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a b s t r a c t

The highly diastereoselective synthesis, crystallographic analysis, and full characterization of several

novel heterocycle-fused isoindolones is described. The synthetic strategy involves a cascade Michael/

aldol-like cyclization reaction between N-substituted phthalimides rac-1 or 2 and several a,b-unsatu-

rated electrophiles to afford the tricyclic systems pyrrolo[2,1- a]isoindolone and tetrahydropyrido[2,1-a]

isoindolone. This synthetic strategy offers a convenient alternative to existing procedures for the prep-

aration of isoindolone derivatives fused to five- and six-membered rings. X-ray crystallographic analysis

allowed the determination of relative configurations and revealed that the synthesized compounds

exhibit significant structural distortion, especially in the five membered rings. Relevantly, the diaste-

reomeric distribution of products depends substantially on whether the cascade reaction is carried out

under solution vis-a-vis solvent-free conditions.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

In recent years, isoindolin-1-one derivatives have received sig-

nificant attention from synthetic organic chemists because natural

alkaloids such as (±)-chilenine [1], (±)-lennoxamine (±)-nuev-

amine [2], (±)-palmanine [3], and magallanesine [4] contain this

nitrogenated heterocyclic nucleus (Fig. 1). In this regard, several

research groups have been inspired by the structures of the above

natural products to develop innovative synthetic routes for their

preparation [5,6].

In particular, fused isoindolones such as the tricyclic systems

pyrrolo[2,1-a]isoindolone and tetrahydropyrido[2,1-a]isoindolone

constitute an attractive synthetic target due to the significant

challenge of constructing heterofused rings with multiple func-

tional groups. Salient methods for the synthesis of these tricyclic

systems include cyclization reactions [7], photochemical reactions

[8], cycloaddition reactions [9], Horner-Wadsworth-Emmons re-

actions [10], condensation reactions [11], coupling reactions [12],

Pictet-Spengler reactions [13], and multicomponent cascade re-

actions [14]. Biologically active compounds containing these tri-

cyclic scaffolds include cyclin-dependent kinase 4 (Cdk4) inhibitors

[15], topoisomerase II inhibitors [16], cyclin-dependent kinase 5

(Cdk5) and glycogen synthase kinase 3 (GSK3) dual inhibitors [17],

and urotensin-II receptor antagonists [18] (Fig. 2).

In this regard, several years ago one of our groups reported a

novel synthetic strategy to access pyrrolo[2,1-a]isoindolones based
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a b s t r a c t

Very recently, several successful biocatalytic processes using mechanical activation to carry out enan-

tioselective reactions have been reported. The present work describes the use of Candida antarctica

Lipase B (CALB) in the kinetic resolution of racemic chiral amines by means of High-Speed Ball Milling

(HSBM), minimizing the use of solvent and reducing reaction times. This approach provides an efficient

and easily scalable strategy that was used for the green synthesis of enantiopure Rasagiline, as an

illustrative example.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

Chiral amines that are bonded directly to a stereogenic carbon

are important in academia and industry [1]. Salient applications

include their use as chiral auxiliaries in asymmetric synthesis [2], as

well as their application in the preparation of various pharmaco-

logically active molecules (Fig. 1) [3].

In this regard, significant differences in the biological activity of

enantiomeric amines have been recorded [4], and therefore the use

of highly enantioenriched chiral amines is usually imperative.

Various methods for the enantioselective synthesis of chiral amines

using metal-complexed catalysts, or small-molecules have been

described [5]; nevertheless, green methods using enzymes as

renewable biocatalysts are particularly attractive [6].

Among advantages presented by biocatalysts one can include

(1) being present in living organisms, they are accessible without

need of chemical synthesis, (2) biocatalysts are usually biode-

gradable, (3) they can be used both in aqueous and non-aqueous

media, and (4) they can be readily recovered and re-used.

On the other hand, during the last two decades chemists have

realized that the enormous success achieved in the production and

generation of useful substances and materials must be accompa-

nied by economic, energy-efficient and environmentally benign

protocols [7]. In this context, mechanochemistry is increasingly

used in the synthesis of chemical compounds and in the prepara-

tion of numerous materials because the reactions of interest can be

conducted in the absence of solvent, or in the presence of small

amounts of it (so called, liquid assisted-grinding [LAG]) [8,9].

Particularly relevant is the recent development of mechanochem-

ical asymmetric reactions organocatalyzed by peptides [10], an

observation that culminated in the successful development of

remarkable strategies that combine enzymatic catalysis and

mechanochemistry [11,12].

Motivated by our previous experience with the mechanoenzy-

matic resolution of b-amino esters [12], we decided to evaluate the

use of Candida antarctica Lipase B (CALB) in the enzymatic kinetic

resolution of nine racemic amines in a ball mill, including one that

is suitable for the preparation of both enantiomerically pure en-

antiomers of the pharmacologically important drug Rasagiline.

