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1 | INTRODUCTION

Cp,Ti"™Cl, commonly known as titanocene monochlor-
ide, has been recently proposed as a new green
reagent that can efficiently catalyze a wide range of
synthetic processes, with high diastereo- and regios-
electivity, because of its ability as single-electron trans-
fer (SET) complex.!'° Because of its high reactivity,
it is better to use it freshly prepared by a simple and
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J. Scott McIndoe® © |

Reduction of red bis (cyclopentadienyl)titanium (IV) dichloride (Cp,TiCl,)
with manganese dust in dry THF produces a green solution that turns deep
blue upon the addition of traces of water. Mass spectrometric analysis and
DFT calculations have been performed to achieve a better understanding of
the species that may be present after the interaction of water with reduced
Cp,TiCl,. The deep blue solution provides a handy visual indicator for the
qualitative determination of water in THF.

colorimetric indicator, hydrogen atom transfer reagent, radical chemistry, titanocene

straightforward reduction of commercial Cp,TiCl, with
elemental Mn or Zn."''"'* Alternatively, electrochemi-
cal reduction,™>”! organosilicon reducing agents,!®!
and photoredox catalysis'>?°! can be used to obtain
this SET complex from Cp,TiCl,. In solution, it
exhibits an equilibrium between dinuclear and mono-
nuclear species, as Skrydstrup et al. reported in a study
on the nature of this SET complex (Pathway A,
Scheme 1).12!!
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[Cp,Ti"Y(NCMe)(OMe)]?*

SCHEME 1

The initial reduction of Cp,TiCl, to the titanocene
(ITI) species can be easily visualized by a change in the
color of the solution when Mn or Zn is used as a reducing
metal. When THF is the solvent, the initially orange-red
solution of Cp,TiCl, turns green after reduction indicat-
ing that the titanocene (III) species is formed."'**! How-
ever, when MeCN is the solvent, the solution finally
turns deep blue, as [Cp,Ti(NCMe),|* is formed!>*>*
(Pathway B, Scheme 1). In both cases, oxidation of the
titanium (IIT) species with molecular oxygen generates a
yellow solution. This color change has been used as an
effective O, sensor in inert-atmosphere boxes, because
exposition to air of a solution of [Cp,Ti(NCMe),]" pro-
duces a fast color change from blue into bright
yellow,?>2*! because of the formation of [Cp,Ti(NCMe)
(OMe)]" (Pathway C, Scheme 1). This property makes
the blue acetonitrile solution a useful visual indicator to
detect the presence of trace oxygen.!??!

It has also been reported that in free-radical reactions
mediated by this SET complex, water acts as a hydrogen
atom donor.!*>?”) However, the color changes experi-
enced by the THF solutions of this reagent in the presence
of water have not been investigated. Therefore, a study of
the molecular species responsible for the visual changes
would be desirable, which should increase our knowledge
on the active species involved in the hydrogen atom trans-
fer (HAT) processes. In addition, these insights could be
useful for the development of a new colorimetric method
to qualitatively determine the presence of water in THF.

Synthesis and subsequent oxidation of titanocene (IIT) species in MeCN and THF solution

2 | RESULTS AND DISCUSSION

The ability of the water molecule to act as a hydrogen
atom transfer reagent can be understood considering the
weakening of the H-O bond dissociation energy by about
60 kcal/mol'®>! by the presence of Cp,TiCl, which
allows the corresponding aqua complex to act as a hydro-
gen atom donor (Pathway A, Scheme 2). This fact was
supported by kinetic measurements. In this way, New-
comb et al.[*®! determined the rate constant for the HAT
reaction of Cp,TiCl-H,O to secondary alkyl radicals.
Those results are in good agreement with the experimen-
tal fact of water being a good HAT reagent because of the
activation of the H-O bond by the titanium system. Later,
Gansiuer et. al®”! observed that the initially proposed
structure of the titanocene (III)-H,O complex was not
accurate. On the basis of additional results obtained from
cyclic voltammetry experiments, electron paramagnetic
resonance spectra, and theoretical calculations, a new
structure of the titanocene (III)-aqua complex was
reported (Pathway B, Scheme 2).

