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L i. Ruthenium

Discovered more than 150 years ago in Siberia by Karl Klaus, ruthenium is one
of the rarest elements on the Earth’s crust with, an abundance of 107%, but
also one of the most sought after by investigators. The great interest that this
element generates in scientists is mainly due to its wide range of accessible
oxidation states, from -2 in [Ru(CO),]* to +8 in RuO,. Lastly its price ($ 4.2 per
gram) makes it fairly cheap compared to platinum ($ 54.4 per g) and Rh ($ 49.0
per g)".

Compounds of ruthenium often show a perfect balance between reactivity and
stability that make them attractive catalysts. Good o-donors like F, 0> and N*
stabilize higher oxidation states while mt-acceptors such as CO and NO* stabilize
low oxidations state’. The nature of the coordinated ligand strongly affects the
application of ruthenium complexes in catalysis ranging from oxidation to

reduction. Complexes with phosphine and diphosphine ligands are employed

4 15-23

in CO, reduction®*™* and enantioselective hydrogenations Sulfoxide
complexes of ruthenium have showed activity against tumors often
comparable to platinum compounds but with host toxicity of some order of
magnitude lower®*. Incorporation of oxazoline ligands led to the preparation of
several ruthenium catalysts active for the epoxidation of alkenes®?.
Compounds containing m-conjugated ligands have been studied due to their

772 magnetism®**', molecular sensors®* and

properties in nonlinear optics
liquid crystals®. Nevertheless the ruthenium compounds that most have
attracted the attention in recent years are the polypyridyl based complexes.
Their spectroscopic, photophysical, photochemical and electrochemical
properties has allowed their use in the construction of supramolecular systems

and in the development of photochemically driven molecular devices**. The

large expansion of polypyridyl ruthenium catalysts has been facilitated by the
3



UNIVERSITAT ROVIRA I VIRGILI

NEW RUTHENIUM, MANGANESE AND COBALT DINUCLEAR COMPLEXES AS REDOX CATALYSTS.
UNFOLDING THE ESSENTIAL STEPS FOR THE GENERATION OF SOLAR FUELS

Carlo Di Giovanni

DRSNS o ferdi'frtrotiction

extensive synthetic chemistry behind these compounds. Several synthetic ways
have been improved allowing the systematic removal of some ligands and the
maintenance of others leading to the synthesis of well characterized
precursors and wide families of related compounds. The elevated melting
point, together with the stability in hard conditions, like strong acids, have
permitted the preparation of advanced molecular assemblies often not
accessible for first row transition metals®’. Ruthenium polypyridyl complexes
have also received attention as functional models for water-oxidation catalysis

33533 n recent years probably the most

and photochemical cleavage of water
investigated ruthenium complex has been [Ru(2,2’-bipyridine);]*"; thanks to
the long-lived photo excited triplet generated under visible light irradiation
and to its stability in water it has been the most employed photosensitizer in

40-42

photocatalytic processes . More recently, related complexes have found

wide employment as dyes, often attached into semiconductors like TiO," ™.
After more than 150 years form its discovery, ruthenium is still one of the

elements most attractive for chemists.

L. ii. Ruthenium aqua complexes

The electrochemical and spectroscopic properties related to ruthenium aqua
complexes are two of the major factors that have contributed to the increasing
interest into this family of compounds. These complexes undergo proton
coupled electron transfer (PCET) making high oxidation states of the metal

center more accessible over a relatively narrow range in redox potentials™

(Scheme 1).
- ,-H" -e,-H"
[LsRu-OH,|**s———== [LRu"-OH*' =——= [LRu'V=07*"
+e,+H" +e, +H"

Scheme 1.  PCET reactions of ruthenium aqua complexes.
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Ru(ll) aqua complexes present an ideal compromise between softness and
acidity of the bound H,0, and back-bonding into m* orbitals of carbon m
ligands. One of the protons of the aqua ligand can be easily removed in basic
media leading to a well define change in the absorption spectra.

The simplest aqueous species, [Ru(H,0)s](tos),, is an ideal precursor for a
series of aqua complexes with several ligands like polypyridyl groups,
phosphines, arenes, olefins and small gaseous molecules. Aebischer et al.
reported that the rate constants for the mono-complex formation between
[Ru(H,0)s), and several ligands were almost independent of the nature of the
ligand indicating that the entering group has little influence on the transition
state’. However, the substitution of a weak o-donating effect, as for H,0, by
ligands with withdrawing and donating properties, strongly influences the
redox potential of the metal center resulting in remarkable implications for
catalysis. As a general rule the Ru(ll) species is stabilized by the drn-mt* back-
bonding effect (in the presence of ligand like PPh; and CH3;CN) having low
acceptor levels. Contrarily electron-donating ligands like acetylacetone and

oxalate stabilize the Ru(lll) oxidations state®**?

. Ru(lV) oxidation state is less
sensitive to ligand modification but gains its stability from the interaction with

the O group in a Ru=0 bond (see below).

I.iii.  Ruthenium polypyridyl aqua complexes

Thomas J. Meyer, in the early 1980’s, deeply studied the redox chemistry of
polypyridyl ruthenium aqua complexes starting with [Ru"(OH,)(trpy)(bpy)]** >*
>%. The main effect of oxidation of an aqua complex is the enhanced acidity of
the bound Ru-O-H protons. Both the proton loss and the donation of the freed
p-t oxygen electron density to the metal to form the M=0 double bond

increase the stability of higher oxidation states in the complex™®.
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Spectrophotometric and electrochemical titrations were performed for

investigating the PCET processes described by the following reactions:

+e,+H' +e,+H'
[(trpy)(bpy)Ru"V=O*" s=———==="[(trpy)(bpy)Ru'"-OH]*" <——== [(trpy)(bpy)Ru'-OH,|**
- ,-H - ,-H

Scheme 2.  PCET reactions of [Ru"(OHz)(trpy)(bpy)]2+

The resulting Pourbaix diagram® (Figure 1) shows that over the range of pH
from 1.5 to 10 the potentials for the Ru(IV/Ill) and the Ru(lll/1l) couples form
two straight lines with slopes close to the Nerstian prediction of -0.059 V/pH

unit, indicative of a one-electron oxidation accompanied by one proton loss

(E1/2= EO]_/Z - 0059(m/n) pH) .

F 1/2 (Voltsvs SSCE)

Figure 1. Pourbaix diagram of [Ru”(OHZ)(trpy)(bpy)]2+.

For pH < 1.5 the Ey,-pH variation for the Ru(IV/Ill) couple is linear with a slope
close to -0.118 V/pH units, indicative of a one-electron oxidation accompanied
by the dissociation of two protons. On the other hand the Ru(lll/Il) couple the

trend is linear but with zero slope, indicative of a one-electron couple with no
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proton loss upon oxidation. At pH > 10, the potentials for the Ru(IV/IIl) couple
vary linearly with the pH, with a slope near -0.059 V/ pH units, while the
Ru(ll1/11) couple becomes pH independent as a consequence of a proton loss
from [(trpy)(bpy)Ru"-OH,]*". Because of the different pH dependences for the
two couples, a crossing point (defined by a AE;»=0 between the two
oxidations) at pH 11.5 appears. After this pH value the Ru(lll) species become
unstable with respect to disproportionation due to the fact that the potential
for the Ru(IV/1ll) couple falls below the potential for the Ru(lll/Il) couple. The
pH dependence is now of -0.030V/pH units, consistent with a two-
electron/one proton loss process and the relative voltammogram is
characterized by a single wave. The reactions for the processes described

above are the following™®:

+e,+H' +e,+H'
[(trpy)(bpy)Ru'=O]** _ [(trpy)(bpy)Ru'-OHJ** D [(trpy)(bpy)Ru'-OH,J**
- ,-H - ,-H

s

(10 > pH > 1.5)

+
5

+ 2H +e
[Py} opyRu"=01* === [(rpy)(bpy)Ru"-OH,"" S [(trpy)(bpyRu-OH,
-€, - -€

(pH < 1.5)

+

+e,+H +e
[(tmy)(bpy)Ru‘V=O]2*~+—Hj [(trpy)(bpy)Ru'"-OH]** <======[(trpy)(bpy)Ru'-OH]"
€ ,- -€

(pH > 10)

2 [(trpy)(bpy)Ru'-OHT** [(trpy)(bpy)Ru'-OH]" + [(trpy)(bpy)Ru'V=0]"+ H*
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+

+2e,+H
[(trpy)(bpy)Ru"V=O]*" === [(trpy)(bpy)Ru'-OH]"
2¢,-H

(pH > 11.5)

Scheme 3.  PCET reactions of [Ru"(OHz)(trpy)(bpy)]2+ at different pH values.

The results obtained by a Pourbaix diagram like the one described above are of

great importance in the context of potential photoredox applications where

excitation by a single photon and excited-state quenching could lead to a net

two electron redox reagent depending of the reaction conditions.

An important remark is that variations in the coordinated ligands provoke

systematic variation in the redox potentials of the aqua species.

Meyer and co-workers also gave one of the first examples of an

electrochemical study on a bimetallic ruthenium aqua

{[(trpy)(pic)Ru"],0}*, where the two metal centers are linked by a u-O atom®.

This work demonstrated that the complex could stabilize higher oxidation

states when an electronic communication between the metal centers exists

across the bridge. A main feature of bimetallic complexes is their ability to

generate mixed valence states after oxidation of the first metal center.

According to the Robin and Day classification®! the mixed valence compounds

can be sorted into three classes:

v' Class I: the metals of the complex have little or no communication

across the ligand bridge.

v" Class Il: a communication between the metal centers exists and

influences the electrochemical properties of the complex. A typical

voltammogram of a class Il compound presents discrete redox waves

for each metal center.
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v" Class lll: the metals own identity because the short distance between
them allows delocalization of the orbitals of each metal across the
bridge.

The mixed valence state for a class |l complex can be described by the

following comproportionation equilibrium:
MH MH + MHI MHI P — 2 MH MHI

Scheme 4. Comproportionation equilibrium for class Il complexes.

while for a class Il compound it would be:
MH,MH + MIH,MHI P —— 2 Mlll/Z’Mlll/Z

Scheme 5. Comproportionation equilibrium for class lll complexes.

The values of constants for the reactions displayed above define the class of a

bimetallic complex.

I.iv.  Higher oxidation states of Ru complexes
As already mentioned above, the ability to achieve stable higher oxidation
state species of ruthenium has important implications for reaction mechanisms
and catalysis. The presence of an oxo group directly bound to the metal center
offers different approaches for catalysis:

1. An O atom transfer pathway

2. Asite for attack on a substrate

3. An acceptor site for hydride transfer
Thanks to these features the Ru(IV)=0 species are able to oxidize a wide range

69-73

of organic®*®® and inorganic substrates.
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v’ Organic
o Alkanes
The oxidation of alkanes catalyzed by ruthenium complexes can be performed

777 phthalocyanine’, phosphine’®,

by complexes containing porphyrins
sulfoxide, pyridyl®®®! and or other ligands®® but the TNs are usually low.
Recently oxidation to alcohols and ketones in high TN has been obtained by
Neumann and Mizuno employing a POM with formula [(n-CsHs)sN].H[SiW,,RU"
(H,0)034]-2H,0%. Another POM, with formula [(Ru(C¢Meg))sM0sO4s], for the
hydroxylation of adamantine has been published by Bonchio and coworkers™.

Conversion up to 94% has been obtained and kinetic evidence of in-situ

formation of high valent Ru-oxo species has been presented.

e Alkenes
Alkenes can be converted into different products depending on the nature of
the substrate and if the oxidation involves the C=C bond cleavage or not. No
cleavage reactions lead to the formation of epoxides, diols, a-hydroxyketones

and cyclization products (Figure 2).

10
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Figure 2. Oxidation reactions of alkenes.

Epoxidation (Figure 2, d and e) will be treated in more detail in I.v. Formation
of ketols (Figure 2, f) can be explained by the electrophilic attack of a R=0
(Scheme 6) species to the double bond and formation of a cationic
intermediate that, treated with water undergoes B-elimination of M-H, to

evolve the a-hydroxyketone®.

11
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A
c
EO

Nu

Scheme 6.  Electrophilic attack of oxoruthenium species to C=C double bond.

Oxidations that involve the C=C bond cleavage give aldehydes, ketones, and
carboxylic acids as products (Figure 2, b and c). It is commonly accepted that
the mechanism proceeds through coordination of Ru-dioxo species to the

double bond® (Scheme 7).

O

o o q

>Ruﬁ' + \c:c/ —_— 0/ (} % ——>»  RuO, + 2 \C/

7 N / N\ \C:lc/ |
e N ©

Scheme 7.  Coordination of Ru-dioxo species to C=C double bond.

Several systems that employ ruthenium catalysts and NalO,, PhlO , tert-BuOOH
and O, as oxidants have been described for the oxidation of alkenes via C=C

bond cleavage; epoxidation is usually a competitive reaction®?’.

e Alkynes
Similarly to alkenes, alkynes can be oxidized through pathways that involve the
acetylenic bond, giving diketones as products, or through C=C bond cleavage

leading to the formation of carboxylic acids.

12
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e Benzene
Recently, Chatterjee and coworkers described the oxidation of benzene by a
Ru(Ill) mononuclear aqua complex using tert-BuOOH as the oxidant®. Even if
the yield and the selectivity are moderate, the reaction has great importance

for industrial purposes (phenol is used as disinfectant in surgery)

[Ru!"(amp)(bipy)H,0]CI* 2H,0 (1 mol%)

(0]
t-BuOOH (1 eq.), PTC (10 mol%)
> + +
CH,CL, r.t., 6h
PTC = benzyltributyammoniumchloride
N J
Y
8% 27 %

Scheme 8.  Benzene oxidation catalyzed by [Ru"(amp)(bipy)H,0]CI - 2H,0.

e Alcohols
The oxidation of alcohols is one of the widest studied topics in ruthenium-
catalyzed chemistry. Primary alcohols are oxidized to aldehydes and carboxylic
acids; secondary alcohols to ketones; and diols and polyols to lactones and
acids. Different mechanisms have been proposed for the oxidation of alcohols.
For one electron oxidants like Co(lll), Ce(IV), V(V), Mn(lll), Fe(lll), Cu(lll) the
mechanism proceeds via an electron transfer between the substrate and the
metal accompanied by the rate-determining breaking of an a-CH bond and
relative formation of a radical species.

R R R

CH—OH ———» C—OH —»  Cc=—O0

R R R

Scheme 9. Oxidation of alcohols via formation of radical species.

13
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For two-electron oxidants the different pathways have been described: (a) two
successive one-electron transfer via radical species; (b) concerted two-electron
transfer from substrate to metal, coupled with deprotonation of the substrate;
(c) deprotonation of the substrate followed by hydride transfer from the
substrate the metal®. An interesting system has been developed by Béckvall

100-102
. A low

and coworkers for the Ru-catalyzed oxidation of alcohol with O,
valent Ru complex (1, Figure 3) reacts with the substrate giving an aldehyde (or
ketone) and the ruthenium dihydride species as products. The presence of
benzoquinone assures the regeneration of the catalyst via hydrogen transfer,
while an iron phthalocyanine or a cobalt salen (MLm) converts the resulting
hydroquinone again to benzoquinone via aerobic oxidation (Figure 3).
Ph  Ph
P Ph\Ru’H‘Ru/ Ph i
oc¢ &o ocCo

1

OH

RCH>OH "Ru" \ (MLm)ox H20
OH
(a]
"RuH5" MLy, 05 O

RCHO

o]

Figure 3. Aerobic oxidation of alcohol catalyzed by 1.

e QOther organics substrates
14
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variety of other organic substrates beyond those mentioned above. Some of

them are presented in Table 1 with their relative products’:

Table 1. Substrates of Ru catalyzed oxidation reactions.

Substrate Product

Ether Ester

Sulfide Sulfoxide
Sulfoxide Sulfone

Amine (primary and secondary) Imine, nitrile
Amine (tertiary) Amine-N-oxide

Amide a-oxygenated amide’®
B-lactam Acyloxy- B-lactam
Phosphine Phosphine oxide

v Inorganic
e Hydrogen peroxide
Hydrogen peroxide can be oxidized by high valence Ru species, like
(bpy),(py)Ru=0%*, giving O, and a Ru(ll)-OH, species. The mechanism of two
sequential one-electron transfer steps>>'°*'®, proposed by Meyer and

coworkers, is shown in Scheme 10.

(bpy)a(py)Ru"V=0?" + H;0, — (bpy),(py)Ru"-OH?" + HO, —= (bpy),(py)Ru"-OH,*" + O,

2+

Scheme 10. Proposed mechanism for H,0, oxidation catalyzed by (bpy),(py)Ru''=0

15
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e Nitrates
Conversion of nitrates into nitrites is an important process from a mechanistic
point of view since it supports the existence of multiple electron steps
pathways. Mechanistic and kinetic studies have been done in order to obtain a

clear scheme of the reaction course:

-1 -1
(b RIIOH2++N0+ % b RIION0++HO
py)>(py)Ru 2 3 T (bpy),(py)Ru 2 2
Sls”

163 Mlg!
(bpy)a(py)Ru"ONO, " + H" ~—W (bpy),(py)Ru'VO** + HONO
M™'s”

2.1x10° Mlg! I
(bpy)(py)RuVO?" + (bpy),(py)Ru"OH,?* <= 2(bpy);(py)Ru"OH
2.9x10° s~

Scheme 11. Conversion of nitrates into nitrites catalyzed by (bpy)z(py)Ru"OH22+.

In such a scheme an initial ligand substitution occurs in the first step, one
water molecule is displaced by a NOj’, giving an intermediate nitrato ion. The
latter undergoes an intramolecular redox reaction giving free HNO, after
uptake of one proton. The last reaction is a rapid comproportionation
equilibrium that leads to the Ru(lll) species. If the reaction is carried out in an
electrochemical cell, (bpy),pyRu"(OH,)** can be electrochemically reduced

back to (bpy),pyRu"(OH,)**, and the net process becomes catalytic®”*”.

e Chloride
Some ruthenium complexes in high valence states have been proven to be able
to oxidize chloride to chlorine®®. One example is the dimer [(bpy),(OH,)Ru],0*.
The first step consists of the coordination of CI" in the inner coordination

sphere (Scheme 12).

16
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+CI +CI
[(bpy)zf|{u— o0— 1|1l1(1713}’)z]4+ o [(bPY)zlru— o0— I|1Ll(bp>’)2]4+ e [(bPY)zTU— o0— llzu(bpy)z]“+
- 2

H,0 OH cl H,0 cl cl

Scheme 12. Coordination of Cl" to [(bpy)z(OHz)Ru]204+.

The active ruthenium species has been demonstrated, by electrochemical

studies, to be the Ru(IV)-Ru(V) dimer'®®'%,

o Water
The most interesting inorganic substrate that ruthenium complexes are able to
oxidize is undoubtedly water.

2H,0 —® O, + 4H' + 4¢

Scheme 13. Reaction of water oxidation.

The process, which leads to the formation of O, and 4H’, is a highly energy
demanding reaction (AG = 113.38 kcal / 4.92 eV) and the mechanism is one of
the more complex in catalysis since it includes the removal of four protons and
four electrons and the formation of an oxygen-oxygen bond. A more in depth
description of the oxidation of water and a resume of the more representative

catalysts is given in Lvi.

I.v. Epoxidation

Epoxides are compounds containing a three-membered ring that gives them
peculiar properties especially in terms of reactivity. The strained ring is
inclined to open, leading to the formation, by attack of a nucleophile, of
compounds that contains two adjacent functional groups (diols, alkoxy alcohol,
amino alcohol). Epoxides can also be used to assemble polymers known as
epoxies, which are excellent adhesives and useful surface coatings. The

reactivity of the three-membered ring has great importance also in

17
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biochemistry; squalene 2,3-epoxide, for example, is the biological precursor to
cholesterol and the steroid hormones, including testosterone, progesterone,
estrone and cortisone.

The catalytic epoxidation of alkenes is therefore an industrial process of great
importance. The formation of epoxides via the catalytic reaction of molecular
oxygen with alkenes is the most elegant and environmentally friendly route;
however it is not viable for the majority of alkenes. The production of simple
epoxides, like propylene oxide, is still now the chlorohydrin process in which

alkenes react with chlorine in the presence of sodium hydroxide.

0]

Cl, + 2 NaOH
/\ > + 2 NaCl+ H,0

Scheme 14. Chlorohydrin process.

1,2-dichloropropane is a by-product of the reaction and its generation on an
industrial scale is certainly unattractive from an environmental point of view.
The development of catalytic systems based on transition metals catalysts has
been for long time a topic of investigation. One important factor in the
transition metal-catalyzed epoxidation of alkenes is the terminal oxidant. Most
used compounds able to oxidize the catalyst to the active species are alkyl
hydroperoxides, hypochlorite, iodosylbenzene, peracetic acid, hydrogen
peroxide and molecular oxygen. Three factors affect the choice of the oxidant:

o Compatibility with the metal

e Active oxygen content

e Waste product
0, is certainly the most desirable oxidant for active oxygen content and waste
generations, however just a few examples of catalysts are able to be oxidized

by O, and the resulting selectivity is often very low. H,0, presents the same

18
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problem of selectivity and, in addition, in some cases can cause decomposition

of the catalyst or it can be decomposed by the latter'®**®

. Organic oxidants
have the advantage of being compatible with the majority of metal-based
epoxidation systems but present a low content of active oxygen. Some of the
most used oxidants are sorted in the following table™®:

Table 2. Oxidants used in transition metal-catalyzed epoxidations, and their

active oxygen content.

Oxidant Active oxygen content (wi. 56) Waste product
Oxygen (Oy) 100 Nothing or H,O
Onygen (Og) freductor 50 H40

H,0» 47 H,0

NaOCl 21.6 NaCl

CH4CO3H 21.1 CH;CO:H

+BuOOH (TBHP) 17.8 -BuOH

KHSO; 10.5 KHSO,

BTSSP 9 Hexamethyldisiloxane
PhIO 7.3 Phl

a) Bistrimethylsilyl peroxdde.

Several transition metals have been used for the epoxidation of alkenes, some
of them for their elevated efficiency, others for their easy preparations, and
some for their affinity with “green” oxidants. A short description of the most

famous and recent catalysts is summarized below.

v/ Manganese
Manganese based catalysts generally have good affinity with oxidants like
iodosylbenzene, sodium hypochlorite, alkyl peroxides and hydroperoxides, N-
oxides, KHSOs, and oxaziridines. Mansuy and coworkers demonstrated that
chlorinated manganese porphyrins (Figure 4, 2) are suitable catalysts for

alkene epoxidation with H,0, as the terminal oxidant 1n7
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Ar
Ar —Ar
Cl
Ar
Ar = —%
2
Cl
Figure 4. Manganese chlorinated porphyrin 2.

A drawback of this catalyst was however its stereospecificity for cis-alkenes,
trans-alkenes are not suitable substrates.

The introduction of salen ligands (Figure 5, 3), discovered by the groups of
Jacobsen and Katsuki, represented a breakthrough in the field of epoxidation

by manganese catalysts.

=N_ N=
n
Bu— V0" &0 Bu
‘Bu ‘Bu
3
Figure 5. Mn-salen complex 3.

Chiral Mn-salen complexes catalyze the enantioselective formation of
epoxidesm'120 using NaOCl and H,0,"*?? a5 terminal oxidants. However for
these catalysts better results were also obtained in the oxidation of cis isomers

(>90% ee) than trans isomers (<40%). Another common problem in the
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epoxidation with H,0, catalyzed by Mn-salen complexes is the decomposition
of the oxidant and catalyst deactivation caused by the presence of water'?**%.

Recently Ribas and Costas presented a manganese triflate complex based on a
tetradentate ligand (Figure 6, 4) derived from triazoacyclononane as a robust
and efficient catalyst for epoxidations of alkenes using peracetic acid and H,0,

as oxidants'?*?’,

Figure 6. Manganese triflate complex 4.

High TN and short reaction time have been obtained employing this catalyst
with a series of differently functionalized alkenes (Scheme 15).
1.2 equiv. H;0O, (32% aq), CH;CN

2 (slow addition over 30 min. 0
RITX R? | ) - H1/<|/H
R

R3 4 (0.1 mol%)
CH3CO,H (14 equiv.)

o~ O oM l
94% yield 91% yield 94% yield 96% yield
cis-epoxide

Scheme 15. Catalytic scheme of alkenes epoxidation catalyzed by 4.

Feringa and coworkers in 2000 studied the catalytic activity toward

epoxidation of simple alkenes of a dinuclear Mn catalyst'*® (6, Figure 7) based
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on the polypyridyl ligand 5 (Figure 7). An excess of H,0, was necessary to

compensate for the peroxide decomposition.

O | 2

\\ ,rOH\

(ClO4)2
/|\ /l\
7N TN |
é_> 2_) =

Figure 7. Mn dinuclear complex 6 containing polypyridyl ligand 5.

v Iron

Iron porphyrins have been described as catalysts for alkene epoxidation
although conversion and selectivity are lower than for manganese porphyrins.
Hydrogen peroxide is generally excluded as an oxidant due to its rapid
decomposition catalyzed by iron. However, Beller and coworkers have recently
optimized a suitable system for the epoxidation of aromatic alkenes with a
slight excess of H,0,™.

A polyfluorinated iron porphyrin 7 described by Traylor'*° resulted in the highly
efficient oxidation of cyclooctene and other cyclic alkenes but elevated
catalyst loading and slow addition of the oxidant (H,0,) are drawbacks of this
systems (Figure 8).

0
30% H202 (aq) /_\

R R 7 (5 mol%)
CH,Cly: MeOH (1:3)

25°C, 1-24 h
7 80%yield  64%yield  100% yield
Figure 8. Polyfluorinated Fe porphyrin 7 and catalytic scheme of cyclic alkenes

epoxidation.
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In the epoxidation of terminal alkenes, generally the most difficult substrates

Diposit Legal: T.

to oxidize, excellent results have been obtained with a dinuclear iron catalyst

described by Jacobsen and coworkers®** (Figure 9).
1 O
HC, /—\ CHs N SN
N N HaC. /N .CH,
N O, / N
= 7\ FQ\ Rl J (SbFe)
N AN N o 0" ""“Nx
ey
=
8 —
1.5 uiv H-05 (a
=, equiv H-0, (aq) -
R' R? 8+Fe(CH,CN) (SbFg) (3molie) R!' R?
Acetic acid (30 mol%c)
CH4CN
4°C, 5 min
CH  Cufo™S @ O C;}{;/%‘VC‘H’
BS% yield  90% yield 76%yield  B5% yield B7% yield
Figure 9. Dinuclear Iron complex 9 containing ligand 8 and catalytic scheme of

alkenes epoxidation.

An important contribution to iron-catalyzed alkene epoxidation has been the
study of Beller and coworkers where they developed a system made by iron(lll)
chloride hexahydrate, a ligand, and an organic base. After screening several
carboxylic acids and imidazoles, the two systems based on ligands 10 and 11
were found to be most efficient for the epoxidation of mono-substituted,

trans-1,2-disubstituted aromatic alkenes™***® (Figure 10).
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Ligands:

N Bases: R
HO | A _OH L) x—@—(
N ﬁ NHR®
0 o [N,> pyrolidine X=Cl, R*=Me, R5=H
Py o aronylic N (10 mol%) X=H,R*=EL RS =H
2l "
2,6-diisopropyl-N-phenyl (12 mol%)
(5 mol%) imidazole (IPrPIm)
(10 mol%)
10 11

H‘/‘\r g2 2-3equiv. H0, (30% aq), FAMYIOH - g ’QT/FP
g3 FeClax 6HO (5 moi%) ae
Ligand (5-10 mol%)
Base (10-12 mol%)

Figure 10.  Catalytic scheme for epoxidation of alkenes catalyzed by

FeCl;/10(11)/base.

v" Rhenium

The first example of Re catalyzed alkenes epoxidation has been given by

137

Herrmann in 1991°" who demonstrated the high efficiency as catalyst of the

methyltrioxorhenium (MTO) 12 in the presence of H,0,.
o]
He” \\V©
o]
12

Figure 11. Methyltrioxorhenium 12.

The most attractive feature of this organorhenium oxide is its ability to reduce

the hydrogen peroxide decomposition thanks to the rapid equilibrium showed

in Scheme 16.
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Hz0z oﬁ’ 0 H20: 0.9 0

CHsRely=—= LRELL O—Re, !
HzC™ 1~ Y0 1 -T0
¥ OH, HsC oH,

A B

Scheme 16. Reaction of 12 with H,0,.

The reaction with one equivalent of H,0, leads to the formation of a mono-
peroxo (A), which further reacts with a second equivalent of oxidant to form a
bis-peroxorhenium complex (B). Both of these result in active oxygen transfer
but in presence of a base a rapid and irreversible decomposition has been

detected in accordance with the reaction show in Scheme 17.

Ha0s
CHyReO; ————= HOReOs: 2py + CHyOH
2758 Pyridine s <Py 3

Scheme 17. Decomposition of 12 in presence of H,0, and base.

Another drawback of employing 12 is given by the ring opening reaction that
often occurs leading to the formation of significant amounts of trans-1,2-diol.
In 1997 Sharpless and coworkers demonstrated that addition of
substoichiometric amounts of pyridine as a co-catalyst reduces the reaction
time and increases the efficiency of the catalyst'*®. A reasonable explanation of
the advantages gained by the presence of pyridine has been given by Espenson
and Wang. As already mentioned, 12 is stable under acidic conditions but
undergoes into decomposition at higher pH. The Brgnsted basicity of pyridine
leads to increased amounts of HO,, which speeds up the formation of the
peroxo-complexes and the decomposition of the catalyst. The net effect is an
improvement in rate and selectivity for epoxide at the expense of catalyst
lifetime. The oxidation of highly reactive substrates (tetra-, tri- and cis-dis-
substituted alkenes) were therefore favored by the addition of pyridine due to
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the fact that the conversion rate is higher than the rate of catalyst
decomposition. On the contrary, less electron-rich substrates like terminal
alkenes, that require longer reaction times, are not fully converted into the
relative epoxides on the reaction time scale.

The basic nature of the co-catalyst also prevents the acid-catalyzed ring-
opening reactions. It is also believed that the additive acts as a phase-transfer
agent from the aqueous layer into the organic phase where the alkenes is in

higher concentration'™® (Scheme 18).

0,9 O
., D L -
o— Fle D H g‘FIe {I] =—== CHzAely HOO ReQs + MeOH
HSC OHy HaOp Mg 202
aqueous phase

wrnannar PF anAARRAARR AR PY ARPAARRRAAARRAAAS PAAARRA AR AR

organic phase

e —= ke

—Re “Re.

Hscfl L&) Hz O HaC h O
. ]
= o

Scheme 18. Scheme of the two-phase epoxidation catalyzed by 12.

The use of other additives, studied by the groups of Sharpless, Herrmann and

139-141

Yamazaki strongly influenced the performance of 12 in terms of rate,

selectivity and stability (Table 3).
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Table 3. Epoxidation catalyzed by 12.
Alkene No additive” Pyridine™ 3-Cyanopyridine™ Pyrazok®  3-Methylpyrazole™
O 90 (5) 96 (B) 96 (5)°!
O 100 2% 99 12} 89 (0.02) 99 4%
3
| oS 84 (16) 96 (5) 96 (5) 92 (51!
e
©:> 48 (37) 96 (5) 87 (15
| xp 82 (6) 74(1.5% 93 (1.5 92 (3)"
i
Ph
Q/ 98 (1) 96 (1) 95 (1) 95 (5}
Ww 95 (2) 91 {24) 97 (12) o5 (8"
@ 75 (72) 82 (48) 99 (14) 99 (14) 91 (8)

Yields (%) of alkenes epoxidation catalyzed by 12 and H,0, Catalytic loading: 0.5 mol%
12 unless otherwise stated. Reaction times values (h) within parentheses. a)
Anhydrous H,0, in t-BuOH; b) Aqueous H,0, (30%); c) Pyridine and 3-cyanopyridine (6
mol% of each); d) 0.05 mol% 12; e) 0.2 mol% 12; f) 0.1 mol% 12.

v’ Titanium
The Sharpless-Katsuki asymmetric epoxidation is one of the most famous

2 The system

system for conversion of allylic alcohol in their relative epoxides
is based on a dimeric complex of titanium (Figure 12, 13) and TBHP as terminal

oxidant.
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E
OR
ROu..) . O, L \O
I ATk
RO d
13

Figure 12.  Titanium complex 13.

Enichem in "90s developed an heterogeneous titanium(lV)-silicate catalyst that
react with H,0, forming titanium peroxocompounds able to transfer O atoms

to alkenes. The system acts throughout adsorption of the substrate into the

116

micropores of the catalyst and works with a wide range of alkenes ™. Katsuki

and coworkers recently published the asymmetric epoxidation of non-

functionalized alkenes by a titanium salen complex 14 (Figure 13)**:

Figure 13.  Ti-salen complex 14.

This catalyst gave good yield and high enantioselectivity with terminal alkenes
like styrene and 1-octene using a slight excess of hydrogen peroxide as

terminal oxidant.
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v" Vanadium
Yamamoto and coworkers recently reported the epoxidation of a series of
substituted allylic alcohols by two new vanadium catalysts, 15 and 16 (Figure

14), and TBHP as terminal oxidant.

Ph

Oﬁ/J\ Ph OY\CPha

15 16

Figure 14.  Vanadium catalysts 15 and 16.

A vanadium polyoxometalate, [y—1,2-HZSiV2W10040]4', has been recently
reported by Mizuno as efficient catalyst for epoxidation with H,0,™* of a series
of unfunctionalized alkenes, dienes and hydroxyl functionalized alkenes. Due
to steric interaction between the substituent and the POM frameworks poor

performance resulted for the oxidation of trans-disubstituted alkenes™*’.

v" Tungsten
Noyori and coworkers developed a completely solvent free system based on
tungsten that provides a green way to obtain epoxides of terminal

alkenes™ %

. Sodium tungstate, (aminomethyl)phosphonic acid and methyltri-
n-octylammonium bisulfate are employed as catalyst, H,0, as terminal oxidant
(Scheme 19 and table 4). The lack of solvents allows the isolation of the

products by distillation.
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1.5 equiv. HzOz (30% aq) 9]
Fg""“'lxx - H-"{:J
NasWO, x 2H,0 (2 mol%)

[CH E{H'GSH1?]3N]HSD4 I::'I rr'IDI':J-‘:-}
NH5CH,PO3H (1 mal%)

Scheme 19. Catalytic scheme of Noyori system.

Table 4. Epoxidation of terminal alkenes using the Noyori system.

Entry Alkene Time (h) Conversion (%8) Yiedd (38)
1 l-octens 2 B9 BG

2 1-decene 2 04 23

33 1-decene 4 99 99
47 allyl octyl ether 2 81 64

57 styrene 3 70 2

a) 20mmal alkens in 4 mL toluene.

Main limitation of this system is the acidic conditions in which it operates that

may cause ring-opening reactions in the products.

A very efficient tungsten catalyst was recently presented by Mizuno

150,151

consists of a tetrabutylammonium salt of a Keggin-type silicodecatungstate [y-

SiW19034(H,0),]* able to oxidize various alkenes with elevated selectivity and

efficiency using H,0, as oxidant.

R® H,0, (30% ag, 1mmol)

R!' R? [-SiWq034(Hz0);] (BugN)s (82mol)
(5 mmol) CH3CN (6 mL), 32°C

(6 atm)
90% yield 90% yield 95% yield

[r-SiW10034(H20)21*
17

Scheme 20. Alkenes epoxidation catalyzed by 17.
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v" Molybdenum
A series of monodentate ligands have been described by Sundermeyer and

2 able to oxidize 1-

coworkers for neutral molybdenum peroxo complexes®
octene and cyclooctene with hydrogen peroxide. The system operates under
biphasic conditions (CHCI;) giving high yields and good selectivity. Another
example is given by the catalyst described by Bhattacharyya™?, an oxo-
diperoxomolybdenum(VI) complex that shows excellent catalytic activity for

the oxidation of cyclooctene, cinnamyl alcohol, allyl alcohol and 1-hexene.

v" Ruthenium

Epoxidation catalyzed by ruthenium complexes have been largely described

154,155 156-163

with oxidants like periodate , iodosylbenzene , pyridine-N-oxides'®*

%6 hypochlorite®®**®’, hydrogen peroxide'®®, TBHP'®, and even dioxygen®*"2.
As mentioned above high-valent ruthenium oxides are powerful oxidants.
Their reaction with alkenes has been described for various catalysts and
terminal oxidants; however the main inconvenience in these catalytic systems
is the double bond cleavage'’.

Two ruthenium porphyrins catalysts'®**’>*’® (Figure 15, 18 and 19) have been

described for the oxidations of 1,2-octene (96% yield) and styrene (100% yield)

employing 2,6-dichloropyridine N-oxide as terminal oxidant.