2. Results and discussion

Initial examination of the proposed mechanoenzymatic reso-

lution of racemic amines was carried out with racemic a-methyl-

benzylamine (rac-1a, 0.82mmol), ethyl acetate (0.48mL, 6 equiv.)

as acylating agent, and biocatalyzed by CALB (100mg). The
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Fundamental Developments of Chiral Phase

Chromatography in Connection with Enantioselective

Synthesis of b-Amino Acids

Jorge Vargas-Caporali*[a] and Eusebio Juaristi*[a, b]

We dedicate this article to Professor Robert Glaser (Ben-Gurion University of the Negev) a most esteemed colleague and friend.

Abstract: A few decades ago, the enantiomeric purities of
chiral compounds were usually determined by comparison of
experimental optical rotations or by preparation of diastereo-
meric derivatives followed by analysis of their 1H NMR
spectra. This situation changed when Emanuel Gil-Av,
Binyamin Feibush and Rosita Charles-Sigler achieved the
separation of single enantiomers from racemic a-amino

acids by means of a chiral stationary phase.
Indeed, chiral chromatography allowed a direct comparison
of chromatograms obtained from enantiopure samples with
those recorded with their racemates. With the aim of
celebrating the relevance of Gil-Av’s achievement, this review
also presents several applications of chiral chromatography
in the area of asymmetric synthesis of b-amino acids.

Keywords: chiral stationary phases · asymmetric synthesis · b-amino acids · imidazolidinones

1. Introduction

It is well-known that enantiomers of a given chiral compound

present similar physicochemical properties. This situation no

longer holds when the optically active compound is subjected

to a chiral environment, such as those present in biological

systems, which results in a different behaviour for example in

metabolic and pharmacodynamic processes.[1] One rationalisa-

tion used to explain the enantiodifferentiation associated with

pharmacological activity in living organisms was advanced in

1933 by Easson and Stedman, who proposed the ‘three-point

attachment model’, where three complementary interactions

between a chiral drug and its chiral receptor are required to

induce the physiological effect.[2] Thus, for a productive

interaction between the enantiomeric molecule and its bio-

logical receptor, a specific configuration of the substrate is

needed. More recent interpretations of the stereodifferentiation

process also consider steric hindrance and other non-bonded

interactions as relevant factors.[3]

On the other hand, b-amino acids are interesting

substances since some of them have been found as

metabolites or as subunits in naturally occurring products

with interesting biological functions.[4–12] The development

of synthetic strategies to obtain this class of amino acids

has also attracted considerable attention because various of

them or their derivatives have exhibited useful pharmaco-

logical activities,[13–22] furthermore, they have resulted to be

suitable building blocks for the synthesis of b-lactams,[23,24]

peptides, natural products, among other compounds.[25–33]

2. Fundamental Developments of Chiral
Stationary Phases for Gas Chromatography

In this context, it became important to develop analytical

techniques that would facilitate the determination of enantio-

meric ratios in chiral compounds.[34,35] In 1965, Contractor and

Wragg[36] performed chromatographic separations of enantio-

meric tryptophan and 5- or 6-hydroxy-tryptophan employing

thin-layer plates coated with cellulose powder. A year later,

Gil-Av, Feibush and Charles-Sigler[37] prepared capillary

columns coated with N-trifluoroacetyl L-isoleucine lauryl

ester, CSP-1. The columns were fitted to a gas chromatograph

and then, various esters of N-trifluoroacetyl alanine were

totally or partially resolved (Figure 1).[37]

Additional tests involving different ratios of enantiomers

in the samples being analysed or inverting the configuration of

the chiral stationary phase, from L- to D-isoleucine, confirmed

that intermolecular interactions were different for each

enantiomer, resulting in different retention times.[38,39]

Eventually, it was also noticed that enantiomer separation

by gas chromatography could be routinely performed through
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Ionic Liquids

Chiral Imidazolium Ionic Liquids Derived from (S)-Prolinamine
as Organocatalysts in the Asymmetric Michael Reaction and
Michael-Aldol Cascade Reaction under Solvent-Free Conditions

Arturo Obregón-Zúñiga,[a] Marco Guerrero-Robles,[a] and Eusebio Juaristi*[a,b]

Abstract: The synthesis of three new chiral imidazolium ionic

liquids (prepared by the combination of one new chiral organic

cation with different anions) and their application in the enan-

tioselective Michael reaction between cyclohexanone and sub-

stituted nitrostyrenes under solvent-free conditions is de-

Introduction

Ionic liquids (IL) are salts that contain both an organic cation

and an organic or inorganic anion with melting points below

100 °C. This property enables their use as highly polar, non-

volatile solvents. Some of the most studied and versatile ILs are

those that incorporate an imidazolium cation. These ILs have

been used in many different organic transformations, with ex-

cellent results.[1]

With the emergence of asymmetric organocatalysis,[2] several

chiral ionic liquids (CIL) have been developed and employed as

efficient recyclable organocatalysts in enantioselective transfor-

mations.[3] Indeed, the highly polar nature of ILs facilitates their

separation from crude reaction mixtures.