Even though this SET reagent demonstrated for the
first time that water is not inert toward free radicals, no
attention was paid to the color changes experienced by
the THF solutions of titanium. The study of the color
changes that can be observed in these titanocene/THF
solutions when water is present can be used to gain a bet-
ter understanding of the different molecular species
involved. It could also be used for the development of a
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titanium (III) species solutions in dry
THF (b, c¢), and color change observed
in the solution when water is added (d,
e, f)
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2 Water was added after 50 minutes of the addition of THF to the Cp,TiCl,+Mn mixture.

FIGURE 2 Free energy profiles for
formation of the titanium aqua complex when
water is added (see Data S1 for a more detailed
figure).
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qualitative colorimetric method for the determination of
water in THF.

In this way, upon addition of deoxygenated THF
(13 ml) to a mixture of Cp,TiCl, (0.25 mmol) and Mn
(0.9 mmol), the initially red-orange solution (Figure 1a)
turns lime-green (Figure 1b) after 20 min. If the mix-
ture is kept under an inert atmosphere, the color
remains unchanged (Figure 1c). If after stirring this
mixture for 30 min, water (8.4 mmol) in THF (2 ml) is
added, the lime-green solution turns light green
(Figure 1d) in just 2 min. Stirring the reaction mixture
under the same conditions slowly transforms the color

toward blue tonalities. In this way, 27 min after the
addition of water, the solution takes a bluish-green
color (Figure le). Finally, the solution turns dark blue
(Figure 1f).

This striking color change from green to blue provides
an immediate signal that new titanium-containing spe-
cies are being formed. In order to corroborate the interac-
tion of water with titanium (III) species in THF,
quantum chemical calculations were carried out using
DFT (see Data S2 for details). The results obtained from
the computational study of the entire process are summa-
rized in Figure 2 (see Data S1 and Data S2 for details),
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where Gibbs free energies are in kcal/mol relative to
intermediate Cp,TiCl.

If water is added to the green solution of titanium
(III) species in THF (Figure 2; a detailed reaction path-
way scheme can be found in Data S2 and Data S1), the
reaction evolves through small barriers, by replacing the
chlorine atoms with water molecules, resulting the blue
solution containing the cation [Cp,Ti"'(OH,),]". Previ-
ous computational results reported by Gansiuer et al.l*”!
suggested the formation of this cationic titanocene (IIT)
complex in the presence of ZnCl,. However, in dry THF,
we tried to model a similar pathway by substituting the
chlorine atoms for the oxygen atoms in the solvent
(THF). We have found that the Gibbs free energy of this
process is AG = —6.4 kcal/mol (see Data S2). On the
other hand, the reaction in the presence of water, which
leads to the formation of [Cp,Ti"™(OH,),] ? [MnCly]*
(species 12, Figure 2), is highly favorable
(AG = —43.3 kcal/mol for the whole process).

In summary, when water is added, the process
evolves through a sequence of low-barrier steps, produc-
ing reaction intermediates as a consequence of coordina-
tion between Ti (IIT) and Mn (II) species in which the
chlorine atoms directly attached to the titanium are
replaced by water molecules. Therefore, the final species
12, which has no chlorine atoms bound to titanium,
could be responsible for the dark blue color of the
solution.

Scheme 3 shows the proposed mechanism and color
(in the energy levels) of the intermediates of reaction for
the reduction of Cp,TiCl with Mn in dry THF or

MnCl, T 4 THF

THF

MnCl,

MnCI2 l 2 Hzo

[sz'I:i”'CI(H2O)(THF)2]2 * MnCl,

colour: light-green

lezo

[Cp,Ti"(OH,)13" * MGl

colour: dark-blue

THF/water. The modeling for the first step in Scheme 3
(reduction of Cp,Ti'VCl, to Cp,Ti"'Cl) considering
atomic Mn points to an instantaneous conversion. How-
ever, the color change from red to green takes 20 min
(Figure 1b). The likely cause of the slow reaction is the
heterogeneous nature of the reductant, with the reaction
rate being controlled by the dissolution of the metallic
Mn dust. In addition, considering the proposed sequence
for the energetically favorable formation process of the
blue cation (Scheme 2), it can be tentatively proposed a
color assignment to the main reaction intermediates, as
shown in Scheme 3.