CeFs

Cst / CBFS

CeFs

18 19

Figure 15. Ruthenium porphyrins 18 and 19.
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7 and coworkers reported a series of ruthenium pyridine-2,6-

Nishiyama®’
dicarboxylate complexes of terpyridine and chiral bis(oxazolinyl)pyridines
(Figure 16, 20-22) that exhibit efficient catalytic activity (yield up to 92%) in the
oxidation of trans-stilbene when treated with [bis(acetoxy)iodo]benzene as

oxidant.

20 21 R=pr
22 R=Ph

Figure 16.  Ruthenium catalysts 20-22.

Beller and coworkers have recently demonstrated that Nishiyama catalysts are
active also in presence of H,0, as terminal oxidant. Several alkenes have been
tested giving highly conversions and selectivity'’®.

Catalysts 23 and 24 (Figure 17), described by Berkessel'””, resulted to be
efficient catalyst for the enantioselective epoxidation of arylsubstituted

alkenes (ee up to 83 for 1,2-dihydronaphthalen and catalyst 24).
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Ar
Ar Ar
4

Ar

- ¢
23 Ar=-% O OMe 24 Ar=—§ O CF3
& =

Figure 17.  Catalysts 23 and 24.

An interesting example of supported catalyst has been recently given by Mizuki
and coworkers™®. The new Ru-monomer supported on SiO, (Figure 18) was
found to be highly active (up to 2100000 TNs for trans-stilbene) for the

selective epoxidation of several alkenes using O, as oxidant.

0=0
o, 0 g
S
NH,
A
C4Hg
/Si\
£0 (D)
Si0,

25

Figure 18. Mizuki catalyst 25.

I. v.i. Mechanism
As already mentioned, the epoxidation of alkenes is an oxygen transfer

processes. According with the examples of active catalyst given above this
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process can be divided in two major mechanistic categories: one that involve
peroxometal species (Scheme 21) and the other that concerns oxometal
complexes (Scheme 22). The first is generally observed with early transition
metals like Mo(VI), W(VI), V(V), Ti(IV).

0
M" + ROOH —> M™O0-O-R + C=C — M"-OR + C-C

R = H, Alkyl

Scheme 21. Mechanism of epoxidation via peroxometal species.

Manganese, Iron and Ruthenium, on the other hand, usually involve high-

valent oxometal species, generated in situ via oxidation.

ol
M"+XO — M™2=0 + C=C — M" + C-C
XO = ROO,H, CIO", RgNO, PhIO, etc.

Scheme 22. Mechanism of epoxidation via oxometal species.

Epoxidation catalyzed by salen and porphyrin complexes of iron and
manganese with various oxygen donors has been shown to involve oxometal

181185 hut in the case of ruthenium the exact

(V) species as active oxidant
nature of the active oxidant is less clear. Moreover, the oxidative cleavage
process is a competing side reaction that may involve different species.

Drago and coworkers proposed that monoxoruthenium (IV) species is
responsible for epoxidation whereas cis-dioxoruthenium (VI) species for

competing epoxidation and oxidative cleavage®***'¥” (Scheme 23 g and b):
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a) RuV=0  + >C=C< — R + >C—C

AN
C
| — R + Cc=0

.
\\O/C<T

Ru'V=0 + \c/—\c/
/ /7N
0
b) Ru'V\/ + c=cC
o o
\ -
R

Scheme 23. Epoxidation catalyzed by monooxoruthenium; b) competitive
epoxidation and oxidative cleavage catalyzed by cis-dioxoruthenium

species.

Moreover, assuming that the oxidative cleavage involves initial [3 + 2]
cycloaddition of the olefin to a dioxoruthenium (VI), trans-dioxo isomers

should prevent the oxidative cleavage and favor the epoxidation (Scheme 24)

(@] 0
Il-‘\lu'v + \czc/ —_— Ru'V=0 + \c/—\c/
5 / N / AN

Scheme 24. Epoxidation catalyzed by trans-dioxoruthenium species.

In porphyrins ruthenium complexes, where the metal is coplanar to the ligand,
oxo ligands are forced in trans disposition favoring the epoxidation

process 1%,

It is generally accepted'®'%19

that the oxygen transfer to the double bond
proceeds via a side-on approach of the oxoruthenium species. This assumption
agrees with the lower enantioselectivities generally observed with trans-
olefins, both with porphyrin-based complexes and Jacobsen type manganese
salen ligands, due to the higher hindering of the approach to a trans-alkene

respect to a cis-alkene (Scheme 25).
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R? R2
1

R ‘\ \\
So \ o \

\\\ \\\

O O

[ |

—|\/] — —|\/] —
a) b)

Scheme 25. Side-on approach of oxoruthenium species to cis-alkenes (a) and trans-

alkenes (b).

Different pathways have been proposed for the oxygen transfer, both

concerted and non-concerted (Scheme 26)

Ru

jof
Ph. < N Rs

7'—\< a) concrted oxene insertion
R, Rz
Ru—0O
Ph Rs
b) formation of 4-membered ring
Ph Rj R; Ry
>=< + Rul\{:O
Ry R, R Ph
[ Rull—o } ¢) radical cation
@
Ry Ry
Ry Ph
O—Ru d) radical intermediate
Ry Ry

Scheme 26. Proposed pathways for oxygen transfer.

The investigation of the stereoselectivity furnishes an important starting point
for the interpretation of the mechanism of epoxidation of aromatic alkenes. If
the oxidation of cis-alkenes via a non-concerted pathway involves breakage of
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C=C bond, the resulting acyclic intermediate rapidly undergoes to
isomerization into the more stable trans-species via C-C bond rotation (Scheme

27). The net result is the production of both cis- and trans-epoxides.

Rull

|
[e]

o] Ph o)
—\ [Ru'Y=01]° —
—_— —_— +
Ph R Ph R

Ph R R

Scheme 27. Oxidation of cis-alkenes via non-concerted pathway.

A high degree of stereoretention for the oxidation of cis-stilbene by
[Ru"(bpy),(py)O]*" has been described by Meyer who suggested an oxene
insertion mechanism®*® (Scheme 26 a).

The group of Che has studied the mechanism of alkenes epoxidation catalyzed
by a series of monoxoruthenium(lV) complexes® detecting almost completely
stereoretention for cis-stilbene oxidation and mixture of cis- and trans-
epoxides in the case of cis-B-methylstyrene. A non-concerted mechanism is
then strongly probable for the oxidation of cis-B-methylstyrene as well for
styrene. Inverse secondary kinetic effect (KIE) was observed only for the B-d--
styrene and not for the a-deuteriostyrene suggesting that not both a and B
olefinic carbon atoms undergo into rehybridization as required by a 4-
membered ring formation pathway (Scheme 26 b). According to kinetic results
Che and coworkers proposed that the oxidation of aromatic alkenes by
oxoruthenium(lV) complexes would generate a benzyl radical intermediate
that could involve isomerization via C-C rotation followed by cyclization (or

formation of byproducts) (Figure 19).
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Ar 72+

. fast 2 Wi i
(L2HLAV=0P + AN = | (LULYRu —O----LR
charge-transfer complex

rate-limiting step

[L2}[L1,'IH.J|"—O-\“;—AF

R
Benzylic radical intermediate

VAV

Ar.._.CHO ATCHO
trans-apoxide cis-epoxide Ar=Fh, A=H
1. C—Crotation  collapse before rearrangement G=GC cleavage
C—C rotation
2. collapse

Figure 19. Proposed mechanism for the oxidation of aromatic alkenes by

oxoruthenium(lV) species.

It is important to consider that stereoselectivities for cis-alkenes oxidation vary
with both the substrate and the ruthenium oxidant as well the reaction

mechanism.
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I. vi.  Water oxidation

I. vi. i. Climate changes and Energy demand

The climate changes and the strong energy demand have in the last decade
reduced even more the list of candidate as universal source of energy. If for
many years oil and carbon have ensured abundant and accessible energy for
the world population, at the same time, their unrestrained use has caused
remarkable climatic perturbations, often in an irreversible way.

The natural equilibriums that for centuries have regulated the levels of O, and
CO, in the atmosphere are by now ineffective in front of the huge amounts of
carbon dioxide generated by the fossil fuels combustion.

Taking into account what mentioned above, the first requisite of a modern
energy source is to be clean and safe. It must be clean by the mean that its
employment does no generate dangerous chemicals for people and
environment, like CO, and CO. This energy should be also safe in its production
as well in its application and by-products disposal. Recent disasters occurred
on nuclear plants, oil plants and coalmines around the world have drawn the
attention of people and governments and raised many doubts about their
employment.

Another necessary characteristic is the availability of energy. The world
population is estimated to be of almost 7 billion of persons with a high growth
rate especially in developing countries. An increment of population and living
standards is always accompanied by a rise in energy use. Today ca. the 80% of
the energy demand is satisfied by fossil based energy. The employment of

194 that is more or

fossil fuels produces every year ca. 31.6 billion tonnes of CO,
less the double of the amount of carbon dioxide that the planet can absorb.

Also, fossil fuels are no renewable energies, destined hence to run out. This
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factor, together with the political aspects of the fossil fuels business, has

caused a steady rise of the prices in particular concerning the oil (Figure 20).

$140
Dec. 1979 Monthly Ave. Peak June 2008 Monthly Ave. Oil Price ~___
$120 fo--oom- $106.43 in Nov 2008 Dollars R: _____ $122.64in Nov. 2008 Dollars ~ ___Z2}_.
$100 A
$80
Nominal Peak $38 (Mo. Ave. Price)
860 f------ Intraday Prices peaked much higher
$40 - - - ===
Inflation Adjusted Oil Price
Nominal Oil Price T
$0 —T T — T . — —T T — T —
QO MUV OOVONMODNMNNDONT OMIIDTOTOVDOTMWONMNDDONTONED
T T OOV OO OO OONNNSENNNOOWMMOWMONDNDDNDNDNDO OO0 OO0
TR PRl Bl eI oo Ee N Bdd e NP o IRARAE

Source of Data:
Qil Prices- www.ioga.com/Special/crudeoil_Hist.htm
CPIU Inflation index- www.bls.gov

Figure 20.  Monthly crude oil prices for barrel 1946-2008 (inflation adjusted in red).

Nuclear power seems to have been for many years the most valid alternative
to fossil fuels. The amount of energy produced by nuclear reactors is the main
advantages of this source but several drawbacks are frequently controversial:

e The cost of construction (6-9 billion dollar for 1.100 MW plant)*®*.

e The cost of maintenance, and decommissioning costs.

e The waste disposal.

e The high risk of accident and the related effect on public opinion.
As of 30 March 2012 in 31 countries 436 nuclear power plant units with an
installed electric net capacity of about 370 GW are in operation and 63 plants
with an installed capacity of 60 GW are in 15 countries under construction'®®
even if some governments are thinking about a total decommissioning of all
the installations.
In addition the actual number of nuclear plants can supply just for the 8% of

global energy consumption (Figure 21), the same percentage is covered by
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renewable energie5197. However, while an increment in the employments of
renewable energy is possible and desirable, a world with ten-times more

nuclear plants appears somewhat unlikely.

Percent Energy Consumption by Fuel Type, First Quarter 2011
source: Energy Information Administration, Monthly Energy Review, June 2011

mOil

® Natural Gas
m Coal

M Nuclear

® Hydroelectric

M Nonhydroelectric Renewables

Figure 21.  Percent energy consumption by fuel type, first quarter 2011.

Inside the 8% of renewable energy is difficult to believe that just the 1% come
from solar energy, that is actually the most abundant renewable resource

(Figure 22).
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Percent of Renewable Consumption by Type, First Quarter 2011
source: Energy Information Administration, Monthly Energy Review, June 2011

W Hydroelectric
= Wood

m Biofuels

B Wind

B Waste

m Geothermal

Solar

Figure 22.  Percent of renewable consumption by type, first quarter 2011.

Every hour the earth receives from the sun an amount of energy comparable
to the yearly human energy consumption. The last 30-40 years have been
characterized by the effort of chemists, physics and biologists to develop
different ways to collect this energy. In the most warmed areas of the world,
systems for the achievement of high temperature and conversion of heat into
energy (concentrated solar power CSP), have been built and operate regularly
producing up to 354 MW of energy (Solar Energy Generating Systems, SEGS, in
Mojave Desert, California). The photovoltaics are another valid option: solar
energy is caught and used for operating an electrolyzer able to split water into
H, and O,. Another working but less promising alternative is the biomass. The
energy of the sun is used for growing a plant that can be then harvested and
treated for producing alternative fuel (char coal, alcohol). The yields for the
conversion of solar energy into biomass (usually less than 2%) and the wide
spaces of this kind of farming are considerable disadvantages. The so called

artificial photosynthesis is the light driven process that reproduces the ability
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electrons.

I. vi. ii. Photosystem Il

In Nature the process is realized by Photosystem Il (PSll), an integral part of the
thyalkoid membrane; in the thermophilic cyanobacterium
Thermosynechococcus elongatus it consists of about 20 protein subunits that

1% ps|| has the ability to capture and turn into chemical

include 77 cofactors
energy photons of sun thanks to a series of charge transfer processes.

The overall reaction of PSIl is that of a light-driven (400-700 nm) water
plastoquinone oxidoreductase (Scheme 28).

4 hv

2H,0 + 2PQ + 4H* > 0, + 2PQH, + 4H"

stroma lumen

Scheme 28. Light-driven water splitting in PSII.

The net process can be divided into four steps:
I Light harvesting and energy transfer.
Il.  Primary charge separation and stabilization.
M. Reduction of plastoquinone QB by QA" and protonation at the
acceptor side of PSII.

IV.  Accumulation of oxidizing equivalents and water-splitting.

(1) Chlorophyll and carotenoid molecules of the antenna complexes Chl,
capture the light energy ant transfer it to the reaction centre by excitation

transfer (Scheme 29).
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chl, + hn —> Chl,’

Chl,Chl," —— Chl,Chl,

Scheme 29. Light absorption bychlorophyll and carotenoid molecules of antenna

Chla.

(ll) The charge moves among the reaction centre, an arrangement of four Chl,

and two Pheo (Scheme 30).
Chl,*Chlg.Pheo  — Chl,Chl."Phec  — Chl,Chl..Pheo

Scheme 30. Charge rearrangement.

The charge separation is stabilized by electron transfer from Pheo™ to the
bound plastoquinone (PQ) molecule Q, and by the reduction of Chly"~, also
called P6807, by a red-ox active tyrosine side chain Y,.

() Qa is a firmly bound PQ molecule that can be reduced only to the
semiquinone level. QB, a mobile PQ molecule, is then twice reduced and
protonated (in stroma) by Q,"” and leaves its binding pocket and transfers the
two electrons to the cytochrome bgf complex under the release of its two

protons into the lumen.

Q" Q, —» Q.q,"
Qx Qg+ 2H*stroma — Q,QgH,
Q,Qz H, + PQ —* Q,Q + PQH,

PQH, + ovtbgf™ 5 pq + cytbfed + 2H*lumen

Scheme 31. Electrons transfer to cytochrome bgf.
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(IV) At the same time the tyrosine radical Y', formed during the reduction of
P680~, oxidizes the Mn,OsCa cluster, core of the OEC. After four sequential
oxidations of the Mn,0OsCa cluster two molecules of water are split releasing
molecular oxygen into the medium.

In 2011 a breakthrough in the study of photosynthesis has been reached with
determination of the crystal structure of PSIl to a 1.9 A resolution that revealed
the molecular structure of the CaMn, complex together with 4 water

molecules bound™®® (Figure 23)

Figure 23.  Structure of Mn,CaOs cluster (distances in A).

The attempts to develop an efficient system for artificial photosynthesis range
in different fields of science, from chemistry to biology. Chemists and material
scientists have designed working systems with molecular and non-molecular
catalysts. The first represent the best option in terms of mechanism
interpretation and determination of active species, the second are
characterized by higher stability under illumination and are more resistant

against degradation and deactivation.
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I. vi. iii. Assembly of cell for artificial photosynthesis

The aim of a photochemical system is, as already mentioned, to use the solar
energy, quantified in photons, to carry out a chemical reaction in which a
substrate is converted in the desired product. If the substrate is water,
abundant and cheap, and the product is hydrogen, rich in energy and
environmentally friendly, the system in question is a cell for artificial

photosynthesis. The net reaction for this device is showed in Scheme 32.

Scheme 32. Water splitting reaction.

Being this reaction constituted of the two semi-reactions indicated in Scheme

33.

2H,0 — 4H" + O, + 4e

2H* + 26¢ ——» H,

Scheme 33. Water oxidation and proton reduction reactions.

An ideal cell must be able to run both of them at the same time. A scheme of

this type of assembly is showed in Figure 24.

o-o-n’
0.+ @D
\ /

Figure 24.  Scheme for artificial photosynthesis.

2H,0
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The first step that has to be accomplished by the cell is the absorption of a
photon. This task is performed by the photosensitizer (P), a photoactive
material that is excited by light absorption trigging a charge separation
reaction. A highly energetic and unstable radical pair is formed and the
electron is separated from the electron hole. The photosensitizer is coupled,
via chemical links or through a metal oxide supporting material to the two
catalytic systems A and D. A, defined as electron acceptor, receives the radical
pair generated on the photosensitizer while the corresponding electron hole is
filled again by a new electron coming from the electron donor, D. A well-
coordinated and enough fast functioning avoid the recombination processes in
any step of the system. At the edges of the system take place the two semi-
reactions described in Scheme 33. The donor D consisting of a water oxidation
catalyst, after having acquired the electron holes from the photosensitizer
reaches its oxidized active form able to extract electrons from water. At the
same time, on the opposite side, the acceptor A, consisting of a proton
reduction catalyst, after having acquired the electrons from the
photosensitizer reaches its reduced active form able to transfer electrons to

the protons H* coming from the water splitting.

I. vi. iv. Photosensitizer

[Ru(bpy)s]** (bpy = 2,2’-bipyridine) derivatives are the most commonly used
sensitizers because they own intense *MLCT absorption bands in the range of
visible light, outstanding thermo-stability and high enough oxidation potentials
(E > 0.82 V vs. NHE) to drive water oxidization reaction thermodynamically at
pH 77°%%°'. Modification of the para position of the bipyridine ligand of

[Ru(bpy)s]** leads to variation of the oxidation potential as well influence the

47



UNIVERSITAT ROVIRA I VIRGILI

NEW RUTHENIUM, MANGANESE AND COBALT DINUCLEAR COMPLEXES AS REDOX CATALYSTS.
UNFOLDING THE ESSENTIAL STEPS FOR THE GENERATION OF SOLAR FUELS

Carlo Di Giovanni

DRSNS o ferdi'frtrotiction

stability of the photosensitizer. Some Ru-bpy type complexes are showed in

Figure 25 with their relative oxidation potentials.

P1: R" R?=Me; ERUIVMD =1 10V

P2: R", R? =H; ERWI) = 1 26 v

P3: R'=H, R2= CO,Et; ERUIM) = 1 40 v
P4: R'= CO,Et, R? = Me; ERUIMN = 1 49 v
P5: R'= CO,Et, R? = H; ERUIVN = 1 50 v

Figure 25.  Ru-bpy type complexes and relative oxidation potentials.

The assumed cycle for the photooxidation of [Ru(bpy)s;]** is represented in

Figure 26.

Figure 26. Mechanism of photooxidation of [Ru(bpy)s]**.
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The photoexcitation generates the excited dye [Ru(bpy)3]2+* that reacts with
the e acceptor (a proton reduction catalyst or a sacrificial oxidant agent like
S,05> or [Co(NH5)sCl]**) generating the oxidized species [Ru(bpy)s]**. The latter
after reduction by the e donor (a water oxidation catalyst or a sacrificial

reducing agent like EDTA of triethanolamine) regenerates the initial species

[Ru(bpy)s]*.

I. vi. v. Ruthenium water oxidation catalysts

Although in the last thirty years several steps forwards have been made, the
lack of an efficient and sturdy catalyst for water oxidation remains the weak
point in the assembly of a photelectrochemical cell. Many complexes based on
first and second transition metals like Ru, Ir, Co, Mn and Fe have been
described as efficient catalysts for water oxidation when strong chemical
oxidants like Ce(1V), Oxone, NaClO are employed®?*2'°. Although only a few of
them can work in an efficient and enduring light driven process.

The first homogeneous and non-protein catalyst for water oxidation has been

described by Thomas J. Meyer in 1982**"?*? (Figure 27).

Figure 27.  Structure of blue dimer, 26.
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The dinuclear Ru complex cis,cis-{[Ru(bpy)(H,0)],(1-0)}** (26), commonly
known as blue dimer, is able to oxidize water with a total turnover number of
13 and TOF of 0.24 min™ using Ce(IV) as oxidant at pH 1.0. Hurst and co-
workers recently published the photochemical water oxidation catalyzed by

2+

the blue dimer in presence of [Ru(bpy)s;]** as photosensitizer and $,05> as
sacrificial electron acceptor. Later on, in 2004, Llobet and co-workers
presented a new dinuclear Ru catalyst based on the bis(2-pyridyl)-3,5-

pyrazolate anionic bridging ligand (bpp’)*** (27, Figure 28).

’/ \\\\\“‘ N '”HR

N, 4

OHQ HZO

Figure 28.  Structure of 27.

The latter provides a more resistant linkage between the two metal centres in
the place of the flexible p-oxo bridge preventing eventual cleavage. This
catalyst has been proven to catalyzed water splitting up to 250 TN** in
presence of Ce(lV) as terminal oxidant. More recently Thummel published a
series of dinuclear Ru complexes based on polypyridyl bridging ligands that

oxidize water with elevated turnover number®*® (up to 600) (28-30, Figure 29).
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28 R = NMe,
29 R = CH,
30 R = CF,

Figure 29.  Structures of 28-30.

The group of Sun later developed new catalysts based on bridging ligands

containing carboxylic groups**®*'® (31 and 32, Figure 30).

BDED
= =
\/'\ /'\/
o N\ /N—N\R/N o
o O’,/’AF“\CVJ’ ;h\ﬁH
N N
) [
F P
31 32

Figure 30.  Structure of 31 and 32.

These complexes, in presence of Ce(lV) as oxidant, are able to produce 1690
(complex 31) and 10400 TN (complex 32) of O, under optimized conditions.
Both catalysts were also tested for photochemical water oxidation. A system
constituted by 31 as WOC, P5 as photosensitizer and 52032" as sacrificial

electron acceptor achieved 1270 TN of oxygen. 32 showed a low overpotential
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for water oxidation with an onset of catalytic current at ca. 1.20 V that makes
this catalyst suitable for a A-P-C system. In presence of [Ru(bpy)s]*" as
photosensitizer ca. 60 TN of oxygen have been detected. Both 31 and 32
resulted stable in aqueous solutions indicating that the breakdown in O,
evolution is mainly due to the pH decrease (that causes a rise in the value of
red-ox potential) and to the decomposition of the photosensitizer.

More recently the groups of Thummel and Meyer demonstrated that the
presence of two metal centres is not a necessary condition for the design of an

217,218

efficient water oxidation catalyst Thummel and coworkers have

published a series of non-aqua Ru'N6 complexes®!’2!%?%°

that presents a
saturated first coordination sphere of Ru'. The oxidation of this species
generates a 16-electron [Ru'VN6] highly predisposed to an attack by water
molecule. According to mechanism proposed by Thummel®"’ after two-step
PCET oxidation of the Ru"-aqua complex a high-valent Ru"-oxo is generated.
The nucleophilic attack of a second molecule of water leads then to the

formation [Ru"/N6(OOH)] hydroperoxide intermediate. An intramolecular

electron transfer from peroxide to Ru" results in the generation of oxygen

(Scheme 34).
L L LL
ul ot L-e wlét H,0 wlSoH, _2e
L—Ru—L L—Ru—L L_RU_ I H
L'( I 2 € L( | LJ -
L L L
(8e) (16¢) (18¢)
LL 77N L& oM L
vil0 H0 v|5.0--0 SHt u &
L—Ru L—RUSFL . L—Ri—L 4+ 0=0
4 -H L’ | !
L L L
(18e) (18e) (18¢)

Scheme 34. Proposed mechanism for water oxidation catalyzed by mononuclear

Ru(ll)N6 complexes.
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An example of a mononuclear Ru(Il)N6 catalyst is showed in Figure 31.

Figure 31.  Structure of 33.

[Ru(dpp)(pic),]** (33) is able to generate 416 TN of O, using Ce(IV) as terminal

Y The group of Sun later developed two mononuclear Ru catalysts 34

oxidant
and 35 (Figure 32) based on the dicarboxylic ligands pdc® (H,pdc = 2,6-pyridine

dicarboxylic acid) and bda® (H,bda = 2,2’-bipyridine-6,6’-dicarboxylic acid).

B ®
N N7

10 _ ‘ __

o \N"fo o \N\R,N/ o

RU /-u\

/ -

0 z\N\\ o~ o
N, S IN\
I/ P
34 35

Figure 32. Structures of 34 and 35.
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34 resulted an active catalyst for water oxidation both using Ce(IV) (TN of 550
and TOF of 13.8 min™) and in a A-P-C system with P3 and S,05% (TN 62)%%.
Complex 35 represented a real breakthrough in the theme of mononuclear
water oxidation catalysts insofar as its unique conformation of a O-Ru-O
moiety with bite angle 122.99° allows Sun and coworkers to isolate and
describe by X-Ray diffraction a seven coordinated species (36, Figure 33)

previously proposed by Meyer and Thummel**#%%%,

Figure 33.  Crystal structure of 36.

The catalytic cycle proposed for the water oxidation by 35 and Ce(lV) is

showed in Figure 34 and described below.**
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Figure 34. Proposed catalytic cycles for 35 in Ce'v-pH 1 conditions.

In aqueous solution 35 generates a Ru"-OH, species, from which the removal
of protons and electrons takes place in a sequential manner. The active species
was proved as Ru'=0 <> Ru"Y—0". Treated with stoichiometric Ce", O, releases
from the Ru'V—00-Ru" species which is regarded as the rate determining step.
In the presence of excess Ce(lV), [Ru"—00-Ru"“1* is further oxidized to
[Ru"—0-0-Ru"*" which decomposes fast to Ru" Ru" and 0,. In presence of
Ce(lV) the catalyst resulted extremely active (TN = 2000 and TOF > 2500 min’
1). Lastly, the strong electron donating nature of the bda® ligand and the seven
coordinate intermediates bear a very low onset potential toward water
oxidation (about 1.0 V vs. NHE at pH 7.0) that makes of 35 a suitable catalyst
also for light driven water oxidation. 100 TN of O, with a TOF of 3.7 min™ were
obtained when [Ru(bpy);]** is used as photosensitizer and [Co(NH;)sCl]Cl, as
sacrificial electron acceptor®'®. The drop in the pH value during the catalysis is
the cause of the deactivation of the catalyst; neutralization of the solution
restores the catalytic system for several cycles. In 2011 Llobet and co-workers
reported a series of isomeric, mononuclear Ru-aqua complexes 37 and 38

(Figure 35) containing the tridentate meridional trpy ligand and either a
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bidentate ligand H3p (H3p = 2-(5-phenyl-1H-pyrazol-3-yl) pyridine) or a Hbpp

ligand*.

~N

in-37 X=CH out-37 X =CH
in-38 X=N out-38X=N

Figure 35.  Structure of complexes 37 and 38.

Toward water oxidation both out-37 and out-38 resulted more active than in-

isomers when Ce(lV) is employed as terminal oxidant:

Table 5. TNs for water oxidation catalyzed by 37 and 38 in Ce'v—pH 1 conditions

in-37  out-37 in-38  out-38

TN 10 12.7 8 14

Light driven water oxidation with 37 and 38 was also tested in presence of
[Ru(bpy)s]** and [Co(NH3)sCI]*". In this case in-38 resulted the best catalyst of
the series with a TN of 4.

Very recently Sun and Llobet described the catalytic activity of the Ru
mononuclear complex [Ru(bda)(isoq),] (H,bda= 2,2’-bipyridine-6,6"-
dicarboxylic acid; isog= isoquinoline; 39, Figure 36) toward water oxidation in

22
presence of an excess of Ce(IV)***.
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Figure 36.  Structure of 39.
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The high catalytic activity achieved with 39 (TN = 8360 + 91) in a very short

reaction time (TOF = 303 s) significantly reduces the gap in reaction rate

between the Mn,CaOs cluster of photosystem Il (TOF 100-400 s*) and the best

molecular catalyst described till no

225
W

(TOF > 5 s™"). A combination of different

techniques has been carried on in order to elucidate the reaction mechanism

for water oxidation catalyzed by 39. A likely catalytic cycle that involves a

seven coordinate dinuclear complex has been proposed and showed below:

] %

Ru¥
—2HY, —2er q | bxp 4
| OH
—2H*, —2er
Fast
R . [ Ry
Tl"uv %2 | “Eﬁhl | ]:2{—
0 DH2 I L UH2 CIE
I Fast
4 +
n v [h
kp L +2H,0 +2H,0
RUM 'D“U.-R”" L e, Ru™ "D'{'Q.r Rue
Excass Cav

Ru-panoxo dimar

Figure 37.

Ruf-gupanoxo dimar

O, generation pathways of complex 39 with stoichiometric and excess

amounts of Ce" at pH 1 (the circular pathway in the middle and further

to the right, respectively)
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The stacking of isoquinolines, that facilitate the formation of the O-O bonds in
the radical dimerization of Ru'=0 active species, and the generation of a
superoxo species [Ru“—0-0-Ru"“]*, that easily liberates oxygen via a
reduction-coupled process, are the features that makes 39 highly fast and
efficient catalyst for water oxidation.

Lastly the groups of Hill and Bonchio independently reported a Ru-POM, with
formula RbgK;[{Ru;04(0OH),(H,0)s}(y-SiW10036),]:25H,0 (40, Figure 38), that

catalyzes the oxidation of water among 500 TN with a TOF of 7.5 min™ in

226,227

presence of Ce(lV)

Figure 38.  Structure of polyanion in 40.

350 TN of O, were obtained when [Ru(bpy)s]** and $,05> were used as oxidant

and sacrificial acceptor.

I. vi. vi. Other water oxidation catalysts
The chemistry of ruthenium water oxidation catalysts has been the most
widely studied thanks to some characteristic features:
e A broad synthetic panorama that allows preparation of countless
different complexes.

e Elevated performance in terms of TN and TOF.
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e Incomparable suitability with several spectroscopic techniques for
mechanistic studies.

However it is important to keep in mind that for a world wide scale application
an earth abundant, environmentally friendly and inexpensive element based
catalyst is required. Unfortunately the number of efficient water oxidation
catalysts is considerably lower respect to ruthenium. In order to mimic the PSII
several research groups have pointed their efforts of the development of Mn
based catalysts. Among all the catalysts described as water splitting complex
just some of them are reported to catalyze the water oxidation without using
an oxygen-transferring oxidant.
The {[Mn(trpy)(u-O)(H,0)], (NOs); 41 (Figure 39) described by Crabtree and
Brudvig in 1999?%® was initially tested in presence of oxidants like hypochlorite

and peroxymonosulfate giving 4 TN of oxygen during 6 hours reaction.

Figure 39.  Structure of 41.

Later, Yagi and co-workers, after adsorbing 41 on Kaolin, mica and
montmorillonite K10, reported a catalytic activity of 17 TN of O, using Ce(IV) as

2 More recently 41 was also combined with [Ru(bpy)s]** and

terminal oxidant
S,0” for a light driven water oxidation experiment leading to 4 TN of oxygen.
An efficient manganese cubane core type catalyst has been prepared by

Dismukes and coworkers through self-assembly in solution of a [Mn,0,]* core
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complex and bidentate ligand diarylphosphinates which bridge pairs of Mn

atoms on each cube face (Mn,O,Le, 42, Figure 40)*°.

Figure 40.  Structure of 42.

Catalytic evolution of O, in a TN of 1000 was achieved by suspending 42 into a
proton-conducting membrane (Nafion) preadsorbed onto a conducting
electrode and electroxidizing by application of an external bias®'. Recently
Spiccia and Hocking demonstrated, by in situ X-ray absorption spectroscopy
and transmission electron microscopy studies, that the active species derives
from the dissociation of 42 into Mn(ll) compounds in the Nafion, which are
then reoxidized to form dispersed nanoparticles of a disordered Mn(lll/IV)-
oxide phase®’.

The chemistry of manganese oxide includes a wide variety of MnO, materials
that can be easily synthesized; some of them are moreover characterized by
the presence of alkali metal cations. Kurz and coworkers prepared a series of
these “biomimetic oxides” and tested toward water oxidation employing

different oxidants (Table 6)*.
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Table 6. Oxidation of water catalyzed by “biomimetic oxides”

Oxidation agent'

Catalyst Seer') H,0, HSO,~ Ce“ Ru" il
commercial Mn,O;  1.09 0.3 traces  traces 0.022
o-Mn, O, (1) 16.6 0.2 traces 0.027 0.023
CaMn,0,4H,0 (2) 303 =504 0325 0.325 0.325
CaMn,0,4-H,0 (3) 205 4.2 0.255 0.540 0.350
CaMn, O, (4) 262 0.9 0.024  traces 0.012
CaMn,0,4H,0 (5) 14.8 =509 0012 0.290 0.225

®Concentrations of the oxidants in the reaction mixture (1mL): [H,0,] = 4.4 mM, [HSOs
1=7.4mM, [Ce"] = 0.24 M, [Ru(bpy)s]** = 1.5 mM/[Co(NH5)sCI]*" = 12.5 mM. "Values in
m’g". “Rates for the phase of steady O, formation (2—3 min. after the start of the
illumination). 9Rate faster than the upper detection limit of the setup of circa 5

-1 -1
mmolO,-mol-Mn s ™.

Oxygen has been detected for CaMn,0, - xH20 oxide materials even with no-
oxygen transfer oxidant like Ce and photogenerated [Ru(bpy)s]** pointing to
the water as the only possible source.

Also Co oxide has been recently described as active water oxidation catalysts.
Nocera and coworkers described the electrochemical water oxidation
catalyzed by Co oxide film formed in situ on ITO surface in phosphate derivate
buffer”*. Dau and coworkers later proposed that the central structural unit
likely is a cluster of interconnected Co"-oxo cubanes®>.

Berlinguette and coworkers have recently pointed out the electrochemical
behavior of the mononuclear Co complex, [Co(Py5)(OH,)](ClO,), (43; Py5=2,6-
(bis(bis-2-pyridyl)-methoxymethane)pyridine, Figure 41), that through
consecutive (proton-coupled) oxidation steps furnishes a Co" species that

catalyzes the oxidation of water in basic media.
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Figure 41.  Structural representation of 43.

In 2010 the group of Hill published the catalytic activity of a cubane type Co,-
POM complex, [Coa(H,0),(PW4034),]*" (44, figure 42), able to generate 70 TN
of O, at pH 8 in presence of [Ru(bpy)s;](ClO,); as terminal oxidant®*®. The
oxidant was later substituted by the couple [Ru(bpy)s]**/S,0s> resulting in

more than 220 TN of oxygen.

Figure 42.  Crystal structure of Na,o-44.

Iridium-based water oxidation catalysts are usually characterized by significant
robustness. Bis-phenylpyridine iridium complexes 45-49 (Figure 43), described
by Bernhard®’, are able to generate up to 2760 TN (48) when an excess of
Ce(lV) is employed as oxidant. After one week these catalysts maintain their

catalytic activity.
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45 R'=H RZ2=H
46 R'=CH; R?’=H
47 R'=CH, R?=Ph
48 R'=CH, R2=F
49 R'=CH; R’=Cl

Figure 43.  Structures of 45-49.

Later, Crabtree and coworkers reported a new family of Ir complex (50 and 51,
figure 44) based on the electron donating ligand Cp* (CsMes) able to catalyze
water oxidation with a lower TN (= 1500) respect to Bernhard catalysts but

with an enhanced TOF (initial rate of 54 turnover/min)**®

Cp*XIr Cp*Xir
\N = ’ \N = ‘N
AN X

50a X =Cl 51X N=Cl
50b X = OTf

Figure 44.  Structures of 50 and 51.

Further advances in Ir WOCs have been reached by substitution the
biphenylpyridine ligand with Me,~NHC (Me,—NHC = N-dimethylimidazolin-2-
ylidene) that resulted in high TOF (1.5 mol mol™ s*)**°, and with a pyridinium-

functionalized triazolium salt (52 and 53, Figure 45) that leads to the formation
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of a more stable complex even in higher oxidation states like Ir(V) oxo

species®®

52

Figure 45.  Structures of 52 and 53.

Catalytic activity reported for 53 was of = 10000 TN after 5 days reaction.

Lastly Bernhard and coworkers presented a family of iron containing a
tetraamido macrocyclic ligand®** (Fe-TAML, 54-58, Figure 46) that efficiently
catalyze the oxidative conversion of water to dioxygen in the presence of ceric

ammonium nitrate as oxidant. In the case of 58 the turnover frequency

—I 54 X,=X,=H, R=CH;, Y=H,0
55 X,=X,=H, R=(CH,), Y=H,0

exceeds 1.3 TN-s™%.

