges for [!3-Tptm]ZnH,
[!3-Tptm]ZnMe and [!3-Tptm]ZnN(SiMe3)2 at ca. –10˚C, consistent with !3-coordination
(Figure 5, Figure 9 and Figure 12). In contrast, the low temperature 1H NMR spectra of
[!4-Tptm]ZnX [X = F, Cl, Br, I, NCO, N3, OSiR3 (R = Me, Ph), O2CMe, O2CH] exhibit
chemically equivalent pyridyl groups indicative of !4-coordination.42
While density functional theory (DFT) calculations predict that the !4 isomer is
always more stable than the !3 isomer, the preference for !4-coordination for
monodentate X ligands increases in the sequence Me < N(SiMe3)2 < H < I < OSiMe3 < Br
< Cl < N3 < NCO < F, as summarized in Table 3. Also listed in Table 3 is the calculated
natural bond orbital (NBO) charge on zinc for the [!3-Tptm]ZnX complexes.
In view of the fact that the hydride derivative adopts a !3-coordination mode
while the bulky triphenylsiloxide derivative adopts a !4-coordination mode, it is
evident that steric factors do not dominate in determining the differences in
coordination.

However, a consideration of [Tptm]ZnX derivatives in which X is

monoatomic (X = F, Cl, Br, I, and H), indicates that the preference for !4-coordination
correlates well with the electronegativity of X, a trend which suggests that !4coordination becomes more favored with increasing charge on the zinc center.43
Additionally, the !4-isomer becomes more stable when the NBO charge increases on
zinc in the !3-isomer, (Table 3).
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X

[E(! 3) – E(! 4)]/kcal mol–1

NBO Charge on Zn in
[! 3-Tptm]ZnX

Me

1.382

1.516

N(SiMe3)2

2.796

1.647

H

4.329

1.441

I

6.812

1.492

OSiMe3

7.415

1.657

Br

9.271

1.523

Cl

9.814

1.575

N3

10.028

1.612

NCO

10.152

1.643

F

13.627

1.646

Table 3. Relative energies of !3- and !4-isomers and the charge on zinc in [!3-Tptm]ZnX (cc-pVTZ(-f) and
LACV3P** basis sets).

When the [Tptm] ligand coordinates in a !4 manner, the Zn-CTptm bond is trans to
the X ligand in [!4-Tptm]ZnX compounds. Thus, there is a resulting 3-center-4-electron
hypervalent & interaction44, which we believe causes the Zn-X bond to weaken, and
therefore lengthen, in comparison to a conventional 2-center-2-electron bond.45

1.6

Synthesis of a bulky [Tptm] ligand: [TptmPh,Me]H
There has been much interest in developing ligands that provide steric bulk

around a metal center. Having a substituent at the 6-position of the 2-mercaptopyridine
ring would create a protective cage around the metal center, potentially allowing for
small molecule activation. An example of this methodology is provided by Holland
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and co-workers;46 using a sterically demanding '–diketiminate ligand, dinitrogen
activation was achieved upon reduction of the low coordinate, bulky iron complex.
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Scheme 23. Synthesis of 6-phenyl,4-methyl,2-thiopyridone.
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Scheme 24. Synthesis of [TptmPh,Me]H.

Therefore, we synthesized 6-phenyl,4-methyl,2-thiopyridone as a bulky analogue
of 2-mercaptopyridine (Scheme 23). 6-phenyl,4-methyl,2-thiopyridone was transformed
into [TptmPh,Me]H via a sequence involving deprotonation to generate the thiolate anion,
followed by reaction with iodoform (CHI3) to form the tripodal ligand, which is
summarized in Scheme 24.
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Figure 26. Molecular structure of [TptmPh,Me]H (hydrogen atoms not shown for clarity).

The molecular structure of [TptmPh,Me]H is depicted in Figure 26. Unfortunately,
to date, not much reactivity with [TptmPh,Me]H has been observed. One reaction that has
been achieved is the lithiation reaction using MeLi at cold temperatures. The molecular
structure of [TptmPh,Me]Li can be seen in Figure 27, which demonstrates the bulky nature
of the [TptmPh,Me] ligand.
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Figure 27. Molecular structure of [TptmPh,Me]Li.

1.7

[! 4-Tptm]MgN(SiMe3)2 chemistry
Magnesium, a group 2 metal, is similar to zinc in many aspects. For example, as

Sir Edward Frankland demonstrated in 1848, ethylzinc iodide (EtZnI) and diethylzinc
(Et2Zn) are produced when heating ethyl iodide with zinc metal at high temperatures. 47
This is very similar to the more common, well-known Grignard reagent, prepared more
than 50 years later by Victor Grignard in 1900.48 As described above, we have prepared
the Grignard reagent with the alkyl group [Tptm] (see Scheme 4 and Figure 4).
Additionally, we were interested to see if magnesium showed similar reactivity to zinc,
with respect to its CO2 chemistry.
As depicted

in Scheme

25,

[Tptm]H can be

{Mg[N(SiMe3)2]2}2 to give [!4-Tptm]MgN(SiMe3)2.

directly

metalated

by

It is important to note two

distinctions between the magnesium and zinc systems.

Firstly, {Mg[N(SiMe3)2]2}249

exists as a dimeric solid, contrasting Zn[N(SiMe3)2]2, which exists as monomeric, freeflowing liquid. Secondly, the bis(trimethylsilylamide) complex, [!4-Tptm]MgN(SiMe3)2,

49
is structurally different from [!3-Tptm]ZnN(SiMe3)2, as the [Tptm] ligand binds in a !4
fashion for the magnesium compound, as shown in Figure 28.
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Scheme 25. Synthesis of [!4-Tptm]MgN(SiMe3)2.

Figure 28. Molecular structure of [!4-Tptm]MgN(SiMe3)2.

The reactivity of the bis(trimethylsilylamide) complex, [!4-Tptm]MgN(SiMe3)2,
with CO2 was explored to see if the magnesium complex showed similar reactivity as
compared to the zinc complex. Addition of CO2 to a solution of [!4-Tptm]MgN(SiMe3)2
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results in an immediate reaction and the deposition of crystals of {[!4-Tptm]Mg(NCO)}2
at room temperature.

The molecular structure of {[!4-Tptm]Mg(NCO)}2 has been

determined by single crystal X-ray diffraction, which is shown in Figure 29.

The

isocyanate ligands bridge the magnesium centers using both their nitrogen and oxygen
atoms, such that each magnesium center is six coordinate with a pseudo-octahedral
geometry. The dimeric structure is in contrast to the zinc complex, [!4-Tptm]ZnNCO,
which exists as a five coordinate monomer.

Figure 29. Molecular structure of {[!4-Tptm]Mg(NCO)}2.

1.8

[! 3-Tptm]NiNO chemistry
In addition to the main group chemistry described above, some transition metal

chemistry was explored, specifically with nickel. The nickel nitrosyl complex, namely
[!3-Tptm]NiNO may be readily prepared via the reaction of Ni(PPh3)2(NO)Br with
[!4-Tptm]Li as depicted in Scheme 26. The molecular structure of [!3-Tptm]NiNO has
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been determined by single crystal X-ray diffraction, demonstrating the !3 nature of the
[Tptm] ligand, and the linear nature of the nitrosyl ligand (170.6(2) °); the molecular
structure is depicted in Figure 30. [!3-Tptm]NiNO exists as a purple, diamagnetic solid
that has limited solubility in hydrocarbon solvents.

It is, however, soluble in

chlorinated solvents (CHCl3 and CH2Cl2), although the nitrosyl complex slowly
decomposes to, inter alia, the chloride complex {[!4-Tptm]Ni(µ-Cl)}2, which exists as a
chloride bridged dimer (Figure 31).

N
Li

N

Ni(PPh3)2(NO)Br
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N
Ni
N

N

S

S
S

S
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Scheme 26. Synthesis of [!3-Tptm]NiNO.
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Figure 30. Molecular structure of [!3-Tptm]NiNO.

Figure 31. Molecular structure of {[!4-Tptm]Ni(µ-Cl)}2.

We were interested in the reactivity of [!3-Tptm]NiNO with small molecules,
with the overall goal of catalysis. One small molecule of interest to activate is dioxygen,
O2. Specifically, using O2 as an oxidant is highly desirable, because O2 is abundant, nontoxic, cheap and atom-economical.50 In this regard, [!3-Tptm]NiNO reacts with O251 to
produce the mono-oxygenated nitrite complex, namely, [!4-Tptm]Ni[!2-O2N], whose
molecular structure has been determined by single crystal X-ray diffraction (Figure 32).
The same complex can be produced via treatment of [!3-Tptm]NiNO with air.
Interestingly, [!4-Tptm]Ni[!2-O2N] may be deoxygenated to the nitrosyl complex with
PMe3 to produced OPMe3 (Scheme 28).52 Thus, the oxygenation of [!3-Tptm]NiNO is
reversible, and could possibly be used to catalyze oxygen atom transfer reactions using
O2.

For example, transition metal nitro complexes have been shown to
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stoichiometrically and catalytically transfer an oxygen atom to a variety of substrates
including olefins, phosphines, alcohols and nitric oxide.53,54
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Scheme 27. Oxygenation of [!3-Tptm]NiNO to [!4-Tptm]Ni[!2-O2N].

Figure 32. Molecular structure of [!4-Tptm]Ni[!2-O2N].
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Scheme 28. Deoxygenation of [!4-Tptm]Ni[!2-O2N] to [!3-Tptm]NiNO using PMe3.

In addition to O2, CO2 is an attractive oxygen atom source.

In this vein, if

[!3-Tptm]NiNO were to react with CO2 to produce the nitrite complex and CO, the
resulting nitrite complex could then transfer the oxygen atom to an oxygen acceptor,
such as PMe3 or PPh3. The overall reaction described in Scheme 29 is predicted to be
enthalpically favored by 12.1 kcal mol-1 according to gas-phase thermodynamic data
compiled by Holm and Donahue.55,56 This reaction is formally an oxygen transfer from
CO2 to PMe3, however, this reaction does not occur without a catalyst present. A
catalytic cycle using [!3-Tptm]NiNO for the oxygen transfer from CO2 to PMe3 (or other
suitable oxygen atom acceptors) can be envisioned and is depicted in Scheme 30. To
date, this has not yet been observed.
CO2 + PMe3

Scheme 29. Reaction of CO2 with PMe3 to give CO and OPMe3.

CO + OPMe3
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Scheme 30. Possible catalytic cycle for the [!3-Tptm]NiNO catalyzed deoxygenation of CO2 by PMe3.

The reaction between [!3-Tptm]NiNO and carbon disulfide (CS2) has also been
explored. This reaction does not result in the transfer of a sulfur atom to the nickel
complex. Instead, a CS group is transfer with loss of an oxygen atom to form the
dimeric isothiocyanate complex, {[!4-Tptm]NiNCS}2 (Scheme 31). At this point, the fate
of the missing oxygen and sulfur atoms is unknown.
{[!4-Tptm]NiNCS}2 is depicted in Figure 33.

The molecular structure of
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Scheme 31. Reaction of [!3-Tptm]NiNO with CS2 to give {[!4-Tptm]NiNCS}2.

Figure 33. Molecular structure of {[!4-Tptm]NiNCS}2.

1.9

Utilization of [TitmMe]H as a tetradentate ligand
Similar to [Tptm]H, tris(1-methyl-imidazol-2-ylthio)methane, [TitmMe]H, (Scheme

32) has also been utilized as a tetradentate alkyl ligand for zinc.57 [TitmMe]H was
prepared by Gwengo and co-workers as depicted in Scheme 32, using a triphasic
reaction, with tetrabutylammonium bromide as the phase-transfer agent. However, in

57
the original report, [TitmMe]H was not metalated to form any [TitmMe]M compounds.
Therefore, we explored the reactivity of [TitmMe]H for a comparative study with
[Tptm]H.
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Scheme 32. Synthesis of [TitmMe]H.

[TitmMe]H was treated with Zn[N(SiMe3)2]2 which reacts cleanly to give
[!3-TitmMe]ZnN(SiMe3)2 in high yield (Scheme 33), very similar to the synthesis of
[!3-Tptm]ZnN(SiMe3)2. In the case of [!3-TitmMe]ZnN(SiMe3)2, the molecular structure
has been determined by single crystal X-ray diffraction, which demonstrates the !3
nature of the [TitmMe] ligand, as depicted in Figure 34.
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Scheme 33. Synthesis of [!3-TitmMe]ZnN(SiMe3)2.
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Figure 34. Molecular structure of [!3-TitmMe]ZnN(SiMe 3)2.

Like
immediately

[!3-Tptm]ZnN(SiMe3)2,
form

Me3SiNCO

[!3-TitmMe]ZnN(SiMe3)2
and

[TitmMe]ZnOSiMe3

reacts
which

with

CO2

to

converts

to

[!4-TitmMe]ZnNCO at room temperature (Scheme 34). This reaction is similar compared
to the [Tptm] system; however, preliminary results suggests that the metathesis step to
give [!4-TitmMe]ZnNCO is faster for the [TitmMe] system. The molecular structure of
[!4-TitmMe]ZnNCO has been determined by single crystal X-ray diffraction, which
verifies the !4 nature of the [TitmMe] ligand, as depicted in Figure 35.
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Scheme 34. Synthesis of [!4-TitmMe]ZnNCO.

Figure 35. Molecular structure of [!4-TitmMe]ZnNCO.

Finally, in addition to the zinc compounds described above, the Grignard reagent
has also been prepared by addition of MeMgBr to [TitmMe]H as depicted in Scheme 35.
The molecular structure of [!4-TitmMe]MgBr is presented in Figure 36, which shows that
the [TitmMe] ligand binds in a !4-coordination mode. It is interesting to note that the
Mg-C bond length, which is 2.401(5) Å, is exceptionally long. For example, in the
analogous [Tptm] structure, namely {[!4-Tptm]MgBr}2, has a Mg-C bond length of
2.243(6) Å. Additionally, the average Mg-C bond length listed in the CSD4 is 2.206 Å.
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This lengthening is presumably due to a constraint by placed by the ligand, which holds
the magnesium atom further away from the carbon than is ideal.
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Scheme 35. Synthesis of [!4-TitmMe]MgBr.

Figure 36. Molecular structure of [!4-TitmMe]MgBr.

1.10 Summary and conclusions
In summary, the mononuclear alkyl zinc hydride complex, [!3-Tptm]ZnH, may
be synthesized on multigram scale via treatment of [!4-Tptm]ZnOSiMe3 with PhSiH3.

61
[!3-Tptm]ZnH exhibits diverse reactivity, including insertion of CO2 to give the formate
complex, [!4-Tptm]ZnO2CH. A variety of [Tptm]ZnX compounds can be synthesized
from [!3-Tptm]ZnH.

The bis(trimethylsilyl)amide complex, [!3-Tptm]ZnN(SiMe3)2,

reacts with CO2, but the product obtained is the isocyanate complex, [!4-Tptm]ZnNCO,
that results from a multistep sequence in which the initial step is insertion of CO2 into
the Zn-N(SiMe3)2 bond, followed by rearrangement to [!4-Tptm]ZnOSiMe3 and
Me3SiNCO.

An important discovery is that the final metathesis step to give

[!4-Tptm]ZnNCO is promoted by CO2, an observation that indicates that the carbonate
complex, [!4-Tptm]Zn[O2COSiMe3], is more susceptible towards metathesis than is the
siloxide derivative, [!4-Tptm]ZnOSiMe3. As such, this finding has ramifications with
respect to inducing reactivity of other siloxide compounds. Additionally, the [Tptm]
ligand has been utilized with respect to some magnesium and nickel chemistry. The
[Tptm] system is an organometallic counterpart to the more common tripodal ligands,
[Tp] and [Tm]. Finally, the [TitmMe] ligand, another tetradentate, alkyl ligand has been
utilized for zinc and magnesium chemistry.

1.11 Experimental details

1.11.1 General considerations
All manipulations were performed using a combination of glovebox, high vacuum, and
Schlenk techniques under a nitrogen or argon atmosphere,58 with the exception of the
synthesis of [Tptm]H. Solvents were purified and degassed by standard procedures.
1

H NMR spectra were measured on Bruker 300 DRX, Bruker 400 DRX, and Bruker

Avance 500 DMX spectrometers. 1H NMR 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).59 Coupling constants are given in hertz. Infrared spectra
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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). All chemicals were obtained from
Aldrich, with the exception of 2-mercaptopyridine (Acros Organics), bromoform (Fisher
Scientific), phenylsilane (Alfa Aesar), trimethylsilyl isocyanate (Alfa Aesar), and
dimethylzinc (Strem Chemicals).

Trimethylsilanol was obtained by the literature

method.60 PhSiD3 was prepared by using a method analogous to that reported in the
literature method for PhSiH3,61 but employing LiAlD4 (Aldrich) in place of LiAlH4.

1.11.2 Computational details
Calculations were carried out using DFT as implemented in the Jaguar 7.5 (release 207)
suite of ab initio quantum chemistry programs.62

Geometry optimizations were

performed with the B3LYP density functional63 using the 6-31G** (C, H, N, O, Si, S, F,
Cl) and LAV3P (Br, I and Zn) basis sets.64 The energies of the optimized structures were
reevaluated by additional single point calculations on each optimized geometry using
cc-pVTZ(-f)65 correlation consistent triple-( (C, H, N, O, Si, S, F, Cl) and LAV3P (Br, I,
Zn) basis sets.

1.11.3 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 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 6.1).66
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1.11.4 Synthesis of Zn[N(SiMe3)2]2
Zn[N(SiMe3)2]2 was prepared by a modification of a literature method.21 A solution of
NaN(SiMe3)2 (18.00 g, 98.16 mmol) in Et2O (ca. 100 mL) was cooled to -78 ˚C, where it
became a white suspension. Solid ZnCl2 (5.75 g, 42.19 mmol) was added in three
portions over a period of 10 minutes. The mixture was then allowed to warm to room
temperature, and was stirred overnight. The next morning, the suspension was filtered,
and the filtrate was evacuated in vacuo to remove the volatile componets. The residue
was then distilled under dynamic vacuum at ca. 100 ˚C using a heat gun to give
Zn[N(SiMe3)2]2 as a colorless liquid (8.27 g, 51%).

1.11.5 Synthesis of [Tptm]H
[Tptm]H was prepared by a modification of a literature method.67 A yellow solution of
KOH (37.6 g, 670.1 mmol), 2-mercaptopyridine (50.0 g, 449.8 mmol), and EtOH (ca. 500
mL) in a 1 L round bottom flask was treated in a dropwise manner with bromoform
(13.1 mL, 150.3 mmol) over a period of 30 minutes, during which period the solution
became a darker yellow and a yellow precipitate formed. A reflux condenser was then
connected, and the suspension was refluxed for ca. 5 hours by using a heating mantle.
At the end of this period, the reaction vessel contained an off-white precipitate in a dark
supernatent. The mixture was allowed to cool to room temperature and then filtered.
The precipitate was extracted into EtOH (2 ) 100 mL) and the combined extract was
evaporated in vacuo to give a viscous brown residue. The residue was extracted into
benzene (ca. 500 mL) and filtered through a frit. The filtrate was then passed through a
short plug of silica gel (ca. 50 mL in a 9cm diameter frit) and the volatile components
were removed in vacuo. The residue obtained was dissolved in EtOH (ca. 150 mL) and
allowed to crystallize at room temperature in an open vessel over a period of 3 days.
The yellow crystals were isolated via decantation and washed with cold EtOH to give
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pure [Tptm]H (9.76 g, 19 %). A second batch of crystals was isolated after a week of
evaporation at room temperature from the previous mother liquor (1.37 g, total yield 22
%).
1
3

H NMR (C6D6): 6.31 [m, 3H, HC(SC5H4N)3], 6.71 [m, 3H, HC(SC5H4N)3], 6.83 [d,

JH-H = 8 Hz, 3H, HC(SC5H4N)3], 8.32 [d, 3JH-H = 4 Hz, 3H, HC(SC5H4N)3], 8.82 [s, 1H,

HC(SC5H4N)3].
H

13

C NMR (C6D6): 49.3 [d, 1JC-H = 169 Hz, 1C, HC(SC5H4N)3], 119.8 [dt, 1JC-

= 164 Hz, 2JC-H = 7 Hz, 3C, HC(SC5H4N)3], 121.9 [dd, 1JC-H = 166 Hz, 2JC-H = 7 Hz, 3C,

HC(SC5H4N)3], 136.1 [dd, 1JC-H = 163 Hz, 2JC-H = 7 Hz, 3C, HC(SC5H4N)3], 149.9 [ddd, 1JC-H
= 180 Hz, 2JC-H = 7 Hz, 2JC-H = 4 Hz, 3C, HC(SC5H4N)3], 158.6 [s, 3C, HC(SC5H4N)3].
IR Data (KBr disk, cm-1):

3071 (w), 3062 (w), 3047 (w), 3018 (w), 2993 (w),

2945(w), 1572 (s), 1554 (s), 1449 (s), 1408 (s), 1279 (m), 1241 (w), 1176 (w), 1147 (m), 1126
(s), 1104 (s), 1084 (s), 1043 (s), 985 (s), 957 (w), 872 (w), 757 (s), 720 (m), 617 (m), 483 (m),
452 (m).

1.11.6 Synthesis of [! 3-Tptm]ZnMe
A frozen suspension of [Tptm]H (800 mg, 2.33 mmol) in toluene (ca. 4 mL) was treated
with Me2Zn (0.30 mL, 4.35 mmol) via vacuum transfer. The mixture was allowed to
warm room temperature, thereby resulting in the evolution of methane and colorless
crystals of [!3-Tptm]ZnMe started to deposit after a period of 1.5 hours. The mixture
was allowed to stand at room temperature overnight, after which period the mother
liquor was decanted to give colorless crystals of [!3-Tptm]ZnMe that were dried in vacuo
(919 mg, 93 %). Anal. Calcd. for [!3-Tptm]ZnMe: C, 48.3%; H, 3.6%; N, 9.9%. Found: C,
48.4%; H, 3.6%; N, 9.8%.
1

H NMR (C6D6): 0.14 [s, 3H, H3CZnC(SC5H4N)3], 6.23 [br, 3H, MeZnC(SC5H4N)3],

6.58 [br, 3H, MeZnC(SC5H4N)3], 6.68 [br, 3H, MeZnC(SC5H4N)3], 8.19 [br, 3H,
MeZnC(SC5H4N)3].

13

C{1H} NMR (60 ˚C, C6D6): -15.5 [s, 1C, MeZnC(SC5H4N)3], not
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observed

[MeZnC(SC5H4N)3],

118.8

[s,

3C,

MeZnC(SC5H4N)3],

120.9

[s,

3C,

MeZnC(SC5H4N)3], 136.8 [s, 3C, MeZnC(SC5H4N)3], 147.5 [s, 3C, MeZnC(SC5H4N)3],
165.4 [s, 3C, MeZnC(SC5H4N)3].
IR Data (KBr disk, cm-1): 3081 (w), 3055 (w), 3009 (w), 2944 (w), 2900 (w), 2831
(w), 1590 (s), 1553 (s), 1455 (s), 1413 (s), 1281 (m), 1130 (m), 1091 (w), 1044 (m), 1008 (m),
758 (s), 720 (m), 650 (m), 531 (m), 486 (w).
1.11.7 Synthesis of [! 3-Tptm]ZnN(SiMe3)2
A light yellow solution of [Tptm]H (2.934 mg, 8.54 mmol) in benzene (ca. 20 mL) was
treated with Zn[N(SiMe3)2]2 (3.627 mg, 9.392 mmol) via pipette. The reaction mixture
was allowed to stand at room temperature overnight and then lyophilized overnight to
give [!3-Tptm]ZnN(SiMe3)2 (4.847 g, 99%) as an off white solid.
1

H NMR (C6D6): 0.47 [s, 18H, [(H3C)3Si]2NZnC(SC5H4N)3], 6.22 [br, 3H,

(Me3Si)2NZnC(SC5H4N)3], 6.50 [br, 3H, (Me3Si)2NZnC(SC5H4N)3], 6.60 [br, 3H,
(Me3Si)2NZnC(SC5H4N)3], 8.30 [br, 3H, (Me3Si)2NZnC(SC5H4N)3].

13

C{1H} NMR (60 ˚C,

C6D6): 6.6 [s, 6C, (Me3Si)2N ZnC(SC5H4N)3], not observed [(Me3Si)2NZnC(SC5H4N)3],
119.0 [s, 3C, (Me3Si)2NZnC(SC5H4N)3], 121.5 [s, 3C, (Me3Si)2NZnC(SC5H4N)3], 137.1 [s,
3C, (Me3Si)2NZnC(SC5H4N)3], 147.5 [s, 3C, (Me3Si)2NZnC(SC5H4N)3], 165.2 [s, 3C,
(Me3Si)2NZnC(SC5H4N)3].
IR Data (KBr disk, cm-1): 3083 (w), 3048 (w), 3015 (w), 2991 (w), 2954 (w), 2893
(w), 1588 (s), 1557 (s), 1454 (s), 1416 (s), 1281 (m), 1251 (m), 1178 (w), 1131 (m), 1092 (w),
1044 (m), 1006 (m), 932 (m), 879 (w), 845 (m), 757 (s), 722 (m), 639 (w), 614 (w).

1.11.8 Synthesis of [! 4-Tptm]ZnOSiMe3
(i) A solution of [!3-Tptm]ZnN(SiMe3)2 (1.315 g, 2.31 mmol) in benzene (ca. 8 mL) was
treated with trimethylsilanol (385 mg, 4.27 mmol). The reaction mixture was allowed to
stand

at room

temperature

for

5

minutes and

then

lyophilized

to give
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[!4-Tptm]ZnOSiMe3 as a light yellow powder (1.095 g, 95 %) Crystals suitable for X-ray
diffraction were obtained via slow evaporation from benzene.

Anal. Calcd. for

[!4-Tptm]ZnOSiMe3: C, 45.9%; H, 4.3%; N, 8.5%. Found: C, 46.1%; H, 3.9%; N, 8.4%.
1

H NMR (C6D6): 0.59 [s, 9H, (H3C)3SiOZnC(SC5H4N)3], 6.34 [t, 3JH-H = 6 Hz, 3H,

Me3SiOZnC(SC5H4N)3], 6.48 [d, 3JH-H = 8 Hz, 3H, Me3SiOZnC(SC5H4N)3], 6.54 [t, 3JH-H = 8
Hz, 3H, Me3SiOZnC(SC5H4N)3], 9.23 [d, 3JH-H = 5 Hz, 3H, SiMe3OZnC(SC5H4N)3].

13

C{1H}

NMR (C6D6): 5.5 [s, 3C, Me3SiOZnC(SC5H4N)3], not observed [Me3SiOZnC(SC5H4N)3],
118.9 [s, 3C, Me3SiOZnC(SC5H4N)3], 120.5 [s, 3C, Me3SiOZnC(SC5H4N)3], 138.0 [s, 3C,
Me3SiOZnC(SC5H4N)3],

149.0

[s,

3C,

Me3SiOZnC(SC5H4N)3],

161.4

[s,

3C,

Me3SiOZnC(SC5H4N)3].
IR Data (KBr disk, cm-1): 3087 (w), 3067 (w), 3013 (w), 2942 (m), 2888 (w), 1589
(s), 1557 (s), 1453 (s), 1416 (s), 1277 (m), 1252 (m), 1239 (m), 1130 (s), 1093 (w), 1033, (s),
1003 (s), 820 (s), 756 (s), 732 (w), 661 (w), 640 (w), 595 (w), 488 (w).

(ii) A suspension of [!3-Tptm]ZnH (7 mg, 0.02 mmol) in C6D6 (ca. 0.7 mL) was treated
with trimethylsilanol (11 mg, 0.12 mmol). The reaction was monitored by 1H NMR
spectroscopy, thereby demonstrating the formation of [!4-Tptm]ZnOSiMe3 and H2 over
a period of 5 minutes at room temperature.

The molecular structure of

[!4-Tptm]ZnOSiMe3 was determined by X-ray diffraction, thereby confirming the !4coordination mode, but the presence of six independent molecules and the low quality
of the data prevents further discussion of the structure.

1.11.9 Synthesis of [! 4-Tptm]ZnOSiPh3
(i) A mixture of triphenylsilanol (58 mg, 0.21 mmol) and [!3-Tptm]ZnN(SiMe3)2 (100
mg, 0.18 mmol) was treated with benzene (ca. 3 mL) and the resulting solution was
allowed to stand at room temperature for 5 minutes and then lyophilized. The resulting
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residue was washed with MeCN (2 ) 3 mL) and dried in vacuo, thereby giving
[!4-Tptm]ZnOSiPh3 as a light yellow powder (95 mg, 79 %). Crystals suitable for X-ray
diffraction were obtained via slow evaporation from benzene. Anal. Calcd. for
[!4-Tptm]ZnOSiPh3: C, 59.8%; H, 4.0%; N, 6.2%. Found: C, 59.4%; H, 4.2%; N, 6.0%.
1

H

NMR

(C6D6):

Ph3SiOZnC(SC5H4N)3],

6.02

7.26

[m,

[m,

3H,
9H,

Ph3SiOZnC(SC5H4N)3],
Ph3SiOZnC(SC5H4N)3],

6.46
8.06

Ph3SiOZnC(SC5H4N)3], 9.31 [d, 3JH-H = 5 Hz, 3H, Ph3SiOZnC(SC5H4N)3].

13

[br,

6H,

[br,

6H,

C{1H} NMR

(C6D6): not observed [Ph3SiOZnC(SC5H4N)3], 119.0 [s, 3C, Ph3SiOZnC(SC5H4N)3], 120.5
[s, 3C, Ph3SiOZnC(SC5H4N)3], 127.9 [s, 6C, Ph3SiOZnC(SC5H4N)3], 128.8 [s, 3C,
Ph3SiOZnC(SC5H4N)3],

136.1

[s,

6C,

Ph3SiOZnC(SC5H4N)3],

138.2

[s,

3C,

Ph3SiOZnC(SC5H4N)3],

143.3

[s,

3C,

Ph3SiOZnC(SC5H4N)3],

149.9

[s,

3C,

Ph3SiOZnC(SC5H4N)3], 161.5 [s, 3C, Ph3SiOZnC(SC5H4N)3].
IR Data (KBr disk, cm-1): 3086 (w), 3065 (w), 3047 (w), 3018 (w), 2993 (w), 1589
(s), 1559 (s), 1454 (s), 1417 (s), 1279 (m), 1131 (m), 1106 (s), 1040 (m), 1023 (w), 1004 (m),
759 (m), 721 (w), 703 (s), 640 (w), 515 (m).

(ii) A suspension of [!3-Tptm]ZnH (10 mg, 0.02 mmol) in C6D6 (ca. 0.7 mL) was treated
with triphenylsilanol (7 mg, 0.02 mmol). The reaction was monitored by 1H NMR
spectroscopy, thereby demonstrating the formation of [!4-Tptm]ZnOSiPh3 and H2 over a
period of 5 minutes at room temperature.

The !4-coordination mode within

[!4-Tptm]ZnOSiPh3 was confirmed by X-ray diffraction, but disorder prevents further
discussion of the structure.

1.11.10 Synthesis of [! 3-Tptm]ZnH
(i) A solution of [!4-Tptm]ZnOSiMe3 (1.865 g, 3.75 mmol) in C6D6 (ca. 5 mL) was treated
with phenylsilane (530 mg, 4.88 mmol), thereby resulting in the rapid deposition of
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colorless crystals.

The mixture was allowed to stand at room temperature for 30

minutes. After this period, the mixture was filtered and the crystals obtained were
dried in vacuo to give [!3-Tptm]ZnH•C6D6 (1.755 g, 95 %).

(ii) A solution of [!4-Tptm]ZnOSiMe3 (520 mg, 1.05 mmol) in benzene (ca. 5 mL) was
treated with phenylsilane (165 mg, 1.53 mmol), thereby resulting in the rapid deposition
of colorless crystals. The mixture was allowed to stand at room temperature for 1 day.
After this period, the mixture was filtered and the crystals obtained were washed with
benzene (2 ) 2 mL) and dried in vacuo to give [!3-Tptm]ZnH•C6H6 (421 mg, 83 %). Anal.
Calcd. for [!3-Tptm]ZnH•0.65(C6H6): C, 52.0%; H, 3.7%; N, 9.1%. Found: C, 51.8%; H,
3.9%; N, 8.8%.
1

H NMR (C6D6): 5.60 [s, 1H, HZnC(SC5H4N)3], 6.21 [br, 3H, HZnC(SC5H4N)3],

6.55 [br, 3H, HZnC(SC5H4N)3], 6.64[br, 3H, HZnC(SC5H4N)3], 8.37 [br, 3H,
HZnC(SC5H4N)3].
IR Data (KBr disk, cm-1): 3089 (w), 3067 (w), 3035 (w), 3013 (w), 2989 (w), 2963
(w), 1729 (m) [%(ZnH)], 1592 (s), 1554 (s), 1460 (s), 1415 (s), 1284 (m), 1131 (m), 1091 (w),
1046 (w), 1010 (w), 758 (s), 721 (m), 686 (m), 518 (m), 484 (w), 463 (w).

1.11.11 Synthesis of [! 3-Tptm]ZnD
A solution of [!4-Tptm]ZnOSiMe3 (26 mg, 0.05 mmol) in benzene (ca. 5 mL) was treated
with PhSiD3 (6 mg, 0.05 mmol), thereby resulting in the rapid deposition of colorless
crystals. The mixture was allowed to stand at room temperature for 3 hours. After this
period, the mixture was filtered and the crystals obtained were washed with benzene
(0.5 mL) and dried in vacuo to give [!3-Tptm]ZnD•C6H6 (10 mg, 40 %).
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1

H NMR (C6D6): 6.21 [br, 3H, DZnC(SC5H4N)3], 6.55 [br, 3H, DZnC(SC5H4N)3],

6.64 [br, 3H, DZnC(SC5H4N)3], 8.38 [br, 3H, DZnC(SC5H4N)3]. 2H NMR (C6H6): 5.60 [br,
1D, DZnC(SC5H4N)3].
IR Data (KBr disk, cm-1): 3087 (w), 3068 (w), 3037 (w), 3013 (w), 2988 (w), 2956
(w), 2930 (w), 1592 (s), 1574 (m), 1554 (s), 1460 (s), 1415 (s), 1284 (m), 1242 (m) [% (ZnD)],
1133 (m), 1091 (w), 1046 (w), 1010 (w), 758 (s), 721 (m), 686 (s), 662 (w), 643 (w), 484 (w),
415 (w).

1.11.12 Synthesis of [! 4-Tptm]ZnO2CH
(i) A suspension of [!3-Tptm]ZnH (14 mg, 0.03 mmol) in C6D6 (ca. 0.7 mL) in an NMR
tube equipped with a J. Young valve was treated with CO2 (1 atm) resulting in the
dissolution of the [!3-Tptm]ZnH and the formation of a pale yellow solution over a
period of ca. 20 minutes. The reaction was monitored by 1H NMR spectroscopy, thereby
indicating the quantitative conversion to [!4-Tptm]ZnO2CH.

The solution was

lyophilized, giving [!4-Tptm]ZnO2CH as a white powder (10 mg, 65%; the isolated yield
is < 100% due to difficulties removing the sample from the tube). Anal. Calcd. for
[!4-Tptm]Zn(!2-O2CH): C, 45.1%; H, 2.9%; N, 9.3%. Found: C, 45.4%; H, 3.0%; N, 9.1%.
1

H NMR (C6D6):

6.25 [m, 3H, H(O)COZnC(SC5H4N)3], 6.43 - 6.51 [m, 6H,

H(O)COZnC(SC5H4N)3], 9.16 [d, 3JH-H = 5 Hz, 3H, H(O)COZnC(SC5H4N)3], 9.53 [s, 1H,
H(O)COZnC(SC5H4N)3].
IR Data (KBr disk, cm-1): 3085 (w), 3059 (w), 3016 (w), 2797 (w) [%(O-H)], 2704
(w), 1621 (m) [%asym(CO2)], 1589 (s), 1557 (s), 1456 (s), 1417 (s), 1317 (m) [%sym(CO2)], 1283
(m), 1131 (m), 1093 (w), 1046 (w), 1006 (w), 760 (s), 723 (m), 640 (w), 486 (w).

(ii) [!4-Tptm]Zn(!2-O213CH) was prepared in an analogous manner from the reaction of
[!3-Tptm]ZnH with 13CO2.
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1

H NMR (C6D6):

6.28 [m, 3H, H(O)COZnC(SC5H4N)3], 6.46 - 6.55 [m, 6H,

H(O)COZnC(SC5H4N)3], 9.14 [d, 3JH-H = 5 Hz, 3H, H(O)COZnC(SC5H4N)3], 9.51 [d, 1JC-H =
192 Hz, 1H, H(O)COZnC(SC5H4N)3].

13

C{1H} NMR (C6D6):

[H(O)COZnC(SC5H4N)3],

119.6

[s,

3C,

H(O)COZnC(SC5H4N)3],

120.7

[s,

3C,

H(O)COZnC(SC5H4N)3],

138.2

[s,

3C,

H(O)COZnC(SC5H4N)3],

149.1

[s,

3C,

H(O)COZnC(SC5H4N)3],

161.4

[s,

3C,

H(O)COZnC(SC5H4N)3],

167.8

[s,

1C,

not observed

H(O)COZnC(SC5H4N)3].
IR Data (KBr disk, cm-1): 3087 (w), 3067 (w), 3015 (w), 2951 (w), 2790 (w), [%(13COH)], 2686 (w), 1590 (s) [%asym (13CO2)], 1554 (s), 1458 (s), 1417 (s), 1300 (m) [%sym (13CO2)],
1277 (m), 1132 (m), 1093 (w), 1046 (w), 1007 (w), 759 (s), 722 (m), 681 (w), 641 (w), 610
(w), 486 (w).

(iii) A mixture of [!3-Tptm]ZnMe (43 mg, 0.10 mmol) and C6D6 (ca. 1.0 mL) was treated
with

formic acid (10 µL, 0.27 mmol).

The reaction was monitored by 1H NMR

spectroscopy, thereby demonstrating the formation of [!4-Tptm]Zn(!2-O2CH) and
methane. The solution was lyophilized and then the solid obtained was extracted into
benzene (ca. 1.0 mL). Colorless crystals of [!4-Tptm]Zn(!2-O2CH) (33 mg, 72%) were
obtained by vapor diffusion of pentane into the benzene solution and were isolated by
decanting the mother liquor and dried in vacuo.

(iv) A suspension of [!3-Tptm]ZnH (13 mg, 0.03 mmol) in C6D6 (ca. 0.7 mL) in an NMR
tube equipped with a J. Young valve was treated with formic acid (10 µL, 0.32 mmol).
The reaction was monitored by NMR spectroscopy, thereby demonstrating the
conversion to [!4-Tptm]Zn(!2-O2CH) over a period of 5 minutes at room temperature.
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1.11.13 Synthesis of [! 4-Tptm]Li
A suspension of finely powdered [Tptm]H (769 mg, 2.24 mmol) in Et2O (ca. 10 mL, via
vacuum transfer from LiAlH4) was placed in an ice-water bath and treated dropwise
with a solution of BunLi in hexanes (2.5 M, 0.99 mL, 2.48 mmol). The mixture was
stirred at 0 ˚C for 1.5 hours and then filtered at this temperature. The precipitate
obtained was dried in vacuo to give [!4-Tptm]Li (530 mg, 67.8 %) as an off-white solid.
Colorless crystals were obtained by slow evaporation from benzene. Anal. Calcd. for
[!4-Tptm]Li: C, 55.0%; H, 3.5%; N, 12.0%. Found: C, 55.3%; H, 3.7%; N, 11.3%.
1
3

H NMR (C6D6): 6.25 [m, 3H, LiC(SC5H4N)3], 6.61 [m, 3H, LiC(SC5H4N)3], 6.77 [d,

JH-H = 8 Hz, 3H, LiC(SC5H4N)3], 7.89 [d, 3JH-H = 5 Hz, 3H, LiC(SC5H4N)3]. 13C{1H} NMR

(C6D6):

not observed [LiC(SC5H4N)3], 118.0 [s, 3C, LiC(SC5H4N)3], 120.1 [s, 3C,

LiC(SC5H4N)3], 136.2 [s, 3C, LiC(SC5H4N)3], 147.2 [s, 3C, LiC(SC5H4N)3], 173.4 [s, 3C,
LiC(SC5H4N)3]. 7Li NMR (C6D6): 7.23 [s, 1Li, LiC(SC5H4N)3].
IR Data (KBr disk, cm-1): 3070 (w), 3041 (w), 2982 (w), 2937 (w), 1573 (s), 1557 (s),
1453 (s), 1414 (s), 1279 (m), 1241 (w), 1174 (w), 1148 (m), 1125 (s), 1104 (s), 1082 (m), 1043
(m), 986 (m), 953 (w), 872 (w), 754 (s), 722 (m), 618 (w), 595 (w), 481 (m), 451 (m).

1.11.14 Synthesis of {[! 4-Tptm]MgBr}2
In a small Schlenk tube, H[Tptm] (184 mg, 0.54 mmol) was suspended in Et2O (ca. 8 mL,
vacuum transferred from LiAlH4) and put at 0 ˚C using an ice-water bath. MeMgBr (3.0
M in Et2O, 0.38 mL, 1.14 mmol) was added via syringe, and the suspension was stirred
at 0 ˚C for 3 hours. The precipitate was allowed to settle, filtered at 0 ˚C, and then dried
in vacuo giving {[!4-Tptm]MgBr}2 with 1 equivalent of Et2O per magnesium determined
by NMR spectroscopy (239 mg, 85.7%). Colorless crystals suitable for X-ray diffraction
were obtained by slow evaporation from benzene.
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1

H NMR (C6D6): 6.17 [m, 3H, BrMgC(SC5H4N)3], 6.41 - 6.46 [m, 6H,

BrMgC(SC5H4N)3], 9.76 [m, 3H, BrMgC(SC5H4N)3].

1.11.15 Synthesis of [Tptm]MgCl
In a small Schlenk tube, H[Tptm] (221 mg, 0.64 mmol) was suspended in Et2O (ca. 8 mL,
vacuum transferred from LiAlH4) and put at 0 ˚C using an ice-water bath. MeMgCl (3.0
M in THF, 0.26 mL, 0.77 mmol) was added via syringe, and the suspension was stirred
at 0 ˚C for 10 minutes, and then room temperature for 30 minutes. The precipitate was
allowed to settle, filtered, and then dried in vacuo giving [Tptm]MgCl with Et2O and
THF as the only contaminants (290 mg including solvents).
1

H NMR (C6D6): 6.20 [t, 3JH-H = 5 Hz, 3H, ClMgC(SC5H4N)3], 6.44 - 6.51 [m, 6H,

ClMgC(SC5H4N)3], 9.64 [d, 3JH-H = 6 Hz, 3H, ClMgC(SC5H4N)3].

1.11.16 Synthesis of [! 4-Tptm]ZnCl
A mixture of [!4-Tptm]Li (125 mg, 0.36 mmol) and ZnCl2 (59 mg, 0.43 mmol) was
treated with Et2O (ca. 5 mL via vacuum transfer from LiAlH4). The frozen mixture was
allowed to warm to room temperature and the thick white suspension was stirred
overnight. After this period, the volatile components were removed in vacuo and the
solid was extracted into benzene (ca. 5 mL). The extract was lyophilized and the solid
obtained was washed with acetonitrile (ca. 5 mL) and dried in vacuo giving
[!4-Tptm]ZnCl as an off white powder (65 mg, 41%).

Anal. Calcd. for

[!4-Tptm]ZnCl•0.30 C6H6 (sample obtained by crystallization from benzene): C, 45.8%;
H, 3.0%; N, 9.0%. Found: C, 45.8%; H, 2.6%; N, 9.8%.
1

H NMR (C6D6): 6.24 [m, 3H, ClZnC(SC5H4N)3], 6.44 - 6.52 [m, 6H,

ClZnC(SC5H4N)3], 9.82 [d, 3JH-H = 6 Hz, 3H, ClZnC(SC5H4N)3].
IR Data (KBr disk, cm-1): 3084 (w), 3059 (w), 3013 (w), 2963 (w), 1589 (s), 1556 (s),
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1454 (s), 1415 (s), 1282 (m), 1259 (w), 1131 (m), 1094 (w), 1046 (m), 1004 (m), 877 (w), 803
(w), 761 (s), 723 (m), 639 (m), 614 (m), 490 (m).

1.11.17 Reaction of [! 4-Tptm]ZnOSiMe3 with Me3SiCl: Formation of [! 4-Tptm]ZnCl
A solution of [!4-Tptm]ZnOSiMe3 (6 mg, 0.01 mmol) in C6D6 (ca. 0.7 mL) in an NMR
tube equipped with a J. Young valve was treated with Me3SiCl (20 µL, 0.16 mmol). The
reaction was monitored by NMR spectroscopy, thereby demonstrating the conversion
to [!4-Tptm]ZnCl over a period of 2 days at room temperature.

1.11.18 Reaction of [! 4-Tptm]ZnOSiPh3 with Me3SiCl: Formation of [! 4-Tptm]ZnCl
A solution of [!4-Tptm]ZnOSiPh3 (5 mg, 0.01 mmol) in C6D6 (ca. 0.7 mL) in an NMR tube
equipped with a J. Young valve was treated with Me3SiCl (20 µL, 0.16 mmol). The
reaction was monitored by NMR spectroscopy, thereby demonstrating very slow
conversion to [!4-Tptm]ZnCl at room temperature.

Complete conversion to

[!4-Tptm]ZnCl was achieved by heating the sample at 60 ˚C for 3 days.

1.11.19 Reaction of [! 4-Tptm]ZnO2CH with Me3SiCl: Formation of [! 4-Tptm]ZnCl
A solution of [!4-Tptm]ZnO2CH (2 mg, 0.004 mmol) in C6D6 (ca. 0.7 mL) in an NMR tube
equipped with a J. Young valve was treated with Me3SiCl (20 µL, 0.16 mmol). The
reaction was monitored by NMR spectroscopy, thereby demonstrating the conversion
to [!4-Tptm]ZnCl over a period of 15 minutes at room temperature.

1.11.20 Reaction of [! 3-Tptm]ZnH with Me3SiCl: Formation of [! 4-Tptm]ZnCl
A suspension of [!3-Tptm]ZnH (8 mg, 0.02 mmol) in C6D6 (ca. 0.7 mL) in an NMR tube
equipped with a J. Young valve was treated with Me3SiCl (20 µL, 0.16 mmol). The
reaction was monitored by NMR spectroscopy, thereby demonstrating the conversion
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to [!4-Tptm]ZnCl over a period of 16 hours at room temperature.

1.11.21 Reaction of [! 4-Tptm]ZnOSiMe3 with Me3SiBr: Formation of [! 4-Tptm]ZnBr
A solution of [!4-Tptm]ZnOSiMe3 (24 mg, 0.05 mmol) in C6D6 (ca. 0.7 mL) in an NMR
tube equipped with a J. Young valve was treated with Me3SiBr (10 µL, 0.08 mmol). The
reaction was monitored by

1

H NMR spectroscopy, thereby demonstrating the

conversion to [!4-Tptm]ZnBr over a period of 20 minutes at room temperature. The
reaction was then lyophilized to give [!4-Tptm]ZnBr as an off-white solid (17 mg, 72%).
1

H NMR (C6D6): 6.23 [m, 3H, BrZnC(SC5H4N)3], 6.42 - 6.49 [m, 6H,

BrZnC(SC5H4N)3], 9.86 [d, 3JH-H = 5 Hz, 3H, BrZnC(SC5H4N)3]. 13C{1H} NMR (C6D6): not
observed [BrZnC(SC5H4N)3], 119.3 [s, 3C, BrZnC(SC5H4N)3], 120.7 [s, 3C,Br(SC5H4N)3],
138.3 [s, 3C, BrZnC(SC5H4N)3], 150.2 [s, 3C, BrZnC(SC5H4N)3], 161.0 [s, 3C,
BrZnC(SC5H4N)3].
IR Data (KBr disk, cm-1): 3082 (w), 3059 (w), 3015 (w), 2346 (w), 1590 (s), 1557 (s),
1457 (s), 1416 (s), 1283 (m), 1254 (w), 1132 (m), 1090 (w), 1048 (m), 1004 (m), 875 (w), 761
(s), 724 (m), 639 (m), 623 (m), 409 (w).

1.11.22 Reaction of [! 4-Tptm]ZnOSiPh3 with Me3SiBr: Formation of [! 4-Tptm]ZnBr
A solution of [!4-Tptm]ZnOSiPh3 (3 mg, 0.004 mmol) in C6D6 (ca. 0.7 mL) in an NMR
tube equipped with a J. Young valve was treated with Me3SiBr (10 µL, 0.08 mmol). The
reaction was monitored by 1H NMR spectroscopy, thereby demonstrating conversion to
[!4-Tptm]ZnBr over a period of 20 hours at room temperature.

1.11.23 Reaction of [! 4-Tptm]ZnO2CH with Me3SiBr: Formation of [! 4-Tptm]ZnBr
A solution of [!4-Tptm]ZnO2CH (4 mg, 0.01 mmol) in C6D6 (ca. 0.7 mL) in an NMR tube
equipped with a J. Young valve was treated with Me3SiBr (3 µL, 0.02 mmol). The
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reaction was monitored by

1

H NMR spectroscopy, thereby demonstrating the

conversion to [!4-Tptm]ZnBr over a period of 30 minutes at room temperature.