After the computational study, we turned to experi-
mental means of probing the reaction solution. Gansduer
et al.”?”! proved by EPR spectroscopy and cyclic voltam-
metry that both neutral and cationic species can be
formed in an aqueous solution of THF in Cp,TiCl. To
provide new insights, we turned to electrospray ioniza-
tion mass spectrometry (ESI-MS). Note that ESI-MS does
not provide information on the neutral components of
the reaction and does not always retain all ligands
throughout the desolvation process, especially those that
are only weakly bound.”*®! ESI-MS can be run routinely
under anaerobic conditions provided suitable precautions
are taken.*"!

In the first stage of the reaction (orange/red solution;
Figure 1a), no Ti-containing species were observed in the
positive or negative ion mode mass spectra (as expected,
as reduction has not yet occurred). After the addition of
Mn dust and conversion of the solution to lime-green
(Figure 1b), we observed new charged species in both the

reaction in the
absence of water

reaction in the presence of water

SCHEME 3
of the solution for the reduction of Cp,TiCl,
with Mn in anhydrous THF and THF/water

Proposed mechanism and color
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positive and negative ion modes. The negative ion mode
was dominated by aggregates of the form [(MnCl,),Cl]™
(n = 1-3; Figure 3a), at m/z 160, 287, and 416, with
isotope patterns matching the calculated patterns of those
species. Note that because dianionic species have a
limited existence in the gas phase (there is no solvent
around to stabilize them against loss of X~ or of an
electron),Bl] we would not expect to observe the
dianionic [MnCl4]*>". The abundance of the aggregate
ions suggests that there is a substantial amount of neutral
MnCl, present in solution, as expected for the reaction
2Cp,TiCl, + Mn — 2Cp,TiCl + MnCl,.

An ion-paired species was also observed with the
overall composition [MnCl,Cp,Ti]™ at m/z 375, which is
probably best thought of as [(MnCl;)(Cp,TiCl)] and that
provides evidence both for the reduction of Cp,Ti' Cl, to
Cp,Ti"™Cl and the concomitant oxidation of Mn. Its
abundance suggests that there is a considerable amount
of neutral Cp,Ti"'Cl present in solution. The m/z 375 ion

(a)

[MnCl]~ &

Organometalllc_Wl LEYM
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decomposes in the gas phase under collision-induced dis-
sociation (CID) to [MnCl;]™ at m/z 161, losing neutral
Cp,Ti™Cl, and corroborating the assignment.

The positive ion mode (Figure 3b) was dominated by
an ion at m/z 250, which can be assigned to
[Cp,Ti"'(THF)] . This ion likely arises from a loss of
halide from Cp,Ti"'Cl, a well-known ionization pathway
for metal complexes in polar solvents in ESI-MS.I*?! It
decomposes when fragmented by CID to [Cp,Ti]" at m/z
178, that is, loss of neutral THF.

Further analysis of solutions after H,O addition did
not reveal the presence of newly charged Ti-containing
species in either ion mode, despite the evident color
changes. However, note that both Cp,Ti"'Cl and
[Cp,Ti"(OH,),],>" are both likely to provide the same
ion in ESI-MS analysis in THF solution, namely,
[Cp,Ti"™(THF)] ", because the former can only acquire a
charge via chloride ion loss, and the water ligands are
unlikely to be tenacious enough binders to survive the

100 R [(MnCl,)Cp,TiCI-
2 60
80- £ o
a 20
€ 601 b
€ [Mn,Cls]- 372 374 378 378 380
o 2™15, m;
T 40 [Mn3CloJ-
o
20+
100 200 300 400 500 600
m/z
(b) ,
[CpTil*
100 - 80 .
. [Cp,Ti(THF)]*
"E: 60
80 s
£ 40
> e
% 601 20
FIGURE 3 Mass spectra of the anhydrous € .
THF solution generated by reduction of o 248 249 250, 251 252 253
Cp,TiCl, with manganese dust. (a) Negative ion % 401
mode full spectrum, inset shows experimental =
and calculated isotope patterns for [(MnCls) 20+ —THF
Cp,TiCl]~; (b) positive ion mode product ion
MS/MS spectrum for [Cp,Ti(THF)]™, inset 04
shows experimental and calculated isotope 100 150 200 250 300 350 400 450 500

patterns for the precursor ion.

m/z
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TABLE 1 Time evolution of the color of the reaction
Entry Cp,TiCl,(mmol) Mn(mmol)
1 0.25 0.9
2 0.25 0.9
3 0.25 0.9
4 0.25 0.9
5 0.25 0.9
6° 0.25 0.9

Solvent(THF" Lime-green Dark blue
(ml)/H,0" (pL) color (min?) color (min?)
15/152 30 60

15/75 30 60

15/38 30 60

15/19 30 60

15/9 30 60

15/0 30 -

“THF was dried and distilled from Na/benzophenone under argon and was deoxygenated prior to use.