O~ .N YN__O 56 X;=X,=H, R=F, Y=H,0
N1/ 57 X,=NO,, X,=H,R=F, Y=H,0
/Fe\ 58 X,=X,=Cl, R=F Y=H,0
N N
o
R R

Figure 46.  Structures 54-58.
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Objectives [N

Dinuclear complexes of transition metals have been widely employed in

catalysis due to their tendency of promote intramolecular -catalytic

mechanisms between the two active sites that often results in better efficiency

and performance of the catalyst. The electronic communication between the

metal centers in dinuclear complexes mainly influences their ground and

excited state properties as well as their redox properties’. The bridging ligand

in such complexes regulates several factors like the o and m donor/acceptor

properties, the distance between the metal centers, the rigidity and flexibility

of the whole structure and the net charge of the complex. N-heterocyclic

bridging ligands have been widely used for chelating Ru, Os, Mn, Fe and other

transition metals into dinuclear highly stable species. These ligands vary from

electron-poor type, that mediate metal-metal interactions through low-lying

¥ orbitals (LUMOs) by promoting electron transfer mechanisms, to electron-

rich anionic bridging ligands that operate via hole transfer mechanisms, taking

advantage of relatively high lying filled molecular orbitals (HOMOs)"*.

The main topic of this thesis is the study of the structural, electrochemical and

catalytic properties of new dinuclear complexes of ruthenium, manganese and

cobalt containing polypyridyl bridging ligands.

(1) Giuffrida, G.; Campagna, S. Coord. Chem. Rev. 1994, 135-136, 517.

(2) Baitalik, S.; Florke, U.; Nag, K. Inorg. Chem. 1999, 38, 3296.
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The objectives of this thesis can be then summarized as:

80

|

l

Synthesis of new ruthenium dinuclear complexes containing the
pyridazine-3,6-dicarboxylate bridging ligand. Structural, spectroscopic

and electrochemical characterization. Application as redox catalyst.

Synthesis of new ruthenium and manganese dinuclear complexes
containing the pyrazole-3,5-dicarboxylate bridging ligand. Structural,
spectroscopic and electrochemical characterization. Application in

chemical and photochemical oxidation of organic substrates.

Synthesis and characterization of a new polypyridyl decadentate

ligand.

Synthesis and characterization of dinuclear cobalt complexes
containing a decadentate ligand. Structural, spectroscopic and
electrochemical characterization. Application in electrochemical water

oxidation and proton reduction.

Assembly of a cell for artificial photosynthesis via two-electron

processes.
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Chapter III

Synthesis and characterization of two new
dinuclear ruthenium complexes based on the
pyridazine-3,6-dicarboxylic acid ligand.

Reactivity in homogeneous oxidations

i Introduction

ii. Experimental Section
jii. Results and discussion
iv. Conclusions

V. Associated content

Vi References
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III. i. Introduction

Ruthenium complexes are attracting a great deal of attention because of their
multiple applications in many fields of science."® Polypyridylruthenium
complexes are proposed as basic electronic devices because they can act as
molecular wires and switches.®® They are also used as building blocks for the
development of macromolecular assemblies,””’ as well as for the design and

construction of molecular machines.***

Furthermore, during the past decades,
the application of ruthenium complexes as light harvesters in dye sensitized
solar cells®*** has been a key issue for the development of new solar-energy
conversion schemes.”® Catalysis is also a field in which Ru complexes have
broad applications given the rich chemistry of Ru that has compounds known

25-32

in 11 different oxidation states. A variety of reactions have been reported

where Ru complexes behave as catalysts including: nitrile hydrolysis, olefin
metathesis, CO, reduction®®*!, enantioselective hydrogenations™™*. Ru

complexes are also excellent catalyst for redox transformations such as alcohol

54-57,58-62 63-72 73-76 77-86 In

oxidation , epoxidation® ", sulfoxidation and water oxidation
these cases the active site of the metal center is invariably a Ru-O group where
the metal is in a formal high oxidation state. Most of the Ru literature related
to redox catalysis is based on mononuclear complexes since they are generally
easily accessible from a synthetic view point. This has fostered the preparation
of families of related Ru-aqua complexes with different auxiliary ligands that
have allowed to understand how their steric and electronic properties
perturbations influence the reactivity. We have set up a project to design
dinuclear Ru complexes as redox catalysts containing a bridging ligand. The
bridging ligand can act as electronic communicators among the metal centers

or depending on its nature it can act as electronic insulator. Furthermore the
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geometry of the ligand can allow two metals to cooperate through space.
Therefore a large number of complexes with different properties can be
envisaged depending on the bridging ligand together with the rest of the

auxiliary ligands filling up the first coordination sphere.

In the present chapter we reported report the preparation of new family of Ru
complexes of general formula {[Ru"(trpy)]s(n-dcpd)(p-L)} (where dcpd® is the
pyridazine-3,6-dicarboxylate anion; trpy is 2,2”:6’,2”’-terpyridine; L= Cl, 1%; L =
OH, 2%) and {[Ru"(trpy)(L’)]s(n-dcpd)¥** (L’ = H,0, 3* or RuPDZ; L’ = MeCN, 4*)
and we test them as redox catalysts for epoxidation and water oxidation

reactions.
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III. ii. Experimental section

Materials. All reagents used in the present work were obtained from
Aldrich Chemical Co. or Alfa Aesar and were used without further purification.
Synthesis-grade organic solvents were obtained from SDS and were routinely
degassed with argon. Ethanol was dried with a 3.5 A molecular sieves, and
acetonitrile, dichloromethane (DCM), hexane, and diethyl ether were used
from the SPS. High-purity deionized water was obtained by passing distilled
water through a nanopure Milli-Q water purification system.

Sodium pyridazine-3,6-dicarboxylate®” ligand (dcpd) and [Ru"Cls(trpy)]®
were prepared as described in the literature. All synthetic manipulations were
routinely performed under an argon atmosphere using Schlenk and vacuum-
line techniques.

{[RU"(trpy)](u-dcpd)(u-Cl)}(PFs)-6H,0, [1(PFs)-6H,0]. 200 mg (0.454 mmol)
of [RuCls(trpy)] and 130 mg (3.067 mmol) of LiCl were dissolved in 50 mL of a
mixture ethanol/water (3:1). 133 pL (0.954 mmol) of triethylamine were added
and the mixture was stirred for 20 minutes at RT. 10 mL of EtOH/H,0 (3:1)
containing 48 mg (0.226 mmol) of sodium 3,6-pyridazinedicarboxylate sodium
salt (Na,dcpd) were added and the mixture was heated at reflux for 4 h and
then stirred in the presence of a 200 W tungsten lamp for 12 h. The resulting
solution was filtered and 1 mL of a saturated aqueous NH4PFs solution was
added. The precipitate formed was filtered and washed with dichloromethane
until colorless filtrate. Recrystallization from acetone/ether yielded small dark-
brown crystals. Yield: 56 mg (22%). Anal. Calcd for C3H36CIFgN3O4oPRuU,: C,
38.49; H, 3.23; N, 9.90. Found: C, 38.48; H, 2.98; N, 9.77. "H-NMR (500 MHz,
Acetone-dg) & 8.94 (d, J = 5.4 Hz, 1H, H1-H15), 8.54 (d, J = 6.3 Hz, 2H, H7-H9),
8.52 (s, 1H, H17), 8.46 (d, J =7.93 Hz, 2H, H4-H12), 8.08 (t, J = 8.0 Hz, 1H, H8),
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7.99 (td, J = 7.9, 1.5 Hz, 2H, H3-H13), 7.68 (ddd, J = 7.4, 5.5, 1.4 Hz, 2H, H2-
H14). C-NMR (125 MHz, Acetone-ds) & 159.3 (C20), 158.8 (C16), 158.3
(C5,C11, C6, C10), 154.5 (C1, C15), 138.1 (C3, C13), 135.5 (C8), 127.4 (C17),
127.8 (C2, C14), 124.0 (C4, C12), 122.5 (C7, C9). UV-vis ((CHs),CO) [Anax, NM (€,
M™ cm™)]: 420 (4695), 484 (4525), 536 (5038), 675 (1623). E1/, (CHsCN, V vs
SSCE): 0.796 V and 1.264 V. MALDI(+)-MS: (CH5CN): m/z = 870.9 ([M - PFsT’).
{[RU"(trpy)]»(u-dcpd)(u-OH)}(PFs)-4H,0, [2(PFs)-4H,0]. All the synthesis has
been carried on under strictly Ar atmosphere in a schlenk line. 400 mg (0.908
mmol) of [RuCl;(trpy)] and 96 mg (0.453 mmol) of Na,dcpd were dissolved in
50 mL of water. 400 pL (2.869 mmol) of triethylamine were added and the
mixture refluxed for 4 h under Ar. The solution was then filtered and 1 mL of
KPFs added. A black solid precipitated after reduction of the volume. The dark
solid obtained was washed with cold degassed acetone and dried under
vacuum. Yield = 184 mg (38%). Anal. Calcd for CsgH33FgNsOgPRu,: C, 40.46; H,
3.11; N, 10.48. Found: C, 40.38 H, 2.85; N, 10.43. '"H-NMR (400 MHz, Acetone-
ds) & 8.84 (d, J = 5.4 Hz, 2H, H22-36 ), 8.51 (s, 1H, H3), 8.33 (d, J = 8.1 Hz, 2H,
H28-H30), 8.27 (d, J = 8.1 Hz, 2H, H25-H33), 7.87 — 7.75 (m, 3H, H3-H34-H29),
7.54 (dd, J = 7.5, 5.6 Hz, 2H, H23-H35). *C-NMR (100 MHz, Acetone-d¢) 6 171.7
(C1), 159.8 (C26-C32), 158.7 (C27-C31), 157.1 (C2), 154.3 (C22-C36), 137.5
(C24-C34), 133.7 (C29), 127.9 (C23-C35), 126.8 (C3), 123.8 (C25-C33), 121.9
(C28-C30). UV-vis (CH3CN) [Amax, NM (g, M™ cm™)]: 277 (7871), 314 (8921), 421
(3826), 527 (3213), 560 (3238), 743 (1254). E, , (CF3SO3H, V vs SSCE): 0.290 V,
0.490 V, 0.680 V and 1.047 V. MALDI(+)-MS: ((CHs),CO/CH,Cl,): m/z = 852.2
(M - PFs1"); m/z=997.2 (M + H'T").
Equipment and Measurements. All electrochemical experiments were
performed in a PAR 263A EG&G potentiostat or in an 1J-Cambria HI-660

potentiostat, using a three-electrode cell. Glassy carbon (3 mm diameter) from

88



UNIVERSITAT ROVIRA I VIRGILI

NEW RUTHENIUM, MANGANESE AND COBALT DINUCLEAR COMPLEXES AS REDOX CATALYSTS.
UNFOLDING THE ESSENTIAL STEPS FOR THE GENERATION OF SOLAR FUELS

Carlo Di Giovanni

Piposit Legal: Toyldiiidedr complexes containing the pyridazine-3,6-dicarboxylic acid ligand “

BAS was used as the working electrode, a platinum wire as the auxiliary
electrode, and SSCE as the reference electrode. Cyclic voltammograms were
recorded at a 100 mV-s™* scan rate. The complexes were dissolved in previously
degassed MeCN containing the necessary amount of (n-Bu;N)(PF¢), used as the
supporting electrolyte, to yield a 0.1 M ionic strength solution. All E;/, values
reported in this work were estimated from cyclic voltammetry (CV) as the
average of the oxidative and reductive peak potentials (E,, + E,)/2 or from
differential pulse voltammetry (DPV; pulse amplitudes of 0.05 V, pulse widths
of 0.05 s, sampling width of 0.02 s, and a pulse period of 0.1 s). Unless
explicitly mentioned, the concentrations of the complexes were approximately
1 mM. A 400 MHz Bruker Avance Il spectrometer and a Bruker Avance 500
MHz were used to carry out NMR spectroscopy at room temperature. Samples
were run in acetone-dg. The electrospray ionization (ESI) and matrix-assisted
laser desorption ionization (MALDI) mass spectrometry (MS) experiments were
performed on a Waters Micromass LCT Premier equipment and a Bruker
Daltonics Autoflex equipped with a nitrogen laser (337 nm), respectively.
UV-vis spectroscopy was performed on a Cary 50 Bio (Varian) UV-vis
spectrophotometer with 1 cm quartz cells. Manometric measurements were
performed with homemade water-jacket glass reactor coupled to a Testo 521
manometer. Composition of the gaseous phase was determined by online
mass-spectrometry with an OmniStar GSD 301 C (Pfeiffer) quadrupole mass-
spectrometer. In a typical experiment, 1 mL of a 1 mM complex solution in
CF3SO3H (pH 1.0) was degassed with nitrogen until no oxygen could be
detected. The reactor was then closed with a septum-sealed adapter that
excluded the gas phase. A 0.2 mL of previously degassed (NH,),Ce"“(NO;)¢
solution, was then added directly into the reaction solution with a Hamilton

syringe. Blank experiments were performed by addition of (NH,),Ce"“(NO)¢
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solution to neat CF;SOsH (pH 1.0) in absence of catalyst. Epoxidation catalytic
experiments were analyzed in an Agilent 6890N gas chromatograph coupled to
a mass selective detector with ionization by electronic impact and in an Agilent
6890 with a FID detector using a HP5 column. In a typical experiment the
catalyst (1.4 mg; 1,31-10° mmol; final concentration = 1 mM), the substrate
(2.6 mmol, final concentration = 2 M), dodecane (50 pL; 0.22 mmol; final
concentration = 170 mM) as internal reference, and (diacetoxyiodo)benzene
(1.67 g; 5.2 mmol; final concentration = 4 M) were mixed together in 1 mL of a
1:1 dichloromethane/ethanol solution (final volume =1.3 mL). First aliquot was
taken, filtered through a Pasteur pipette filled with celite, diethyl ether was
added in order to elute the organic compounds and the filtrate analyzed by GC.
The reaction mixture was stirred at RT for 30 min and a second aliquot was
taken and treated as described above. No epoxide or just traces were detected
at this time. Water (94 uL; 5.2 mmol; final concentration = 4 M) was added and
aliquots taken every 5, 10, 15, 20, 25, 30 or until completion of reaction. The
characterization of the reaction products were done by comparison with
commercial products or by GC-MS spectrometry. GC conditions: initial
temperature 40 °C for 10 min, ramp rate variable for each substrate (typically
from 10 °C/min to 20 °/min), final temperature 250 °C, injection temperature
220 °C, detector temperature 250°C. Yield of epoxide and substrate conversion
were calculated with regard to the initial concentration of substrate. Substrate
conversion = {[substrate]inta - [substrate]sna}/[substrateliniia - 100. Yield
epoxide = {[epoxidelfna/[substrate]inta} - 100. Epoxide selectivity =
[epoxide]fna/{[substrate]inia-[subtratelsna}- 100

Single-Crystal X-Ray Structure Determination. Crystal Preparation.
Crystals for 1(PF¢) were grown by the slow evaporation of a water solution of

the complex. Crystals for complexes 2(PFg) were grown by the slow
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evaporation of an acetonitrile solution of the complex. All measured crystals
were prepared under inert conditions immersed in perfluoropolyether as the
protecting oil for manipulation.

Data collection: Crystal structure determinations for 1" and 2" were carried
out using a Bruker-Nonius diffractometer equipped with an APPEX 2 4K CCD
area detector, a FR591 rotating anode with MoK, radiation, Montel mirrors as
monochromator and an Oxford Cryosystems low temperature device
Cryostream 700 plus (T = -173 'C). Full-sphere data collection was used with @
and ¢ scans. Programs used: Data collection APEX-2% data reduction Bruker
Saint®™ V/.60A and absorption correction SADABS® or TWINABS™.

Structure Solution and Refinement: Crystal structure solution was achieved
using direct methods as implemented in SHELXTL®® and visualized using the
program XP. Missing atoms were subsequently located from difference Fourier
synthesis and added to the atom list. Least-squares refinement on F* using all
measured intensities was carried out using the program SHELXTL. All non-
hydrogen atoms were refined including anisotropic displacement parameters.
In order to avoid highly disordered solvent molecules the program SQUEEZE**
was used.

The Ortep-plot of 2* was drawn exceptionally with an occupancy of 30 %.
The asymmetric unit contains four independent molecules of the complex, four
PF¢ anions and 32 different positions of disordered water molecules. In order
to avoid the highly disordered solvent molecules the program SQUEEZE was
applied leading to a refined model with a R1 value of 7.87 %. One of the PF¢
anions is also disordered in two positions with a ratio of 83:17. In one of the
complex molecules a hydrogen atom corresponding to a hydroxide was

localized. In the rest of the complex molecules hydroxides could not be
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localized. In one of the cases the presence on a hydroxide is not possible since

there is no space for it.
IIIL. iii. Results and discussion

Synthesis

We have chosen the dcpd” ligand because through the pyridazine moiety
allows the electronic communication between the ruthenium metals and thus
controls their electronic coupling. Furthermore its geometry allows placing two
metals in very close proximity so that through space interactions can also
occur. Finally the trpy ligand with its meridional geometry ensures the
possibility of the through space interaction provided there is no isomeriazation
process towards the out isomers. The synthetic strategy followed for the
preparation of the complexes described here is depicted in Scheme 1. Addition
of the octahedral Ru complex [Ru"Cls(trpy)] to the N,O, compartamental
dinucleating dcpd” ligand in the presence of triethylamine and LiCl generates
the corresponding dinuclear complex {[Ru"(trpy)]s(p-depd)(p-Cl)}, 1%, bridged
by the dcpd® ligand and by the chloride ligand. The 28% vyield obtained in this
reaction is low, mainly due to the parallel formation of [Ru"(trpy),]** that could
not be avoided. Multiple attempts to the remove the Cl and generate the
corresponding aqua complex {[Ru"(trpy)(H,0)]>(u-dcpd)}**, 3**, from 1" failed.
In the absence of CI' and using neat water as solvent, the reaction of
[Ru"Cls(trpy)] and dpcd® afforded the hydroxo bridged complex,
{[RU"(trpy)]2(n-dcpd)(u-OH)}, 2*, also in low yields for the same reason as in
the previous case. Now acidic treatment of 2* in water generates the desired
aqua complex, 3%, as indicated in Scheme 2. Complexes 1 and 2" where
characterized by the usual spectroscopic techniques as well as by X-Ray

diffraction analysis.
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CH,CH,OHH, 0 3:1)
NEt,, LICL NH,PF,

1PFy) 2{PFy)

WO fH

Scheme. 1. Synthetic pathways for 1(PFg), 2(PF¢), and 3>,

{[Ru"(trpy)],(p-dcpd)(n-OH)} + H' + H,0 ——— {[Rul(trpy)(H,0)],(n-dcpd)}**

2+ 32+

Scheme. 2. Water coordination in acidic conditions.
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Solid state structure

Suitable crystals for X-Ray diffraction analysis of 1(PF¢) were obtained by slow
evaporation of a solution of complex in water. Slow evaporation of a solution
of 2(PFs) in acetonitrile gave suitable crystals for X-Ray. The asymmetric
contained four independent molecules of the complex. In one of the complex
molecules a hydrogen atom corresponding to a hydroxide was localized. In the
rest of the complex molecules hydroxides could not be localized. In one of the
cases the presence on a hydroxide is not possible since there is no space for it.
In both complexes the Ru centers adopt a distorted octahedral geometry with
bond distances and angles comparable to analogous complexes reported
earlier in the literature®®*?32%1% rigyre 1, displays an Ortep plot for the
cationic moiety of these two complexes together with an atom labelling
scheme. An interesting feature here is the Ru-N-N-Ru torsion angle of 7.08 ° for
1" and of 3.21 ° for 2, that reflects the need for the dcpd” ligand to adapt to
the longer Ru-Cl distance (2.357 A, average of 2.440 A'%'%%'%) with regard to
that of the bridging Ru-OH distance (2.089 A). This is also responsible for a
longer Ru--Ru distance for the chlorido complex 1" (3.636 A, average of 3.813
A100106.107y \yith regard to hydroxido complex 2" (3.431 A). In order to adapt to
this geometrical constraint a rotation of the carboxylate out of the pyridazine
moiety plane takes placing Ru metal center also out of this plane. This is
reflected in the N(5)C(19)C(21)O(3) torsion angle of 10.9° whereas for
N(4)C(16)C(20)O(1) is only 1.7 °. As a consequence of all this the molecular
structure of 2" is very close to C,, symmetry with the C, axis going through the
OH bridge and bisecting the pyridazine moiety of the dcpd® ligand whereas 1"
has no symmetry. The molecular packing arrangement adopted by complex 1°
is very interesting and is exhibited in Figure SI1. In the Figure it is shown the

unit cell where two cationic moieties of 1" are hydrogen bonded by several
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water molecules. A cubane type of structure is generated where 6 of its vertex
are occupied by oxygen atoms of the hydrogen bonded water molecules and
the remaining two oxygens come from the non-coordinated oxygen atoms
(04), belonging to the carboxylate moiety of the dcpd” ligand from two
symmetric related 1" units, that are situated in opposite vertexes. Additional
water molecules are further connected via hydrogen bonding to the cubane
structure. Finally, the other carboxylate of the dcpd” ligand is also hydrogen
bonded with an additional water molecule that is not shown in the drawing.
The asymmetric unit of 2(PFg) contains four independent molecules of the
complex, four PFg anions and 32 different positions of disordered water
molecules. In one of the complex molecules a hydrogen atom corresponding to
a hydroxide was localized. In the rest of the complex molecules hydroxides
could not be localized. In one of the cases the presence on a hydroxide is not

possible since there is no space for it (Figure SI2).

D) NSA

/>

Figure 1. Ortep plots (ellipsoid at 30% probability) X-Ray structure of the 1" (a) and

2" (b) together with labeling scheme.
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Table 1.

Crystal Data for compounds 1" and 2.

¥

1

>

Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta =25.40 °
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(l)]

R indices (all data)

Largest diff. peak and hole

CaH3sCIFgNgO:11PRU,
1141.30

296(2)K

0.71073 A

Triclinic

pP-1

a= 13.292(11) A
b= 13.351(13) A
c= 14.855(14) A

a=72.08(2)
B =68.04(2)°
Y=60.72(2)°
2107(3) A3

2

1.799 Mg/m3

0.914 mm!

1144

0.06 x 0.04 x 0.02 mm3
1.50 t0 25.40°.

-15 <=h<=15 ,-15 <=k<=16 ,-17 <=I<=17

20779

7231 [R(int) = 0.0961 ]

0.933 %

Empirical

0.98 and 0.81

Full-matrix least-squares on F2
7231/21/628

0.978

R1=0.0471, wR2 =0.0989
R1=0.0936 , wR2=0.1159

1.064 and -0.877 e.A3

C144H97F2aN3,020P4RuUg
3983.98

100(2)K

0.71073 A
Monoclinic

P2(1)n

a= 16.0198(19) A
b= 34.255(5) A

c= 30.625(4) A

o =90.00°
B =97.256(4)°
Y = 90.00°

16671(4) A3
4

1.587 Mg/m3

0.840 mmL

7892

0.2x0.1x0.02 mm?3

1.34 to 25.15°.

-19 <=h<=15 ,-40 <=k<=25 ,-32 <=I<=36
62722

26196 [R(int) = 0.0844 ]

0.878 %

Empirical

1.00 and 0.92

Full-matrix least-squares on F2

26196 /216 / 2106

0.950

R1=0.0787,wR2 =0.1937
R1=0.1552, wR2=0.2174

1.067 and -0.876 e.A3
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Table 2. Selected metric parameters for complex 1°.
Selected bond (A) Selected Angle (°)

Ru(1)-N(1) 2.067(6) N(4)-Ru(1)-Cl(1) 95.28(16)
Ru(1)-N(2) 1.976(5) N(2)-Ru(1)-N(4) 174.40(2)
Ru(1)-N(3) 2.060(6) 0(1)-Ru(1)-Cl(1) 173.74(12)
Ru(1)-N(4) 2.032(5) N(1)-Ru(1)-N(3) 158.28(19)
Ru(1)-0(1) 2.077(4) Ru(1)-N(4)-N(5)-Ru(2)° -7.1(6)
Ru(1)-Cl(1) 2.357(2)

® Torsion angle that involves the two N atoms belonging to the

pyridazinedicarboxylate-bridged group and the two metal centers.

Table 3. Selected metric parameters for complex 2*.

Selected bond (A) Selected Angle (°)
Ru(1A)-N(6A) 2.037(9) N(1A)-Ru(1A)-O(5A) 93.7(3)
Ru(1A)-N(7A) 1.952(8) N(7A)-Ru(1A)-N(1A) 79.3(4)
Ru(1A)-N(8A) 2.071(9) O(1A)-Ru(1A)-0(5A) 170.5(2)
Ru(1A)-N(1A) 1.985(7) N(6A)-Ru(1A)-N(8A) 157.6(3)
Ru(1A)-O(1A) 2.074(6) Ru(1A)-N(1A)-N(2A)-Ru(2A)* -3.5(10)
Ru(1A)-O(5A) 2.080(6)

® Torsion angle that involves the two N atoms belonging to the

pyridazinedicarboxylate-bridged group and the two metal centers.
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NMR Spectroscopic properties

1D and 2D NMR spectroscopy for complexes 1" and 2" was carried out in
acetone-ds. The 'H-NMR spectra are displayed in Figure 2 and Figure 3 whereas
the rest of the spectra are presented as Supporting Information. All the
resonances displayed could be unambiguously assigned based on their
multiplicity integrals and thanks to the 2D spectra. For the chlorido briding
complex 1" the spectrum obtained is consistent as if 1° had C,, symmetry, due

108109 'Ag can be

to fast interconversion of conformomers at room temperature
observed in the spectrum in solution 2" behaves as having C,, symmetry as is

the case in the solid state.

|
B — ”__JWI NUU

— 77— 17—

Figure 2. "H-NMR spectra of 1* (500 MHz, 298 K, acetone-ds).
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Figure3.  'H-NMR spectra of 2* (400 MHz, 298 K, acetone-dg).

Redox properties and electrocatalytically active species.

The redox properties of the complexes described were investigated by means
of CV and DPV. The CV of 1" and 2" in MeCN (0.1 M TBAH) at 100 mV/s scan
rate vs. SSCE are exhibited in Figure 4. As can be observed in the figure
complex 1" presents two chemically reversible redox waves at E;;, = 0.79 V
(AE,= 57 mV) and at E;, = 1.26 V (AE,= 55 mV) that are assigned to the
following one electron processes,

Ru"-Ru"+1e --> Ru"-RU" E;; =079V (1)

Ru"-Ru"+1e --> Ru"

Ru"  Ep=126V (2)

CV of 2" in MeCN shows a reversible wave at £;,= 0.31 V (AE,= 110 mV) and a
chemically irreversible wave at E;, = 1.05 V as can be observed in Figure 4.
The AEy,, defined as Ey;,""-E1,"", is 740 mV for 2* and 530 mV for 1" that
under comparable conditions and is indicative of a stronger electronic coupling

between the metal centers for 2" with regard to 1'. This is in agreement with a
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much stronger magnetic coupling obtained for related dinuclear Cu complexes

bridged by hydroxido units with regard to similar ones bridged by chlorido

110-115

ligands

2E05 1,E05

2,E-05
1,E-05
< SE06

0,E+00 -

-5,E-06

1LE05 Potential (V) Potential (V)
Figure 4.  Cyclic voltammograms of 1" (a) and 2" (b) in MeCN (0.1 mM TBAH).

The electrochemistry of 3%* has been investigated at pH = 1.0 in 0.1 M triflic
acid aqueous solution using 2" as a precursor (Scheme 2) and its CV and DPV
are presented in Figure 5. As it can be observed four redox processes are
obtained within the potential range of 0 to 1.10 V, that are tentatively assigned
to the redox couples shown in Table 4, based on related complexes previously
described in the literature®.

As it can be seen in the table, in this case a cathodic shift is observed as
expected when comparing the potentials of 3°* with regard to those of the
related Hbpp complex {[Ru"(trpy)(H,O)],(u-bpp)}**. When the potential is
increased further to 1.4 V a large anodic current is observed in the CV that is
associated with a further one electron oxidation of the complex concomitant
with the electrocatalytic oxidation of water to dioxygen in agreement with

equations 3 and 4 (the trpy and dcpd” ligands are not shown).
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{0=Ru"-Ru"=0}* +1e --> {0=Ru"“-Ru"=0}*  E =129V 3)

{0=Ru"-Ru"V=0}" + 2H,0 -> {H,0-Ru"-Ru"-OH,}*" + 0, (4)

IV, IV

The redox potential for the Ru""V-Ru"" couple is extracted from the DPV

shown in Figure 5.

7.E-
3,E-05 £06
6,E-06
2,E-05
6,-06

2,E-05
_ 5E06

i(A)

Al

1,E-05 = 5,E-06
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4,E-06
3,E-06

3,E-06
1011 12 61 02 03 04 05 D06 07 08 08 1 11
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-2E060i1 02 03 8
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25605

2,0E-05

i(a)

1,56-05
1,0E-05
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0,0E400
506 07 0809 1 11 12 13 14 0 01 02 03 04 05 06 07 08 09 1 11 12 13 14
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Figure 5. CV (left) and DPV (right) at different potential range for 3% at pH=1.0in

0.1 M triflic acid aqueos solution.

The CV of 3** was also carried out at pH =7.0 and is shown in Figure 6. The
redox potentials extracted from CV and DPV are displayed in Table 4 together
with those of complex {[Ru"(trpy)(H,0)]:(u-bpp)}** for comparison purposes.
The CV of 3°* was also run in the presence of styrene and an increase of
current intensity is observed at approximately 0.75 V that is consistent with an
electrocatalytic oxidation of styrene to styrene oxide according to the

following equations,
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{0=Ru"-Ru"=0}" +1e" --> {0=Ru"-Ru"-OH}*  E;,=1.29V (6)

{0=Ru"-Ru"=0}*" + Ph-CH=CH, + H,0 --> {HO-Ru"-Ru"-OH}** + Ph-CH(0)-CH, (7)

605
205 a) b)

2605 5,E-05 -

2605 4§05

1,E-05
3E05

i(a)
i(a)

1,E-05
2,E-05
9,E-06

2606 LE-05

5,606 0E+00
01 o2 03 04 05 06 07 08 09 1 11 1.2 0 3 A 0,6 0,7 08 09 1 11 1,2

Potential (V) Potential (V)
1,E-05

Figure 6. (a) DPV of 3" in pH 7 phosphate buffer. (b) CV of 3% (1 mM) in pH 7
phosphate buffer (red line) and of 3% (1 mM) in the presence of styrene
(60 mM, blue line). Cyclic voltammogram of styrene (60 mM, green line)

and blank (purple line).

Lastly addition of MeCN to a solution of 3* in triflic acid resulted in the
formation of new species with two main reversible waves at E;;, = 0.294 V and

0.484 V assigned to the formation of a bis-MeCN species, 4**. (Figure SI16).

Table 4. Redox potentials in V (vs. SSCE) for 3** and {[Ru"(trpy)(H,0)1,(u-bpp)}**
atpH=1.0and at pH=7.0"

Complex Eip
pH  ILIFLIE WLHEIL VI IV, VIV,
10 059 0.65 0.88 1.10
{[Ru"(trpy)(H,0)],(p-bpp)}*
70 028 0.52 - -
) . 10 025 0.46 0.64 1.00
{[RU(trpy) (HO) L (u-depd) ', 3 : b :
70 021 0.40 0.58 0.66

®pH = 1.0 trilfic acid 0.1 M; pH = 7.0 phosphate buffer 0.1 M. bE,[,la
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Catalysis of water oxidation

Oxygen evolution can be observed in a 0.1 M triflic acid solution containing
(NH,),Ce"“(NOs)s and 3* in an airtight degassed cell. Addition of a 25 to 100-
fold molar excess of Ce" to 0.94 mM solution of 3% in triflic acid resulted in an
immediate release of O, (Figure 7) confirmed by on-line mass detection of
evolved gas (Figure SI17). In the presence of 100 equivalents of oxidant 5 TN of
oxygen were produced after 1 h reaction corresponding to an efficiency of the
20 % (respect to the oxygen expected based on the amount of Ce" added). The
efficiency increased at lower amounts of oxidant, 29% when 50 equivalents of
Ce" are mixed with 3% and 44.5% in the presence of 25 eqgs of Ce" (Figure 7
red and green line). Blank experiments carried out in a similar manner did not
generate any molecule of oxygen. The moderate activity in terms of turnover
number and the results at different concentration of oxidant point at some
potential deactivation processes that can involve the degradation of 3* via

intermolecular pathways or by the same Ce".

6 -

zs /’—'

0 600 1200 1800 2400 3000 3600

time (sec)

Figure 7. Gas evolution measured with a manometer from the reaction of 0.94
mM 3% and 24 UM (green line), 47 uM (red line), and 94 uM (blue line)
(NH,),Ce"“(NOs)s at pH =1.0in 0.1 M triflic acid solution.
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Olefins Epoxidation

The reactivity of 3** towards epoxidation was initially studied for the oxidation
of cis-B-methylstyrene (Scheme 3), being this substrate useful for extraction
information about the mechanism pathways. The reaction was performed in a
mixture of dichloromethane:ethanol (1:1), using (diacetoxyiodo)benzene as
terminal oxidant. A concentration of 1 mM of catalyst and a relation of
cat:sub:ox of 1:2000:4000 was used. A 4000-fold excess of water, that is
needed to generate PhlO from PhIOAc,™® and to transform precursor 2* into
catalyst 3°* as described in previous sections, was added after stirring the
mixture for 30 min. This time has been found to be essential for triggering the
catalysis.

0.05% 2(PFg) 0

DCM:EtOH (1:1)
N PhI(0AC),

Y

H,0
Scheme 3.  Epoxidation of cis-B-methylstyrene.

The corresponding cis-epoxide (1-phenyl-propyleneoxide) was detected as the
major product, with no formation of the trans-epoxide. 92 % of substrate was
converted after 210 min of reaction, at the same time 62 % of epoxide was
generated corresponding to a selectivity of 67%. After 22 h of reaction no
further oxidation of the epoxide was detected (Figure 9a).

The catalytic activity has been compared with the analogous mononuclear
complex [Ru(trpy)(pic)(H,0)]*, 5%, (where pic is picolinate anion or pyridine-2-
carboxylate) represented in Figure 8. This catalyst has been described to
catalyzed the epoxidation of cis-B-methylstyrene in a relation cat:sub:ox:water
of 1:100:200:200™". Under identical catalytic conditions the epoxidation of cis-

B-methylstyrene catalyzed by 3** proceed with similar yield but with an
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enhanced catalytic rate (Figure 9b). After 2 hours of reaction the system based
on the dinuclear complex 3%* showed a conversion of more than 72 % with a
yield of epoxide corresponding to 63 %; at the same time the yield of epoxide
for the system with mononuclear catalyst 5" was almost 26 %. The maximum
yield of 65 for the mononuclear system has been reached after more than 25
hours of reaction. In the case of the reaction catalyzed by 3** a slight decrease
in the yield of epoxide has been detected when the conversion exceeded the
86%, probably due to a ring opening reaction catalyzed by 3** or independent
decomposition of the product, the nature of this reaction was not further
investigated because not present under optimized reaction conditions . Final
conversion of 100% and yield of epoxide of 52% resulted after 5 h of reaction.
The fact that 3* is about 5 times faster than its mononuclear homologue 5
suggests a cooperation effect between the two metal centers. Given that the
simultaneous oxidation of two molecule of alkene on each Ru'"=0 sites results
highly unlikely, cause the steric hindrance that would take place around the
metal centers, a one site approach result the most plausible mechanism for the
catalysis. However the non-innocent role of the adjacent Ru"“=0 is valid
hypothesis for explaining the high catalytic activity of 3%* in respect to complex
5°. Potentially one of the Ru=0 groups generates a hydrogen bonding with the
alkene, fixing the substrate, while the other Ru=0 group can be responsible for

the oxygen atom transfer.

OH,

Figure 8. Structure of [Ru(trpy)(pic)(H,0)]", 5 .
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Figure 9. (a) Conversion of the cis-alkene (red) and formation of cis-epoxide (blue);
reaction conditions: 2(PFg) (1.4 mg; 1,31-10 mmol; final concentration = 1 mM) in
dichloromethane/ethanol (1:1, 1 mL), cis-B-methylstyrene (340 uL; 2.62 mmol; final
concentration = 2 M), Phl(OAc), (1,69 g; 5,25 mmol; final concentration = 4 M), H,0
(94 pL, 5.23 mmol; final concentration = 4 M), dodecane (50 uL; 0.22 mmol; final
concentration = 165 mM); final volume =1.33 mL. (b) evolution of cis-epoxide
catalyzed by 2(PFg) (blue) and by 5(PFg) (red); reaction conditions: catalyst (2.8 mg
2(PFg) or 1.5 mg of 5(PFg); 2.62-10° mmol; final concentration = 2.5 mM) in
dichloromethane (1 mL), cis-B-methylstyrene (34 uL; 0.26 mmol; final concentration =
0.25 M), PhI(OAc), (169 mg; 0.52 mmol; final concentration = 0.5 M), H,0 (9.5 pL, 0.52
mmol; final concentration = 0.5 M), dodecane (10 uL; 0.044 mmol; final concentration

=42 mM), final volume =1.05 mL.