1.11.24 Reaction of [! 3-Tptm]ZnH with Me3SiBr: Formation of [! 4-Tptm]ZnBr
A suspension of [!3-Tptm]ZnH (4 mg, 0.01 mmol) in C6D6 (ca. 0.7 mL) in an NMR tube
equipped with a J. Young valve was treated with Me3SiBr (10 µL, 0.08 mmol). The
reaction was monitored by

1

H NMR spectroscopy, thereby demonstrating the

conversion to [!4-Tptm]ZnBr over a period of 20 minutes at room temperature.

1.11.25 Synthesis of [! 4-Tptm]ZnI
A mixture of [!4-Tptm]Li (500 mg, 1.43 mmol) and ZnI2 (580 mg, 1.82 mmol) was treated
with Et2O (ca. 10 mL, via vacuum transferred from LiAlH4). The frozen mixture was
allowed to warm to room temperature and the thick white suspension was stirred
overnight. After this period, the volatile components were removed in vacuo and the
solid was extracted into benzene (ca. 10 mL). The extract was lyophilized and the solid
obtained was washed with acetonitrile (ca. 8 mL) and dried in vacuo to give
[!4-Tptm]ZnI (454 mg, 59 %) as a yellow powder. Colorless crystals of [!4-Tptm]ZnI
suitable for X-ray diffraction were obtained by slow evaporation from benzene. Anal.
Calcd. for [!4-Tptm]ZnI: C, 35.9%; H, 2.3 %; N, 7.9%. Found: C, 34.0%; H, 2.0%; N, 7.2%.
1

H NMR (C6D6): 6.22 [m, 3H, IZnC(SC5H4N)3], 6.40 - 6.48 [m, 6H, IZnC(SC5H4N)3],

9.70 [br, 3H, IZnC(SC5H4N)3]. 13C{1H} NMR (C6D6): not observed [IZnC(SC5H4N)3], 119.2
[s, 3C, IZnC(SC5H4N)3], 121.0 [s, 3C, IZnC(SC5H4N)3], 138.3 [s, 3C, IZnC(SC5H4N)3], 150.0
[s, 3C, IZnC(SC5H4N)3], 160.8 [s, 3C, IZnC(SC5H4N)3].
IR Data (KBr disk, cm-1): 3079 (w), 3056 (w), 3013 (w), 2963 (w), 2906 (w), 1589
(s), 1554 (s), 1457 (s), 1414 (s), 1282 (m), 1262 (s), 1130 (w), 1093 (w), 1045 (w), 875 (s), 801
(s), 759 (s), 723 (m), 637 (m).
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The !4-coordination mode within [!4-Tptm]ZnI was confirmed by X-ray
diffraction, but disorder prevents further discussion of the structure. [!4-Tptm]ZnI is
monoclinic, Cc (Z = 4), a = 15.7489(17) Å, b = 9.2982(17) Å, c = 14.137(2) Å, * = 90, ' =
117.813(3)˚, + = 90˚, V = 1831.1(5) Å3, = 125 K.

1.11.26 Reaction of [! 4-Tptm]ZnOSiPh3 with Me3SiI: Formation of [! 4-Tptm]ZnI
A solution of [!4-Tptm]ZnOSiPh3 (3 mg, 0.004 mmol) in C6D6 (ca. 0.7 mL) in an NMR
tube equipped with a J. Young valve was treated with Me3SiI (10 mg, 0.05 mmol). The
reaction was monitored by NMR spectroscopy, thereby demonstrating the conversion
to [!4-Tptm]ZnI over a period of 22 hours at room temperature.

1.11.27 Reaction of [! 4-Tptm]ZnO2CH with Me3SiI: Formation of [! 4-Tptm]ZnI
A solution of [!4-Tptm]ZnO2CH (2 mg, 0.004 mmol) in C6D6 (ca. 0.7 mL) in an NMR tube
equipped with a J. Young valve was treated with Me3SiI (10 mg, 0.05 mmol). The
reaction was monitored by NMR spectroscopy, thereby demonstrating the conversion
to [!4-Tptm]ZnI over a period of 15 minutes at room temperature.

1.11.28 Reaction of [! 3-Tptm]ZnH with Me3SiI: Formation of [! 4-Tptm]ZnI
A suspension of [!3-Tptm]ZnH (4 mg, 0.01 mmol) in C6D6 (ca. 0.7 mL) in an NMR tube
equipped with a J. Young valve was treated with Me3SiI (3 mg, 0.02 mmol). The
reaction was monitored by NMR spectroscopy, thereby demonstrating the conversion
to [!4-Tptm]ZnI over a period of 15 minutes at room temperature.

1.11.29 Reaction of [! 4-Tptm]ZnOSiMe3 with Me3SiI: Formation of [! 4-Tptm]ZnI
A solution of [!4-Tptm]ZnOSiMe3 (65 mg, 0.13 mmol) in C6D6 (ca. 0.7 mL) in an NMR
tube equipped with a J. Young valve was treated with Me3SiI (ca. 0.3 mL, 2.1 mmol) via
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vacuum transfer.

The reaction was monitored by 1H NMR spectroscopy, thereby

demonstrating the conversion to [!4-Tptm]ZnI over a period of 15 minutes at room
temperature.

The sample was then lyophilized to give [!4-Tptm]ZnI as a yellow

powder (57 mg, 82%).

1.11.30 Reaction of [! 4-Tptm]ZnOSiMe3 with Me3SiN3: Synthesis of [! 4-Tptm]ZnN3
A solution of [!4-Tptm]ZnOSiMe3 (5 mg, 0.01 mmol) in C6D6 (ca. 0.7 mL) in an NMR
tube equipped with a J. Young valve was treated with Me3SiN3 (20 µL, 0.15 mmol). The
reaction was monitored by NMR spectroscopy, thereby demonstrating the quantitative
conversion to [!4-Tptm]ZnN3 over a period of 2 days at room temperature. The solution
was lyophilized to give [!4-Tptm]ZnN3 as a yellow powder (4 mg, 89%; the isolated
yield is < 100% due to difficulties removing the sample from the tube). Anal. Calcd. for
[!4-Tptm]ZnN3•0.25(C6H6): C, 44.8%; H, 2.9 %; N, 17.9%. Found: C, 44.3%; H, 2.6%; N,
17.5%.
1

H NMR (C6D6): 6.24 [m, 3H, N3Zn C(SC5H4N)3], 6.40 [m, 3H, N3Zn C(SC5H4N)3],

6.46 [m, 3H, N3ZnC(SC5H4N)3], 9.12 [d, 3JHH = 5 Hz, 3H, N3ZnC(SC5H4N)3].

13

C{1H} NMR

(C6D6): not observed [N3ZnC(SC5H4N)3], 119.8 [s, 3C, N3ZnC(SC5H4N)3], 120.7 [s, 3C,
N3ZnC(SC5H4N)3], 138.5 [s, 3C, N3ZnC(SC5H4N)3], 148.8 [s, 3C, N3ZnC(SC5H4N)3], 161.2
[s, 3C, N3ZnC(SC5H4N)3].
IR Data (KBr disk, cm-1): 3083 (w), 3069 (w), 3057 (w), 3016 (w), 2964 (w), 2066
(m) [% (N3)], 1591 (s), 1555 (s), 1458 (s), 1412 (s), 1263 (m), 1132 (s), 1089 (w), 1049 (w),
1012 (w), 763 (s).

1.11.31 Reaction of [! 4-Tptm]ZnO2CH with Me3SiN3: Formation of [! 4-Tptm]ZnN3
A solution of [!4-Tptm]ZnO2CH (2 mg, 0.004 mmol) in C6D6 (ca. 0.7 mL) in an NMR tube
equipped with a J. Young valve was treated with Me3SiN3 (20 µL, 0.15 mmol). The

78
reaction was monitored by NMR spectroscopy, thereby demonstrating the conversion
to [!4-Tptm]ZnN3 over a period of 1 hour at room temperature.

1.11.32 Reaction of [! 4-Tptm]ZnOSiPh3 with Me3SiN3: Formation of [! 4-Tptm]ZnN3
A solution of [!4-Tptm]ZnOSiPh3 (4 mg, 0.006 mmol) in C6D6 (ca. 0.7 mL) in an NMR
tube equipped with a J. Young valve was treated with Me3SiN3 (20 µL, 0.15 mmol). The
reaction was monitored by NMR spectroscopy, thereby demonstrating the conversion
to [!4-Tptm]ZnN3 over a period of 1 hour at room temperature.

1.11.33 Reaction

[! 4-Tptm]ZnOSiMe3

of

with

Me3SiOAc:

Synthesis

of

[! 4-Tptm]ZnOAc
Me3SiOAc (20 µL, 0.13 mmol) was added to a solution of [!4-Tptm]ZnOSiMe3 (18 mg,
0.04 mmol) in C6D6 (ca. 0.7 mL) in an NMR tube equipped with a J. Young valve. The
reaction was monitored by NMR, thereby demonstrating the clean conversion to
[!4-Tptm]ZnOAc over a period of 30 minutes at room temperature. The solution was
then lyophilized, giving [!4-Tptm]ZnOAc (14 mg, 83%) as an off-white powder. Mass
spectrum: m/z = 465.0 {M}+.
1

H NMR (C6D6): 2.35 [s, 3H, H3CC(O)OZnC(SC5H4N)3], 6.29 [bt, 3JH-H = 5 Hz, 3H,

AcOZnC(SC5H4N)3], 6.45 - 6.52 [m, 6H, AcOZnC(SC5H4N)3], 9.09 [d, 3JH-H = 5 Hz, 3H,
AcOZn C(SC5H4N)3].

13

C{1H} NMR (C6D6): 23.7 [s, 1C, Me(O)COZnC(SC5H4N)3], not

observed [AcOZnC(SC5H4N)3], 119.5 [s, 3C, AcOZnC(SC5H4N)3], 120.8 [s, 3C,
AcOZnC(SC5H4N)3], 137.9 [s, 3C, AcOZnC(SC5H4N)3], 148.7 [s, 3C, AcOZnC(SC5H4N)3],
161.5 [s, 3C, AcOZnC(SC5H4N)3], 177.8 [s, 1C, Me(O)COZnC(SC5H4N)3].
IR Data (KBr disk, cm-1): 3084 (w), 3059 (w), 3014 (w), 2964 (w), 2919 (w), 2850
(w), 2370 (w), 2348 (w), %OAc = 1613 (s), 1590 (s), 1558 (s), 1459 (s), 1418 (s), 1388 (s)
[%(OAc)], 1333 (m) [%(OAc)], 1281 (m), 1131 (m), 1086 (w), 1046 (w), 1005 (w), 769 (s), 722
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(m).

1.11.34 Reaction

of

[! 4-Tptm]ZnOSiPh3

with

Me3SiOAc:

Formation

of

[! 4-Tptm]ZnOAc
A solution of [!4-Tptm]ZnOSiPh3 (5 mg, 0.007 mmol) in C6D6 (ca. 0.7 mL) in an NMR
tube equipped with a J. Young valve was treated with Me3SiOAc (20 µL, 0.13 mmol).
The reaction was monitored by NMR spectroscopy, thereby demonstrating the
conversion to [!4-Tptm]ZnOAc over a period of 2 hours at room temperature.

1.11.35 Reaction

of

[! 4-Tptm]ZnO2CH

with

Me3SiOAc:

Formation

of

[! 4-Tptm]ZnOAc
A solution of [!4-Tptm]ZnO2CH (3 mg, 0.007 mmol) in C6D6 (ca. 0.7 mL) in an NMR tube
equipped with a J. Young valve was treated with Me3SiOAc (10 µL, 0.07 mmol). The
reaction was monitored by 1H NMR spectroscopy, thereby demonstrating the partial
formation of [!4-Tptm]ZnOAc over a period of 10 minutes.

The sample was

lyophilized, dissolved in C6D6 (ca. 0.7 mL), and shown to be a ca. 0.5:1 mixture of
[!4-Tptm]ZnOAc : [!4-Tptm]ZnO2CH by 1H NMR spectroscopy. A further quantity of
Me3SiOAc (30 µL, 0.20 mmol) was added and the sample lyophilized to give 1.7:1
mixture of [!4-Tptm]ZnOAc : [!4-Tptm]ZnO2CH.

The process was repeated

sequentially with (i) additional Me3SiOAc (60 µL, 0.40 mmol) to give a 4.4:1 mixture of
[!4-Tptm]ZnOAc : [!4-Tptm]ZnO2CH and (ii) additional Me3SiOAc (60 µL, 0.40 mmol) to
give a 13.4:1 mixture of [!4-Tptm]ZnOAc : [!4-Tptm]ZnO2CH. The observation that
excess Me3SiOAc does not produce [!4-Tptm]ZnOAc in a quantitative manner suggests
an equilibrium situation.
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1.11.36 Reaction of [! 3-Tptm]ZnH with HOAc: Formation of [! 4-Tptm]ZnOAc
A suspension of [!3-Tptm]ZnH (3 mg, 0.01 mmol) in C6D6 (ca. 0.7 mL) in an NMR tube
equipped with a J. Young valve was treated with acetic acid (20 µL, 0.35 mmol). The
reaction was monitored by NMR spectroscopy, thereby demonstrating the conversion
to [!4-Tptm]ZnOAc over a period of 10 minutes at room temperature.

1.11.37 Reaction of [! 3-Tptm]ZnN(SiMe3)2 with CO2: Synthesis of [! 4-Tptm]ZnNCO
A solution of [!3-Tptm]ZnN(SiMe3)2 (28 mg, 0.05 mmol) in C6D6 (ca. 1 mL) in a flamedried ampoule was treated with CO2 (1 atm.) for a period of 4 days. After this period,
the solution was lyophilized and the solid obtained was dissolved in C6D6 (ca. 1 mL)
and analyzed by NMR spectroscopy, thereby demonstrating quantitative conversion to
[!4-Tptm]ZnNCO. The solution was allowed to evaporate and deposit colorless crystals
of [!4-Tptm]ZnNCO suitable for X-ray diffraction (13 mg, 59 %). Evidence for the
formation of (Me3SiO)2CO68 as a byproduct is provided by mass spectrometry [m/z =
207.03 {M+H}+] and 1H [$ 0.21] and 13C [$ 151.9] NMR spectroscopy. Anal. Calcd. for
[!4-Tptm]ZnNCO•0.50 C6H6: C, 49.1%; H, 3.1%; N, 11.5%. Found: C, 48.7%; H, 2.5%; N,
11.4%.
1

H NMR (C6D6): 6.20 [m, 3H, OCNZnC(SC5H4N)3], 6.42 [d, 3JH-H = 8 Hz, 3H,

OCNZnC(SC5H4N)3], 6.50 [m, 3H, OCNZnC(SC5H4N)3], 9.11 [d, 3JH-H = 5 Hz, 3H,
OCNZnC(SC5H4N)3].
IR Data (KBr disk, cm-1): 3087 (w), 3072 (w), 3056 (w), 3015 (w), 2223 (m) [%asym
(NCO)], 1589 (s), 1554 (s), 1455 (s), 1417 (s), 1339 (w) [%sym (NCO)], 1280 (m), 1131 (m),
1092 (w), 1046 (m), 1004 (w), 875 (w), 763 (s), 722 (m), 641 (w), 622 (m), 521 (m), 489 (m).

(ii)

Mass

Spectrometric

Characterization

[!4-Tptm]ZnN(SiMe3)2 and CO2.

of

(Me3SiO)2CO

in

the

reaction

of
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A solution of [!3-Tptm]ZnN(SiMe3)2 (8 mg, 0.01 mmol) in C6H6 (ca. 0.7 mL) in an NMR
tube equipped with a J. Young valve was treated with CO2 (1 atm). The sample was left
overnight at room temperature, and then analyzed by mass spectrometry which
provided evidence for (Me3SiO)2CO m/z = 207.03 {M+H}+.

(iii) Reaction of [!3-Tptm]ZnN(SiMe3)2 with 13CO2.
A solution of [!3-Tptm]ZnN(SiMe3)2 (36 mg, 0.06 mmol) in C6D6 (ca. 1 mL) in an NMR
tube equipped with a J. Young valve was treated with 13CO2 (1 atm). The reaction was
monitored by 1H and

13

C NMR spectroscopy, thereby demonstrating the initial

formation of [Tptm]ZnOSiMe3 and Me3SiN13CO, which subsequently converts to
[!4-Tptm]ZnN13CO (13C{1H} $ 124.4) and Me3SiO13C(O)OSiMe3 (13C{1H} $ 151.9)68 in the
presence of 13CO2.
13

C{1H} NMR (C6D6):

not observed [O13CNZnC(SC5H4N)3], 119.7 [s, 3C,

O13CNZnC(SC5H4N)3], 120.6 [s, 3C, O13CNZnC(SC5H4N)3], 129.9 [t, 1JN-C = 16, 1C,
O13CNZnC(SC5H4N)3],

138.4

[s,

3C,

O13CNZnC(SC5H4N)3],

148.5

[s,

3C,

O13CNZnC(SC5H4N)3], 161.1 [s, 3C, O13CNZnC(SC5H4N)3].
IR Data (KBr disk, cm-1): 3087 (w), 3069 (w), 3016 (w), 2153 (s) [%asym (N13CO)],
1590 (s), 1559 (s), 1457 (s), 1417 (s), 1325 (w) [%sym (N13CO)], 1280 (m), 1132 (m), 1089 (w),
1047 (m), 1007 (w), 758 (s), 723 (m), 641 (w), 606(m), 486 (w), 410 (w).
1.11.38 Reaction

of

[! 4-Tptm]ZnO2CH

with

Me3SiNCO:

Synthesis

of

[! 4-Tptm]ZnNCO
A solution of [!4-Tptm]ZnO2CH (2 mg, 0.004 mmol) in benzene (ca. 0.7 mL) in an NMR
tube equipped with a J. Young valve was treated with Me3SiNCO (10 mg, 0.09 mmol).
The reaction was monitored by NMR spectroscopy, thereby demonstrating the
conversion to [!4-Tptm]ZnNCO over a period of 24 days at room temperature.
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1.11.39 Synthesis of [! 4-Tptm]ZnNCO via the CO2 Promoted Reaction of
[! 4-Tptm]ZnOSiMe3 with Me3SiNCO
(i) A solution of [!4-Tptm]ZnOSiMe3 in C6D6 (ca. 2 mL) in a vial was treated with excess
Me3SiNCO and was divided equally into two NMR tubes equipped with J. Young
valves. One sample was saturated with CO2 (1 atm) and the other was left under an
argon atmosphere. The reactions were monitored by 1H NMR spectroscopy, thereby
demonstrating the clean conversion to [!4-Tptm]ZnNCO in the presence of CO2 over a
period of 4 days. In the absence of CO2, there was little conversion to [!4-Tptm]ZnNCO
at room temperature over this period and heating to 60 ˚C resulted in the formation of
A separate experiment employing [!4-Tptm]ZnOSiMe3 (6 mg, 0.01

several species.

mmol) and Me3SiNCO (72 mg, 0.62 mmol) in C6D6 (ca. 0.7 mL), in which the sample was
kept at room temperature, required 49 days for the formation of [!4-Tptm]ZnNCO to
proceed to completion.

(ii) Reaction of [!3-Tptm]ZnOSiMe3 with 13CO2 and Me3SiNCO.
A solution of [!3-Tptm]ZnOSiMe3 (27 mg, 0.05 mmol) in C6D6 (ca. 1 mL) in an NMR tube
equipped with a J. Young valve was treated with Me3SiNCO (148 mg, 1.28 mmol). The
solution was then treated with 13CO2 (1 atm). The reaction was monitored by 1H and 13C
NMR spectroscopy, thereby demonstrating the formation of [!4-Tptm]ZnNCO and
Me3SiO13C(O)OSiMe3 (C13 signal at 151.7 ppm) over a period of 52 hours.

1.11.40 Reaction of [! 4-Tptm]ZnOSiMe3 with

13

CO2:

13

C NMR Spectroscopic

Characterization of [! 4-Tptm]ZnOC(O)OSiMe3
A solution of [!3-Tptm]ZnOSiMe3 (8 mg, 0.02 mmol) in C7D8 (ca. 1 mL) in an NMR tube
equipped with a J. Young valve was treated with 13CO2 (0.6 atm). The reaction was
monitored by

1

H and

13

C NMR spectroscopy and a signal attributable to
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[!4-Tptm]ZnO13C(O)OSiMe3 is observed at ca. 157.9 ppm (5 ˚C to – 50 ˚C).

1.11.41 Reaction of [! 4-Tptm]ZnOSiPh3 with

13

CO2:

13

C NMR Spectroscopic

Characterization of [! 4-Tptm]ZnOC(O)OSiPh3
A solution of [!3-Tptm]ZnOSiPh3 (5 mg, 0.01 mmol) in C7D8 (ca. 1 mL) in an NMR tube
equipped with a J. Young valve was treated with 13CO2 (0.6 atm). The reaction was
monitored by 1H and

13

C NMR spectroscopy.

Although no signal assignable to

[!4-Tptm]ZnO13C(O)OSiPh3 was observed at room temperature, a signal at ca. 160.7 is
observed at low temperature –70 ˚C.

1.11.42 Synthesis

of

[! 4-Tptm]ZnCl

via

the

CO2

Promoted

Reaction

of

[! 4-Tptm]ZnOSiMe3 with Me3SiCl
A solution of [!4-Tptm]ZnOSiMe3 (14 mg, 0.03 mmol) in C6D6 (ca. 2 mL) was treated
with Me3SiCl (20 µL, 0.16 mmol). This solution was shaken and then separated equally
into two NMR tubes equipped with J. Young valves. One sample was saturated with
CO2 (1 atm) while the other sample was left under an atmosphere of N2. The reactions
were monitored by 1H NMR spectroscopy, thereby demonstrating the quantitative
conversion of the sample prepared under CO2 to [!4-Tptm]ZnCl within 15 minutes. In
contrast, the sample prepared under N2 was only 28% complete after 15 minutes but
proceeded to completion within 16 hours.

1.11.43 Synthesis

of

[! 4-Tptm]ZnBr

via

the

CO2

Promoted

Reaction

of

[! 4-Tptm]ZnOSiPh3 with Me3SiBr
A solution of [!4-Tptm]ZnOSiPh3 (10 mg, 0.01 mmol) in C6D6 (ca. 2 mL) was treated with
Me3SiBr (15 µL, 0.11 mmol). This solution was shaken and then separated equally into
two NMR tubes equipped with J. Young valves. One sample was saturated with CO2 (1
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atm) while the other sample was left under an atmosphere of N2. The reactions were
monitored by

1

H NMR spectroscopy, thereby demonstrating the quantitative

conversion of the sample prepared under CO2 to [!4-Tptm]ZnBr within 1 hour. In
contrast, the sample prepared under N2 was only 45 % complete after 1 hour but
proceeded to completion within 44 hours.

1.11.44 Synthesis of [! 4-Tptm]ZnF
A yellow mixture of [!4-Tptm]ZnI (211 mg, 0.39 mmol) and benzene (ca. 3 mL) was
treated dropwise with a solution of tetrabutylammonium fluoride (TBAF) in
tetrahydrofuran (1.0M, ca. 5 wt. %H2O, 0.51 mL, 0.51 mmol). The mixture becomes a
lighter yellow color, and colorless crystals of [!4-Tptm]ZnF•H2O deposit. The mixture
was allowed to sit at room temperature for 3 hours. The mother liquor was then
decanted, and the precipitate was washed with benzene (ca. 1 mL), followed by H2O (10
) 1.5 mL, 2 ) 5 mL), followed by acetonitrile (2 ) 1 mL). The solid was then dried in
vacuo to give [!4-Tptm]ZnF (90 mg, 53.4%) as a colorless powder. Colorless crystals of
[!4-Tptm]ZnF suitable for X-ray diffraction were obtained by slow evaporation from
benzene. %). 1H NMR (C6D6): 6.25 [broad m, 3H, FZnC(SC5H4N)3], 6.50 [broad m, 6H,
FZnC(SC5H4N)3], 9.69 [broad, 3H, FZnC(SC5H4N)3]. 19F{1H} NMR (C6D6): -216.70 [s, 1F,
FZnC(SC5H4N)3]. IR Data (KBr disk, cm-1): 3082 (w), 3059 (w), 3015 (w), 2346 (w), 1590
(s), 1557 (s), 1457 (s), 1416 (s), 1283 (m), 1254 (w), 1132 (m), 1090 (w), 1048 (m), 1004 (m),
875 (w), 761 (s), 724 (m), 639 (m), 623 (m), 409 (w).

1.11.45 Reaction of [! 4-Tptm]ZnF with PhSiH3: Synthesis of [! 3-Tptm]ZnH
A solution of [!4-Tptm]ZnF (3 mg, 0.01 mmol) in C6D6 (ca. 0.7 mL) in an NMR tube
equipped with a J. Young valve was treated with PhSiH3 (10 mg, 0.09 mmol) resulting
in the formation of colorless crystals. The reaction was monitored by 1H NMR
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spectroscopy, thereby demonstrating the conversion to [!3-Tptm]ZnH over a period of
10 minutes at room temperature.

1.11.46 Reaction of [! 4-Tptm]ZnF with Me3SiCl: Synthesis of [! 4-Tptm]ZnCl
A solution of [!4-Tptm]ZnF (3 mg, 0.01 mmol) in C6D6 (ca. 0.7 mL) in an NMR tube
equipped with a J. Young valve was treated with Me3SiCl (15 µL, 0.12 mmol) resulting
in the formation of a colorless precipitate. The reaction was monitored by 1H NMR
spectroscopy, thereby demonstrating the conversion to [!4-Tptm]ZnCl over a period of
10 minutes at room temperature.

1.11.47 Synthesis of [! 3-TitmMe]ZnN(SiMe3)2
[TitmMe]H (165 mg, 0.47 mmol) was placed in an NMR tube equipped with a J. Young
valve and treated with C6D6 (ca. 1.5 mL). To the heterogenous mixture, Zn[N(SiMe3)2]2
(220 mg, 0.57 mmol) was added via pipette. The sample was then sealed, shaken
periodically, and monitored by 1H NMR spectroscopy, thereby indicating the formation
of [!3-TitmMe]ZnN(SiMe3)2 after a period of ca. 3 hours. The sample was allowed to sit at
room temperature overnight (16 hours total), and then filtered. The precipitate was
extracted with benzene (ca. 1 mL), and the combined filtrates were then lyophilized,
giving a light beige powder (226 mg, 83.6%).

1

H NMR (C6D6): 0.59 [s, 18H,

[(H3C)3Si]2NZnC(SC3H2N2Me)3], 2.34 [s, 9H, (SiMe3)2NZnC(SC3H2N2CH3)3], 5.99 [s, 3H,
(SiMe3)2NZnC(SC3H2N2Me)3], 7.07 [s, 3H(SiMe3)2NZnC(SC3H2N2Me)3].

1.11.48 Synthesis of [! 4-TitmMe]ZnNCO
[!3-TitmMe]ZnN(SiMe3)2 (11 mg, 0.02 mmol) was placed in an NMR tube equipped with
a J. Young valve and treated with C6D6 (ca. 0.7 mL). The atmosphere was removed, and
CO2 (ca. 1 atm) was added.

The reaction was monitored by NMR spectroscopy,
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indicating the immediate formation of Me3SiNCO. After ca. 3 hours, all the Me3SiNCO
was consumed, with the formation of [!4-TitmMe]ZnNCO. The sample was lyophilized,
and redissolved in C6D6, which showed almost pure [!4-TitmMe]ZnNCO (4 mg, 47.0%).
Single crystals for X-ray diffraction can be obtained from slow evaporation from
benzene.

1.11.49 Synthesis of [! 4-Tptm]MgN(SiMe3)2
Crystals of H[Tptm] (310 mg, 0.90 mmol) were ground into a fine powder and
{Mg[N(SiMe3)2]2}2 (330 mg, 0.48 mmol) were placed in an NMR tube equipped with a J.
Young valve and treated with C6D6 (ca. 3.0 mL). The yellow heterogeneous mixture was
shaken, where colorless crystals began to form within 10 minutes. The reaction was
monitored by NMR spectroscopy, and after 2 hours, the mother liquor was decanted
from the colorless crystals that formed in the reaction. The colorless crystals were
washed with pentane, and then dried in vacuo giving pure [!4-Tptm]MgN(SiMe3)2 (41
mg). The mother liquor was lyophilized, washed with pentane, and dried in vacuo
giving [!4-Tptm]MgN(SiMe3)2 (188 mg, total yield: 48.1%) with a small impurity.
Though this material was typically utilized without further purification, analytically
pure material could be obtained by crystallization from benzene. 1H NMR (C6D6): 0.40
[s, 18H, [(H3C)3Si]2N-Mg-C(SC5H4N)3], 6.31 [m, 3H, (SiMe3)2N-Mg-C(SC5H4N)3], 6.48 6.55 [m, 6H, (SiMe3)2N-Mg-C(SC5H4N)3], 9.00 [d, 3JH-H = 5 Hz, 3H, (SiMe3)2N-MgC(SC5H4N)3].

1.11.50 Synthesis of [! 3-Tptm]NiNO
Ni(NO)Br(PPh3)2 (992 mg, 1.43 mmol) was added to a suspension of [!4-Tptm]Li (500
mg, 1.43 mmol) in benzene (ca. 10 mL). The resulting dark purple suspension was
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stirred for 2 hours, and then allowed to settle for 2 hours. The suspension was then
filtered, and the precipitate was washed with benzene (ca. 3 ) 5 mL). The purple
precipitate was then extracted into DCM (ca. 15 mL, then 10 mL), leaving behind a
white precipitate. The purple extract was evaportated in vacuo to give [!3-Tptm]NiNO
(355 mg, 57.5%). 1H NMR (CDCl3): 7.09 [t, 3JH-H = 5 Hz, 3H, ONNiC(SC5H4N)3], 7.12 [d,
3

JH-H = 8 Hz, 3H, ONNiC(SC5H4N)3], 7.50 [m, 3H, ONNiC(SC5H4N)3], 9.39 [bs, 3H,

ONNiC(SC5H4N)3].

1.11.51 Synthesis of 6-phenyl,4-methyl,2-pyridone69
THF (ca. 400 mL) and diethylamine (73.14 g, 1.0 mol) were added to a large round
bottom-Schlenk flask. The solution was cooled to -78 °C, and then BunLi (100 mL, 10.0M
in hexanes, 1.0 mol) was added via cannula slowly over a period of three hours. The
resulting cloudy yellow suspension was stirred at -78 °C for an additional hour, at
which point it was allowed to warm to 0 °C and then stirred for one hour.

The

suspension was then cooled back to -78 °C, and then a solution of 3,3-dimethylacrylic
acid (50.06 g, 0.5 mol) in THF (ca. 400 mL) was added dropwise over a period of four
hours. After the addition, the resulting yellow-orange suspension was allowed to warm
to 0 °C and stirred for one hour, where the color dissipates and becomes a thick slurry.
The slurry was then cooled to -78 °C, and a solution of benzonitrile (51.56 g, 0.5 mol) in
THF (ca. 400 mL) was added dropwise via cannula over a period of 1.5 hours. The
suspension was allowed to warm to room temperature, and was stirred overnight.
After stirring at room temperature for 27 hours, H2O (ca. 2.5 L) was slowly added,
followed by the addition of aqueous HCl (1500 mL, 1.0 M) resulting in the formation of
colorless crystals. The crystals were isolated by filtration, washed with H2O (ca. 500
mL), Et2O (ca. 100 mL) and then CH2Cl2 (ca. 100 mL). The sample was evaporated in
vacuo overnight, and allowed to sit for two days, giving 6-phenyl,4-methyl,2-pyridone

88
(59 g, 64%).
1

H NMR (CDCl3): 2.25 (S, 3H of methyl), 6.32 (s, 1H of pyridone), 6.34 (s, 1H of

pyridone), 7.48 (m, 3H of phenyl), 7.69 (d, 3JH-H = 7 Hz, 2H of phenyl), 11.95 (bs, NH).

1.11.52 Synthesis of 6-Phenyl,4-Methyl,2-thiopyridone
6-Phenyl,4-methyl,2-pyridone (16.3 g, 88.0 mmol) and Lawesson’s Reagent (28.7 g, 71.0
mmol) were added to a 500 mL round bottom flask. The solids were degassed in vacuo
for 1 hour. Toluene (ca. 200 mL) was then added, and a reflux condenser fit with a
nitrogen inlet was attached. The reaction vessel was degassed, and filled with nitrogen.
At this point, the white suspension was heated to reflux, where a yellow color develops
quickly, and the suspension was refluxed for 25 hours. The reaction was then allowed
to cool to room temperature, at which point H2O (ca. 175 mL, spurged with nitrogen
with 10 minutes) was added, and the mixture was stirred for 1 hour. The layers were
separated, and the yellow thick residue which was left in the round bottom flask was
taken into CH2Cl2 (ca. 500 mL), and washed with H2O (ca. 200 mL). The organic layers
were combined, and put through silica (100 mL) on top of a medium frit, and extracted
with CH2Cl2 (ca. 100 mL). The combined filtrate was evaporated in vacuo, and to this
residue, CH2Cl2 (ca. 200 mL) was added. The resulting suspension was filtered, where
the precipitate was placed into a medium Schlenk, dried in vacuo, washed with MeCN
(4 ) 10 mL), and then dried in vacuo to give 6-phenyl,4-methyl,2-thiopyridone (2.17 g,
12.2%). The filtrate was placed in the freezer (-15 °C) for 24 hours, and the yellow
crystals that deposited were filtered, washed with benzene (4 ) 5 mL), and dried in
vacuo to give more 6-Phenyl,4-methyl,2-thiopyridone (4.63 g, 26.1%, total yield: 38.3%).
1

H NMR (C6D6): 1.48 (s, 3H of methyl), 5.86 (s, 1H of thiopyridone), 6.88 (m, 2H

of phenyl), 6.99 (m, 3H of phenyl), 7.20 (s, 1H of thiopyridone), 10.60 (bs, NH).
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1.11.53 Synthesis of [TptmPh,Me]H
6-Phenyl,4-Methyl,2-thiopyridone (500 mg, 2.48 mmol) and NaH (112 mg, 4.67 mmol)
were added to a small Schlenk. THF (10 mL vac. transferred from LiAlH4) was added
via vapor transfer. The yellow suspension was allowed to warm to room temperature,
were there evolution of H2 was observed over a period of ca. 5 minutes. The suspension
was stirred for 20 minutes, at which point iodoform (424 mg, 1.08 mmol) was added,
where a deep orange-red color develops immediately. The suspension becomes brown,
and was stirred for 30 minutes, allowed to sit for 30 minutes, and then the volatiles
were evacuated in vacuo. The solid was washed with benzene (3 ) 3 mL), and the
precipitate was extracted into CH2Cl2 (3 ) 20 mL). The extract was evaporated in vacuo
to give [TptmPh,Me]H (375 mg, 73.8%) as an off-white powder. Colorless crystals of
[TptmPh,Me]H can be obtained from hot toluene.
1

H NMR (C6D6): 1.66 (s, 9H of methyl), 6.55 (s, 3H of thiopyridyl), 6.94-7.04 (m,

12H), 8.28 (d, 3JH-H = 7 Hz, 6H of phenyl), 9.56 (s, 1H, methine CH).

1.11.54 Synthesis of [BptmPh,Me]H2
6-Phenyl,4-Methyl,2-thiopyridone (1.01 g, 5.02 mmol) and NaH (150 mg, 6.25 mmol)
were added to a small Schlenk. THF (10 mL vac. transferred from LiAlH4) was added
via vapor transfer. The yellow suspension was allowed to warm to room temperature,
were there evolution of H2 was observed over a period of ca. 5 minutes. The suspension
was stirred for 2 hours, at which point dibromomethane (175 µL, 2.49 mmol) was added
with a microsyringe. The mixture was allowed to stir for 12 hours, where it became a
white suspension. The volatiles were evacuated in vacuo, and the residue was extracted
with benzene (ca. 10 mL then 5 mL, 15 mL total). The benzene extract was lyophilized
to give [BptmPh,Me]H2 (826 mg, 80%).
1

H NMR (C6D6): 1.71 (s, 6H of methyl), 5.53 (s, 2H of methylene), 6.62 (s, 2H of
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thiopyridyl), 6.93 (s, 2H of thiopyridyl), 7.20 (m, 2H of phenyl), 7.30 (t, 3JH-H = 7 Hz, 4H
of phenyl), 8.18 (d, 3JH-H = 7 Hz, 4H of phenyl).

1.11.55 Synthesis of the trithiocarbonate, (6-Phenyl,4-Methyl,2-thiopyridyl)2CS
6-Phenyl,4-Methyl,2-thiopyridone (261 mg, 1.30 mmol), NaH (62 mg, 2.59 mmol) and
1,1’-thiocarbonyldiimidazole (110 mg, 0.62 mmol) were added to a small ampoule. THF
(6 mL vacuum transferred from LiAlH4) was added via vapor transfer. The mixture was
allowed to reach room temperature, and allowed to stir for 2 hours. The reaction was
then heated overnight at 60 °C, and then allowed to cool to room temperature. The
mixture was allowed to settle for two hours, and then was filtered. The precipitate was
extracted with THF (ca. 2 mL), and the combined filtrates were evaporated in vacuo.
The resulting red solid was washed with Et2O (10 mL, then 2 mL, 12 mL total), and then
dried in vacuo giving 6-Phenyl,4-Methyl,2-thiopyridyl)2CS as a red solid (203 mg, 35%).
1

H NMR (CD3CN): 2.14 (s, 6H of methyl), 6.80 (s, 2H of thiopyridyl), 7.08 (s, 2H of

thiopyridyl), 7.33 (m, 6H of phenyl), 7.78 (d, 3JH-H = 7 Hz, 4H of phenyl).

13

C{1H} NMR

(CD3CN): 20.8 (2C of methyl), 114.0 (2C of pyridone), 128.0 (4C of phenyl), 128.6 (2C of
pyridone), 128.7 (2C), 129.3 (4C of phenyl), 142.2 (2C), 146.0 (2C), 156.7 (2C), 179.8 (1C of
CS).

91
1.12 Crystallographic data
Table 4. Crystal, intensity collection and refinement data.

[! 3–Tptm]ZnMe•(C6H6)

[! 3–Tptm]ZnMe

Triclinic

Orthorhombic

C23H21N3S3Zn

C17H15N3S3Zn

500.98

422.87

P-1

Pbca

a/Å

8.4946(15)

9.174(7)

b/Å

9.3522(16)

14.901(11)

c/Å

14.843(3)

27.65(2)

*/˚

87.096(2)

90

'/˚

83.984(2)

90

+/˚

75.395(2)

90

V/Å3

1134.4(3)

3780(5)

2

8

temperature (K)

125(2)

123(2)

radiation (,, Å)

0.71073

0.71073

- (calcd.), g cm-3

1.467

1.486

µ (Mo K*), mm-1

1.374

1.634

. max, deg.

30.50

32.38

no. of data collected

18448

37371

no. of data used

6891

6552

no. of parameters

272

218

R1 [I > 2/(I)]

0.0371

0.0415

wR2 [I > 2/(I)]

0.0750

0.0884

R1 [all data]

0.0599

0.0829

wR2 [all data]

0.0838

0.1022

GOF

1.028

1.018

lattice
formula
formula weight
space group

Z
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Table 4(cont). Crystal, intensity collection and refinement data.

[! 4–Tptm]ZnNCO

[! 4–Tptm]Zn(! 2-O2CH)

•0.5(C6H6)
lattice

Monoclinic

Monoclinic

C20H15N4OS3Zn

C17H13N3O2S3Zn

488.91

452.85

C2/c

P21/c

a/Å

32.946(3)

14.0412(9)

b/Å

9.1119(9)

14.5162(10)

c/Å

13.9160(14)

9.1317(6)

*/˚

90

90

'/˚

101.273(2)

96.0850(10)

+/˚

90

90

4096.9(7)

1850.8(2)

8

4

temperature (K)

125(2)

296(2)

radiation (,, Å)

0.71073

0.71073

- (calcd.), g cm-3

1.585

1.625

µ (Mo K*), mm-1

1.524

1.682

. max, deg.

30.63

31.77

no. of data collected

31939

31437

no. of data used

6292

6280

no. of parameters

250

235

R1 [I > 2/(I)]

0.0504

0.0321

wR2 [I > 2/(I)]

0.1204

0.0754

R1 [all data]

0.0875

0.0476

wR2 [all data]

0.1356

0.0819

GOF

1.188

1.030

formula
formula weight
space group

V/Å3
Z
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Table 4(cont). Crystal, intensity collection and refinement data.

[! 4–Tptm]ZnN3

[! 4–Tptm]ZnOAc•(C6H6)

Monoclinic

Triclinic

C16H12N6S3Zn

C24H21N3O2S3Zn

formula weight

449.87

544.99

space group

Pna21

P-1

a/Å

13.598(3)

9.3780(6)

b/Å

9.344(2)

10.1829(6)

c/Å

13.935(3)

13.4332(8)

*/˚

90

70.7700(10)

'/˚

90

84.2960(10)

+/˚

90

83.6070(10)

1770.6(7)

1201.01(13)

4

2

temperature (K)

150(2)

150(2)

radiation (,, Å)

0.71073

0.71073

- (calcd.), g cm-3

1.688

1.507

µ (Mo K*), mm-1

1.754

1.310

. max, deg.

31.15

30.50

no. of data collected

28178

19439

no. of data used

5698

7299

no. of parameters

236

299

R1 [I > 2/(I)]

0.0367

0.0239

wR2 [I > 2/(I)]

0.0697

0.0651

R1 [all data]

0.0577

0.0266

wR2 [all data]

0.0769

0.0668

GOF

1.010

1.057

lattice
formula

V/Å3
Z
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Table 4(cont). Crystal, intensity collection and refinement data.

[! 3–Tptm]ZnH•0.5(C6H6)

H[Tptm]

Monoclinic

Monoclinic

C19H16N3S3Zn

C16H13N3S3

447.90

343.47

Pbca

P21/c

a/Å

8.607(2)

10.317(5)

b/Å

14.655(4)

9.503(5)

c/Å

30.490(8)

17.703(9)

*/˚

90

90

'/˚

90

106.121(8)

+/˚

90

90

3845.6(18)

1667.4(15)

8

4

temperature (K)

150(2)

200(2)

radiation (,, Å)

0.71073

0.71073

- (calcd.), g cm-3

1.547

1.368

µ (Mo K*), mm-1

1.611

0.443

. max, deg.

30.56

30.51

no. of data collected

58670

26298

no. of data used

5896

5072

no. of parameters

239

199

R1 [I > 2/(I)]

0.0465

0.0845

wR2 [I > 2/(I)]

0.0834

0.0762

R1 [all data]

0.1075

0.3680

wR2 [all data]

0.1024

0.1270

GOF

1.001

0.879

lattice
formula
formula weight
space group

V/Å3
Z
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Table 4 (cont). Crystal, intensity collection and refinement data.

H[Tptm]

H[Tptm]

Rhombohedral

Monoclinic

C16H13N3S3

C16H13N3S3

343.47

343.47

R-3c

P21/c

a/Å

11.7989(8)

8.853(3)

b/Å

11.7989(8)

14.198(4)

c/Å

39.078(3)

13.204(4)

*/˚

90

90

'/˚

90

105.605(4)

+/˚

120

90

4711.3(5)

1598.5(8)

12

4

temperature (K)

125(2)

125(2)

radiation (,, Å)

0.71073

0.71073

- (calcd.), g cm-3

1.453

1.427

µ (Mo K*), mm-1

0.470

0.462

. max, deg.

30.59

30.63

no. of data collected

11954

25261

no. of data used

1617

4908

67

199

R1 [I > 2/(I)]

0.0439

0.0497

wR2 [I > 2/(I)]

0.0970

0.0944

R1 [all data]

0.0646

0.1033

wR2 [all data]

0.1055

0.1123

GOF

1.067

1.033

lattice
formula
formula weight
space group

V/Å3
Z

no. of parameters
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Table 4(cont). Crystal, intensity collection and refinement data.

[! 4–Tptm]Li

[! 4–Tptm]ZnF

Trigonal

Orthorhombic

C19H15LiN3S3

C16H12N3S3ZnF

formula weight

388.46

426.84

space group

P-3c1

Pnma

a/Å

12.670(2)

14.3162(9)

b/Å

12.670(2)

13.2855(8)

c/Å

13.663(2)

9.0351(6)

*/˚

90

90

'/˚

90

90

+/˚

120

90

1899.5(6)

1718.46(19)

4

4

temperature (K)

123(2)

296(2)

radiation (,, Å)

0.71073

0.71073

- (calcd.), g cm-3

1.358

1.650

µ (Mo K*), mm-1

0.397

1.806

. max, deg.

32.62

32.67

no. of data collected

32530

28202

no. of data used

2273

3151

78

124

R1 [I > 2/(I)]

0.0343

0.0230

wR2 [I > 2/(I)]

0.0789

0.0602

R1 [all data]

0.0454

0.0284

wR2 [all data]

0.0844

0.0623

GOF

1.049

1.056

lattice
formula

V/Å3
Z

no. of parameters
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Table 4(cont). Crystal, intensity collection and refinement data.

[! 4–Tptm]ZnF•H2O

{[! 4–Tptm]ZnF}2SiF4

Orthorhombic

Monoclinic

C19H17N3S3ZnFO

C44H36 F6N6S6SiZn2

formula weight

483.91

1113.98

space group

Pnma

P-1

a/Å

14.2716(11)

8.627(13)

b/Å

31.714(2)

10.617(15)

c/Å

8.8844(7)

12.900(19)

*/˚

90

92.47(2)

'/˚

90

93.78(2)

+/˚

90

101.987(19)

4021.1(5)

1151(3)

8

1

temperature (K)

150(2)

150(2)

radiation (,, Å)

0.71073

0.71073

- (calcd.), g cm-3

1.599

1.607

µ (Mo K*), mm-1

1.557

1.405

. max, deg.

32.80

30.36

no. of data collected

66823

16113

no. of data used

7314

6659

no. of parameters

273

295

R1 [I > 2/(I)]

0.0291

0.1067

wR2 [I > 2/(I)]

0.0683

0.2150

R1 [all data]

0.0400

0.4306

wR2 [all data]

0.0727

0.3904

GOF

1.041

0.651

lattice
formula

V/Å3
Z
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Table 4(cont). Crystal, intensity collection and refinement data.

[! 4–Tptm]Zn•••FBCF

{[! 4–Tptm]Zn}2F BARF

Trigonal

Monoclinic

C37H15N3S3ZnBF16

C92H60N6S6BF21Zn2

977.88

1982.37

P-3

C2/m

a/Å

13.735(2)

25.528(6)

b/Å

13.735(2)

53.143(13)

c/Å

11.4476(17)

12.752(3)

*/˚

90

90

'/˚

90

91.097(4)

+/˚

120

90

1870.2(5)

17297(7)

2

8

temperature (K)

150(2)

150(2)

radiation (,, Å)

0.71073

0.71073

- (calcd.), g cm-3

1.736

1.523

µ (Mo K*), mm-1

0.939

0.796

. max, deg.

30.64

30.57

no. of data collected

29416

140465

no. of data used

3856

26739

no. of parameters

187

1186

R1 [I > 2/(I)]

0.0399

0.0543

wR2 [I > 2/(I)]

0.0698

0.1041

R1 [all data]

0.1362

0.1338

wR2 [all data]

0.1015

0.1313

GOF

1.120

1.010

lattice
formula
formula weight
space group

V/Å3
Z
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Table 4 (cont). Crystal, intensity collection and refinement data.

[TptmPh,Me]H • PhH

[TptmPh,Me]H • PhMe

Triclinic

Triclinic

C40H34N3S3

C81H70N6S6

652.88

1319.79

P-1

P-1

a/Å

11.773(3)

11.7971(9)

b/Å

11.906(3)

11.9388(10)

c/Å

12.087(3)

12.2719(10)

*/˚

81.041(4)

81.4970(10)

'/˚

80.041(4)

78.9110(10)

+/˚

81.858(4)

81.5590(10)

V/Å3

1636.9(7)

1665.0(2)

2

1

temperature (K)

150(2)

150(2)

radiation (,, Å)

0.71073

0.71073

- (calcd.), g cm-3

1.325

1.316

µ (Mo K*), mm-1

0.261

0.257

. max, deg.

30.55

32.17

no. of data collected

26170

29174

no. of data used

9924

11347

no. of parameters

418

442

R1 [I > 2/(I)]

0.0799

0.0503

wR2 [I > 2/(I)]

0.1582

0.1130

R1 [all data]

0.1923

0.0910

wR2 [all data]

0.1975

0.1299

GOF

1.009

1.033

lattice
formula
formula weight
space group

Z
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Table 4 (cont). Crystal, intensity collection and refinement data.

6-Phenyl,4-Methyl,2-

6-Phenyl,4-Methyl,2-

pyridone

thiopyridone

Triclinic

Monoclinic

C12H11NO

C12H11NS

185.22

201.28

P-1

P21/n

a/Å

6.7463(19)

10.6925(6)

b/Å

7.605(2)

7.6190(4)

c/Å

10.067(3)

12.7478(7)

*/˚

110.389(4)

90

'/˚

96.916(4)

105.9080(10)

+/˚

94.303(4)

90

V/Å3

476.8(2)

998.74(9)

2

4

temperature (K)

150(2)

149(2)

radiation (,, Å)

0.71073

0.71073

- (calcd.), g cm-3

1.290

1.339

µ (Mo K*), mm-1

0.083

0.279

. max, deg.