"Water was deoxygenated prior to use.
“Continuous green solution after stirring for 5 h.
9Time measured from the start of the reaction.

desolvation process. The appearance of THF as a ligand
arises because of its large excess, present as it is as a
solvent.

This preliminary result provides a solid experimental
evidence of the effect of water on the change of color suf-
fered by the initially lime-green titanocene (III) solution
in THF. In addition, the change of color is a handy colori-
metric visual indicator that allows us to determine the
presence of water in THF. For this purpose, the color
change of different solutions of titanocene (III) in THF
has been monitored. The results are summarized in
Table 1. The role played by water was studied by per-
forming a series of five experiments with decreasing
amounts of this reagent (Entries 1-5, Table 1). In all
cases, the initially green solution of Cp,TiCl turned dark
blue. On the other hand, under a strict absence of water,
no dark blue species could be detected even after pro-
longed reaction times (Entry 6, Table 1). These results
confirm that the color of the titanium species in THF can
be used as a colorimetric indicator for the qualitative
determination of the presence of water in THF. The
described procedure permits the determination of the
presence of water in THF in concentrations as low as
0.07%.

3 | CONCLUSIONS

In summary, an inexpensive, safe, simple, and green
method for the qualitative determination of water in THF
based on the color change of green titanocene species to
blue solution is described. A detailed experimental study
of the effect of water concentration on color change is
reported. In addition, a computational investigation con-
firmed that the final species responsible for the dark blue
color of the THF solution when water is present could be
[Cp,Ti"™(OH,),]" [MnCl4]*>~ (12), and the species formed

in anhydrous THF could be [Cp,Ti(THF),],** [MnCl,]*~
(1) (green solution). ESI-MS confirmed the presence of
Cp,Ti"'Cl through the observation of [(Cp,TiCl)
(MnCl3)]™ in the negative ion mode and cationic Ti'™
species through the observation of [Cp,Ti(THF)]" in the
positive ion mode. This detailed mechanistic investiga-
tion offers new advances in radical chemistry catalyzed
by titanocene (III), where previously, the influence of
other additives has been reported.**!

4 | EXPERIMENTAL SECTION

41 | General methods

Dry THF was prepared by distillation from
Na/benzophenone under argon. THF and water were
deoxygenated prior to use by bubbling a stream of dry
argon. Cp,TiCl, was purchased from Aldrich, and all
other reagents, including manganese dust, from Acros
and THF (grade HPLC) from VWR. Reactions involving
Cp,TiCl formation were performed under argon.

4.2 | Mass spectrometry general
considerations

A Waters Acquity Triple Quadrupole Mass spectrometer
was used to measure mass spectra. The instrument was
equipped with a Z-Spray pneumatically assisted electro-
spray ionization source in the positive or negative ion
mode. Instrument source parameters were as follows:
capillary voltage was held at 3 kV and cone voltage at
15 V. The following settings were used for desolvation
conditions: desolvation gas flow rate, 100 L/h; cone gas
flow rate, 100 L/h; source temperature, 75°C; and deso-
lvation temperature, 150°C.
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4.3 | Color changes observed in Figure 1
THF (13 ml), previously dried and deoxygenated, was
added to a mixture of Cp,TiCl, (62.2 mg, 0.25 mmol) and
Mn (49.4 mg, 0.9 mmol) under an argon atmosphere, and
the suspension was stirred at 25°C. After 20 min, the
originally red-orange solution turned green. The mixture
was stirred for 30 min, and then water (151.2 mg,
8.4 mmol) in THF (2 ml) was added. Figure 1 shows the
time at which the color change appears in the solution.