The reactivity of 3** was further investigated with regards to the epoxidation of
different alkenes. An example of linear, cyclic, sterically hindered, and trans-
isomer has been tested. Catalytic data are reported in Table 5. A first general
glance at the table shows that 3% is very powerful catalyst for the epoxidation
reaction of alkenes and that with electron-donor groups the catalyst performs
much better than with electron-withdrawers. Thus cis-octene and cyclohexene
(Entries 5 and 6) resulted the best substrates whereas cis-stilbene (Entry 4) the

worst. The latter also suffers from potential steric effects due to the bulkiness
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of the two phenyl rings. These electronic effects are in agreement with an
electrophilic character of the Ru"“=0 active group proposed in the

electrochemical section.

Table 5. Catalytic performance of 3* for the epoxidation of several alkenes using
Substrate [Epoxide], M; g
Entry Alkene ) . TN/TOF;
Conversion (%) (Selectivity %)
1 Styrene o X 87 0.88 (51) 880/0.288
trans-B- .
2 s g 93 1.47 (79) 1470/0.261
methylstyrene
cis-B- —
3 / \ 92 1.32 (72)f 1320/0.275
methylstyrene Ph
4 cis-stilbene Ph/ \Ph 44 0.32 (36)' 320/0.007
5 cis-2-octene m 99 1.54 (78) 1540/0.164
4
6 Cyclohexene N 100 1.58 (79) 1580/0.676

PhI(AcO), as oxidant in CH,Cl,:EtOH 1:1 (Cat:Subs:Ox. 1:2000:4000).
®Reaction conditions: 2(PFe) (1.4 mg; 1,31-10° mmol; final concentration = 1 mM) in
dichloromethane/ethanol (1:1, 1 mL), substrate (2.62 mmol; final concentration = 2
M), Phl(OAc), (1.69 g; 5,25 mmol; final concentration = 4 M), H,0 (94 uL, 5.23 mmol;
final concentration = 4 M), dodecane (50 pL; 0.22 mmol; final concentration = 165
mM); final volume =1.33 mL. ®Substrate conversion = {[substrate]initial
[substrate]na}/[substrate]initial . 100. ¢ Epoxide selectivity =
[epoxide]inai/{[substrate]inisia-[subtrate]fna}-100. 4 TN is the turnover number with
regard to epoxide. TOF; is the initial turnover frequency expressed in epoxide cycles

per second. ©100% of trans-epoxide. 100% of cis-epoxide.
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Another interesting feature of the systems studied here are the stereospecific
nature of the catalysis performed in the sense that no cis/trans isomerization
takes place for the cis-alkenes (Entries 3-5). This points towards a mechanism
that either a concerted oxygen atom transfer from the Ru'=0 active site to the
double bond of the alkene or a radical path were the C-C rotation of the
generated radical is much slower than the ring closing that generates the final

epoxide'®** (Scheme 4).

Ru
o o
AN :
a) RuUV=0  + Q/W - L + Ru'-OH,
o]

+ Ru"-OH,

cis

+ Ru'-OH,
trans

Scheme 4. Proposed reaction pathway for the epoxidation of cis-B-methylstyrene

by Ru"=0.
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III. iv. Conclusions

Two new Ru dinuclear complexes 1* and 2" containing the bridging ligand
pyridazine-3,6-dicarboxylic acid have been synthesized and fully characterized,
both in the solid state and in solution. From electrochemical study it was
demonstrated that 2* undergoes in aqueous media into in situ formation of a
bis-aqua complex 3%*. The latter has been proven to be an active catalyst both
towards oxidation of water and epoxidation of different olefins. It is interesting
to compare the rate of the epoxidation reactions with 3 with that of the
mononuclear [Ru(trpy)(pic)(OH,)]*, 5%, which results =12 times slower under
similar conditions. The higher activity of the dinuclear species respect to the
analogous mononuclear compound can be attributed to a supramolecular
interaction via hydrogen bond between the hydrogen in 3 to the double bond
of the alkene with the O atom of the adjacent metal centre. The higher
selectivity of 3%* for the formation of cis-epoxide and trans-epoxide from the
relative cis and trans alkenes point at a concerted mechanism via direct oxene
insertion. The presence of water resulted necessary for the catalytic process.
According to previously proposed mechanisms its role consists in a) generate
the initial Ru bis-aqua species b) generate the oxidant species iodosyl benzene
from the starting (diacetoxyiodo)benzene (Scheme 5 a and b). Once formed,
the iodosyl benzene is then supposed to oxidized the Ru(ll,ll) bisaqua species
to the Ru(lIV,IV) bis-oxo compound, active species in the oxidation of alkenes

(Scheme 5 c and d).
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Scheme 5. Independent stoichiometric reaction steps of the for epoxidation of

a) Ru"\ _ Rul!

alkenes catalyzed by 2" in the presence of an excess of Phl(OAc), and

water.

Considering the reaction described above the catalytic cycle proposed for the

epoxidation of alkenes catalyzed by 3*" is showed in Scheme 6.

\

Scheme 6.  Proposed global catalytic reaction paths the for epoxidation of alkenes

catalyzed by 3% in the presence of an excess of Phl(OAc), and water.
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III. v. Associated content

Supportin Information
X-Ray crystallographic data in CIF format, additional spectroscopic and

electrochemical data.
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Figure SI1. Molecular packing arrangement of 1°.
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Figure SI3. COSY of 1" (500 MHz, 298 K, acetone-dg).
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Figure SI5.  C-NMR of 1* (125 MHz, 298 K, acetone-ds).
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Figure SI6.  HMBC of 1" (298 K, acetone-dg).
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Figure SI7. HSQC of 1" (298 K, acetone-dg).
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Figure SI8. DEPTQ-135 of 1" (125 MHz, 298 K, acetone-d).
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Figure SI11. “C-NMR of 2" (100 MHz, 298 K, acetone-ds).
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Figure SI12. DEPTQ-135 of 2* (100 MHz, 298 K, acetone-ds).
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Figure SI13. HMBC of 2" (298 K, acetone-dg).
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IV.i. Introduction

Even if in recent years molecular catalysis has reached important advances in
the area of organic synthesis, usually, when compared to enzymes, synthetic
catalysts result considerably inferior. It is generally considered that enzymes
can achieve higher selectivity and turnover frequencies thanks to multiple non-
covalent interactions in the active site. Supramolecular catalysis has indeed
mainly centered on the assembly of catalysts that works through enzyme-
inspired approaches. This strategy may lead to catalysts containing a substrate-
binding site or cavitand next to a catalyst-binding site that lead to cage-driven
reactions with enhanced selectivity and activity">. Supramolecular catalysts
allow a spatial control over chemical transformations bringing substrates into
close proximity, accelerating bimolecular reactions and influencing
regiochemistry®®. These assemblies often permit to select the reactive
conformations of substrates. Through the combination of a non-covalent
binding site with a catalytically oxidative metal, selective oxidation reactions
become accessible for a variety of substrates>®. The use of hydrogen bonds for
the self-assembly of three-dimensional capsules has been extensively studied
since 90s™ but the use of a remote hydrogen-bonding motif""™* for directing
the enantioselective approach of a transition-metal catalyst has not yet been
deeply investigated. The ability of hydrogen bonds to display the enantiotopic
face of a substrate to a transition-metal catalyst was recently probed by Bach
and coworkers by combining a hydrogen-bonding motif with a catalytically
active metal center for epoxidation of 3-vinylquinolone catalyzed by a
ruthenium tricyclic octahydro-1H-4,7-methanoisoindol-1-one scaffold™. In
such a catalyst, the hydrogen bonds provide the orientation of a given

substrate with respect to a ligand-bound metal center.
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Here we present a new dinuclear catalyst containing the anionic bridging
ligand pyrazole-3,5-dicarboylic acid able to catalyze the epoxidation of alkenes
in higher TNs and TOFs respect to mononuclear ruthenium catalysts in
presence of (diacetoxyiodo)benzene as oxidant. A pronounced
stereoselectivity and a DFT study of the transition states point at a
supramolecular approach via hydrogen bond between the substrate and the
one of the metal center.

The synthesis and the characterization of an acetato bridge complex with
formula {[Ru"(trpy)]s(p-dcpz)(n-OOCMe)} (where dcpz” is the pyrazole-3,5-
dicarboxylate anion; trpy is 2,2’:6’,2”-terpyridine), 1, will be presented. The
hydrolysis of 1 to form the bisaqua complex {[Ru"(trpy)(H,0)],(p-dcpz)]}, 2% or
RuPYZ, has been investigated by electrochemical techniques. The catalytic
oxidation of water with 2* in the presence of an excess of (NH,),Ce"(NOs)¢ has

been also investigated.
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IV.ii. Experimental section

Materials. All reagents used in the present work were obtained from
Aldrich Chemical Co. or Alfa Aesar and were used without further purification.
Synthesis-grade organic solvents were obtained from SDS and were routinely
degassed with argon. Methanol (MeOH) was distilled over Mg/l,, ethanol was
dried with a 3.5 A molecular sieve, and acetonitrile, dichloromethane (DCM),
hexane, and diethyl ether were used from the SPS. High-purity deionized water
was obtained by passing distilled water through a nanopure Milli-Q water
purification system.

[Ru"Cls(trpy)]™® was prepared as described in the literature. All synthetic
manipulations were routinely performed under an argon atmosphere using
Schlenk and vacuum-line techniques.

{[RU"(trpy)]»(u-dcpz)(u-OOCMe)} - 1.5 CHCl; - 1.5 CH3;CH,OH-H,0, [1-1.5
CHCl3-1.5 CH3CH,0OH-H,0]. 110 mg (0.249 mmol) of [RuCls(trpy)] were dissolved
in 20 mL of ethanol:water (3:1) and 44 pL (0.316 mmol) of triethylamine were
added. The mixture was stirred at room temperature for 20 minutes under
Argon atmosphere and then 2 mL of ethanol containing 19 mg (0.109 mmol) of
pyrazole-3,5-dicarboxylic acid monohydrate Hsdcpz:H,O and 50 pL (0.359
mmol) of triethlyamine were added. 195 mg (2.38 mmol) of sodium acetate
were added last of all and the resulting solution heated at reflux for 4 h.
Afterward, the solution was cooled and the purple solid filtered on a frit,
washed with diethyl ether and dried in a vacuum. Recrystallization from
chloroform/ethanol/diethyl ether yielded small dark blue crystals Yield: 113
mg 91%. Anal. Calcd. for C3;H,6NgOgRuU,-1.5 CHCI3-1.5 CH;CH,OH-H,0 : C, 43.28;
H, 3.18; N, 9.97. Found: C, 43.04; H, 2.97; N, 10.15. 'H-NMR (400 MHz,
CFsCD,0OD + NEt3) 6 8.47 (d, J = 5.3 Hz, H1, H15), 8.27 (d, J = 8.1 Hz, H7, H9),
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8.23 (d, J = 8.1 Hz, H4, H12), 7.92 — 7.73 (m, H3, H8, H13, H18), 7.38 (t, J = 6.5
Hz, H2, H14), 0.12 (s, H20). *C-NMR (100 MHz, CF;CD,OD + NEt;) & 200.0
(C19), 177.4 (C16), 163.5 (C6, C10), 162.9 (C5, C11), 155.4 (C1, C15), 148.5
(C17), 138.5 (C3, C13), 133.9 (C8), 128.6 (C2, C14), 124.3 (C4, C12), 123.1 (C7,
C9), 111.7 (C18), 25.8 (C20). UV-Vis (CH,Cl,-CH3CH,0H, 9:1) [Ayax, NM (g, M’
L.em™)]: 237 (29340), 280 (29080), 317 (28160), 326 (29440), 392 (8400), 555
(7980), 604 (6600). E;/, (CH,Cl,:EtOH, V vs SSCE): 0.325 V and 0.633 V.Ey;,
(CH,CI2:EtOH, V vs SSCE): 0.325 V and 0.633 V. ESI-MS (CH;OH): m/z = 463.9
(IM + 2 Na*1*).

Equipment and Measurements. All electrochemical experiments were
performed in a PAR 263A EG&G potentiostat or in an 1J-Cambria HI-660
potentiostat, using a three-electrode cell. Glassy carbon (3 mm diameter) from
BAS was used as the working electrode, a platinum wire as the auxiliary
electrode, and SSCE as the reference electrode. Cyclic voltammograms were
recorded at a 100 mV-s " scan rate. The complexes were dissolved in previously
degassed DCM/EtOH containing the necessary amount of (n-BusN)(PFg), used
as the supporting electrolyte, to yield a 0.1 M ionic strength solution. All E,/,
values reported in this work were estimated from cyclic voltammetry (CV) as
the average of the oxidative and reductive peak potentials (E,, + E,)/2 or from
differential pulse voltammetry (DPV; pulse amplitudes of 0.05 V, pulse widths
of 0.05 s, sampling width of 0.02 s, and a pulse period of 0.1 s). Unless
explicitly mentioned, the concentrations of the complexes were approximately
1 mM. A 400 MHz Bruker Avance |l spectrometer and a Bruker Avance 500
MHz were used to carry out NMR spectroscopy at room temperature. Samples
were run in acetone-dg. The electrospray ionization (ESI) and matrix-assisted
laser desorption ionization (MALDI) mass spectrometry (MS) experiments were

performed on a Waters Micromass LCT Premier equipment and a Bruker
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Daltonics Autoflex equipped with a nitrogen laser (337 nm), respectively.
UV-vis spectroscopy was performed on a Cary 50 Bio (Varian) UV-vis
spectrophotometer with 1 cm quartz cells. Manometric measurements were
performed with homemade water-jacket glass reactor coupled to a Testo 521
manometer. Composition of the gaseous phase was determined by online
mass-spectrometry with an OmniStar GSD 301 C (Pfeiffer) quadrupole mass-
spectrometer. In a typical experiment, 1 mL of a 1 mM complex solution in
CF;SOsH (pH 1.0) was degassed with nitrogen until no oxygen could be
detected. The reactor was then closed with a septum-sealed adapter that
excluded the gas phase. A 0.2 mL of previously degassed (NH,),Ce"(NOs)s
solution, was then added directly into the reaction solution with a Hamilton
syringe. Blank experiments were performed by addition of (NH,),Ce"(NOs)e
solution to neat CF;SO;H (pH 1.0) in absence of catalyst. Epoxidation catalytic
experiments were analyzed in an Agilent 6890N gas chromatograph coupled to
a mass selective detector with ionization by electronic impact and in an Agilent
6890 with a FID detector using a HP5 column. In a typical experiment the
catalyst (1.5 mg; 1,31-10° mmol; final concentration = 1 mM), the substrate
(2.6 mmol, final concentration = 2 M), dodecane (50 pL; 0.22 mmol; final
concentration = 170 mM) as internal reference, and (diacetoxyiodo)benzene
(1.67 g; 5.2 mmol; final concentration = 4 M) were mixed together in 1 mL of a
1:1 dichloromethane/ethanol solution (final volume =1.3 mL). First aliquot was
taken, filtered through a Pasteur pipette filled with celite, diethyl ether was
added in order to elute the organic compounds and the filtrate analyzed by GC.
The reaction mixture was stirred at RT for 30 min and a second aliquot was
taken and treated as described above. No epoxide or just traces were detected
at this time. Water (94 puL; 5.2 mmol; final concentration = 4 M) was added and

aliquots taken every 5, 10, 15, 20, 25, 30 or until completion of reaction. The
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characterization of the reaction products were done by comparison with
commercial products or by GC-MS spectrometry. GC conditions: initial
temperature 40 °C for 10 min, ramp rate variable for each substrate (typically
from 10 °C/min to 20 °/min), final temperature 250 °C, injection temperature
220 °C, detector temperature 250°C. Yield of epoxide and substrate conversion
were calculated with regard to the initial concentration of substrate. Yield of
epoxide and substrate conversion were calculated with regard to the initial
concentration of substrate.

Substrate conversion = {[substrate]inia - [substratelsnal/[substrate]iniia-100.
Yield epoxide= [epoxide]sna/[substrate]inia}:100. Epoxide selectivity =
[epoxide]fina/{[substrate]inia-[subtratelsna}-100.

Single-Crystal X-Ray Structure Determination. Crystal Preparation.
Crystals for 1 were grown by the slow evaporation of a chloroform/ethanol
solution of the complex. All measured crystals were prepared under inert
conditions immersed in perfluoropolyether as the protecting oil for
manipulation.

Data collection: Crystal structure determinations for 1 was carried out using a
Bruker-Nonius diffractometer equipped with an APPEX 2 4K CCD area detector,
a FR591 rotating anode with MoK, radiation, Montel mirrors as
monochromator and an Oxford Cryosystems low temperature device
Cryostream 700 plus (T = -173 'C). Full-sphere data collection was used with ®
and @ scans. Programs used: Data collection APEX-2'®, data reduction Bruker
Saint*’ V/.60A and absorption correction SADABS® or TWINABS™.

Structure Solution and Refinement: Crystal structure solution was achieved
using direct methods as implemented in SHELXTL?® and visualized using the
program XP. Missing atoms were subsequently located from difference Fourier

synthesis and added to the atom list. Least-squares refinement on F? using all
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measured intensities was carried out using the program SHELXTL. All non-
hydrogen atoms were refined including anisotropic displacement parameters.
In order to avoid highly disordered solvent molecules the program SQUEEZE*!
was used.

Computational method. All the DFT static calculations were performed at
the GGA level with the Gaussian09 set of programs,”” using the MO6L

l.,2 which parametrization takes

correlation-exchange functional of Truhlar et a
into account the dispersion effect. The electronic configuration of the
molecular systems was described with the standard split-valence basis set with
a polarization function of Ahlrichs and co-workers for H, C, N, and O (SVP
keyword in Gaussian).”* For Ru we used the small-core, quasi-relativistic
Stuttgart/Dresden effective core potential, with an associated valence basis set

227 The geometry

contracted (standard SDD keywords in gaussian09).
optimizations were performed without symmetry constraints, and the
characterization of the located stationary points was performed by analytical
frequency calculations. The reported energies have been optimized via single
point calculations on the MO6L geometries with triple zeta valence plus
polarization (TZVP keyword in Gaussian) using the M06 functional,?® however
estimating solvent effects with the polarizable continuous solvation model

PCM using ethanol as solvent.”**°.
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IV. iii. Results and discussion

Synthesis

The synthetic procedure followed for the synthesis of 1 was based on the
synthesis of analogues ruthenium dinuclear complexes based on [Ru"Cls(trpy)]
precursor. The Ru(lll) species was reduced with triethylamine and then the
bridging ligand was added (Scheme 1).

CH3CH,OH/H,0 (1:1)

(CHaCH)sN
w CH4COONa
/
I T
H

Scheme 1. Synthetic pathway.

Solid state and spectroscopic characterization

Suitable crystals for X-Ray diffraction analysis of 1 were obtained by slow
evaporation of a chloroform/ethanol solution of the complex. The structure,
presented in Figure 1, shows a distorted octahedral geometry around the

metal centre.

Figure 1. Ortep plot (ellipsoids at 50% probability) X-Ray structure of 1.
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The geometric nature of the acetate bridge produces an inverse relative
rotation of the two terpy ligands in order to accommodate its two coordinating
oxygen atoms. The effects of this alteration result in the distortion of the
planarity of the dcpz® ligand yielding an angle of 3.73° between the carboxylic
groups, and in an extended distance of 4.331 A between the two metal
centers. All the bond distances and angles are comparable to analogous

complexes reported earlier in the literature®*™.

Crystal data and selected bond distances and angles are reported in Table 1

and Table 2, respectively.
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Table 1. Crystal data for complex 1.
T
Empirical formula Ca3.70H43.30Cla 50NgOg 50PRU,
Formula weight 1178.23
Temperature 100(2)K
Wavelength 0.71073 A
Crystal system Monoclinic
Space group C2/c
Unit cell dimensions a= 21.9842(9) A o =90.00"
b= 13.4059(6) A B =97.09 (10)°
c= 15.7659(6) A Y=90.0°
Volume 4610.9 (3) A’
z 4
Density (calculated) 1.697 Mg/m’
Absorption coefficient 0.980 mm_l
F(000) 2376
Crystal size 0.20x0.10 x 0.05 mm®
Theta range for data collection 1.78 to 30.11°.
Index ranges -30 <=h<=30,-18 <=k<=18 ,-21 <=I<=20
Reflections collected 82069
Independent reflections 6390 [R(int) =0.0293 ]
Completeness to theta =25.40 ° 0.942 %
Absorption correction Empirical
Max. and min. transmission 0.98526 and 0.8282
Refinement method Full-matrix least-squares on F
Data / restraints / parameters 6390/ 100/ 375
Goodness-of-fit on F2 1.076
Final R indices [I>2sigma(l)] R1=0.0420,wR2 =0.1131
R indices (all data) R1=0.0.0479,wR2=0.1177
Largest diff. peak and hole 1.029 and -1.408 e.A*
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Table 2. Selected metric parameters for complex 1.
Selected bond (A) Selected Angle (°)

Ru(1)-N(1) 2.065(3) N(4)-Ru(1)-0(3) 96.48(13)
Ru(1)-N(2) 1.942(3) N(2)-Ru(1)-N(4) 174.44(10)
Ru(1)-N(3) 2.046(3) 0(2)-Ru(1)-0(3) 171.61(12)
Ru(1)-N(4) 2.065(2) N(1)-Ru(1)-N(3) 159.58(11)
Ru(1)-0(2) 2.090(2) Ru(1)-N(4)-N(4’)-Ru(1’) -15.90
Ru(1)-0(3) 2.076(3)

Torsion angle that involves the two N atoms belonging to the

pyridazinedicarboxylate-bridged group and the two metal centers.

NMR Spectroscopic properties

The complex was also characterized by 1D and 2D NMR spectroscopy in
deuterated trifluoroethanol. The 'H-NMR spectra is displayed in Figure 2
whereas the rest of the spectra are presented as Supporting Information. All
the resonances displayed could be unambiguously assigned based on their

multiplicity integrals and thanks to the 2D spectra.
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Figure2.  "H-NMR of 1 (400 MHz, 298 K, CF;CD,0D).
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Redox properties

With regards to their electrochemical properties 1 in a mixture of 1:1
CH,Cl,/CH;CH,0H (0.1 M TBAH) presented two reversible waves at half wave
potential (E;;;) of 0.325 V and 0.633 assigned to redox couple Ru"™"™" and
Ru"™""™" (Figure 3). Compared with the analogous dinuclear system containing
the bis(2-pyridyl)-3,5-pyrazolate anionic bridging ligand (bpp)*° the effect of
the two carboxylic groups results in lower half-potentials of the red-ox couples.
On the contrary, the similar AE;, values (0.323 V for [Ru",(trpy),(u-bpp)(u-
00CMe)]* and 0.308 V for 1) similar electronic communication between the
metal centers. Redox properties for complex 1 and complex [Ru',(trpy)(p-
bpp)(u-O0CMe)](PFg), are reported in Table 3.

LE-05

9,E-06 -
7,606 1 1LE-05 A
5,6-06 8,606 -
3,E-06 —_
— < 6E06
z ="
— LEO06
T T T T T T T T T 1 4E06
-1,E-06 4 01 02 03 04 05 06f07 08 09 1 =
Potential (V) 2E06 1
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Potential (V)

Figure 3. CV and DPV of 1 in CH,Cl,:CH5CH,0H (1:1), 0.1 M TBAH vs SSCE.
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Table 3. Redox properties for 1 and {[Ru”(trpy)]z(u-bpp)(u—OOCMe)}2+, values
reported vs SSCE.

complex E2(1L1-1L11) (V) Ex2(1L - 11) (V) AEy (V)
{[Ru"(trpy)]2(1-dcpz) (u-00CMe)}, 1 0.325 0.633 0.308
{[Ru"(trpy)]2(1-bpp)(n-O0CMe)}** 0.728 1.051 0.323

When treated with 0.1 M triflic acid pH 1 a new species formed. Four new
waves and an electrochemical wave can be detected after some hours of
stirred solution of 1 in trifluoroethanol:triflic acid (1:1) solution (Figure 4).

Substitution of the acetate bridge with two molecules of water take place as
consequence of hydrolysis of 1 in agueous media to form the bis-aqua complex

{[Ru"(trpy)(H,0)],(u-dcpz)}¥, 2*:

{[Ru"(trpy)],(1-dcpz)(L-OOCMe)}" +  2H,0  —————>  {[Ru"(trpy)(H,0)],(k-dcpz)}*

1 2+

Scheme 2. Hydrolysis of 1 in aqueous media.
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Figure 4. Hydrolysis of 1 in 1:1 trifluoroethanol:triflic acid solution (0.1 M), time
evolution of differential pulse voltammogram (a) and cyclic

voltammogram (b).
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The 4 waves have been assigned to the one-electron oxidation of bis-aqua
complex from Ru"Ru" to RuVRu" species and the electrocatalytical wave to the
oxidation of water. Also in this case the redox potential have been compared

with the ones of the bpp system™. All the redox data are reported in table 4.

Table 4. Redox properties for 2 and {[Ru"(trpy)(HZO)]Z(u-bpp)]}3+, values reported
vs SSCE.
complex Expp(ILI-ILI)  Eqpp(ULI-NLI)  Eqpp(ULI-ILI)  En(1L 111111
(V) (V) (v) (V)
{[Ru"(trpy)(H20)]2(n-dcpz)]}, 2 0.20 0.35 0.73 0.97
{[Ru"(trpy)(H20)]2(1-bpp)1}** 0.54 0.61 0.84 1.05
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Catalysis of water oxidation

The activity of 2* toward water oxidation was tested in a 0.1 M triflic acid
solution containing (NH,4),Ce"(NOs)s and the complex in an airtight degassed
cell. Addition of a 100-fold molar excess of Ce' to 1.30 - 10 M solution of 2* in
triflic acid resulted in an immediate release of gas (Figure 5a) which resulted to
be a mixture of O, and CO, (Figure 5b) by on-line mass detection. A
decomposition reaction of the catalyst which involves the organic moiety
oxidation, probably catalyzed by higher oxidation states of ruthenium species,

likely takes place in competition with the water oxidation process.

4E10 -
18 a) 3,E10 | b)
3,E10 |
12 2,510 -|
2,E-10 -|

1,E10 -|

5,E-11 A

T T T T 0,E+00 T T T T T T
0 600 1200 1800 2400 1200 1700 2200 2700 3200 3700 4200

time (sec) time (sec)

Figure 5. Chemical water oxidation with 2* (1 mM) at pH = 1.0 in 0.1 M triflic acid
solution in the presence of (NH,),Ce"(NOs)s (100 mM). a) Manometric
measurement. b) On-line mass spectroscopy (O, evolution blue line, CO,

evolution red line).
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Olefins epoxidation

The catalytic activity of 2" was also tested with regards to its capacity to oxidize
alkenes. The reaction was performed in a mixture of dichloromethane:ethanol
(1:1), using (diacetoxyiodo)benzene as oxidant. A concentration of 1 mM of
catalyst and a relation of cat:sub:ox of 1:2000:4000 was used. A 4000-fold
excess of water, that is needed to generate PhlO from PhIOAc, and to
transform precursor 1 into catalyst 2* as described in previous sections, was
added after stirring the mixture for 30 min. This time has been found to be
essential for triggering the catalysis. The epoxidation of cis alkenes with 2*
resulted stereospecific by the meaning that no cis/trans isomerization takes
place . In Table 5 are summarized the catalytic performance of 2* toward the
oxidation of several alkenes. Turnover frequencies for each catalytic reaction
have been calculated and sorted in Figure 6. High catalytic activity has been
detected for cyclic substrate, like cyclooctene and cyclohexene (Entries 1 and
2), as well for alkenes activated by electron-donor groups in B, like the B-
methylstyrene and octene (Entries 3, 4, 11 and 12). Substrates with elevated
steric hindrance like stilbene and triphenylehtylene react slowly and with low
turnover numbers and selectivities (Entries 13 and 15). The linear olefins cis-
and trans-2-octene (Entries 11 and 12) have been both oxidized with
conversion of 100% and 87% respectively but with remarkable difference in
selectivity and turnover frequency. 96% of cis-2,3-epoxyoctane has been
formed with a turnover frequency of 6.08 TN-s™ while the trans-epoxide was
obtained in 57% of yield (selectivity of 66%) and with a slower TOF of 1.25
TN-s™. 1-octene was converted for the 51 % and with a selectivity of 59% with
a markedly lower TOF (20 TN-min™"). 4-vynil-1-cyclohexene was fully converted
in a mixture 1:1 of the endo- and exo-epoxide (Entry 6). The oxidation of cis-B-

mehtylstyrene has been also tested in a catalyst:substrate:oxidant:water ratio
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of 1:20000:40000:40000 that results in the formation of corresponding cis-
epoxide in = 85 % of yield (= 17000 TN). 1 has been recovered after the
catalytic epoxidation reaction through precipitation by addition of diethyl
ether to the reaction mixture. X-Ray diffraction and DPV (Figure SI7)

measurements confirmed the integrity 1 after reaction.
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. + . . .
Table 5. Catalytic performance of 2" for the epoxidation of several alkenes using
Phl(Ac0),’
Substrate [Epoxide], M; g
Entry substrate b TN/TOF
conversion” (%) selectivity)® (%)
1 cis-cyclooctene® Q 100 1.88 (94) 1880/6.20
2 Cyclohexene % 100 1.94 (97) 1940/6.72
3 cis-B-methylstyrene® Ph/ \ 100 1.74 (87) 1740/4.00
4 trans-B-methylstyrene’ o X 100 1.8 (90) 1800/5.15
5 a-methylstyrene /K 100 0.98 (49) 980/2.55
Ph
6 4-vynil-1-cyclohexene 100 (1.64) 82" 1640/5.47
S
7 Styrene Ph/\ 99 1.15 (58) 1150/2.88
8 1-octene // 3<5 51 0.60 (59) 602/0.33
9 para-methylstyrene Me-Ph/\ 100 (0.48) 24 480/1.58
10 para-chloro-styrene 80 1.09 (68) 1090/2.05

11 cis-2-octene® 100 1.92 (96) 1920/6.08

RV N
/_\;r
12 trans-2-octene’ \_\97 87 1.15 (66) 1150/1.25
4

13 cis-stilbene®t

h
h
14 trans-stilbene™® \:\ 61 0.70 (57) 350/2.85

15 Triphenylethylene >:\ 25 0.24 (48) 240/0.73
h

32 0.26 (40) 130/1.07
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®Reaction conditions: [1-1.5 CHCl;-1.5 CH;CH,OH-H,0] (1.5 mg; 1,31-10'3 mmol; final
concentration = 1 mM) in dichloromethane/ethanol (1:1, 1 mL), substrate (2.62 mmol;
final concentration = 2 M), Phl(OAc), (1.69 g; 5,25 mmol; final concentration = 4 M),

H,0 (94 pL, 5.23 mmol; final concentration = 4 M), dodecane (50 pL; 0.22 mmol; final

concentration = 165 mM); final volume =1.33 mL. ®Substrate conversion

{[substratelintias - [Substratelsnal/[substrate]insa - 100. °Epoxide selectivity
[epoxide]ina/{[substrateliisa-[subtratelsina}-100. TN is the turnover number with
regard to epoxide. TOF; is the initial turnover frequency expressed in epoxide cycles
per second. “100% of cis-epoxide is obtained. 100% of trans-epoxide is obtained.
®Relation of cat:sub:ox:water 1:1000:2000:2000. "1:1 mixture of endo- and exo-

epoxide was detected.

1-octene
triphenylethylene
cis-stilbene
trans-2-octene
methylstyrene
chloro-styrene
a-methylstyrene
trans-stilbene
styrene
cis-B-methylstyrene
tran-B-methylstyrene
4-vynil-1-cyclohexene
cis-2-octene
cyclooctene

cyclohexene

0 50 100 150 200 250 300 350 400 450
TON - min'
Figure 6. Turnover frequencies for epoxidation of alkenes catalyzed by 1 reported

in TN-min™.

The best catalytic activity in terms of TN and TOF has been detected in the
epoxidation of cyclohexene with 2*. The epoxide evolution trend is plotted in
Figure 7 together with the trend of the reaction -catalyzed by
{[Ru"(trpy)(H,0)]5(u-dcpd)¥*  (RuPDZ), where dcpd” is pyridazine-3,6-

dicarboxylate anion. The initial rate for the cyclohexene oxide formation
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catalyzed by 2* resulted of 6.717 TN-s™, almost 10 times higher than the rate of
0.676 TN-s* detected with RuPDZ (see Chapter Ill).
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Figure 7. Evolution of cyclohexene oxide catalyzed by 1 (blue line) and

{[Ru"(trpy)]o(u-dcpd)(u-OH)} (red line).

In order to extract information about the active species, the epoxidation of
styrene has been investigated by cyclic voltammetry in a trifluoroethanol/triflic
solution (Figure 8 a and b). After stirring complex 1 (0.7 mM) for 5 hours in
order to ensure the formation the bis-aqua species 2%, 5 pL (21 mM) of styrene
were added and cyclic voltammogram registered. As consequence of the
addition of the substrate the electrocatalytic wave of the oxidation of water at
1.3 V disappeared and two new waves formed at E= 1.1V and 1.4 V (Figure 8a
green and red lines). These waves were assigned to the oxidation of styrene
catalyzed by 2*; blank experiments have been carried on in absence of catalyst
(Figure 8a blue line). The oxidation in presence of 2" takes place at lower

potential (= 300 mV) respect to the experiment in absence of catalyst (Figure
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8b). The anodic current increased linearly with the concentration of styrene, as

shown in Figure SI8
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Figure 8. Electrochemical oxidation of styrene catalyzed by 2° in
trifluorethanol/triflic acid 1:1. (a) 2* (0.7 mM) + styrene (21 mM) (red
line); 2* (0.7 mM) (green line); styrene (21 mM) (blue line); blank (purple
line).

b) 2* (0.7 mM) + styrene (21 mM) (red line), styrene (21 mM) (blue line).

In figure 9 the cyclic voltammogram of the oxidation of styrene catalyzed by 2*
is overlapped upon the DPV of 2*. The catalytic oxidation of styrene coincides
with the formation of the Ru"YRu" bis-oxo species at E = 0.96 V vs SSCE, that is
consistent with an electrocatalytic oxidation of styrene to styrene oxide
according to the following equations (the trpy and dcpz® ligands are not
shown),

{0=Ru"-Ru"=0}" +1e --> {0=Ru"-Ru"-OH}'  F;,=1.29V (1)

{0=Ru"-Ru"=0}" + Ph-CH=CH, + H,0 --> {HO-Ru"-Ru"-OH}' + Ph-CH(O)-CH, (2)
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Figure 9. Electrochemical oxidation of styrene catalyzed by 2 in

trifluoroethanol:triflic acid 1:1; cyclic voltammogram of 2* (0.7 mM) +
styrene (21 mM) (red line), differential pulse voltammogram of 2* (0.7

mM).

The maintenance of configuration in the resulting epoxide for all substrates
analyzed the electrochemical studies discussed above likely point towards a
mechanism of concerted oxygen atom transfer from the Ru''=0 active site to
the double bond or a formation of a radical species followed by fast ring

-51
closure*™! (

see Scheme 4 in Chapter Ill). In such a type of configuration one
Ru=0 would be responsible of the coordination and O transfer to the substrate
while the other site, again a Ru=0 species, would operate a further

stabilization of the intermediate by H-bond formation with the hydrogen in a
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or B respect to the double bond. The latter would at the same time impede the

rotation avoiding the configuration inversion (Figure 10).

Figure 10. Model of side on approach and hydrogen bond of {[Ru'"(trpy)(0)],(p-

dcpd)}’ to trans-2-butene.

From the TNs and TOFs data discussed above emerged some remarkable
differences regarding the selectivity for some cis and trans isomers. While
methylstyrene showed similar TOFs for both cis and trans alkenes, in the case
of 2-octene and stilbene considerable differences resulted. Oxidation of trans-
stilbene proceeded = 2.7 times faster than oxidation of cis-stilbene. On the
contrary epoxidation of cis-2-octene resulted = 4.9 times faster than
epoxidation of trans-octene. The presence of a H bond between a Ru=0 group
and the hydrogen atom next to the double bond could affect the orientation of
the substrate molecule around the metals core generating a more favorable
approach for some isomers respect to others. The hindering of substituents
and the lack of hydrogen atoms in suitable orientation explains the lower
activity toward the oxidation of substrates like triphenylethylene, 1-octene and
stilbene. DFT calculations have been carried out in order to estimate the

transition state energy for the processes.
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DFT Calculations.