28.28

30.51

no. of data collected

4966

15521

no. of data used

2343

3037

no. of parameters

128

128

R1 [I > 2/(I)]

0.0434

0.0319

wR2 [I > 2/(I)]

0.1068

0.0863

R1 [all data]

0.0612

0.0355

wR2 [all data]

0.1179

0.0889

1046

1.032

lattice
formula
formula weight
space group

Z

GOF

101
Table 4 (cont). Crystal, intensity collection and refinement data.

[TptmPh,Me]Li

HC(SPyPh,Me)2Spy
“Bis-bulky”

lattice

Monoclinic

Triclinic

C43H36N3S3Li

C30H25N3S3

697.87

523.71

P21/c

P-1

a/Å

9.740(2)

9.5467(7)

b/Å

19.703(4)

11.9537(9)

c/Å

19.805(5)

12.4516(9)

*/˚

90

75.2140(10)

'/˚

104.064(4)

76.0900(10)

+/˚

90

74.6380(10)

3686.9(14)

1301.87(17)

4

2

temperature (K)

150(2)

150(2)

radiation (,, Å)

0.71073

0.71073

- (calcd.), g cm-3

1.257

1.336

µ (Mo K*), mm-1

0.236

0.310

. max, deg.

30.69

30.61

no. of data collected

59070

21171

no. of data used

11362

7962

416

327

R1 [I > 2/(I)]

0.1809

0.0391

wR2 [I > 2/(I)]

0.3900

0.0969

R1 [all data]

0.3589

0.0538

wR2 [all data]

0.4348

0.1055

GOF

1.585

1.026

formula
formula weight
space group

V/Å3
Z

no. of parameters
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Table 4 (cont). Crystal, intensity collection and refinement data.

[BptmPh,Me]H

(SPyPh,Me)2
“Disulfide”

lattice

Monoclinic

Monoclinic

formula

C25H22N2S2

C24H20N2S2

formula weight

414.57

400.54

space group

P21/n

P21/c

a/Å

17.1662(12)

12.0587(13)

b/Å

5.0903(4)

9.2175(10)

c/Å

24.1268(17)

19.184(2)

*/˚

90

90

'/˚

94.2650(10)

107.5430(10)

+/˚

90

90

2102.4(3)

2033.2(4)

4

4

temperature (K)

150(2)

150(2)

radiation (,, Å)

0.71073

0.71073

- (calcd.), g cm-3

1.310

1.309

µ (Mo K*), mm-1

0.267

0.274

. max, deg.

31.18

30.59

no. of data collected

33188

32313

no. of data used

6752

6238

no. of parameters

264

246

R1 [I > 2/(I)]

0.0490

0.1864

wR2 [I > 2/(I)]

0.1056

0.3911

R1 [all data]

0.1117

0.2165

wR2 [all data]

0.1311

0.4035

GOF

1.006

1.141

V/Å3
Z
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Table 4 (cont). Crystal, intensity collection and refinement data.

[! 3-TitmMe]ZnN(SiMe3)2

[! 4-TitmMe]ZnNCO

Triclinic

Triclinic

C19H33N7S3Si2Zn

C14H15N7S3ZnO

577.25

458.88

P-1

P-1

a/Å

9.106(9)

11.307(4)

b/Å

9.311(13)

13.657(4)

c/Å

18.04(20)

13.962(4)

*/˚

92.20(2)

68.636(4)

'/˚

92.113(13)

69.584(5)

+/˚

118.769(12)

70.758(5)

1337(3)

1830.5(10)

2

4

temperature (K)

150(2)

200(2)

radiation (,, Å)

0.71073

0.71073

- (calcd.), g cm-3

1.434

1.665

µ (Mo K*), mm-1

1.264

1.704

. max, deg.

30.78

26.37

no. of data collected

11848

22285

no. of data used

7763

7484

no. of parameters

130

475

R1 [I > 2/(I)]

0.1726

0.0513

wR2 [I > 2/(I)]

0.3474

0.0759

R1 [all data]

0.3445

0.1234

wR2 [all data]

0.3893

0.0933

GOF

1.337

1.001

lattice
formula
formula weight
space group

V/Å3
Z
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Table 4 (cont). Crystal, intensity collection and refinement data.

[! 4-TitmMe]MgBr

[! 4-TitmMe]MgN(SiMe3)2

Triclinic

Triclinic

C14H6N6S3BrCl3Mg

C19H33N7S3Si2Mg

575.08

527.17

P-1

P-1

a/Å

9.467(3)

10.556(3)

b/Å

11.503(3)

10.837(3)

c/Å

12.276(4)

13.441(4)

*/˚

66.438(4)

83.027(4)

'/˚

68.512(4)

83.342(4)

+/˚

78.926(4)

60.903(4)

V/Å3

1138.6(6)

1330.7(6)

2

2

temperature (K)

125(2)

125(2)

radiation (,, Å)

0.71073

0.71073

- (calcd.), g cm-3

1.677

1.316

µ (Mo K*), mm-1

2.474

0.410

. max, deg.

30.76

28.28

no. of data collected

18554

18615

no. of data used

7032

6597

no. of parameters

256

295

R1 [I > 2/(I)]

0.0695

0.0423

wR2 [I > 2/(I)]

0.1727

0.0879

R1 [all data]

0.1262

0.0737

wR2 [all data]

0.2023

0.0987

GOF

1.049

1.014

lattice
formula
formula weight
space group

Z
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Table 4 (cont). Crystal, intensity collection and refinement data.

{[! 4-Tptm]MgNCO}2

{[! 4-Tptm]MgBr}2

Monoclinic

Monoclinic

C40H30N8S6O2Mg2

C38H30N6S6Mg2Br2

895.70

971.48

C2/c

P21/c

a/Å

30.405(8)

12.757(4)

b/Å

10.021(3)

9.675(3)

c/Å

14.221(4)

16.740(6)

*/˚

90

90

'/˚

110.762(4)

107.121(5)

+/˚

90

90

4051.5(18)

1974.6(11)

4

2

temperature (K)

150(2)

123(2)

radiation (,, Å)

0.71073

0.71073

- (calcd.), g cm-3

1.468

1.634

µ (Mo K*), mm-1

0.417

2.440

. max, deg.

27.88

27.87

no. of data collected

26699

22691

no. of data used

4831

4709

no. of parameters

263

244

R1 [I > 2/(I)]

0.0563

0.0624

wR2 [I > 2/(I)]

0.0987

0.0937

R1 [all data]

0.1447

0.1491

wR2 [all data]

0.1257

0.1170

GOF

1.003

1.000

lattice
formula
formula weight
space group

V/Å3
Z

106
Table 4 (cont). Crystal, intensity collection and refinement data.

[! 3-Tptm]NiNO

[! 4-Tptm]NiNO2

Triclinic

Triclinic

C22H18N4S3NiO

C22H18N4S3NiO2

509.29

525.29

P-1

P-1

a/Å

8.535(2)

8.6699(19)

b/Å

9.308(3)

9.215(2)

c/Å

14.712(4)

14.653(3)

*/˚

87.437(4)

99.273(3)

'/˚

83.898(4)

93.403(4)

+/˚

72.848(4)

95.113(3)

V/Å3

1110.2(5)

1147.6(4)

2

2

temperature (K)

125(2)

125(2)

radiation (,, Å)

0.71073

0.71073

- (calcd.), g cm-3

1.523

1.520

µ (Mo K*), mm-1

1.178

1.146

. max, deg.

30.60

26.37

no. of data collected

18158

13968

no. of data used

6794

4696

no. of parameters

280

289

R1 [I > 2/(I)]

0.0484

0.0572

wR2 [I > 2/(I)]

0.0838

0.0851

R1 [all data]

0.0935

0.1405

wR2 [all data]

0.0961

0.1091

GOF

1.000

0.953

lattice
formula
formula weight
space group

Z
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Table 4 (cont). Crystal, intensity collection and refinement data.

{[! 4-Tptm]NiNCS}2
lattice
formula
formula weight
space group

Triclinic
C36H26N8S8Ni2Cl6
1157.25
P-1

a/Å

9.8558(13)

b/Å

13.5582(18)

c/Å

18.335(3)

*/˚

82.123(2)

'/˚

74.533(2)

+/˚

76.342(2)

V/Å3

2287.4(5)

Z

2

temperature (K)

150(2)

radiation (,, Å)

0.71073

- (calcd.), g cm-3

1.680

µ (Mo K*), mm-1

1.578

. max, deg.

30.68

no. of data collected

36756

no. of data used

14038

no. of parameters

541

R1 [I > 2/(I)]

0.0501

wR2 [I > 2/(I)]

0.0943

R1 [all data]

0.1084

wR2 [all data]

0.1125

GOF

1.002
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2.1

Introduction
Carbonic anhydrase (CA) is the enzyme that is responsible for catalyzing the

reversible hydration of carbon dioxide (Scheme 1) and, as such, plays important roles in
respiration and in buffering the pH of blood.1 CA was the first enzyme recognized to
contain zinc2 and it has had a pivotal role in the development of enzymology.1 It is one
of the most efficient enzymes known, with rates limited by the diffusion of its
substrates. As such, carbonic anhydrase plays a critical function in respiration, where it
transports CO2 between metabolizing tissues and the lungs,1 and it is also responsible
for providing an effective intracellular pH buffer via CO2/HCO3– equilibration.3 The
latter is very important in maintaining the narrow physiological pH range, where very
small changes can have severely detrimental effects (i.e. below ca. 7.35, the blood
becomes too acidic due to an excess of CO2 and above ca. 7.45 is too basic). The active
site of carbonic anhydrase consists of a tetrahedral zinc center that is coordinated to the
protein by the imidazole groups of three histidine (His) residues, with the fourth site
being occupied by a water molecule (Figure 1).1
CA

CO2 + H2O

HCO3– + H+
BH+

B
2+

(His)3Zn

+

(His)3Zn

OH2

HCO3–

OH

CO2

H2O
+

(His)3Zn

OCO2H

Scheme 1. Proposed mechanism of action of carbonic anhydrase.

Essential features of the mechanism of action are postulated to involve (i)
deprotonation of the coordinated water to give the active zinc hydroxide derivative
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[(His)3Zn-OH]+, (ii) nucleophilic attack of the zinc-bound hydroxide upon carbon
dioxide to give a bicarbonate intermediate [(His)3Zn-OCO2H]+, and (iii) displacement of
the bicarbonate anion by H2O to complete the catalytic cycle, as illustrated in Scheme 1.
O
+H N
3

CH C

O-

CH2

His

His
His

Zn

OH2

His

N
NH

Figure 1. Histidine amino acid (left) and the active site of carbonic anhydrase (right).

The mechanism of action of carbonic anhydrase has been the subject of many
investigations, both experimental1,4 and theoretical.5 Furthermore, synthetic analogues,
also known as small molecule mimics, of carbonic anhydrase have also received much
attention with respect to providing information concerning the individual steps of the
catalytic transformations.6 While many of these synthetic analogues have provided
valuable information, there has been no experimental measurement of an equilibrium
constant for the CO2 insertion step, or has there been any structural characterization of
the bicarbonate intermediate. This chapter will detail our studies to provide (i) the
application of low temperature 1H and

13

C NMR spectroscopies to provide details

concerned with the formation of a bicarbonate complex via insertion of CO2 into a zinc
hydroxide bond and (ii) structural characterization of two zinc bicarbonate complexes,
which are of relevance to the mechanism of action of carbonic anhydrase.

2.2

t

Previous studies using [TpBu ,Me]ZnOH
Much effort has been directed towards an investigation of synthetic analogues to

provide details concerned with the nature of the fundamental transformations of
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carbonic

anhydrases.7,8,9,10,11,12

For

example,

sterically

demanding

tris(pyrazolyl)hydroborato ligands, [TpRR’], have been previously utilized to synthesize
monomeric tetrahedral zinc hydroxide complexes of the type [TpRR’]ZnOH, that serve as
synthetic analogues of carbonic anhydrase.13
In this regard, the Parkin group has previously demonstrated that the tris(3-tt

butyl-5-methylpyrazolyl)hydroborato derivative, [TpBu ,Me]ZnOH, reacts rapidly with
t

carbon dioxide to generate a bicarbonate compound [TpBu ,Me]ZnOCO2H (Scheme 2) that
was identified by absorptions at 1675 cm–1 and 1302 cm–1 in the IR spectrum (Figure
2).13c,14

Not only do the IR absorptions provide evidence for the formation of the

bicarbonate ligand, but also impart information regarding the mode in which the
bicarbonate ligand binds to zinc. In this vein, carboxylate ligands have been analyzed
using IR spectroscopy to determine whether they bind in a unidentate or bidentate
manner.15 Specifically, a large separation (i.e. "# > 200 cm-1) between the symmetric
(#symCO2) and asymmetric (#asymCO2) CO2 stretching bands indicates unidentate
coordination (i.e. the CO2 group has increased isolated single and double bond
character, approaching that of an organic carbonyl compound).16

In the case of

t

[TpBu ,Me]ZnOCO2H, "# = 373 cm-1 which therefore indicates unidentate coordination of
the bicarbonate ligand.

Unidentate coordination has implications with respect to

carbonic anhydrase and it has been suggested that unidentate bicarbonate ligands
would be displaced more readily than bicarbonate ligands (vide infra). However, due to
the lack of structurally characterized metal bicarbonate complexes, it is difficult to
correlate the binding mode of the bicarbonate ligand to that of carbonic anhydrase
activity. On the other hand, many nitrate complexes have been studied with respect to
t

their coordination modes. In this regard, the metal complexes [TpBu ]M(NO3) (M = Zn,
Co, Ni and Cu) have been structurally characterized, and show increased bidentate
coordination in the series Zn < Co < Ni and Cu.13c

Studies on metal-substituted

carbonic anhydrases have revealed that there is decreased activity in the series Zn > Co
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> Ni and Cu.

The decreased activity correlates well with increased bidentate

coordination of the corresponding nitrate complexes. The correlation of nitrate
coordination mode with carbonic anhydrase activity provides support for the
suggestion that unidentate bicarbonate coordination results in the more rapid
displacement by H2O.
But

Me
N
H

B
Me

Me

N

N

N N
N N

But

Me

Zn
But
But

OH

CO2

H

– CO2

B
Me

Me

t

O

N

N N
N N

C
Zn
But

OH

O

But

t

Scheme 2. Reaction of [Tp Bu ,Me]ZnOH with CO2 to give [TpBu ,Me]ZnOCO2H.

Additional evidence for the formation of the bicarbonate intermediate was
t

provided by 1H NMR spectroscopy. Specifically, treatment of [TpBu ,Me]ZnOH with CO2
resulted in the disappearance of the hydroxide signal, which was rapidly regenerated
upon removal of the CO2 atmosphere. The reversible insertion of CO2 into the Zn-OH
bond provided an excellent model for carbonic anhydrase, however, no signal for the
bicarbonate proton or carbon was observed in these previous studies, rendering them
incomplete.

t

Figure 2. IR spectrum of the bicarbonate complex [Tp Bu ,Me]ZnOCO2H. Absorptions marked with a * are
due to the bicarbonate ligand. Figure taken from reference 13c.
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t

[TpBu ,Me]ZnOH also catalyzes a variety of exchange reactions that are required
for the catalytic activity in accord with the enzyme, carbonic anhydrase. Specifically,
the exchange reaction between CO2 and H217O to give CO17O and H2O (Scheme 3) is
t

t

catalyzed by [TpBu ,Me]ZnOH. This exchange reaction shows that [TpBu ,Me]ZnOH is a
functional model for CA, as the enzyme naturally catalyzes this reaction. Moreover,
t

H/D exchange is also observed in the reaction of [TpBu ,Me]ZnOH with D2O (Scheme 3),
t

while labeled oxygen exchange is observed in the reaction of [TpBu ,Me]ZnOH with H217O
(Scheme 3).

These previous studies provided the first well-defined example of a

synthetic analog for carbonic anhydrase.
t

[TpBu ,Me]ZnOH

CO2 + H217O

CO17O + H2O

t

[TpBu ,Me]ZnOD + HDO

t

t

[TpBu ,Me]Zn17OH + H2O

[TpBu ,Me]ZnOH + D2O

t

[TpBu ,Me]ZnOH + H217O
t

Scheme 3. Exchange reactions catalyzed by [TpBu ,Me]ZnOH.

2.3

Low temperature

1

13

H and

C{1H} NMR spectroscopic characterization of

t

[TpBu ,Me]ZnOCO2H.
t

Due to the facile, reversible reaction between [TpBu ,Me]ZnOH and CO2,
t

[TpBu ,Me]ZnOCO2H was not previously observed using NMR spectroscopy. Therefore,
we have used low temperature NMR spectroscopy in order to slow down the exchange
t

t

t

between [TpBu ,Me]ZnOH and [TpBu ,Me]ZnOCO2H, such that [TpBu ,Me]ZnOCO2H could be
observed. In agreement with previous studies in C6D6,13c addition of CO2 (1 atm) to a
t

solution of [TpBu ,Me]ZnOH in CD2Cl2 at 25˚C results in the immediate disappearance of
the 1H NMR spectroscopic signal attributed to the hydroxide ligand, but without the
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appearance of a corresponding signal for the bicarbonate group (Figure 3). However,
upon cooling to 189 K, a sharp signal (singlet) attributed to the bicarbonate ligand
appears at 13.2 ppm.
In addition to the 1H signal for the bicarbonate ligand, we also employed

13

C

NMR spectroscopy to characterize the bicarbonate ligand. A signal is clearly evident in
the

13

C{1H} NMR spectrum at 161.9 ppm, which has been confirmed to be the

bicarbonate ligand by the use of labeled 13CO2,17,18 whereas it is not discernible at room
temperature (Figure 4).19 It is important to note that a value of 157.9 ppm has been
previously

reported

for

the

chemical

shift

of

the

bicarbonate

ligand

of

t

[TpBu ,Me]ZnOCO2H in CDCl3 at room temperature,13b which we have not observed in
t

our own studies. However, we have observed that solutions of [TpBu ,Me]ZnOCO2H in
CDCl3 decompose slightly when left at room temperature for several days, and these
solutions exhibit a 13C{1H} NMR signal at 166.2 ppm that is derived from CO2 confirmed
by the use of 13CO2. The signal at 166.2 ppm does not correspond to either a bicarbonate
or carbonate species, as it is a doublet in the 13C NMR spectrum, with 1JC–H = 200 Hz,
implying that this proton signal corresponds to a CH moiety. The magnitude of this
coupling constant implies that it is an sp2 hybridized carbon, and most likely a formate
species. Additionally, the hydrogen that is coupling to the carbon is observed at 8.70
ppm in the 1H NMR spectrum. While we are unsure of the exact nature of this species,
it has been previously observed that bis(pyrazolyl)hydroborato zinc complexes are
known to react with CO2 to give formate derivatives. Similar low temperature NMR
spectra are observed in d8-toluene and CDCl3, as summarized in Table 1.
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t

t

Figure 3. 1H NMR spectra of [TpBu ,Me]ZnOH in CD2Cl2 at 298 K (bottom), [TpBu ,Me]ZnOH in the presence
t

of CO2 (1 atm) at 298 K (middle) and [TpBu ,Me]ZnOH in the presence of CO2 (1 atm) at 189 K (top).
Although no signals due to either the zinc hydroxide or bicarbonate ligands are evident at room
temperature in the presence of CO2, a signal due to the bicarbonate ligand emerges at 189 K. The residual
protio signal of the solvent is marked with an asterisk (*).
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Figure 4.

13

t

t

C{1H} NMR spectra of [TpBu ,Me]ZnOH in CD2Cl2 at 298 K (bottom), [TpBu ,Me]ZnOH in the
t

presence of CO2 (1 atm) at 298 K (middle) and [TpBu ,Me]ZnOH in the presence of CO2 (1 atm) at 189 K
(top). Although no signals due to the zinc bicarbonate ligand are evident at 25˚C in the presence of CO2, a
signal due to the bicarbonate ligand emerges at 189 K. The signal of the solvent is marked with an
asterisk (*).
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Table 1. 1H and 13C NMR spectroscopic data for bicarbonate moieties.
$ (1H)

$ (13C)

Reference

13.2 (CD2Cl2)a

161.9 (CD2Cl2)a

this work

13.4 (CDCl3)b

161.4 (CDCl3)b

14.0 (C7D8)c

163.1 (C7D8)c

{[N(CH2BIM)3]Zn(!1-OCO2H)}+

–d

167

20

[Zn(tnpa)(HCO3)]+

–d

160.8

22

11.2

161.4

23

[!3-(C6H2)(CH2PBut2)2]Pd(!1-OCO2H)

–d

162.5

24

Ru(IMes)2(CO)(!2-O2COH)H

8.8

160.3

25

[Et4N][W(CO)5(!1-OCO2H)]

11.9

160.4

18

Compound
t

[TpBu ,Me]Zn(!1-OCO2H)

PhPt(!1-OCO2H)(PEt3)2

a
b
c
d

189 K
217 K;
220 K;
data not reported.

For comparison purposes, 1H and

13

C NMR spectroscopic data for bicarbonate

complexes from the literature are also presented in Table 1. The 1H NMR chemical
shifts span the range 8.8 – 14.0 ppm, while the 13C NMR chemical shifts span the range
160 – 167 ppm.18,20,21,22,23,24,25,26
t

It is also worth noting that the bridging carbonate
i

complexes {[TpBu ,Me]Zn}2(µ-!1,!1-CO3) and {[TpPr 2]Zn}2(µ-!1,!2-CO3) exhibit signals close
t

to that of [TpBu ,Me]ZnOCO2H, specifically 164.0 ppm and 171.5 ppm, respectively.13c
Other carbonate complexes from the literature also exhibit comparable chemical shifts.27
Due to the similar 13C NMR chemical shifts of bicarbonate and carbonate complexes, it
appears that

13

C NMR spectroscopy is not a good indicator of whether a particular

compound is a bicarbonate or carbonate complex.

On the other hand, definitive

evidence for the formation of a bicarbonate ligand, as opposed to a bridging carbonate,
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is provided by the observation of a signal in the range ≈ 9 – 14 ppm of the 1H NMR
spectrum.
t

Solutions of [TpBu ,Me]ZnOH in CD2Cl2 saturated with 1 atmosphere of CO2 reveal
t

only signals associated with [TpBu ,Me]ZnOCO2H and CO2 when cooled to 189 K in the
probe of the NMR spectrometer (Figure 3 and Figure 4). However, this is not the case
t

when a lower CO2 pressure is applied to [TpBu ,Me]ZnOH in CD2Cl2.

In particular,

t

[TpBu ,Me]ZnOH may also be observed with lower pressures of CO2. For example, a
t

sample of [TpBu ,Me]ZnOH in CD2Cl2 treated with 500 mmHg of 13CO2 and then cooled to
212 K exhibits the 1H and

13

C{1H} NMR spectra illustrated in Figure 5 and Figure 6,
t

t

thereby indicating the presence of [TpBu ,Me]ZnOH, [TpBu ,Me]ZnOCO2H and CO2. Similar
spectra are also observed at 217 K in the presence of 600 mmHg 13CO2.28 Monitoring the
latter sample in the probe of the NMR spectrometer at 217 K shows the change in
t

t

concentrations of all three compounds ([TpBu ,Me]ZnOH, [TpBu ,Me]ZnO13CO2H and 13CO2)
reaching equilibrium after several hours.
quantitative

13

Once the equilibrium is established,

C{1H} NMR spectra have been obtained, which confirms the

establishment of an equilibrium situation. Specifically, integration of the 13C{1H} NMR
spectra allows for the determination of the equilibrium constant, namely K = 6 ± 2 % 103
M–1, which corresponds to the thermodynamic value, "G217K = –3.8 ± 0.2 kcal mol–1. This
spectrum is shown in Figure 6, in which the
t

[TpBu ,Me]ZnO13CO2H and

13

CO2 are observed.

13

t

C signals for [TpBu ,Me]ZnOH,

These NMR studies provide the first

direct measurement of an equilibrium constant for the reaction of CO2 with a zinc
hydroxide complex to form the bicarbonate derivative.
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Figure 5.

1

t

H NMR spectrum of [Tp Bu ,Me]ZnOH in CD 2Cl2 (marked *) in the presence of

Hg) at 212 K, indicating the presence of both [Tp
marked •) and [Tp

But,Me

t-butyl signals of [Tp

Figure 6.

13

But,Me

13

CO2 (500 mm

]ZnOH (as indicated by the pyrazolyl hydrogens

]ZnOCO2H (as indicated by the pyrazolyl hydrogens marked ‡). The methyl and

But,Me

t

]ZnOH and [TpBu ,Me]ZnOCO2 H are coincident.

t

C{1H} NMR spectrum of [TpBu ,Me]ZnOH in CD2Cl2 in the presence of 13CO2 (500 mm Hg) at 212
t

K, indicating the presence of [Tp Bu ,Me]ZnOH (as indicated by the pyrazolyl carbons marked •),
t

[TpBu ,Me]ZnOCO2H (as indicated by the pyrazolyl carbons marked ‡) and CO2 (the signals due to the
methyl and t-butyl groups are not shown). The bicarbonate signal is off-scale due to the
enrichment level.

13

C isotope
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2.4

t

DFT calculations concerning the reaction of [TpBu ,Me]ZnOH with CO2 to give
t

[TpBu ,Me]ZnOCO2H.
We have also evaluated the thermodynamics associated with insertion of CO2
into the Zn–OH bond computationally. Specifically, Density Functional Theory (DFT)
with the B3LYP density functional using the 6-31G** (C, H, N, O, B) and LAV3P (Zn)
basis sets has been applied. The DFT calculated "G at 217 K is –2.7 kcal mol–1 with
"H217K = –12.07 kcal mol–1 and "S217K = –42.94 e.u.29 It is important to note that this value
of "G is close to the experimentally obtained value of –3.8 kcal mol–1 at the same
temperature. "G is strongly temperature dependent, as a result of the significant
entropy term. This entropy term is largely associated with CO2 (g) (S = 51.1 e.u.), where
release of CO2 decreases the Gibbs free energy due to an increase in the entropy.30 As
such increasing the temperature to 298 K results in a calculated "G value of 0.8 kcal
mol-1 with "H298K = –12.18 kcal mol–1 and "S298K = –43.38 e.u, which is consistent with the
T"S term becoming larger at higher temperatures (i.e. there is no substantial change in
the value of "H or "S). Thus, at room temperature, the insertion of CO2 into the Zn–OH
bond is calculated to be slightly endergonic (nearly thermoneutral), which is consistent
t

with the fact that CO2 is released from a solution of [TpBu ,Me]ZnOCO2H in benzene in a
sealed NMR tube at room temperature. This observation is of relevance to carbonic
anhydrase. In order to be an effective catalytic system, the intermediates must not be
too thermodynamically stable. The thermodynamic data pertaining to the reaction of
t

t

[TpBu ,Me]ZnOH with CO2, therefore, reinforces the description that [TpBu ,Me]ZnOH is a
respectable synthetic analogue of carbonic anhydrase.
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2.5

t

Structural characterization of [TpBu ,Me]ZnOCO2H and [Tptm]ZnOCO2H
t

The facile reversibility of CO2 insertion into [TpBu ,Me]ZnOH originally impeded
t

the characterization of [TpBu ,Me]ZnOCO2H by X–ray diffraction. In particular, efforts to
t

obtain crystals of [TpBu ,Me]ZnOCO2H by employing slow evaporation of a benzene
solution in a CO2 atmosphere resulted in the formation of the carbonate complex
t

{[TpBu ,Me]Zn}2(µ–CO3),

due

to

the

condensation

of

t

[TpBu ,Me]ZnOCO2H

with

t

[TpBu ,Me]ZnOH over long periods of time (Scheme 4).
O
O
C

t

t

OH + [TpBu ,Me]ZnOH

t

[TpBu ,Me]ZnO

– H2O

t

[TpBu ,Me]ZnO

t

C

t

OZn[TpBu ,Me]

t

Scheme 4. Condensation between [TpBu ,Me]ZnOCO2H and [Tp Bu ,Me]ZnOH to give {[TpBu ,Me]Zn}2(µ–CO3).

However, employing a new crystallization technique, we have now succeeded in
t

isolating crystals of [TpBu ,Me]ZnOCO2H suitable for single crystal X-ray diffraction.
t

Specifically, pentane diffusion into a benzene solution of [TpBu ,Me]ZnOCO2H under a
CO2 atmosphere provides a more rapid means to deposit crystals of the bicarbonate
complex, thereby minimizing the possibility of forming the carbonate complex
t

{[TpBu ,Me]Zn}2(µ–CO3).
t

The molecular structure of [TpBu ,Me]ZnOCO2H, as determined by X–ray
diffraction, is illustrated in Figure 7.

The most important structural feature of

t

[TpBu ,Me]ZnOCO2H is that the bicarbonate ligand is a terminal ligand and binds via a
distinct unidentate coordination mode,31 with Zn–O distances of 1.872(3) Å and 3.451(3)
Å, and "d(Zn–O) = 1.579 Å (Table 2).32 This binding mode is in accord with the notion
that in carbonic anhydrase, the bicarbonate ligand binds to zinc in a unidentate fashion,
which is necessary for rapid displacement by H2O.13c It should be emphasized that this
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is the first structurally characterized example of a terminal, monomeric zinc bicarbonate
complex.

Table 2. Bond lengths (Å) and angles (˚) for bicarbonate coordination to zinc.
Compound

d(Zn-O1)/Å

d(Zn-O2)/Å

Zn-O1-C/˚

Zn-O2-C/˚

"(Zn-O)/Å

[TpBu ,Me]ZnOCO2H

1.872(3)

3.451(3)

140.4(3)

57.0(2)

1.579

[!4-Tptm]ZnOCO2H

2.039(2)

3.406(2)

132.6(2)

61.5(1)

1.367

t

Although structurally characterized metal bicarbonate complexes are not
common, they are known for other metals. Analysis of bicarbonate complexes in the
Cambridge Structural Database33 indicates that the bicarbonate ligand is flexible,
exhibiting both bidentate and unidentate coordination,34,35 with "d(M–O) values ranging
from 0.006 Å36 to 2.094Å.37 A similar variation in coordination mode exists for the
structures of a variety of carbonic anhydrases and their mutants in the presence of
bicarbonate,4 among which that of human carbonic anhydrase I, with Zn–O distances of
t

1.8 and 3.1 Å,4a corresponds most closely to that of [TpBu ,Me]ZnOCO2H.38 Also of note is
t

the fact that [TpBu ,Me]ZnOCO2H exists as a hydrogen-bonded dimer, common for
carboxylic acid groups. While the carbonic anhydrase does not exist as a hydrogenbonded dimer, the bicarbonate ligand has hydrogen bonding interactions to other
amino acid residues or to water.
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t

Figure 7. Molecular structure of [TpBu ,Me]ZnOCO2 H.

t

In addition to using the tridentate [TpBu ,Me] ligand in a synthetic analogue of
carbonic anhydrase,
pyridylthio)methyl

we have

ligand,

also utilized

[Tptm].

The

the

zinc

tetradentate

bicarbonate

tripodal tris(2-

complex,

namely

[!4-Tptm]ZnOCO2H, has also been synthesized and has been structurally characterized
by

single

crystal

X-ray

diffraction.

Treatment

of

either

[!3-Tptm]ZnH,

[!3-Tptm]ZnN(SiMe3)2 or [!4-Tptm]ZnOSiMe339 with H2O generates the hydroxide
complex, {[!3-Tptm]Zn(µ-OH)}2, which reacts with CO2 in the presence of water (vide
infra) to give the bicarbonate complex, [!4-Tptm]ZnOCO2H (Scheme 5). The isolated
hydroxide dimer, {[!3-Tptm]Zn(µ–OH)}2, also reacts with CO2 in the presence of H2O to
give the bicarbonate complex.
{[!3-Tptm]Zn(µ–OH)}2,

this

is

However, due to difficulty in the preparation of
not

the

preferred

method

for

synthesizing
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[!4-Tptm]ZnOCO2H. Crystals of {[!3-Tptm]Zn(µ–OH)}2 have also been obtained from
room temperature benzene solutions and cold toluene solutions, allowing for the
determination of the molecular structure by using single crystal X-ray diffraction
(Figure 8).
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Scheme 5. Synthesis of [!4-Tptm]ZnOCO2H.
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It is important to emphasize that the reaction of [!3-Tptm]ZnH and
[!3-Tptm]ZnN(SiMe3)2 with H2O and CO2 needs to be done in that order (i.e. first H2O,
followed by addition of CO2). If CO2 is added first, the hydride complex will produce
the formate complex, [!4-Tptm]ZnO2CH, and the bis(trimethylsilyl)amide complex will
begin to generate the isocyanate complex, [!4-Tptm]ZnNCO (see chapter 3). Therefore,
it is important to hydrolyze both of these compounds followed by addition of CO2. On
the other hand, the order of addition of H2O and CO2 to [!4-Tptm]ZnOSiMe3 does not
matter, as [!4-Tptm]ZnOSiMe3 reacts reversibly with CO2 to generate the carbonate
complex.

Figure 8. Molecular structure of {[!3-Tptm]Zn(µ–OH)}2.
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The molecular structure of [!4-Tptm]ZnOCO2H has been determined by X–ray
diffraction (Figure 9) and the most noteworthy feature is that the bicarbonate ligand of
t

[!4-Tptm]ZnOCO2H is less asymmetric than that of [TpBu ,Me]ZnOCO2H (Table 2). For
example, "d(Zn–O) for [!4-Tptm]ZnOCO2H is 0.212 Å smaller than that for
t

[TpBu ,Me]ZnOCO2H.

Figure 9. Molecular structure of [!4-Tptm]ZnOCO2H.

The reduced asymmetry of the bicarbonate ligand in [!4-Tptm]ZnOCO2H is due
to two factors. First, there is a shorter secondary Zn•••O interaction40 of 3.406(2) in
[!4-Tptm]ZnOCO2H, and second, [!4-Tptm]ZnOCO2H has a longer primary Zn–O bond
of 2.039(2). Specifically, the Zn–O bond in [!4-Tptm]ZnOCO2H is 0.167 Å longer than
t

that in [TpBu ,Me]ZnOCO2H. We attribute the longer Zn–O bond in [!4-Tptm]ZnOCO2H
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to it being a component of a 3-center-4-electron hypervalent & interaction41 involving
the trans carbon atom of the [!4-Tptm] ligand. This is in comparison to a conventional
t

2-center-2-electron bond in [TpBu ,Me]ZnOCO2 H. Further evidence for the longer Zn–O
bond in [!4-Tptm]ZnOCO2H being attributed to a 3-center-4-electron hypervalent &
interaction is the absence of lengthening of the Zn–N bonds in [!4-Tptm]ZnOCO2H.
The average Zn–N bond length in [!4-Tptm]ZnOCO2H is 2.103 Å which is only 0.070 Å
t

longer than the corresponding value for [TpBu ,Me]ZnOCO2H (2.033 Å).

Thus, the

lengthening observed for the Zn–O bond (0.167 Å) is exceptional and is not a
consequence of an increased coordination number. Rather, it is associated with the fact
that the bicarbonate ligand is in a trans disposition with respect to the carbon atom and
is a component of a 3-center-4-electron interaction. It should be noted that the
bicarbonate ligand in [!4-Tptm]ZnOCO2H binds via a distinct unidentate coordination
and also exists as a hydrogen-bonded dimer.
[!4-Tptm]ZnOCO2H is not stable in solution, as it rapidly loses CO2. As such, we
were not able to obtain a 13C NMR in solution to characterize the bicarbonate ligand.
We therefore used solid state 13C{1H} NMR to characterize the bicarbonate moiety of 13C
enriched [!4-Tptm]ZnO13CO2H which displays a signal at 165.0 ppm. Additionally, the
bicarbonate ligand has characteristic absorptions at 1628/1621 cm-1 and 1363 cm-1 in the
IR spectrum, the assignments of which have been confirmed by comparison with the 13C
isotopologue, [!4-Tptm]ZnO13CO2H (1580 and 1352 cm-1).

These IR absorptions are

t

comparable to those of [TpBu ,Me]ZnOCO2H (1675 and 1302 cm-1) and are consistent with
a unidentate coordination mode,42 while the isotope shifts, #(12C/13C), are comparable to
values that are observed for other systems.43
As described above, [!4-Tptm]ZnOCO2H exhibits limited stability in solution
such that when dissolved in dichloromethane, it rapidly releases CO2 and forms the
bridging carbonate complex, [Tptm]Zn(µ-CO3)Zn[Tptm]. Presumably, this is a result of
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a condensation reaction between [!4-Tptm]ZnOCO2H and the incipient hydroxide
species, {[Tptm]ZnOH} (Scheme 6).44
O
C
2

[!4-Tptm]Zn

O

OH
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Scheme 6. Generation of [Tptm]Zn(µ-CO3)Zn[Tptm].

The carbonate complex [Tptm]Zn(µ-CO3)Zn[Tptm] can also be obtained directly by
treatment of solutions of {[!3-Tptm]Zn(µ–OH)}2 with CO2. {[!3-Tptm]Zn(µ–OH)}2 is so
reactive towards CO2 that it actually fixes CO2 from the atmosphere to form the
carbonate complex [Tptm]Zn(µ-CO3)Zn[Tptm].45
An interesting aspect of the carbonate complex [Tptm]Zn(µ-CO3)Zn[Tptm] is that
it has been isolated in two isomeric forms (Figure 10). In one form, each zinc is sixcoordinate with a [!4-Tptm] ligand and a symmetric µ-!2,!2-carbonate ligand, namely
[!4-Tptm]Zn(µ-!2,!2-OCO2)Zn[!4-Tptm], and in another form, one zinc is five-coordinate
with a [!3-Tptm] ligand and a !2-carbonate ligand, and the other zinc is five-coordinate
with a [!4-Tptm] ligand and a !1-carbonate ligand asymmetric [!3-Tptm]Zn(µ-!2,!1OCO2)Zn[!4-Tptm].46 The Zn–O distances of the bridging oxygen of symmetric [!4Tptm]Zn(µ-!2,!2-OCO2)Zn[!4-Tptm] are 2.303(3) and 2.277(3) Å, whereas the values are
more disparate for asymmetric [!3-Tptm]Zn(µ-!2,!1-OCO2)Zn[!4-Tptm], with 2.636(4)
and 2.224(4) Å for one crystalline form, and 2.658(2) and 2.245(2) Å for a second
crystalline form.

Evidence for the existence of two isomers of [Tptm]Zn(µ-

CO3)Zn[Tptm] in solution is provided by variable temperature

13

C{1H} NMR

spectroscopy. Although a single resonance at 170.7 ppm is observed for the carbonate
carbon in the 13C{1H} NMR spectrum at room temperature, two signals in a ca. 1:1 ratio
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are observed at 168.6 and 170.3 ppm at 228 K. Furthermore, two carbonate signals at
171.6 and 172.1 ppm are also observed in the solid state 13C{1H} NMR spectrum.

Figure 10. Molecular structures of [!3-Tptm]Zn(µ-!2,!1-OCO2)Zn[!4-Tptm] (top) and [!4-Tptm]Zn(µ-!2,!2OCO2)Zn[!4-Tptm] (bottom).
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2.6

t

DFT calculations concerning bonding modes of [TpBu ,Me]ZnOCO2H and
t

[TpBu ,Me]ZnNO3.
The

nature

of

the

bicarbonate

ligand

in

t

[TpBu ,Me]ZnOCO2H

and

[!4-Tptm]ZnOCO2H is of significance in light of the fact that both unidentate47 and
bidentate48 structures of the bicarbonate intermediate of the carbonic anhydrase
catalytic

cycle

have

been

identified

by

X-ray

diffraction

and

studied

computationally.49,50,51 Therefore, we have employed density functional theory (DFT)
calculations (B3LYP with 6-31G** and LAV3P basis sets) to obtain insight into the
t

structure of [TpBu ,Me]ZnOCO2H.

Significantly, the geometry optimized structure

features a bicarbonate ligand that coordinates in an asymmetric manner, with Zn–O
bond lengths of 2.066 Å and 2.316 Å (Figure 11, left). It should be noted that this is
much more symmetric than that in the experimental crystal structure. Furthermore,
since the hydrogen is attached to the oxygen atom that does not coordinate to zinc, the
binding mode corresponds to the so-called “Lipscomb-like structure,”49 a species that is
considered to be formed prior to displacement of the bicarbonate ligand by water. The
initial insertion of CO2 into the Zn–OH bond, nevertheless, is believed to give an
isomeric species in which the OH group interacts with the zinc, the so-called
“Lindskog-like structure” (Figure 11, right).49 Geometry optimization of the “Lindskoglike structure” results in a species that is 4.2 kcal mol–1 higher in energy and is
significantly more asymmetric, with Zn–O distances of 1.940 Å and 3.092 Å (Figure 11,
right).52 The large difference in energy implies that the bicarbonate OH group shows
little tendency to coordinate to zinc. In this regard, calculations on carbonic anhydrase
II also indicate that the Lindskog-like structure is unstable relative to the Lipscomb-like
structure.49 These DFT calculations are in accord with a Lipscomb-like structure being
the species that is ultimately displaced by water in the catalytic cycle.
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t

Figure 11. Geometry optimized structures of [TpBu ,Me]ZnOCO2H that corresponds to a “Lipscomb-like”
structure (left) and a higher energy “Lindskog-like” isomer (right). Hydrogen atoms on carbon atoms of
t

the [TpBu ,Me] ligand are omitted for clarity.

While geometry optimization predicts an asymmetric coordination mode for the
bicarbonate ligand, it is not as asymmetric as would have been expected by comparison
t

to the methylcarbonate complex, [TpBu ,Me]ZnOCO2Me, which has been shown by X–ray
diffraction to possess a unidentate coordination mode,13b albeit disordered.53 Geometry
t

optimization of the methylcarbonate, [TpBu ,Me]ZnOCO2Me, however, results in a
structure with a Zn–O–C angle of 95.3˚ (Figure 12) that corresponds closely to that of
t

the geometry optimized bicarbonate, [TpBu ,Me]ZnOCO2H.

It appears that the

calculations may overemphasize the importance of the secondary Zn–O interactions in
t

t

this system, being that both [TpBu ,Me]ZnOCO2H and [TpBu ,Me]ZnOCO2Me are
significantly more asymmetric.
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t

Figure 12. Geometry optimized structures of [TpBu ,Me]ZnOCO2Me. Hydrogen atoms on carbon atoms of
t

the [TpBu ,Me] ligand are not shown for clarity.

In order to evaluate further the possibility that the DFT calculations overestimate
t

secondary Zn–O interactions, we investigated the nitrate counterpart, [TpBu ,Me]ZnNO3
(Scheme 7), which has been structurally characterized by X-ray diffraction (Figure 13).
Selected bond lengths for the two crystallographically independent molecules of
t

[TpBu ,Me]ZnNO3 are listed in Table 3.

Nitrate ligand coordination modes may be

classified as bidentate, anisobidentate or unidentate, as summarized in Figure 14 and
Table 4 according to the asymmetry of the interaction.54,55,56

On this basis, the

t

coordination mode in [TpBu ,Me]ZnNO3 can be classified as unidentate, as the difference
in Zn–O distances ("d) are 0.53 Å and 0.68 Å for the two crystallographically
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independent molecules.

[TpRR’]ZnNO3 complexes that have been structurally

characterized have similar coordination modes, indicating that the asymmetric
coordination mode is common, with the difference in Zn–O distances ranging from 0.38
Å to 0.68 Å (Table 5),57,58,59,60,61,62,63 such that the nitrate ligands are classified as either
anisobidentate or unidentate.64

t

Scheme 7. Synthesis of [TpBu ,Me]ZnNO3.

t

Figure 13. Molecular structure of the two crystallographically independent molecules of [TpBu ,Me]ZnNO3.
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t

Table 3. Selected bond lengths (Å) and angles (˚) for [TpBu ,Me]ZnNO3.

Molecule #1

Molecule #2

Zn1–O11/Å

1.9842(19)

Zn2–O21/Å

1.962(2)

Zn1–O12/Å

2.516(2)

Zn2–O22/Å

2.640(2)

Zn1–N11/Å

2.049(2)

Zn2–N41/Å

2.036(2)

Zn1–N21/Å

2.033(2)

Zn2–N51/Å

2.043(2)

Zn1–N31/Å

2.039(2)

Zn2–N61/Å

2.037(2)

Zn1–O11–N1/˚

105.36(16)

Zn2–O21–N2/˚

110.43(17)

Zn1–O12–N1/˚

82.09(16)

Zn2–O22–N2/˚

79.25(16)

O
!2

d2
M

N
d1

!1
O

O

"d = d2 – d1
"! = !1 – !2
Figure 14. Parameters used for assigning nitrate coordination modes.

Table 4. Criteria for Assigning Nitrate Coordination Modes.a

unidentate

anisobidentate

bidentate

"d/Å

> 0.6

0.3 – 0.6

< 0.3

"'/˚

> 28

14 – 28

< 14

a

Reference 55.
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Table 5. Summary of nitrate coordination in [TpRR’]ZnNO3 complexes.a

d1/Å

d2/Å

' 1/˚

' 2/˚

"d/Å

"'/˚

Reference

t

1.962

2.640

110.4

79.3

0.678

31.1

this work

t

1.984

2.516

105.4

82.1

0.532

23.3

this work

[TpBu ]ZnNO3

t

1.978

2.581

109.4

79.8

0.603

29.6

57

[TpPh,Me]ZnNO3

1.945

2.480

104.6

81.0

0.535

23.6

58

[TpCO2Et,Me]ZnNO3

1.934

2.457

108.5

75.3

0.523

33.2

59

[TpPr 2]ZnNO3

1.954

2.488

106.2

81.2

0.534

25.0

60

[TpPh]ZnNO3

1.947

2.475

104.3

81.9

0.528

22.4

61

[Tp]ZnNO3

1.981

2.399

102.2

83.5

0.418

18.7

62

[TpC3F7,Me]ZnNO3

1.972

2.347

100.9

84.5

0.377

16.4

63

[TpBu ,Me]ZnNO3b
[TpBu ,Me]ZnNO3b

i

a

See Figure 14 for the definition of d1, d2, '1 and '2.

b

values for two crystallographically independent molecules.

In contrast to the distinctly asymmetric experimental structure, however,
t

geometry optimization of [TpBu ,Me]ZnNO3 converged to a bidentate structure with very
similar Zn–O bond lengths and Zn–O–N bond angles, such that "d = 0.14 Å and "' =
5.6˚ (Figure 15). This again implies that DFT overemphasizes the secondary Zn–O
interaction.
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t

Figure 15. Geometry optimized structure of [TpBu ,Me]ZnNO3. Hydrogen atoms on carbon atoms of the
t

[TpBu ,Me] ligand are not shown for clarity.

In order to determine the extent to which the secondary Zn–O interaction
influences the energy of the molecule in these geometry optimizations, we have
evaluated the energies for a series geometry optimizations in which the secondary Zn–
O bond length is varied while the primary Zn–O bond length remains fixed. The
calculations indicate that the energy of the molecule is not strongly dependent on
geometry of the nitrate of bicarbonate ligand (Figure 16).65
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t

t

Figure 16. Linear transit geometry optimization calculations for [TpBu ,Me]ZnOCO2 H and [TpBu ,Me]ZnNO3
as a function of "d.

As can be seen in Figure 16, increasing the asymmetry to a value of "d = 0.61 Å
(the average value of the two crystallographically independent molecules) increases the
energy by only ≈ 2 kcal mol–1. It is not surprising that the geometry optimization
t

procedure does not converge to the experimental structure of [TpBu ,Me]ZnNO3 given the
soft nature of the energy surface.

Similar linear transit geometry optimization
t

calculations on the bicarbonate complex [TpBu ,Me]ZnOCO2H indicate that it is also easy
to perturb the coordination mode in this molecule (Figure 16). It should be noted that
the energy surface for distorting the bicarbonate interaction is even softer than that for
the nitrate ligand.
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2.7

CO2

reduction

via

reactivity

of

[! 4-Tptm]ZnOCO2H

and

[Tptm]Zn(µ-CO3)Zn[Tptm] with silanes.
There is currently a great deal of interest in the reduction of CO2 to C1 chemicals,
such as formic acid.

In this vein, a particularly noteworthy observation is that

[!4-Tptm]ZnOCO2H reacts with PhSiH3 to give the formate complex, [!4-Tptm]ZnO2CH
(Scheme 8).66,67
OH
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N
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Scheme 8. Reaction of [!4-Tptm]ZnOCO2H with PhSiH3 to give [!4-Tptm]ZnO2CH.

Since bicarbonates are easier to handle than CO2, the conversion of bicarbonate to
formate is of relevance as an alternative means of using CO2 as a C1 feedstock. There
are, however, few reports concerned with the reduction of bicarbonate to formate in
homogeneous

systems67

and

so

the

formation

of

[!4-Tptm]ZnO2CH

from

[!4-Tptm]ZnOCO2H is of interest, especially because PhSiH3 does not react directly with
CO2 under these conditions.
While the mechanism of this transformation is unknown, the formation of
[!4-Tptm]ZnOCO2H does not necessarily require a direct transfer of hydride from
silicon to carbon. An alternative pathway involves the generation of a zinc hydride
intermediate that can be generated by metathesis with PhSiH3, which then reacts with
CO2 that has been generated by dissociation of the silylbicarbonate.68 In support of this
mechanism, when the reaction of [!4-Tptm]ZnOCO2H with PhSiH3 is performed in the
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presence of

13

CO2 (1 atm), [!4-Tptm]ZnO213CH is the resulting product.

Exchange

between [!4-Tptm]ZnOCO2H and 13CO2 or [!4-Tptm]ZnO2CH and 13CO2 does not occur
on the timescale of the reaction.
The carbonate complex [Tptm]Zn(µ-CO3)Zn[Tptm] is also reduced by PhSiH3 to
give the formate [!4-Tptm]ZnO2CH (Scheme 9). However, because there are two zinc
centers per carbonate ligand, only one equivalent of [!4-Tptm]ZnO2CH is formed, with
the second zinc center forming the hydride complex, [!3-Tptm]ZnH.