4.4 |
Table 1

General procedure for results of

Deoxygenated water (ul; see Table 1) and THF (15 ml)
were added to a mixture of Cp,TiCl, (62.2 mg,
0.25 mmol) and Mn (49.4 mg, 0.9 mmol) under an argon
atmosphere, and the suspension stirred at 25°C. After
20 min, the initially red-orange solution turned green.
After the reaction times indicated in Table 1 for each of
the entries, a color change from green to deep blue was
observed, except for the reaction carried out in the
absence of water, which conserved its green color.

4.5 | Preparation of solutions for MS
analysis

One hundred twenty-five milligrams of Cp,TiCl, and
99 mg of Mn dust were added to a 100-ml Schlenk flask
in a nitrogen-filled glovebox. The Schlenk flask was
removed from the glovebox and attached to a Schlenk
line. Twenty-seven milliliters of dried degassed THF were
introduced into the flask with the aid of a syringe, and
the first MS sample was obtained. Each MS sample was
isolated in the same fashion. A glass syringe was purged
with nitrogen three times before being used to transfer a
sample of the reaction into a 50-ml Schlenk flask, which
was then transferred into the glovebox. The solution was
gravity filtered into a 3-dram glass vial. One milliliter of
this solution was diluted with 4 ml of dried degassed
THF before being loaded into a 1-ml plastic syringe. The
syringe had a needle attached to the end and was inserted
into a rubber stopper to decrease atmospheric contamina-
tion while handling outside the glovebox. The syringe
and stopper were transferred out of the glovebox and
inserted into the injector of MS. The first sample was red
and obtained at time 0 min. The original reaction vessel
was heated to 25°C; 1.5 h later, the solution was green,
and the next MS sample was obtained in the same fash-
ion as before. One milliliter of deionized and degassed
water was added to 50 ml of dried degassed THF. Fifteen

Chemistry

milliliters of this solution was slowly injected into the
reaction vessel causing an almost immediate conversion
from green to blue; 2 h later, the solution was blue and
the final MS was obtained.

ACKNOWLEDGMENTS

Antonio Rosales Martinez acknowledges the University
of the Sevilla for his position as professor and the finan-
cial support of the University of Sevilla (Projects
2020/00001014 and 2021/00000422: Ayudas a Con-
solidacion de Grupos de la Junta de Andalucia and Pro-
ject Politec-Biomat: Red de Biomateriales en la
Universidad de Sevilla). Ignacio Rodriguez-Garcia thanks
the financial support of the University of Almeria, Junta
de Andalucia, and Fondo Europeo de Desarrollo
Regional (FEDER) (Project UAL2020-FQM-B1989).
J. Scott McIndoe thanks the NSERC Discovery program
for operational funding and CFI, BCKDF, and the
University of Victoria for infrastructural support.

AUTHOR CONTRIBUTIONS

Antonio Rosales Martinez: Conceptualization;
investigation; writing-original draft. Lourdes Enriquez:
Investigation. Martin Jaraiz: Investigation. Tanner
Thiessen: Investigation. Jaspreet Sidhu: Investigation.
J. Scott McIndoe: Investigation; writing-review and
editing. Ignacio Rodriguez-Garcia: Investigation;
writing-review and editing.

CONFLICTS OF INTEREST
The authors report no declaration of interest.

DATA AVAILABILITY STATEMENT
Data openly available in a public repository that issues
datasets with DOIs

ORCID

Antonio Rosales Martinez ® https://orcid.org/0000-0003-
0182-0548
Lourdes Enriquez
7518

Martin Jaraiz
Tanner Thiessen
Jaspreet Sidhu
J. Scott McIndoe
Ignacio Rodriguez-Garcia
2985-8567

https://orcid.org/0000-0002-0655-

https://orcid.org/0000-0001-6688-3158
https://orcid.org/0000-0001-5187-2093

https://orcid.org/0000-0001-7405-9089
https://orcid.org/0000-0001-7073-5246

https://orcid.org/0000-0002-

REFERENCES

[1] M. Castro Rodriguez, I. Rodriguez Garcia, R. N. Rodriguez
Maecker, L. Pozo Morales, J. E. Oltra, A. Rosales Martinez.
Org. Dev. 2017, 21, 911. https://doi.org/10.1021/acs.oprd.
7b00098