As shown in figure 6 the TOF values obtained experimentally resulted strongly
influenced by the electronic properties and steric hindrance imposed by the
substrate. Also, important differences were detected among different isomers
of the same substrate. These gaps were minimum for the cis and trans isomers
of B-methylstyrene but significant for the couple of isomers of the 2-octene

(Figure 11).
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Figure 11.  TOFs expressed in TN - min for epoxidation of cis and trans alkenes with

These data, together with the stereospecific nature of the catalyst, furnish an
important starting point for the investigation of the approach and mechanism
of epoxidation reaction catalyzed by 2°. For that purpose we performed
Density Functional Theory (DFT) calculations of the catalytic epoxidation of cis
and trans isomers of the three substrates mentioned above. A schematic draw

of the studied mechanism is showed in Scheme 3, where with A is indicated
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the starting active species represented in Figure 12, and with B and C the

proposed intermediate species for the epoxide formation.

Figure 12.  Optimized structure of the starting active {O=Ru''-Ru''=0}" species, A,
(distance in A).
== TS1
[
A '-: TS2 Q
B 2 4
So / ‘; C )
© Ru R '
u ------
\\“O O/ Rui\ Ru
o /
_’,X‘ <<fi
Scheme 3.

Studied catalytic mechanism (simplified for the sake of clarity).

According to the electrochemical study presented in the previous section A has
been as starting active species. It consists in a {0=Ru"-Ru"=0}" species
positively charged and a quintuplet ground multiplicity state. Reaction with the

double bond of an alkene passes from a low barrier transition state (Scheme 3,
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TS1) to form an intermediate with a Ru=0-C bond (B). In this species the
second C atom of the double bond does not bond to the metal giving to B a
radicalic character. To close the epoxide ring a second energy barrier
corresponding to the transition state TS2 and multiplicity crossing have to be
overcome to form species C whit triplet ground state multiplicity. The very low
energetic gap between B and TS2 (see Table 6) calculated for each substrate
likely explains the stereospecificity of catalyst 2" since its overcome implies a
fast ring closure before a C-C bond rotation that would lead to the formation of
the trans isomer. After liberation of the epoxide from C, species A is
regenerated by coordination of a water molecule and oxidation to {O=Ru'""-
Ru"=0}". This step might not be a barrierless process, however it was out of
the scope for the present study because the step that forces the
stereoselectivity is related to the barrier of the first transition state TS1. The
substrate-catalyst adducts B calculated for each substrate presented weak C-O
interactions with distance of about 4-5 A between the O atom of one Ru''=0
group and C atom of the double bond of the alkene. These intermediates
resulted thermodynamically not stable and rapidly overcome the energy
barrier of TS2 to form C. The lowest reaction pathway for the epoxidation of
each substrate, both cis and trans, has been calculated. In Figure 13 the overall

species involved in the oxidation of cis-stilbene by 2" are shown.
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. TS1

Figure 13. Reaction pathway for the epoxidation of cic-stilbene with 2* (distance in

o

A)

Species A displays a quintuplet multiplicity as ground state with a weak O-O
interaction between the oxygen atoms of the Ru=0 groups. The corresponding
structure with a triplet multiplicity state is 13.8 kcal/mol higher in energy. On
the other hand the cis alkenes isomer are always less stable than the trans by

5.3, 2.6 and 1.2 kcal/mol for stilbene, B-methylstyrene, and 2-octene
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respectively. Is interesting to mention that the transition state TS1 in Figure 13
shows an initial C-O bond distance between the O atom of one Ru''=0 group
and C atom of the double bond of the alkene of 1.899 A that decreases until a
value of 1.403 in the radical species B and then reaches the values of 1.430 and
1,454 A for the epoxidized species C. At the same time The R-O bond distance
corresponds to 1.795 Ain A, 1.989 A in B, and finally at 2.292 Ain C.

In Table 6 the energy data for the six most stable reaction pathways are
presented. These results highlight a trend in the value TS1 that increase from
cis-B-methylstyrene, to stilbene, and reach a maximum for 2-octene. A similar
tendency resulted for the energy values of the radical species B but change
markedly for the epoxidized species C, among which the cis-octene one
resulted the most stable. It is worth to mention that the crossing of multiplicity
takes place after the radical species B for both 2-octene and B-methylstyrene,

but in the case of stilbene B prefers the triplet multiplicity.

Table 6. Relative energies of the most stable epoxidation pathways in
kcal/mol.

substrate A TS1 B TS2 C
cis-stilbene 0.0 21.0 14 1.6 -9.7
trans-stilbene 0.0 20.3 7.9 9.1 -6.6
cis-B-methyl-styrene 0.0 18.4 0.4 3.8 -10.7
trans-B-methyl-styrene 0.0 18.1 25 4.3 -10.4
Cis-2-octene 0.0 22.8 10.5 11.1 -14.2
trans-2-octene 0.0 24.9 11.9 12.5 -13.8

Having a look at the TS1 values presented in Table 6 the resulting trend is in
agreement with the experimental data of the epoxidation reaction catalyzed

by 2*. As expected cis and trans stilbene present a different in energy (0.7
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kcal/mol) in favor of the oxidation of the trans isomers while for the 2-octene
couple the energetic gap of 2.1 kcla/mol is dramatically in favor of the
oxidation of the cis isomer in according with the experimental data that
showed a TOF for the epoxidation of cis-2-octene almost 5 times higher than
the one for the oxidation of trans-2-octene (Figure 11). Lastly the 0.3 kcal/mol
that separate the TS1s for the epoxidation of cis and trans-B-methylstyrene are
reasonably in agreement with the similar catalytic results obtained
experimentally. The TS1 representations for all the substrates studied are
reported in Figure SI9.

In Table 7 is resumed the study of the decomposition energy for each
substrate. This analysis consists of splitting the binding energy between the
catalyst and the substrate into the deformation and the interaction energies.
The interaction energy, E;.,, is the energy product of the interaction of the
frozen geometries of both fragments in the optimized species, whereas the
deformation energy, Egs, is the energy necessary to modify the structures of
both fragments when they are free to the geometry of optimized species. The
deformation energy is made of the sum of the E4 of the catalysts and the Eg;
of the substrate. Comparing the TS1 of stilbene results that the trans isomer
has a lower barrier because of having a less positive interaction energy, being
the deformation energy very similar for both conformations. For B-
methylstyrene the barriers are quite similar, with a difference of 0.3 kcal/mol
between the cis and trans isomers, which is lower than the 0.7 kcal/mol and
for stilbene. It is interesting to note that the trans-p-methylstyrene has higher
deformation energy but lower interaction energy respect to the cis isomers.
The values balance into similar BE values. Finally for the non-arylic substrate,
2-octene, the deformation energy is similar, but the TS1 of the trans isomer is

disfavored because of the interaction energy. Also, the low stability of species
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B in the oxidation of 2-octene can be easily explained by the lack of groups, like
the phenyl ring of B-methylstyrene and stilbene, able to delocalize the
unpaired electrons.
Table 7. Energy decomposition analysis, values in kcal/mol. Eys catalyst =
deformation energy of the catalyst. Eys substrate = deformation energy
of the substrate. Eq; = Eger Catalyst + Eqer Substrate. E;,; = interaction

energy. BE = barriers energy.

Eqef catalyst EgerSUbstrate Eget Eint BE
TS1 4.4 7.7 121 8.9 21.0
B 11.7 31.3 43.0 -41.6 14
cis-stilbene
TS2 13.2 27.5 40.7 -39.1 1.6
C 35.7 15.9 51.6 -61.3 -9.7
TS1 4.7 7.9 12.6 7.7 20.3
B 12.9 41.5 54.4 -46.4 7.9
trans-stilbene
TS2 18.7 22.2 39.7 -31.8 9.1
C 39.5 18.1 57.6 -64.2 -6.6
TS1 1.5 9.4 10.9 7.5 18.4
B 9.1 48.8 579 -57.5 0.4
cis-B-methylstyrene
TS2 19.5 18.4 379 -34.1 3.8
C 34.2 16.0 50.2 -60.9 -10.7
TS1 2.8 9.0 11.8 6.2 18.1
B 9.0 34.0 43.0 -40.5 2.5
trans-B-methylstyrene
TS2 18.1 21.9 41.0 -36.7 4.3
C 30.8 16.4 47.2 -57.6 -10.4
TS1 3.7 7.6 11.3 11.5 22.8
B 10.6 56.8 67.4 -56.9 10.5
cis-2-octene
TS2 13.5 25.7 39.2 -28.1 111
C 29.8 16.0 45.8 -60.0 -14.2
TS1 2.2 8.9 11.1 13.8 24.9
B 10.7 34.2 44.9 -33.0 11.9
trans-2-octene
TS2 14.3 25.5 39.8 -27.3 12.5
C 34.4 17.0 51.4 -65.2 -13.8
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Lastly an investigation of the distances between the oxygen atoms of the Ru=0
groups and the most close H atoms of the alkene in TS1s has been done in
order to individuate some possible sites for hydrogen bonds. For each TS1
distances in the range of 2.2-3.0 A, suitable for hydrogen bonding, have been
found between the Ru=0 groups and the H of the alkene (Table 8-12). In this
approach the double bond of the substrate interacts through a C-O bond with
one Ru=0 group and through a hydrogen bond with the oxygen atom second
R=0 group that thus fixes the structure. This could be evaluated as a further
hint for the explanation of the stereospecific nature of 2*. Likely the presence
of these bonds would avoid the C-C rotation favoring even more the fast ring
closure proposed above. Considering the example of the cis and trans-octene
the distance 01-H1b (2.353 A) in the trans isomer is much shorter than the
O2H3 distance in cis-octene resulting in a stronger interaction and thus in a
higher stabilization of TS1. The energetic barrier would then results higher and
the kinetic of reaction slower (Figure 13 and Tables 8 and 9). Similarly, the lack
of a suitable distance for hydrogen bond between 02 and H4 in the TS1 of
trans-stilbene epoxidation makes its kinetic faster than the one of cis-stilbene
epoxidation which TS1 is stabilized by O1H3 (2.592 A) hydrogen bond (Figure
15 and Tables 12 and 13).
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Figure 13.  TS1 of the epoxidation of cis and trans-2-octene.

Table 8. Distance in (A) of closest H atoms and Ru=0 for TS1 of cis-2-octene.

cis-2-octene

bond distance (A) <3 A bond distance (A) >3 A
01-H2 2.270 02-H4a 3.200
02-H5b 2.340 O1-Hlc 3.591
O1-H1b 2.630 02-H5b 3.817
01-H1la 2.731 02-H4b 4.427
02-H3 2.984
Table 9. Distance in (A) of closest H atoms and Ru=0 for TS1 of trans-2-octene.

trans-2-octene

bond distance (A) <3 A bond distance (A) >3 A
02-H2 2.248 O1-Hla 3.103
O1-H1b 2.353 02-H3 3.152
02-H5a 3.256
02-H4a 3.337
01-Hlc 4.018
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Figure 14.  TS1 of the epoxidation of cis and trans-B-mehtylstyrene.

Table 10. Distance in (A) of closest H atoms and Ru=O for TS1 of cis-B-
methylstyrene.

cis-B-methylstyrene

bond distance (3) <3 A bond distance (A) >3 A
02-H2 2.224 02-H5a 3.028
01-H1lb 2.312 02-H1la 3.120
02-H1b 2.372 02-H3 3.257
01-H5a 2.719 02-Hlc 3.484

Table 11. Distance in (A) of closest H atoms and Ru=0 for TS1 of trans-B-
methylstyrene.

trans-B-methylstyrene

bond distance (A) <3 A bond distance (&) >3 A
01-H2 2.145 O1-Hlc 3.117
01-H1la 2.542 01-H3 3.370
02-H5a 2.596 0O1-H1b 3.595
O1-H5a 2.670 02-H2 3.656
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Figure 15.  TS1 of the epoxidation of cis and trans-stilbene.

Table 12. Distance in (A) of closest H atoms and Ru=0 for TS1 of cis-stilbene.

cis-stilbene
bond distance (A) <3 A bond distance (A) >3 A
02-H4 2.248 O1-H5a 3.274
02-H6b 2.535 O1-H4 3.877
O1-H3 2.592 02-H6a 4.203
02-H3 2.868 02-H1b 4.215
Table 13. Distance in (A) of closest H atoms and Ru=0 for TS1 of trans-stilbene.

trans-stilbene

bond distance (A) <3 A bond distance () >3 A
01-H4 2.155 01-H3 3.151
0O1-H6b 2.795 02-H1b 3.421
02-H4b 3.852
02-H1la 4.021
O1-H6a 4.046
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IV.iv. Conclusions

A new ruthenium dinuclear acetato bridge complex 1 containing the bridging
ligand pyrazole-3,5-dicarboxylic acid has been prepared and characterized. Its
efficiency as redox catalyst has been tested in the oxidation of water and
olefins. The formation of a bis-aqua species 2" has been demonstrated by
electrochemical study in aqueous media. The activity toward the oxidation of
double bond in the presence of (diacetoxyiodo)benzene has been deeply
investigated for a series of alkenes with different geometric and electronic
properties leading to important information about the mechanism of the
reaction. The elevated turnover numbers and turnover frequencies obtained
have been compared with the data of epoxidation reactions catalyzed by the
analogous 6 member ring based complex {[Ru"(trpy)(H,0)s(u-dcpd)}*
described in Chapter Ill. 2" resulted a highly active catalyst for the oxidation of
both cyclic and linear alkenes with TOFs up to 6.7 TN-s"and TN up to 17000.
Electrochemical studies in the presence of styrene clearly demonstrated that a
Ru"“Ru" bis-oxo complex is the active species in the epoxidation reaction. In
order to explain the elevated performance and stereospecificity of 2" a
supramolecular catalytic approach mediated by hydrogen bond which leads to
a stabilization of the catalyst-substrate intermediate has been proposed. DFT
calculations of the epoxidation process of 3 different alkenes, both cic and
trans isomers, have been performed. The best transition states have been
individuated and discussed in terms of energy and bond lengths. The data
obtained by DFT calculations were strongly in agreement with the
experimental results and likely point towards a mechanism of a radical path

were the ring closing that generates the final epoxide is, possibly due also to
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the presence of hydrogen bonds, much faster than the C-C rotation of the

generated radical (Scheme 4).

(0}
~ RI + Ru'-OH,
o R2
R X R cis
RuV=0  + —_—
R? R?
0}

R1/<I/R2 +  Ru'-OH,

trans
Scheme 4. Proposed reaction pathway for the epoxidation of cis-B-methylstyrene

by Ru'"'=0.

In conclusion the catalytic cycle proposed for the epoxidation of alkenes

catalyzed by 2** is showed in Scheme 5.

H,0 + }ﬁu'v ﬁulv >—< + H0
o o

7
/_\ o
Ru'l Rul \:7Z;X<:/
b b
Scheme 5. Proposed global catalytic reaction paths the for epoxidation of alkenes

catalyzed by 2** in the presence of an excess of Phl(OAc), and water.
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IV.v. Associated content

Supportin Information

X-Ray crystallographic data in CIF format, additional spectroscopic,

electrochemical and DFT data.
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Supporting Information

NMR Characterization of 1: Figure Sl1- Figure SI5

ESI-MS of 1: Figure SI6

DPV of 1 after catalytic epoxidation experiment: Figure SI7
Substrate concentration dependence of iy,

TS1 of the epoxidation process of the cis and trans alkenes
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Figure SI11.  COSY of 1 (400 MHz, 298 K, CF;CD,0D).
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Figure SI2.  C-NMR of 1 (100 MHz, 298 K, CF;CD,0D).
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Figure SI3. DEPTQ-135 of 1 (100 MHz, 298 K, CF;CD,0D).
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V.1i. Introduction

Manganese complexes have been largely described as efficient catalysts for
alkenes oxidation with different oxidants". Peracetic acid is an
environmentally friendly oxidant that only generates acetic acid as by-product.
Although, this oxidant shows lower content of active oxygen compared to O,
and H,0, (See Table 2, Chapter 1), and it is comparatively more expensive than
H,0,. The epoxidation of alkenes by peracetic acid is often characterized by
low selectivity, long reaction time and the employment of high temperature.
For these reasons the development of an efficient catalyst for epoxidation with
peracetic acid is of great interest in organic chemistry. The activity and
selectivity of catalysts are largely influenced by the nature of the ligands.
Mononuclear manganese complexes are usually labile and easily undergo
ligand dissociation catalysis. However, the dinuclear complexes are often not
stable and dissociate into mononuclear species. The use of multidentate
ligands can enhance the stability. The pyrazole-3,5dicarbixylic acid ligand,
Hidcpz, has been already described to provide several possibilities in creating
supramolecular architectures via m-m interactions, hydrogen bonding and
bridging between “bricks” via carboxylate groups®. Thanks to the 4
coordination sites, dcng' can coordinate as a mono-, bi- or tetradentate ligand
and can act to link together metal centres through a number of bridging modes
generating coordination polymers. This bridging attitude has been also
demonstrated to modulate the magnetic properties via different coupling
pathways’.

In Chapter IV a ruthenium dinuclear catalyst based on pyrazole-3,5-dicarboxylic
acid as bridging ligand highly, active in epoxidation of olefins in presence of

(diacetoxyiodo)benzene, has been presented and supramolecular catalytic
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approach has been also proposed and supported by DFT calculation. In this
chapter a new dinuclear manganese bis-aqua complex containing the dcpz®
ligand and two terpyridine ligands will be presented together with the
synthesis of a derived polymer. The dinuclear complex, with formula
{IMn"(trpy)(H,0)]5(p-depz)]}’, 1* or MnPYZ, has been characterized by
electrochemical techniques, X-Ray diffraction and its magnetic properties have
been studied. The catalytic activity has been tested with regard to the
epoxidation of cis-B-methylstyrene with peracetic acid. Full conversion and
moderated selectivity has been obtained in short time reaction and with full
retention of the initial cis-configuration. A crystal structure of species 2 made
up a by one dimeric molecule complex and polymeric complex, which its

smallest fragment contains 4 manganese atoms, will be also presented.
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V.ii. Experimental section

Materials. All reagents used in the present work were obtained from Aldrich
Chemical Co. or Alfa Aesar and were used without further purification.
Synthesis-grade organic solvents were obtained from SDS and were routinely
degassed with argon. Methanol (MeOH) was distilled over Mgl, ethanol was
dried with a 3.5 A molecular sieve, and acetonitrile, dichloromethane (DCM),
hexane, and diethyl ether were used from the SPS. High-purity deionized water
was obtained by passing distilled water through a nanopure Milli-Q water
purification system. [Mn"Cl,(trpy)]® were prepared as described in the
literature. All synthetic manipulations were routinely performed under an
argon atmosphere using Schlenk and vacuum-line techniques.

{IMn" (trpy)(H,0)](u-dcpz)]¥ (Hdcpz)os, [1(dcpz)ss]. 200 mg (0.557 mmol) of
MnCl,(trpy) were dissolved in 180 mL of methanol and stirred under Argon. A
solution of 48 mg (0.276 mmol) of pyrazole-3,5-dicarboxylic acid monohydrate
in 5 mL of methanol and 1 mL of water was added followed by 120 pL of
triethylamine (0.861 mmol). The addition of the base leads to the prompt
change of the color from pale yellow to deep yellow. The solution was stirred
at room temperature for 3 hours during which a pale yellow precipitate forms.
The suspension was stored overnight in the fridge. The filtered s was washed
with diethyl ether and dried under vacuum. Yield: 150 mg (96%). Anal. Calcd
for (C3sH,7Mn;NgOg), - CsH,N,O4 - H,0 @ C, 52.89; H, 3.43; N, 14.80. Found C
52.81; H3.51; N 14.07.

Equipment and Measurements. . All electrochemical experiments were
performed in a PAR 263A EG&G potentiostat or in an IJ-Cambria HI-660
potentiostat, using a three-electrode cell. Glassy carbon (3 mm diameter) from

BAS was used as the working electrode, a platinum wire as the auxiliary
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electrode, and SSCE as the reference electrode. Cyclic voltammograms were
recorded at a 100 mV-s™" scan rate. The complexes were dissolved in previously
degassed MeCN containing the necessary amount of (n-BusN)(PFg), used as the
supporting electrolyte, to yield a 0.1 M ionic strength solution. All E/, values
reported in this work were estimated from cyclic voltammetry (CV) as the
average of the oxidative and reductive peak potentials (E,, + E,c)/2 or from
differential pulse voltammetry (DPV; pulse amplitudes of 0.05 V, pulse widths
of 0.05 s, sampling width of 0.02 s, and a pulse period of 0.1 s). Unless
explicitly mentioned, the concentrations of the complexes were approximately
1 mM. Epoxidation catalytic experiments were analyzed in an Agilent 6890N
gas chromatograph coupled to a mass selective detector with ionization by
electronic impact and in an Agilent 6890 with a FID detector using a HP5
column. In a typical experiment the catalyst the catalyst (2.1 mg, 2.5 umol,
final concentration = 2.3 mM) the alkene (33 pL, 250 umol, final concentration
= 230 mM), and dodecane (10 pL, 44 umol, final concentration = 44 mM) as
internal standard, were mixed together in anhydrous MeCN (final volume =1
mL). The flask was then cooled in an ice bath. Afterwards, 32% (v/v) peracetic
acid (110 uL, 500 umol, final concentration = 460 mM) was added via syringe
over 3 min under stirring (final volume = 1.1 mL). After 2 additional minutes,
the reaction vessel was taken out of the ice bath (this is taken as the starting
point of the catalysis) and allowed to progressively warm to RT. GC conditions:
initial temperature 40 °C for 10 min, ramp rate variable for each substrate
(typically from 10 °C/min to 20 °/min), final temperature 250 °C, injection
temperature 220 °C, detector temperature 250°C. Yield of epoxide and
substrate conversion were calculated with regard to the initial concentration
of substrate. Substrate conversion = {[substrateliital

[substrate]sinal/[substrateliiial . 100. Yield epoxide =
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{[epoxide]tina/[substrate]initiai} . 100. Epoxide selectivity =
[epoxide]sina/{[substrate]inita-[subtrate]sna}-100.

Single-Crystal X-ray Structure Determination. Crystal Preparation. Crystals
for 1" were grown by the slow evaporation of a chloroform/ethanol solution of
the complex. All measured crystals were prepared under inert conditions
immersed in perfluoropolyether as the protecting oil for manipulation.

Data collection: Crystal structure determinations for 1* and 2 were carried
out using a Bruker-Nonius diffractometer equipped with an APPEX 2 4K CCD
area detector, a FR591 rotating anode with MoK, radiation, Montel mirrors as
monochromator and an Oxford Cryosystems low temperature device
Cryostream 700 plus (T = -173 'C). Full-sphere data collection was used with @
and ¢ scans. Programs used: Data collection APEX-2°, data reduction Bruker
Saint'® V/.60A and absorption correction SADABS™ or TWINABS™.

Structure Solution and Refinement: Crystal structure solution was achieved
using direct methods as implemented in SHELXTL® and visualized using the
program XP. Missing atoms were subsequently located from difference Fourier
synthesis and added to the atom list. Least-squares refinement on F* using all
measured intensities was carried out using the program SHELXTL. All non-
hydrogen atoms were refined including anisotropic displacement parameters.
In order to avoid highly disordered solvent molecules the program SQUEEZE"
was used.

The asymmetric unit of 1 is made up by one molecule of the, a half free
additional dicarboxilic acid (shared with the neighboring asymmetric unit) and
9.75 molecules of water. The free dicarbolixic acid is disordered in two
orientations located over a center of inversion. Although hydrogen atoms are
extremely difficult to localize in this case it seems that the free dicarboxilic acid

has a charge of -2 which corresponds to -1 for each asymmetric unit/complex.
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In consequence each Mn atom in the complex should have a charge of +2. The
9.75 water molecules are located partially disordered in eleven positions. Since
the major part of the hydrogen atoms of the water molecules could not be
clearly identified, they were added to fixed positions maintaining the right
distance and angle to the attached oxygen atom. Due to the high number of
water molecules, the orientation of some of the hydrogen atoms could not be
appropriately corrected and some A and B alert in the check cif remained due
to too short H---H distances. The structure has a R1 value of 6.37 %. The
asymmetric unit of 2 is made uo by one dimeric molecule complex having
water molecules linked to the Mn atoms, one polymeric complex which its
smallest fragment contains 4 manganese atoms and two tridentate ligands,
three chlorine anions and twenty free water molecules in asymmetric unit.
One of chlorine anions is disordered in two positions (ratio 50:50). The
structure has a R1 value of 9.47 %.

Magnetic susceptibility study. Variable-temperature magnetic susceptibility
data for compound 1 were obtained with a Quantum Design MPMS-XL SQUID
magnetometer at the “Unitat de Mesures Magnétiques” of the Universitat de
Barcelona. Pascal’s constants were used to estimate diamagnetic corrections
to the molar paramagnetic susceptibility, and an empirical correction was

applied for the sample holder.
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V.1iii. Results and discussion

Synthesis

The synthetic procedure followed for the synthesis of 1" is outlined in Scheme

1.
+
o 0  MeOH/H,0
(CH3CH,)sN
+ Hoo gy GHCHN
N-N 3h,RT

Scheme 1. Synthetic pathway

When a solution of [Mn"Cl,(trpy)] in methanol was mixed to a solution of
pyrazole dicarboxylic acid monohydrate in methanol the mixture acquired a
deep yellow color. The addition of triethylamine, which role is to deprotonate
the ligand, provoked the formation of a fine precipitate corresponding to the

bis-aqua complex 1.

Solid state structure

The crystal structure of 1" (Figure 1) shows a dinuclear complex with distorted
octahedral geometry. The two manganese ions stay on the same plane of the
pyrazole-3,5-dicarboxylate ligand. Each manganese is coordinated to the
bridging ligand by one nitrogen atom and one oxygen atom. The octahedral
coordination is completed by a terpyridine ligand and one aqua molecule. The
latter present an out,out orientation with the two terpyridine on a quasi-
parallel disposition. Each asymmetric unit of 1" contains one molecule of dimer
and half pyrazole-3,5-dicarboxylic acid molecule protonated on the N of the
five-membered ring. The ligand acts therefore as counter ion in two

neighboring asymmetric unit providing two negative charges in all. The Mn—
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Mn distance of 4.667 A in 1* is longer than other hexacoordinate dinuclear Mn"
compounds with chloro and acetato bridges™ ™. The Mn-O,q., and Mn-N,,
bond distances are comparable to those found for similar Mn(ll) complexes'®
22'

When an aqueous solution of 1' was treated with an excess of LiCl the
dinuclear complex recrystallizes with one dimeric molecule complex having
water and one polymeric complex which its smallest fragment contains 4
manganese atoms and two tridentate ligands, three chlorine anions and
twenty free water molecules in asymmetric unit (2, Figure 2). Here, the basic
building block of 1* can be linked to form 1-D chain through the O atoms of the
carboxylate groups. The infinite chains pack together forming layers
alternating with dinuclear molecules (Figure SI1). In this new structure the Mn-
Mn distance of 4.498 A resulted shorter than in the dimer species. Crystal data
and selected bond distances and angles for 1* and 2 are reported in table 1 and

Table 2, respectively.

Figure 1. Ortep plots (ellipsoid at 50% probability) X-Ray structure of 1* whit

labeling scheme.
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Figure 2. Ortep plots (ellipsoid at 30% probability) X-ray structure of 2.
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Table 1.

Crystal Data for compounds 1" and 2.

¥

1 2
Empirical formula C37.50H47MnN;Ng017 75 C105H113CI3Mn6N24034
Formula weight 1017.72 2691.18
Temperature 100(2) K 100(2) K
Wavelength 0.71073 A 0.71073 A
Crystal system Triclinic Triclinic
Space group P-1 P-1

Unit cell dimensions

Volume
A
Density (calculated)

Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta =25.40 °
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters

Goodness-of-fit on F2
Final R indices [I>2sigma(l)]
R indices (all data)

Largest diff. peak and hole

a= 10.9557(6) A
b= 13.8952(8) A
c= 15.9305(10) A
2212.9(2) A®

2

o = 90.866(2)°
B = 107.3630(10)°
Y =105.959(2)°

1.527 Mg/m®

0.656 mm™L

1054

0.20 x 0.15 x 0.15 mm®
1.53to0 36.54 °.

-17 <=h<=18 ,-22 <=k<=22 ,-26 <=I<=26
19413

15025 [R(int) = 0.0359 ]

0.889 %

Empirical

0.9081 and 0.8801
Full-matrix least-squares on F?
19413 /79 /741

1046

R1=0.0637, wR2 = 0.1607
R1=0.0834, wR2 =0.1725
1.696 and -1047 e.A’

a= 15.1837(12) A
b= 15.8323(12) A
c= 25.628(2) A
5927.5(8) A

2

o =102.039 (4)°
B =97.036(4)°
Y = 95.890(4)°

1.508 Mg/m’
0.776 mm™

2769

0.30 x 0.01 x 0.01 mm®

1.36 to 25.57°.

-18 <=h<=18 ,-18 <=k<=19 ,-31 <=I<=31
44586

21888 [R(int) = 0.0848 ]

0.985 %

Empirical

0.9923 and 0.8005

Full-matrix least-squares on F
21888 /68 / 1690

1.065

R1=0.0947 , wR2 = 0.2110
R1=0.1720, wR2 = 0.2429
1.071 and-0.962 e.A’
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Table 2. Selected metric parameters for complex 1°.
Selected bond (A) Selected Angle (%)

Mn(1)-0(6) 2.1495 0(6)-Mn(1)-N(2) 172.97(6)
Mn(1)-0(1) 2.1654 N(2)-Mn(1)-N(4) 108.30(6)
Mn(1)-N(1) 2.2575 N(5)-Mn(2)-N(7) 126.37(7)
Mn(1)-N(2) 2.2168 N(7)-Mn(2)-0(7) 79.21(6)
Mn(1)-N(3) 2.2747 Mn(1)-N(4)-N(5)-Mn(2)? -3.7(3)
Mn(1)-N(4) 2.2176

® Torsion angle that involves the two N atoms belonging to the pyrazoledicarboxylate-

bridged group and the two metal centers.

Table 3. Selected metric parameters for complex 2.
Selected bond (A)

Mn(4B)-N(13B) 2.175(7) Mn(1B)-O(5B) 2.188(6)
Mn(4B)-O(7B) 2.237(6) Mn(3B)-N(9B) 2.178(7)
Mn(4B)-0(3B) 2.159(5) Mn(3B)-O(1B) 2.137(6)
Mn(2B)-N(2B) 2.166(7) Mn(3B)-0(5B) 2.271(6)
Mn(2B)-O(7B) 2.138(6) Mn(4B)-Mn(2B) 3.566
Mn(2B)-O(3B) 2.267(6) Mn(2B)-Mn(1B) 4.498
Mn(1B)-N(1B) 2.191(7) Mn(1B)-Mn(3B) 3.594
Mn(1B)-O(1B) 2.227(6)

Selected Angle (°)

Mn(4B)-O(3B)-Mn(28B) 107.3(2)
Mn(2B)-O(7B)-Mn(4B) 109.1(2)
Mn(3B)-O(1B)-Mn(1B) 1108 (2)
Mn(1B)-O(5B)-Mn(3B) 107.4(2)
Mn(1B)-N(1B)-N(2B)-Mn(2B)’ -5.27(13)

® Torsion angle that involves the two N atoms belonging to the pyrazoledicarboxylate-

bridged group and the two metal centers
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Magnetic properties

The temperature-dependent magnetic susceptibility for complex 1* has been
investigated under a constant field of 0.5T. In Figure 3 is presented a plot of
xmT vs T and a fit using the Van Vleck equation for the following Hamiltonian of
the magnetic energy coupling (H = -2JS;S, ; S; = S, = 5/2). The fit was
performed with a TIP (Temperature Independent Paramagnetism) of 4x10™
cm®molK™. The results from the fit are: J=-0.97 cm™ and g = 2.15. The value
of xuT at 300 K resulted around 9 cm>K-mol™?, close to the expected value for
two Mn" ions (8.75 cm*K-mol™®)*. On decreasing the temperature, the yuT

values fall considerably indicating an antiferromagnetic coupling.

15[ T T v T T T T T T T —T

i
o

T [cm3Kmol]
(6]

O—I " 1 i 1 n 1 " 1 L 1 i 1-4
0 50 100 150 200 250 300
T[K]

Figure 3. Xm-T vs T plot for 1" (the solid line is the best fit to the experimental data).
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Redox properties
The oxidation potentials of compounds 1% has been determined by cyclic
voltammetry in CH;CN (0.1 M [(n-Bu)4N]PFg). The cyclic and the differential

pulse voltammograms are shown in Figure 4. One irreversible oxidation peak at

E =1.00 V has been detected.
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T T T T T T T !
0 02 04 0,6 08 1 12 14 16
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Figure 4. CV and DPV of 1" in MeCN ( 0.1 M TBAH).

In pH 1 triflic acid 0.1 M aqueous solution one reversible wave has been
detected at E;;, = 1.058 V (Figure 5a). When a higher potential of 1.8 V is
applied a weak electrocatalytical wave appears from potential E = 1.4 V. The
reverse scan did not present any wave for reduction pointing toward a change
in the structure of 1" (Figure 5b). A second wave can be detected by DPV at E =
1.47 V (Figure SI2).
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Figure 5. Cyclic voltammograms at different potential range for 1" at pH = 1.0in 0.1

M triflic acid aqueos solution. Background in red color.
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Catalytic epoxidation

Catalytic activity of 1" was investigated in the epoxidation cis-B-methylstyrene
using commercial peracetic acid (32% v/v) as the oxidant. After 10 min of
reaction the substrate resulted fully converted with a yield of epoxide
corresponding to 64 % (Table 4, Entry 1). Phenylacetone was also detected as
by-product with a yield of 33 %. A second catalytic experiment has been
carried on reducing the excess of oxidant to 1.2 equivalents respect to the
substrate. In this case the conversion reduced to 67% but the selectivity of
epoxide maintained similar value (Table 4, Entry 1). On the contrary less
ketone was detected indicating a competitive direct oxidation of the substrate
by peracetic acid as possible source of the ketone. Results in terms of
conversion, yield and selectivity are presented in Table 4. No epoxidation

occurred in the absence of catalyst.

Table 4. Epoxidation of cis-B-methylstyrene with peracetic acid catalyzed by 1°.

Initial concentration (M) Substrate [Epoxide], M; [ketone], M;

Entry . . . TN
1 substrate  oxidant  Conversion (%) (Selectivity %) (selectivity %)

1 2.310° 0.230 0.460 100 0.15 (65) 0.08 (34) 65

2 2.3:10° 0.230 0.276 67 0.10 (66) 0.04 (28) 43

®Reaction conditions: 1° (2.1 mg, 2.5 umol, final concentration = 2.3 mM), cis-B-
methylstyrene (33 pL, 250 umol, final concentration = 230 mM), dodecane (10 pL, 44
pumol, final concentration = 44 mM), anhydrous MeCN (final volume = 1 mL). The flask
was then cooled in an ice bath. Afterwards, 32% (v/v) peracetic acid (110 pL, 500 umol,
final concentration = 460 mM) was added via syringe over 3 min under stirring (final
volume=1.1mL). ®Substrate conversion = {[substrateliitia- Substrate]sina}/[substrate]inisar
- 100. “Epoxide selectivity = [epoxide].a/{[substrate]ia-[subtratelsna} - 100. ketone
selectivity = [ketone]gna/{[substrate]iia-[subtrate]ns ;100 °TN is the turnover number
with regard to epoxide. 100% of cis-epoxide. Blank experiment without catalyst 1* did

not produced epoxide.
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V.iv. Conclusions

In this chapter the synthesis and the characterization of a new robust dinuclear
manganese complex 1" has been described and discussed. The catalytic activity
of 1" has been investigated in the oxidation of cis-B-methylstyrene with
peracetic acid resulting in a moderated efficiency as epoxidation catalyst. The
solid state structure showed an unexpected out,out orientation of the aqua
ligands that resulted unfavorable from a catalytic point of view because avoids
a potential cooperation of the two Mn"=0 active sites. Despite that, the
presence of labile aqua ligands in out position, favors, in solution, the
substitution of the latter and the coordination by O atoms of the carboxylic
groups of adjacent molecules of dimers leading to the formation of a polymeric
structure, 2, constituted of chains of tetranuclear units. The magnetic
properties of 1* have been preliminary investigated in terms of measurement
of the temperature dependence of magnetic susceptibility indicating
antiferromagnetic properties of the dimer. The magnetic properties of 2 are
under investigation in order to compare the electron coupling between the
dinuclear species and the polymeric one, which takes advantages of further

carboxylic bridging groups.
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V.v. Associated content

Supporting Information
X-Ray crystallographic data in CIF format, additional spectroscopic and

electrochemical data.
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Chapter V

Supporting Information
®l  X-Ray structure packing of 2:

® PPV of 17 in triflic acid:

W Catalytic epoxidation of cis-8-methylstyrene with 1°
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Figure SI2.  Differential pulse voltammogram for 1* at pH = 1.0 in 0.1 M triflic acid
aqueos solution. Background in red color.
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Figure SI3.  Reaction conditions: 1" (2.1 mg, 2.5 umol, final concentration = 2.3 mM),

cis-B-methylstyrene (33 pL, 250 umol, final concentration = 230 mM),
dodecane (10 pL, 44 umol, final concentration = 44 mM), anhydrous
MeCN (final volume = 1 mL). The flask was then cooled in an ice bath.
Afterwards, 32% (v/v) peracetic acid (110 uL, 500 pmol, final
concentration = 460 mM) was added via syringe over 3 min under
stirring (final volume = 1.1 mL).
Substrate conversion = {[substrate]i,ita - [substratelsna}/[substrateliitial -
100. Epoxide selectivity = [epoxide]sina/{[substrateliitia-
[subtrate]sna}100. ketone selectivity = [ketonelsna/{[substrateliitiar-
[subtrate]sina}-100.
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VI1.i. Introduction

The d-block of the periodic table is defined as the section that encloses the
elements, from group 3 to group 12, in which the d-subshells are being filled
with electrons. Among this group, the peculiarity of having a partially filled d-
electron shell in one of its common oxidation states outlines a new subset of
elements called transition metals.
Transition metals have certain characteristics in common that are not generally
shared by other metals (including zinc and scandium). Some of these
properties are:

* the variety of stable oxidation states,

* the formation of compounds with different geometries,

* the good conductivity of heat and charge,

* the elevate melting point,

* the formation of coloured compounds (except Sc(lll) and

Ti(1V))

* the catalytic activity.
Transition metals exhibit multiple oxidation states (Figure 1) ; this is due to the
fact that slight increases in ionization energy separate the different losses of
electrons, leading to the formation of ions with different positive charges.
These cations present low energy unfilled d orbitals that can accept pairs of
electrons from ligands generating a dative bond. The new species metal-ligand
is called complex-ion. The ability to accept electrons from ligands, and the wide
variety of possible oxidation states are the responsible of the factor
responsible of the catalytic activity of transition metals complexes in redox

reactions.
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Figure 1. Oxidation states of transition metals, empty marks represent the less

common species.
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Thanks to the stability of adjacent oxidation states and to the significant
advantage given by the absence of unpaired electrons, the synthetic
methodologies for second-row metals complexes result more advanced than
those for paramagnetic organometallic complexes of the first row in which
NMR spectroscopy is considered the best characterization technique.