Since

[!3-Tptm]ZnH reacts with CO2 to give [!4-Tptm]ZnO2CH,39 the formate becomes the
exclusive zinc-containing product if the reaction between [Tptm]Zn(µ-CO3)Zn[Tptm]
and PhSiH3 is performed in the presence of CO2 (Scheme 9).
O
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O
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[!4-Tptm]Zn

O

H

[!3-Tptm]Zn
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C
[!4-Tptm]Zn

H

O

Scheme 9. Reactivity of [!4-Tptm]ZnOCO2H and [Tptm]Zn(µ-CO3)Zn[Tptm] with PhSiH3.

In order to provide more evidence for the proposed mechanism involving the
zinc hydride intermediate, a suspension of [!4-Tptm]ZnOCO2H and [!3-Tptm]ZnD in
C6D6 was treated with Et2SiH2 resulting in the generation of both [!4-Tptm]ZnO2CH and
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[!4-Tptm]ZnO2CD (Scheme 10). Et2SiH2 was used as this silane because it does not
undergo HD exchange with [!3-Tptm]ZnD, while PhSiH3 does. The production of
[!4-Tptm]ZnO2CD implies that there is free CO2 produced in the reaction, which then
reacts with the zinc deuteride complex, [!3-Tptm]ZnD, to make the deuterated formate
complex, [!4-Tptm]ZnO2CD.
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Scheme 10. Reactivity of [!4-Tptm]ZnOCO2H with Et2SiH2 in the presence of [!3-Tptm]ZnD.

2.8

Conclusions
In summary, low temperature 1H and

13

C NMR spectroscopic studies on

t

solutions of [TpBu ,Me]ZnOH in the presence of CO2 have allowed identification of the
t

bicarbonate moiety of [TpBu ,Me]ZnOCO2H. Furthermore, in the presence of less than 1
t

t

atmosphere of CO2, both [TpBu ,Me]ZnOH and [TpBu ,Me]ZnOCO2H may be observed in
equilibrium, thereby allowing measurement of the equilibrium constant for insertion of
CO2 into the Zn–OH bond. At 217 K, the equilibrium constant is 6 ± 2 % 103 M–1,
corresponding to a value of "G = –3.8 ± 0.2 kcal mol–1 for insertion of CO2 into the Zn–
t

OH bond of [TpBu ,Me]ZnOH.

t

Additionally, both [TpBu ,Me]ZnOCO2H and [!4-

Tptm]ZnOCO2H have been structurally characterized by X-ray diffraction, and they are
the first structurally characterized examples of terminal zinc bicarbonate complexes. As
a result, they provide important metrical data of relevance to the critical intermediate of
the mechanism of action of carbonic anhydrase. [Tptm]Zn(µ-CO3)Zn[Tptm], which may
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be obtained via reaction of the hydroxide {[!3-Tptm]Zn(µ–OH)}2 with atmospheric CO2,
and [!4-Tptm]ZnOCO2H can be reduced by silanes to give the formate derivative,
[!4-Tptm]ZnO2CH, a transformation that is of significance with respect to the
functionalization of CO2, especially because the silanes used do not exhibit such
reactivity towards CO2 by themselves.

2.9

Experimental details

2.9.1 General considerations
All manipulations were performed using a combination of glovebox, high vacuum, and
Schlenk techniques under a nitrogen or argon atmosphere,69 with the exception of the
synthesis of [Tptm]H. Solvents were purified and degassed by standard procedures.
1

H NMR spectra were measured on Bruker 300 DRX, Bruker 400 DRX, and Bruker

Avance 500 DMX spectrometers. 1H NMR 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).70 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). All chemicals were obtained from
Aldrich, with the exception of 2-mercaptopyridine (Acros Organics), bromoform (Fisher
Scientific), phenylsilane (Alfa Aesar), trimethylsilyl isocyanate (Alfa Aesar), and
dimethylzinc (Strem Chemicals).

Trimethylsilanol was obtained by the literature

method.71 PhSiD3 was prepared by using a method analogous to that reported in the
literature method for PhSiH3,72 but employing LiAlD4 (Aldrich) in place of LiAlH4.
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2.9.2 Computational details
Calculations were carried out using DFT as implemented in the Jaguar 7.5 (release 207)
suite of ab initio quantum chemistry programs.73

Geometry optimizations were

performed with the B3LYP density functional74 using the 6-31G** (C, H, N, O, Si, S, F,
Cl) and LAV3P (Br, I and Zn) basis sets.75 The energies of the optimized structures were
reevaluated by additional single point calculations on each optimized geometry using
cc-pVTZ(-f)76 correlation consistent triple-( (C, H, N, O, Si, S, F, Cl) and LAV3P (Br, I,
Zn) basis sets.

2.9.3 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 Table 6. 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 6.1).77

t

2.9.4 Synthesis of [TpBu ,Me]ZnNO3
t

A filtered solution of [TpBu ,Me]Tl (70 mg, 0.11 mmol) in THF (ca. 1 mL) was treated with
a solution of Zn(NO3)2•6H2O (33 mg, 0.11 mmol) in H2O (ca. 1 mL) and the resulting
suspension was stirred for 1 hour. After this period, the precipitate was dried in vacuo
t

to give [TpBu ,Me]ZnNO3 as a white solid (32 mg, 52%). 1H NMR (C6D6): 1.40 [s, 27H, !3HB{(C3N2H(Me)CMe3}3], 2.04 [s, 9H, !3-HB{(C3N2H(Me)CMe3}3], 4.1-5.1 [vb, 1H, !3HB{(C3N2H(Me)CMe3}3], 5.61 [s, 3H, !3-HB{(C3N2H(Me)CMe3}3].

2.9.5 Measurement

of

t

the

equilibrium

constant

for

the

formation

of

t

[TpBu ,Me]ZnOCO2H via reaction of [TpBu ,Me]ZnOH with CO2
t

A solution of [TpBu ,Me]ZnOH (38 mg, 0.08 mmol) in CD2Cl2 (0.6 mL) containing
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mesitylene (10 µL, 0.07 mmol) as an internal standard was placed in an NMR tube
equipped with a J. Young valve. The solution was frozen, degassed, allowed to warm
to room temperature and then treated with13CO2 (600 mm Hg). The sample was placed
in the probe of an NMR spectrometer pre-cooled to 217 K and monitored by 1H NMR
t

t

spectroscopy, until the conversion of [TpBu ,Me]ZnOH to [TpBu ,Me]ZnOCO2H reached
t

t

equilibrium. The concentrations of [TpBu ,Me]ZnOH, [TpBu ,Me]ZnOCO2H and CO2 were
determined relative to that of mesitylene by using 13C{1H} NMR spectroscopy (with an
inverse-gated sequence employing a pulse delay of 150 seconds),78 and taking into
account statistical factors resulting from the fact that the CO2 contains 99 %

13

C, as

compared to a value of 1.11 % for natural abundance. The experiment was repeated
with a different concentration of 13CO2, resulting in an average value of K = 6±2 % 103
M-1.79

t

2.9.6 Synthesis of [TpBu ,Me]ZnOH
t

[TpBu ,Me]ZnOH was prepared by a method analogous to that previously reported.80 A
t

solution of [TpBu ,Me]Li (1.868 g, 4.34 mmol) in MeOH (ca. 40 mL) was treated with
Zn(ClO4)2•6H2O (1.864 g, 5.01 mmol) and the resulting suspension was stirred for 15
minutes, during which period most of the solid dissolved. KOH (268 mg, 4.78 mmol)
was added and the suspension was stirred for 1 hour, after which the volatile
components were removed in vacuo. Benzene (ca. 50 mL) was added and the mixture
was washed with several portions of H2O (300 mL total).

The benzene layer was

t

filtered and then lyophilized to give [TpBu ,Me]ZnOH (1.73 g, 79 %) as a white solid of
t

sufficient purity for further reactions. Large colorless crystals of [TpBu ,Me]ZnOH can be
obtained from vapor diffusion of ether into a saturated benzene solution.
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t

2.9.7 Structural characterization of [TpBu ,Me]ZnOCO2H
t

Crystals of [TpBu ,Me]ZnOCO2H suitable for X-ray diffraction were obtained by treatment
t

t

of [TpBu ,Me]ZnOH with CO2. A solution of [TpBu ,Me]ZnOH (ca. 10 mg) in benzene (ca. 0.5
mL) was placed in a small vial that was located inside a larger vial that contained
pentane and dry ice.

The larger vial was lightly stoppered until the dry ice had

sublimed and then sealed completely.

The sample was allowed to stand at room
t

temperature, thereby depositing colorless crystals of [TpBu ,Me]ZnOCO2H that were
suitable for X-ray diffraction. IR Data (KBr disk, cm-1): 3424 (w), 2962 (s), 2930 (m), 2868
(m), 2548 (m), 1651 (m), 1636 (m), 1588 (m), 1545 (s), 1479 (m), 1405 (m), 1425 (s), 1383
(w), 1364 (s), 1309 (s), 1245 (w), 1192 (s), 1068 (s), 1029 (w), 852 (w), 795 (w), 771 (m), 649
t

(m). Upon dissolving in C6D6, solutions of [TpBu ,Me]ZnOCO2H immediately release CO2
t

and regenerate [TpBu ,Me]ZnOH, as indicated by 1H NMR spectroscopy.

2.9.8 Synthesis of {[! 3–Tptm]Zn(µ-OH)}2
A suspension of [!3-Tptm]ZnH (28 mg, 0.07 mmol) in pentane (ca. 4 mL) was treated
with H2O (50 µL, 2.78 mmol) and ethanol (10 µL, 0.16 mmol) via syringe. Evolution of
H2 was observed, and the reaction was left open to the nitrogen manifold at room
temperature for 2 days. After this period, much of the pentane has evaporated and the
residue was dried in vacuo to give {[!3-Tptm]Zn(µ-OH)}2 as an off-white solid (23 mg,
79%). Colorless crystals of {[!3-Tptm]Zn(µ-OH)}2•(C6H6) suitable for X-ray diffraction
were obtained from a concentrated solution in benzene, but it should be noted that {[!3Tptm]Zn(µ-OH)}2 decomposes to [Tptm]H and unidentified zinc products over several
hours at room temperature.
OH)}2•(C7H8)

were

In addition, crystals of composition {[!3-Tptm]Zn(µ-

obtained

by

the

slow

hydrolysis

of

a

solution

of

[!4-Tptm]ZnN(SiMe3)2 in toluene with adventitious water over a period of two months
at –15 ˚C. Anal. Calcd. for {[!3-Tptm]Zn(µ-OH)}2•0.30(C7H8): C, 48.0%; H, 3.4%; N, 9.3%.
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Found: C, 48.1%; H, 3.1%; N, 9.1%. IR Data (KBr disk, cm-1): 3402 (w), 3078 (w), 3047 (w),
1589 (s), 1555 (s), 1453 (s), 1416 (s), 1280 (m), 1131 (s), 1090 (m), 1045 (m), 1006 (m), 759
(s), 723 (m), 637 (w). 1H NMR (C6D6): Not observed [(SC5H4N)3CZnOH], 6.20 [t, 3JH-H = 6
Hz, 3H, (SC5H4N)3CZnOH], 6.61 [t, 3JH-H = 7 Hz, 3H, (SC5H4N)3CZnO2H], 6.74 [d, 3JH-H = 7
Hz, 3H, (SC5H4N)3CZnOH], 8.95 [s, 3H, (SC5H4N)3CZnOH]. 13C{1H} NMR (C6D6): Not
observed, [(SC5H4N)3CZnOH], 118.7 [s, 3C, (SC5H4N)3CZnOH], 120.7 [s, 3C,
(SC5H4N)3CZnOH], 137.0 [s, 3C, (SC5H4N)3CZnOH], 149.2 [s, 3C, (SC5H4N)3CZnOH], not
observed [s, 3H, (SC5H4N)3CZnOH].

2.9.9 Synthesis of [! 4-Tptm]ZnOCO2H
(a) A solution of [!4-Tptm]ZnOSiMe3 (30 mg, 0.06 mmol) in C6H6 (ca. 2 mL) in a small
Schlenk tube was treated with H2O (40 µL, 40 mg, 2.22 mmol). The sample was frozen,
degassed and allowed to warm to room temperature. The suspension was then treated
with CO2 (1 atm) while being shaken vigorously for a brief period. The mixture was
allowed to stand at room temperature, thereby depositing colorless crystals of [!4Tptm]ZnOCO2H•(C6H6) over a period of 30 minutes. The mother liquor was decanted,
and the precipitate was washed with benzene (ca. 1 mL). The precipitate was dried in
vacuo giving [!4-Tptm]ZnOCO2H•(C6H6) (12 mg, 36 %) as an off white powder.
Colorless crystals of [!4-Tptm]ZnOCO2H suitable for X-ray diffraction were obtained
directly from the reaction mixture before drying in vacuo. IR Data (KBr disk, cm-1): 3078
(w), 3018 (w), 2633 (w), 1628 (s)/1621 (s) [!(CO3)], 1591 (s), 1558 (s), 1477 (m), 1459 (s),
1416 (s), 1363 (s) [!sym (CO2)], 1283 (s), 1155 (w), 1094 (m), 1047 (m), 1032 (m), 1007 (m),
975 (w), 834 (w), 757 (s), 723 (m), 692 (s), 642 (m), 611 (w).

Anal. calcd. for [!4-

Tptm]ZnOCO2H•0.9(C6H6): C, 49.9%; H, 3.4%; N, 7.8%. Found: C, 49.7%; H, 3.3%; N,
7.4%. Crystals of [!4-Tptm]ZnOCO2H were also obtained via the analogous reactions
employing [!3-Tptm]ZnN(SiMe3)2 and [!3-Tptm]ZnH instead of [!4-Tptm]ZnOSiMe3.
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(b) A solution of {[!3-Tptm]Zn(µ-OH)}2 (8 mg, 0.01 mmol) in benzene (ca. 2 mL) was
treated with H2O (50 µL, 2.78 mmol). The sample was frozen, degassed, and allowed to
warm to room temperature. The resulting suspension was treated with CO2 (1 atm)
while being shaken vigorously, thereby resulting in the formation of colorless crystals.
The mixture was allowed to stand at room temperature for 30 minutes and lyophilized
to give [!4-Tptm]ZnOCO2H•(C6H6) (7 mg, 70%) as a white solid.

2.9.10 Synthesis of [! 4-Tptm]ZnO13CO2H
A degassed solution of [!4-Tptm]ZnOSiMe3 (103 mg, 0.21 mmol) in benzene (ca. 2.0 mL)
was treated with 13CO2 (1 atm). H2O (30 mg, 1.67 mmol) was added and the sample was
shaken. The sample was allowed to stand at room temperature for 1 hour, over which
period colorless crystals of [!4-Tptm]ZnO13CO2H•(C6H6) were deposited. The mixture
was filtered and the precipitate was dried in vacuo giving [!4-Tptm]ZnO13CO2H•(C6H6)
(75 mg, 66%) as an off-white powder. IR Data (KBr disk, cm-1): 3085 (w), 3014 (w), 2908
(w), 1591 (s), 1580 (s) [!(CO3)], 1556 (s), 1459 (s), 1417 (s), 1389 (w), 1352 (s) [!sym (CO2)],
1282 (w), 1132 (s), 1095 (w), 1047 (m), 1007 (m), 808 (w), 757 (s), 724 (m), 697 (m).
13

C{1H} NMR (Solid state): 165.0, [(SC5H4N)3CZn13CO2H].

2.9.11 Synthesis of [! 4-Tptm]ZnO13CO2D
A degassed solution of [!4-Tptm]ZnOSiMe3 (103 mg, 0.21 mmol) in benzene (ca. 2 mL)
was treated with 13CO2 (1 atm). D2O (20 mg, 1.00 mmol) was added and the sample was
shaken. The mixture was allowed to stand at room temperature for 1 hour, during
which period colorless crystals of [!4-Tptm]ZnO13CO2D•(C6H6) were deposited. The
mixture was filtered, and the precipitate was dried in vacuo giving [!4Tptm]ZnO13CO2D•(C6H6) (29 mg, 25%) as an off-white powder. IR Data (KBr disk, cm1

): 3085 (w), 3014 (w), 2362 (w), 2339 (w), 1590 (s) [!(CO3)] (overlapping), 1556 (s), 1479
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(w), 1458 (s), 1417 (s), 1370 (m), 1355 (s) [!asym (CO2)], 1282 (m), 1252 (m), 1131 (s), 1094
(w), 1066 (w), 1047 (m), 1007 (m), 809 (w), 758 (s), 724 (m), 693 (m), 642 (w).

2.9.12 Synthesis of [Tptm]Zn(µ-CO3)Zn[Tptm]
(a) A solution of [!4-Tptm]ZnOSiMe3 (18 mg, 0.04 mmol) in benzene (ca. 1 mL) was
treated with H2O (10 mg, 0.56 mmol). The sample was exposed to air for 14 hours,
during which period colorless crystals were deposited. The crystals were isolated,
washed with benzene (3 % 1 mL) and dried in vacuo to give [!3-Tptm]Zn(µ-!2,!1OCO2)Zn[!4-Tptm]•(C6H6) (12 mg, 70 %). IR Data (KBr disk, cm-1): 3055 (w), 2384(w),
2293 (w), 2221 (w), 1589 (s), 1554 (s), 1480 (s) [!(CO3)], 1454 (s), 1418 (s), 1407 (s) [!(CO3)],
1278 (m), 1131 (s), 1091 (w), 1044 (m), 1011 (m), 848 (w), 765 (m), 747 (s), 721 (m), 642
(w), 610 (w).

Anal. calcd. for [!3-Tptm]Zn(µ-!2,!1-OCO2)Zn[!4-Tptm]•0.9(C6H6): C,

48.6%; H, 2.7%; N, 8.6%. Found: C, 48.8%; H, 3.1%; N, 8.9%. Crystals of composition [!3Tptm]Zn(µ-!2,!1-OCO2)Zn[!4-Tptm]•(THF) were obtained by performing the reaction in
THF, whereas [!4-Tptm]Zn(µ-!2,!2-OCO2)Zn[!4-Tptm] was obtained by performing the
reaction in toluene. IR data (KBr disk, cm-1): 3043 (w), 3002 (w), 2360(w), 2341 (w), 1585
(s), 1557 (s), 1492 (m) [!(CO3)], 1453 (s), 1417 (s), 1385 (m) [!(CO3)], 1280 (m), 1129 (s),
1090 (w), 1044 (m), 1010 (m), 845 (w), 756 (m) , 721 (m), 638 (w), 617 (m), 485 (m). 1H
NMR (CD2Cl2): 6.91 [s, 6H, {(SC5H4N)3CZn}2CO3], 7.09 [d,

3

JH-H = 8 Hz, 6H,

{(SC5H4N)3CZn}2CO3], 7.53 [t, 3JH-H = 8 Hz, 6H, {(SC5H4N)3CZn}2CO3], 8.70 [s, 6H,
{(SC5H4N)3CZn}2CO3]. See below for 13C NMR data.
(b) A solution of {[!3-Tptm]Zn(µ-OH)}2 (8 mg, 0.01 mmol) in C6H6 (ca. 2 mL) was
frozen, degassed and allowed to warm to room temperature. CO2 (1 atm) was added
and the mixture was shaken, thereby resulting in the formation of a colorless precipitate
over a period of 20 minutes.

The sample was lyophilized to give [!4-

Tptm]Zn(CO3)Zn[!3-Tptm] (6 mg, 70 %) as a white solid.
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(c) A solution of {[!3-Tptm]Zn(µ-OH)}2 (2 mg, 0.002 mmol) in C6H6 (ca. 1 mL) was
exposed to air for two hours, during which period colorless crystals were deposited.
The mother liquor was decanted to give [Tptm]Zn(µ-CO3)Zn[Tptm] (1 mg, 50%) as
colorless crystals that was dried in vacuo.

2.9.13 Synthesis of [Tptm]Zn(µ-13CO3)Zn[Tptm]
A solution of [!4-Tptm]ZnOSiMe3 (52 mg, 0.10 mmol) in benzene (ca. 1.0 mL) was
treated with H2O (30 mg, 1.67 mmol).

The sample was shaken, then frozen, and

degassed. The sample was allowed to warm to room temperature, at which point the
sample was filled with a mixture of 13CO2 (100 mm Hg) and N2 (660 mm Hg). Colorless
crystals of [!3-Tptm]Zn(µ-!2,!1-O13CO2)Zn[!4-Tptm]•(C6H6) formed slowly over a period
of 5 hours. The mixture was filtered, and the precipitate was dried in vacuo giving [!3Tptm]Zn(µ-!2,!1-O13CO2)Zn[!4-Tptm]•(C6H6) (31 mg, 62%) as an off white powder. IR
Data (KBr disk, cm-1): 3061 (w), 2949 (w), 1587 (s), 1561 (s), 1557 (s), 1556 (s), 1457 (s)
[!(CO3)] (overlapping), 1419 (s), 1347 (w) [!(CO3)], 1282 (w), 1248 (w), 1131 (s), 1093 (w),
1044 (m), 1006 (m),905 (w), 837 (w), 758 (s), 722 (m), 640 (w). 1H NMR (CD2Cl2): 6.91 [s,
6H, {(SC5H4N)3CZn}2CO3], 7.09 [d, 3JH-H = 8 Hz, 6H, {(SC5H4N)3CZn}2CO3], 7.53 [t, 3JH-H =
7 Hz, 6H, {(SC5H4N)3CZn}2CO3], 8.70 [s, 6H, {(SC5H4N)3CZn}2CO3]. 13C{1H} NMR (Solid
state):

171.6 and 172.1 (two isomers).

{(SC5H4N)3CZn}2CO3].

13

13

C{1H} NMR (CD2Cl2, 298 K): 170.5 [s, 1C,

C{1H} NMR (CD2Cl2, 228 K): 168.8 and 170.5 [s, 1C,

{(SC5H4N)3CZn}2CO3].

2.9.14 Synthesis of [! 4-Tptm]ZnO2CH by reduction of [! 4-Tptm]ZnOCO2H with
PhSiH3
A suspension of [!4-Tptm]ZnOCO2H (4 mg, 0.01 mmol) in C6D6 (ca. 0.7 mL) was treated
with PhSiH3 (5 mg, 0.05 mmol). The reaction was monitored by 1H NMR spectroscopy,
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thereby demonstrating the formation of [!4-Tptm]ZnO2CH over a period of 2 hours at
room temperature.

2.9.15 Synthesis of [! 4-Tptm]ZnO213CH by reduction of [! 4-Tptm]ZnO13CO2H with
PhSiH3
A suspension of [!4-Tptm]ZnO13CO2H (5 mg, 0.01 mmol) in C6D6 (ca. 0.7mL) was treated
with PhSiH3 (8 mg, 0.07 mmol). The reaction was monitored by 1H and

13

C NMR

spectroscopy, thereby demonstrating the formation of [!4-Tptm]ZnO213CH over a period
of 2 hours at room temperature.

2.9.16 Reduction of [! 4-Tptm]ZnO13CO2H with PhSiH3 in the presence of CO2
A suspension of [!4-Tptm]ZnO13CO2H (3 mg, 0.01 mmol) in C6D6 (ca. 0.7mL) was treated
with PhSiH3 (20 mg, 0.18 mmol) in the presence of CO2 (1 atm). The reaction was
monitored by 1H and 13C NMR spectroscopy, thereby demonstrating the formation of
[!4-Tptm]ZnO2CH (i.e. loss of the

13

C label) over a period of 2 hours at room

temperature.

2.9.17 Reduction of [! 4-Tptm]ZnO13CO2D with PhSiH3
A suspension of [!4-Tptm]ZnO13CO2D (3 mg, 0.01 mmol) in C6D6 (ca. 0.7mL) was treated
with PhSiH3 (20 mg, 0.18 mmol). The reaction was monitored by 1H and

13

C NMR

spectroscopy, thereby demonstrating the formation of [!4-Tptm]ZnO213CH and HD over
a period of 2 hours at room temperature.

2.9.18 H/D Exchange in the reaction of [! 4-Tptm]ZnD with PhSiH3
A suspension of [!3-Tptm]ZnD (4 mg, 0.01 mmol) in C6D6 (ca. 0.7mL) was treated with
PhSiH3 (5 mg, 0.05 mmol). The reaction was monitored by 1H NMR spectroscopy,
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thereby demonstrating the formation of [!4-Tptm]ZnH over a period of 20 minutes at
room temperature.

2.9.19 H/D Exchange in the reaction of [! 4-Tptm]ZnH with PhSiD3
A suspension of [!3-Tptm]ZnH (4 mg, 0.01 mmol) in C6D6 (ca. 0.7mL) was treated with
PhSiD3 (5 mg, 0.05 mmol). The reaction was monitored by 1H NMR spectroscopy,
thereby demonstrating the formation of [!4-Tptm]ZnD and PhSiH3 over a period of 20
minutes at room temperature.

2.9.20 Reaction of [! 4-Tptm]ZnO13CO2H with Me3SiCl: Formation of [! 4-Tptm]ZnCl
A suspension of [!4-Tptm]ZnO13CO2H (5 mg, 0.01 mmol) in C6D6 (ca. 0.7mL) was treated
with Me3SiCl (5 µL, 0.04 mmol). The reaction was monitored by 1H and

13

C NMR

spectroscopy, thereby demonstrating the formation of [!4-Tptm]ZnCl, Me3SiOH and
13

CO2 over a period of 1 hour at room temperature.

2.9.21 Reaction of [Tptm]Zn(µ-CO3)Zn[Tptm] with PhSiH3:

Formation of [! 3-

Tptm]ZnH and [! 4-Tptm]ZnO2CH
A suspension of [!3-Tptm]Zn(µ-!2,!1-OCO2)Zn[!4-Tptm] (4 mg, 0.005 mmol) in C6D6 (ca.
0.7mL) was treated with PhSiH3 (15 mg, 0.14 mmol). The reaction was monitored by 1H
NMR spectroscopy, thereby demonstrating the formation of [!3-Tptm]ZnH and [!4Tptm]ZnO2CH. It should be noted that [!3-Tptm]ZnH and [!4-Tptm]ZnO2CH undergo
exchange with each other on the NMR timescale, which was confirmed in an
independent experiment in which a 1:1 mixture of [!3-Tptm]ZnH and [!4Tptm]ZnO2CH in C6D6 was examined by 1H NMR spectroscopy. Specifically, at 228 K,
no exchange is observed, and both [!3-Tptm]ZnH and [!4-Tptm]ZnO2CH are observed.
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2.9.22 Reaction of [Tptm]Zn(µ-CO3)Zn[Tptm] with PhSiH3 in the presence of CO2:
Formation of [! 4-Tptm]ZnO2CH
A suspension of [!3-Tptm]Zn(µ-!2,!1-OCO2)Zn[!4-Tptm] (4 mg, 0.005 mmol) in C6D6 (ca.
0.7 mL) was treated with PhSiH3 (15 mg, 0.14 mmol).

The mixture was frozen,

degassed, allowed to warm to room temperature, and treated with CO2 (1 atm). The
reaction was monitored by 1H NMR spectroscopy, thereby demonstrating the formation
of [!4-Tptm]ZnO2CH.

2.9.23 Reaction of [! 4-Tptm]ZnO213CH with CO2: Exchange of CO2
A solution of [!4-Tptm]ZnO213CH (3 mg, 0.01 mmol) in C6D6 (ca. 0.7 mL) was frozen,
degassed, allowed to warm to room temperature, and treated with CO2 (1 atm). The
sample was monitored by 1H NMR spectroscopy, thereby demonstrating the formation
of [!4-Tptm]ZnO2CH.

After 40 hours, the ratio of [!4-Tptm]ZnO2CH : [!4-

Tptm]ZnO213CH was ca. 1:9.

2.9.24 Synthesis of [! 4-Tptm]ZnO2CH by reduction of [! 4-Tptm]ZnOCO2H with
Et2SiH2
A suspension of [!4-Tptm]ZnOCO2H (1 mg, 0.002 mmol) in C6D6 (ca. 0.7 mL) was
treated with Et2SiH2 (10 mg, 0.11 mmol). The reaction was monitored by 1H NMR
spectroscopy, thereby demonstrating the formation of [!4-Tptm]ZnO2CH along with
other unidentified products over a period of 2 hours at room temperature.

2.9.25 Absence of H/D Exchange in the reaction of [! 4-Tptm]ZnD with Et2SiH2
A suspension of [!3-Tptm]ZnD (1 mg, 0.002 mmol) in C6D6 (ca. 0.7mL) was treated with
Et2SiH2 (7 mg, 0.08 mmol). The reaction was monitored by 1H NMR spectroscopy,
thereby demonstrating that no H/D exchange occurs over a period of 2 hours at room
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temperature.

2.9.26 Synthesis of [! 4-Tptm]ZnO2CD by reduction of [! 4-Tptm]ZnOCO2H with
Et2SiH2
A suspension of [!4-Tptm]ZnOCO2H (3 mg, 0.01 mmol) and [!3-Tptm]ZnD (3 mg, 0.01
mmol) in C6D6 (ca. 0.7 mL) was treated with Et2SiH2 (5 mg, 0.06 mmol). The reaction
was monitored by 1H NMR spectroscopy, thereby demonstrating the formation of [!4Tptm]ZnO2CH along with other unidentified products over a period of 2 hours at room
temperature. The mixture was lyophilized and the mixture dissolved in C6H6 (ca. 0.7
mL) and analyzed by 2D NMR spectroscopy, thereby showing the presence of !4Tptm]ZnO2CD. A separate experiment where [!4-Tptm]ZnOCO2H and [!3-Tptm]ZnH
are mixed in C6D6 showed no formation of [!4-Tptm]ZnO2CH.
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2.10 Crystallographic data
Table 6. Crystal, intensity collection and refinement data.

t

[! 4–Tptm]ZnOCO2H•(C6H6)

[TpBu ,Me]ZnOCO2H•(C6H6)

Monoclinic

Monoclinic

C23H19N3O3S3Zn

C31H47BN6O3Zn

formula weight

546.96

627.93

space group

P21/n

P21/n

a/Å

8.9280(7)

10.750(4)

b/Å

14.6268(12)

19.725(7)

c/Å

18.4948(15)

15.634(5)

)/˚

90

90

*/˚

103.8610(10)

91.283(6)

+/˚

90

90

2344.9(3)

3314(2)

4

4

temperature (K)

150(2)

150(2)

radiation (,, Å)

0.71073

0.71073

- (calcd.), g cm-3

1.549

1.258

µ (Mo K)), mm-1

1.346

0.781

' max, deg.

30.51

24.41

no. of data collected

37376

33541

no. of data used

7148

5450

no. of parameters

302

397

R1 [I > 2.(I)]

0.0412

0.0490

wR2 [I > 2.(I)]

0.0799

0.0867

R1 [all data]

0.0778

0.1079

wR2 [all data]

0.0924

0.1067

GOF

1.011

1.012

lattice
formula

V/Å3
Z
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Table 6 (cont). Crystal, intensity collection and refinement data.
[! 3-Tptm]Zn(µ-! 2,! 1-

[! 3-Tptm]Zn(µ-! 2,! 1-

OCO2)Zn[! 4-Tptm]•(C6H6)

OCO2)Zn[! 4-Tptm]•(THF)

Monoclinic

Monoclinic

C39H30N6O3S6Zn2

C35H28N6O3.5S6Zn2

953.79

911.73

P21/c

C2/c

a/Å

22.3176(17)

31.669(6)

b/Å

10.4067(8)

8.7545(18)

c/Å

17.2733(14)

28.505(6)

)/˚

90

90

*/˚

99.2290(10)

108.802(3)

+/˚

90

90

3959.8(5)

7481(3)

4

8

temperature (K)

125(2)

150(2)

radiation (,, Å)

0.71073

0.71073

- (calcd.), g cm-3

1.600

1.619

µ (Mo K)), mm-1

1.575

1.664

' max, deg.

30.58

31.36

no. of data collected

60665

61941

no. of data used

12104

12294

505

472

R1 [I > 2.(I)]

0.0659

0.0451

wR2 [I > 2.(I)]

0.1536

0.1053

R1 [all data]

0.1231

0.0855

wR2 [all data]

0.1801

0.1219

GOF

1.128

1.021

lattice
formula
formula weight
space group

V/Å3
Z

no. of parameters
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Table 6 (cont). Crystal, intensity collection and refinement data.
[! 4-Tptm]Zn(µ-! 2,! 2-

{[! 3–Tptm]Zn(µ-

OCO2)Zn[! 4-Tptm]

OH)}2•(Toluene)

Monoclinic

Triclinic

C33H24N6O3S6Zn2

C40.75H36N6O2S6Zn2

formula weight

875.68

964.86

space group

P21/n

P-1

a/Å

8.8656(9)

12.632(3)

b/Å

28.048(3)

15.474(3)

c/Å

14.4431(15)

22.903(5)

)/˚

90

93.590(3)

*/˚

102.816(2)

96.263(3)

+/˚

90

107.390(3)

3501.9(6)

4225.4(14)

4

4

temperature (K)

150(2)

150(2)

radiation (,, Å)

0.71073

0.71073

- (calcd.), g cm-3

1.661

1.517

µ (Mo K)), mm-1

1.773

1.475

' max, deg.

28.28

30.62

no. of data collected

48636

67413

no. of data used

8686

25729

no. of parameters

451

1066

R1 [I > 2.(I)]

0.0559

0.0631

wR2 [I > 2.(I)]

0.0879

0.1477

R1 [all data]

0.1413

0.1762

wR2 [all data]

0.1129

0.1867

GOF

1.002

1.039

lattice
formula

V/Å3
Z
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Table 6 (cont). Crystal, intensity collection and refinement data.
{[! 3–Tptm]Zn(µOH)}2•(C6H6)
lattice
formula
formula weight
space group

Triclinic
C40.75H36N6O2S6Zn2
1005.90
P-1

a/Å

12.575(2)

b/Å

13.205(3)

c/Å

14.031(3)

)/˚

112.044(3)

*/˚

95.622(3)

+/˚

104.585(3)

V/Å3

2041.4(7)

Z

2

temperature (K)

150(2)

radiation (,, Å)

0.71073

- (calcd.), g cm-3

1.636

µ (Mo K)), mm-1

1.531

' max, deg.

30.74

no. of data collected

12639

no. of data used

12639

no. of parameters

439

R1 [I > 2.(I)]

0.0548

wR2 [I > 2.(I)]

0.0878

R1 [all data]

0.1127

wR2 [all data]

0.0957

GOF

1.026
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Zinc Catalysts for On Demand Hydrogen Generation and the
Hydrosilylation of Aldehydes, Ketones and CO2
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3.1

Introduction
There is currently much effort being directed towards the implementation of a

“hydrogen economy”, in which dihydrogen (H2) serves as a fuel, which when oxidized
either by direct combustion or in a fuel cell produces water (H2O), with no other
chemical byproducts.1

Part of the interest in the implementation of a hydrogen

economy is to reduce the production of carbon dioxide (CO2) that is formed when
carbon based fuels are combusted. Additionally, there has been a great research effort
aimed to functionalize carbon dioxide, specifically to use it as a C1 source for the
synthesis of useful commodity chemicals.2

However, in order to accomplish these

objectives in an economical and scalable fashion, new and efficient catalytic processes
must be developed that rely on inexpensive and abundant materials. 3
One of the greatest challenges associated in implementing a hydrogen economy
is the large-scale storage of hydrogen.4 For example, the storage of liquid hydrogen has
high safety risks.

Additionally, the condensation of gaseous hydrogen to liquid

hydrogen along with the latter’s cryogenic storage requires considerable energy.
Therefore, research has been directed towards compounds with the ability to produce
hydrogen via a chemical reaction or a physical process.5 Compounds that have the
capacity to produce hydrogen include ammonia-borane,6 organic heterocycles,7 formic
acid,8 and organosilanes.9 It should be noted that none of these compounds are ideal,
with each having limitations.4,10 Organosilanes are, however, an attractive choice (vide
infra) of the aforementioned options, and as such, will be the focus of this chapter.
Firstly, many organosilanes are storable liquids that are thermodynamically capable of
generating hydrogen by protolytic cleavage of their Si–H bonds with either water or
alcohols (Scheme 1).
R'3SiH + ROH

catalyst

R'3SiOR + H2

e.g. R = H, alkyl
Scheme 1. Hydrogen generation via protolytic cleavage of silanes by water or alcohols.
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Secondly, organosilanes can be rich in Si–H groups,11 such that they have high
hydrogen storage capabilities in the range 5.0 – 6.9 wt. % upon cleavage with water.12
Thirdly, organosilanes are readily available since they are already produced on an
industrial scale.13 Finally, the products of hydrolysis and alcoholysis of organosilanes
have commercial value, with applications in materials chemistry and organic
synthesis.14,15

It should be noted that alkoxysilanes can be regenerated to their

respective hydrosilane via treatment with suitable hydride reagents (e.g. LiAlH4).16

R'3SiOR

LiAlH4

R'3SiH

Scheme 2. Regeneration of hydrosilane from alkoxysilane via treatment with LiAlH4.

In order for silanes to provide H2 at an appreciable rate, catalysts need to be used
because the reaction of silanes with water or alcohols do not occur at significant rates,
despite the fact that these reactions are thermodynamically favorable.

Currently,

catalysts for this reaction are not optimal; i.e. they are slow, sensitive to air, or
expensive. In this vein, both homogeneous9a,b,17 and heterogeneous18 catalysts have
already been discovered for the hydrolysis and alcoholysis of silanes. However, the
majority of these catalysts rely on precious transition metals such as rhenium,
ruthenium, silver and gold; these metals are expensive and are in short supply. For this
reason, the development of effective catalysts (i.e. high turnover frequencies and high
turnover numbers) that are based on more abundant, inexpensive, non-precious metals
is desirable.19
A factor in the desire to switch to a hydrogen economy is to reduce the amount
of CO2 in the atmosphere. CO2 is a renewable C1 resource that has been used as a
building block for commodity chemicals such as urea20 and salicylic acid.21

An
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additional

example

is

the

metal-catalyzed

formation

of

polycarbonates

by

copolymerization of CO2 with epoxides.22 Formic acid is a commodity chemical that
could be formed via the hydrogenation of CO2.23 However, the formation of formic acid
using CO2 is thermodynamically unfavorable under standard conditions unless the
reaction is performed in the presence of a base, creating formate instead of formic acid
itself in order to drive the equilibrium.24 Therefore, the principal industrial method to
synthesize formic acid relies on carbon monoxide (CO) as the carbon source, which
involves a multistep sequence as follows: (i) hydrogenation of carbon monoxide to
produce methanol, (ii) carbonylation of methanol to produce methyl formate, and
finally (iii) hydrolysis of methyl formate to give the desired product, formic acid
(Scheme 3).25
O
CO

+

H2

CH3OH

CO

O

H2O

C

C
H

H3CO

HO

H

Scheme 3. Current industrial synthesis of formic acid.

This process is inefficient and requires multiple steps and additionally, there is
no efficient method for recycling the precious metal catalysts that are currently used for
formic acid synthesis.26
As

an

alternative

to

hydrogenation,

the

hydrosilylation

of

CO2

is

thermodynamically favorable and has been used as a method for obtaining silylformate derivatives (Scheme 4). The first report of catalytic hydrosilylation of CO2
appeared in 1981,27 which used RuCl2(PPh3)3 as the catalyst. While many developments
have been made since 1981,28,29,30,31 the synthesis of formates via hydrosilylation has
focused almost exclusively on the use of ruthenium catalysts.27,32 Therefore, we wished
to develop a catalyst that does not use a precious metal.19
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R3SiH

O

CO2
R3SiO

C

H

Scheme 4. Hydrosilylation of CO2.

This chapter will detail the development of zinc compounds using the [Tptm]
(Tptm = tris(2-pyridylthio)methyl) and [Bptm*] (Bptm* = bis(2-pyridylthio)(ptolylthio)methyl) ligands as catalysts for (i) the rapid generation of hydrogen on
demand from silanes and alcohols or water, (ii) the hydrosilylation of aldehydes and
ketones and, (iii) the hydrosilylation of CO2.

3.2

Zinc catalyzed H2 production

3.2.1 [! 3-Tptm]ZnH catalyzed hydrolysis of PhSiH3 for H2 production
The [tris(2-pyridylthio)methyl]zinc hydride complex, [!3-Tptm]ZnH (Figure 1), is
an effective catalyst for the dehydrocoupling of silanes with alcohols or water (Scheme
5).
H

N
Zn

N
S

S

S
N

Figure 1. [!3-Tptm]ZnH.

R'3SiH + ROH

[!3–Tptm]ZnH

R'3SiOR + H2

e.g. R = H, alkyl

Scheme 5. [!3-Tptm]ZnH catalyzed dehydrocoupling of silanes with alcohols or water.
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For example, the reaction of PhSiH3, a commercially available trihydrosilane,
with H2O produces three equivalents of H2 (i.e. every Si"H bond is utilized in the
reaction) to generate an ill-defined siloxane gel.33 Previously, a heterogeneous catalyst
was used for the hydrolysis of PhSiH3,18g,h but in contrast to our result, the authors
reported that the product obtained was the silanetriol compound, PhSi(OH)3.
H2
H2O

[Tptm]ZnH

[Tptm]ZnOH

PhSiH3
PhSiH2OH

Scheme 6. Proposed mechanism for the first cycle of H2 elimination.

The proposed mechanism for the first cycle of H2 elimination is illustrated in
Scheme 6, which involves an initial reaction of the hydride complex, [!3-Tptm]ZnH,
with H2O, to release H2 and form a hydroxide derivative.

While the hydroxide

complex, {[!3-Tptm]Zn(µ-OH)}2 (Chapter 4) has been structurally characterized as a
dimer bridged by hydroxide ligands, it is possible that the dimer does not form in the
catalytic reaction. Regardless of whether it is the monomer or dimer, the next step is the
reaction with PhSiH3 with the hydroxide complex to regenerate [!3-Tptm]ZnH,
producing the hydroxysilane derivative. After the first cycle, PhSiH2OR (R = H or silyl
group) continues to react via the same process; each cycle releases one equivalent of H2.
It is the rate enhancement compared to the background reaction by
[!3-Tptm]ZnH that is most notable, allowing for rapid H2 evolution. Depicted in Figure
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2 and Figure 3 are plots of the release of H2 (mL)34 versus time (seconds) for the
[!3-Tptm]ZnH (1.0 mol %) catalyzed hydrolysis of PhSiH3. Figure 2 shows a plot for the
entire reaction, whereas Figure 3 shows only the first 4 minutes. The first equivalent is
released after 14 seconds, corresponding to a turnover frequency (TOF) of 8.58 # 103 h-1,
while the second equivalent was released in 58 seconds, corresponding to a TOF of 4.14
# 103 h-1. For comparison, in the absence of a catalyst, only 18 % of H2 evolution is
observed after 115 hours (414,000 seconds).

Figure 2. Release of H2 as a function of time for the [!3-Tptm]ZnH catalyzed hydrolysis of PhSiH3.

Figure 3. Release of H2 as a function of time for the [!3 -Tptm]ZnH catalyzed hydrolysis of PhSiH3 for the
first 4 minutes.
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In addition to [!3-Tptm]ZnH serving as a catalyst for the hydrolysis of Si–H
bonds, the trimethylsiloxide complex [!4-Tptm]ZnOSiMe3 (Figure 4, left) and the
hydroxide dimer {[!3–Tptm]Zn(µ-OH)}2 (Figure 4, right) may be employed as effective
precatalysts because they react with PhSiH3 to generate the hydride complex (Scheme
7).
The H2 evolution plots for the {[!3–Tptm]Zn(µ-OH)}2 (1.9 mol %) and
[!4-Tptm]ZnOSiMe3 (1.0 mol %) catalyzed hydrolysis reactions of PhSiH3 are depicted
in Figure 5, Figure 6 and Figure 7. It is evident that both [!4-Tptm]ZnOSiMe3 and
{[!3-Tptm]Zn(µ-OH)}2 are active for rapid generation of H2, with TOFs greater than 1.00
# 104 h-1. These TOF data are summarized in Table 1.

OSiMe3

N

S

N

S

N

N
Zn

Zn

N
S

N

H
O

S
O
H

Zn

N

S

N

S S

N

S
S

Figure 4. [!4-Tptm]ZnOSiMe3 (left) and {[!3–Tptm]Zn(µ-OH)}2 (right).

[Tptm]ZnOSiMe3

PhSiH3

[Tptm]ZnH

PhSiH3

{[Tptm]ZnOH}2

Scheme 7. Generation of [!3-Tptm]ZnH via treatment of [!4-Tptm]ZnOSiMe3 or {[!3–Tptm]Zn(µ-OH)}2
with PhSiH3.
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Figure 5. Release of 3 equivalents of H2 as a function of time for the {[!3–Tptm]Zn(µ-OH)}2 catalyzed
hydrolysis of PhSiH3.

Figure 6. Release of H2 as a function of time for the [!4-Tptm]ZnOSiMe3 catalyzed hydrolysis of PhSiH3.
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Figure 7. Release of H2 as a function of time for the [!4-Tptm]ZnOSiMe3 catalyzed hydrolysis of PhSiH3
for the first 10 minutes.

Table 1. Turnover frequencies for the 1st and 2nd equivalent of H2.

Catalyst

Mole percent

T.O.F. (1st equiv.) h-1

T.O.F. (2nd equiv.) h-1

[!3-Tptm]ZnH

1.0

8.58 # 103

4.14 # 103

[!4-Tptm]ZnOSiMe3

1.0

1.00 # 104

2.67 # 103

{[!3–Tptm]Zn(µ-OH)}2

1.9

8.88 # 103

3.89 # 103

Re catalysta

1.0

No data

1.65 – 3.30 # 101

a

[2-(2’-hydroxyphenyl)-2-oxazolinato]oxorhenium(V) (See Figure 8)

There is only one other homogeneous catalyst for which quantitative data for the
hydrolysis of PhSiH3 has been reported. Abu-Omar and co-workers have reported that
1.0 mol % of [2-(2’-hydroxyphenyl)-2-oxazolinato]oxorhenium(V) (Figure 8), releases
only two equivalents of H2 over a period of 2 – 4 hours, corresponding to a TOF of 16.5
– 33 h-1.9a,b This can be compared to 1.0 mol % of [!3-Tptm]ZnH, which liberates two
equivalents of H2 in less than two minutes corresponding to a TOF of 4.14 # 103 h-1.
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O
O
O

N

Re

N

O

B(C6F5)4-

O

S
S = H2O or NCMe

Figure 8. [2-(2’-hydroxyphenyl)-2-oxazolinato]oxorhenium(V) catalyst used by Abu-Omar and coworkers.

The zinc catalysts are also more stable to the reaction conditions compared to the
oxorhenium catalyst, the latter being reduced to an inactive form when excess silane is
used;9a,b the zinc catalysts operate effectively in the presence of a large excess of silane.
These results demonstrate that the zinc catalysts are more effective than is the rhenium
catalyst.35

3.2.2 [! 3-Tptm]ZnH catalyzed alcoholysis of PhSiH3 for H2 production
As described in the previous section, [!3-Tptm]ZnH is an efficient catalyst for the
hydrolysis of PhSiH3. The ability for [!3-Tptm]ZnH to catalyze the alcoholysis of silanes
was also tested, as this also provides a means to generate H2.9,36 [!3-Tptm]ZnH does
catalyze this reaction, and is the most efficient catalyst for methanolysis in the literature
to date (Table 2).

The fastest, and most efficient catalyst in the literature for the

methanolysis of silanes prior to [!3-Tptm]ZnH was [RuCl2(p-cymene)]2.36c Specifically,
0.1 mole % of [RuCl2(p-cymene)]2 achieved a TOF of 3.67 # 105 h-1, accomplishing 1,000
turnovers when using PhMe2SiH as the silane; this TOF was determined by the initial
rate, which gives a higher TOF than ones recorded at later reaction times. Additionally,
lowering the catalyst loading to 0.0013 mole %, [RuCl2(p-cymene)]2 achieves 6.00 # 104
turnovers, which corresponding to a reaction that achieves only 78% completion, which
was the greatest TON prior to [!3-Tptm]ZnH. Another factor to note is the fact that the
ruthenium catalyst is dimeric, relying on two metal atoms per catalyst, compared to
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[!3-Tptm]ZnH, which only relies on one zinc atom. As can be seen in Table 2, excluding
[!3-Tptm]ZnH, the best catalysts in the literature rely on precious transition metals.
Thus, the discovery of a highly reactive zinc catalyst is thus particularly exciting.

Table 2. Catalysts for the methanolysis of silanes.

Catalyst

mol %

Silane

TON

TOF (h-1)a

Ref.

[!4-Tptm]ZnOSiMe3

0.001

PhSiH3

1.00 # 105

1.63 # 106

---

[!4-Tptm]ZnOSiMe3b

0.025

PhSiH3

4.00 # 103

1.21 # 105

---

[ToM]ZnHc

10.0

BnMe2SiH

1.00 # 101

1.00 # 101

36a

[RuCl2(p-cymene)]2d

1.0

PhMe2SiH

1.00 # 102

3.67 # 105

36c

[Au]-SMAP-Rh

0.001

PhMe2SiH

6.00 # 104

3.75 # 103

36x

[IrH2(THF)2(PPh3)2]SbF6

0.4

Et3SiH

2.50 # 102

5.30 # 104

36h

Bu4NF•H2Oe

4.0

PhSiH3

2.40 # 101

8.73 # 103

9c

a

The TOFs listed in the table are the highest numbers reported for each catalyst system.

b

Reaction was performed at 0 °C.

c

Reaction was performed at 60 °C.

d

Reaction was performed at 0 °C in neat methanol.

e

Reaction performed in neat methanol.

In this vein, [!4-Tptm]ZnOSiMe3, which is used as a precatalyst for the
methanolysis reaction (Scheme 7 and Scheme 9), outperforms the ruthenium catalyst
described above.