85UB01 SUOWIWOD SAIIERID 3[dedl|dde a3 Aq peusenob afe sajoie YO ‘s Jo SNl 1oy Ariq1T Ul UO A8]IA UO (SUONIPUOD-PUE-SWLB) W00 A8 1M AReq)1|Bul [UO//:Sdny) SUONIPUOD pue SWe 1 81 88S *[7202/90/G0] Uo ARiqiTauliuo AB|IM e||1neS 8 pepsieAlun Aq 6269 '902/200T OT/I0P/W0d A8 im Aleiq1jpul|uo//sdny wouy pepeojumod ‘Z ‘€202 ‘65.0660T


https://orcid.org/0000-0003-0182-0548
https://orcid.org/0000-0003-0182-0548
https://orcid.org/0000-0003-0182-0548
https://orcid.org/0000-0002-0655-7518
https://orcid.org/0000-0002-0655-7518
https://orcid.org/0000-0002-0655-7518
https://orcid.org/0000-0001-6688-3158
https://orcid.org/0000-0001-6688-3158
https://orcid.org/0000-0001-5187-2093
https://orcid.org/0000-0001-5187-2093
https://orcid.org/0000-0001-7405-9089
https://orcid.org/0000-0001-7405-9089
https://orcid.org/0000-0001-7073-5246
https://orcid.org/0000-0001-7073-5246
https://orcid.org/0000-0002-2985-8567
https://orcid.org/0000-0002-2985-8567
https://orcid.org/0000-0002-2985-8567
https://doi.org/10.1021/acs.oprd.7b00098
https://doi.org/10.1021/acs.oprd.7b00098

8ofs | Applied
Wl _E Y —9rganometallic

MARTINEZ T AL.

Chemistry

[2] A. Rosales Martinez, M. Castro Rodriguez, I. Rodriguez-
Garcia, L. Pozo Morales, R. N. Rodriguez Maecker, Chin.
J. Catal. 2017, 38, 1659. https://doi.org/10.1016/S1872-2067
(17)62894-8

[3] A. F. Barrero, J. F. Quilez del Moral, E. M. Sanchez, J. F.
Arteaga, Eur. J. Org. Chem. 2006, 2006, 1627. https://doi.org/
10.1002/ejoc.200500849

[4] A. Gansduer, J. Justicia, C.-A. Fan, D. Worgull, F. Piestert,
Top. Curr. Chem. 2007, 279, 25. https://doi.org/10.1007/128_
2007_130

[5] A. Rosales, I. Rodriguez-Garcia, J. Mufioz-Bascén, E.
Roldan-Molina, N. M. Padial, L. P. Morales, M. Garcia-Ocaiia,
J. E. Oltra, Eur. J. Org. Chem. 2015, 2015, 4567. https://doi.org/
10.1002/ejoc.201500292

[6] A. Rosales, 1. Rodriguez-Garcia, J. Mufioz-Bascon, E.
Roldan-Molina, N. M. Padial, L. P. Morales, M. Garcia-Ocaiia,
J. E. Oltra, Eur. J. Org. Chem. 2015, 2015, 4592. https://doi.org/
10.1002/ejoc.201500761

[7] J. M. Botubol-Ares, M. J. Duran-Pefia, J. R. Hanson, R.
Hernandez-Galdn, I. G. Collado, Synthesis 2018, 50, 2163.
https://doi.org/10.1055/s-0036-1591986

[8] N. M. Padial, E. Rolddn-Molina, A. Rosales, M. Alvarez-
Corral, I. Rodriguez-Garcia, M. Muifioz-Dorado, J. E. Oltra,
Stud. Nat. Prod. Chem. 2017, 55, 31. https://doi.org/10.1016/
b978-0-444-64068-0.00002-4

[9] A. Rosales Martinez, L. Pozo Morales, E. Diaz Ojeda, M.
Castro Rodriguez, I. Rodriguez-Garcia, J. Org. Chem. 2021, 86,
1311. https://doi.org/10.1021/acs.joc.0c01233

[10] A. Gansduer, Synlett 2021, 32, 447. https://doi.org/10.1055/
$-0040-1706407

[11] W. A. Nugent, T. V. RajanBabu, J. Am. Chem. Soc. 1988, 110,
8561. https://doi.org/10.1021/ja00233a051

[12] T. V. RajanBabu, W. A. Nugent, J. Am. Chem. Soc. 1989, 111,
4525. https://doi.org/10.1021/ja00194a073