These factors, together with the high catalytic performance, made of the
precious metals the first choice in several industrial catalyzed processes while
the drawbacks associated with the handling (instability toward air, moisture
and thermal conditions) and the lower stability of oxidation states relegated
first row’s metal complexes in the background.

The octahedral geometry

The design of ligands able to impose specific coordination geometry is the
starting point for the reactivity study of metal complexes. The advantage of
having rigid structure with a well-defined geometry and reduced number of
labile coordination site confer higher stability to metal complexes upon red-ox
processes leading to easier mechanistic studies and intermediates
identification.

Not many pentadentate ligands are able to induce an octahedral geometry to
transition metals™™®. 2,6-(bis-(bis-2-pyridyl)-methoxymethane)pyridine ligand,
PY5, has been described as efficient flexible ligand for coordination of first row
transition metal ions®. Complexes based on PY5 and its derivates have found
application in different areas, from magnetism to catalysis®*".

When the octahedral geometry wants to be extended to dinuclear complexes
the common strategy is to design a bridging ligand able to link, structurally and
electronically, the two metal centers on the same plane and employ further

ligands for reaching the pentacoordination on both the metal ions. This
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procedure often increases the flexibility at the expense of the strength of the
structure.

Proton reduction

As already mentioned the search of a non-carbon and abundant source of
hydrogen is a challenge for chemists. Fe-Ni and Fe-Fe hydrogenases produce
dihydrogen in water at close to the thermodynamic potential of -0.41 V vs the

1216 However, the existence of a

normal hydrogen electrode (NHE) at pH 7
catalyst, based on a cheap and earth-abundant metal capable, to reduce
protons to hydrogen at low overpotential is still the main drawback in this
field. Pt is the most efficient catalyst for the hydrogen production, but its low
abundance and high cost prohibit its large scale use. DuBois and co-workers
reported that Ni and Co phosphines exhibit high turnover frequencies (TOFs) of
103-105 s-1 at low overpotentials (50-400 mV)'"!. Co diglyoximes also have
been described to operate at low overpotentials with high rates®**®. More

2239 and Gray®' have

recently, polypyridine Co complexes reported by Chang
been shown to catalyze H, evolution from aqueous systems.

Despite of the advances achieved in terms of catalytic efficiency the
mechanism for hydrogen production is still controversial. In the case of
molecular cobalt catalysts mechanisms involving cobalt hydride formation

22,23,26,32-34
d

(Scheme 1 a and b) have been propose . The latter can then evolve

through different possible pathways as shown in (Scheme 1 c-e).

228



UNIVERSITAT ROVIRA I VIRGILI

NEW RUTHENIUM, MANGANESE AND COBALT DINUCLEAR COMPLEXES AS REDOX CATALYSTS.
UNFOLDING THE ESSENTIAL STEPS FOR THE GENERATION OF SOLAR FUELS

Carlo Di Giovanni

Diposit Legal: T. 1429-2012  New polypyridyl decadentate ligand and related Co complexes

a) Co'" + e —_— Co" + T e Co'
b) co' + H* _— Co"(H)
c) CoH) + H* —= " + H,
+H*
d C"H) + e == Co'H) — Co' + H,
e) 2C"(H) + H* <——= 200" + H,

Scheme 1. Proposed mechanisms for cobalt hydride formation and H, evolution.

Recently Savéant and coworkers unambiguously demonstrated that the
electrochemical proton reduction catalyzed by the chlathorchelate cobalt
complex Co[dpg)s;(BF),]BF, (where dpg is diphenylglyoxime), leads to the
formation of cobalt nanoparticles on the electrode surface. These
nanoparticles have been proven to be the active species in the hydrogen

production®.

In this chapter the synthesis and the characterization of a new polypyridyl
decadentate ligand, shown in Figure 2, is presented. The ligand has been
designed to furnish a rigid and flexible scaffold for ions of the first row
transition metals. A six-member heterocyclic ring directly link the two metal
centers imposing the distance between them. Two tertiary amines
symmetrically extend from this central unit supplying a further coordination
site. A dipyridyl group and a more flexible methylpyridyl unit complete, for
both side, the pentacoordination leaving to each metal a sixth coordination
site free for accommodate small ligands such as chloro, acetonitrile, water or

bridging group like hydroxo and peroxo. The ligand owns a C2v symmetry as
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confirmed by the 'H-NMR spectra (Figure 5). Two possible isomers can result
from the coordination of two metal ions depending on the orientation, cis or

trans, of the two methylpyridyl groups.

Figure 2. Polypyridyl decadentate ligand, L

The synthesis and characterization of two dinuclear cobalt complexes
containing the decadentate ligand will be also presented. Latest some results
of a preliminary study of the electrocatalytic activity of these complexes

toward the oxidation of water and the reduction of proton will be discussed.
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VI1.ii. Experimental section

Materials. All reagents used in the present work were obtained from
Aldrich Chemical Co. or Alfa Aesar and were used without further purification.
Synthesis-grade organic solvents were obtained from SDS and were routinely
degassed with argon. Methanol (MeOH) was distilled over Mg/l,, ethanol was
dried with a 3.5 A molecular sieve, and acetonitrile, dichloromethane (DCM),
hexane, and diethyl ether were used from the SPS. High-purity deionized water
was obtained by passing distilled water through a nanopure Milli-Q water
purification system. Co(OTf), was prepared as described in the literature. All
synthetic manipulations were routinely performed under an argon atmosphere

using Schlenk and vacuum-line techniques.
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3,6-Dimethylpyridazine (1): 19.98 g (0.175 mol) of 1 4
acetonylacetone and 9 g (0.180 mol) of hydrazine 3—2</_\>L6
monohydrate were dissolved in 200 mL of absolute NN
ethanol and refluxed for 30 min. The ethanol was evaporated leading to green
oil. 200 mL of toluene were added, and then 1.40 g of 10% Pd on Carbon was
slowly added at room temperature. The solution was then refluxed overnight.

After filtration the toluene was evaporate to give 17.6 g (93%) of product as

green oil. 'H-NMR (400 MHz, CDCl5) & 7.20 (s, 2H; H1, H4), 2.66 (s, 6H; H3, H6).

3,6-Distyrylpyridazine (2):

1

/ \ 16 17
0.742 g of ZnCl,, 7.42 g of 1 (68.6 X
N

mmol) and 22 mL (3 eq) of
freshly distilled benzaldehyde
were mixed and let reflux for 2 h under Ar. After this time the
benzaldehyde/water azeotrope was slowly distilled in a Dean-Stark trap. The
resulting black solid was filtered and washed with cold ethanol (or acetone)
and dried. Yield, 51%. *H-NMR (400 MHz, DMSO-ds) 6 8.02 (s, 2H; H1, H11),
7.80 (d, J = 16.5 Hz, 2H; H3, H13), 7.76 — 7.71 (m, 4H; H6, H10, H16, H20), 7.50
(d, J = 16.5 Hz, 2H; H4, H14), 7.45 (t, J = 7.4 Hz, 4H; H7, H9, H17, H19), 7.40-
7.33 (m, 2H; H8, H18).

3,6-Di(hydroxymethyl)pyridazine (3): Ozone was

1 4
bubbled through a suspension of 2.5 g (8.8 mmol) of 3 2\_/ 5 6
2 at -78 °C in methanol (300 mL) until all the solid HO N—N OH

dissolves. Excess of ozone was then removed by degassing the solution with
nitrogen, and an excess of sodium borohydride ( 1g, 26 mmol, 3 equivalents)
was added maintaining -78 °C. The reaction mixture was then warmed to
ambient temperature and filtered. After evaporation of the methanol under
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vacuum the crude product was purified by chromatography (silica; washed
with dichloromethane and eluted with dichloromethane/methanol 3:1)
allowing the isolation of the product as yellow oil in 75% vyield. The purity of
the product was confirmed by proton NMR. *H-NMR (400 MHz, DMSO-dg) &
7.72 (s, 2H; H1, H4), 4.74 (s, 4H; H3, H6).

3,6-Bis(tosyloxymethyl)pyridazine (5):

I
10— fs—o L1
I 2 12 o 15 16
879 9 3N\ /TN 0, 17
N—N 0= 20
0

19 18
A solution of p-toluenesulfonyl chloride (1.52 g, 8 mmol) in THF (11 mL) was

added to a solution of 3 (0.56 g, 4 mmol) and NaOH (0.5 g, 12.5 mmol) in a
mixture of water (11 mL) and THF (11 mL). After stirring at 25°C for 3 h, the
solution was concentrated by partial evaporation of the solvent, which
resulted in the precipitation of the product as a white solid. The product was
isolated by filtration to give 5 (1.61 g, 90% yield). '"H-NMR (400 MHz, CDCl5) &
7.84 (d, J = 8.2 Hz, 4H; H5, H9, H15, H19), 7.67 (s, 2H; H1, H11), 7.38 (d, J = 8.1
Hz, 4H; H6, H8, H16, H18), 5.37 (s, 4H; H3, H13), 2.47 (s, 6H; H10, H20).

Di-2-pyridyl ketone oxime (6): Di-2-pyridyl ketone (5
g, 27 mmol) and hydroxylamine hydrochloride (2.91 g,

42 mmol) were dissolved in 10 mL of ethanol. Sodium

hydroxide (5.5 g, 137.5 mmol) was slowly added to the
solution with stirring over a period of 90 min, during which time the solution
turned dark orange and a white precipitate formed. The solution was heated at
reflux for 10 min and cooled to room temperature. The reaction mixture was

treated with water (20 mL) and concentrated HCI (10 mL), and the ethanol was
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removed by rotary evaporation to yield a dark red solution. The product was
precipitated by addition of saturated aqueous sodium carbonate (20 mL),
isolated by vacuum filtration. The crude oxime, a white solid, was used in the
next step without further purification. 'H-NMR (400 MHz, CDCl3) 6 16.18 (br s,
1H; OH), 8.69-8.57 (m, 2H; H2, H7), 7.92-7.75 (m, 3H; H5, H4, H9), 7.65 (dt, J =
8.2, 1.0 Hz, 1H; H10), 7.45 (ddd, J = 7.6, 5.0, 1.1 Hz, 1H, H8), 7.39-.29 (m, 1H;
H3).

Di-(2-pyridyl)methylamine (7): Oxime 6 (5 g, 25
mmol), NH,0Ac (3.40 g, 44 mmol), NH; (28% aqueous,
75 mL), EtOH (100 mL) and H,0 (50 mL) were mixed

and heated at 80 °C. Zn dust (7.47 g, 114.3 mmol) was
added in small portions over 30 min. The resulting mixture was refluxed for 3 h
and then stirred at room temperature overnight. The mixture was filtered to
remove the solids, which were washed with MeOH and H,O. The filtrate was
concentrated to yield an aqueous solution that was made strongly alkaline
with aqueous 10 M NaOH. The amine was extracted with CH,Cl, and the
organic phase was then washed with brine, dried over Na,SO, and
concentrated under vacuum to afford the product as pale yellow oil; yield: 3.66
g (79%). Spectral data were in accordance with those previously reported. 'H-
NMR (400 MHz, CDCl5) & 8.64-8.49 (m, 2H; H2, H7), 7.62 (td, J = 7.7, 1.8 Hz, 2H;
H4, H9 ), 7.38 (d, J = 7.9 Hz, 2H; H5, H10), 7.14 (ddd, J = 7.4, 4.9, 1.0 Hz, 2H; H3,
H8), 5.32 (s, 1H; H1), 2.22 (br s, 2H, NH,).
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N-[di(2-pyridinyl)methylidene]-N-(2-pyridinylmethyl)amine (8):

Freshly distilled pyridine-2-carboxaldehyde (2.0 mL, 14
13 15

21 mmol) was added to 7 (3.7 g, 20 mmol) and | N
N__~16

vigorously shaken. The mixture was then allowed to 17

stand for 2 hours. The white solid was collected and
washed with cyclohexane to remove traces of 5

unreacted starting material to give 5.15 g (yield: 94%) 4

of 8. Spectral data were compared with those
reported. *H-NMR (400 MHz, CDCl;) & 8.67-8.64 (m, 1H; H13), 8.63 (s, 1H; H2),
8.60-8.56 (m, 2H; H3, H8), 8.22 (d, J = 7.9 Hz, 1H; H16), 7.76 (td, J = 7.6, 1.4 Hz,
1H; H15), 7.68 (td, J = 7.7, 1.8 Hz, 2H; H10, H5), 7.57 (d, J = 7.9 Hz, 2H; H11,
H6), 7.32 (ddd, J = 7.5, 4.8, 1.2 Hz, 1H; H14), 7.16 (ddd, J = 7.4, 4.9, 1.1 Hz, 2H;
H9, H4), 6.01 (s, 1H; H1).

N-[di(2-pyridinyl)methyl]-N-(2-pyridinylmethyl)amine (9):
To a solution of 8 (5.15 g, 19 mmol) in dry methanol
(70 mL) was added NaBH, (1.78 g, 47 mmol) in small
portions. After stirring at room temperature for 2
hours HCl (aq) was added until the pH<2. After stirring
for 30 min 5 N NaOH (aq) was added until the pH>9.

The methanol was evaporated leading and aqueous

solution that was extracted with ethyl acetate. The

organic phase was then washed with brine and dried on MgSO,. Evaporation of
the solvent gave 5.14 g (yield: 98%) of 9.

'H-NMR (400 MHz, CDCl;) & 8.55 (d, J = 4.7 Hz, 2H; H8, H3), 8.53 (d, J = 4.9 Hz,
1H; H13), 7.64-7.56 (m, 3H; H10, H5, H15), 7.46 (d, J = 7.3 Hz, 2H; H11, H6),
7.34(d, J=7.7 Hz, 1H; H16), 7.15-7.08 (m, 3H; H9, H4, H14), 5.15 (s, 1H; H15).
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N,N'-(pyridazine-3,6-diylbis(methylene))bis(1,1-di(pyridin-2-yl)-N-(pyridin-2-
ylmethyl)methanamine), (L):

12 11
1816 3635 ° 2
17 37

9 (6.19 g, 22 mmol) and Na,CO; (25 g, 236 mmol) were dissolved in dry MeCN
(70 mL) and warmed at 50 °C under Ar. A solution of 4 (5 g, 11 mmol) in dry
MeCN (150 mL) was added. The resulting solution was heated at reflux during
6 hours under Ar. The crude was purified by chromatography (silica; washed
with dichloromethane and eluted with dichloromethane/methanol 20:1) to
give 3.2 g (yield: 44%) of pure product.

'H-NMR (400 MHz, CDCl3) & 8.63-8.51 (m, 4H; H6, H11, H26, H31), 8.45 (d, J =
4.7 Hz, 2H; H16, H36), 7.70 (s, 2H; H1, H21), 7.68-7.61 (m, 8H; H8, H9, H13,
H14, H28, H29, H33, H34), 7.58-7.47 (m, 4H; H18, H19, H38, H39), 7.17-7.09
(m, 4H; H7, H12, H27, H32), 7.06-6.97 (m, 2H; H17, H37), 5.26 (s, 2H; H4, H24),
4.10 (s, 4H; H3, H23), 3.92 (s, 4H; H5, H25). *C-NMR (100 MHz, CDCl;) § 160.64
(C2, C22), 159.84 (C10, C15, C30, C35), 159.47 (C20, C40), 149.44 (C6, C11, C26,
C31), 149.18 (C16, C36), 136.50 (C9, C14, C29, C34), 136.46 (C19, C39), 127.11
(C1, C21), 124.29 (C8, C13, C28, C33), 123.46 (C18, C38), 122.36 (C7, C12, C27,
C32),122.02 (C17, C37), 72.59 (C4, C24), 57.79 (C5, C25) , 55.45 (C3,C23) .
ESI-MS: Two major peaks were detected at m/z = 657 corresponding to [M+H]"

and at m/z = 679 corresponding to [M+Na]".
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{[Co"5(L)(OTf),]{OTf),-5H,0, [10(OTf),-5H,0]. The whole synthesis has been
carried out inside the glove box under a N, atmosphere. 80 mg of
[Co(OTf),]-:0.5 MeCN (0.211 mmol) and 70 mg of L (0.105 mmol) were dissolved
in 2 mL of MeCN and warmed at 60 °C. The solution was stirred for 3 h at this
temperature and then filtered on cotton for removing unreacted starting
materials. The product was precipitated by addition of diethyl ether. The initial
precipitate, in form of oil, was scratched until that a light brown solid was
obtained. The solid was then dried under vacuum for one night.

Anal. Calcd for C44H3¢Co,F1,N1901,S4-5H,0: C, 36.17 ; H, 3.17, N, 9.59; S, 8.78.
Found: C, 36.38; H, 3.09; N, 9.26; S, 8,48.

{[Co,(0-O)L]}(OTf),, [13(0Tf)s]: 30 mg of [10(OTf),-5H,0] were left under

aerobic condition for one night. The red solid obtained was recrystallized from
ethanol/diethyl ether leading to the formation of dark orange crystals.
'H-NMR (400 MHz, CDsCN) & 10.48 (d, J = 7.0 Hz, 1H; H40), 9.23 (d, J = 5.6 Hz,
1H; H34), 8.14 — 7.06 (m, 2H; H32, H31), 8.02 (td, J = 7.7 Hz, 1.44 Hz, 1H; H38),
7.95 — 7.88 (m, 2H; H26, H27), 7.76 (s, 1H; H2), 7.68-7.58 (m, 2H; H39, H33),
7.39 (d, /= 8.8 Hz, 1H; H37), 7.05 (d, J = 6.5 Hz, 1H; H29), 6.86 (s, 1H; H24), 6.79
(td, J = 6.54 Hz, 1.68 Hz, 1H; H28), 5.55 (d, J = 19.8 Hz, 1H; H35A), 5.50 (d, J =
20.39 Hz, 1H; H5A), 5.31 (d, J = 19.8 Hz, 1H; H35B), 5.21 (d, J = 20.39 Hz, 1H;
H5B). *C-NMR (100 MHz, CDsCN) & 177.02 (C1), 167.62 (C36), 158.17 (C25,
C30), 154.53 (C29), 154.12 (C34), 154.07 (C40), 143.57 (C32), 143.25 (C26),
142.35 (C38), 132.51 (C2), 138.34 (C33), 127.34 (C28), 127.21 (C39), 126.94
(C31), 126.41 (C27), 123.86 (C37), 78.11 (C24), 67.27 (C35), 66.05 (C5).

Equipment and Measurements. All electrochemical experiments were
performed in a PAR 263A EG&G potentiostat or in an 1J-Cambria HI-660
potentiostat, using a three-electrode cell. Glassy carbon (3 mm diameter) from
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BAS was used as the working electrode, a platinum wire as the auxiliary
electrode, and SSCE or a Ag/Ag" (0.1 M TBAD-0.01M AgNO; in MeCN) as the
reference electrode. Cyclic voltammograms were recorded at a 100 mV-s™
scan rate. The complexes were dissolved in previously degassed MeCN
containing the necessary amount of (n-Bu;N)(PF¢), used as the supporting
electrolyte, to yield a 0.1 M ionic strength solution. All E;/, values reported in
this work were estimated from cyclic voltammetry (CV) as the average of the
oxidative and reductive peak potentials (E,, + E,)/2 or from differential pulse
voltammetry (DPV; pulse amplitudes of 0.05 V, pulse widths of 0.05 s, sampling
width of 0.02 s, and a pulse period of 0.1 s). Unless explicitly mentioned, the
concentrations of the complexes were approximately 1 mM. A 400 MHz Bruker
Avance Il spectrometer and a Bruker Avance 500 MHz were used to carry out
NMR spectroscopy at room temperature. Samples were run in acetonitrile-ds.
Elemental analyses were performed using a Carlo Erba CHMS EA-1108
instrument provided by the Chemical Analysis Service of the Universitat
Autonoma de Barcelona (CAS-UAB).

Single-Crystal X-Ray Structure Determination. Crystal Preparation.
Crystals of [11(PFs)s] were grown under strictly dry and anaerobic conditions
by slow evaporation of an acetonitrile solution of 10** at -30 °C. The addition
of a drop of a saturated NH,PFs methanol solution resulted necessary for the
growth of suitable crystals for X-Ray diffraction. Crystals of [12(OTf),] were
grown by diffusion of hexane on a solution of 10** in benzonitrile (crystals grew
in the glove box but were measured long time after getting them out, partial
oxidation had taken place and the crystal had taken an orange color). Crystals
of [13(OTf),] were obtained by slow diffusion of diethyl ether on a solution of
[13(OTf)4] in ethanol.
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Data collection: Crystal structure determinations for complexes 11* , 12*
and 13* were carried out using a Bruker-Nonius diffractometer equipped with
an APPEX 2 4K CCD area detector, a FR591 rotating anode with MoK, radiation,
Montel mirrors as monochromator and an Oxford Cryosystems low
temperature device Cryostream 700 plus (T = -173 'C). Full-sphere data
collection was used with @ and ¢ scans. Programs used: Data collection APEX-
2, data reduction Bruker Saint V/.60A and absorption correction SADABS or
TWINABS.

Structure Solution and Refinement: Crystal structure solution was achieved
using direct methods as implemented in SHELXTL and visualized using the
program XP. Missing atoms were subsequently located from difference Fourier
synthesis and added to the atom list. Least-squares refinement on F? using all
measured intensities was carried out using the program SHELXTL. All non-
hydrogen atoms were refined including anisotropic displacement parameters.
In order to avoid highly disordered solvent molecules the program SQUEEZE
was used.

The asymmetric unit of 11** contains one molecule complex, four PFg anions
and 3 and half molecules of acetonitrile. One of the acetonitrile molecules is
disordered over a center of inversion (50:50). The structure has a R1 value of
6,28 %. The asymmetric unit of 12* contains one molecule of the complex,
four triflate anions and some highly disordered solvent molecules (probably
benzonitrile). In the main molecule complex one of the decadentate ligand
rests is disordered in inverted positions (ratio 57:43). Three of the four triflate
anions are disordered in two positions (ratios 55:45, 71:29, 68:32). The crystal
structure contains also an undetermined number of solvent molecules which
are highly disordered. In order to avoid the highly disordered solvent

molecules the program SQUEEZE was applied leading to a refined model with a
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R1 value of 8.22 % in which the solvent molecules were removed. The
asymmetric unit of 13* contains one molecule of the complex, four triflate
anions and three highly disordered alcohol. Two of the triflate anions are
disordered in two positions (ratios: 51:49 and 69:41). The R1 value is of 9.31 %.

Proton reduction. All the electrochemical proton reduction experiments
were performed in an lJ-Cambria HI-660 potentiostat, using a three-electrode
cell. Glassy carbon (3 mm diameter) from BAS was used as the working
electrode, a platinum wire as the auxiliary electrode, and SSCE as the reference
electrode. All the experiments were performed under N, atmosphere through
a slight flow of gas. Acid concentration dependence. 2.1 mg (1.44 umol) of
[10(OTf),-5H,0] were transferred in a vial inside the glovebox and sealed. 7.18
mL of previously degassed acetonitrile containing the necessary amount of (n-
BusN)(PFg), used as the supporting electrolyte, to yield a 0.1 M ionic strength
solution, were transfer in the vial under N, atmosphere. The final
concentration of 10** was of 0.2 mM. Cyclic voltammograms were recorded at
a 100 mV-s* scan rate. A first voltammogram in absence of acid was recorded
to determine i,. Aliquots of 6 pL (7.835-10° mol, final concentration = 21 mM)
trifluoroacetic acid 99% were added abd the current at -0.99 V vs SSCE was
measured to determine i.. The glassy carbon working electrode was cleaned on
a MicroPolish Powder (0.05 micron, washed with water and acetone and dry
after each measure. Scan rate dependence: 4.0 mg (2.74 pmol) of
[10(OTf),-5H,0] were transferred in a vial inside the glovebox and sealed. 13.7
mL of previously degassed acetonitrile containing the necessary amount of (n-
BusN)(PFg), used as the supporting electrolyte, to yield a 0.1 M ionic strength
solution, were transfer in the vial under N, atmosphere. The final

concentration of 10** was of 0.2 mM. Cyclic voltammograms were recorded at
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different scan rate from 200 mV-s™ to 10 mV-s™. The glassy carbon working
electrode was cleaned as described above after each measure.

Water oxidation. All the controlled potential electrolysis (CPE), electrocatalysis,
CVs and DPVs before and after the electrocatalytic experiment of water
oxidation were performed in a two compartment cell closed with a septum-
sealed adapter using a Bio-Logic potentiostat/galvanostat and EC-Lab software.
A FTO slide (1 cm?) connected to a tin wire was used as working electrode,
platinum grid as the auxiliary electrode and an aqueous Ag/Ag’ (KCl 3 M) as the
reference electrode. The oxygen concentration of the headspace of the
compartment containing the working electrode was monitored with a Clark’s
fast-response oxygen micro-electrode needle sensor (OX-N, 40 mm needle
length, 1.1 mm diameter, 90% response time <10 s) commercialized by
Unisense A/S. In a typical experiment 0.70 mg (0.5 umol, final concentration
0.1 mM) of 13* were dissolved in 5 mL of pH 2.1 phosphate buffer (0.1 M, | =
0.052). Controlled potential electrolysis was performed on the stirred solution

at 1.80 V vs Ag/Ag".
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VI. iii. Results and discussion

Synthesis of the ligand

As mentioned above the pyridazine based ligand has been chosen as bridging
ligand for insuring the coordination of two metal centres. A symmetrical
disubstitution in orto to N atoms has been operated for binding the remaining
8 coordination sites. According to this design the preparation of the
decadentate ligand L; has been planned as the condensation between two

species: a halopyridazine and a secondary amine as indicated below:

N 7 N\ _ 7\
| _ __
N =
~ N - NexCOs N N-N N
= NH Y
X N=N X
X=Cl: 3,6-di(chl thyl)pyridazi / \N N \
=Cl 3,6-ai(chlorometnyl)pyriaazine X AN S _
7 NN
-

X=Br: 3,6-di(bromomethyl)pyridazine | |
_N N __~

N-[di(2-pyridinyl)methyl]-N-(2-pyridinylmethyl)amine (9)
Scheme 2.  Synthesis of L.

The good tendency of chloro and bromo as leaving groups would have led to
an easy attack by the deprotonated ternary amine. The synthesis of the two

precursors is showed in the following scheme.
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PART | PART Il
o o
)J\/Y | N\ | N
O = N~
hexane-2,5-dione di-2-pyridyl ketone

| |

_OH
N
</ \> N
N=N | S | X
= N -~
3,6-dimethylpyridazine (1) di-2-pyridyl ketone oxime (6)
NH,
7\
A
O—Aa~0 T
_N N~
3,6-distyrylpyridazine (2) di-(2-pyridyl)methylamine (7)

| |

\ X
N~
NS
N
)
OH N=N  OH | > B
_N N~
3,6-di(hydroxymethyl)pyridazine (3) N-[di(2-pyridinyl)methylidene]-N-(2-pyridinylmethyl)amine (8)
\ X
N~
NH
~
X NN X | [
_N N~
X=Cl: 3,6-di(chloromethyl)pyridazine (4a) N-[di(2-pyridinyl)methyl]-N-(2-pyridinylmethyl)amine (9)

X=Br: 3,6-di(bromomethyl)pyridazine (4b)
X=0Ts:3,6-bis(tosyloxymethyl)pyridazine (5)

Scheme 3.  Synthetic pathway for L.
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Part |
The pyridazine cycle, in which two methyl groups are para to each other, was

prepared by the route referenced by Wiley®® starting from hexane-2,5-dione

(scheme 4):
O
M N2H4’ EtOH —</ \>—
_— >
Pd/C, toluene N=N
o /
hexane-2,5-dione 3,6-dimethylpyridazine (1)

Scheme 4.  Synthesis of 1.

The role of Palladium is to accelerate the decomposition of excess of

hydrazine by the reaction:

Pd/C
N,H, ———= N, + H,

Scheme 5. Hydrazine decomposition.

Distyrylpyridazine was obtained from the condensation of 1 with

benzaldehyde® in accordance with the following scheme:
Znci2
</ \> 2 PhCHO & X
_ ’ 7 N=N
N=N
3,6-dimethylpyridazine (1) 3,6-distyrylpyridazine (2)

Scheme 6.  Synthesis of 2.

Bubbling ozone into a suspension of 2 in methanol at -80 °C generates the
formation of the molozonide intermediate that rearranges to the ozonide form

(Scheme 7).
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MeOH, - 80 °C &
ON=N o
0-4 o

molozonide
< >_ % — )
\O LQ+N:N+0\QO/
molozonide
o] 9] ) o)
oMo 0l — OBRTO
O N=N
&Q)NZNO,/ o o
I+ M )
[e) ozonide

Scheme 7.  Mechanism of ozonolysis.

The functional group of an ozonide is a trioxolane ring structure with a five-
member C-0-0O-C-O ring. Ozonides are explosive compounds that are usually
not isolated but treated at low temperature.

Reduction with an excess of NaBH, finally gives the 3,6-

di(hydroxymethyl)pyridazine (3) (Scheme 8)*’

o\_(/_\>7/0 MeOH, -80 °C, NaBH, /_(/_\>_\
@o.o N=N G/ < > HO N=N  OH

ozonide 3,6-di(hydroxymethyl)pyridazine (3)

Scheme 8.  Break of ozonide and formation of 3.

Initially the substitution of the two hydroxyl groups of 3 with good leaving
groups as Cl or Br™ (4a and 4b) has been planned in order to provide a suitable
site for the attack 9. For this purpose several attempts of the reaction of 3 with
thionyl chloride has been operated changing solvent (CHCl;, MeOH/CHCl;,
DMF) and time of reaction. All the experiments did not give the desired 3,6-

di(chloromethyl)pyridazine, therefore the analogous substitution with bromo
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has been tried. The reaction was tested using PB; as reactant in CCl, or CH,Cl,,
but in both cases the substitution did not proceed. Given that the main
problem seemed to be the solubility of 3 in organic solvents (commonly used
in chlorination and bromination reactions) another attempt has been made
using HBr 48% as reactant®. Unfortunately it did not lead to the desired
product.

Finally, a room temperature reaction with p-toluenesulfonyl chloride in a
water/tetrahydrofuran  mixture, led to the formation of 3,6-
bis(tosyloxymethyl)pyridazine (5) in good yields*. The tosyl group represents

another good option as leaving group (Scheme 9).

O ¥ ¢

B TsOCl; THF/H,0 OS_O N=N o—s@
HO N=N OH 6 6

3,6-di(hydroxymethyl)pyridazine (3) 3,6-bis(tosyloxymethyl)pyridazine (5)

Scheme 9.  Synthesis of 5.

The 'H-NMR spectra of 5 (Figure 3), compared with reported one®, confirmed

the purity of the compound.
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Figure 3. 'H-NMR spectra of 5 (400 MHz, 298 K, CDCls).
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Part Il

On the other hand the synthesis of the second precursor, the secondary
amine, has been carried out as planned.

Again a ketone is the starting material for the preparation®. Di-2-pyridyl
ketone reacted almost quantitatively with hydroxylamine hydrochloride giving

the relative ketoxime, 6, (Scheme 10).

e} N-OH
|
| NS 7N NH,OH-Hel | AN N
— >
= N~ = N~
di-2-pyridyl ketone di-2-pyridyl ketone oxime (6)

Scheme 10. Synthesis of 6.

Reduction of 6 with Zn gave the di-(2-pyridyl)methylamine (7) as described*
(Scheme 11).

LH NH,
i
AN N NHLOAG/NH, EtOH,1,0 | X N
| = N~ Zn _N N__—
di-2-pyridyl ketone oxime (6) di-(2-pyridyl)methylamine (7)

Scheme 11. Synthesis of 7.

The following step was fundamental for the modification of the final ligand.
Condensations with functionalized aldehyde could be carried out with high
yield****. Reaction of 7 with pyridine-2-carboxaldehyde gave the relative imine
8, which is reduced in the next by NaBH, to the desired amine* 9 (Scheme 12
and 13).
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| X
|
NH, NP NN

pyridinecarboxaldehyde

X | X | X | X
_N N__—~ _N N__~
di-(2-pyridyl)methylamine (7) N-[di(2-pyridinyl)methylidene]-N-(2-pyridinylmethyl)amine (8)

Scheme 12. Synthesis of 8.

[ \
N__— ,\%
N

N NaBH, MeOH
—_—
X X S

! | |

|
NH
| X
_N N __~ N N -~
N-[di(2-pyridinyl)methylidene]-N-(2-pyridinylmethyl)amine (8)
N-[di(2-pyridinyl)methyl]-N-(2-pyridinylmethyl)amine (9)

Scheme 13. Synthesis of 16.

In figure 4 the spectra of 9 is shown; all the peaks have been assigned and compared

with reported data.
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Figure 4. H-NMR spectra of 9 (400 MHz, 298 K, CDCl;).

Part 1l

The final step of the synthesis consists in the condensation of the two

precursors 5 and 9. The reaction is carried out in dry acetonitrile in the

presence of an excess of Na,CO3; (Scheme 14).

i X
NIZ
/
Na,CO3 CH;CN -N
/ \ . P NH 2 3,
TsO N=N OTs S 7
N N_—
5 9

Scheme 14. Synthesis of N,N'-(pyridazine-3,6-diylbis(methylene))bis(1,1-di(pyridin-2-

yl)-N-(pyridin-2-ylmethyl) methanamine) L.

The crude is then purified by chromatography resulting in 40% vyield of pure

product. The moderate yield obtained is mainly due:
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e the competition with the monosubstitution reaction
e the instability of 5

e the efficiency of Na,CO; in deprotonating the amine

The product has been characterized by 1D and 2D NMR and mass
spectroscopy. All the 'H and C signals were unambiguously assigned as shown

in Figure 5 and Figure 6.

CH.OI

17 a7

£,9,13,14,28.29 33 34

BS B8O 75 70 6.5 &0 5.5 5.0 4.5 40
ppm

Figure 5. 'H-NMR spectra of L (400 MHz, 298 K, CDCls).

In the aromatic section of 'H-NMR (Figure 5) the characteristic peaks of H
atoms of pyridyl groups were found. In particular the two doublets of H6 (H11)
and H16 were easy noticed at &6 8.56 and & 8.45 respectively. On the other
hand, in the aliphatic area, three singlets were found as expected. At § 5.26
the singlet corresponding to one proton was assigned to H4, while the peak of

H3 was found at 6 4.10 through the interaction with H1 detected by NOESY
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experiment (Figure SI8). The peak at 3.92 was assigned for exclusion to H5.
Remaining peaks were assigned with the help of COSY experiment (figure SI7).
Given the assignation of protons peaks, all carbon signals of *C-NMR (Figure 6)
were assigned with the help of HMBC and HMQC experiments (Figure SI9 and
SI110). The three quaternary C were assigned at & 160.64 (C2, C22), 6 159.84
(C10, C15, C30, C35), 6 159.47 (C20, C40). As expected three characteristic
aliphatic signal were found at 6 72.59 (C4, C24), 6 57.79 (C5, C25), 6 55.45 (C3,

352 ; % 5 £w
W v ; § g%
3 =
: 3
6.11,26,51 | o329 3 b
[ § 2 2 3
| pre.36 11} 19,30 a ] § 5§
I \ |
e I, o
N 1495 1490 1485 1368 1364 13460
m o 3.3, 1
Y 7 | $,38 | 1
\. A 1 |
\ , U N N, PR | S T
\. \ Ve
. \ D R —=
AN 4 / L7 1250 1245 1240 1235 123.0 1225 12204275 1210
NS (P4 g P
N WV e

165 160 155 150 145 140 135 130 125 120 115 110 105 100 95 90 85 80 73 70 65 60 55
ppm

Figure 6. " C-NMR of L (100 MHz, 298 K, CDCls).