For example, only 0.001 mol % of [!4-Tptm]ZnOSiMe3 achieves

quantitative liberation of three equivalents of H2 (Scheme 8) from a mixture of PhSiH3
and MeOH in toluene, corresponding to a TON of 105. The resulting TON is not a limit,
but is the value obtained due to depletion of the PhSiH3 (i.e. when more PhSiH3 is
added, more H2 is liberated).
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PhSiH3 + 3 MeOH

[Zn]

PhSi(OMe)3 + 3 H2

[Zn] = [Tptm]ZnH or [Tptm]ZnOSiMe3

Scheme 8. Catalyzed methanolysis of PhSiH3 to give PhSi(OMe)3 + 3H2.

H2
MeOH

[Tptm]ZnOSiMe3

PhSiH3

[Tptm]ZnH

[Tptm]ZnOMe

PhSiH3
PhSiH2OMe

Scheme 9. [!4-Tptm]ZnOSiMe3 as precatalyst for methanolysis of PhSiH3.

The evolution of H2 from the methanolysis reaction is also very rapid, with
release of the first equivalent occurring in less than two minutes, corresponding to an
impressive TOF of 1.63 # 106 h-1. The second equivalent was also released with a TOF
greater than one million per hour (TOF = 1.43 # 106 h-1), and the reaction went to
completion with a final TOF of 1.02 # 105 h-1. The H2 evolution is depicted in Figure 9.
While the reaction between PhSiH3 and MeOH occurs without a catalyst, it is slow; 48 %
of the H2 is released over a period of 123 hours (442,800 seconds).
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Figure 9.

Release of H2 as a function of time for the [!4-Tptm]ZnOSiMe3 (0.001 mol %) catalyzed

methanolysis of PhSiH3.

As would be expected, the reaction is faster with higher catalyst loadings. For
example, using a catalyst loading of 0.1 mol % [!4-Tptm]ZnOSiMe3, the reaction is 85 %
complete within 5 seconds, and 100 % within 5 minutes (Figure 10).

Figure 10.

Release of H2 as a function of time for the [!4-Tptm]ZnOSiMe3 (0.1 mol %) catalyzed

methanolysis of PhSiH3.
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Catalytic methanolysis of PhSiH3 using the zinc complexes also occurs at 0 °C,
although the reaction rate decreases resulting in reduction of the TOFs (Table 2).
Quantitative methanolysis of PhSiH3 may be achieved using 0.025 mol % of
[!4-Tptm]ZnOSiMe3 at 0 °C, with the first equivalent of H2 being released with a TOF of
1.21 # 105 h-1 and the second equivalent having a TOF = 4.90 # 104 h-1 (Figure 11).

Figure 11. Release of H2 as a function of time for the [!4-Tptm]ZnOSiMe3 (0.025 mol %) catalyzed
methanolysis of PhSiH3 at 0 °C.

It has been demonstrated that [!4-Tptm]ZnOSiMe3 is a highly effective
precatalyst for the methanolysis of PhSiH3, with catalyst loadings that are orders of
magnitude lower than have previously been employed for this transformation, and
turnover frequencies that are orders of magnitude greater.9c

Additionally, it was

important to determine if the catalyst was stable to the reaction conditions for long
periods of time, such that H2 could be generated on demand with methanol additions.
In this vein, [!3-Tptm]ZnH remains an active catalyst for an extended period of time, as
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shown in Figure 12. The release of H2 was monitored upon sequential injections of
methanol into a reaction mixture containing [!3-Tptm]ZnH, PhSiH3 and toluene,
thereby depleting the silane.

Figure 12. Stepwise release of H2 as a function of time for zinc catalyzed methanolysis of PhSiH3.

Finally, it should be noted that the reaction product, PhSi(OMe)3, can be
reconverted to PhSiH3 by treatment with LiAlH4,16 thereby providing a means to recycle
the spent fuel (Scheme 2).
To provide a direct comparison to the only other zinc catalyst for which
quantitative data is known, the activity of the [!3-Tptm]ZnH catalyst was compared to
that

of

the

tris(4,4-dimethyl-2-oxazolinyl)phenylborate

zinc

hydride

catalyst

([To M ]ZnH)36a,37 (Figure 13) for the methanolysis of PhMeSiH2 to PhMeSiH(OMe)
(Scheme 10).
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Figure 13. Tris(4,4-dimethy l-2-oxazolinyl)phenylbora te zinc hydride cata lyst ([ToM]ZnH).

PhMeSiH2

MeOH, –H2
[Zn]

PhMeSi(OMe)H

MeOH, –H2
[Zn]

PhMeSi(OMe)2

[Zn] = [Tptm]ZnH or [ToM]ZnH
Scheme 10. Catalyzed methanolysis of PhMeSiH2 to PhMeSiH(OMe) and then to PhMeSi(OMe)2.

Sadow and co-workers reported that 10 mol % of [To M]ZnH converted a 1:1
mixture of PhMeSiH2 and MeOH to an approximately 9:1 ratio of mono and
disubstituted products, PhMeSiH(OMe) and PhMeSi(OMe)2 over 10 hours at 45˚C
(Scheme 10).

This reaction rate corresponds to a TOF of only 1 h-1, based on the

PhMeSiH2 consumed.36a

The corresponding reaction employing only 0.3 mol %

[!3-Tptm]ZnH also converts a 1:1 mixture of PhMeSiH2 and MeOH to an approximately
9:1 ratio of mono and disubstituted products, however, this occurs within only 30
minutes at room temperature, which corresponds to a TOF of 258 h-1 (Scheme 10).
When using [!3-Tptm]ZnH with an excess of methanol, the disubstituted product,
PhMeSi(OMe)2, is obtained exclusively within 6 minutes at room temperature,
corresponding to a TOF of 2.98 # 103 h-1. Overall, it is evident that [!3-Tptm]ZnH is an
effective catalyst for the methanolysis of silanes, especially, PhSiH3.
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3.3

[! 3-Tptm]ZnH catalyzed hydrosilylation of aldehydes and ketones with PhSiH3
[!3-Tptm]ZnH has been demonstrated to be a reactive nucleophilic metalTherefore, the reactivity of [!3-Tptm]ZnH was explored

hydride (see chapter 1).

towards carbonyl compounds, such as aldehydes and ketones. If an aldehyde or ketone
inserts into the Zn"H bond, the product is presumably the corresponding zinc-alkoxide
compound (i.e. formal reduction of the carbonyl compound). As described above, zincalkoxides are reactive towards silanes to regenerate [!3-Tptm]ZnH (Scheme 11).
R
H
O

H

N
Zn

R

N
S
S

S

R'

R and R' = H,
alkyl or aryl

N

R'

O
N
Zn

N

X3SiH
! X3SiOCHR'R

N
S
S

H

N

S

Zn
N
S
S

S
N

Scheme 11. Reaction of [!3-Tptm]ZnH with aldehyde or ketone followed by reaction of the resulting
alkoxide derivative, [!4-Tptm]ZnOCHR’R with a silane to regenerate [!3-Tptm]ZnH.

Thus, the resulting catalytic hydrosilylation of aldehydes and ketones would
produce siloxanes,38 which are also the products of alcoholysis of silanes.

A key

difference is that there are two fewer hydrogen atoms for the hydrosilylation, such that
no H2 is produced in this reaction. The proposed catalytic cycle involving PhSiH3 is
depicted in Scheme 12.
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H
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Scheme 12. [!3-Tptm]ZnH catalyzed hydrosilylation of aldehydes and ketones by PhSiH3.

In this vein, [!3-Tptm]ZnH reacts with both aldehydes and ketones to produce
the corresponding zinc-alkoxide products that are reactive towards PhSiH3; therefore,
[!3-Tptm]ZnH is a hydrosilylation catalyst for aldehydes and ketones (Scheme 12). For
example, [!3-Tptm]ZnH catalyzes the insertion of aliphatic aldehydes and ketones,
namely acetaldehyde and acetone, into all three Si–H bonds of PhSiH3 to give
PhSi(OEt)3 and PhSi(OPri)3, respectively (Scheme 13). PhSi(OEt)3 and PhSi(OPri)3 have
been prepared independently by the [!3-Tptm]ZnH catalyzed alcoholysis of PhSiH3
with ethanol and iso-propanol, respectively (Scheme 14).
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Scheme 13. [!3-Tptm]ZnH catalyzed hydrosilylation of acetaldehyde and acetone to give PhSi(OEt)3 and
PhSi(OPri)3, respectively.
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R = H, Me

R
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R

Si

Me
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Scheme 14. [!3-Tptm]ZnH catalyzed alcoholysis of PhSiH3 to give PhSi(OEt)3 and PhSi(OPri)3.

[!3-Tptm]ZnH is an effective catalyst and the reaction occurs with low catalyst
loadings. Less than 1.0 mol % is required when using PhSiH3, with TOFs of 9.96 # 102
h-1 and 1.25 # 102 h-1 for acetaldehyde and acetone, respectively. It should be noted that
the TOF for the acetaldehyde reaction is a lower limit, as by the time analysis is taken
the reaction has already gone to completion.
In addition to aliphatic aldehydes and ketones, catalysis also occurs when
aromatic carbonyl compounds. For example, benzaldehyde and acetophenone are both
catalytically hydrosilylated by PhSiH3 to give PhSi(OCH2Ph)3 and PhSi[OCH(Me)Ph]3,
respectively (Scheme 15). Low catalyst loadings have been employed (1.6 mol %),
resulting in TOFs of 2.48 # 102 and 1.87 # 102 h-1 for the aldehyde and ketone,
respectively. PhSi(OCH2Ph)3 can also be prepared by the alcoholysis of PhSiH3 using
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benzyl alcohol while PhSi[OCH(Me)Ph]3 can be prepared by alcoholysis using 1phenylethanol (Scheme 16).
Ph
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+

Scheme 15.
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[!3-Tptm]ZnH catalyzed hydrosilylation of benzaldehyde and acetophenone to give

PhSi(OCH2Ph)3 and PhSi[OCH(Me)Ph]3.
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Ph
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give

PhSi(OCH2Ph)3

and

PhSi[OCH(Me)Ph]3.

The product of catalytic hydrosilylation of acetophenone by PhSiH3 does not give
one product.

PhSi[OCH(Me)Ph]3 exists as two different diastereomers, due to the

molecule containing three chiral centers (Figure 14). The two molecules on the left in
Figure 14, SSS-PhSi[OCH(Me)Ph]3 and RRR-PhSi[OCH(Me)Ph]3, comprise one
diastereomer as they are enantiomers of each other, while the six other compounds
comprise only one other diastereomer (two enantiomers), due to the presence of a C3
symmetry axis.

In order to help clarify the product distribution, RRR-
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PhSi[OCH(Me)Ph]3 was synthesized as an enantiopure compound by the [!3-Tptm]ZnH
catalyzed alcoholysis of PhSiH3 with (R)-(+)-1-phenylethanol (Scheme 17).
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Possible stereoisomers of PhSi[OCH(Me)Ph]3 produced by the hydrosilylation of

acetophenone.
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Scheme 17. Synthesis of RRR-PhSi[OCH(Me)Ph]3.

The 1H NMR spectrum of a mixture of diastereomers produced from the reaction
of acetophenone and PhSiH3 shows four doublets for the methyl signal and four
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overlapping quartets for the methine signal of PhSi[OCH(Me)Ph]3 (Figure 15). Of note
is the fact that there are four signals and only two diastereomers. The enantiopure
compounds, SSS-PhSi[OCH(Me)Ph]3 and RRR-PhSi[OCH(Me)Ph]3 display only one
signal for methyl and methine protons (Figure 16). The other diastereomer shows three
methine and methyl signals, because they are all chemically inequivalent due to the
chiral carbon centers. For clarity, the two separate spectra are stacked in Figure 17.

Figure 15.

1

H NMR spectrum of methine (left) and methyl (right) signals for the two diastereomers of

PhSi[OCH(Me)Ph]3.

Figure 16. 1H NMR spectrum of methine (left) and methyl (right) signals for RRR-PhSi[OCH(Me)Ph]3.
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Figure 17. Stacked 1 H NMR spectra of methine (left) and methyl (right) signals for enantiopure, RRRPhSi[OCH(Me)Ph]3 (bottom) and the mixture of diastereomers of PhSi[OCH(Me)Ph]3 (top).

The same trend is also observed in the 13C{1H} NMR spectra, which is depicted in
Figure 18. While the methine signals (at ca. 71 ppm) overlap, the methyl signals (at ca.
26 ppm) and one group of signals for a phenyl carbon (at ca. 146 ppm) clearly show how
the mixture of diastereomers have four signals, while the enantiopure/diastereopure
compound has only one signal.
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Figure 18. Stacked 13C{1H} NMR spectra of phenyl (left), methine (middle) and methyl (right) signals for
enantiopure, RRR-PhSi[OCH(Me)Ph]3 (bottom) and the mixture of diastereomers of PhSi[OCH(Me)Ph]3
(top).

Finally,

29

Si NMR spectroscopy demonstrates how there are only two

diastereomers. Specifically, the mixture of diastereomers shows two signals in the 29Si
spectrum at -60.06 and -59.99 while the enantiopure compound shows only one signal
at -60.06.39

3.4

[! 3-Tptm]ZnH catalyzed hydrosilylation of CO2 with (EtO)3SiH
Another carbonyl compound that is of interest to hydrosilylate is carbon dioxide.

As mentioned earlier, catalytic hydrosilylation of CO2 was first realized in 1981, using
ruthenium complexes.27 There has been few developments in the past 30 years, with
most catalysts still relying on precious transition metals.

One recent advance is a

copper catalyzed hydrosilylation of CO2 with a relatively unreactive hydrosilane,
namely poly(methylhydrosiloxane), (PMHS).

In this report, a copper(I) hydride

chelated by 1,2-bis(diphenylphosphino)benzene (Figure 19) is presumed to be the active
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catalyst for the production of formic acid upon hydrolysis of the reaction mixture. The
presumed copper(I) hydride has been previously reported and dubbed as a “Hot”
Stryker’s Reagent by Lipshutz and co-workers,40 although there is no structural
characterization of the compound. It is noteworthy that the copper complex is the most
efficient catalyst for the hydrosilylation of CO2 to date, with a TON of 8100 and a TOF of
1350 h-1.42
Ph2
P
Cu

H

P
Ph2

Figure 19. 1,2-bis(diphenylphosphino)benzene copper(I) hydride.

While the majority of CO2 hydrosilylations result in formic acid derivates, there
are some examples of further reduction to the methanol level and even to methane. For
example, one notable accomplishment was the metal free hydrosilylation of CO2 using
an N-heterocyclic carbene (NHC) catalyst.30a In this example, CO2 is reduced down to
the methanol level, achieving 1840 turnovers with a TOF of 25.5 h-1. There have been
only two examples of methane produced via hydrosilylation, one using a zirconiumborane system29 and the other using a frustrated Lewis pair.31 For clarity, Table 3 lists the
catalysts that have been developed for the hydrosilylation of CO2 since this
transformations initial discovery.
Although there have been improvements in the catalytic hydrosilylation of CO2,
there have been no catalysts utilizing main group metals such as zinc. It is, therefore,
noteworthy, that [!3-Tptm]ZnH catalyzes this reaction, providing the first example of
zinc-catalyzed hydrosilylation of CO2.

Specifically, we first discovered that

triethoxysilane, (EtO)3SiH, reacts with [!4-Tptm]ZnO2CH to produce [!3-Tptm]ZnH at
elevated temperatures, albeit with low yield due to [!3-Tptm]ZnH decomposing at high
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temperatures.
[!3-Tptm]ZnH

However, if this reaction is performed in the presence of CO2, the
that

is

generated

rapidly

reacts

with

CO2

[!4-Tptm]ZnO2CH (see Scheme 18 for the proposed catalytic cycle).

to

regenerate
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Table 3. Catalysts for the hydrosilylation of CO2.

Catalyst

Ox. Statea

Temp (°C)

TON

TOF (h-1)

Ref

[!3-Tptm]ZnH

Formic

100

1000

2.9

this work

[!4-Tptm]ZnOSiMe3b

Formic

100

400

4.2

this work

[!3-Bptm*]ZnO2CH

Formic

25

c

c

this work

RuX2(PPh3)4 (X = H, Cl)

Formic

100

1-14

0.7

27

RuX3(MeCN)3 (X = Br, Cl)

Formic

85

d

d

32d

RuH2(PMe3)2

Formic

90

62

1

32e

RuCl3•nH2O

Formic

100

980

49

32c

RuCl3•nH2O

Formic

40

465

233

32b

Ru2Cl5(MeCN)7

Formic

100

4619f

f

32c

RhCl(PPh3)3

CO

25

d

d

41

HRu3(CO)11

Formic

60

292

12

32a

Ir(CN)(CO)dppe

Methanol

40

d

d

28

Zirconium complex

Methane

25

225

150

29

“[o-C6H4(PPh2)2]CuH”e

Formic

60

8100

1350

42

N-heterocyclic carbene

Methanol

25

1840

25.5

30a

Frustrated Lewis pair

Methane

56

d

d

31

a

"

Ox. State refers to the formal oxidation level of carbon derived from CO2, not

necessarily the specific compound formed.
b

[!4-Tptm]ZnOSiMe3 is a precatalyst.

c

Not yet determined.

d

The TON and TOF are not explicitly stated.

e

No copper complex is isolated. A mixture of Cu(OAc)2•H2O and 1,2-

bis(diphenylphosphino) benzene is mixed in the presence of PMHS.
f

The TON is the value reported for 10 consecutive experiments with recycled catalyst.
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[Tptm]ZnH

(EtO)3SiH + CO2

(EtO)3SiO2CH

CO2

[Tptm]ZnH

[Tptm]ZnO2CH

(EtO)3SiH
O
H

C
OSi(OEt)3

Scheme 18. [!3-Tptm]ZnH catalyzed hydrosilylation of CO2 by (EtO)3SiH to give (EtO)3SiO2CH.

Under catalytic conditions, the product, triethoxysilyl formate, HCO2Si(OEt)3
(Scheme 18),43 is formed in high yield with quantitative conversion of (EtO)3SiH and no
noticeable decomposition of the catalyst. HCO2Si(OEt)3 is moisture sensitive, and it has
been isolated from the reaction mixture via vacuum distillation.
Only 0.1 mol % of [!3-Tptm]ZnH catalyzes the hydrosilylation of CO2 at 100˚C,
with a TON of 103 and a TOF of 2.9 h-1. The TOF has been determined for the entire
reaction (i.e. determined by the time it takes for all (EtO)3SiH to be consumed). It is
important to note that the TOF changes throughout the reaction, decreasing as the
concentration of silane diminishes, due to the slow step of the catalytic cycle being
reaction of

the

formate

complex,

[!4-Tptm]ZnO2CH,

with (EtO)3SiH.

The

trimethylsiloxide complex, [!4-Tptm]ZnOSiMe3, can be used as an effective precatalyst
with very low catalyst loadings.

For example, employing 0.25 mol % of

[!4-Tptm]ZnOSiMe3, quantitative conversion of (EtO)3SiH is achieved, corresponding to
a TON of 400 with a TOF of 4.2 h-1. While this is not a high TOF, it is within the range
observed for ruthenium-catalyzed hydrosilylation of CO2.30,32b,44
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A possible mechanism for the catalytic cycle is illustrated in Scheme 18, with
support for this mechanism as follows: (i) [!3-Tptm]ZnH reacts rapidly with CO2 to
give the formate complex [!4-Tptm]ZnO2CH, (ii) [!4-Tptm]ZnO2CH reacts with
(EtO)3SiH at elevated temperatures to regenerate [!3-Tptm]ZnH, (iii) [!4-Tptm]ZnO2CH
may be employed as the initial catalyst, (iv) [!4-Tptm]ZnO2CH has been identified by 1H
NMR spectroscopy as the resting state of the catalyst and (v) the catalyst can be
recovered as [!4-Tptm]ZnO2CH at the end of the reaction. The ability of zinc to effect
the hydrosilylation of CO2 provides fundamental evidence that it is possible that
inexpensive, abundant metals can replace precious transition metals that are currently
used in these catalytic processes.
The synthesis of silyl formates by the catalyzed hydrosilylation of CO2 is fully
atom efficient and environmentally benign, in contrast to other synthetic methods
involving the reaction of silyl halides or triflates with formic acid in the presence of a
base (e.g. pyridine or Et3N).45

Also of significance is that the zinc-catalyzed

hydrosilylation can be performed without the use of solvent (i.e. neat reaction). This is
in contrast to the ruthenium-catalyzed reaction between Et3SiH and CO2, which gives
HCO2SiEt3 in acetonitrile solution, but the siloxane Et3SiOSiEt3 in the absence of a
solvent.32c
Silyl formates are of interest because they have the potential for serving as
formylating agents.46 This overall transformation would provide a means to convert
CO2 into other useful compounds.

In this vein, the product of hydrosilylation,

HCO2Si(OEt)3, is a reactive formylation agent. For example, treatment with aqueous
HCl results in an immediate, exothermic reaction producing ethyl formate, HCO2Et
(Scheme 19). Addition of amines result in formyl transfer to generate the formamide;
reaction with Me2NH results in an immediate, exothermic reaction to give N,Ndimethylformamide, Me2NCHO (Scheme 19). By comparison, amines do not react with
simple alkyl esters under these conditions in the absence of a catalyst.47
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Scheme 19. Formyl transfer from HCO2Si(OEt)3 to give HCO2Et and Me2NCHO.

3.5

Synthesis of ! 3 enforced compounds: [Bptm*]H
As described previously (chapter 1), the [Tptm] ligand has the ability to bind to

zinc in two different coordination modes, namely !3 or !4. We have demonstrated that
[!3-Tptm]ZnH is capable of catalyzing the hydrosilylation of CO2. However, a negative
aspect of this system is that catalysis does not occur at room temperature. Due to the
fact that the slow step (i.e. the turnover limiting step) is the reaction between
[!4-Tptm]ZnO2CH

and

(EtO)3SiH,

we

hypothesized

that

destabilization

of

[!4-Tptm]ZnO2CH would result in a faster reaction. Since [!4-Tptm]ZnO2CH exists with
the [Tptm] ligand binding with a !4-coordination, it may be presumed that the
!3-isomer, [!3-Tptm]ZnO2CH, would be higher in energy, and thus more reactive (DFT
calculations predict that the !4-isomer is lower in energy by 3.81 kcal mol-1) .
[!3-Tptm]ZnO2CH presumably cannot be synthesized, so modification of the
ligand was necessary. One idea was to replace one of the 2-mercaptopyridine arms
with an isomer, namely 4-mercaptopyridine; the nitrogen atom of the pyridine ring is at
the 4 position relative to the mercapto group and could not coordinate to the metal
center (Figure 20). An alternative idea was to use an aromatic ring that did not possess
a coordinating atom; specifically, para-thiocresol (i.e. 4-methylbenzenethiol) was
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selected because the methyl group would provide a distinct 1H NMR spectroscopic
signal (Figure 20).
SH

SH

SH

N
N
Me

Figure 20. 2-mercaptopyridine (left), 4-mercaptopyridine (middle) and para-thiocresol (right).

In order to synthesize the desired !3-enforced ligand, namely, [Bptm*]H (Bptm*
= bis(2-pyridylthio)(p-tolylthio)methyl), a two to one ratio of 2-mercaptopyridine and
para-thiocresol were deprotonated using sodium hydride, to which bromoform was
then added.

The reaction generated a statistical mixture of compounds that were

separable via flash column chromatography (Scheme 20). Summarized in Scheme 20,
[Tptm]H, [Bptm*]H and [Mptm*]H are produced in the reaction, with only trace
amounts of HC(p-thiocresolate)3 (not shown in Scheme 20). When isolated as a pure
compound, [Bptm*]H is an orange viscous oil.
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Scheme 20. Synthesis of [Bptm*]H.

[Bptm*]H reacts readily with Zn[N(SiMe3)2]2 in benzene to produce the
bis(trimethylsilyl)amide complex, [!3-Bptm*]ZnN(SiMe3)2 (Scheme 21). The molecular
structure of [!3-Bptm*]ZnN(SiMe3)2 has been determined by single crystal X-ray
diffraction, which is shown in Figure 21. As expected, the [Bptm*] ligand binds in a
!3-CN2 fashion.
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Scheme 21. Synthesis of [!3-Bptm*]ZnN(SiMe3)2.

Figure 21. Molecular structure of [!3-Bptm*]ZnN(SiMe3)2.

While [!3-Bptm*]ZnH is the desired compound for use as a CO2 hydrosilylation
catalyst, to date, the hydride complex has not yet been isolated. If [!3-Bptm*]ZnH were
to be an active catalyst, then the formate complex should presumably also be active, as
it is the product of the reaction between [!3-Bptm*]ZnH and CO2. This anticipated
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catalytic cycle is depicted in Scheme 22. [!3-Bptm*]ZnO2CH has been synthesized via
treatment of [!3-Bptm*]ZnN(SiMe3)2 with CO2 in the presence of PhSiH3 (Scheme 23).
This

synthetic

method

was

based

on

the

reactivity

observed

between

[!3-Tptm]ZnN(SiMe3)2 and CO2 (i.e. [!4-Tptm]ZnOSiMe3 is first generated, which we
have demonstrated reacts with various silanes to produce [!3-Tptm]ZnH). A proposed
mechanism for the formation of [!3-Bptm*]ZnO2CH from [!3-Bptm*]ZnN(SiMe3)2 is
depicted in Scheme 24. The molecular structure of [!3-Bptm*]ZnO2CH has also been
determined by single crystal X-ray diffraction, and is depicted in Figure 22.

CO2

[Bptm*]ZnH

[Bptm*]ZnO2CH

(EtO)3SiH
O
H

C
OSi(OEt)3

Scheme 22. [! 3-Bptm*]ZnH catalyzed hydrosilylation of CO2 by (EtO)3SiH.
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Scheme 23. Synthesis of [! 3-Bptm*]ZnO2CH.
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Scheme 24. Proposed mechanism of formation for [! 3-Bptm*]ZnO2CH.
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Figure 22. Molecular structure of [! 3-Bptm*]ZnO2CH.

It is exciting that [!3-Bptm*]ZnO2CH is an active, room-temperature catalyst for
the hydrosilylation of CO2 (Scheme 22). For example, 0.8 mol % of [!3-Bptm*]ZnO2CH
in benzene solvent achieves 13 turnovers at room temperature in 68 hours,
corresponding to a TOF of 0.2 h-1.48 This is different than the [Tptm] system, which
shows no catalysis at room temperature. The silylformate derivative, HCO2Si(OEt)3, is
the product of this catalysis.

3.6

Summary and conclusions
In summary, the zinc hydride complex, [!3-Tptm]ZnH, is an effective and robust

catalyst for (i) rapid generation of hydrogen on demand, (ii) hydrosilylation of
aldehydes and ketones producing siloxanes and (iii) the functionalization of CO2 that
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produces a useful formylating agent.

Additionally, [!3-Bptm*]ZnO2CH has been

synthesized, which serves as a room temperature catalyst for the hydrosilylation of CO2.
These results provide further evidence that, in suitable ligand environments, cheap and
abundant non-transition metals can perform reactions that are typically catalyzed by
compounds that contain precious metals.

3.7

Experimental details

3.7.1 General considerations
All manipulations were performed using a combination of glovebox, high vacuum, and
Schlenk techniques under a nitrogen or argon atmosphere.49 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 NMR 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, 7.26 for CHCl3).50

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 and $ 77.16 for CDCl3).50

29

Si NMR are reported in ppm

relative to internal SiMe4 ($ = 0). 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). All chemicals were obtained from
Aldrich, with the exception of phenylsilane (97 %, Alfa Aesar), triethoxysilane (Alfa
Aesar) and methanol (Fisher Scientific). [!4-Tptm]ZnOSiMe3,51 [!3-Tptm]ZnH,51 and [!4Tptm]ZnO2CH51 were prepared by the literature methods.
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3.7.2 Computational details
Calculations were carried out using DFT as implemented in the Jaguar 7.5 (release 207)
suite of ab initio quantum chemistry programs.52

Geometry optimizations were

performed with the B3LYP density functional53 using the 6-31G** (C, H, N, O, S) and
LAV3P (Zn) basis sets.54 The energies of the optimized structures were reevaluated by
additional single point calculations on each optimized geometry using cc-pVTZ(-f)55
correlation consistent triple-% (C, H, N, O, Si, S,) and LAV3P (Zn) basis sets.

3.7.3 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 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 6.1).56

3.7.4 [! 3-Tptm]ZnH catalyzed hydrolysis of PhSiH3
(i) A mixture of PhSiH3 (10 µL, 0.08 mmol) and [!3-Tptm]ZnH (5 mg, 0.01 mmol, 5.0 mol
% per SiH bond) in THF-d8 (ca. 0.7 mL) was treated with H2O (10 µL, 0.56 mmol)
resulting in the rapid generation of H2.

The mixture was monitored by 1H NMR

spectroscopy which demonstrated the evolution of H2 over a period of 1 hour.

(ii) A mixture of PhSiH3 (700 µL, 5.67 mmol) and [!3-Tptm]ZnH (69 mg, 0.17 mmol, 1.0
mol % per SiH bond) in THF (2.0 mL) was treated with H2O (500 µL, 27.75 mmol),
thereby resulting in the rapid evolution of H2, which was measured volumetrically.
One equivalent of H2 was released after 14 seconds (TOF = 8.58 # 103 h-1) and two
equivalents after 58 seconds (TOF = 4.14 # 103 h-1). Release of the third equivalent
occurred over ca. 4 hours (TOF = 25 h-1 for the overall reaction).

The volatile

227
components were then removed in vacuo to give a yellowish sticky solid.
(CDCl3): $ 7.0 – 8.1 (broad and ill defined).

13

1

H NMR

C{1H} NMR (CDCl3): 127.8, 130.3, 131.4

and 134.2 (broad). In the absence of a catalyst, a mixture of PhSiH3 (480 mg, 4.44 mmol)
and H2O (400 µL, 22.20 mmol) in THF (2.0 mL) releases only 59 mL (18 %) of H2 over a
period of 115 hours; 115 mL of H2 were released after 364 hours.

3.7.5 [! 4-Tptm]ZnOSiMe3 as a precatalyst for the hydrolysis of PhSiH3
(i) A mixture of PhSiH3 (10 µL, 0.08 mmol) and [!4-Tptm]ZnOSiMe3 (5 mg, 0.01 mmol,
4.1 mol % per SiH bond) in THF-d8 (ca. 0.7 mL) was treated with H2O (10 µL, 0.55 mmol)
resulting in the rapid generation of H2.

The mixture was monitored by 1H NMR

spectroscopy which demonstrated the evolution of H2 over a period of 1 hour.

(ii) A solution of [!4-Tptm]ZnOSiMe3 (40 mg, 0.08 mmol, 1.0 mol % per SiH bond) and
PhSiH3 (290 mg, 2.68 mmol) in THF (1.20 mL) was treated with H2O (160 µL, 8.88 mmol)
and the hydrogen released was measured volumetrically. One equivalent of H2 was
released after 12 seconds (TOF = 1.00 # 104 h-1) and two equivalents after 90 seconds
(TOF = 2.67 # 103 h-1). Release of the third equivalent occurred over ca. 4 hours (TOF =
25 h-1 for the overall reaction).

(iii) A suspension of [!4-Tptm]ZnOSiMe3 (1 mg, 0.002 mmol) and PhSiH3 (35 mg, 0.32
mmol) in THF (ca. 0.5 mL) in a small vial was treated with H2O (50 µL, 2.77 mmol). The
vial was closed with a rubber septum that was pierced with a cannula. The gas released
was bubbled for two minutes via the cannula into C6D6 (ca. 1 mL) in a small vial. The
solution in C6D6 was transferred to an NMR tube equipped with a J. Young valve and
analyzed by 1H NMR spectroscopy, thereby indicating the presence of H2.
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3.7.6 {[! 3–Tptm]Zn(µ-OH)}2 catalyzed hydrolysis of PhSiH3
(i) A solution of {[!3–Tptm]Zn(µ-OH)}2 (8 mg, 0.01 mmol) in C6D6 (ca. 0.7 mL) in an
NMR tube equipped with a J. Young valve was treated with PhSiH3 (20 mg, 0.18 mmol)
and H2O (50 µL, 2.77 mmol). The reaction was monitored by 1H NMR spectroscopy,
thereby providing evidence for evolution of H2 over a period of 1 day.

(ii) A solution of PhSiH3 (88 mg, 0.81 mmol) and H2O (75 µL, 4.16 mmol) in THF (1.0
mL) was added to {[!3–Tptm]Zn(µ-OH)}2 (20 mg, 0.02 mmol, 1.9 mol % of monomeric
[Tptm]ZnOH per SiH bond), resulting in the rapid evolution of H2, which was
measured volumetrically. One equivalent of H2 was released after 7 seconds (TOF =
8.88 # 103 h-1) and two equivalents after 32 seconds (TOF = 3.89 # 103 h-1). Release of the
third equivalent occurred over ca. 1 hour (TOF = 52 h-1 for the overall reaction).

3.7.7 Reaction of {[! 3–Tptm]Zn(µ-OH)}2 with PhSiH3 to give [! 3-Tptm]ZnH
A solution of {[!3–Tptm]Zn(µ-OH)}2 (3 mg, 0.004 mmol) in C6D6 (ca. 0.7 mL) in an NMR
tube equipped with a J. Young valve was treated with PhSiH3 (20 mg, 0.18 mmol). The
reaction was monitored by 1H NMR spectroscopy, thereby indicating the conversion to
[!3–Tptm]ZnH after a period of 15 minutes at room temperature.

3.7.8 [! 3-Tptm]ZnH catalyzed methanolysis of PhSiH3 to give PhSi(OMe)3
A mixture of PhSiH3 (25 mg, 0.23 mmol) and [!3-Tptm]ZnH (2 mg, 0.005 mmol) in C6D6
(ca. 0.7 mL) was treated with MeOH (9.0 µL, 0.22 mmol). The mixture was monitored
by 1H NMR spectroscopy which demonstrated the evolution of H2 and a reaction
mixture with the composition of PhSiH3, PhSiH(OMe)2, PhSi(OMe)3 in a 10:5:1 ratio
after 20 minutes. The mixture was then treated with MeOH (9.0 µL, 0.22 mmol), and
monitored by 1H NMR spectroscopy which demonstrated the evolution of H2 and a

229
reaction mixture with the composition of PhSiH3, PhSiH(OMe)2, and PhSi(OMe)3 in a
1:5:1 ratio after 20 minutes. The mixture was then treated with MeOH (15.0 µL, 0.37
mmol), and monitored by 1H NMR spectroscopy which demonstrated the evolution of
H2 and the clean formation of PhSi(OMe)3 after 20 minutes. The mixture was then
passed through a small plug of silica, and the volatiles were evaporated in vacuo giving
PhSi(OMe)3 as a colorless oil, as identified by comparison of the NMR data to the
literature data.57
1

H NMR (CDCl3): 3.65 [s, 9H, PhSi(OCH3)3], 7.39-7.49 [m, 3H, PhSi(OCH3)3], 7.66-

7.69 [m, 2H, PhSi(OCH3)3]. 13C{1H} NMR (CDCl3): 51.0 [s, 3C, PhSi(OCH3)3], 128.1 [s, 2C,
PhSi(OCH3)3], 129.5 [s, 1C, PhSi(OCH3)3], 130.8 [s, 1C, PhSi(OCH3)3], 134.9 [s, 2C,
PhSi(OCH3)3].

3.7.9 [! 4-Tptm]ZnOSiMe3 as a precatalyst for the methanolysis of PhSiH3 to give
PhSi(OMe)3
(i) A solution of [!4-Tptm]ZnOSiMe3 (40.0 µL of 0.008 M in toluene, 3.2 # 10-4 mmol,
0.001 mol % per SiH bond) and PhSiH3 (1350 µL, 10.94 mmol) in toluene (1.00 mL) was
treated with MeOH (1.60 mL, 39.50 mmol). The rapid evolution of hydrogen was
measured volumetrically. One equivalent of H2 was released after 75 seconds (TOF =
1.63 # 106 h-1) and two equivalents after 171 seconds (TOF = 1.43 # 106 h-1). Release of
the third equivalent occurred over ca. 1 hour (TOF = 1.02 # 105 h-1 for the overall
reaction). In the absence of a catalyst, a mixture of PhSiH3 (1154 mg, 10.66 mmol) and
MeOH (1.60 mL, 39.50 mmol) in toluene (1.0 mL) releases only 380 mL of H2 (48 %) over
a period of 123 hours.

(ii) A solution of [!4-Tptm]ZnOSiMe3 (16 mg, 0.03 mmol, 0.1 mol % per SiH bond) and
PhSiH3 (1300 µL, 10.54 mmol) in toluene (1.00 mL) was treated with MeOH (1.60 mL,
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39.50 mmol). The rapid evolution of hydrogen was measured volumetrically, thereby
demonstrating that 85 % of the H2 was released after 5 seconds (TOF = 6.11 # 105 h-1).
Complete release of 3 equivalents was observed after 420 seconds.

3.7.10 [! 4-Tptm]ZnOSiMe3 as a precatalyst for the stepwise methanolysis of PhSiH3
A solution of [!4-Tptm]ZnOSiMe3 (16.0 mg, 0.03 mmol) and PhSiH3 (1154 mg, 10.66
mmol) in toluene (1.0 mL) was treated with MeOH (250 µL, 6.17 mmol) and the
hydrogen released was measured volumetrically. Additional portions of MeOH were
added on an hourly basis until the PhSiH3 was fully consumed (6 times total).
3.7.11 [! 4-Tptm]ZnOSiMe3 as a precatalyst for the methanolysis of PhSiH3 to give
PhSi(OMe)3 at 0 ˚C
A solution of [!4-Tptm]ZnOSiMe3 (30.0 µL of 0.01 M in toluene, 3.0 # 10-4 mmol, 0.025
mol % per SiH bond) and PhSiH3 (50 µL, 0.41 mmol) in toluene (1.00 mL) was placed in
an ice-bath and treated with MeOH (1.00 mL, 24.69 mmol). The evolution of hydrogen
was measured volumetrically. One equivalent of H2 was released after 40 seconds (TOF
= 1.21 # 105 h-1) and two equivalents after 197 seconds (TOF = 4.90 # 104 h-1). Release of
the third equivalent was much slower, requiring ca. 1 hour (TOF = 4.03 # 103 h-1).

3.7.12 [! 4-Tptm]ZnOSiMe3 as a precatalyst for the methanolysis of PhSiH3 to give
PhSiH(OMe)2
A solution of [!4-Tptm]ZnOSiMe3 (1.0 mg, 0.002 mmol) in toluene (2.0 mL) was placed
in an ice bath and was treated with PhSiH3 (1140 µL, 9.24 mmol). The mixture was
stirred for 2 minutes and then treated with MeOH (0.8 mL, 19.75 mmol), thereby
resulting in the rapid evolution of H2. The volatile components were removed in vacuo
after 15 minutes and the colorless liquid obtained was distilled in vacuo at 40 ˚C to give
PhSi(OMe)2H (940 mg, 57%) which contained a 6 mole percent impurity of PhSi(OMe)3.
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1

H NMR (C6D6): 3.40 [s, 6H, PhSiH(OCH3)2], 5.14 [s, 1H, PhSiH(OCH3)2], 7.16-

7.19 [m, 3H, PhSiH(OCH3)2], 7.70-7.72 [m, 2H, PhSiH(OCH3)2].

13

C{1H} NMR (C6D6):

50.91 [s, 2C, PhSiH(OCH3)2], 128.3 [s, 2C, PhSiH(OCH3)2], 131.0 [s, 1C, PhSiH(OCH3)2],
133.1 [s, 1C, PhSiH(OCH3)2], 134.5 [s, 2C, PhSiH(OCH3)2].

3.7.13 [! 3-Tptm]ZnH catalyzed methanolysis of PhMeSiH2 to give PhMeSiH(OMe)
A suspension of [!3-Tptm]ZnH (1.0 mg, 0.002 mmol, 0.3 mol % per SiH bond) in C6D6
(0.7 mL) in a small vial was treated with PhMeSiH2 (50 µL, 0.36 mmol). MeOH (15.0 µL,
0.37 mmol) was then added to the mixture, thereby resulting in the rapid evolution of
H2 over a period of ca. 30 minutes.

The reaction was then analyzed by 1H NMR

spectroscopy, thereby indicating the presence of PhMeSiH2, PhMeSiH(OMe) and
PhMeSi(OMe)2 in a ca. 3:11:1 ratio (TON = 129 and TOF = 258 h-1).

3.7.14 [! 3-Tptm]ZnH catalyzed methanolysis of PhMeSiH2 to give PhMeSi(OMe)2
A suspension of [!3-Tptm]ZnH (1.0 mg, 0.002 mmol, 0.3 mol % per SiH bond) in C6D6
(0.7 mL) in a small vial was treated with PhMeSiH2 (50 µL, 0.36 mmol). MeOH (40.0 µL,
0.99 mmol) was then added to the mixture, thereby resulting in the rapid evolution of
H2 over a period of ca. 6 minutes. The reaction was analyzed by 1H NMR spectroscopy,
thereby indicating the quantitative conversion to PhMeSi(OMe)2 (TON = 298 and TOF =
2.98 # 103 h-1).
1

H NMR (CDCl3): 0.36 [s, 3H, PhMeSi(OCH3)2], 3.57 [s, 6H, PhMeSi(OCH3)2],

7.38-7.45 [m, 3H, PhMeSi(OCH3)2], 7.62 [d, 3JH-H = 7 Hz, 2H, PhMeSi(OCH3)2].

13

C{1H}

NMR (CDCl3): -5.0 [s, 1C, PhMeSi(OCH3)2], 50.7 [s, 2C, PhMeSi(OCH3)2], 128.1 [s, 2C,
PhMeSi(OCH3)2], 130.3 [s, 1C, PhMeSi(OCH3)2], 133.9 [s, 1C, PhMeSi(OCH3)2], 134.1 [s,
2C, PhMeSi(OCH3)2].
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3.7.15 [! 3-Tptm]ZnH catalyzed alcoholysis of PhSiH3 with EtOH to give PhSi(OEt)3
[!3-Tptm]ZnH (2 mg, 0.005 mmol, 0.4% mole catalyst per SiH bond) was added to a
mixture of PhSiH3 (44 mg, 0.41 mmol) and EtOH (80 mg, 1.74 mmol) in a small vial,
thereby resulting in the rapid, exothermic evolution of H2 over a period of one minute.
The product was analyzed by 1H NMR spectroscopy, thereby showing >99% conversion
of PhSiH3 to PhSi(OEt)3 (TON = 248, TOF = 1.49 # 104 h-1), as identified by comparison of
the NMR data to the literature data. 58
1

H NMR (CDCl3): 1.25 [t, 3JH-H = 7 Hz, 9H, PhSi(OCH2CH3)3], 3.87 [q, 3JH-H = 7 Hz,

6H, PhSi(OCH2CH3)3], 7.35-7.43 [m, 3H, PhSi(OCH2CH3)3], 7.66-7.69 [m, 2H,
PhSi(OCH2CH3)3].

13

C{1H} NMR (CDCl3): 18.4 [s, 3C, PhSi(OCH2CH3)3], 58.9 [s, 3C,

PhSi(OCH2CH3)3], 128.0 [s, 2C, PhSi(OCH2CH3)3], 130.5 [s, 1C, PhSi(OCH2CH3)3], 131.1
[s, 1C, PhSi(OCH2CH3)3], 135.0 [s, 2C, PhSi(OCH2CH3)3].

3.7.16 [! 3-Tptm]ZnH catalyzed alcoholysis of PhSiH3 with PriOH to give PhSi(OPri)3
A suspension of [!3-Tptm]ZnH (4 mg, 0.01 mmol, 0.8 mol % per SiH bond) in C6D6 (ca.
0.7 mL) in an NMR tube equipped with a J. Young valve was treated with PhSiH3 (44
mg, 0.41 mmol). PriOH (108 mg, 1.80 mmol) was added and the reaction was monitored
by 1H NMR spectroscopy, thereby demonstrating the evolution of H2 and formation of
PhSi(OPri)3 over a period of 2 hours (TON = 125 and TOF = 62 h-1).
1

H NMR (CDCl3): 1.24 [d, 3JH-H = 6 Hz, 18H, PhSi(OCH(CH3)2)3], 4.30 [sept, 3JH-H =

6 Hz, 3H, PhSi(OCH(CH3)2)3], 7.36-7.43 [m, 3H, PhSi(OCH(CH3)2)3], 7.70-7.73 [m, 2H,
PhSi(OCH(CH3)2)3].

13

C{1H} NMR (CDCl3): 25.6 [s, 6C, PhSi(OCH(CH3)2)3], 65.5 [s, 3C,

PhSi(OCH(CH3)2)3], 127.8 [s, 2C, PhSi(OCH(CH3)2)3], 130.1 [s, 1C, PhSi(OCH(CH3)2)3],
132.9 [s, 1C, PhSi(OCH(CH3)2)3], 135.0 [s, 2C, PhSi(OCH(CH3)2)3]. PhSi(OPri)3 has been
previously reported.59
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3.7.17 [! 3-Tptm]ZnH catalyzed alcoholysis of PhSiH3 with PhCH2OH to give
PhSi(OCH2Ph)3
[!3-Tptm]ZnH (2 mg, 0.005 mmol, 0.4 mol % per SiH bond) was added to a mixture of
PhSiH3 (44 mg, 0.41 mmol) and PhCH2OH (160 mg, 1.48 mmol) in a small vial, thereby
resulting in the rapid exothermic evolution of H2 over a period of one minute. The
sample was analyzed by 1H NMR spectroscopy, showing >99% conversion of PhSiH3 to
PhSi(OCH2Ph)3 (TON = 248, TOF = 1.49 # 104 h-1). The reaction mixture was then
extracted into CH2Cl2 (ca. 2 mL), and washed with saturated aqueous Na2CO3 (ca. 3 mL).
The volatile components were removed in vacuo and the colorless oil obtained was
dissolved in CHCl3 and passed through a small plug of silica. The solvent was removed
in vacuo to give PhSi(OCH2Ph)3 as a colorless oil, as identified by comparison of the
NMR data to the literature data.60 Mass spectrum: m/z = 425.2 {M-1}+.
1

H NMR (CDCl3):

4.86 [s, 6H, PhSi(OCH2Ph)3], 7.25-7.32 [m, 15H,

PhSi(OCH2Ph)3], 7.37-7.41 [m, 2H, PhSi(OCH2Ph)3], 7.44-7.48 [m, 1H, PhSi(OCH2Ph)3],
7.70-7.72 [m, 2H, PhSi(OCH2Ph)3]. 13C NMR (CDCl3): 65.2 [s, 3C, PhSi(OCH2Ph)3], 126.8
[s, 6C, PhSi(OCH2Ph)3], 127.4 [s, 3C, PhSi(OCH2Ph)3], 128.1 [s, 3C, PhSi(OCH2Ph)3], 128.4
[s, 6C, PhSi(OCH2Ph)3], 130.9 [s, 1C, PhSi(OCH2Ph)3], 131.0 [s, 1C, PhSi(OCH2Ph)3], 135.1
[s, 2C, PhSi(OCH2Ph)3], 140.2 [s, 2C, PhSi(OCH2Ph)3].