[13] T. V. RajanBabu, W. A. Nugent, M. S. Beattie, J. Am. Chem.
Soc. 1990, 112, 6408. https://doi.org/10.1021/ja001732045

[14] T. V. RajanBabu, W. A. Nugent, J. Am. Chem. Soc. 1994, 116,
986. https://doi.org/10.1021/ja00082a021

[15] T. Liedtke, T. Hilche, S. Klare, A. Gansiduer, ChemSusChem
2019, 12, 3166. https://doi.org/10.1002/cssc.201900344

[16] E. Samuel, J. Vedel, Organometallics 1989, 8, 237.
https://doi.org/10.1021/0m00103a031

[17] R. J. Enemaerke, J. Larsen, T. Skrydstrup, K. Daasbjerg,
Organometallics 2004, 23, 1866. https://doi.org/10.1021/
om034360h

[18] T. Saito, H. Nishiyama, H. Tanahashi, K. Kawakita, H.
Tsurugi, K. Mashima, J. Am. Chem. Soc. 2014, 136, 5161.
https://doi.org/10.1021/ja501313s

[19] Z. Zhang, R. B. Richrath, A. Gansduer, ACS Catal. 2019, 9,
3208. https://doi.org/10.1021/acscatal.9b00787

[20] Z. Zhang, T. Hilche, D. Slak, N. R. Rietdijk, U. N. Oloyede,
R. A. Flowers Ii, A. Gansduer, Angew. Chem., Int. Ed. 2020, 59,
9355. https://doi.org/10.1002/anie.202001508

[21] R.J. Enemaerke, G. H. Hjollund, K. Daasbjerg, T. Skrydstrup,
C. R. Acad. Sci,, Ser. IIc Chim. 2001, 4, 435. https://doi.org/
10.1016/s1387-1609(01)01259-2

[22] S. J. N. Burgmayer, J. Chem. Educ. 1998, 75, 460.
https://doi.org/10.1021/ed075p460

[23] D. Yeung, J. Penafiel, H. S. Zijlstra, J. S. McIndoe, Inorg. Chem.
2018, 57, 457. https://doi.org/10.1021/acs.inorgchem.7b02705

[24] P. A. Seewald, G. S. White, D. W. Stephan, Can. J. Chem. 1988,
66, 1147. https://doi.org/10.1139/v88-188

[25] J. M. Cuerva, A. G. Campaiia, J. Justicia, A. Rosales, J. L.
Oller-Lopez, R. Robles, D. J. Cérdenas, E. Buiiuel, J. E. Oltra,
Angew. Chem., Int. Ed. 2006, 45, 5522. https://doi.org/10.1002/
anie.200600831

[26] M. Paradas, A. G. Campaiia, T. Jiménez, R. Robles, J. E. Oltra,
E. Bufuel, J. Justicia, D. J. Cardenas, J. M. Cuerva, J. Am.
Chem. Soc. 2010, 132, 12748. https://doi.org/10.1021/
ja105670h

[27] A. Gansduer, M. Behlendorf, A. Cangoenuel, C. Kube, J. M.
Cuerva, J. Friedrich, M. van Gastel, Angew. Chem., Int. Ed.
2012, 51, 3266. https://doi.org/10.1002/anie.201107556

[28] J. Jin, M. Newcomb, J. Org. Chem. 2008, 73, 7901.
https://doi.org/10.1021/j0801869r

[29] K. L. Vikse, J. Scott McIndoe, J. Mass Spectrom. 2018, 53, 1026.
https://doi.org/10.1002/jms.4286

[30] A. V. Hesketh, S. Nowicki, K. Baxter, R. L. Stoddard, J. S.
MclIndoe, Organometallics 2015, 34, 3816. https://doi.org/
10.1021/acs.organomet.5b00460

[31] C. P. G. Butcher, B. F. G. Johnson, J. S. McIndoe, X. Yang,
X.-B. Wang, L.-S. Wang, J. Chem. Phys. 2002, 116, 6560.
https://doi.org/10.1063/1.1462579

[32] J. S. McIndoe, K. L. Vikse, J. Mass Spectrom. 2019, 54, 466.
https://doi.org/10.1002/jms.4359

[33] J. Streuff, M. Feurer, G. Frey, A. Steffani, S. Kacprzak, J.
Wewler, L. H. Leiiendekker, D. Kratzert, D. A. Plattner, J. Am.
Chem. Soc. 2015, 137, 14396. https://doi.org/10.1021/jacs.
5b09223

SUPPORTING INFORMATION

Additional supporting information can be found online
in the Supporting Information section at the end of this
article.