ESI-MS spectra of L, shown in Figure 7 with relative peaks simulation, resulted
in two main peaks at m/z = 657.4 corresponding to [M+H]" and at m/z = 657.4

corresponding to [M+Na]".
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Figure 7. ESI-MS (CH50OH) of L.
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Synthesis of {[Co",(L)(OTf),]}(OTf),, 10.

The whole synthesis of the dinuclear Co(ll) complex containing L was
performed inside a glove box under N, atmosphere in order to avoid aerobic
oxidation. An acetonitrile solution of L was mixed with an acetonitrile solution
containing two equivalents of [Co(OTf),] and warmed at 50 °C for 3 hours. The
mixture was then filtered and the product precipitated as triflate complex by
addition of diethyl ether. The pale yellow solid obtained was then dried and
analyzed by ESI-MS (Figure 8). The resulting spectra agreed with a dinuclear
complex with formula {[Co",(L)(OTf),]}(OTf),, [10(OTf),], confirming the II,II
oxidation states for the two metals centers. As shown in Figure 8, peaks of
mono- double- and triple-charged species were detected and compared with
their simulated pattern. However the lack of solid state structure impeded a
description, beyond the speculative character, of the disposition of the ligand
and the triflate ions inside the coordination sphere.

As expected 10** is highly sensitive to aerobic conditions both in solid state and

in solution resulting in a clear change of color from yellow pale to orange.
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Figure 8. ESI-MS (MeCN) of [10(OTf),].

Solid state structure

The characterization of 10 and its oxidized forms has been completed through
elemental analysis, electrochemistry and X-Ray diffraction. Three X-Ray
structures have been obtained from crystals grown in different conditions.
Under strictly dry and anaerobic conditions a Co"Co" complex, [11(PFs)4], has
been obtained by slow evaporation of an acetonitrile solution of 10* at -30 °C.
The addition of a drop of a saturated NH;PFs methanol solution resulted
necessary for the growth of suitable crystals for X-Ray diffraction. The two
metal centers present both hexacoordination but, unexpectedly, the ligand
resulted partially decoordinated in the N6 of the pyridazine moiety. Three
molecules of acetonitrile fulfil the coordination sphere while four PF¢ act as

counter ions. Likely, the flexibility of the ligand, given by the CH, groups and
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the free rotation of the tertiary amine, leads to the formation in solution of a
mixture of structural isomers in which the ligand and solvent compete for the
coordination sites of the metal ions. The Co-N bond distances were similar to
those of similar dinuclear cobalt(ll) complexes*. The ortep plot of 11* is

shown in figure 9.

c41 ‘\\;‘1

caak. a3 ni2 NG
WY 2 X
S8

Figure 9. Ortep plot (ellipsoid at 50% probability) X-Ray structure of 11*.

Some yellow crystals were also obtained by slow diffusion of hexane on a
solution of 10** in benzonitrile (crystals grew in the glove box but were
measured long time after getting them out, partial oxidation had taken place
and the crystal had taken an orange color). This structure showed a hydroxo
bridge between the two Co centers ([12(OTf),], Figure 10). The number of
counter ions and the bond distances of the indicated a different oxidation
state for the two metal atoms. The most surprising feature of this structure

was the pentacoordination of the cobalt atom in the oxidation state +2, given
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that N10 of one pyridyl group resulted decoordinated. Lastly, the presence of
very small amount of water in the crystallization solvent resulted in the

coordination of the six coordination site by the same.

v ) -

o (BC34.37 7,
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A
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c6~’ cs
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Figure 10.  Ortep plot (ellipsoid at 50% probability) X-Ray structure of 12*,

Lastly, in order to characterize the oxidized species, [10(OTf),] was let under
aerobic condition in solid state for one night and then dissolved in ethanol.
After addition of diethyl ether a dark orange solid was obtained and
characterized by 'H-NMR. The proton NMR spectra showed a higly pure
symmetric and diamagnetic compound pointing at a co"co" species (134+,
Figure 11). Slow diffusion of diethyl ether on a solution of [13(0OTf),] in ethanol
gave suitable crystals for X-Ray diffraction. The oxidized compound consisted
of a peroxobridge dinuclear Co"Co" complex (Figure 12). Both the metal

centers showed hexacoordination and similar bond distances.
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Figure 11.  'H-NMR 13* (400 MHz, 298 K, CD;CN).
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Figure 12.  Ortep plot (ellipsoid at 50% probability) X-Ray structure of 13*.

Co-N bond distances of the 13* are within the range of expected for Co"

octahedrical complexes**. The Co-0O and 0-O bond distances were similar to
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those of previously described cobalt(l1l) dinuclear peroxo-bridged complexes®’.

Crystallographic data and selected bond distances and angles are reported in

Table 1 and 2.

4+ 4+ 4+
Table 1. Crystal Data for compounds 11" and 12" and 13 ™.
1" 127 137
Empirical formula Ci06H111C04F45N33Ps Ca4H37C0,F15N100135, Cu6.50H43.50C02F12N10015.25S4

Formula weight 3242.76 1387.94 1460.51

Temperature 100(2)K 100(2)K 100(2)K

Wavelength 0.71073 A 0.71073 A 0.71073 A

Crystal system Triclinic Triclinic Monoclinic

Space group P-1 P-1 C2/c

Unit cell dimensions a=11.38(9) A o=81.21(2)° a=14.24(16) A o=71.27(3)° a=35.08(3) A o =90.00°
b=13.07(8) A B=89.17(3)° b =14.85(16) A B =72.10(3)° b=12.8509) A B=121.12(2)°
c=2292(17)A  y=87.44(2 c=18.06(19) A y=72.37(3)° c=30.213) A ¥ =90.00°

Volume 3368.1(4) A® 3356.3(6) A® 11668.5(18) A’

z 1 2 8

Density (calculated) 1.599 Mg/m? 1.373 Mg/ m? 1.663 Mg/ m®

Absorption coefficient 0.704 mm™* 0.710 mm™* 0.824 mm™*

F(000) 1638 1402 5924

Crystal size 0.10x 0.04 x 0.03 mm* 0.09 x 0.03 x 0.03 mm* 0.20x0.20 x 0.10 mm*

Theta range for data collection

0.90 t028.30°.

1.80 to 25.07°.

1.36 t0 25.10°.

-15 <=h<=14 -16 <=h<=16 -41 <=h<=40
Index ranges -12 <=k<=17 -17 <=k<=17 -15 <=k<=13

-29 <=I<=30 -21<=Ik=21 -35<=I<=35
Reflections collected 47446 52490 70489

Independent reflections

16237 [R(int) = 0.0360 ]

11795 [R(int) = 0.0616 ]

10283 [R(int) = 0.0696 ]

Completeness to theta =28.30° 0.968 % 0.991 % 0.988 %
Absorption correction Empirical Empirical Empirical
Max. and min. transmission 1.00 and 0.92 1.00 and 0.91 0.9221 and 0.8525

Refinement method

Full-matrix least-squares on F?

Full-matrix least-squares on F?

Full-matrix least-squares on F?

Data/restraints/parameters 16237/0/917 11795/303/963 10283/146/887
Goodness-of-fit on F? 1.060 1.034 1.057
R1=0.0628 R1=0.0822 R1=0.0931
Final R indices [I>2sigma(l)]
wR2=0.1519 wR2 =0.2302 WR2 =0.2582
R1=0.0907 R1=0.1282 R1=0.1574
Rindices (all data)
WR2 =0.1648 WR2 =0.2565 wR2 =0.3215

Largest diff. peak and hole

1.086 and -0.477 e.A®

1.049 and -0.689 e.A®

1.635 and -0.969 e.A’
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Table 2. Selected metric parameters for compounds 11* and 12* and 13*.
1* 12* 13*

Bond distances (A) Bond distances (A) Bond distances (A)
Co(1)-Co(2) 7.723 Co(1)-Co(2) 3336 Co(1)-Co(2) 3.740
Co(1)-N(1) 1.340(5) Co(1)-N(1) 1.926(10) Co(1)-N(10) 1.972(7)
Co(1)-N(2) 2.146(3) Co(1)-N(2) 1.926(13) Co(1)-N(7) 1.990(7)
Co(1)-N(3) 2.161(3) Co(1)-N(3) 1.919(12) Co(1)-N(9) 1.923(7)
Co(1)-N(4) 2.118(3) Co(1)-N(4) 1.961(12) Co(1)-N(8) 1.969(7)
Co(1)-N(5) 2.105(3) Co(1)-N(5) 1.896(4) Co(1)-N(1) 1.961(6)
Co(1)-N(13) 2.169(3) Co(1)-0(1) 1.890(3) Co(1)-0(1) 1.864(6)
Co(2)-N(6) - Co(2)-N(6) 2.054(4) Co(2)-N(2) 1.962(8)
Co(2)-N(7) 2.224(3) Co(2)-N(9) 2.216(4) Co(2)-N(3) 1.989(7)
Co(2)-N(8) 2.128(3) Co(2)-N(8) 2.041(5) Co(2)-N(4) 1.959(8)
Co(2)-N(9) 2.106(3) Co(2)-N(10) - Co(2)-N(5) 1.925(8)
Co(2)-N(10) 2.074(3) Co(2)-N(7) 2.009(5) Co(2)-N(6) 1.959(7)
Co(2)-N(11) 2.172(3) Co(2)-0(1) 1.963(3) Co(2)-0(2) 1.843(5)
Co(2)-N(12) 2.067(3) 0(1)-0(2) 1.418(9)

Angles (°) Angles (°) Angles (°)
N(3)-Co(1)-N(5) 159.19(11) N(3)-Co(1)-N(5) 170.3(5) N(1)-Co(1)-N(9) 168.0(3)
N(1)-Co(1)-N(4) 159.33(12) N(1)-Co(1)-N(4) 177.4(4) N(8)-Co(1)-N(10) 165.6(3)
N(2)-Co(1)-N(13) 175.58(12) N(2)-Co(1)-0(1) 175.8(4) N(1)-Co(1)-0(1) 95.8(3)
N(5)-Co(1)-N(13) 104.37(12) N(5)-Co(1)-0(1) 91.68(17) N(7)-Co(1)-0(1) 175.4(3)
N(6)-N(5)-Co(1) 122.9(2) N(6)-N(5)-Co(1) 121.7(3) N(2)-N(1)-Co(1) 126.6(5)
N(5)-N(6)-Co(2) - N(5)-N(6)-Co(2) 119.2(3) N(1)-N(2)-Co(2) 126.9(5)

Co(1)-N(5)-N(6)-Co(2)° - Co(1)-N(5)-N(6)-Co(2)* 7.5(5) Co(1)-N(1)-N(2)-Co(2)*  18.1(10)

® Torsion angle that involves the two N atoms belonging to the pyridazine-bridged

group and the two metal centers.
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Redox properties

The redox properties of the complex 10> and 13* were investigated by cyclic
voltammetric technique. In the case of complex 10** all the measurements
have been carried on inside the glovebox under a N, atmosphere using a glassy
carbon electrode as the working electrode, a platinum wire as the counter
electrode and a Ag/Ag” electrode in a solution 0.1 M TBAD and 0.01 M AgNO;
in MeCN as the reference electrode. Four waves are observed at negative
potential which correspond to the first one-electron reduction of 10** to the
Co(l)-Co(ll) species at — 1.27 V (vs Ag/Ag’) and the second one-electron
reduction to the Co(l)-Co(l) complex at -1,39 V. The third and the fourth waves
could be assigned to the reduction of the two metal centres to oxidation state
(0) or, more likely, to some processes that involve on the organic ligand.

The low reversibility of the waves not necessarily indicates the complex
decomposition but could be an evidence of the variability of the coordination
environment of the Co centres while varying their oxidation state. The
oxidative part of the voltammogram is characterized by two waves at 0.25 V
and 1.03 V assigned to the one electron oxidation from Co"Co" to the Co"Co"

species.
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Figure 13.  Cyclic voltammogram of 10* in MeCN (0.1 M TABPF)
registered inside the glovebox; working electrode: glassy
carbon; counter electrode: Pt; reference electrode: Ag/Ag’
electrode in a solution 0.1 M TBAD and 0.01 M AgNO; in
MeCN; scan rate 100 mV/s; starting at 0 V toward negative

potential.

The redox properties of 13* have been investigated in a pH 2.1 phosphate
buffer solution using an FTO slide (1 cm?) connected to a tin wire was as the
working electrode, a platinum wire as the auxiliary electrode and an aqueous
Ag/Ag" (KCl 3 M) as the reference electrode. The acidic conditions have been
chosen in order to avoid formation of catalytically active heterogeneous cobalt
oxide films or nanoparticles (unstable with respect to hydrolysis below pH 3-
4)47,48.

The cyclic voltammogram shows an irreversible wave at E, = 1.57 V vs Ag/Ag’
(1.79 vs NHE) assigned to the one electron oxidation of Co"Co" complex to the

C0"Co" species (Figure 15). This value was compared to those reported for two
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similar dinuclear cobalt peroxo-bridge complexes®’. Complexes 14* and 15*,
represented in Figure 14, show a one electron oxidation wave for the oxidation
couple Co™"/Co"" at E, = 1.56 and 1.45 V vs NHE. The AE of 230 and 340 mV
between these systems and complex 13* is probably due to the electron-
donating nature of the bis(2-pyridyl)-3,5-pyrazolate bridging ligand (bpp) and
the bis(N-methylimidazolyl)pyridine (Me,bimpy) respect to the neutral

decadentate ligand.

%, | & 7, | N\
"’CBIII “CoN
N /o/| N
NV N—"

Figure 14.  Structure of 14> and 15*".

An electrocatalytical wave was detected from E > 1.6 V vs Ag/Ag’ and assigned
to the oxidation of water. Differential pulse voltammetry showed (Figure 15)
that this wave starts just after the first oxidation to Co''Co" species. This likely
suggests the presence of a Co"Co"“ species responsible for the catalytic

reaction.
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Figure 15.  Cyclic voltammogram (left) and differential pulse voltammogram (right)
of 13* in pH 2.1 phospathe buffer (0.1 M); working electrode: FTO slide

(1 cmz); counter electrode: Pt; reference electrode: aqueous Ag/Ag+

electrode; scan rate 100 mV/s, background in red line.
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Catalytic activity

The efficiency in catalysis of the cobalt dinuclear complexes containing L have
been investigated both for electrochemical proton reduction and water
oxidation. The results of these preliminary studies are showed and discussed

below.

Catalysis of proton reduction

The reduction chemistry of 10%* has been investigated by cyclic voltammetry.
All the experiment were performed in well degassed acetonitrile under strictly
N, atmosphere to avoid aerobic oxidation of 10*. A glassy carbon electrode
was used as the working electrode, a platinum wire as the auxiliary electrode
and SSCE as the reference electrode; all the CVs were recorded at scan rate of
100 mV-s™. The cyclic voltammogram of 10* in acetonitrile shows two close
quasi-reversible waves at E;;,= 0.854 and 1.017 V vs SSCE (Figure 16). These
waves have been assigned to the successive one electron reduction process of
the two metal centers from Co"Co'"to Co'Co'. A third wave, likely corresponding
to the generation of the Co°Co' species has been detected at E, = 1.412 V vs

SSCE.
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Figure 16.  Cyclic voltammogram of 10> in MeCN (0.1 M TBAPF); working
electrode: glassy carbon; counter electrode: Pt; reference electrode:

SSCE; scan rate 100mV/s. Starting at 0 V toward negative potential.

The catalytic activity of 10%* versus proton reduction was tested using
degassed trifluoroacetic acid (TFA) as acid source. Figure 17 shows successive
cyclic voltammograms of a 0.2 mM solution of 10* in acetonitrile with
increasing concentrations of TFA. A catalytic wave for the reduction of protons
is observed from a potential of ca -0.90 V vs SSCE, corresponding to an

overpotential of = 400 mV determined using the method of Evans™:
RT
E9rs = Eps — (23035) pKyrra (1)

where E%;, is the standard reduction potential for TFA in acetonitrile (-0.51 V
vs SCE)®°, E%+ is the standard potential for the solvated H'/H, couple in
MeCN®', R is the ideal gas constant (8.314472 J-K*mol™), T is the temperature
in Kelvin, F is the Faraday constant (96487 C-mol™) and pKatea is the

dissociation constant for TFA (12 in MeCN)*% This value is comparable to those
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obtained with analogous monometallic Co(ll) complexes described in the

. 30,50,53
literature .
: : . | 0,0E+00 ‘
16 E—/ 038 06 04 0.2 O0E00
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Figure 17.  Successive cyclic voltammograms of 0.2 mM solution of 10°* in MeCN
(0.1 M TBAPFg) at increasing concentrations of TFA. Working electrode:
glassy carbon; counter electrode: Pt; reference electrode: SSCE; scan
rate 100mV/s. Starting at O V toward negative potential (left). Zoom of
potential range (-0.6 V)-(-1.1 V) (right).

The icat/i, vs [TFA] (where i is the current intensity in the presence of acid and
iy is the current intensity without acid), reported in Figure 18 for i at E = -0.99
V vs SSCE, corresponding to the E, of the first reduction wave, increases with

sequential increments of acid added reaching a plateau for [TFA] > 70 mM.
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Figure 18.  Dependence of ic,/i, at -0.99 V on [TFA].. Experimental conditions: 10*
(0.2 mM), [TFA] = 0-210 mM, MeCN (0.1 M TBAPF¢), GC WE, Pt CE, SSCE
RE, 100 mV/s.

The rate constant value k for the proton reduction catalysis can estimated
from the plots of the j.; vs the square root of the acid concentration according

to equation54:

1 1 1
icqr = NFA[cat|Dz2kz2[TFA]z (2)

where i is the current intensity at - 0.99 V vs SSCE, n is the number of
electrons involved in the catalysis, F is the Faraday constant, A is the surface
area of the working electrode in cm?, [cat] is the concentration of catalyst in
mol/cm?, D is the diffusion coefficient of the catalyst in cm?/s, and [TFA] is the

concentration of acid in mol/cm®.
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The plot of i.,; vs [TFA]”2 shows a linear trend when the acid concentration is
higher than 11 mM (Figure 19). Under kinetic control conditions the slope is

proportional to k2

-2,0E-05 , : : :
2 4 6 8 10
-3,0E-05 - y = -4,53E-06x - 2,80E-05
R?=9,75E-01

-4,0E-05 -

-5,0E-05 -

i(A)

-6,0E-05 ~

-7,0E-05 -

-8,0E-05 -
[TFA]Y/2 (mM)Y/2
Figure 19. Dependence of i.,; at -0.99 V on [TFA]l/z. Experimental conditions:
10** (1 mM), [TFA] = 0-210 mM, MeCN (0.1 M TBAPF4), GC WE, Pt
CE, SSCE RE, 100 mV/s.

In order to estimate the value of the rate constant the A-DY?

product was
calculated from the peak current prior the addition of acid according to the

following equation®*:
3 1 1
i, = (2.69 - 10°)n2ADz[cat]v?2 (3)

where i, is the current intensity at - 0.99 V (E, vs SSCE of first reduction wave),
n is the number of electrons involved in the electrochemical process, A is the

surface area of the working electrode in cm?, D is the diffusion coefficient of
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the catalyst in cm?/s, [cat] in the is the concentration of catalyst in mol/cm?
and v is the scan rate in V/s.
1/2

If a linear relationship for i, vs v’“ is obtained the slope is proportional to

AD2. As shown in Figure 20 the plot of i, vs the square root of the scan rate,

presented a good liner trend for a range of scan rate from 100 mV/s to 10

mV/s.
0,E+00 T T ' ' '
4 6 8 10 12
-1,E-06 -
y = -4,87E-07x + 1,56E-07
R? = 9,56E-01

-2,E-06 -

< 3E06 -

_n.
-4,E-06 -
-5,E-06 - ¢
-6,E-06 - vi2 (mV/s)i/?

Figure 20.  Dependence of i at -0.99 V on v¥/%, Experimental conditions: 10**

(0.2 mM), v = 10-200 V/s, MeCN (0.1 M TBAPFg), GC WE, Pt CE,
SSCE RE.

Combining the values obtained from equations 2 and 3 a rate constant of ca
168 M™s™ has been calculated for the proton reduction catalyzed by 10%* in

MeCN in the presence of TFA as proton source.
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Catalysis of water oxidation

In order to test the catalytic activity of 13* toward the oxidation of water a
controlled potential electrolysis was performed in a two compartments cell on
a stirred aqueous solution of 13* and oxygen evolution was detected by using
a clark’s oxygen needle sensor. For this experiment 5 mL a 0.1 mM solution of
13*in pH 2.1 phosphate buffer (0.1 M) were used. A FTO slide of 1 cm? surface
was used as the working electrode, a platinum grid as the counter electrode
and an aqueous Ag/Ag" electrode as the reference electrode.

Cyclic voltammograms were registered before and after the electrolysis
showing important change in the electrochemistry of 13*. Before the bulk
experiment (Figure 21) a wave was observed a E, = 1.57, as already described
above. Sweeping the potential back to 0 V a reduction wave corresponding to

the Co"""" was detected.

9,5E-02 -
7,5E-02 ~
5,5E-02 +

3,5E-02 +

i (HA)

1,5E-02

-5,0E-03

-2,5E-02 -

Potential (V vs Ag/Ag*)

Figure 21.  Cyclic voltammogram of 13* (0.1 mM) in pH 2.1 phospathe buffer (0.1
M); working electrode before controlled electrolysis experiment (blue
line); working electrode: FTO slide (1 ¢cm?®) counter electrode: Pt grid;
reference electrode: aqueous Ag/Ag’ electrode; scan rate 100 mV/s,
background in red line.
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For the electrolysis experiment a potential of 1.80 V vs Ag/Ag" has been
applied for 12 hours and. A blank experiment has been performed for the
same duration and the charge measured used as baseline for the catalytic
experiment. Figure 22 shows the current vs time plot for the described
experiment and the corresponding charge passed. The Faraday efficiency,
described as the ratio between the amount of charge employed for the

chemical reaction and the total charge passed resulted of 36.5%.
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Figure 22.  Controlled potential electrolysis at 1.8 V vs Ag/Ag" of 13* (0.1 mM) in pH
2.1 phospathe buffer (0.1 M); working electrode: FTO slide (1 cmz)
before controlled; counter electrode: Pt grid; reference electrode:
aqueous Ag/Ag" electrode; total time 12 hours. Current (mA) vs time (h)

plot (left); Charge (C) vs time (h) plot (right). Background in red.

Oxygen evolution measured with a Clark electrode resulted of = 3.4 umol of

0,, corresponding to = 6.8 TN (Figure 23).
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Figure 23.  Oxygen evolution measured with a Clark electrode during controlled
potential electrolysis at 1.8 V vs Ag/Ag’ of 13* (0.1 mM) in pH 2.1
phospathe buffer (0.1 M); working electrode: FTO slide (1 cmz) before
controlled; counter electrode: Pt grid; reference electrode: aqueous

Ag/Ag" electrode; total time 12 hours.

However the cyclic voltammogram registered after the electrolysis resulted
different from the initial one. Both Co™""™" and Co""™" redox couples
disappeared while a slightly higher electrocatalytic wave is maintained at E =
1.8 V. This is probably an indication of the decomposition of the initial species

and formation of a new one responsible of the O, generation.
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Figure 23 Cyclic voltammogram of 13* (0.1 mM) in pH 2.1 phospathe buffer (0.1 M);
working electrode: FTO slide (1 cm?) after 12 hours controlled electrolysis experiment
(red line); counter electrode: Pt grid; reference electrode: aqueous Ag/Ag" electrode;

scan rate 100 mV/s, CV before bulk experiment in blue line.
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VI. iv. Conclusion

In this chapter a new polypyridyl ligand with ten coordination sites L has been
presented. The synthesis and the characterization of L has been outlined and
discussed. A new dinuclear cobalt complex [10(OTf),] containing L has been
prepared. Full characterization by X-Ray diffraction, elemental analysis, ‘H-
NMR spectroscopy and electrochemical techniques has been carried on in
order to characterize complexes 10%*, 11*, 12* and 13* confirming the high
stability of L as bridging among different oxidation states of the two metal
centers. Cobalt complexes based on L have been proven to be active catalysts
for both electrochemical proton reduction and water oxidation. 10** have been
tested in the electrochemical proton reduction in the presence of
trifluoroacetic acid as proton source resulting an active catalyst for H,
generation with an overpotential of = 400 mV and a rate constant k of 161 M’
s, Peroxo-bridged complex 13" has been tested as catalyst for the
electrochemical water oxidation via controlled potential electrolysis at 1.8 V vs
Ag/Ag’. Oxygen evolution has been detected during 12 hours with a TN of 6.8
and a Faraday efficiency of 36.5 %. However indications of a possible
decomposition of the catalyst were obtained via electrochemical study

Further studies of the catalytic properties of complexes 10** and 13*" will be
carried on in order to investigate the mechanism of generation of O, and H,

and optimize a system for the generation of solar fuels.
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VI.v. Associated content

Supporting Information

X-Ray crystallographic data in CIF format, additional spectroscopic and

electrochemical data.
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Figure SI1.

'H-NMR of 1 (400 MHz, 298 K, CDCl,).
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284



UNIVERSITAT ROVIRA I VIRGILI

NEW RUTHENIUM, MANGANESE AND COBALT DINUCLEAR COMPLEXES AS REDOX CATALYSTS.
UNFOLDING THE ESSENTIAL STEPS FOR THE GENERATION OF SOLAR FUELS

Carlo Di Giovanni

Dipdsit Legal: T. 1429-2012 Supporting Information

772
474

i
E}
-

L
o L

Figure SI3.  "H-NMR of 3 (400 MHz, 298 K, DMSO-d).
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VII.i. Introduction

In previous chapters the importance of the development of an efficient
photocatalytic water splitting system has been remarked as an answer to the
global energy demand and the employment of a “green” source of energy. On
the other side the design of a photocatalytic system for organic synthesis has
attracted very little attention until now'. Generally oxygenation reactions are
performed in chlorinated solvents and in presence of strong chemical oxidants
but the use of water as solvent and at the same time oxygen source represents

an ideal clean alternative (Scheme 1).

hv
[S]+H,0 ——— [SO]+H,
catalyst

Scheme. 1. Oxygenation of organic substrate.

Therefore, very recently, a wide range of organic compounds like benzene,
alkenes, alcohol and sulfides, received strong attention as suitable substrates
for photocatalytic two-electron oxidations in water®. Nam and Fukuzumi
recently presented the photocatalytic oxygenation of water soluble organic
substrates, like para-styrene sulfonate using a manganese porphyrins as
catalyst, [Ru(bpy)s]** as photosensitizer and [Co(NH,)]CI]** as sacrificial
electron acceptor®. Elevated TN and TOF and nearly 100% of quantum
efficiency have been obtained in phosphate buffer solution (pH 7.4). Labelling
experiment confirmed that water is the oxygen source. Sun and co-workers
later published the photocatalytic oxygenation of thioanisole and p-
methoxythioanisole in high yield using ruthenium mononuclear catalysts,
[Ru(bpy)s]** as photosensitizer and [Co(NHs)]CI]** as sacrificial electron

acceptor’. In most of these cases, a ruthenium polypyridyl complex is
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employed as catalyst, a [Ru(bpy)s]** derivate acts as photosensitizer and a Co
or Pt compound is used as final sacrificial electron acceptor.

In other cases the bimolecular system catalyst-photosensitizer is replaced by a
dyad constituted of a photosensitizer covalently bound to a polypyridyl
ruthenium fragment”®. Ménage reported the synthesis of a ruthenium-based
dyad able to catalyze selective sulfide oxygenation’. A mechanistic pathway
has been also proposed according to electrochemical and photophysical results
obtained. Likely, the absorption of two photons by the photosensitizer
fragment initiates two PCET processes from the Ru' active site to the Co"

sacrificial acceptor that lead to the formation of Ru'Y=0 species responsible of

the oxygen atom transfer to the substrate (Figure 1).

coy  RulMpeRulll)or @ H;

~— H
Coflll) & —~/

Rufll)* o Ru(ll) - 8H; C‘k
fz Huﬂl]w?lﬂu(lll}mfl H
|

[ Ruf )R (1) g #H; ]

'

5. Cafllly
Ry R

+

RUll gnoRUl s OH

Cafll)
-
91 R, RU{ g oRU(V) o= @ Rutwm}mrm

ﬂ-
H+

Figure 1. Mechanistic pathway for photochemical sulfide oxygenation.

In both bimolecular and dyad examples high selectivities and turnovernumbers

have been obtained increasing the interest for light-driven oxidation reactions
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using water as oxygen atom source. Given that protons and electrons are the
only by-products of these reactions, the replacement of the commonly used
electron acceptors is the final step for the assembly of a cell able to run organic
reactions and produce H, at the same time. However, in homogeneous
systems, studies of water splitting have been generally carried out separately
employing sacrificial oxidants and reductans while the combination of water
oxidation and proton reduction in a homogeneous system remains a great
challenge. Recently Zhao and co-workers reported a homogeneous
multicomponent system for photocatalytic oxygenation of hydrocarbons and
the production of H,’. The use of two photosensitizers seems to be the key for
the coupling of the two systems giving one of the first examples of a full-
working photochemical cell for water oxidation and proton reduction where all
components are in homogeneous phase.

In this chapter is reported the design and the optimization of a photocatalytic
system based on the highly active catalyst {[Ru"(trpy)],(n-OOCMe)(p-dcpz)}’
(where dcpz® is the pyrazole-3,5-dicarboxylate anion; trpy is 2,2":6’,2"-
terpyridine), 1, described in Chapter IV. Its photocatalytic activity has been
tested toward the oxygenation of different substrates in water, employing
different photosensitizers, sacrificial acceptors and pH conditions.

After optimization of the photocatalytic conditions several attempts have been
done for merging this system with a photochemical proton reduction catalysts,
based on cobaloxime or hydrogenase, with the intention of set up an assembly

for homogeneous artificial photosynthesis.
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VII. ii. Experimental section

Materials. All reagents used in the present work were obtained from
Aldrich Chemical Co. or TCl chemicals and were used without further
purification. Synthesis-grade organic solvents were obtained from SDS and
were routinely degassed with argon. Ethanol was dried with a 3.5 A molecular
sieves, and acetonitrile, dichloromethane (DCM), hexane, and diethyl ether
were used from the SPS. High-purity deionized water was obtained by passing
distilled water through a nanopure Milli-Q water purification system.

Equipment and Measurements. All electrochemical experiments were
performed in a PAR 263A EG&G potentiostat or in an 1J-Cambria HI-660
potentiostat, using a three-electrode cell. Glassy carbon (3 mm diameter) from
BAS was used as the working electrode, a platinum wire as the auxiliary
electrode, and SSCE as the reference electrode. Cyclic voltammograms were
recorded at a 100 mV-s " scan rate. The complexes were dissolved in previously
degassed MeCN containing the necessary amount of (n-BusN)(PF¢), used as the
supporting electrolyte, to yield a 0.1 M ionic strength solution. All Ey/, values
reported in this work were estimated from cyclic voltammetry (CV) as the
average of the oxidative and reductive peak potentials (E,, + E,c)/2 or from
differential pulse voltammetry (DPV; pulse amplitudes of 0.05 V, pulse widths
of 0.05 s, sampling width of 0.02 s, and a pulse period of 0.1 s). Unless
explicitly mentioned, the concentrations of the complexes were approximately
1 mM. A 400 MHz Bruker Avance Il spectrometer and a Bruker Avance 500
MHz were used to carry out NMR spectroscopy at room temperature. Samples
were run in D,0 and CDCls.

General procedure for photochemical oxidation of organic substrates. The

photochemical experiments involved a three-component system: catalyst,
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photosensitizer and sacrificial electron acceptor dissolved in 2 mL of a 50 mm
phosphate buffer solution (pH 7.04). Irradiation was carried out with a 150 W
xenon arc lamp equipped with a 400 nm cut-off filter to remove UV and IR
radiation. The intensity of the radiation was approximately 0.3 W-cm™ In a
typical photocatalytic experiment of oxidation of sodium para-styrene
sulfonate 1 (25 pL of 4 mM solution of 1 in trifluoroethanol; final concentration
= 0.05 mM), P1 (0.16 mg, 2-107 mol, final concentration = 0.1 mM),
[Co(NHs)sCl]Cl, (20 mg, 8:10” mol, final concentration = 40 mM), Sodium para-
styrene sulfonate (4.12 mg, 2-10% mol, final concentration = 10 mM) were
mixed together in a vial covered from light and 2 mL of pH = 7 phosphate
buffer in D,0, a small amount of 3-(trimethylsilyl)-1-propanesulfonic acid
sodium salt (DSS) was added as internal reference. Aliquots of 0.5 mL were
taken before the irradiation, after 3 and 12 hours of irradiation and a *H-NMR
spectra was registered. Yield was calculated by integration of the substrate,
epoxide and DSS. Yield = {[epoxide]/[DSS]}/{[alkene],/[DSS]o} (where [alkene],
and [DSS], are the initial concentration of sodium para-styrene sulfonate and
DSS). Signals of epoxide were confirmed by comparison with the spectra of the
para-styrene oxide sulfonate synthesized as described™. In a typical
photocatalytic experiment of oxidation of thioanisole 1 (20 pL of 4 mM
solution of 1 in trifluoroethanol; 8.0-10° mol, final concentration = 0.02 mM),
P1 (0.61 mg, 8-10” mol, final concentration = 0.2 mM), [Co(NH,)sCI]Cl, (20 mg,
8-:10°mol, final concentration = 20 mM) in a total volume of 4 mL of pH=5.5
SiFs>/HCO;5 buffer ), thioanisole (9.4 uL, 8-:10” mol, final concentration = 20
mM), DMF (4 pL, 5.1-10” mol, 13 mM). The mixture was irradiated with visible
light for 30 minutes and then extracted with dichloromethane (3 - 10 mL) and

the organic phase evaporated. "H-NMR in CDCl; was registered and compared
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with the described spectra of sulfoxide®. Calculation of the yield of epoxide was
made using the DMF peak as internal reference.

General procedure for assembly of photocatalytic H, production particles. 2
(0.1 mL of a 2.0 mM acqueous solution of 2 in water, 2.0-10” mol, final
concentration = 0.045 mM) was added slowly to a stirred (volume of stir bar:
0.15 mL) dispersion of TiO, nanoparticles (5 mg) and 1 (0.088 mg, 0.1 umol,
final concentration = 0.022 mM) in 4.3 mL of buffer (100 mM, pH 7) in a Pyrex
pressure reaction vessel (total volume 9.5 mL). After 10 minutes, P3(Br), (0.1
mL of a 1.0 mM aqueous solution, 1.0-107 mol, final concentration = 0.022
mM) was added dropwise to the stirred mixture of 2-modified TiO,
nanoparticles. After 15 min, thioanisole (10 pL, 85 umol, final concentration =
19 mM) was added and the reaction vessel was sealed tightly with a rubber
septum. The stirred and light-protected reaction vessel was purged with 2%
CH4 in N, for 15 min prior light experiments. Methane acts as an internal
standard for H, quantification. The reaction vessel was thermostated with a
water circulator connected to a water-jacketed reservoir at 25 °C.

Photocatalytic H, and sulfoxide production. Photocatalytic experiments
were performed with either a slide projector light source (Kodak Carousel S-AV
1010) featuring a 250 W (24 V) tungsten halogen lamp (Philips, light intensity
45 mW-cm™ measured using a Melles Griot Broadband Power/Energy Meter
13PEMO001) or with a Solar Light Simulator (Newport Oriel, 150 W, 100 mW
-cm™) equipped with an air mass 1.5 global filter. IR irradiation was filtered in
all experiments with a water filter, and the UV irradiation was filtered with a
420 nm cut-off filter (UQG Optics), unless otherwise noted (UV experiments).
To reduce the light intensity to 20 mW-cm™ a neutral density filter with 20%
transmission was used in one of the experiments. The amount of photo-

generated H, was detected and quantified by headspace gas analysis with an

306



UNIVERSITAT ROVIRA I VIRGILI
NEW RUTHENIUM, MANGANESE AND COBALT DINUCLEAR COMPLEXES AS REDOX CATALYSTS.
UNFOLDING THE ESSENTIAL STEPS FOR THE GENERATION OF SOLAR FUELS

Carlo Di Giovanni

Diposit Legal: T. 1429-2012

Artificial photosynthesis via two-electron oxidation processes VIl

Agilent 7890A Series gas chromatograph (GC) equipped with a 5 A molecular
sieve column (N, carrier gas at a flow rate of approximately 3 mL-min~"). The
column temperature was held isothermally at 40 °C, and a thermal
conductivity detector was used. The instrument was calibrated with various
known amounts of H, against CH, and the linearity and stability of the
instrument and method were checked regularly. The total irradiation time for
each light experiment was 4 h, with 10 plL aliquots of the headspace gas
removed for GC analysis after 0, 0.5, 1, 1.5,2,3and4 h (and 5,6, 7,8 and 24 h
for the long-term experiment). After irradiation time the suspension was
extracted three times with CH,Cl, and the organic fraction dried with MgSO,.
After evaporation of the solvent the residue was analyzed by "H-NMR in CDCl;,

in order to quantify the amounts of final product and initial substrate.
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VII. iii. Photochemical oxidation of organic substrate

In order to test the photocatalytic activity of 1 toward the oxidation of organic
substrates, a three component homogeneous system consisting of 1, a
photosensitizer, a catalyst and a sacrificial electron acceptor was selected. A
representation of the photocatalytic oxidation of sodium para-styrene

sulfonate is outlined in Schemes 2.