3.7.18 [! 3-Tptm]ZnH catalyzed alcoholysis of PhSiH3 with racemic 1-phenylethanol
to give PhSi[OCH(Me)Ph]3
A suspension of [!3-Tptm]ZnH (8 mg, 0.02 mmol, 0.8 mol % per SiH bond) in C6D6 (ca.
0.7 mL) in an NMR tube equipped with a J. Young valve was treated with PhSiH3 (88
mg, 0.81 mmol). 1-Phenylethanol (393 µL, 3.26 mmol) was added, thereby resulting in
evolution of H2 over a period of ca. 2.5 hours. The sample was analyzed by 1H NMR
spectroscopy, thereby demonstrating the conversion to PhSi[OCH(Me)Ph]3 as a

234
statistical mixture of RRR/SSS and RRS/RSS diastereomers (TON = 125, TOF = 50 h-1).
Mass spectrum: m/z = 467.3 {M-1}+.
1
3

H NMR (CDCl3): (RRR) 1.42 [d, 3JH-H = 6 Hz, 9H, PhSi(OCH(CH3)Ph)3], 4.99 [q,

JH-H = 6 Hz, 3H, PhSi(OCH(CH3)Ph)3], 7.17-7.37 [m, 18H, PhSi(OCH(CH3)Ph)3], 7.57-7.60

[m, 2H, PhSi(OCH(CH3)Ph)3].
(RRS): 1.30 [d, 3JH-H = 6 Hz, 3H, PhSi(OCH(CH3)Ph)3], 1.32 [d, 3JH-H = 6 Hz, 3H,
PhSi(OCH(CH3)Ph)3], 1.40 [d, 3JH-H = 6 Hz, 3H, PhSi(OCH(CH3)Ph)3], 4.95-5.08 [m
(overlapping

with RRR diastereomer,

3H,

PhSi(OCH(CH3)Ph)3], 7.17-7.37

[m

(overlapping with RRR diastereomer), 18H, PhSi(OCH(CH3)Ph)3], 7.54-7.56 [m, 2H,
PhSi(OCH(CH3)Ph)3].
1

H

H NMR (C6D6): (RRR) 1.44 [d, 3JH-H = 6 Hz, 9H, PhSi(OCH(CH3)Ph)3], 5.12 [q, 3JH-

= 6 Hz, 3H, PhSi(OCH(CH3)Ph)3], 7.05-7.30 [m overlapping with RRS diastereomer,

18H, PhSi(OCH(CH3)Ph)3], 7.82-7.85 [m, 2H, PhSi(OCH(CH3)Ph)3].
(RRS): 1.35 [d, 3JH-H = 6 Hz, 3H, PhSi(OCH(CH3)Ph)3], 1.37 [d, 3JH-H = 6 Hz, 3H,
PhSi(OCH(CH3)Ph)3], 1.43 [d, 3JH-H = 6 Hz, 3H, PhSi(OCH(CH3)Ph)3], 5.10-5.21 [m
(overlapping

with RRR diastereomer,

3H,

PhSi(OCH(CH3)Ph)3], 7.05-7.30

[m

(overlapping with RRR diastereomer), 18H, PhSi(OCH(CH3)Ph)3], 7.78-7.80 [m, 2H,
PhSi(OCH(CH3)Ph)3].
13

C{1H} NMR (CDCl3):

(RRR)

26.8 [s, 3C, PhSi(OCH(CH3)Ph)3], 71.2 [s, 3C,

PhSi(OCH(CH3)Ph)3],

125.5

[s,

6C,

PhSi(OCH(CH3)Ph)3],

127.0

[s,

3C,

PhSi(OCH(CH3)Ph)3],

127.8

[s,

2C,

PhSi(OCH(CH3)Ph)3],

128.2

[s,

6C,

PhSi(OCH(CH3)Ph)3],

130.3

[s,

1C,

PhSi(OCH(CH3)Ph)3],

131.7

[s,

1C,

PhSi(OCH(CH3)Ph)3],

135.1

[s,

2C,

PhSi(OCH(CH3)Ph)3],

145.8

[s,

3C,

PhSi(OCH(CH3)Ph)3].
13

C{1H} NMR (CDCl3): RRR and RRS together: 26.59 [s, 1C, PhSi(OCH(CH3)Ph)3],

26.62 [s, 1C, PhSi(OCH(CH3)Ph)3], 26.72 [s, 1C, PhSi(OCH(CH3)Ph)3], 26.75 [s, 3C,
PhSi(OCH(CH3)Ph)3],

71.25

[s,

3C,

PhSi(OCH(CH3)Ph)3],

71.28

[s,

2C,
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PhSi(OCH(CH3)Ph)3],

71.3

[s,

1C,

PhSi(OCH(CH3)Ph)3],

PhSi(OCH(CH3)Ph)3],

125.50

[s,

2C,

PhSi(OCH(CH3)Ph)3],

PhSi(OCH(CH3)Ph)3],

125.55

[s,

2C,

PhSi(OCH(CH3)Ph)3],

127.05

[s,

PhSi(OCH(CH3)Ph)3],

127.81

PhSi(OCH(CH3)Ph)3],

125.48

[s,

6C,

125.53

[s,

2C,

PhSi(OCH(CH3)Ph)3],

126.97

[s,

3C,

3C,

PhSi(OCH(CH3)Ph)3]

127.79

[s,

2C,

[s,

2C,

PhSi(OCH(CH3)Ph)3],

128.18

[s,

6C,

128.24

[s,

6C,

PhSi(OCH(CH3)Ph)3],

130.33

[s,

2C,

PhSi(OCH(CH3)Ph)3],

131.56

[s,

1C,

PhSi(OCH(CH3)Ph)3],

131.72

[s,

1C,

PhSi(OCH(CH3)Ph)3],

135.09

[s,

4C,

PhSi(OCH(CH3)Ph)3],

145.80

[s,

3C,

PhSi(OCH(CH3)Ph)3],

145.84

[s,

1C,

PhSi(OCH(CH3)Ph)3],

145.90

[s,

1C,

PhSi(OCH(CH3)Ph)3], 145.94 [s, 1C, PhSi(OCH(CH3)Ph)3].
29

Si{1H} NMR (CDCl3): RRR: -60.75. RRS: -60.66.

29

Si{1H} NMR (C6D6): RRR: -

60.06. RRS: -59.99.

3.7.19 [! 3-Tptm]ZnH catalyzed alcoholysis of PhSiH3 with (R)-(+)-1-phenylethanol to
give RRR-PhSi[OCH(Me)Ph]3
A suspension of [!3-Tptm]ZnH (8 mg, 0.02 mmol, 0.8 mol % per SiH bond) in C6D6 (ca.
0.7 mL) in an NMR tube equipped with a J. Young valve was treated with PhSiH3 (88
mg, 0.81 mmol). (R)-(+)-1-Phenylethanol (393 µL, 3.26 mmol) was added, thereby
resulting in evolution of H2 over a period of ca. 2.5 hours. The sample was analyzed by
1

H

NMR

spectroscopy,

thereby

demonstrating

the

conversion

to

RRR-

PhSi[OCH(Me)Ph]3 (TON = 125, TOF = 50 h-1). The volatile components were removed
in vacuo and the colorless oil obtained was redissolved in CH2Cl2 (ca. 1 mL), and
purified by flash column chromatography (silica gel, ca. 3 mL) to give RRRPhSi[OCH(Me)Ph]3 as a colorless oil after removal of the solvent in vacuo.
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1

H NMR (CDCl3): 1.42 [d, 3JH-H = 6 Hz, 9H, PhSi(OCH(CH3)Ph)3], 4.99 [q, 3JH-H = 6

Hz, 3H, PhSi(OCH(CH3)Ph)3], 7.17-7.37 [m, 18H, PhSi(OCH(CH3)Ph)3], 7.57-7.60 [m, 2H,
PhSi(OCH(CH3)Ph)3].
1

H NMR (C6D6): 1.44 [d, 3JH-H = 6 Hz, 9H, PhSi(OCH(CH3)Ph)3], 5.12 [q, 3JH-H = 6

Hz, 3H, PhSi(OCH(CH3)Ph)3], 7.05-7.23 [m, 18H, PhSi(OCH(CH3)Ph)3], 7.82-7.84 [m, 2H,
PhSi(OCH(CH3)Ph)3].
13

C{1H} NMR (CDCl3):

26.8 [s, 3C, PhSi(OCH(CH3)Ph)3], 71.2 [s, 3C,

PhSi(OCH(CH3)Ph)3],

125.5

[s,

6C,

PhSi(OCH(CH3)Ph)3],

127.0

[s,

3C,

PhSi(OCH(CH3)Ph)3],

127.8

[s,

2C,

PhSi(OCH(CH3)Ph)3],

128.2

[s,

6C,

PhSi(OCH(CH3)Ph)3],

130.3

[s,

1C,

PhSi(OCH(CH3)Ph)3],

131.7

[s,

1C,

PhSi(OCH(CH3)Ph)3],

135.1

[s,

2C,

PhSi(OCH(CH3)Ph)3],

145.8

[s,

3C,

PhSi(OCH(CH3)Ph)3].
29

Si{1H} NMR (CDCl3): RRR: -60.75. 29Si{1H} NMR (C6D6): RRR: -60.06.

3.7.20 [! 3-Tptm]ZnH catalyzed hydrosilylation of MeCHO with PhSiH3 to give
PhSi(OEt)3
A suspension of [!3-Tptm]ZnH (2 mg, 0.005 mmol, 0.4 mol % per SiH bond) in C6D6 (ca.
0.7 mL) in an NMR tube equipped with a J. Young valve was treated with PhSiH3 (44
mg, 0.41 mmol). MeCHO (ca. 1.0 mL, 17.89 mmol) was added, thereby resulting in an
exothermic reaction to form PhSi(OEt)3, which was complete within 15 minutes as
judged by 1H NMR spectroscopy (TON = 249, TOF = 9.96 # 102 h-1). The volatile
components were removed in vacuo, dissolved in CHCl3 (ca. 1 mL), and passed through
a small plug of silica, giving PhSi(OEt)3 as a colorless oil after removal of the solvent in
vacuo.
1

H NMR (CDCl3): 1.25 [t, 3JH-H = 7 Hz, 9H, PhSi(OCH2CH3)3], 3.87 [q, 3JH-H = 7 Hz,

6H, PhSi(OCH2CH3)3], 7.35-7.43 [m, 3H, PhSi(OCH2CH3)3], 7.66-7.69 [m, 2H,
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PhSi(OCH2CH3)3].

13

C{1H} NMR (CDCl3): 18.4 [s, 3C, PhSi(OCH2CH3)3], 58.9 [s, 3C,

PhSi(OCH2CH3)3], 128.0 [s, 2C, PhSi(OCH2CH3)3], 130.5 [s, 1C, PhSi(OCH2CH3)3], 131.1
[s, 1C, PhSi(OCH2CH3)3], 135.0 [s, 2C, PhSi(OCH2CH3)3].

3.7.21 [! 3-Tptm]ZnH catalyzed hydrosilylation of Me2CO with PhSiH3 to give
PhSi(OPri)3
A suspension of [!3-Tptm]ZnH (4 mg, 0.01 mmol, 0.8 mol % per SiH bond) in C6D6 (ca.
0.7 mL) in an NMR tube equipped with a J. Young valve was treated with PhSiH3 (44
mg, 0.41 mmol).

Me2CO (120 µL, 1.63 mmol) was added, thereby resulting in an

exothermic reaction to form PhSi(OPri)3, which was complete within 1 hour as judged
by 1H NMR spectroscopy (TON = 125, TOF = 1.25 # 102 h-1). The volatile components
were removed in vacuo, dissolved in CHCl3 (ca. 1mL), and passed through a small plug
of silica, giving PhSi(OPri)3 as a colorless oil after removal of the solvent in vacuo.

3.7.22 [! 3-Tptm]ZnH catalyzed hydrosilylation of PhCHO with PhSiH3 to give
PhSi(OCH2Ph)3
A suspension of [!3-Tptm]ZnH (8 mg, 0.02 mmol, 1.6 mol % per SiH bond) in C6D6 (ca.
0.7 mL) in an NMR tube equipped with a J. Young valve was treated with PhSiH3 (44
mg, 0.41 mmol). PhCHO (150 µL, 1.47 mmol) was added, thereby resulting in an
exothermic reaction to form PhSi(OCH2Ph)3, which was complete within 15 minutes as
judged by 1H NMR spectroscopy (TON = 62, TOF = 2.48 # 102 h-1).

3.7.23 [! 3-Tptm]ZnH catalyzed hydrosilylation of MeC(O)Ph with PhSiH3 to give
PhSi[OCH(Me)Ph]3
A suspension of [!3-Tptm]ZnH (8 mg, 0.02 mmol, 1.6 mol % per SiH bond) in C6D6 (ca.
0.7 mL) in an NMR tube equipped with a J. Young valve was treated with PhSiH3 (44
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mg, 0.41 mmol). Acetophenone (190 µL, 1.63 mmol) was added thereby resulting in an
exothermic reaction to form PhSi[OCH(Me)Ph]3, which was complete within 20 minutes
as judged by 1H NMR spectroscopy (TON = 62, TOF = 1.87 # 102 h-1).

3.7.24 [! 3-Tptm]ZnH catalyzed hydrosilylation of CO2 with (EtO)3SiH to give
(EtO)3SiO2CH
(i) A mixture of [!3-Tptm]ZnH (6 mg, 0.01 mmol), (EtO)3SiH (28 mg, 0.17 mmol) and
C6D6 (ca. 0.7 mL) in an NMR tube equipped with a J. Young valve was treated with CO2
(1 atm) and heated at 120 ˚C. The sample was monitored by 1H NMR spectroscopy,
thereby demonstrating the formation of (EtO)3SiO2CH over a period of 16 hours (see
spectroscopic data below).

(ii) A mixture of [!3-Tptm]ZnH (49 mg, 0.12 mmol, 0.1 mol %) and (EtO)3SiH (20.00 g,
99%, 120.53 mmol), distilled prior to use, was placed in a Fischer-Porter bottle (3 oz)
containing a stir-bar. The suspension was sealed, purged with CO2 five times (by
pressurizing to ca. 85 psi and releasing the pressure to ca. 10 psi), and then pressurized
to 80 psi. The vessel was sealed and heated at 100 ˚C, thereby resulting in dissolution of
the formate [!4-Tptm]ZnO2CH that is formed upon addition of the CO2. The uptake of
CO2 was monitored and the system was periodically repressurized to 100 psi. The
mixture was allowed to cool after 348.5 hours , and the contents were transferred to a
distillation apparatus in an argon box and analyzed by 1H NMR spectroscopy thereby
demonstrating that the TON based on (EtO)3SiH consumed is 1006, while the TOF is 2.9
hr-1. The mixture was distilled at 40 ˚C in vacuo to give (EtO)3SiO2CH61 (19.28 g, 89%
purity, 68 % yield) as a colorless liquid. The TON based on the yield of isolated
(EtO)3SiO2CH is 681, while the TOF is 2.0 hr-1.
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1

H NMR (C6D6): 1.09 [t, 3JH-H = 7 Hz, 9H, (H3CCH2)3SiO2CH], 3.81 [q, 3JH-H = 7 Hz,

6H, (H3CCH2)3SiO2CH], 7.78 [s, 1H, (H3CCH2)3SiO2CH].

13

C{1H} NMR (C6D6): 18.0 [s,

3C, (H3CCH2)3SiO2CH], 60.1 [s, 3C, (H3CCH2)3SiO2CH], 158.2 [s, 1C, (H3CCH2)3SiO2CH].
13
2

C NMR (C6D6): 18.0 [q, 1JC-H = 126 Hz, 3C, (H3CCH2)3SiO2CH], 60.1 [tq, 1JC-H = 144 Hz,

JC-H = 5 Hz, 3C, (H3CCH2)3SiO2CH], 158.2 [d, 1JC-H = 227 Hz, 1C, (H3CCH2)3SiO2CH].

29

Si{1H} NMR (C6D6): -86.0.
IR Data (NaCl salt disks, cm-1): 3431 (w), 2979 (s), 2930 (m), 2900 (m), 2770 (w),

2742 (w), 1900 (w), 1750 (m), 1726 (s), 1445 (w), 1392 (w), 1297 (w), 1204 (m), 1168 (m),
1104 (s), 1086 (s), 972 (m), 898 (w), 797 (m), 740 (w).

3.7.25 [! 4-Tptm]ZnO2CH catalyzed hydrosilylation of CO2 with (EtO)3SiH to give
(EtO)3SiO2CH
A mixture of [!4-Tptm]ZnO2CH (5 mg, 0.01 mmol), (EtO)3SiH (35 mg, 0.21 mmol) and
C6D6 (ca. 0.7 mL) were placed in an NMR tube equipped with a J. Young valve. The
mixture was treated with CO2 (1 atm) and heated at 100 ˚C.

The reaction was

monitored by 1H NMR spectroscopy, thereby demonstrating formation of (EtO)3SiO2CH
over a period of 24 hours.

3.7.26 [! 4-Tptm]ZnOSiMe3 as a precatalyst for the hydrosilylation of CO2 with
(EtO)3SiH to give (EtO)3SiO2CH
A mixture of [!4-Tptm]ZnOSiMe3 (145 mg, 0.29 mmol, 0.25 mol %) and (EtO)3SiH (20.00
g, 95%, 115.66 mmol) was placed in a Fischer-Porter bottle (3 oz) containing a stir-bar.
The suspension was sealed, purged with CO2 five times, by pressurizing to ca. 85 psi
and releasing the pressure to ca. 10 psi, and then pressurized to 80 psi. The vessel was
sealed and heated at 100 ˚C, thereby resulting in dissolution of the formate
[!4-Tptm]ZnO2CH that is formed upon addition of the CO2. The uptake of CO2 was
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monitored and the system was periodically repressurized to 100 psi. The mixture was
allowed to cool after 85.5 hours and the contents were transferred to a distillation
apparatus in an argon glove box and analyzed by 1H NMR spectroscopy thereby
demonstrating that the TON based on the (EtO)3SiH consumed is 396, while the TOF is
4.6 hr-1. The mixture was distilled at 40 ˚C in vacuo to give (EtO)3SiO2CH (19.61 g, 88%
purity, 72 % yield) as a colorless liquid. The TON based on the yield of isolated
(EtO)3SiO2CH is 258, while the TOF is 3.3 hr-1. The residue of the distillation was placed
at –12˚C for 24 hours, thereby depositing the catalyst as an off-white solid, which was
washed with benzene (6 # 1 mL) and was identified by 1H NMR spectroscopy as
predominantly the formate complex [!4-Tptm]ZnO2CH.

3.7.27 [! 4-Tptm]ZnOSiMe3 as a precatalyst for the hydrosilylation of

13

CO2 with

(EtO)3SiH to give (EtO)3SiO213CH
(i) A solution of [!4-Tptm]ZnOSiMe3 (2 mg, 0.004 mmol) in C6D6 (ca. 0.7 mL) in an NMR
tube equipped with a J. Young valve was treated with (EtO)3SiH (15 mg, 95%, 0.09
mmol), followed by 13CO2 (1 atm). The sample was heated at 100 ˚C for 2 hours, and
analyzed by 1H and

13

C NMR spectroscopy, thereby demonstrating the formation of

(EtO)3SiO213CH.

(ii) A mixture of [!4-Tptm]ZnOSiMe3 (6 mg, 0.01 mmol) and (EtO)3SiH (90 mg, 0.55
mmol) in an NMR tube equipped with a J. Young valve and was treated with 13CO2 (1
atm). The sample was heated at 120 ˚C for 5 hours, and then dissolved in C6D6 (ca. 0.7
mL) and analyzed by 1H and 13C NMR spectroscopy to demonstrate the formation of
(EtO)3SiO213CH.
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3.7.28 Reaction of (EtO)3SiO2CH with HCl (aq) to give ethylformate
(i) A solution of (EtO)3SiO2CH (58 mg, 85%, 0.24 mmol) in C6D6 (ca. 0.7 mL) was treated
with HCl (20 µL, 37 % aqueous), resulting in an exothermic reaction, and the
precipitation of a white solid The reaction mixture was shaken for 2 minutes, and
analyzed by

1

H NMR spectroscopy, thereby demonstrating the formation of

ethylformate.

(ii) (EtO)3SiO2CH (4.0 g, 89%, 17.1 mmol) was treated with H2O (1.23 mL, 68.3 mmol)
followed by HCl (100 µL, 37% aqueous), resulting in an exothermic reaction and the
deposition of a white solid.

The reaction mixture was fractionally distilled giving

EtO2CH (990 mg, 84% by NMR, impurity is EtOH, 66% yield).

(iii) A solution of (EtO)3SiO2CH (23 mg, 89%, 0.10 mmol) and mesitylene as an internal
standard (5 µL, 0.04 mmol) in C6D6 (ca. 0.7 mL) was treated with HCl (15 µL, 37 %
aqueous), resulting in an exothermic reaction and the precipitation of a white solid. The
reaction mixture was shaken for 2 minutes, and analyzed by 1H NMR spectroscopy,
thereby demonstrating the formation of ethylformate in quantitative yield.

3.7.29 Reaction of (EtO)3SiO2CH with HNMe2 to give dimethylformamide (DMF)
(i) (EtO)3SiO2CH (82 mg, 85%, 0.34 mmol) was treated HNMe2 (1 atm), resulting in an
exothermic reaction. The reaction was analyzed by 1H NMR spectroscopy, thereby
demonstrating the formation of Me2NCHO.

(ii) (EtO)3SiO2CH (1.00 g, 85%, 4.08 mmol) was treated HNMe2 (1 atm), resulting in an
exothermic reaction. The mixture was stirred for 1 hour, maintaining the pressure of
HNMe2 at 1 atmosphere. H2O (300 µL, 16.67 mmol) was then adding resulting in the
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immediate precipitation of a white solid. The solid was extracted with benzene (5 # 2
mL) and the extract was filtered through celite. The volatile components were removed
in vacuo, giving Me2NCHO (50 mg, 92% purity, 15.4%).

(iii) A solution of (EtO)3SiO2CH (23 mg, 89%, 0.10 mmol) in C6D6 (ca. 0.7 mL), with
mesitylene as an internal standard (5 µL, 0.04 mmol), was treated with HNMe2 (1 atm),
thereby resulting in an exothermic reaction. The reaction mixture was analyzed by 1H
NMR spectroscopy, thereby demonstrating the formation of Me2NCHO in 91% yield.

3.7.30 Synthesis of [Bptm*]H
A yellow solution of 2-mercaptopyridine (1.0 g, 9.00 mmol) and p-thiocresol (550 mg,
4.43 mmol) in THF (ca. 20 mL) was added dropwise to a suspension of NaH (380 mg,
15.83 mmol) in THF (ca. 30 mL) via cannula. Iodoform (1.743 g, 4.43 mmol) was then
added to the suspension if 5 portions, resulting in an exothermic reaction. The resulting
red solution was then stirred for 20 minutes, at which point EtOH (ca. 5 mL) was added
to quench the excess NaH.

The sample was then evaporated in vacuo, leaving a

brownish-red residue, which was then purified by flash column chromatography (silica
gel, DCM) to give [Bptm*]H as a dark yellow-red oil (850 mg, 53.8%). The first major
fraction is [Mptm*]H (Mptm* = bis(p-tolylthio)(2-pyridylthio)methyl) which is an
orangish solid. Anal. Calcd. for [Bptm*]H: C, 60.6%; H, 4.5%; N, 7.9%. Found: C, 60.7%,
H, 4.3%, N, 7.8%.
1

H NMR (C6D6):

1.95 [s, 3H, (MeC6H4S)(C5H4NS)2CH], 6.34 [m, 2H,

(MeC6H4S)(C5H4NS)2CH], 6.71-6.80 [m, 4H, (MeC6H4S)(C5H4NS)2CH], 6.86 [d, 3JH-H = 8
Hz, 2H, (MeC6H4S)(C5H4NS)2CH], 7.77 [d, 3JH-H = 8 Hz, 2H, (MeC6H4S)(C5H4NS)2CH],
7.89 [s, 1H, (MeC6H4S)(C5H4NS)2CH], 8.26 [m, 2H, (MeC6H4S)(C5H4NS)2CH].

13

C{1H}

NMR (C6D6): 21.1 [s, 1C, (MeC6H4S)(C5H4NS)2CH], 55.1 [s, 1C, (MeC6H4S)(C5H4NS)2CH],
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120.1 [s, 2C, (MeC6H4S)(C5H4NS)2CH], 122.2 [s, 2C, (MeC6H4S)(C5H4NS)2CH], 130.0 [s,
2C, (MeC6H4S)(C5H4NS)2CH], 131.5 [s, 1C, (MeC6H4S)(C5H4NS)2CH], 134.1 [s, 2C,
(MeC6H4S)(C5H4NS)2CH],

136.1

[s,

2C, (MeC6H4S)(C5H4NS)2CH],

138.6 [s, 1C,

(MeC6H4S)(C5H4NS)2CH],

150.0

[s,

2C, (MeC6H4S)(C5H4NS)2CH],

158.1 [s, 2C,

(MeC6H4S)(C5H4NS)2CH].
IR Data (NaCl salt disks, cm-1): 3072 (w), 3044 (w), 2917 (w), 2844 (w), 2360 (w),
1574 (s), 1557 (s), 1490 (m), 1451 (s), 1415 (s), 1281 (w), 1147 (w), 1122 (s), 1084 (w), 1043
(w), 986 (w), 811 (m), 756 (s), 721 (m).

3.7.31 Synthesis of [! 3-Bptm*]ZnN(SiMe3)2
A solution of [Bptm*]H (1.18 g, 3.31 mmol) in benzene (ca. 8 mL) was treated with
Zn[N(SiMe3)2]2 (1.28 g, 3.31 mmol) via pipette. The reaction mixture was allowed to
stand at room temperature overnight and then lyophilized for 24 hours to give
[!3-Bptm*]ZnN(SiMe3)2 (1.73 g, 90%) as an off white solid. Large colorless crystals
suitable for X-ray diffraction can be obtained by (i) slow evaporation from benzene and
(ii) pentane diffusion into a benzene solution of [!3-Bptm*]ZnN(SiMe3)2.
1

H NMR (C6D6): 0.46 [s, 18H, (MeC6H4S)(C5H4NS)2CZnN(SiMe3)2], 2.06 [s, 3H,

(MeC6H4S)(C5H4NS)2CZnN(SiMe3)2],

6.11-6.14

[m,

2H,

(MeC6H4S)(C5H4NS)2CZnN(SiMe3)2],

6.37-6.43

[m,

4H,

(MeC6H4S)(C5H4NS)2CZnN(SiMe3)2],

7.02

[d,

3

=

8

Hz,

2H,

(MeC6H4S)(C5H4NS)2CZnN(SiMe3)2],

7.90

[d,

3

=

8

Hz,

2H,

JH-H
JH-H

(MeC6H4S)(C5H4NS)2CZnN(SiMe3)2], 8.10 [m, 2H, (MeC6H4S)(C5H4NS)2CZnN(SiMe3)2].
13

C{1H} NMR (C6D6): Not observed [1C, (MeC6H4S)(C5H4NS)2CZnN(SiMe3)2], 6.6 [s, 6C,

(MeC6H4S)(C5H4NS)2CZnN(SiMe3)2], 21.0 [s, 1C, (MeC6H4S)(C5H4NS)2CZnN(SiMe3)2],
119.4

[s,

2C,

(MeC6H4S)(C5H4NS)2CZnN(SiMe3)2],

121.5

[s,

2C,

(MeC6H4S)(C5H4NS)2CZnN(SiMe3)2], 130.0 [s, 2C, (MeC6H4S)(C5H4NS)2CZnN(SiMe3)2],
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130.7

[s,

1C,

(MeC6H4S)(C5H4NS)2CZnN(SiMe3)2],

136.5

[s,

1C,

(MeC6H4S)(C5H4NS)2CZnN(SiMe3)2], 137.4 [s, 1C, (MeC6H4S)(C5H4NS)2CZnN(SiMe3)2],
138.1

[s,

2C,

(MeC6H4S)(C5H4NS)2CZnN(SiMe3)2],

156.6

[s,

2C,

(MeC6H4S)(C5H4NS)2CZnN(SiMe3)2], 164.1 [s, 2C, (MeC6H4S)(C5H4NS)2CZnN(SiMe3)2].
IR Data (KBr disk, cm-1): 3066 (w), 3014 (w), 2952 (w), 2357 (w), 1590 (s), 1556 (s),
1490 (m), 1455 (s), 1417 (s), 1280 (m), 1250 (m), 1180 (w), 1132 (s), 1091 (w), 1045 (w),
1006 (w), 930 (m), 883 (w), 843 (m), 801 (m), 758 (s), 724 (m), 640 (w), 512 (w), 486 (w),
410 (w).

3.7.32 Synthesis of [! 3-Bptm*]ZnO2CH
A solution of [!3-Bptm*]ZnN(SiMe3)2 (700 mg, 1.20 mmol) in benzene (ca. 10 mL) and
PhSiH3 (150 mg, 1.39 mmol) in a small Schlenk tube was treated with CO2 (1 atm)
resulting in the precipitation of colorless crystals. The reaction mixture was allowed to
stand at room temperature for 1 hour, and was then filtered. The precipitate was
washed

with benzene

(ca.

3

mL),

and

then

evaporated

in

vacuo

giving

[!3-Bptm*]ZnO2CH as a colorless solid (377 mg, 67%). The combined filtrates were
lyophilized, and then washed with benzene (ca. 5 mL # 2) to give [!3-Bptm*]ZnO2CH as
a colorless solid (67 mg). Large colorless crystals suitable for X-ray diffraction can be
obtained by slow evaporation from benzene. Anal. Calcd. for [!3-Bptm*]ZnO2CH C,
49.0%; H, 3.5%; N, 6.0%. Found: C, 48.1%, H, 3.2%, N, 5.8%.
1

Hz,

4

H NMR (C6D6): 2.08 [s, 3H, (MeC6H4S)(C5H4NS)2CZnO2CH], 6.09 [dt, 3JH-H = 6

JH-H

=

2

Hz,

2H,

(MeC6H4S)(C5H4NS)2CZnO2CH],

6.39-6.44

[m,

4H,

(MeC6H4S)(C5H4NS)2CZnO2CH],

7.05

[d,

3

JH-H

=

8

Hz,

2H,

(MeC6H4S)(C5H4NS)2CZnO2CH],

7.86

[d,

3

JH-H

=

8

Hz,

2H,

(MeC6H4S)(C5H4NS)2CZnO2CH], 8.81 [d, 3JH-H = 5 Hz,, (MeC6H4S)(C5H4NS)2CZnO2CH],
8.91 [s, 1H, (MeC6H4S)(C5H4NS)2CZnO2CH].

13

C{1H} NMR (C6D6): not observed [1C,

245
(MeC6H4S)(C5H4NS)2CZnO2CH], 21.0 [s, 1C, (MeC6H4S)(C5H4NS)2CZnO2CH], 119.6 [s,
2C, (MeC6H4S)(C5H4NS)2CZnO2CH], 120.9 [s, 2C, (MeC6H4S)(C5H4NS)2CZnO2CH], 130.0
[s, 2C, (MeC6H4S)(C5H4NS)2CZnO2CH], 130.1 [s,2C, (MeC6H4S)(C5H4NS)2CZnO2CH],
136.3

[s,

1C,

(MeC6H4S)(C5H4NS)2CZnO2CH],

137.2

[s,

1C,

(MeC6H4S)(C5H4NS)2CZnO2CH], 138.6 [s, 2C, (MeC6H4S)(C5H4NS)2CZnO2CH], 148.7 [s,
2C, (MeC6H4S)(C5H4NS)2CZnO2CH], 163.8 [s, 2C, (MeC6H4S)(C5H4NS)2CZnO2CH], 171.0
[s, 1C, (MeC6H4S)(C5H4NS)2CZnO2CH].
IR Data (KBr disk, cm-1): 3088 (w), 3053 (w), 3016 (w), 2916 (w), 2840 (w), 2360
(w), 2335 (w), 1608 (s) [&asym (CO2)], 1593 (s), 1555 (s), 1491 (m), 1459 (s), 1418 (s), 1358
(w), 1309 (m) [&sym (CO2)], 1286 (m), 1133 (s), 1091 (w), 1046 (m), 1014 (m), 797 (m), 761
(s), 723 (m), 655 (m), 484 (w).
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Crystallographic data

Table 4. Crystal, intensity collection and refinement data.

[! 3-Bptm*]ZnN(SiMe3)2

[! 3-Bptm*]ZnO2CH

Triclinic

Monoclinic

C30H39N3S3ZnSi2

C19H16N2S3ZnO2

659.37

465.89

P-1

P21/c

a/Å

14.748(4)

9.4432(19)

b/Å

15.109(4)

27.166(5)

c/Å

16.841(4)

8.0692(16)

'/˚

90.390(4)

90

(/˚

108.578(4)

109.715(3)

)/˚

106.831(4)

90

V/Å3

3384.3(15)

1948.7(7)

4

4

temperature (K)

150 (2)

150(2)

radiation (*, Å)

0.71073

0.71073

+ (calcd.), g cm-3

1.294

1.588

µ (Mo K'), mm-1

1.005

1.599

, max, deg.

27.10

30.74

no. of data collected

43808

30992

no. of data used

14925

6070

682

249

R1 [I > 2-(I)]

0.0647

0.0526

wR2 [I > 2-(I)]

0.0946

0.1056

R1 [all data]

0.1765

0.1221

wR2 [all data]

01204

0.1272

GOF

0.999

1.025

lattice
formula
formula weight
space group

Z

no. of parameters
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Table 4(cont). Crystal, intensity collection and refinement data.

[Mptm*]H
lattice

Monoclinic

formula

C20H19NS3

formula weight
space group

369.54
P21/c

a/Å

14.828(4)

b/Å

7.824(2)

c/Å

15.484(4)

'/˚

90

(/˚

94.571(5)

)/˚

90

V/Å3
Z

1790.5(9)
4

temperature (K)

150(2)

radiation (*, Å)

0.71073

+ (calcd.), g cm-3

1.371

µ (Mo K'), mm-1

0.415

, max, deg.

30.77

no. of data collected

28320

no. of data used

5552

no. of parameters

219

R1 [I > 2-(I)]

0.0691

wR2 [I > 2-(I)]

0.1440

R1 [all data]

0.1659

wR2 [all data]

0.1808

GOF

1.001
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CHAPTER 4

Synthesis of Transition Metal Isocyanide Compounds from Carbonyl
Complexes via Reaction with Li[Me3SiNR]
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4.1

Introduction
Isocyanides (RNC), also known as isonitriles, are common ligands in transition

metal chemistry that are isoelectronic to the ubiquitous carbonyl ligand, CO (Figure 1).
While isocyanides are typically classified as L-type ligands according to the covalent
bond classification (CBC) system, they are more specifically regarded to as LZ’ ligands
where Z’ refers to a variable amount of back-bonding.1

R

N

C

O

RNC

C

CO

Figure 1. Lewis structures of isocyanides (left) and carbon monoxide (right).

The L component corresponds to the ligands !-donating character while the Z’
component corresponds to the ligands "-accepting character.2,3,4

Significant back-

bonding formally results in a metal-carbon double bond, due to the interaction being
more akin to that of an X2-type (Figure 2). While this dual feature of the bonding is
common to CO (Figure 2), an important distinction between RNC and CO is that the
steric and electronic properties of isocyanides may be effectively tuned by modifying
the substituent on the nitrogen atom.
R
Isocyanide

Carbonyl

N

R

O

C

C

MLn
MLn

no back-bonding
L ligand

N

O

C

C

MLn
MLn

back-bonding
LZ (X2) ligand

Figure 2. Resonance structures for the interaction of an isocyanide and carbon monoxide with a metal
complex, MLn.
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Although the ability to modify an isocyanide ligand has been utilized in the
application of transition metal–isocyanide complexes as catalysts for organic
transformations,5,6,7,8 the majority of transition metal isocyanide complexes feature
rather simple substituents on nitrogen. This is presumably a reflection of the paucity of
readily available (i.e. commercially available) isocyanide compounds. In this regard, it
is possible that progress in transition metal isocyanide chemistry would be facilitated
by the development of new synthetic methods that do not require the use of the
isocyanide as a reagent.
Two approaches to generating an isocyanide ligand without the use of the free
+

isocyanide as a reagent include (i) the addition of R to the nitrogen atom of a metal
cyanide ligand2b,c,f and (ii) the replacement of the oxygen atom of a metal carbonyl
ligand by the isoelectronic NR group (Scheme 1).9,10,11 Although both approaches are
practical and appealing in view of the availability of both cyanide12,13 and carbonyl12,14
complexes, the latter approach is the more attractive one because there are tens of
thousands14 of transition metal carbonyl compounds.

N

O

C

C

MLn

MLn

"R+"

R

N

C

MLn

"RN"
- "O"

R

N

C

MLn

Scheme 1. Synthesis of metal isocyanides without using the free isocyanide.

The carbon atom within a metal carbonyl moiety, LnMCO, is well known to be
susceptible to nucleophilic attack by external reagents.15 For example, attack by carbon
nucleophiles (e.g. a lithium alkyl or a lithium aryl) has been employed in the syntheses
of carbene complexes (Scheme 2).16 This was the method used by E. O. Fischer to
synthesize the first transition metal carbene complex, which he prepared on
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tungsten.17,18 Attack by oxygen nucleophiles is prominently featured in the mechanisms
of (i) the water-gas shift reaction (WGS) (Scheme 3),19 (ii) the exchange of oxygen atoms
between a carbonyl ligand and H2O,20 and (iii) the Me3NO induced dissociation of a
carbonyl ligand as CO2.21

O

C

MLn

RM'

M'O
C

MLn

R
Scheme 2. Reaction of a metal carbonyl complex with a nucleophilic organometallic reagent to give a
Fischer carbene complex.

H2O + CO

WGS

H2 + CO2

Scheme 3. Water-gas shift reaction.

The carbon atom of LnMCO is also susceptible to attack by amine based
nucleophiles.22,23 In principle, this is the first step for converting a carbonyl ligand to an
isocyanide ligand (Scheme 4). For example, if after an initial attack by a deprotonated
amine (i.e. a metal amide) on a metal carbonyl complex, LnMCO, a substituent (R) on the
nitrogen atom of the amine can transfer to the oxygen atom of the carbonyl, with
#

subsequent expulsion of RO , this conversion would result in the formation of an
isocyanide complex, LnMCNR.

O

C

MLn

R2NM'

M'O
C

MLn

R2 N
Scheme 4. Reaction of a metal carbonyl complex with a nucleophilic metal amide reagent.
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This chapter will describe a new general method that utilizes lithium
trimethylsilylamides, Li[Me3SiNR], as reagents for converting transition metal carbonyl
compounds LnMCO into their isocyanide counterparts LnMCNR.

4.2

Li[Me3SiNR] as a reagent for the conversion of metal carbonyl complexes to
metal isocyanide complexes
As mentioned earlier, attack by an amine nucleophile on a metal carbonyl

complex, followed by removal of the oxygen atom via a group transfer from N to O,
would result in metal isocyanide formation. In this regard, we have discovered that
having a silyl group on a lithiated amide, specifically, the ubiquitous trimethylsilyl
group (Me3Si), provided the driving force for N to O transfer followed by subsequent
#

Me3SiO expulsion. This reagent, namely Li[Me3SiNR], has been used to convert metal
carbonyl compounds into their isocyanide counterparts (Figure 3).
silyl group to
remove oxygen

Me3Si

N
Li

R

R group incorporated
into isocyanide

nitrogen nucleophile
(lithium amide)
Figure 3. Li[Me3SiNR] used for nucleophilic attack on a metal carbonyl complex to give a metal
isocyanide complex.

The synthesis of Li[Me3SiNR] was accomplished by either one of two methods, as
depicted in Scheme 5. For more nucleophilic amines (Scheme 5A), the amine was
directly treated with trimethylsilyl chloride (Me3SiCl) to give the ammonium salt, which
was then treated with two equivalents of n-butyllithium (BunLi) to give Li[Me3SiNR].
Less nucleophilic amines (Scheme 5B), were first treated with one equivalent of BunLi to
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give the lithium amide, which is significantly more nucleophilic compared to the parent
amine.

Me3SiCl was then added to the lithium amide, generating the neutral

trimethylsilyl amine which was then treated with one equivalent of BunLi to give
Li[Me3SiNR].

A

NH2

B

NH2

R

R

Me3Si

Me3SiCl

BunLi
! BunH

R
HN
Li

Me3SiCl
! LiCl

R
N
H2

2 BunLi

Cl

Me3Si

Me3Si

! 2 BunH
! LiCl

N
H

R

BunLi
! BunH

Me3Si

N
Li

N
Li

R

R

Scheme 5. Two synthetic routes to generate Li[Me3SiNR]. A is the route for more nucleophilic amines,
while route B is used for less nucleophilic amines.

For the majority of our studies, Li[Me3SiNBut]24 was used due to the fact that the
But group provides a valuable 1H NMR probe, as well as the fact that the amine
derivative, Me3SiN(H)But, is commercially available. Li[Me3SiNBut], prepared in one
step via treatment of Me3SiN(H)But with BunLi, needs to be stored under inert
conditions, as it is air and moisture sensitive. The majority of Li[Me3SiNR] compounds
were not isolated, but instead prepared in situ, without purification, for reaction with
the metal carbonyl compound of interest. It is important to note that Li[Me3SiNR] can
be easily generated in two or three steps from primary amines, and that a great number
of primary amines are commercially available, including enantiopure amines, which
could in principle be used as ligands for asymmetric catalysis. Furthermore, since
primary amines are commonly used as precursors for free isocyanides, it is evident that
this method enables the synthesis of metal isocyanide compounds from primary amines
without the need to generate the free isocyande.2f,25
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4.3

Synthesis of CNBut complexes using Li[Me3SiNBut] with LnMCO

4.3.1 Group 6: Cr, Mo and W
Recently, the molybdenum compounds Mo(CO)6-n(CNBut)n (n = 2, 3, 4) have been
used as catalysts for some organic transformations.6 For example, Trost and co-workers
have used a series of Mo(CO)6-n(CNBut)n (n = 2, 3, 4) compounds as catalysts for
different alkylation reactions, while Kazmaier and co-workers have used the same
compounds as catalysts for the hydrostannation and distannation of alkynes.6 While
these isocyanide complexes M(CO)6-n(CNBut)n (n = 1, 2, 3, 4) have been previously
synthesized, their syntheses utilized the free isocyanide, ButNC, as a reagent.26
In contrast to using the free isocyanide, the compounds, Mo(CO)6-n(CNBut)n (n =
1, 2, 3, 4) have been synthesized via treatment of the group 6 homoleptic carbonyl,
Mo(CO)6 with Li[Me3SiNBut]24. Additionally, the chromium and tungsten compounds
may also be prepared via the analogous reaction with M(CO)6 (M = Cr, W).

For

example, M(CO)5(CNBut) (M = Cr, Mo, W), cis-M(CO)4(CNBut)2 (M = Cr, Mo, W), facM(CO)3(CNBut)3 (M = Cr, Mo, W), and cis-M(CO)2(CNBut)4 (M = Mo) are obtained by
treatment of M(CO)6 with the appropriate number of equivalents of Li[Me3SiNBut]
(Scheme 6). The compounds were purified by flash column chromatography using
silica gel, followed by crystallization in air. It is interesting to note the stereochemistry
of the resulting isocyanide complexes. Specifically, the bis-isocyanide compounds have
the isocyanide ligands displaced in a cis-disposition, while the tris-isocyanide
compounds have a fac-stereochemistry. The stereochemistry was determined by IR
spectroscopy, and in some cases, confirmed by single crystal X-ray diffraction.
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N
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CO
OC

CO

CNBut

OC

M

M

OC

CO
CO

CO

Li[Me3SiNBut]

Li[Me3SiNBut]

But
N
C
OC

But
N
C
CO

M
OC

CNBut

OC

Li[Me3SiNBut]

CO

CNBut

OC
M
OC

CO

CO
CO

M = Cr, Mo, W

Scheme 6. Reaction of Li[Me3SiNBut] with group 6 carbonyl compounds.

The molecular structures have been determined by using single crystal X–ray
diffraction

for

the

following

compounds:

Cr(CO)5(CNBut)

(Figure

4),

cis-Cr(CO)4(CNBut)2 (Figure 5), cis-Mo(CO)4(CNBut)2 (Figure 6), cis-W(CO)4(CNBut)2
(Figure 7), and fac-W(CO)3(CNBut)3,27 (Figure 8).
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Figure 4. Molecular structure of Cr(CO)5(CNBut).

Figure 5. Molecular structure of cis-Cr(CO)4(CNBu t)2.
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Figure 6. Molecular structure of cis-Mo(CO)4(CNBut)2.

Figure 7. Molecular structure of cis-W(CO)4(CNBut)2.

272

Figure 8. Molecular structure of fac-W(CO)3(CNBu t)3.

4.3.2 Group 8: Fe
In addition to the Group 6 metal carbonyl compounds, the reactivity of the
Group 8 homoleptic carbonyl complex, Fe(CO)5, was explored. Li[Me3SiNBut] reacts
with Fe(CO)5 to give axial-Fe(CO)4(CNBut) (Scheme 7), while addition of a second
equivalent of Li[Me3SiNBut] yields trans-Fe(CO)3(CNBut)2 (Scheme 7).

CO
OC
Fe
OC

But
N
C

But
N
C
CO

Li[Me3SiNBut]

OC
Fe
OC

CO

Scheme 7. Reaction of Li[Me3SiNBut] with Fe(CO)5.

CO

Li[Me3SiNBut]

OC
Fe
OC

CO

C
N
But

CO
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The

molecular

structure

of

both

the

monosubstituted

derivative,

axial-Fe(CO)4(CNBut) (Figure 9) and the disubstituted derivative, trans-Fe(CO)3(CNBut)2
(Figure 10) have been determined by using single crystal X-ray diffraction. As depicted
in Figure 9, the isocyanide ligand adopts an axial position, with an Fe–CNBut distance
of 1.89 Å which is significantly longer than the Fe–CO bond distances that range from
1.79 – 1.81 Å. While a variety of Fe(CO)5-x(CNR)x are known,28 the only structurally
characterized heteroleptic examples of which we are aware of are the disubstituted
derivatives trans-Fe(CO)3(CNMe)229 and trans-Fe(CO)3(CNBut)2.30

Figure 9. Molecular structure of axial-Fe(CO)4(CNBut).
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Figure

10.

Molecular

structure

of

trans-Fe(CO)3(CNBut)2.

The

molecular

structure

of

t

trans-Fe(CO)3(CNBu )2 has previously been determined, see reference 30.

While the FeL5 complexes have a trigonal-bipyramidal geometry, and the ML6 (M
= Cr, Mo or W) complexes have an octahedral geometry, it is still interesting to briefly
compare the stereochemistry of the isocyanide complexes. For the Group 6 metals, the
isocyanides are cis to each other as mentioned above.31 However, trans-Fe(CO)3(CNBut)2
exhibits the opposite tendency, where the isocyanide ligands are displaced from each
other in a trans-diaxial disposition.

DFT calculations on the different geometry

optimized stereoisomers of Fe(CO)3(CNMe)2 suggests trans-Fe(CO)3(CNBut)2 is the
thermodynamically favored product (Figure 11).32
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Figure 11. Geometry optimized structures for the different stereoisomers of Fe(CO)3(CNMe)2 (hydrogen
atoms not shown for clarity). Color code: Green = Fe, red = O, blue = nitrogen and black = carbon.

4.4

Synthesis of aryl, sterically hindered, and enantiopure metal isocyanide
complexes using Li[Me3SiNR].
In addition to the synthesis of numerous ButNC complexes, a variety of alkyl and

aryl amines have been employed with this synthetic method to generate other
isocyanide ligands.

For example, the previously reported mono arylisocyanide

derivatives Mo(CO)5(CNAr) (Ar = p-C6H4Me,33 p-C6H4OMe4) have been synthesized as
shown in Scheme 8.
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R

N
CO
OC

C
CO

Mo
OC

Li[Me3SiNAr]

CO

OC

CO
Mo

OC

CO

CO

CO
Ar = p-C6H4Me, p-C6H4OMe

Scheme 8. Synthesis of Mo(CO)5(CNAr) (Ar = p-C6 H4Me, p-C6 H4OMe).

Additionally, the bis-arylisocyanide compound, cis-Mo(CO)4(CNAr)2 (Ar = 2,4,6C6H2Me3) has been synthesized as depicted in Scheme 9. The molecular structures of
Mo(CO)5(CN-p-C6H4OMe) and Mo(CO)4(CN-2,4,6-C6H2Me3)2 are presented in Figure 12
and Figure 13, respectively.

CO

CO
OC

CO
Mo

OC

2 Li[Me3SiNAr]

OC

C
Mo

OC

CO
CO

C
CO

Ar = 2,4,6-C6H2Me3
Scheme 9. Synthesis of Mo(CO)4(CN-2,4,6-C6H2Me3)2.

N

N
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Figure 12. Molecular structure of Mo(CO)5(CN-p-C6 H4OMe).

Figure 13. Molecular structure of Mo(CO)4(CN-2,4,6-C6H2Me3)2.

There has recently been interest in utilizing metal complexes with bulky
isocyanide ligands in order to isolate low-coordinate, low-valent metal complexes, most
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notably by Figueroa7,34,35 who has utilized terphenyl isocyanides.

Figueroa’s metal

complexes were generated using the free isocyanide as a reagent.36

In this vein,

Li[Me3SiNAd] (Ad = adamantyl) has been prepared in two steps from the commercially
available amine, 1-adamantamine, which was used to synthesize the bulky mono- and
bis-adamantyl isocyanide complexes (Scheme 10).
Ad
N
C

CO
OC

CO
M

OC

CO
CO

Li[Me3SiNAd]

OC
M
OC

Ad
N
C
CO Li[Me SiNAd]
3

OC

CO

OC

CO

CNAd
M
CO
CO

Scheme 10. Synthesis of Mo(CO)5(CN-1-Ad) and cis-Mo(CO)4(CN-1-Ad)2.

The molecular structures of Mo(CO)5(CN-1-Ad) and cis-Mo(CO)4(CN-1-Ad)2 are
shown in Figure 14 and Figure 15, respectively.

Figure 14. Molecular structure of Mo(CO)5(CN-1-Ad).
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Figure 15. Molecular structure of cis-Mo(CO)4(CN-1-Ad)2.

Finally, as mentioned earlier, enantiopure isocyanides are of interest for
asymmetric catalysts. Using chiral primary amines, an enantiopure isocyanide complex
can be formed in three steps. Specifically, (R)-1,2,3,4-tetrahydro-1-naphthyl derivative,
Mo(CO)5(CN-1-NpH4), has been synthesized and structurally characterized by single
crystal X-ray diffraction (Figure 16). The synthesis was accomplished in a one-pot
reaction with sequential additions of (R)-1,2,3,4-tetrahydro-1-naphthylamine, Me3SiCl,
BunLi and then Mo(CO)6 (Scheme 11).
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Me3Si

Cl NHSiMe3
Me3SiCl

NLi

2 BunLi

Mo(CO)6

H
N
C
OC
OC

Mo

CO
CO

CO

Scheme 11. Synthesis of Mo(CO)5(CN-1-NpH4).

Figure 16. Molecular structure of Mo(CO)5(CN-1-NpH4) (space group is P212121).37
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Compared to tertiary phosphines, which are commonplace in asymmetric
catalysis, enantiomerically pure isocyanide ligands have not been employed much in
transition metal chemistry.9 It is possible that this simple synthetic method could pave
the way to new asymmetric catalysts, thereby replacing some of the expensive
phosphine based catalyst systems.

4.5

Proposed mechanism for the isocyanide formation
The mechanism proposed for the conversion of the carbonyl ligand to an

isocyanide ligand is illustrated in Scheme 12. The elementary steps are as follows: (i)
initial attack of the amide nitrogen on the carbon of the metal carbonyl, which generates
–

a carbamoyl anion intermediate, namely LnM[C(O)N(R)SiMe3] and (ii) rearrangement
via trimethylsilyl migration to extrude LiOSiMe3 and thereby generating the new
isocyanide ligand.38,39

LnM

C

O

+

Me3Si

R
N

Li

OLi
LnM

Ln M

C
N

C

NR

+ LiOSiMe3

SiMe3

R

Scheme 12. Proposed mechanism for carbonyl/isocyanide conversion.