How to cite this article: A. R. Martinez,

L. Enriquez, M. Jaraiz, T. Thiessen, J. Sidhu,

J. S. McIndoe, 1. Rodriguez-Garcia, Appl
Organomet Chem 2023, 37(2), €6979. https://doi.
org/10.1002/a0c.6979

85UB01 SUOWIWOD SAIIERID 3[dedl|dde a3 Aq peusenob afe sajoie YO ‘s Jo SNl 1oy Ariq1T Ul UO A8]IA UO (SUONIPUOD-PUE-SWLB) W00 A8 1M AReq)1|Bul [UO//:Sdny) SUONIPUOD pue SWe 1 81 88S *[7202/90/G0] Uo ARiqiTauliuo AB|IM e||1neS 8 pepsieAlun Aq 6269 '902/200T OT/I0P/W0d A8 im Aleiq1jpul|uo//sdny wouy pepeojumod ‘Z ‘€202 ‘65.0660T


https://doi.org/10.1016/S1872-2067(17)62894-8
https://doi.org/10.1016/S1872-2067(17)62894-8
https://doi.org/10.1002/ejoc.200500849
https://doi.org/10.1002/ejoc.200500849
https://doi.org/10.1007/128_2007_130
https://doi.org/10.1007/128_2007_130
https://doi.org/10.1002/ejoc.201500292
https://doi.org/10.1002/ejoc.201500292
https://doi.org/10.1002/ejoc.201500761
https://doi.org/10.1002/ejoc.201500761
https://doi.org/10.1055/s-0036-1591986
https://doi.org/10.1016/b978-0-444-64068-0.00002-4
https://doi.org/10.1016/b978-0-444-64068-0.00002-4
https://doi.org/10.1021/acs.joc.0c01233
https://doi.org/10.1055/s-0040-1706407
https://doi.org/10.1055/s-0040-1706407
https://doi.org/10.1021/ja00233a051
https://doi.org/10.1021/ja00194a073
https://doi.org/10.1021/ja00173a045
https://doi.org/10.1021/ja00082a021
https://doi.org/10.1002/cssc.201900344
https://doi.org/10.1021/om00103a031
https://doi.org/10.1021/om034360h
https://doi.org/10.1021/om034360h
https://doi.org/10.1021/ja501313s
https://doi.org/10.1021/acscatal.9b00787
https://doi.org/10.1002/anie.202001508
https://doi.org/10.1016/s1387-1609(01)01259-2
https://doi.org/10.1016/s1387-1609(01)01259-2
https://doi.org/10.1021/ed075p460
https://doi.org/10.1021/acs.inorgchem.7b02705
https://doi.org/10.1139/v88-188
https://doi.org/10.1002/anie.200600831
https://doi.org/10.1002/anie.200600831
https://doi.org/10.1021/ja105670h
https://doi.org/10.1021/ja105670h
https://doi.org/10.1002/anie.201107556
https://doi.org/10.1021/jo801869r
https://doi.org/10.1002/jms.4286
https://doi.org/10.1021/acs.organomet.5b00460
https://doi.org/10.1021/acs.organomet.5b00460
https://doi.org/10.1063/1.1462579
https://doi.org/10.1002/jms.4359
https://doi.org/10.1021/jacs.5b09223
https://doi.org/10.1021/jacs.5b09223
https://doi.org/10.1002/aoc.6979
https://doi.org/10.1002/aoc.6979

	Understanding the color change of the solutions of Cp2TiCl upon addition of water
	1  INTRODUCTION
	2  RESULTS AND DISCUSSION
	3  CONCLUSIONS
	4  EXPERIMENTAL SECTION
	4.1  General methods
	4.2  Mass spectrometry general considerations
	4.3  Color changes observed in Figure1
	4.4  General procedure for results of Table1
	4.5  Preparation of solutions for MS analysis

	ACKNOWLEDGMENTS
	AUTHOR CONTRIBUTIONS
	CONFLICTS OF INTEREST
	DATA AVAILABILITY STATEMENT

	REFERENCES