1) catalyst o]

AN 2) photosensitizer
3) Sodium-para-styrene sulfonate
4) sacrificial electron acceptor

NaO;S D,0 phosphate buffer pH 7, hv NaO,s

catalyst: photosensitizer:

R =HP1;R=EtOOC P2
sacrificial electron acceptor: Co[(NH;3)sCI]Cl,

Scheme. 2. Scheme of the photocatalytic epoxidation of sodium para-styrene

sulfonate catalyzed by 1.
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VIl.iii.i. Results and discussion

Complex 1 has been described in Chapter IV as an active catalyst for alkenes
oxidation in organic solvents in the presence of (diacetoxyiodo)benzene as
terminal oxidant. Electrochemical studies and DFT calculation validated the
proposed mechanism of formation of a Ru'YRu" di-oxo species responsible of
the oxygen transfer to the C=C double bond. The elevated turnover frequency
of oxidation reaction catalyzed by 1 influenced our decision to choice this
catalyst for a photochemical system in which short lifetime of photo-induced
species is usually a limiting factor. To generate the active species of 1, four
electrons have to be removed from the same molecule of catalyst by the
photogenerated oxidant [Ru"(bpy);]** in order to form a di-oxo Ru“Ru"
species. A differential pulse voltammogram of 1 in pH 2.0 triflic acid, has been
registered in the presence of a small excess of [Ru(bpy)s](ClO,),, [P1(ClO,),]
(Figure 2). A pH independent wave of the one electron oxidation of the
photosensitizer has been detected at 1.0 V vs SSCE, which is around 100 mV

over the oxidation of the Ru"'Ru" species to Ru''Ru" complex.
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7,0E-06 -
6,0E-06 -

5,0E-06 -

4,0E-06
[Ru(bpy);1**/[Ru(bpy),]**

(A)

RuIIRuIII/RuIIRuII

3,0E-06 - Ru"Ru"/Ru"Ru"

v 1\ m v
2.0E-06 - RuVRu'Y/Ru'"Ru

RuIIIRuIV/RuIIIRuIII

1,0E-06 -

0,0E+00 . . . . . . . r r r r
0 0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9 1 1,1
Potential (V)

Figure 2. DPV of 1 in pH 2.0 triflic acid 0.1 M. 1 (blue line), 1 + P1 (red line);
working electrode: glassy carbon, counter electrode: Pt, reference

electrode: SSCE.

In a typical photocatalytic experiment 1 (25 uL of 4 mM solution of 1 in
trifluoroethanol; 1.0-107 mol, final concentration = 0.05 mM), P1 (0.16 mg,
2:107 mol, final concentration = 0.1 mM), [Co(NH;)sCl]Cl, (20 mg, 8-10° mol,
final concentration = 40 mM), Sodium para-styrene sulfonate (4.12 mg, 2-10™
mol, final concentration = 10 mM) were mixed together in a vial covered from
light and 2 mL of pH 7.0 phosphate buffer in D,0, a small amount of 3-
(trimethylsilyl)-1-propanesulfonic acid sodium salt (DSS) was added as internal
reference. An aliquot of 0.5 mL were taken and a 'H-NMR spectra was
registered (Figure SI1). After 3 hours of irradiation with visible light 20 TN of
para-styrene oxide were obtained (Table 1, Entry 1). Overloading of Co(lll)
sacrificial acceptor led to a higher TN in the presence of the same amounts of

catalyst and photosensitizer (Table 1, Entry 2). In contrast, an increment of the
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concentration of photosensitizer did not affect markedly the activity (Table 1,
Entry 3). When [Ru(bpy)(dcbpy),]** (where dcbpy = 4,4’-(COOEt),bpy) (P2, 0.23
mg, 2-10”7 mol, final concentration = 0.1 mM) was employed as photosensitizer
28 TN were obtained (Table 1, Entry 4). By reducing the concentration of 1 the
highest TN of 65 was obtained (Table 1, entry 5). On the contrary, the use of
other sacrificial acceptor like K,PtClgand Na,S,0;z did not produce epoxide at all
(Table 1, Entries 6-8). Lastly the change of buffer and pH slightly affect the

catalytic performance (Table 1, Entry 9).
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Table 1. Photocatalytic oxidation of Sodium para-stryene sulfonate with 1
Entry Catalyst Photosensitizer Sacrificial acceptor Buffer Product
[mM] [mM] [mM] (TN)

1 1[0.05] P1[0.1] Co[(NH;)sCl]Cl, [40] Phosphate, pH 7 20
2 1[0.05] P1[0.1] Co[(NH;)sCl]Cl, [80] Phosphate, pH 7 40
3 1[0.05] P1([0.2] Co[(NH;)sCl]Cl, [40] Phosphate, pH 7 22
4 1[0.05] P2[0.1] Co[(NHs)sCl]Cl; [40] Phosphate, pH 7 28
5 1[0.01] P2[0.1] Co[(NHs)sCI]Cl, [40] Phosphate, pH 7 65
6 1[0.05] P1[0.1] K,PtClg Phosphate, pH 7 0
7 1[0.05] P2[0.1] K,PtClg Phosphate, pH 7 0
8 1[0.05] P2 [0.1] Na,S,0s Phosphate, pH 7 0
9 1[0.05] P1[0.1] Co[(NHs)sCl]Cl; [40] SiFsZ'-HC03', pH5.8 19

Reaction conditions: total volume = 2 mL of pH 7 phosphate buffer in D,0; aliquots
analyzed by 'H-NMR before irradiation, after 3 hours of irradiation and after 12 hours
irradiation. Yield = {[epoxide]/[DSS]}/{[alkene],/[DSS]o} (where [alkene], and [DSS], are
the initial concentration of sodium para-styrene sulfonate and DSS). Irradiation was
carried out with a 150 W Xenon arc lamp equipped with a 400 nm cut-off filter to
remove UV and IR radiation. The intensity of the radiation was approximately 0.3
W-cm’. Control experiments without light and/or catalyst did not produce epoxide in

detectable amounts.

More promising results were obtained in the sulfoxidation of thioanisole to
methyl sulfoxide (Scheme 3). In the presence of 1 (20 uL of 4 mM solution of 1
in trifluoroethanol; 8.0-10® mol, final concentration = 0.02 mM), P1 (0.61 mg,
8-:10” mol, final concentration = 0.2 mM), [Co(NHs)sCl]Cl, (20 mg, 8-10” mol,
final concentration = 20 mM) in a total volume of 4 mL of pH = 5.5 SiF¢> /HCO5
buffer ), DMF (4 uL, 5.1-10° mol, 13 mM) as internal reference, thioanisole (9.4

312



UNIVERSITAT ROVIRA I VIRGILI

NEW RUTHENIUM, MANGANESE AND COBALT DINUCLEAR COMPLEXES AS REDOX CATALYSTS.
UNFOLDING THE ESSENTIAL STEPS FOR THE GENERATION OF SOLAR FUELS

Carlo Di Giovanni

Diposit Legal: T. 1429-2012  Artificial photosynthesis via two-electron oxidation processes Vil

uL, 8:10° mol, final concentration = 20 mM) was converted to sulfoxide in 90%
yield, corresponding to 450 TN after 30 minutes of irradiation by visible light
(Figure SI2). No overoxidation to sulfone was detected. Control experiments
showed negligible amounts of product with no catalyst or photosensitizer or
light.
1)1 (0.02 mM)
2) P1 (0.2 mM)

S 3) Thioanisole (20 mM)
o~ 4) [Co(NH,)5CI]Cl, (20 mM) ™~

D,0 phosphate buffer pH 7, 7v 30 min

n—"=20

90 %
Scheme. 3. Scheme of the photocatalytic sulfoxidation of thioanisole catalyzed by 1.
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VIl.iii.ii. Conclusions

In the first part of this chapter it has been described the assembly of an
efficient photochemical system for the oxidation of organic substrates
constituted of a catalyst, a photosensitizer and a sacrificial electron acceptor.
The ruthenium dinuclear complex 1, described in Chapter IV as highly efficient
catalyst for the epoxidation in organic solvents of alkenes, has been now
demonstrated to be also an active catalyst for the photochemical epoxidation
of the para-styrene sulfonate and sulfoxidation of thioanisole using water as
oxidant under visible light. Under optimized conditions a max TN of 65 for the
epoxide of styrene and 450 for the sulfoxide of thioanisole have been
obtained. The latter result represents a valid starting point for the design of a
clean and efficient method for selective large scale sulfoxidation. Moreover the
high catalytic performance for the oxygenation of the sulfur atom, in terms
yield and reaction time, makes the 1/P1 system an attractive candidate for the

assembly of a cell for photochemical H, production.
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VII.iv. Assembly of a system for photochemical sulfide oxidation

and proton reduction

In the second part of this chapter the results of the experimental project
carried out in the group of Dr Erwin Reisner, at the University of Cambridge,
are summarized.

This group has recently developed a heterogeneous photochemical system for
proton reduction. TiO, nanoparticles were successfully functionalized with
[Ru(bpy).(dpbpy)]Br, (where dpbpy is 4,4’-(POsH,)bpy)), (P3(Br),, Figure 3), and
with a cobaloxime based catalyst, [Co"Cl(dmgH),(pyridine)](EtsNH) (2(Ets;NH)
or CoP(Et;NH), Figure 3). One of the advantages of employing TiO,
nanoparticles is to provide a fast electron transfer from the photoexcited
photosensitizer to the catalyst reducing electronic recombination. The system,
in the presence of an excess of triethanolamine (TEOA) as sacrificial electron
donor, has been described to generate H, at pH 7 under irradiation of visible
light'™*.

The aim of this collaboration was to assembly a cell for artificial photosynthesis
for simultaneous sulfoxidation and H* reduction. 1 (Scheme 2) was chosen as
catalyst for the oxidative part thanks to its high photocatalytic performance in
thioanisole sulfoxidation. For the hydrogen production 2 and Db [NiFeSe]-H

11-1
? were tested.

hydrogenase enzyme, described by Reisner and co-workers
Both of these catalysts work in heterogenous systems based on dispersed TiO,
nanoparticles: the cobaloxime, as well as the photosensitizer P3, is attached
through phosphonic linkage groups while hydrogenase has itself high affinity

for the titanium oxide surface.
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2 orCoP
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VIl.iv.i. Results and Discussion

[CoCl(dmgH),(POOOH-pyridine)] , CoP

Figure 4 shows the setup of the cell for the photocatalytic oxidation of an
organic substrate and simultaneous H, generation.

In order to avoid any possible interaction with the TiO, nanoparticles a buffer
made of non-coordinative species and able to maintain the pH above 6 (in
order to maintain the catalytic activity of 2'*) has to be employed. For that
reason the SiFs /HCO; couple was preferred to the H,PO, /HPO,* considering
the high affinity of phosphate group for TiO, sites'’. Photoinduced H,
production, catalyzed by 2 in the presence of P3 and TEOA, has been
monitored in a SiF¢/HCO; aqueous buffer at different concentration. H,
generation resulted inhibited for concentration of HCO3; = 30 mM, while no

effect on the TN was detected for concentration of HCO; = 2 mM (Figure SI3).

SO
+H,0
H,
S
H+
Figure 4. Scheme of the cell for the simultaneous photocatalytic sulfoxidation of

thioanisole and proton production catalyzed by 1 and 2.
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In a typical photocatalytic experiment 2 (0.1 mL of a 2.0 mM acqueous solution
of 2 in water, 2.0-10” mol, final concentration = 0.045 mM) was first added to a
stirred suspension of 5 mg of TiO, nanoparticles in 4.3 mL of SiF¢>/HCO5™ (pH 7,
5 mM). After 30 minutes stirring, 1 (0.088 mg, 0.1 umol, final concentration =
0.022 mM) was added and the reaction vessel was covered from light. The
photosensitizer P3 (0.1 mL of a 1.0 mM aqueous solution, 1.0-10” mol, final
concentration = 0.022 mM) was added dropwise to the stirred and light-
protected solution that was then stirred for 15 minutes more. Final addition of
thioanisole (10 pL, 85 umol, final concentration = 19 mM) was made and the
whole system was purged with 2% CH, in N,. The vessel was then irradiated by
visible light and aliquots of gas were taken and analyzed by GC. Under these
conditions neither hydrogen nor sulfoxide was generated. The reactions
conditions have been therefore modified in order to find the “Achilles heel” of
the system and summarized below:

e The concentration of 2 used was varied in a range between 0.022 mM
and 0.13 mM in order to test conditions of excess of 2 respect to 1 and
vice versa.

e The concentration of P3 was increased from 0.022 mM to 0.067 mM.

e The amount of TiO, nanoparticles was increased to 15 mg together
with three-fold amount of 2 and P3 in order to increase the activity of
the system and the overall concentration respect to 1.

e The photosensitizer was omitted and UV light applied in order to use

the conduction band electrons of TiO, and 1 as hole scavenger

Also, other photosensitizers, like fluorescein (Figure 5), or mixture of
photosensitizer/electron carrier, like methyl viologen, were tested. Sodium

para-styrene sulfonate was also tested as substrate. All the experiment carried

318



UNIVERSITAT ROVIRA I VIRGILI

NEW RUTHENIUM,

MANGANESE AND COBALT DINUCLEAR COMPLEXES AS REDOX CATALYSTS.

UNFOLDING THE ESSENTIAL STEPS FOR THE GENERATION OF SOLAR FUELS
Carlo Di Giovanni

Dipodsit Legal:

T. 1429-2012  Artificial photosynthesis via two-electron oxidation processes

out did not produce hydrogen in quantifiable amounts. Sulfoxide has been
detected in some experiments, but never more than 4% vyield (all the
experimental data are sorted in Table SI1)

In order to check the proper functioning of the oxidative process some control
experiments have been performed for the sulfoxidation reaction of thioanisole
with 1 and different photosensitizers using [Co(NH;)sCl]Cl, as sacrificial
electron acceptor. When P3/TiO, was used a yield of 84% of sulfoxide was
obtained (Table 2, Entry 2); unexpectedly, in the absence of TiO, nanoparticles
the yield decreased to a value of 6.7 % (Table 2, Entry 1). The organic dye Eosin
Y (Figure 5) was also tested as photosensitizer resulting in a yield of epoxide of

9.7 %. The results of these catalytic experiments are reported in Table 2.

Eosin Y Fluorescein

Figure 5. Structure of organic dye Eosin Y and Fluorescein.
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Table 2. Photochemical oxidation of thioanisole with 1 and [Co(NH;)sCI]Cl,.

Entry  TiO,(mg) 1 (mM) Photosensitizer (mM) Product yield (%) Sulfoxide (mM)

1

1 - P3(0.12) 6.7 0.9
(0.12)
1
2 5 P3 (0.045) 84 11.4
(0.022)
3 - 1(0.022) Eosin Y (0.32) 9.7 1.3

Reaction conditions: [Co(NH3)sCl]Cl, (30 mg, 0.12 mmol, final
concentration = 30 mM), thioanisole (9.4 uL, 0.08 mmol, final
concentration = 20 mM), 4 mL total volume of SiFg/HCO; (pH =7). 4 h

irradiation with visible light.

Once excluded that an inhibition of the catalytic activity of 1 by P3/TiO, it was
tested if 2 could be affected by the presence of 1 and thioanisole. For this
control experiment, the catalytic H, production in standard conditions (2 =
0.044 mM, P3 = 0.022 mM, TEOA = 0.1 M, pH 7) was compared with the gas
evolution in the presence of 1 and thioanisole. In Figure 6 the plot of TN of H,
(respect 2) vs time is presented. In blue line is plotted the H, in standard
conditions. In the presence of 1 (0.22 mM) and thioanisole (19 mM) H,
generation resulted totally inhibited (Figure 6, red line). In the absence of 1 the
efficiency resulted reduced of ca 50% due to the presence of thioanisole (19
mM) (Figure 6, green line). Lastly in the absence of thioanisole, just a slight
decrease in the performance of 2 was detected in the presence of 1 (0.022

mM).
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Figure 6. Hydrogen evolution (TN respect to 2) catalyzed by 2 (4.4-10° M) in
the presence of P3 (2.2-:10”° M) and TEOA (0.1 M) under visible light
inapH?7 SiFs>/HCO5 (blue line). In the presence of 1 (2.2:10™* M)

and thioanisole (19 mM) (red line). In the presence of thioanisole

(19 mM) (green line). In the presence of 1 (2.2-10'5 M) (yellow line).

These effects could be explained in terms of electron transfer according to the
pathway illustrated in scheme 4, where CoP corresponds to 2, RuP to P3,

RuPYZ to 1.
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1)

2)

7]

10)

11)
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Ru'P® 4+

Ru'P  +

4Rru'P” +

4Ru'P +

RuMVpyz +

co'r  +

RUMIPYZ 4

Ru'"pyz  +

Co'P-TiO,-Ru"'p

Ca'P-TiO,-RU'"'P

Scheme. 4.
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Co'lp

RUII_IIPYZ

2 Co'"p
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electron recombination
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Ru'lP’

+

Ru'lp co'p

Ru'p  +  Ru'Mlpyz

+

4 RuMp 2 Ca'P

+

4 Rru'p Ru-Vpyz

4R+ [5=0] +

co'lp

+
s
ra

RuMlpyz + co'lp

rRulpyz  + co'lp

Co''P-TiO,-Ru''P

Co"P-TiO,-Ru''P

Proposed pathway for inhibition process.

2H

In Scheme 4 the first step 1) consists in the generation of the photoexcited

species Ru"P* by irradiation of the photosensitizer Ru"P. In reaction 2) the

photogenerated Ru"P* reduces Co

P to Co"P via a one electron process

leading to the oxidized form of the photosensitizer Ru"'P. The latter acts then
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"Ipyz through a one electron oxidation of Ru""PYZ

as oxidant generating Ru
as outlined in 3). Theoretically, further reductions and oxidations of Co"P and
Ru"™'P by Ru"P* and Ru"P should lead to the formation of Co'P and Ru"™"P
according to the net reactions 4) and 5). The latters were are supposed to be
the catalytic active species for proton reduction and oxidation of organic
substrates as shown in 6) and 7). However, the lack of H, evolution during the

whole experiment suggests some alternative pathways:

a. Ru"™"PYZ is too strong an oxidant and oxidizes Co'P to Co"P before it
could reduce protons (8 in Scheme 4).

"p before a new

b. Even Ru"™PYZ could be able to oxidize Co"P to Co
photogenerated Ru"P’ forms Co'P (9 in Scheme 4).

c. The electron recombination processes from Co"P-TiO,-Ru"P or Co'P-
TiO,-Ru"P (10 and 11 in Scheme 4) could be faster than the oxidation

reaction 3).

The sacrificial nature of TEOA and [Co(NH;)sCI]Cl, that, after donating or

14,15 (

accepting electrons, undergo into irreversible decompositions Scheme 5,

12-17) ensures the proper working of the independent systems.
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12) 2RU"P" +  2Co"P —— 2RU"P + 2CO'P

13) ColP + 2HY — P+ H,

14) RUP + NH(CH,CH,0H); — 2Ru'P +  (N(CH,CH,OH);)*

15) [Co"(NH;)sCl1*%  6H,0 + Ru'P" ——  [C0"(H,0)s]+ 6H,0 + 5NH; + Ru'lP
16) 4Ru"P  + RuMMpyz —— 4Ru'P + RuVVPYZ

17) RuMVpyz+ [S] + H,0 —— 4Ru'P + [5=0] + 2H*

Scheme. 5. Photochemical proton reduction and organic substrate oxidation with

sacrificial electron donor (TEOA) and sacrificial electron acceptor.

An electronic deactivation process like the one described in Scheme 4 should
not affect the integrity of the catalysts. To check this hypothesis a
nanoparticles recovery experiment has been performed. A catalytic
experiment with 1 (0.022 mM), 2 (0.044 mM), P3 (0.022 mM), TiO, (5 g),
thioanisole (3.8 mM) was set up by following the procedure described above
and irradiated for 3 hours with visible light. No H, was detected during this
time. The mixture was then centrifuged and the nanoparticles recovered and
treated with 4.5 mL of pH 7 TEOA 0.1 M solution and irradiated with visible

light for 3 hours more. Generation of H, was suddenly detected.
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Figure 7. Catalytic experiment and NPs recovery: 2 (4.4-10° M), P3 (2.2:10° M),

TiO, (5 mg), 1 (2.2-10” M), thioanisole (3.78-10'3 M), irradiation with
visible light for 3 h. After centrifugation the recovered nanoparticles
were treated with 4.5 mL of a 0.1 M solution of TEOA (pH 7) and

irradiated again for 3 hours more.
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Db-[NiFeSe]-hydrogenase, H,ase

The use of an enzyme in the place of a cobaloxime assures higher TOF for H*
reduction and a wider pH range but requires a strict control of some
parameters of the reaction like the absence of oxygen and the stirring rate. A
schematic representation of the system for simultaneous photocatalytic

oxidation of an organic substrate and H, generation is showed below:

SO
+H0
S
Figure 8. Scheme of the cell for photocatalytic sulfoxidation of thioanisole and H,

production catalyzed by 1 and H,ase.

In a typical experiment 1 (0.088 mg, 0.1 umol, final concentration = 0.022 mM

was first added to a stirred suspension of 5 mg of TiO, nanoparticles in 4.4 mL

of SiF¢*/HCO; (pH 7, 5 mM). After 10 minutes stirring the system was purged
with 2% CH,4 in N,. H,-ase (8 pL of 5 mM solution, 40 pmol, final concentration
8.9 uM). After stirring for 15 minute the vessel was covered from light and P3
(0.1 mL of a 2 mM aqueous solution, 0.2 umol, final concentration = 0.044
mM). Thioanisole (10 pL, 85 umol, final concentration = 19 mM) was lastly

added the reaction vessel irradiated with visible light.
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Both H, and Sulfoxide were detected from this experiment but the values
disagreed (S=0 > H,). Also, control experiment in the absence of 1 produced
even more H, indicating the presence of small amounts of an electron donor in
solution. This electron donor could be a residual buffer or another component
from the synthesis of the hydrogenase®®.

The amount of sulfoxide detected in the control experiment was in the limit of
guantifiability, however the higher amount of H, produced makes difficult any
interpretation of the data. The results in terms of TN of H, and sulfoxide are

reported in Table 3.

Table 3. Catalytic data for simultaneous H, generation and thioanisole oxidation

catalyzed by H,-ase and 1.

catalytic experiment blank experiment
Product S=0 H, S$=0 H,
concentration 0.044 mM 0.014 mM 0.009 mM 0.029 mM
TNvs1 2 0.64
TN vs P3 10 3.21 2 6.5
TN vs H,-ase 5000 1600 1000 3250

Catalytic conditions: 1 (2.2-10° M), H,-ase (8.9 uM), P3 (4.4-10° M), thioanisole
(19-10'3 M), irradiation with visible light for 5 h. H, detected by GC. Sulfoxide
detected by NMR.
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VIl.iv.ii. Conclusions

In this second part of the chapter has been presented one of the first attempts
of assembly a cell for artificial photosynthesis with no sacrificial components.
Several modifications of the reaction conditions have been operated in order
to trigger the photocatalytic red/ox processes. Both semi-reactions have been
individually proven to work in the same reaction conditions, nevertheless
when merged in one photocatalytic system both reactions resulted inhibited.
The lack, or the presence just in traces, of H, suggest that a sort of interaction
between the two catalysts lies at the bottom of the inactivity of the whole cell.
The most likely quenching process is the oxidation of 2 by 1. In other terms the
reduced species Co' is a better substrate for the oxidized Ru'Y=0 species than
thioanisole. In the case of hydrogenase, the high activity and the sterical
hindrance around its active site, allow a slightly functioning of the cell in both
reduction and oxidation. Nevertheless the mismatch between the values of
two products and the unexpected activity measured in the control experiment
makes difficult an interpretation of the resulting data.

In conclusion, 1 and 2 work properly at the same conditions when employed
individually but lose their catalytic activity regard sulfoxidation and proton
reduction when mixed together. Assuming that a red-ox quenching process like
the one described above is the cause of the system collapse, a two
compartments cell like the one shown in Figure 9 could be an efficacious
option. An anode, constituted of an aqueous solution of RUPYZ and thioanisole
and a FTO/TiO, slide with supported RuP, would work, under visible light
irradiation, as sulfoxidation system and source of protons which would the
only species able to pass through the membrane. In the cathode the electrons

from photoexicited photosensitizer would reduce the supported CoP. Once
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reached the oxidation state of active species the catalyst would reduce the
protons generating H,. In the whole process RuPYZ and CoP would be
physically separated and the fast electron transfer ensured by FTO/TiO,

support would prevent any recombination process.

|
e 1 e
1
1
1
RuP RUPYZ : CoP
>
RuP H 2 CoP
RuP RuPYZ : CoP
1
RuP H,0 21" : 2H -
RuP RuPYZ 7. A { CoP
/
RuP RuPYZ \\“’—* - I cr
u -
RuP 4 \\ ! CoP
/ v
RuP _ CoP
RuPYZ S s=0 1
TiO,/FTO : TiO,/FTO
ANODE : CATHODE
Figure 9. Scheme of a two compartment cell for simultaneous photochemical

sulfoxidation and proton reduction with 1 and 2.
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VII. v. Associated content

Supporting Information

Additional spectroscopic and experimental data.
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Chapter VII

Supporting Information

® 'H-NMR of photocatalytic oxidation of sodium para-styrene sulfonate with 1: Figure SI1
m 'H-NMR of photocatalytic oxidation of thioanisole with 1: Figure SI2

W Hydrogen production catalyzed by 2, dependence on [HCO5]: Figure SI3

W photocatalytic experiment with CoP: Table Si1

ml

m  photocatalytic experiment with H,-ase: Table SI2
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Figure SI1. 'H-NMR of photocatalytic oxidation of sodium para-styrene sulfonate

with 1 (400 MHz, 298 K, D,0). Reaction conditions: 1 (25 pL of 4 mM
solution of 1 in trifluoroethanol; 1-107 mol, final concentration = 0.05
mM), P1 (0.16 mg, 2-107 mol, final concentration = 0.1 mM),
[Co(NH3)sCIICl, (20 mg, 8:10° mol, final concentration = 40 mM),
Sodium para-styrene sulfonate (4.12 mg, 2:10% mol, final
concentration = 10 mM), DSS as internal reference. Total volume = 2
mL of pH = 7 phosphate buffer in D,0). Irradiation for 3 hours with a
150 W Xenon arc lamp equipped with a 400 nm cut-off filter to remove
UV and IR radiation. The intensity of the radiation was approximately
0.3 W/cm’. Yield = {[epoxide]/[DSS]}/{[alkene],/[DSS]y} (where
[alkene]y and [DSS], are the initial concentration of sodium para-
styrene sulfonate and DSS. (up, time = 0; down, time = 3h).
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Figure SI2. 'H-NMR of photocatalytic oxidation of sodium thioanisole with 1 (400
MHz, 298 K, CDCl;). Reaction conditions: 1 (20 uL of 4 mM solution of 1
in trifluoroethanol; 8-10® mol, final concentration = 0.02 mM), P1 (0.61
mg, 8:107 mol, final concentration = 0.2 mM), [Co(NHs)sCl]Cl, (20 mg,
8-10° mol, final concentration = 20 mM), thioanisole (9.4 pL, 8-10°
mol, final concentration = 20 mM), DMF (4 uL, 5.1-10° mol, 13 mM) as
internal reference. Total volume = 4 mL pH 5.5 SiFGZ'/HCO3' buffer.
Irradiation for 30 min with a 150 W Xenon arc lamp equipped with a
400 nm cutoff filter to remove UV and IR radiation. The solution was
then extracted with dichloromethane (3 - 10 mL) and the organic phase
evaporated. (up, catalytic experiment; down, "H-NMR in CDCl;, of
commercial thioanisole).
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Figure SI3.  Hydrogen production catalyzed by 2 (4.4-10” M) in the presence of 3P

(2.2-10° M) and TEOA (0.1 M) under visible light in a pH 7 SiF¢>/HCO3".

Dependence on [HCO;3].
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Table SI1. Photocatalytic experiment with CoP. (1/2)
Reductant TiO, Photosensitizer Oxidant Substrate Product
Buffer (pH) hv Ha
(umol) (mg) (Hmol) (Hmol) (umol) (pprol)
CoP (0.2) 5 RuP (0.1) TEOA TEOA - vis Yes -
TEOA + SiFg/HCO;
CoP (0.2) 5 RuP (0.1) TEOA - - vis Yes -
7
TEOA + SiF6/B,0;
CoP (0.2) 5 RuP (0.1) TEOA @ - vis No -
7
SiF/HCO;
CoP (0.2) 5 RuP (0.1) RUPYZ (1) ) - vis No -
7
SiF/HCO,
CoP (0.2) 5 RuP (0.1) RuPYZ (0.5) ) - vis No -
7
SiF/HCO;
CoP (0.2) 5 RuP (0.1) RuPDZ (1) - vis No -
()
Bis/Tris
CoP (0.2) 5 RuP (0.1) Bis/Tris @ - vis Yes -
7
RUPYZ (1) SiF/HCO; No
CoP (0.2) 5 RuP (0.1) 17 vis -
TEOA 7) Yes
RuP (0.1) SiF/HCO, No
CoP (0.2) 5 RuPYZ (1) - vis -
Ru(bpy)s (7) traces
SiF/HCO,
CoP (0.2) 5 Ru(bpy); (1) RuPYZ (1) - vis traces -
()
- SiFg/HCO;
CoP (0.2) 5 RUPYZ (1) - uv No -
Ru(bpy)s @
. SiF6/HCO;
CoP (0.2) 5 RuP (0.1)/MV RUPYZ (1) ) - vis No -
7
) SiF6/HCO;
CoP (0.2) 5 Ru(bpy)s (1)/MV RUPYZ (1) ) - vis No -
7
Ru(bpy)s (1) TEOA No
CoP (0.2) 5 TEOA - vis -
RuP (0.1) (7) Yes
SiFg/HCO;
CoP (0.2) 5 RuP (0.1) RUPYZ (1) ) - vis No -
7
SiFg/HCO;
CoP (0.2) 5 RuP (0.2) RuPYZ (0.1) ) 80 vis No 0.85
7
SiF/HCO;
CoP (0.6) 15 RuP (0.3) RuPYZ (0.1) ? 85 vis No 3.2
7
SiF/HCO,
CoP (0.4) 10 RuP (0.2) RuPYZ (0.45) 85 vis No
()
SiF/HCO;
CoP (0.2) 5 - RUPYZ (0.225) ) 85 uv 0.32
7
contd.
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Table SI1. Photocatalytic experiment with CoP. (2/2)
Reductant TiO, Photosensitizer Oxidant Substrate Product
buffer (pH) hv H,
(umol) (mg) (Hmol) (Hmol) (umol) (pprol)
TEOA/CF3EtOH
CoP (0.2) 5 RuP (0.1) TEOA - - vis -
RuP (0.1) TEOA/CF;EtOH
CoP (0.2) 5 RUPYZ (1) 85 vis No 0.3
Ru(bpy)s @)
SiF/HCO;
CoP (0.2) 5 Fluorescein (2.9) RuPYZ (0.11) @ 85 vis No 0.69
CF3EtOH/SiFs/HCO;
CoP (0.2) - Fluorescein (5.4) RuUPYZ (1.2) @ 85 vis No -
Ru(bpy); (2.46) SiF/HCO;
CoP (0.6) 15 RUPYZ (2.27) 85 vis -
RuP (0.3) @
SiF/HCO,
CoP (0.6) 15 Ru(bpy); (2.46)/RuP (0.3) RuPYZ (2.27) ) 85 vis No 2,02
RuP (0.1) H,0 No
CoP (0.2) 5 RUPYZ (5.1) 85 vis
Ru(bpy)s (1) () No
SiF/HCO;
CoP (0.2) 5 Ru(bpy); (1 pmol) RUPYZ (1 umol) @ 85 vis No 0.63
TEOA 0.78
CoP (0.2) 5 RuP (0.1) RuPYZ (1) TEOA 85 vis
(7) (1h)
TEOA 6.43
CoP (0.2) 5 RuP (0.1) TEOA 85 vis
(7) (1h)
Ru(bpy)s (1) SiFs/HCO; No
CoP (0.2) RUPYZ (0.1) 68 vis 0.83
RuP (0.1) (7) No
SiFg/HCO;
CoP (0.1) 5 - RuPYZ (0.1) ) 85 uv No
SiFg/HCO; 10
CoP (0.1) 5 RuP (0.1) RUPYZ (0.1) vis No
@ (Nass)
TEOA 11.9
CoP (0.1) 5 RuP (0.1) RUPYZ (0.1)/TEOA - vis
(7) (1h)
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Table SI2. Photocatalytic experiments with H,-ase.
Reductant TiO, Photosensitizer Oxidant Substra H, Product
(pmol) (mg) (nmol) (nmol) buffer (pH) te h (umol) (umol)
(nmol)
H,-ase (40) B RuP (0.1)/MV?* ; $‘E’SZZ @ SiF6/HCO; (7) y vis mg B
H,-ase (40) - Ru(bpy); (1) RuPYZ (0.1) SiFe/HCO3(7) 80 vis No No
H,-ase (40) 5 RuP (0.2) RUPYZ (0.11) SiFg/HCO; (7) 80 vis 0.4
H,-ase (40) 5 RuP (0.1) RUPYZ (0.11) SiFg/HCO; (7) 85 vis 0.108 No
Hy-ase (40) 5 RuP (0.1) RUPYZ (0.11) SiFg/HCO; (6) 85 vis 0.043 0.45
H,-ase (40) 5 RuP (0.1) RUPYZ (0.11) SiF/HCO; (6) 85 vis n.q. 2.07
Hy-ase (40) 5 RuP (0.1) RUPYZ (0.22) SiF6/HCO; (6.5) 85 vis 0.19
H,-ase (40) 5 RuP (0.1) RuPDZ (0.1) SiF6/HCO; (6.5) 85 vis -
H,-ase (40) 5 RuP (0.1) RUPYZ (0.1) Siig/_ :;Oa 85 vis 0.08 0.76
Hz-ase (40) 5 RuP (0.02) RuPYZ (0.1) HZO (6.22) 85 vis 0.064 0.2
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Summary and Conclusions
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™ Two new ruthenium dinuclear complexes containing the bridging
pyridazine-3,6-dicarboxylic acid has been synthesized and fully
characterized. The catalytic activity toward the oxidation of water and

epoxidation of alkenes has been investigated.

@ A new acetato-bridged ruthenium dinuclear complex containing the
pyrazole-3,5-dicarboxylate bridging ligand has been synthesized and fully
characterized. The catalytic activity of the bisaqua complex, generated by
hydrolysis of the acetato-bridge, was tested in epoxidation of alkenes
resulting in high turnover number and turnover frequency. A mechanism
based on a radical path favoured by supramolecular catalyst-substrate
interactions has been proposed for the epoxidation reaction and

supported by electrochemical data and DFT calculations.

(l

A new bis-aqua dinuclear manganese complex containing the pyrazole-
3,5-dicarboxylate bridging ligand has been synthesized and characterized
by X-Ray diffraction and susceptibility measurements. The epoxidation of
cis-B-methylstyrene with peracetic acid has been tested. A polymeric
species has been also obtained by recrystallization of the dimer in

presence of an excess of a chloride.

@ A new polypyridyl decadentate ligand has been designed and synthesized.
The ligand was fully characterized by '*H-NMR and *C-NMR, EA and mass

spectroscopy.
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A new dinuclear Co complexes containing a decadentate ligand has been
prepared. Structural, spectroscopic and electrochemical characterization
has been done. The complex was tested as redox catalyst for

electrochemical proton reduction and water oxidation.

A photocatalytic system for oxidation of alkenes and sulfides by a
ruthenium dinuclear catalyst in water has been set up. Sodium-para-
styrene sulfate and thioanisole have been oxidized in presence of

[Ru(bpy)s]** and a cobalt sacrificial electron acceptor under visible light.

A homogeneous system for simultaneous sulfoxidation and proton

reduction has been set up and tested.
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