Precedent for this mechanism is provided by the fact that lithium amides are
known to react with CO to generate [R2NC(O)Li]40 and that silyl derivatives of the type
[(R3Si)N(R)C(O)Li] decompose to give RNC and R3SiOLi at elevated temperatures
(Scheme 13).41
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O
R

LiNR2 + CO

N

Li

R

O

!

R
N

Li

C

NR

+ LiOSiR3

SiR3

Scheme 13. Attack of lithium amide on carbon monoxide (top). Decomposition of [(R3Si)N(R)C(O)Li] to
give RNC and R3SiOLi (bottom).

Also of relevance to the conversion of metal carbonyl complexes to metal
isocyanide complexes is the fact that primary amines, RNH2, react with thiocarbonyl
complexes to give the isocyanide derivative with loss of hydrogen sulfide as depicted in
Scheme 14.42

LnM

C

S + RNH2

Ln M

C

NR + H2S

Scheme 14. Reaction of a primary amine with a metal thiocarbonyl complex to give the corresponding
isocyanide derivative.

One difference between the thiocarbonyl and carbonyl ligands is the higher
electrophilicity of the thiocarbonyl.42a,b,43,44 For example, Angelici demonstrated that in
mixed carbonyl/thiocarbonyl complexes, primary amines react at the carbon of the
thiocarbonyl ligand preferentially to give isocyanide derivatives.42b Additionally, in
isocyanide preparations from thiocarbonyl complexes, elimination of H2S is a more
facile process compared to the elimination of H2O.22 The demanding elimination of H2O
is demonstrated by the fact that metal carbonyl compounds react with primary amines
(only aliphatic amines) to make the carbamoyl derivative, {LnM[C(O)NHR]}[RNH3] but
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do not eliminate H2O to make the isocyanide derivative.22 However, conversion of this
intermediate to the isocyanide derivative can be accomplished by using dehydrating
agents such as phosgene (C(O)Cl2) or oxalyl chloride ([C(O)Cl]2).11 One example of a
metal carbamoyl dehydration yielding an isocyanide compound is the reaction of
CpFe(CO)2[C(O)NHMe]

with

C(O)Cl2

in

the

presence

of

Et3N

to

give

[CpFe(CNMe)]Cl.11a A key improvement concerning the use of Li[Me3SiNR] compared
to these methodologies is the fact that highly toxic, undesirable chemicals such as
phosgene are not required.
O
Cp(CO)2Fe

O
Et3N

C

+
N

Me

Cl

Cp(CO)2Fe

CNMe Cl

Cl

H
Scheme 15.

Reaction of CpFe(CO)2[C(O)NHMe] with C(O)Cl2 in the presence of Et3N to give

[CpFe(CNMe)]Cl.

The ability of Li[Me3SiNR] to achieve deoxygenation of the carbonyl ligand may
be attributed to the formation of the strong Si–O bond which provides a driving force
for the reaction. This is in comparison to the formation of an O–H bond when a
primary amine is used. Along the same lines as using Li[Me3SiNR] to convert carbonyl
compounds to their isocyanide counterparts, there are analogous reactions using
phosphorimidates, Li[(EtO)2(O)PNR],9 and phosphinimines, R3PNR’,10 for which P–O
bond formation presumably provides the driving force.

4.6

Summary and conclusions
In summary, the reaction of metal carbonyl compounds, LnMCO, with

Li[Me3SiNR] yields the corresponding isocyanide derivatives, LnMCNR. Since metal
isocyanide compounds are most commonly synthesized using the free isocyanide, this
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new approach provides a convenient synthetic method that circumvents the use of the
free isocyanide, which has the advantage of eliminating problems associated with the
putrid smell of the free isocyanides.25b While the formation of isocyanide complexes by
reaction of thiocarbonyl complexes with RNH2 may be considered a more appealing,
direct method, a downside to this route is the fact that compounds which feature
thiocarbonyl ligands are much less common than carbonyl derivatives.45 The reaction of
a carbonyl derivative with Li[Me3SiNR] provides a convenient alternative for the
synthesis of isocyanide compounds from carbonyl derivatives.

4.7

Experimental details

4.7.1 General considerations
All manipulations were performed using a combination of dry glovebox, high vacuum,
and Schlenk techniques under a nitrogen or argon atmosphere,46 with the exception of
chromatography that was performed in air. 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.

1

H 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).47 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). All chemicals were obtained from
Aldrich, with the exception of Cr(CO)6 and W(CO)6 which were obtained from Strem.
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4.7.2 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 Table 1. 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 6.1).48

4.7.3 Synthesis of Li[Me3SiNBut]
Li[Me3SiNBut] was prepared by an adaption of a literature method. A solution of BunLi
in hexanes (2.5 M, 3.2 mL, 8.0 mmol) was added dropwise to a solution of
Me3SiN(But)H (1.32 mL, 6.9 mmol) in Et2O (ca. 10 mL) at –78 ˚C. The mixture was
stirred for 20 minutes at –78 ˚C, allowed to warm to room temperature, and then stirred
for 6 hours. After this period, the solution was concentrated to a volume of ca. 1 mL,
thereby inducing the deposition of a white precipitate. n–Hexane (ca. 5 mL) was added
and the mixture was filtered and the precipitate was dried in vacuo overnight, giving
Li[Me3SiNBut] as a fine white powder (0.94 g, 90 %).
1

H NMR (C6D6):

0.2 – 0.4 [bm, 9H, (CH3)3SiNBut], 1.2 – 1.4 [bm, 9H,

Me3SiNC(CH3)3].

4.7.4 Synthesis of Cr(CO)5(CNBut)
A mixture of Cr(CO)6 (12 mg, 0.05 mmol) and Li[Me3SiNBut] (9 mg, 0.06 mmol) placed
in an NMR tube equipped with a J. Young valve was treated with C6D6 (0.7 mL). The
sample was heated at 60 ˚C, shaken periodically, and monitored by 1H NMR
spectroscopy, thereby indicating the formation of Cr(CO)5(CNBut) after a period of 150
minutes. The resulting mixture was purified by flash column chromatography (silica
gel, hexanes) in air to give Cr(CO)5(CNBut) as a microcrystalline solid (9 mg, 60 %) after
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removal of the solvent in vacuo. Crystals suitable for X-ray diffraction were obtained
from hexanes.
1

H NMR (C6D6): 0.68 [s, CNC(CH3)3]. IR data (hexanes, cm-1): %CN = 2151 (m); %CO

= 2060 (m), 1958 (s) and 1930 (w).49

4.7.5 Synthesis of Mo(CO)5(CNBut)
A mixture of Mo(CO)6 (15 mg, 0.06 mmol) and Li[Me3SiNBut] (9 mg, 0.06 mmol) placed
in an NMR tube equipped with a J. Young valve was treated with C6D6 (0.7 mL). The
sample was heated at 60 ˚C, shaken periodically, and monitored by 1H NMR
spectroscopy, thereby indicating the formation of Mo(CO)5(CNBut) after a period of 30
minutes. The resulting mixture was purified by flash column chromatography (silica
gel, hexanes) to give Mo(CO)5(CNBut) as a microcrystalline solid (13 mg, 71 %) after
removal of the solvent in vacuo.
1

H NMR (C6D6): 0.68 [1:1:1 t, 3JN-H = 2, CN(CH3)3]. IR data (hexanes, cm-1): %CN =

2152 (m); %CO = 2066 (m), 1959 (s) and 1928 (w).49

4.7.6 Synthesis of W(CO)5(CNBut)
A mixture of W(CO)6 (20 mg, 0.06 mmol) and Li[Me3SiNBut] (9 mg, 0.06 mmol) placed
in an NMR tube equipped with a J. Young valve was treated with C6D6 (0.7 mL). The
sample was heated at 60 ˚C, shaken periodically, and monitored by 1H NMR
spectroscopy, thereby indicating the formation of W(CO)5(CNBut) after a period of 30
minutes. The resulting mixture was purified by flash column chromatography (silica
gel, hexanes) to give W(CO)5(CNBut) as a microcrystalline solid (13 mg, 56 %) after
removal of the solvent in vacuo.
1

H NMR (C6D6): 0.66 [s, CNC(CH3)3]. IR data (hexanes, cm-1): %CN = 2153 (m); %CO

= 2062 (m), 1954 (s) and 1923 (w). 49
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4.7.7 Synthesis of cis-Cr(CO)4(CNBut)2
A mixture of Cr(CO)6 (12 mg, 0.05 mmol) and Li[Me3SiNBut] (17 mg, 0.11 mmol) placed
in an NMR tube equipped with a J. Young valve was treated with C6D6 (0.7 mL). The
sample was heated at 60 ˚C, shaken periodically, and monitored by 1H NMR
spectroscopy, thereby indicating the formation of cis-Cr(CO)4(CNBut)2 after a period of
20 hours. The mixture was filtered through silica gel (ca. 1 mL) and eluted with hexanes
(ca. 10 mL) and dichloromethane (ca. 5 mL). The combined filtrate was concentrated to
a volume of ca. 3 mL and placed at -15 ˚C, thereby depositing colorless crystals of cisCr(CO)4(CNBut)2 which were isolated by decanting and dried in vacuo (6 mg, 33 %). The
mother liquor was placed at -15 °C, thereby depositing a second crop of colorless
crystals (7 mg), composed of a ca. 1:1 mixture of cis-Cr(CO)4(CNBut)2 and
Cr(CO)5(CNBut). Crystals suitable for X-ray diffraction were obtained from hexanes at
–15˚C.
1

H NMR (C6D6): 0.85 [s, CNC(CH3)3]. IR data (hexanes, cm-1): %CN = 2145 (w) and

2107 (m); %CO = 2010 (m) and 1926 (s).49

4.7.8 Synthesis of cis-Mo(CO)4(CNBut)2
(i) A mixture of Mo(CO)6 (36 mg, 0.14 mmol) and Li[Me3SiNBut] (50 mg, 0.33 mmol)
placed in an NMR tube equipped with a J. Young valve was treated with C6D6 (0.7 mL).
The sample was shaken periodically and monitored by 1H NMR spectroscopy, thereby
indicating the formation of cis-Mo(CO)4(CNBut)2 after a period of 37 hours at room
temperature.50 The mixture was filtered through silica gel (ca. 1 mL) and eluted with
hexanes (ca. 10 mL). The combined filtrate was concentrated to a volume of ca. 3 mL
and placed at -15 ˚C, thereby depositing colorless crystals of cis-Mo(CO)4(CNBut)2 which
were isolated and dried in vacuo (41 mg, 81 %). Crystals suitable for X-ray diffraction
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were obtained from hexanes at –15 ˚C.
1

H NMR (C6D6): 0.82 [s, CNC(CH3)3]. IR data (hexanes, cm-1): %CN = 2146 (w) and

2109 (m); %CO = 2014 (m) and 1928 (s).49

(ii) A mixture of Mo(CO)6 (1.00 g, 3.79 mmol) and Li[Me3SiNBut] (1.26 g, 8.33 mmol)
was treated with Et2O (45 mL) at -78 ˚C, and then allowed to warm to room temperature
with stirring. After a period of 1 day, an additional quantity of Li[Me3SiNBut] (600 mg,
3.97 mmol) was added at -78 ˚C. The mixture was stirred for an additional 12 hours.
After this period, the volatile components were removed in vacuo. Hexanes (ca. 10 mL)
were added and the mixture was filtered through silica gel (ca. 25 mL) and eluted with
hexanes (ca. 350 mL). The filtrate was placed at -15 ˚C, thereby depositing colorless
crystals of cis-Mo(CO)4(CNBut)2 which were isolated and dried in vacuo (506 mg). The
mother liquor was then concentrated to ca. 50 mL and placed at -15 ˚C, thereby
depositing a second batch of colorless crystals of a 4:1 mixture of cis-Mo(CO)4(CNBut)2
and

Mo(CO)5(CNBut)

which

were

isolated

and

dried

in

vacuo

(151

mg).

4.7.9 Synthesis of cis-W(CO)4(CNBut)2
A mixture of W(CO)6 (20 mg, 0.06 mmol) and Li[Me3SiNBut] (17 mg, 0.11 mmol) placed
in an NMR tube equipped with a J. Young valve was treated with C6D6 (0.7 mL). The
sample was heated at 60 ˚C, shaken periodically, and monitored by 1H NMR
spectroscopy, thereby indicating the formation of cis-W(CO)4(CNBut)2 after a period of 5
hours. The mixture was filtered through silica gel (ca. 1 mL) and eluted with hexanes
(ca. 10 mL). The combined filtrate was concentrated to a volume of ca. 3 mL and placed
at -15 ˚C, thereby depositing colorless crystals of cis-W(CO)4(CNBut)2 which were
isolated and dried in vacuo (11 mg, 42 %). The mother liquor was placed at -15 °C,
thereby depositing a second crop of colorless crystals (6 mg) composed of a ca. 1:3
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mixture of cis-W(CO)4(CNBut)2 and W(CO)5(CNBut).

Crystals suitable for X-ray

diffraction were obtained from hexanes at –15 ˚C.
1

H NMR (C6D6): 0.82 [s, CNC(CH3)3]. IR data (hexanes, cm-1): %CN = 2148 (w) and

2104 (w); %CO = 2009 (m) and 1922 (s).49

4.7.10 Synthesis of fac-Cr(CO)3(CNBut)3
A mixture of Cr(CO)6 (12 mg, 0.05 mmol) and Li[Me3SiNBut] (43 mg, 0.28 mmol) placed
in an NMR tube equipped with a J. Young valve was treated with C6D6 (0.7 mL). The
sample was heated at 60 ˚C, shaken periodically, and monitored by 1H NMR
spectroscopy, thereby indicating the formation of fac-Cr(CO)3(CNBut)3 after a period of
69 hours. The mixture was filtered through silica gel (ca. 1 mL) and eluted with hexanes
(ca. 10 mL). The combined filtrate was concentrated to a volume of ca. 3 mL and placed
at -15 °C, thereby depositing pale yellow crystals of fac-Cr(CO)3(CNBut)3 which were
isolated and dried in vacuo (3 mg, 14 %).
1

H NMR (C6D6): 1.00 [s, CNC(CH3)3]. IR data (CH2Cl2, cm-1): %CN = 2150 (w) and

2109 (m); %CO = 1932 (s) and 1863 (s).49

4.7.11 Synthesis of fac-Mo(CO)3(CNBut)3 and cis-Mo(CO)2(CNBut)4
A mixture of Mo(CO)6 (36 mg, 0.14 mmol) and Li[Me3SiNBut] (70 mg, 0.46 mmol) placed
in an NMR tube equipped with a J. Young valve was treated with C6D6 (0.7 mL). The
sample was heated at 60 ˚C, shaken periodically, and monitored by 1H NMR
spectroscopy, thereby indicating the formation of fac-Mo(CO)3(CNBut)3 after a period of
3 hours, together with a small amount of cis-Mo(CO)4(CNBut)2. An additional quantity
of Li[Me3SiNBut] (70 mg, 0.46 mmol) was added, and the mixture was heated at 60 ˚C
for 1 day. The mixture was filtered through silica gel (ca. 1 mL) and eluted with
hexanes (ca. 10 mL). The combined filtrate was concentrated to a volume of ca. 3 mL
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and placed at -15 °C, thereby depositing pale yellow crystals of fac-Mo(CO)3(CNBut)3
which were isolated and dried in vacuo (17 mg, 28 %) contaminated with a small
amount (ca. 2 %) of cis-Mo(CO)2(CNBut)4. The mother liquor was placed at -15 °C,
thereby depositing a second crop of pale yellow crystals (9 mg) composed of a ca. 3:1
mixture of fac-Mo(CO)4(CNBut)2 and cis-Mo(CO)2(CNBut)4.

Data for fac-Mo(CO)3(CNBut)3.
1

H NMR (C6D6): 0.95 [s, CNC(CH3)3]. IR Data (dichloromethane, cm-1): %CN =

2154 (w) and 2114 (m); %CO = 1935 (s) and 1861 (s).49

Data for cis-Mo(CO)2(CNBut)4.
1

H NMR (C6D6): 1.04 [s, CNC(CH3)3], 1.15 [s, CNC(CH3)3].

4.7.12 Synthesis of fac-W(CO)3(CNBut)3
A mixture of W(CO)6 (20 mg, 0.06 mmol) and Li[Me3SiNBut] (43 mg, 0.28 mmol) placed
in an NMR tube equipped with a J. Young valve was treated with C6D6 (0.7 mL). The
sample was heated at 60 ˚C, shaken periodically, and monitored by 1H NMR
spectroscopy, thereby indicating the formation of fac-W(CO)3(CNBut)3 after a period of
22 hours. The mixture was filtered through silica gel (ca. 1 mL) and eluted with hexanes
(ca. 10 mL). The combined filtrate was concentrated to a volume of ca. 3 mL and placed
at -15 °C, thereby depositing pale yellow crystals of fac-W(CO)3(CNBut)3 which were
isolated and dried in vacuo (21 mg, 66 %) contaminated with a small amount of cisW(CO)2(CNBut)4 (3 %). The mother liquor was placed at -15 °C, thereby depositing a
second batch of pale yellow crystals (3 mg); total yield 24 mg, 80 %). Crystals suitable
for X-ray diffraction were obtained from hexanes at –15 ˚C.
1

H NMR (C6D6): 0.95 [s, CNC(CH3)3]. IR Data (CH2Cl2, cm-1): %CN = 2155 (w) and
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2108 (m); %CO = 1929 (s) and 1857 (s).49

4.7.13 Synthesis of axial-Fe(CO)4(CNBut)
A mixture of Fe(CO)5 (10 µL, 0.07 mmol) and Li[Me3SiNBut] (11 mg, 0.07 mmol) placed
in an NMR tube equipped with a J. Young valve was treated with C6D6 (0.7 mL). The
sample was heated at 60 ˚C and monitored by 1H NMR spectroscopy, thereby indicating
the formation of axial-Fe(CO)4(CNBut) after a period of 20 minutes. The mixture was
filtered through silica gel (ca. 1 mL) and eluted with hexanes (ca. 10 mL). The combined
filtrate was concentrated to a volume of ca. 3 mL and placed at -15 °C, thereby
depositing colorless crystals of axial-Fe(CO)4(CNBut) which were isolated and dried in
vacuo (9 mg, 48 %) contaminated with a small amount of trans-Fe(CO)3(CNBut)2 (< 2 %).
Crystals suitable for X-ray diffraction were obtained from hexanes at –15 ˚C.
1

H NMR (C6D6): 0.66 [s, CNC(CH3)3]. IR data (hexanes, cm-1): %CN = 2171 (w); %CO

= 2055 (m), 1993 (m) and 1967 (s).51

4.7.14 Synthesis of trans-Fe(CO)3(CNBut)2
(i) A mixture of Fe(CO)5 (10 µL, 0.07 mmol) and Li[Me3SiNBut] (25 mg, 0.16 mmol)
placed in an NMR tube equipped with a J. Young valve was treated with C6D6 (0.7 mL).
The sample was heated at 60 ˚C and monitored by 1H NMR spectroscopy, The sample
was monitored by 1H NMR spectroscopy, thereby indicating the formation of transFe(CO)3(CNBut)2 after a period of 16 hours. The mixture was filtered through silica gel
(ca. 1 mL) and eluted with hexanes (ca. 10 mL) and then dichloromethane (ca. 5 mL).
The combined filtrate was concentrated to a volume of ca. 3 mL and placed at -15 °C,
thereby depositing colorless crystals of trans-Fe(CO)3(CNBut)2 which were isolated and
dried in vacuo (14 mg, 62 %). Crystals suitable for X-ray diffraction were obtained from
hexanes at –15 ˚C.52
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1

H NMR (C6D6): 0.82 [s, CNC(CH3)3]. IR data (hexanes, cm-1): %CN = 2116 (m); %CO

= 1996 (w) and 1933 (s).51

(ii) A suspension of Li[Me3SiNBut] (2.00 g, 13.22 mmol) in Et2O (30 mL) was treated
with Fe(CO)5 (0.812 mL, 1.177 g, 6.01 mmol) at –78 ˚C. The mixture was stirred and
allowed to warm to room temperature.

After 16 hours, an additional quantity of

Li[Me3SiNBut] (600 mg, 3.97 mmol) was added at -78 ˚C. The mixture was allowed to
warm to room temperature and stirred for 16 hours. After this period, the volatile
components were removed in vacuo. Hexanes (ca. 10 mL) were added and the mixture
was filtered through silica gel (ca. 25 mL) and eluted with hexanes (ca. 200 mL); caution –
the dry residue on the column may be pyrophoric. The filtrate was placed at -78 ˚C,
thereby depositing pale yellow crystals of trans-Fe(CO)3(CNBut)2 which were isolated
and dried in vacuo (906 mg, 49 %).

4.7.15 Synthesis of Mo(CO)5(CN-1-NpH4)
Me3SiCl (190 µL, 1.5 mmol) was added to a solution of (R)-1,2,3,4-tetrahydro-1naphthylamine (200 µL, 1.36 mmol) in Et2O (ca. 10 mL) and the resulting suspension
was stirred for 30 minutes at room temperature, and then treated in a dropwise manner
with a solution of BunLi in hexanes (1.6 M, 1.9 mL, 3.0 mmol). The suspension was
stirred overnight at room temperature, cooled to –78 ˚C, and treated with Mo(CO)6 (180
mg, 0.68 mmol). The suspension was allowed to warm to room temperature and stirred
for 6 hours. After this period, the volatile components were removed in vacuo and the
residue obtained was extracted into hexanes (ca. 20 mL), filtered through silica gel (ca. 8
mL) and eluted with hexanes (ca. 75 mL) to give Mo(CO)5(CN-1-NpH4) as a
microcrystalline solid (105 mg, 39 %). Crystals suitable for X-ray diffraction were
obtained from hexanes at –15 ˚C.
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1

H NMR (C6D6): 1.07 – 1.44 [several multiplets, 4H, C6H4C3H6CH(NC)], 2.09 – 2.27

[m, 2H C6H4C3H6CH(NC)], 3.98 [t, 3JH-H = 5, 1H, C6H4C3H6CH(NC)], 6.69 [m, 1H,
C6H4C3H6CH(NC)], 6.92 [m, 2H, C6H4C3H6CH(NC)], 7.05 [m, 1H, C6H4C3H6CH(NC)].
13

C{1H} NMR (C6D6): 19.3 [s, 1C, C6H4C3H6CH(NC)], 28.2 [s, 1C, C6H4C3H6CH(NC)], 30.2

[s,

1C,

C6H4C3H6CH(NC)],

55.1

[s,

1C,

C6H4C3H6CH(NC)],

126.9

[s,

1C,

C6H4C3H6CH(NC)], 128.0 [s, 1C, C6H4C3H6CH(NC)], 128.8 [s, 1C, C6H4C3H6CH(NC)],
129.7 [s, 1C C6H4C3H6CH(NC)], 131.6 [s, 1C C6H4C3H6CH(NC)], 136.3 [s, 1C
C6H4C3H6CH(NC)], 152.9 [s, 1C C6H4C3H6CH(NC)], 204.4 [s, 4C Mo(CO)5], 207.1 [s, 1C
Mo(CO)5]. IR data (Hexanes, cm-1): %CN = 2154 (m); %CO = 2066 (m), 1960 (s) and 1929
(w).

4.7.16 Synthesis of Mo(CO)5(CN-1-Adamantyl) and cis-Mo(CO)4(CN-1-Adamantyl)2
Me3SiCl (100 µL, 0.79 mmol) was added to a suspension of 1-adamantamine, AdNH2,
(70 mg, 0.46 mmol) in Et2O (ca. 10 mL). The suspension was stirred for 30 minutes,
cooled to -78 ˚C, and treated in a dropwise manner with a solution of BunLi in hexanes
(2.5 M, 0.40 mL, 1.00 mmol). The resulting solution was allowed to warm to room
temperature, thereby depositing a white precipitate. The mixture was stirred for 3
hours at room temperature, cooled to –78 ˚C, and was treated with Mo(CO)6 (50 mg,
0.19 mmol). The suspension was allowed to warm to room temperature and was stirred
overnight. After this period, the volatile components were removed in vacuo and the
residue obtained was extracted into hexanes (ca. 3 mL) and purified by flash
chromatography (silica, hexanes, Et2O gradient).

Mo(CO)5(CN-1-Ad) was the first

fraction (24 mg, 32 % based on Mo(CO)6) and cis-Mo(CO)4(CN-1-Ad)2 (43 mg, 43 %) was
obtained as the second fraction. Crystals of Mo(CO)5(CN-1-Ad) and Mo(CO)4(CN-1Ad)2 suitable for X-ray diffraction were obtained from hexanes at –15 ˚C.
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Data for Mo(CO)5(CN-1-Ad)
1

H NMR (C6D6): 1.12 [m, 6H of Ad], 1.40 [s, 6H of Ad], 1.50 [s, 3H of Ad]. IR

data (hexanes, cm-1): %CN = 2147 (m); %CO = 2065 (m), 1958 (s), and 1930 (w). Mass
spectrum (FAB+): m/z = 399.0 {M}+.

Data for cis-Mo(CO)4(CN-1-Ad)2
1

H NMR (C6D6): 1.18 [m, 6H of Ad], 1.57 [s, 3H of Ad], 1.60 [s, 6H of Ad]. IR

data (Et2O, cm-1): %CN = 2147 (w) and %CN = 2115 (m); %CO = 2016 (m) and 1928 (s). Mass
spectrum (FAB+): m/z = 532.2 {M}+.

4.7.17 Synthesis of Mo(CO)5(CN-p-C6H4Me)
Me3SiCl (100 µL, 0.79 mmol) was added to a solution of p-MeC6H4NH2 (20 mg, 0.19
mmol) in Et2O (ca. 10 mL) giving a suspension that was stirred for 2 hours, cooled to –78
˚C, and treated in a dropwise manner with a solution of BunLi in hexanes (2.5 M, 0.17
mL, 0.42 mmol). The resulting solution was allowed to warm to room temperature,
thereby depositing a white precipitate. The mixture was stirred for 4 hours at room
temperature, cooled to –78 ˚C, and treated with Mo(CO)6 (50 mg, 0.19 mmol). The
mixture was allowed to warm to room temperature and was stirred stirred for 2 days.
The volatile components were removed in vacuo and the residue obtained was extracted
into hexanes (ca. 5 mL) and purified by flash column chromatography (silica gel,
hexanes), to give Mo(CO)5(CN-p-C6H4Me) as a white microcrystalline solid (47 mg, 70
%).
1

H NMR (C6D6): 1.79 [s, 3H, CN-p-C6H4CH3], 6.46 [s, 4H, CN-p-C6H4Me]. IR data

(hexanes, cm-1): %CN = 2137 (w); %CO = 2059 (m), 1965 (s) and 1930 (w). Mass spectrum
(FAB+): m/z = 355.0 {M}+.
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4.7.18 Synthesis of Mo(CO)5(CN-p-C6H4OMe)
Me3SiCl (100 µL, 0.79 mmol) was added to a solution of p-MeOC6H4NH2 (23 mg, 0.19
mmol) in Et2O (ca. 10 mL) and stirred for 30 minutes at room temperature. The mixture
was cooled to -78 ˚C and treated in a dropwise manner with a solution of BunLi in
hexanes (2.5 M, 0.17 mL, 0.42 mmol). The resulting solution was allowed to warm to
room temperature, thereby depositing a white precipitate. The mixture was stirred for
2 hours at room temperature, cooled to –78 ˚C, and treated with Mo(CO)6 (50 mg, 0.19
mmol).

The mixture was allowed to warm to room temperature and was stirred

overnight. After this period, the volatile components were removed in vacuo and the
residue obtained was extracted into hexanes (ca. 5 mL) and purified by flash column
chromatography (silica gel, hexanes) to give Mo(CO)5(CN-p-C6H4OMe) as a
microcrystalline solid (56 mg, 80 %).

Crystals suitable for X-ray diffraction were

obtained from hexanes at –15 ˚C.
1

H NMR (C6D6): 3.03 [s, 3H, CN-p-C6H4OCH3], 6.24 [d, 3JH-H = 9 Hz, 2H, CN-p-

C6H4OCH3], 6.49 [d, 3JH-H = 9 Hz, 2H, CN-p-C6H4OCH3]. IR data (hexanes, cm-1): %CN =
2137 (m); %CO = 2059 (m), 1964 (s) and 1942 (w). Mass spectrum (FAB+): m/z = 371.0
{M}+.

4.7.19 Synthesis of cis-Mo(CO)4(CN-2,4,6-C6H2Me3)2
A solution of BunLi in hexanes (2.5 M, 0.2 mL, 0.5 mmol) was added to a solution of
2,4,6-trimethylaniline (60 µL, 0.43 mmol) in Et2O (ca. 10 mL). The solution was stirred at
room temperature for 2 hours and then cooled to –78 ˚C, thereby depositing a white
precipitate. Me3SiCl was added dropwise and the mixture was allowed to warm to
room temperature, during which period it became a solution and then a suspension.
The resulting suspension was allowed to stir for 1 hour at room temperature. After this
period, the mixture was treated with a solution of BunLi in hexanes (2.5 M, 0.2 mL, 0.5
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mmol). The suspension was stirred for 1 hour, cooled to –78 ˚C and then treated with
Mo(CO)6 (50 mg, 0.19 mmol). The mixture was allowed to warm to room temperature
and then stirred for 2 days at 60 ˚C. After this period, the volatile components were
removed in vacuo and the residue obtained was extracted into hexanes (ca. 3 mL) and
purified by flash chromatography (silica, hexanes, Et2O gradient) to give Mo(CO)4(CN2,4,6-C6H2Me3)2 (46 mg, 49 %) as a white microcrystalline solid. Crystals suitable for Xray diffraction were obtained from hexanes at –15 ˚C.
1

H NMR (C6D6):

1.90 [s, 3H, CN-2,4,6-C6H2(CH3)3], 2.09 [s, 6H, CN-2,4,6-

C6H2(CH3)3], 6.39 [s, 2H, CN-2,4,6-C6H2Me3]. IR data (hexanes, cm-1): %CN = 2131 (w) and
%CN = 2079 (m); %CO = 2013 (m) and 1940 (s). Mass spectrum (FAB+): m/z = 500.1 {M}+.
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4.8

Crystallographic data

Table 1. Crystal, intensity collection and refinement data.

Cr(CO)5(CNBut)

Cr(CO)4(CNBut)2

lattice

Monoclinic

Monoclinic

formula

C10H9CrNO5

C14H18CrN2O4

275.18

330.30

P21/c

P21/c

a/Å

9.1589(12)

17.0086(16)

b/Å

15.059(2)

11.1264(10)

c/Å

9.3824(12)

18.3223(17)

&/˚

90

90

'/˚

103.357(2)

101.7850(10)

90

90

1259.1(3)

3394.3(5)

4

8

temperature (K)

125(2)

125(2)

radiation (), Å)

0.71073

0.71073

1.452

1.293

µ (Mo K&), mm

0.916

0.689

+ max, deg.

30.49

30.53

no. of data collected

20007

53504

no. of data used

3833

10369

no. of parameters

157

401

R1 [I > 2!(I)]

0.0403

0.0400

wR2 [I > 2!(I)]

0.0811

0.0849

R1 [all data]

0.0738

0.0746

wR2 [all data]

0.0926

0.0849

GOF

1.009

1.004

formula weight
space group

(/˚
V/Å

3

Z

-3

* (calcd.), g cm

-1
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Table 1 (cont). Crystal, intensity collection and refinement data.

Mo(CO)4(CNBut)2

W(CO)4(CNBut)2

Monoclinic

Monoclinic

C14H18MoN2O4

C14H18WN2O4

374.24

462.15

P21/c

P21/c

a/Å

17.2165(10)

17.109(10)

b/Å

11.2053(7)

11.131(7)

c/Å

18.6121(11)

18.487(11)

&/˚

90

90

'/˚

101.2930(10)

101.259(8)

(/˚

90

90

3521.1(4)

3453(4)

8

8

temperature (K)

125(2)

125(2)

radiation (), Å)

0.71073

0.71073

* (calcd.), g cm-3

1.412

1.778

µ (Mo K&), mm-1

0.759

6.706

+ max, deg.

30.35

32.94

no. of data collected

55011

59772

no. of data used

10593

12348

401

401

R1 [I > 2!(I)]

0.0393

0.0239

wR2 [I > 2!(I)]

0.0696

0.0437

R1 [all data]

0.0741

0.0373

wR2 [all data]

0.0806

0.0471

GOF

1.001

1.008

lattice
formula
formula weight
space group

V/Å3
Z

no. of parameters
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Table 1 (cont). Crystal, intensity collection and refinement data.

W(CO)3(CNBut)3

Fe(CO)4(CNBut)

Monoclinic

Monoclinic

C18H27WN3O3

C9H9FeNO4

517.28

251.02

P21/c

P21/c

a/Å

9.2308(12)

8.9045(4)

b/Å

14.955(2)

14.4203(6)

c/Å

16.648(2)

9.0702(4)

&/˚

90

90

'/˚

94.987(2)

102.7840(10)

(/˚

90

90

2289.6(5)

1135.79(9)

4

4

temperature (K)

125(2)

125(2)

radiation (), Å)

0.71073

0.71073

* (calcd.), g cm-3

1.501

1.468

µ (Mo K&), mm-1

5.063

1.320

+ max, deg.

30.85

32.60

no. of data collected

37064

18983

no. of data used

7183

3954

no. of parameters

227

139

R1 [I > 2!(I)]

0.0390

0.0236

wR2 [I > 2!(I)]

0.0711

0.0618

R1 [all data]

0.0764

0.0282

wR2 [all data]

0.0815

0.0651

GOF

0.992

1.052

lattice
formula
formula weight
space group

V/Å3
Z
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Table 1 (cont). Crystal, intensity collection and refinement data.

Fe(CO)3(CNBut)2

Mo(CO)5(CN-p-C6H4OMe)

lattice

Orthorhombic

Monoclinic

formula

C13H18FeN2O3

C13H7MoNO6

306.14

369.14

Pbca

P21

a/Å

11.6817(9)

10.8089(18)

b/Å

16.0996(13)

5.8009(10)

c/Å

16.4104(13)

11.831(2)

&/˚

90

90

'/˚

90

107.521(2)

(/˚

90

90

3086.3(4)

707.4(2)

8

2

temperature (K)

125(2)

125(2)

radiation (), Å)

0.71073

0.71073

* (calcd.), g cm-3

1.318

1.733

µ (Mo K&), mm-1

0.982

0.952

+ max, deg.

32.65

32.51

no. of data collected

50292

11852

no. of data used

5476

4735

no. of parameters

178

192

R1 [I > 2!(I)]

0.0226

0.0359

wR2 [I > 2!(I)]

0.0611

0.0751

R1 [all data]

0.0280

0.0463

wR2 [all data]

0.0652

0.0789

GOF

1.045

1.005

formula weight
space group

V/Å3
Z
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Table 1 (cont). Crystal, intensity collection and refinement data.

Mo(CO)4(CN-2,4,6-

Mo(CO)5(CN-1-NpH4)

C6H2Me3)2
lattice

Triclinic

Orthorhombic

C24H22MoN2O4

C16H11MoNO5

498.38

393.20

P–1

P212121

a/Å

10.3163(11)

23.215(17)

b/Å

10.5038(11)

12.599(9)

c/Å

11.9238(12)

5.648(4)

&/˚

87.101(2)

90

'/˚

82.733(2)

90

(/˚

63.7150(10)

90

1149.1(2)

1652(2)

2

4

temperature (K)

125(2)

200(2)

radiation (), Å)

0.71073

0.71073

* (calcd.), g cm-3

1.440

1.581

µ (Mo K&), mm-1

0.602

0.817

+ max, deg.

32.65

28.28

no. of data collected

19899

15546

no. of data used

7821

4090

no. of parameters

286

209

R1 [I > 2!(I)]

0.0367

0.0411

wR2 [I > 2!(I)]

0.0839

0.0674

R1 [all data]

0.0518

0.1018

wR2 [all data]

0.0907

0.0912

GOF

1.027

1.037

formula
formula weight
space group

V/Å3
Z
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Table 1 (cont). Crystal, intensity collection and refinement data.

Mo(CO)5(CN-1-Ad)

Mo(CO)4(CN-1-A)2

lattice

Orthorhombic

Triclinic

formula

C16H14MoNO5

C26 H30MoN2O4

formula weight

396.22

530.46

space group

Pnma

P–1

a/Å

23.3043(9)

12.833(8)

b/Å

10.5340(4)

13.248(9)

c/Å

14.0154(5)

16.906(11)

&/˚

90

94.485(10)

'/˚

90

107.173(10)

(/˚

90

112.316(10)

3440.6(2)

2481(3)

8

4

temperature (K)

200(2)

200(2)

radiation (), Å)

0.71073

0.71073

* (calcd.), g cm-3

1.530

1.420

µ (Mo K&), mm-1

0.785

0.562

+ max, deg.

30.51

25.35

no. of data collected

53927

27609

no. of data used

5510

9079

no. of parameters

235

959

R1 [I > 2!(I)]

0.0349

0.0580

wR2 [I > 2!(I)]

0.0911

0.0971

R1 [all data]

0.0454

0.1567

wR2 [all data]

0.0984

0.1273

GOF

1.053

0.956

V/Å3
Z
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5.1

Introduction

5.1.1 Mercury toxicity and previous studies in the Parkin Group
Mercury has become infamous in popular culture due to its potent toxicity.1 Of
the different mercury species, alkylmercurials and inorganic mercury trump elemental
mercury in their relative toxicities. Specifically, methylmercury compounds are of the
highest toxicity known. As such, investigations of the nature of these compounds, and
mechanisms of their detoxification are relevant to both human health and
environmental concerns.
Methylmercury coumpounds are produced by the natural biomethylation of
inorganic mercury, Hg(II), in aqueous media.2,3,4

This process is performed by

microorganisms, particularly sulfate-reducing bacteria, which live in or close to the
sediments in aqueous ecosystems.5

Most notably, methylcobalamin (Figure 1), a

derivative of vitamin B12, methylates Hg(II) in methylcobalamin-utilizing methanogenic
bacteria.6

Figure 1. Methylcobalamin.
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The methylmercury species that is generated is exceedingly kinetically stable (i.e.
the mercury carbon bond is resistant to cleavage), resulting in its biomagnification upon
ascending the food chain.7 Methylmercury is found in a copious number of seafoods,
with the highest concentrations found in long-lived, large, predatory fish.

The

methylmercury is transferred to the human, when these fish are consumed.
The thiophilicity of mercury is well established.8 Thiols, also termed mercaptans
due to their high affinity for mercury, have been demonstrated to protolytically cleave
mercury carbon bonds in mercury alkyl compounds, producing the corresponding
alkane and the mercury thiolate derivative (Scheme 1).2,8

This process is

thermodynamically favorable, with both experimental and computational data
providing evidence that the products (i.e. the mercury-thiolate and alkane) are the
energetically more stable species.9 However, this process has a large activation barrier,
such that the mercury alkyl compounds are kinetically inert at ambient temperatures
and neutral pH (Scheme 1).1,3 In this vein, it has recently been demonstrated that
increasing the number of sulfur donors available for the mercury atom significantly
lowers the activation energy needed for this protolytic process, resulting in room
temperature cleavage (vide infra).2
XHg

R + R'SH

slow

XHg

SR' + RH

R = alkyl
R' = alkyl or aryl

Scheme 1. Reaction of alkylmercurial with thiol.

Organomercurial lyase, MerB, is a bacterial enzyme that cleaves mercury-carbon
bonds under physiological conditions.10

MerB has three cysteine residues (Cys-96,

Cys-159 and Cys-160) in its active site, of which only two (Cys-96 and Cys-159) are
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essential for enzymatic activity.11,12 In the mercurated state of MerB, only the two
essential cysteine residues are bound to the mercury atom, along with a water molecule
that forms a trigonal-planar geometry around mercury. A former member of the Parkin
research group, Jonathan Melnick, used the sulfur rich tris(2-mercapto-1-tertt

butylimidazolyl)hydroborato ligand, [TmBu ], to mimic the enzyme, MerB.2 Specifically,
t

the [TmBu ] ligand has three sulfur donors, analogous to the three active-site cysteine
residues in MerB.11,12 Upon addition of benzene thiol to the two-coordinate mercury
t

alkyl complex, [!1–TmBu ]HgR (R = Me, Et), alkane (methane or ethane) was eliminated
rapidly at room temperature, presumably via access to higher coordinate mercury
complexes, namely the !2-S2 isomer or the !3-S3 isomer (Scheme 2). It was postulated
that the susceptibility of the Hg–R bond towards protolytic cleavage, in comparison to
the notorious inertness of other two–coordinate mercury alkyl compounds, was a
consequence of the availability of the additional sulfur donors.13
importance

of

increased

sulfur

t

coordination,

the

To reinforce the

cationic

complex,

t

{[HmimBu ]HgR}[BF4], (HmimBu = 2-mercapto-1-tert-butylimidazole) does not react
t

rapidly with PhSH at room temperature, whereas addition of excess HmimBu causes
rapid elimination of RH. This observation is consistent with the formation of higher
coordinate mercury species resulting in faster protolytic cleavage.2
But
But

N

N

N

N

N
S

N
B
H

N

But

PhSH, 25˚C
S

– RH

H

S
Hg

B
N

N

N
S

N

But

N
S

Hg

R
t

Scheme 2. Protolytic cleavage of [!1–TmBu ]HgR (R = Me, Et) by benzene thiol.

S
But
But

SPh
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5.1.2 Thimerosal
Sodium ethylmercury thiosalicylate, [(ArCO2)SHgEt]Na, which is commonly
known as thimerosal (Figure 2),14,15 was first introduced as a pharmaceutical ingredient
in the early 1930s under the trade name Merthiolate.16 Thimerosal is an alkylmercurial
compound, as it has an ethyl mercury bond. Additionally, the sodium carboxylate
functionality allows thimerosal to be water soluble, as the protonated derivative is not
soluble in water (vide infra). Thimerosal was often used as a vaccine preservative and as
an antiseptic for the topical treatment of cuts and wounds.17 In addition to its use and
antiseptic, there are many other applications of thimerosal that result from its
antimicrobial properties.

Some of these include contact lens cleaners, soap-free

cleansers, eye, nose and ear drops and skin test antigens.18,19,20 Recently, there has been
controversy concerning thimerosal due to it being linked to autism in children due to its
use as a vaccine preservative.21,22,23,24,25 However, there is currently no strong scientific
evidence that supports this claim.26
O
O- Na+
S
Hg
Et

Figure 2. Thimerosal.

Organomercurials have also found use as fungicides, contraceptive spermicides
and disinfectants.27

One infamous example was the use of a fungicide containing

methylmercury that resulted in the death of approximately 500 people in Iraq in the
early 1970s, when wheat seeds treated with these pesticides were used for making
bread rather than for growing wheat.28
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Considering

the

widespread

applications of

thimerosal,

the

structure,

spectroscopic properties and reactivity were examined.29 This chapter will detail the
molecular structures and spectroscopic properties of thimerosal and some related
derivatives. Additionally, some reactivity of thimerosal will be discussed, and then
selected attempts to design chelating agents for mercury detoxification will be
mentioned.

5.2

Structural characterization of thimerosal
Thimerosal was first reported in 1928;30,31,32 however, there are almost no reports

discussing its structure, spectroscopic properties and reactivity. In this vein, single
crystal X-ray diffraction has been used to determine the molecular structure of
thimerosal.

Crystals of thimerosal suitable for analysis were obtained by slow

evaporation from methanol; the molecular structure is illustrated in Figure 3 and Figure
4. Figure 3 shows the entire asymmetric unit, which has six independent thimerosal
molecules, while Figure 4 shows only one of the ethylmercury thiosalicylate groups for
clarity.
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Figure 3. Asymmetric unit of thimerosal containing six independent molecules of thimerosal.

Figure 4. Molecular structure of one of the anions of thimerosal in the asymmetric unit.
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The asymmetric unit shows that the Na+ cations are coordinated to both the
oxygen and sulfur atoms of the thiosalicylate ligand.

Some of the Na+ cations

coordinate only to the carboxylate oxygen atoms, while other Na+ cations also
–

coordinate to the sulfur atom. The structures of each of the [(ArCO2)SHgEt] units are
similar, with all mercury atoms having the linear two-coordinate geometry that is
common for alkyl and thiolate compounds.33,34,35,36 The main difference among the
anions are the torsion angles involving the (ArCO2) ligand. Selected metrical data for the
[(ArCO2)SHgEt]– moieties are summarized in Table 1.

Table 1. Comparison of bond length (Å) and bond angle (˚) data for the six independent molecules of
[(ArCO2)SHgEt]Na in the asymmetric unit.

d(Hg–C)/Å

d(Hg–S)/Å

C–Hg–S/˚

molecule #1

2.075(13)

2.383(3)

178.0(4)

molecule #2

2.081(13)

2.364(3)

176.9(4)

molecule #3

2.129(12)

2.391(3)

173.3(4)

molecule #4

2.094(11)

2.376(3)

176.5(4)

molecule #5

2.100(12)

2.371(3)

175.0(5)

molecule #6

2.075(16)

2.363(3)

176.8(7)

2.07(1)

2.383(3)

178.0(4)

Average

5.3

Spectroscopic characterization of thimerosal
In addition to structurally characterizing thimerosal in the solid state,

multinuclear NMR studies have been performed in order to characterize thimerosal in
solution.

199

Hg NMR spectroscopic studies are consistent with thimerosal possessing a

linear two-coordinate geometry in solution. Specifically, the

199

Hg{1H} NMR chemical

shift of thimerosal is –784 ppm relative to HgMe2 (" = 0) (referenced externally to 1.0 M
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HgI2 in d6-DMSO, " = -3106), which is within the range (-1200 to -600 ppm) observed for
two-coordinate mercury thiolate compounds. 37,38 In the

199

Hg spectrum, the signal is a

well-resolved triplet of quartets, which is the expected coupling pattern based on
previously reported 2JH-H and 3JH-H coupling constants for ethyl mercury compounds
(Figure 5). The 2JH-H and 3JH-H coupling constants correspond to the hydrogen atoms on
the methylene (CH2) and methyl (CH3) groups, respectively, which are 2JHg-H = 176 Hz
and 3JHg-H = 250 Hz. It is interesting to note that the three-bond coupling constant is
larger than the two-bond coupling constant. A similar trend in 2JHg-H and 3JHg-H coupling
constants is also observed for other EtHgX derivatives.39 The simulated 199Hg spectrum
and the predicted coupling pattern based on mercury-hydrogen coupling constants are
depicted in Figure 6 and Figure 7, respectively.

Figure 5.

199

Hg NMR spectrum (53.75 MHz) of thimerosal in D2O.
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Figure 6. Simulated 199Hg NMR spectrum with 2JHg-H = #176# Hz and 3JHg-H = #250# Hz.

3J

Hg-H

= 250 Hz

3J

Hg-H

= 250 Hz

3J

Hg-H
2J

= 250 Hz

Hg-H
2J

1

Figure 7. Predicted

199

2 3

1 6 3

3 6 1

3 2

= 176 Hz

Hg-H

= 176 Hz

1 (intensity)

Hg NMR coupling pattern with 2JHg-H = #176# Hz and 3JHg-H = #250# Hz (the line

thickness represents the intensity of the signal).

The corresponding 1H and 13C{1H} NMR spectra exhibit

199

Hg satellites (16.9 %

abundance), as illustrated in Figure 8 and Figure 9. Note that in Figure 8, the

199

Hg

satellites in the 1H spectra have different appearances based on the magnetic field
strength (vide infra).

Specifically, the JH-H coupling resolution decreases at higher

magnetic field strengths for the satellite signals (vide infra). JHg–C and JHg–H coupling
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constant data are listed in Table 2. The one-bond mercury-carbon coupling constant
(1JHg–C = #1316# Hz) is considerably larger than is the two-bond mercury-carbon
coupling constant (2JHg–C = #74# Hz). The opposite trend is observed for the mercuryproton coupling constants (i.e. for the corresponding two-bond and three-bond JHg-H
coupling constants).

Table 2. 1H and 13C NMR spectroscopic data for the ethyl ligand of thimerosal in D2 O.
1

"(CH2) = 1.65
3
2

"(CH3) = 1.26

3

C

"(CH2) = 28.3
1

JH-H = 8

JHg-H = 176

3

13

H

1

JC-H = 136

JHg-C = 1316

"(CH3) = 15.9

JH-H = 8

1

JHg-H = 250

2

JC-H = 126
JHg-C = 74
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*

*

*

*

*

* *

*

*

*

Figure 8. 1H NMR spectra of Thimerosal in D2O at different magnetic field strength (199Hg satellites are
marked with a *).
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CH2

*

Figure 9.

13

CH3

*

**

C{1H} NMR spectrum (75.4677 MHz) of thimerosal in D2O (199Hg satellites are marked with a

*).

Interestingly, the 1H chemical shift of the CH2 group of thimerosal is downfield of the
CH3 group (Figure 8), an order that is in accord with that reported for other EtHgX
derivatives (X = CN, Br, Cl, NO3, I, ClO4), but opposite to that of Et2Hg40 (vide infra). 41,42
For

clarity,

listed

in
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Table 3 is a compiled list of the chemical shifts of the CH2 and CH3 groups for various
EtHgX compounds. It should be noted, however, that according to reference 39 and 43,
the CH2 group of Et2Hg is downfield of the CH3 group, while the other EtHgX derivatives
have the CH2 group upfield of the CH3 group. It is postulated that this discrepancy is a
result of the chemical shifts reported in reference 39 and 43 being based on a different
sign convention to the current " chemical shift scale.
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Table 3. 1H chemical shifts for CH2 and CH3 groups for various EtHgX compounds.

a

Compound

" CH2

" CH3

Solvent

Reference

Et2Hg

+1.00

+1.29

CH2Cl2

42

EtHgBr

+2.02

+1.37

CH2Cl2

42

EtHgI

+2.10

+1.44

CH2Cl2

42

EtHgClO4a

+2.29

+1.04

D2 O

42

EtHgCl

+1.97

+1.35

CH2Cl2

42

EtHgCl

+1.65

+1.25

DMSO

our work

EtHgCl

+1.98

+1.35

CD2Cl2

our work

[(ArCO2)SHgEt]Na

+1.65

+1.26

D2 O

our work

(ArCO2H)SHgEt

+1.89

+1.35

CDCl3

our work

[(ArCO2HgEt)SHgEt]2

+1.83

+1.32

CD2Cl2

our work

Based on Me3COH in water = 1.31 ppm.

Finally, it is also of interest to discuss the appearance of the 199Hg satellites in the
1

H NMR spectra. Whereas the main signals associated with the ethyl group consist of a

well-defined triplet and quartet for the CH3 and CH2 groups respectively, the satellites
are broad such that the proton-proton coupling (3JH-H) is not well resolved.
appearance of the

199

The

Hg satellites is dependent on the magnetic field with stronger

magnetic fields resulting in broader

199

Hg satellites (i.e. the resolution is inversely

dependent on magnetic field strength). This can be seen in Figure 8. The magnetic field
dependence of the satellites is due to relaxation by chemical shift anisotropy (CSA).44
CSA does not apply only to
103

Rh,49

195

Pt,50

207

Pb,51 and

199

205

Hg,45 but also to other nuclei such as 31P,46 77Se,46b,47 57Fe,48

Tl.52,53

CSA is defined as the chemical shift difference

between the isotropic and anisotropic states. The difference in chemical shift is due to
the fact that the chemical shift is dependent on the local magnetic field and therefore,
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the orientation of the molecule (i.e. depending on the direction of the molecule, the
chemical shift of the nuclei of interest will vary). This anisotropy modifies the effective
magnetic field, thus providing a means to relax the neighboring nuclei. In a situation
where $0%c << 1 ($0 = Larmor frequency and %c = rotational correlation time) is satisfied,
the relaxation component due to chemical shift anisotropy is directly proportional to
B02; as such, relaxation will become faster with stronger magnetic fields (Equations 1).44
Thus, as the strength of the magnetic field increases, the linewidth at half-height (w1/2)
of the satellites increases such that it is not possible to resolve the 3JH-H coupling.
R(CSA) = (2/15)&2!02(' - ' )2{%c/(1 + !02%c2)}
((

R(CSA) = (2/15)&2!02(' - ' )2%c
((

)

)

for !0%c << 1

(!0 = -&B0)
Equations 1. R(CSA) = spin-lattice relaxation due to chemical shift anisotropy; & = gyromagnetic ratio; B0
= applied magnetic field; ' and ' = parallel and perpendicular components of the shielding tensor; %c =
((

)

rotational correlation time; !0 = Larmor frequency.

As stated above, relaxation via CSA is influenced by the rotational correlation
time (%c). Therefore, the line width of the satellites is a function of the viscosity of the
solvent. For situations where $0%c << 1, relaxation due to CSA is proportional to the
rotational correlation time which is dependent on the viscosity.44 For this reason, the
multiplet structure of the mercury satellites of the ethyl group of thimerosal are much
better resolved in methanol (Figure 10) and acetone solvents that have lower viscosities
compared to water.54
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*

* *

*

*

*

*

*

*

*

Figure 10. 1H NMR spectra of thimerosal in CD3OD at different magnetic field strength (199Hg satellites
are marked with a *).

As depicted in Figure 8 and Figure 10, the

199

Hg satellites suffer from relaxation

due to CSA, because the 199Hg chemical shift range is quite large. The relaxation due to
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CSA is verified by the fact that the resolution of the 199Hg satellites is dependent on both
applied magnetic field and solvent viscosity (Equations 1).

5.4

Protonation of thimerosal
Thimerosal has multiple sites that may be subject to electrophilic attack. The two

most apparent sites are the carboxylate oxygen and the mercury–carbon bond. In the
latter case, it is the carbon that acts as the nucleophile, similar to the reactivity of the
more common Grignard reagent. The most common and straightforward electrophile is
the proton (H+), and therefore, the reactivity of thimerosal with a proton source was
explored. Treatment of an aqueous solution of thimerosal with aqueous HCl results in
the selective protonation of the carboxylate oxygen. This results in the precipitation of
the carboxylic acid derivative (ArCO2H)SHgEt (Scheme 3),55 with the mercury–carbon
bond remaining intact. It should be noted that over time, mercury-sulfur bond cleavage
occurs, to give the corresponding thiol, thiosalicylic acid and EtHgCl (Scheme 4).
O

O
O- Na+

S

OH

HCl
NaOH

S

Hg

Hg

Et

Et

Scheme 3. Protonation of thimerosal with HCl (forward reaction) and deprotonation of (ArCO2H)SHgEt
using NaOH (reverse reaction).
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O

O
OH

HCl

S

OH

+ EtHgCl

SH

Hg
Et

Scheme 4. Protonation of (ArCO2H)SHgEt by HCl to give thiosalicylic acid and EtHgCl.

The protonated derivative is of interest due to the fact that thimerosal is believed
to enter cells via its protonated form.56 The molecular structure of (ArCO2H)SHgEt has
been determined using single crystal X–ray diffraction. These studies, on two different
crystalline forms of (ArCO2H)SHgEt (both are in the monoclinic crystal system, one in
space group P21/n and one in P2/c) indicate that the compound exists as a
centrosymmetric dimer involving hydrogen bonding interactions between the
carboxylic acid groups, as illustrated in Figure 11.
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Figure 11. Molecular structure of (ArCO2H)SHgEt (hydrogen bonded dimer is shown).

This dimeric structure provides an interesting contrast to the complex network
–

+

observed for thimerosal, where [(ArCO2)SHgEt] anions are connected to Na cations via
both the oxygen and sulfur atoms of the thiosalicylate ligand (Figure 3).

The

centrosymmetric dimer is somewhat expected, as this is a very common motif for
molecules containing one carboxylic acid moiety. However, the geometrical features at
mercury in both crystalline forms of (ArCO2H)SHgEt are similar to those of thimerosal,
and are summarized in Table 4.
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Table 4. Comparison of the mercury coordination geometries in (ArCO2H)SHgEt and [(ArCO2)SHgEt]Na.

(ArCO2H)SHgEt

(ArCO2H)SHgEta

[(ArCO2)SHgEt]Nab

modification #1

modification #2

Hg–C/Å

2.086(5)

2.093

2.092

Hg–S/Å

2.380(1)

2.383

2.375

C–Hg–S/˚

175.4(1)

173.0

176.1

a

average values for 4 crystallographically independent molecules.

b

average values for 6 crystallographically independent molecules.

In addition to the solid-state structure of (ArCO2H)SHgEt, we have also
characterized (ArCO2H)SHgEt in solution by using 1H NMR spectroscopy. This provides
evidence for both the mercury ethyl moiety and the carboxylic acid proton.

With

respect to the mercury-ethyl group, the 1H NMR chemical shift for the CH2 group is
downfield of the CH3 group, the same trend as for thimerosal itself. Like thimerosal,
the

199

Hg satellites of (ArCO2H)SHgEt are particularly interesting in the 1H NMR

spectrum. Specifically, while the outermost satellites for the CH2 and CH3 groups have
the expected coupling pattern, a quartet and triplet, respectively, the innermost
satellites appear as a singlet when acquiring the spectrum at 400 MHz (Figure 12).
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Figure 12.

1

H NMR spectra of (ArCO2H)SHgEt at different magnetic field strengths. At 400 MHz, the

central pair of 199Hg satellites appear as a singlet (*).
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The singlet stems from the fact that the satellites correspond to the A2B3 portion
of an A2B3X spin system. Therefore, their appearance depends on the JA–X (i.e. 2JHg-H) and
JB–X (i.e. 3JHg-H) coupling constants. If *" is the absolute chemical shift difference (|"A –
"B|) of the CH2 and CH3 groups for molecules devoid of magnetically active

199

Hg

nuclei, the “effective” chemical shift difference (*"’) for those with the two spin states of
199

Hg is |*" ± ½ (JA-X – JB-X)|.57,58 For clarity, this is illustrated in Figure 13, where A =

CH2 and B = CH3. Thus, the satellites will only have a first-order appearance if |*" ± ½
(JA-X – JB-X)| >> |JAB|, and complex spectra for the satellites will result if this inequality
is not maintained.57,58

Figure 13. Schematic illustration of the 199Hg satellites for a mercury ethyl group. The two inner satellites
overlap if *" = ½ {|JA-X| + |JB-X|}. If JA-X and JB-X have opposite signs, the two satellites correspond to the
same molecule and so a singlet results.

In the case that |*" ± ½ (JA-X – JB-X)| is zero, (i.e. *" = ½|JA-X – JB-X|) the
corresponding A2B3 subspectra will become a singlet. While this is not common, such
situations have arisen when the CH2 and CH3 groups coincidentally have the same
chemical shift.

For example, the silicon ethyl groups of [TpMe2]Pt(H)2Si(CH2CH3)3
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([TpMe2] = tris(3,5-dimethylpyrazolyl)hydroborato) appear as a singlet in the 1H NMR
spectrum due to the CH2 and CH3 groups having the same chemical shift.59,60
Meanwhile, the

29

Si satellites for the CH3 and CH2 groups appear as triplets and

quartets, respectively, because the different 2JSi–H and 3JSi–H coupling constants remove
the coincidental chemical shift degeneracy for molecules having the magnetically active
nucleus 29Si.61 Another example of lifted degeneracy is in the 31P{1H} NMR spectrum of
Pt[(R,R)-Me-Duphos][CH2CH(CO2But)] (Duphos = diphosphine ligand) due to the

195

Pt

satellite signals, where the central signal is observed as a singlet, but coupling is
observed in the satellite signals.62,63
The fact that the “inner” pair of satellites exhibits the second-order behavior
gives information about the sign of the Hg-H coupling constants. Specifically, 2JHg–H and
3

JHg–H must have opposite signs.57,58,64 If 2JHg–H and 3JHg–H were to have the same sign, the

“outer” pair of satellites would exhibit the second-order behavior if the requirement *"
= ½|JA-X – JB-X| were satisfied. This has been observed for the
31

P{1H}

NMR

spectrum

of

[{Pt(OP(OMe)2]2dppe}2Zn]2+

195

Pt satellites in the
(dppe

=

1,2-

bis(diphenylphosphino)ethane) because the two JPt–P coupling constants have the same
sign.65 The conclusion that 2JHg–H and 3JHg–H for (ArCO2H)SHgEt have opposite signs is
consistent with previous studies that suggest that 2JHg–H is negative, while 3JHg–H is
positive.64
As a consequence of the fact that the chemical shift difference (in terms of Hz) of
the CH2 and CH3 groups is a function of the applied magnetic field, the chemical shifts
of the

199

Hg satellites are also field dependent. Thus, while the signals of the CH2 and

CH3 inner satellites of (ArCO2H)SHgEt overlap at 400 MHz to give a singlet, more
complex spectra are observed at both lower field strength (300 MHz) and higher field
strength (500 MHz) which can be seen in Figure 12. In addition to (ArCO2H)SHgEt, we
also studied the

1

H NMR spectra of the commercially available ethylmercury

compound EtHgCl. Coincidentally, for EtHgCl, a singlet is also observed for the inner
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satellites at 400 MHz (Figure 14). The coupling constants for thimerosal, (ArCO2H)SHgEt
and EtHgCl66 are summarized in Table 5. In each case, the magnitude of 2JHg-H is smaller
than 3JHg-H, consistent with other EtHgX derivatives.39

Figure 14. 1H NMR spectra of EtHgCl at different magnetic field strengths. At 400 MHz, the central pair
of 199Hg satellites appear as a singlet (*).
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Table 5. 1H NMR Chemical shift and coupling constant data for mercury ethyl complexes.

(ArCO2H)SHgEt

solvent

"(CH2)

"(CH3)

CDCl3

1.89

1.35

3

[(ArCO2HgEt)SHgEt]2

CD2Cl2

D2 O

CD2Cl2

3

JH-H = 8

3

JH-H = 8

JHg-H/Hz a

–168

+252

–193

+273

–176

+250

–202

+292

JH-H = 8
1.35

3

3

JH-H = 8
1.26

1.98
3

a

JH-H = 8

JHg-H/Hz a

JH-H = 8
1.32

1.65
3

EtHgCl

3

1.83
3

[(ArCO2)SHgEt]Na

JH-H = 8

2

JH-H = 8

Where indicated, the relative signs are determined by analysis of the data, but the

absolute sign is based on comparison with the literature (reference 64).

5.5

Stability of (ArCO2H)SHgEt with respect to protolytic cleavage of the Hg–C bond
While treatment of thimerosal with HCl(aq) results in the protonation of the

carboxylate oxygen, this is presumably a kinetic product, and not the lowest energy
product(s). The expected thermodynamic product(s) would result from the protolytic
cleavage of the Hg–C bond to give the alkane in addition to the corresponding mercury
complex.67 As protonation of the carboxylate oxygen is reversible (Scheme 3), there
must be a significant kinetic barrier for protolytically cleaving the Hg–C bond.

It

should be noted that it is possible that the Hg–C bond of (ArCO2H)SHgEt could be
cleaved in an intermolecular manner by the carboxylic acid group of another molecule
of (ArCO2H)SHgEt; however, this is not observed even at elevated temperatures. For
example, heating (ArCO2H)SHgEt at 150˚C over a period of 10 days does not result in any
observable elimination of ethane.

The kinetic stability of (ArCO2H)SHgEt towards

protolytic cleavage is consistent with the notion that two-coordinate mercury alkyl
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compounds are generally not susceptible to protolytic cleavage.2 However, while these
observations indicate that the Hg–C bonds of both thimerosal and its protonated
derivative are not subject to facile protolytic cleavage, the correct coordination
environments around mercury, and different Brønsted acids promote the cleavage as
t

seen previously by using the [TmBu ] ligand.2
O
OH

!
HgX2 + EtH

S

X = thiolate or carboxylate donor

Hg
Et

Scheme 5. Kinetic stability of (ArCO2H)SHgEt.

5.6

Mercuration of thimerosal
In addition to electrophilic attack by a proton, we also explored the reaction of

thimerosal with the mercury-based electrophile, EtHgCl. Like the protonation reaction
described above, the carboxylate oxygen may be mercurated by addition of EtHgCl to
give [(ArCO2HgEt)SHgEt]2 (Scheme 6), which exists as a dimer in the solid state as depicted
in Figure 15.68 The synthesis of this complex is significant because a compound with its
empirical formula has been reported to be an impurity in the synthesis of thimerosal.69
O

O
O- Na+

O

EtHgCl

S

S

Hg

Hg

Et

Et

Hg Et

Scheme 6. Mercuration of thimerosal to give [(ArCO 2HgEt)SHgEt]2 (only the monomer is shown in the
scheme for clarity).
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Figure 15. Molecular structure of [(ArCO2HgEt)SHgEt]2.

Single crystal X–ray diffraction demonstrates that [(ArCO2HgEt)SHgEt]2 has a
tetranuclear structure where the mercury atoms are both three- and four-coordinate due
to coordination to the carboxylate oxygens. The Hg–O distances span a substantial
range from 2.13 to 2.80 Å (Table 6), with the shortest Hg–O interactions being trans to
the ethyl group.
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Table 6. Selected bond lengths for [(ArCO2HgEt)SHgEt]2.

d(Hg–X)/Å
Hg1–C11

2.099(10)

Hg2–C21

2.074(9)

Hg1–S1

2.382(2)

Hg1–O1

2.596(6)

Hg2–O2’

2.751(6)

Hg2–O1

2.799(6)

Hg2–O2

2.132(6)

The mercury coordination environments are best described as being twocoordinate linear centers supplemented by secondary oxygen interactions.70

1

H NMR

spectroscopy indicates the presence of only one chemically distinct mercury ethyl group
even though [(ArCO2HgEt)SHgEt]2 possesses two chemically distinct [HgEt] moieties. It is
possible that the equivalence is coincidental; however, the most plausible explanation is
+

chemical exchange involving dissociation of [HgEt] .

5.7

Synthesis of thiol based chelating agents for mercury detoxification.
In order to remove mercury from the body, new chelating agents need to be

synthesized for more selective, efficient chelation of mercury. These chelating agents
should bind selectively to the metal of interest (mercury), such that it is mobilized for
excretion. Currently, meso-dimercaptosuccinic acid (DMSA)71,72 is most commonly used
to detoxify the body in the event of mercury poisoning; it is also used for other metals
such as lead (Figure 16). One metric that is important to note is the S—C—C—S torsion
angle, which is 180.00º due to the two thiols being orientated in an anti-staggered
conformation (Table 7). Other chelating agents that have been used are also depicted in
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Figure 16. These include the R-(+) isomer of lipoic acid (LA),71a,73 2,3-dimercapto-1propanesulfonic acid (DMPS)71a,74 and dimercaprol (BAL) (Figure 16). It is interesting to
note why dimercaprol is abbreviated BAL,75 which is short for British anti-Lewisite.
BAL was developed by British biochemists at Oxford University during World War II,
to combat the arsenic based chemical warfare agent, lewisite, but has since been used
medically to treat heavy metal poisoning.75
O

SH
HO2C

OH

CO2H
SH

S

S
LA

DMSA

SH
HS

SH
SO3H

HS

DMPS

Figure 16. Chelating agents used presently and in the past.

OH
BAL
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O

O

HO

O
OH

SH

SH

(±) 2,4-dimercaptoglutaric acid

O

OH

O

HO

OH
SH

SH

meso-2,4-dimercaptoglutaric acid

O

OH

SH

SH

SH

SH
2,3-dimercaptobenzoic acid

2-carboxy-1,3-propanedithiol

Figure 17. Dithiol compounds synthesized for use as mercury chelating agents.

Based on the fact that these known chelating agents rely on a dithiol motif, a
variety of published dithiol compounds that are depicted in Figure 17 were synthesized.
Each compound also contains either one or two carboxylic acid moieties such that the
molecules should have high water solubility.
2-carboxy-1,3-propanedithiol was prepared by a method published by
Whitesides and co-workers and is depicted in Scheme 7.76 The molecular structure of 2carboxy-1,3-propanedithiol was determined by single crystal X-ray diffraction, and is
depicted in Figure 18 as its hydrogen bonded dimer. The S—C—C—S torsion angle is
125.98º, which is distinctly less than that of DMSA (Table 7).

This is due to two

sequential staggered interactions, with the two thiol groups pointed away from each
other presumably to reduce steric repulsion. It should be noted that the S—C—C—S
torsion angle in DMSA is via three direct bonds, while the torsion angle in 2-carboxy1,3-propanedithiol is via two carbons that are not bonded to each other.
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EtO2C

CO2H

CO2Et

1. AcSH, aq. Na2CO3

aq. HBr
!
OH

CO2H

Br

OH

2. H+

SAc
AcSH

CO2H

CO2H
1. KHCO3, !

SH

SH

2. H+

SAc

SAc

Scheme 7. Synthesis of 2-carboxy-1,3-propanedithiol.

Figure 18. Molecular structure of 2-carboxy-1,3-propanedithiol (hydrogen bonded dimer shown).

Two similar dithiols (diastereomers of each other), each having a geminal
carboxyl group with respect to the thiol group, namely (±)-2,4-dimercaptoglutaric acid
and meso-2,4-dimercaptoglutaric acid (Figure 17) were then prepared.

These

compounds were much more difficult to prepare compared to 2-carboxy-1,3propanedithiol, and additionally, the synthetic intermediates smell quite putrid! The
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syntheses of the glutaric acid derivatives are summarized in Scheme 8. Starting with
glutaryl chloride, a Hell-Volhard-Zelinksy halogenation reaction was performed using
elemental bromine in order to +–brominate both positions.

This was followed by

treatment with formic acid to give 2,4-dibromoglutaric acid (both diastereomers) via a
decarbonylation reaction (this occurs via the initial synthesis of the mixed formic
anhydride, which decomposes to give the acid derivative and carbon monoxide).
Fischer esterification of 2,4-dibromoglutaric acid using MeOH with a catalytic amount
of HCl gives dimethyl 2,4-dibromoglutarate, which was subsequently treated with
potassium thioacetate to give dimethyl 2,4-bis(acetylthio)glutarate as a dark yellow oil.
At this point, the literature procedure cleaved the thioacetate groups by treatment with
KOH, followed by oxidative quenching using iodine and ammonia.77 This did not work
well, giving a low yield of the disulfide compounds, and therefore, a new procedure
was adopted as follows: Dimethyl 2,4-bis(acetylthio)glutarate was treated with aqueous
potassium bicarbonate (KHCO3), and refluxed for six hours, followed by an acidic
workup in air, to give an approximate 1:1 ratio or meso:racemic isomers, together with
other impurities. At this point, (±)-1,2-dithiolane-3,5-dicarboxylic acid could be isolated
via low temperature crystallization, while the meso-isomer was enriched in the mother
liquor (but never fully purified). Now that each diastereomer was separated to a
substantial purity, each disulfide was treated with zinc powder in aqueous sodium
bicarbonate (NaHCO3) followed by acidic work-up to give the corresponding reduced
dithiol compounds. Both dithiol compounds are rapidly oxidized to their disulfide
derivatives when dissolved in basic water.
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O
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O

SH

SH
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S

O
OH

2. HCl
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SAc
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liquor

O

HO
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1. KHCO3

crystallization
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O
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S

1. NaHCO3(aq)/
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Scheme 8. Synthesis of (±)- and meso-2,4-dimercaptoglutaric acid.

Figure 19. Molecular structure of (±)-2,4-dimercaptoglutaric acid.

2. HCl

O

HO

OH
SH

SH
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Figure 20. Molecular structure of meso-2,4-dimercaptoglutaric acid.

The molecular structures of the (±) isomer and the meso isomer are shown in
Figure 19 and Figure 20, respectively.

Due to the fact that both isomers of 2,4-

dimercaptoglutaric acid have two carboxylic acid functionalities, the solid-state
structures exist as extended hydrogen bonded networks involving the normal
“dimeric” carboxylic acid groups.

However, there are additional intermolecular

interactions involved in the packing network, which include S-H•••S hydrogen
bonding, S-H•••O hydrogen bonding and S•••S close contacts (3.494 Å). While there
are S-H•••O hydrogen bonding interactions in the solid-state structure of 2-carboxy-1,3propanedithiol, there are no S-H•••S hydrogen bonding interactions or S•••S close
contacts.

Furthermore, like 2-carboxy-1,3-propanedithiol, the S—C—C—S torsion

angles for the 2,4-dimercaptoglutaric acids are close to 120º. Specifically, the racemic
and meso derivatives have S—C—C—S torsion angles of 116.20º and 119.69º,
respectively (Table 7).

Depicted in Figure 21 is an overlay of the (±) and meso

diastereomers of 2,4-dimercaptoglutaric acid. Whereas the (±) isomer has the two sulfur

348
atoms 4.301 Å away from each other due to all of the carbon atoms being part of a
straight chain, the S•••S distance in the meso isomer is 4.935 Å (Table 7).

Figure 21. Overlay of (±)-2,4-dimercaptoglutaric acid (blue) and meso-2,4-dimercaptoglutaric acid (red).

Table 7. Metrics for selected dithiol compounds.

Compound

S—C—C—S torsion angle

S•••S distance

DMSA72

180.00°

4.437 Å

2-carboxy-1,3-propanedithiol

125.98°

4.969 Å

(±)-2,4-dimercaptoglutaric acid

116.20°

4.301 Å

meso-2,4-dimercaptoglutaric acid

119.59°

4.935 Å

Finally, 2,3-dimercaptobenzoic acid was prepared according to the literature
method as follows. Benzene thiol is ortho-lithiated using BunLi and TMEDA (TMEDA =
tetramethylethylenediamine). The resulting di-lithium compound is treated with sulfur
and then LiAlH4 to give 1,2-dimercaptobenzene upon acidic workup. 1,2dimercaptobenzene is ortho-lithiated using BunLi and TMEDA to give the tri-lithium
compound, which is then treated with CO2 to give the benzoic acid derivative, 2,3-
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dimercaptobenzoic acid, upon acid workup.78 This yellow compound is putrid, even as
a solid.
2-carboxy-1,3-propanedithiol, (±)-2,4-dimercaptoglutaric acid and meso-2,4dimercaptoglutaric acid were all sent out for animal testing. Rats were treated with
these compounds and tested for mercury chelation. While initial testing did show
mercury chelation and mobilization, unfortunately, the compounds proved to be too
toxic, resulting in animal death, and therefore the testing was discontinued.

5.8

Summary and conclusions
Single crystal X–ray diffraction studies have been performed on thimerosal, its

protonated

derivative,

(ArCO2H)SHgEt,

and

its

mercurated

derivative,

[(ArCO2HgEt)SHgEt]2. 1H NMR spectroscopic studies indicate that the appearance of the
199

Hg mercury satellites of the ethyl group of these organomercury compounds is highly

dependent on the magnetic field and the viscosity of the solvent, an observation that is
attributed to relaxation due to chemical shift anisotropy (CSA). Additionally, we have
been able to determine the relative signs of the JHg-H coupling constants due to the fact
that the inner pair of satellites appears as a singlet at 400 MHz.

The protonated

derivative provides evidence, in line with literature precedent, that the Hg-C bond is
quite kinetically stable with respect to protolytic cleavage. Finally, we have synthesized
a series of dithiol compounds to be used for mercury chelation.
compounds proved to be too toxic for further studies.

5.9

Experimental details

However, these
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5.9.1 General considerations
All manipulations were performed using a combination of glovebox, high-vacuum and
Schlenk techniques under a nitrogen or argon atmosphere, except where otherwise
stated. Solvents were purified and degassed by standard procedures. NMR spectra
were measured on Bruker 300 DRX, Bruker 400 DRX and Bruker Avance 500 DMX
spectrometers. 1H NMR spectra are reported in ppm relative to SiMe4 (" = 0) and were
referenced internally with respect to the protio solvent impurity (" 7.26 for CHCl3 79 and
5.32 for CDHCl280). 13C NMR spectra are reported in ppm relative to SiMe4 (" = 0) and
were referenced internally with respect to the solvent (" = 39.52 for d6-DMSO).79

199

Hg

NMR chemical shifts are reported relative to neat HgMe2 (" = 0) but in view of the
toxicity of the latter compound, the spectra were referenced externally with respect to
HgI2 (1 M in d6-DMSO, " = –3106).81 Coupling constants are given in hertz. IR spectra
were recorded as KBr pellets on a Nicolet Avatar DTGS spectrometer, and the data are
reported in reciprocal centimeters. All reagents were obtained from Aldrich, with the
exception of thimerosal and potassium thioacetate, which was obtained from Acros
Organics, formic acid and hydrobromic acid, which were obtained from Fluka, and
EtHgCl which was obtained from Strem.

5.9.2 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 Table 8. 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 6.1).82
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5.9.3 Spectroscopic Data for Thimerosal
1

[q,

H NMR (D2O): 1.26 [t, 3JH-H = 8, 3JH-Hg = 249, 3 H of NaO2CC6H4SHgCH2CH3], 1.65

3

JH-H =8,

3

JH-Hg = 173, 2 H of NaO2CC6H4SHgCH2CH3], 7.13-7.23 [m, 3H of

NaO2CC6H4SHgCH2CH3], 7.49 [m, 1 H of NaO2CC6H4SHgCH2CH3].
1

H NMR (CD3OD): 1.35 [t, 3JH-H = 8, 3JH-Hg = 232, 3 H of NaO2CC6H4SHgCH2CH3],

1.65 [q, 3JH-H = 8, 3JH-Hg = 173, 2 H of NaO2CC6H4SHgCH2CH3], 7.00-7.07 [m, 2 H of
NaO2CC6H4SHgCH2CH3], 7.24 [m, 1H of NaO2CC6H4SHgCH2CH3], 7.41 [m, 1 H of
NaO2CC6H4SHgCH2CH3].
1

H

NMR

((CD3)2CO):

1.29

[t,

3

JH-H =

8,

3

JH-Hg =

230,

3

H

of

NaO2CC6H4SHgCH2CH3], 1.47 [q, 3JH-H = 8, 3JH-Hg = 173, 2 H of NaO2CC6H4SHgCH2CH3],
6.91-7.01

[m,

2

H

of

NaO2CC6H4SHgCH2CH3],

7.37-7.42

[m,

2

H

of

NaO2CC6H4SHgCH2CH3].
13

C NMR (D2O): 15.9 [q, 1JC-H = 126, 2JHg–c = 74, 1 C of NaO2CC6H4SHgCH2CH3],

28.3 [t, 1JC-H = 136, 1JHg–C = 1316, 1 C of NaO2CC6H4SHgCH2CH3], 128.0 [d,1JC-H = 163, 1 C
of NaO2CC6H4SHgCH2CH3], 128.2 [d,1JC-H = 163, 1 C of NaO2CC6H4SHgCH2CH3], 130.5
[d, 1JC-H = 160, 1 C of NaO2CC6H4SHgCH2CH3], 132.5 [s, 1 C of NaO2CC6H4SHgCH2CH3],
137.6 [d,

1

JC-H = 162, 1 C of NaO2CC6H4SHgCH2CH3], 147.0 [s, 1 C of

NaO2CC6H4SHgCH2CH3], 181.4 [s, 1 C of NaO2CC6H4SHgCH2CH3].
199

Hg NMR (D2O): –784 [tq, 2JHg-H = 176, 3JHg-H = 250].

IR Data (KBr, cm-1): 3042 (w), 2962 (w), 2917 (w), 2862 (w), 1610 (m), 1586 (s),
1569 (vs), 1547 (s), 1464 (w), 1454 (m), 1425 (m), 1410 (m), 1394 (s), 1387 (vs), 1373 (s),
1260 (m), 1246 (w), 1233 (w), 1177 (m), 1098 (br), 1054 (m), 1035 (m), 837 (m), 802 (m),
745 (s), 714 (m), 704 (m), 677 (m), 649 (m).
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5.9.4 Synthesis of (ArCO2H)SHgEt
A solution of thimerosal (200 mg, 0.49 mmol) in water (5 mL) was treated with HClaq
(0.040 mL of 12.2 M, 0.49 mmol), resulting in the immediate formation of a white
precipitate, which was extracted into CH2Cl2 (7 mL). The dichloromethane extract was
washed with water (3 × 3 mL) and the volatile components were then removed in vacuo
to give (ArCO2H)SHgEt as a white solid (147 mg, 79 %).
1

H NMR (CDCl3): 1.35 [t, 3JH-H = 8, 3JH-Hg = 252, 3 H of HO2CC6H4SHgCH2CH3],

1.89 [q, 3JH-H =8, 2JH-Hg = 168, 2 H of HO2CC6H4SHgCH2CH3], 7.30 [t, 3JH-H = 8, 1 H of
HO2CC6H4SHgCH2CH3], 7.39 [t, 3JH-H = 8, 1 H of HO2CC6H4SHgCH2CH3], 7.61 [d, 3JH-H = 8,
1 H of HO2CC6H4SHgCH2CH3], 8.25 [d, 3JH-H = 8, 1 H of HO2CC6H4SHgCH2CH3], 11.79 [s,
1 H of HO2CC6H4SHgCH2CH3]. 13C NMR (DMSO): 13.7 [q, 1JC-H = 124, 2JHg–c = 73, 1 C of
HO2CC6H4SHgCH2CH3], 25.4 [t, 1JC-H = 132, 1JHg–C = 1362, 1 C of HO2CC6H4SHgCH2CH3],
124.4 [d, 1JC-H = 163, 1 C of HO2CC6H4SHgCH2CH3], 128.6 [d,1JC-H = 161, 1 C of
HO2CC6H4SHgCH2CH3], 129.9 [d, 1JC-H = 160, 1 C of HO2CC6H4SHgCH2CH3], 135.4 [d,1JCH

= 161, 1 C of HO2CC6H4SHgCH2CH3], 136.2 [s, 1 C of HO2CC6H4SHgCH2CH3], 137.3 [s,

1 C of HO2CC6H4SHgCH2CH3], 170.2 [s, 1 C of HO2CC6H4SHgCH2CH3]. 199Hg{1H} NMR
(DMSO): –788 [tq].
IR Data (KBr, cm-1): 3066 (s), 2963 (s), 2942 (s), 2909 (s), 2856 (s), 2725 (m), 2638
(m), 2544 (m), 1921 (w), 1692 (vs), 1589 (m), 1556 (m), 1468 (s), 1424 (m), 1403 (vs), 1302
(s), 1282 (s), 1251 (vs), 1172 (m), 1138 (m), 1109 (w), 1049 (s), 1032 (m), 946 (w), 902 (m),
809 (m), 787 (w), 732 (vs), 708 (m), 696 (m), 643 (m).

5.9.5 Deprotonation of (ArCO2H)SHgEt
A suspension of (ArCO2H)SHgEt (20 mg, 0.052 mmol) in D2O was treated with NaOH
(0.28 mL of 0.225 M NaOH in D2O, 0.063 mmol), thereby resulting in the formation of a
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solution. The sample was monitored by 1H NMR spectroscopy which demonstrated the
formation of [(ArCO2)SHgEt]Na.

5.9.6 Thermal stability of (ArCO2H)SHgEt
A solution of (ArCO2H)SHgEt (ca. 20 mg) in CD3OD was heated at 140˚C. The sample
was monitored by 1H NMR spectroscopy which demonstrated that (ArCO2H)SHgEt is
stable with respect to elimination of ethane over a period of 12 hours.

5.9.7 Synthesis of [(ArCO2HgEt)SHgEt]2
A mixture of thimerosal (100 mg, 0.247 mmol) and EtHgCl (59 mg, 0.223 mmol) in water
(1 mL) and methanol (2 mL) was stirred for 5 minutes. After this period, the mixture
was filtered and the precipitate was washed sequentially with water (3 × 1 mL) and
methanol (2 × 2 mL) and dried in vacuo to give [(ArCO2HgEt)SHgEt]2 as a white solid (47
mg, 35 %).
1

H

NMR

(CD2

Cl2):

H3CCH2HgO2CC6H4SHgCH2CH3],
H3CCH2HgO2CC6H4SHgCH2CH3],
H3CCH2HgO2CC6H4SHgCH2CH3,

1.32

[t,

1.83

[q,

7.12
7.21

3

JH-H =
3

JH-H =

8,

3

[t,
3

[t,

3

8,

JH-Hg =

273,

6

H

of

2

193,

4

H

of

JH-Hg =

JH-H

=

8,

1

H

of

JH-H

=

8,

1

H

of

H3CCH2HgO2CC6H4SHgCH2CH3], 7.54 [m, 2 H of H3CCH2HgO2CC6H4SHgCH2CH3].

13

C

NMR (DMSO): 13.9 [q, 1JC-H = 126, 2JHg–c = 91, 2 C of H3CCH2HgO2CC6H4SHgCH2CH3],
20.7 [t, 1JC-H = 133, 1JHg–C = 1570, 2 C of H3CCH2HgO2CC6H4SHgCH2CH3], 124.4 [d,1JC-H =
162, 1 C of H3CCH2HgO2CC6H4SHgCH2CH3], 127.9 [d,1JC-H = 160, 1 C of
H3CCH2HgO2CC6H4SHgCH2CH3],

128.6

H3CCH2HgO2CC6H4SHgCH2CH3],

135.3

[d,

1

JC-H

[d,1JC-H

=
=

158,
162,

1
1

C

of

C

of

H3CCH2HgO2CC6H4SHgCH2CH3], 135.5 [s, 1 C of H3CCH2HgO2CC6H4SHgCH2CH3],
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141.2

[s,

1

C

of

H3CCH2HgO2CC6H4SHgCH2CH3],

173.7

[s,

1

C

of

H3CCH2HgO2CC6H4SHgCH2CH3].
IR Data (KBr, cm-1): 3056 (w), 3043 (w), 2973 (m), 2946 (m), 2913 (m), 2858 (m),
1600 (vs), 1577 (s), 1460 (m), 1425 (m), 1338 (vs), 1271 (m), 1254 (m), 1231 (w), 1183 (m),
1142 (m), 1115 (w), 1048 (m), 1033 (w), 960 (w), 949 (w), 857 (m), 792 (w), 752 (vs), 732
(m), 711 (m), 689 (m), 651 (m).

5.9.8 Synthesis of 2-Carboxy-1,3-propanedithiol
2-Carboxy-1,3-propanedithiol was prepared by the literature method,76 and the
molecular structure was determined by X–ray diffraction.

5.9.9 2,4-Dibromoglutaric acid
2,4-Dibromoglutaric acid was preparing by an adaptation of the literature method. 83
Glutaryl chloride (11.2 mL, 87.14 mmol) was heated at 100 ˚C and treated with bromine
(2 mL). The solution was stirred at 100 ˚C until the deep red color dissipated. This
procedure was repeated four more times (10 mL Br2 total, 195.17 mmol). Caution
should be employed to vent the HBr that is eliminated. When the reaction is complete
(ca. 8 hours), the solution was allowed to cool, and then poured into formic acid (ca. 20
mL). Evolution of gas was observed (CARE! Carbon monoxide is generated), with the
production of crystals of 2,4-dibromoglutaric acid. The mother liquor was decanted,
and the crystals were washed with chloroform. The crystals were dried in vacuo, giving
2,4-dibromoglutaric acid (20.5 g, 36.2%, racemic:meso, 1.42:1).
(±) isomer 1H NMR (d6-acetone): 2.71 [t, 3JH-H = 7 Hz, 2H, [HOOC(CHBr)]2CH2],
4.57 [t, 3JH-H = 7 Hz, 2H, [HOOC(CHBr)]2CH2].
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Meso isomer 1H NMR (d6-acetone): 2.58 [m, 1H, [HOOC(CHBr)]2CH2], 2.92 [m,
1H, [HOOC(CHBr)]2CH2], 4.52 [t, 3JH-H = 8 Hz, 2H, [HOOC(CHBr)]2CH2].

5.9.10 Dimethyl-2,4-dibromoglutarate
HCl (1.0 M in Et2O, 10.0 mL, 10.0 mmol) was added to a solution of 2,4-dibromoglutaric
acid (mixture of diastereomers, 10.3 g, 35.53 mmol) in methanol (ca. 70 mL) and the
solution was stirred for 2 days at room temperature. After this period, the volatile
components were removed in vacuo and the residue obtained was diluted with Et2O and
washed with a saturated aqueous solution of NaHCO3. The organic layer was dried
with MgSO4, and the solvent was removed in vacuo to give dimethyl 2,4dibromoglutarate (9.77 g, 86.5%).
(±) isomer 1H NMR (d6-acetone): 2.72 [m, 2H, [MeOOC(CHBr)]2CH2], 3.78 [s, 6H,
[MeOOC(CHBr)]2CH2], 4.59 [t, 3JH-H = 7 Hz, 2H, [MeOOC(CHBr)]2CH2].
Meso isomer 1H NMR (d6-acetone): 2.60 [m, 1H, [MeOOC(CHBr)]2CH2], 2.95 [m,
1H, [MeOOC(CHBr)]2CH2], 3.78 [s, 6H, [MeOOC(CHBr)]2CH2], 4.54 [t, 3JH-H = 7 Hz, 2H,
[MeOOC(CHBr)]2CH2].

5.9.11 Dimethyl-2,4-bis(acetylthio)glutarateDimethyl 2,4-bis(acetylthio)glutarate was
prepared by an adaptation of the literature method.77 A solution of potassium
thioacetate (11.85 g, 103.76 mmol) in methanol (ca. 50 mL) was added slowly to a
solution of dimethyl-2,4-dibromoglutarate in methanol (ca. 50 mL) at 0 ˚C, thereby
resulting in a color change from red to yellow, with precipitation of KBr. After the
addition was complete, the reaction was allowed to warm to room temperature, and the
mixture was stirred overnight. The mixture was filtered and the volatile components
were removed from the filtrate in vacuo. The residue obtained was extracted into Et2O
and washed with H2O. The organic layer was isolated and dried with MgSO4. The
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volatile components were removed in vacuo to give impure dimethyl 2,4bis(acetylthio)glutarate as a dark yellow oil (12.58 g, 85.0%) that was not purified, but
used directly for the synthesis of the 1,2-dithiolane-3,5-dicarboxylic acids.

5.9.12 1,2-Dithiolane-3,5-dicarboxylic acids
1,2-dithiolane-3,5-dicarboxylic acids have been previously reported,77 but an alternative
route was used here. Dimethyl-2,4-bis(acetylthio)glutarate (3.05 g, 9.89 mmol) was
added to a solution of KHCO3 (10.0 g, 99.90 mmol) in H2O (ca. 100 mL). The biphasic
mixture was refluxed for 6 hours, over which period the yellow oil reacted and a single
yellow aqueous phase was obtained.

The solution was allowed to cool to room

temperature and then placed in an ice bath. HCl (1M) was added until a pH of 1 was
obtained (caution: stench!). The solution was extracted with ethyl acetate and the extract
was dried with MgSO4 and concentrated in vacuo to give 1,2-dithiolane-3,5-dicarboxylic
acids as a ca.1:1 ratio or meso:racemic isomers, together with other impurities. The
solution was placed at -15 ˚C, thereby depositing crystals of (±)-1,2-dithiolane-3,5dicarboxylic acid (270 mg, 14.1%). The mother liquor contained both racemic and meso
isomers, and repeated crystallizations gave more (±)-1,2-dithiolane-3,5-dicarboxylic
acid, enriching the mother liquor in meso-1,2-Dithiolane-3,5-dicarboxylic acid.
Although neither isomer was obtained in 100% purity, the purity was sufficient for the
synthesis of the dithiol compounds, which could be purified via crystallization.
(±) isomer 1H NMR (d6-acetone): 2.74 [t, 3JH-H = 6 Hz, 2H, [HOOC(CHS-)]2CH2],
4.55 [t, 3JH-H = 6 Hz, 2H, [HOOC(CHS-)]2CH2].
Meso isomer 1H NMR (d6-acetone):

2.83 [t, 3JH-H = 7 Hz, 2H, [HOOC(CHS-

)]2CH2], 4.44 [t, 3JH-H = 7 Hz, 2H, [HOOC(CHS-)]2CH2].
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5.9.13 (±) 2,4-Dimercaptoglutaric acid
(±) 2,4-Dimercaptoglutaric acid was prepared by an adaptation of the literature
method.77 A suspension of (±)-1,2-dithiolane-3,5-dicarboxylic acid (555 mg, 2.86 mmol)
in water (ca. 10 mL) was treated with NaHCO3 (264 mg, 3.14 mmol), thereby resulting in
evolution of CO2. Zn powder (1.00 g, 15.3 mmol) was added, and the mixture was
stirred for 30 minutes. After this period, HCl(aq) (1.0 M, 32.0 mL, 32.0 mmol) was
added and the mixture was filtered into a flask containing HCl(aq) (1.0M, 8.0 mL, 8.0
mmol). The solution was extracted with ethyl acetate and the extract was dried with
Na2SO4.

The solution was evaporated in vacuo to give crystals of (±) 2,4-

dimercaptoglutaric acid, which was recrystallized from Et2O (400 mg, 71.3%).
1

H NMR d6-acetone: 2.28 [t, 3JH-H = 8 Hz, 2H, [HOOC(CHSH)]2CH2], 3.60 [t, 3JH-H =

8 Hz, 2H, [HOOC(CHSH)]2CH2].

5.9.14 Meso- 2,4-Dimercaptoglutaric acid
Meso-2,4-dimercaptoglutaric acid was prepared by an adaptation of the literature
method.77

A suspension of meso 1,2-dithiolane-3,5-dicarboxylic acid (525 mg, 2.70

mmol, ca. 90% meso) in water (ca. 10 mL) was treated with NaHCO3 (250 mg, 2.98
mmol), thereby resulting in evolution of CO2. Zn powder (900 mg, 13.76 mmol) was
added, and the mixture was stirred for 2 hours. After this period, HCl(aq) (1.0 M, 32.0
mL, 32.0 mmol) was added and the mixture was filtered into a flask containing HCl(aq)
(1.0M, 8.0 mL, 8.0 mmol). The solution was extracted with Et2O and the extract was
dried with Na2SO4. The solution was evaporated in vacuo to give crystals that were
washed with cold Et2O to afford meso-2,4-dimercaptoglutaric acid (150 mg, 28.3%),
accompanied by small amount of the (±) isomer (ca. 5 %).
1

H NMR (D2O):

Meso:

2.17 [m, 1H, [HOOC(CHSH)]2CH2], 2.56 [m, 1H,

[HOOC(CHSH)]2CH2], 3.69 [t, 3JH-H = 7 Hz, 2H, [HOOC(CHSH)]2CH2].

358

359
5.10 Crystallographic data
Table 8. Crystal, intensity collection and refinement data.

Thimerosal

[(ArCO2HgEt)SHgEt]2

Monoclinic

Monoclinic

C9H9O2SHgNa

C22H28Hg4O4S2

formula weight

404.8

1222.92

space group

P21/c

C2/c

a/Å

14.653(1)#

22.943(3)

b/Å

25.455(2)#

7.7108(9)

c/Å

17.730(1)#

15.0681(16)

+/˚

90

90

,/˚

103.418(1)#

94.551(2)

&/˚

90

90

6432.7(8)

2657.2(5)

24

8

temperature (K)

125(2)

125(2)

radiation (-, Å)

0.71073

0.71073

. (calcd.), g cm-3

2.508

3.057

µ (Mo K+), mm-1

14.559

23.222

/ max, deg.

31.69

32.46

no. of data

21546

4547

758

145

R1 [I > 2'(I)]

0.0611

0.0509

wR2 [I > 2'(I)]

0.1126

0.0655

GOF

1.037

1.104

lattice
formula

V/Å3
Z

no. of parameters
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Table 8 (cont). Crystal, intensity collection and refinement data.

(ArCO2H)SHgEt

(ArCO2H)SHgEt

#1

#2

lattice

Monoclinic

Monoclinic

formula

C9H10HgO2S

C9H10HgO2S

formula weight

382.82

382.82

space group

P21/n

P2/c

a/Å

9.1662(8)

30.096(3)

b/Å

5.3545(5)

4.0444(4)

c/Å

20.5095(17)

33.472(4)

+/˚

90

90

,/˚

93.666(1)

91.153(1)

&/˚

90

90

1004.6(2)

4073.4(7)

4

16

temperature (K)

125(2)

125(2)

radiation (-, Å)

0.71073

0.71073

. (calcd.), g cm-3

2.531

2.497

µ (Mo K+), mm-1

15.492

15.282

/ max, deg.

32.37

31.29

no. of data

3436

13211

no. of parameters

118

469

R1 [I > 2'(I)]

0.0291

0.0354

wR2 [I > 2'(I)]

0.0835

0.0598

GOF

1.038

1.020

V/Å3
Z
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Table 8 (cont). Crystal, intensity collection and refinement data.

(±) 2,4-Dimercaptoglutaric (±) 2,4-Dimercaptoglutaric
acid (Low Temp.)

acid (Room Temp.)

Monoclinic

Monoclinic

C5H8O4S2

C5H8O4S2

formula weight

196.23

196.23

space group

P21/n

P21/n

a/Å

6.8561(8)

7.009(4)

b/Å

12.4153(15)

12.378(7)

c/Å

10.0971(12)

10.248(6)

+/˚

90

90

,/˚

106.796(2)

107.496(9)

&/˚

90

90

822.81(17)

847.9(9)

4

4

temperature (K)

125(2)

296(2)

radiation (-, Å)

0.71073

0.71073

. (calcd.), g cm-3

1.584

1.537

µ (Mo K+), mm-1

0.611

0.593

/ max, deg.

32.43

30.42

no. of data

2867

2555

no. of parameters

110

110

R1 [I > 2'(I)]

0.0482

0.0545

wR2 [I > 2'(I)]

0.1343

0.1570

GOF

1.058

1.056

lattice
formula

V/Å3
Z
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Table 8 (cont). Crystal, intensity collection and refinement data.

2-Carboxy-1,3-

Meso-2,4-

propanedithiol

dimercaptoglutaric acid

Monoclinic

Monoclinic

C4H8O2S2

C5H8O4S2

formula weight

152.22

196.23

space group

P21/n

P-1

a/Å

9.719(5)

6.8623(5)

b/Å

6.930(3)

7.8506(5)

c/Å

10.475(5)

8.5151(10)

+/˚

90

97.5080(10)

,/˚

110.663(7)

91.8010(10)

&/˚

90

114.5930(10)

660.1(6)

411.67(6)

4

2

temperature (K)

125(2)

125(2)

radiation (-, Å)

0.71073

0.71073

. (calcd.), g cm-3

1.532

1.583

µ (Mo K+), mm-1

0.715

0.610

/ max, deg.

32.25

32.66

no. of data

2258

2807

85

110

R1 [I > 2'(I)]

0.0457

0.0400

wR2 [I > 2'(I)]

0.1085

0.1031

GOF

1.023

1.038

lattice
formula

V/Å3
Z

no. of parameters
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Table 8 (cont). Crystal, intensity collection and refinement data.
O

O

HO

OH
S

lattice
formula
formula weight
space group

Monoclinic
C7H8O4S
188.19
C2/C

a/Å

27.79(4)

b/Å

7.514(10)

c/Å

7.684(10)

+/˚

90

,/˚

96.32(2)

&/˚

90

V/Å3
Z

1595(4)
8

temperature (K)

125(2)

radiation (-, Å)

0.71073

. (calcd.), g cm-3

1.568

µ (Mo K+), mm-1

0.375

/ max, deg.

30.39

no. of data

2389

no. of parameters

112

R1 [I > 2'(I)]

0.0603

wR2 [I > 2'(I)]

0.1356

GOF

1.018
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