In this context, the asymmetric Michael addition reaction is

a well-studied reaction in which ILs derived from (S)-proline and

(S)-prolinamine have been successfully employed as organo-

catalysts.[4] The Michael reaction has also provided access to

the synthesis of highly valuable pharmaceutical drugs,[5] as a

result of its versatility in the construction of C–C bonds from

readily available substrates. Moreover, several asymmetric cas-

cade reactions have a Michael addition as their starting point.[6]

With this background, we decided to design and synthesize CILs

derived from (S)-prolinamine, which were obtained by applying

a synthetic route previously reported by our group.[7]
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07360 Ciudad de México, México
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scribed. In addition, the first asymmetric cascade Michael-aldol

reaction of cyclohexanone and benzylidenepyruvate organo-

catalyzed by chiral ionic liquids is reported. Recyclability of the

catalyst was evaluated for both reactions, and no loss in stereo-

selectivity up to the third cycle was observed.

Results and Discussion

N-Cbz-protected (S)-prolinamine (S)-1 was treated with bromo-

acetyl bromide to afford bromoamide (S)-2 in 76 % yield. Fol-

lowing this, a quaternization reaction with 1-methylimidazole

gave imidazolium derivative (S)-3 in 98 % yield. Subsequently,

Pd/C-catalyzed hydrogenolysis effectively removed the N-Cbz

protecting group to obtain CIL bromide (S)-4 in 99 % yield.

From chiral imidazolium salt (S)-3, anionic exchange with salts

KPF6 and Tf2NLi provided hydrophobic CILs (S)-5 and (S)-6, in

84 and 89 % yield, respectively. Finally, hydrogenolytic N-Cbz

group removal afforded CILs (S)-7 and (S)-8 in 94 and 98 %

yields, respectively (Scheme 1).

Scheme 1. Synthetic route for the preparation of chiral imidazolium ionic

liquids (S)-4, (S)-7, and (S)-8.

With chiral imidazolium ILs (S)-4, (S)-7 and (S)-8 at hand, we

examined their efficiency as organocatalysts in the asymmetric

Michael addition reaction between cyclohexanone and �-nitro-

styrene. Bromide imidazolium salt (S)-4 gave the poorest results,

in terms of both yield and selectivity, even in the presence of

p-nitrobenzoic acid (p-NBA) as an additive (Table 1, Entries 1

Patrizia
Highlight



Complex molecular logic gates from simple
molecules†

Osvaldo J. Quintana-Romero and Armando Ariza-Castolo *

Molecular logic gates (MLGs) are compounds that can solve Boolean logic operations to give an answer

(OUTPUT) upon receiving a stimulus (INPUT). These derivatives can be used as biological sensors and are

promising substitutes for the present logic gates. Although MLGs with complex molecular structures

have been reported, they often show stability problems. To address this problem, we describe herein six

stable pseudo-hemiindigo-derived MLGs capable of solving complex logic operations. MLGs 7, 8, 9, and

10 can solve a complex logic operation connecting 4 logic gates using 2 different wavelengths (445 nm

and 400 nm) and the presence of p-TsOH and triethylamine (TEA) as inputs; MLG 11 solves a complex

logic operation connecting 3 logic gates and uses 3 inputs, one wavelength of 445 nm and the presence

of p-TsOH and TEA; and MLG 12 can only solve one logic operation (INH) and uses only the presence of

p-TsOH and TEA as an input. Each operating method of the MLGs was evaluated with several

techniques; proton interactions with MLGs were screened with NMR by titrating with p-TsOH, the

photochemical properties were examined with absorption ultraviolet-visible (UV-Vis) spectroscopy, and

the isomerization dynamics were examined with NMR using the two wavelengths for isomerization

(photostationary isomer). The results indicate that the pseudo-hemiindigo-derived MLGs described

herein can be applied as multiplexers or data selectors that are necessary for the transient flow of

information for biological and computer systems. Finally, to design different MLGs and a system that can

treat more information as complex logic gates (demultiplexers), two and three MLGs were mixed in

different experiments. In both cases, four inputs were employed (445 nm, 400 nm, p-TsOH and TEA),

yielding more outputs. Detailed information about the system dynamics was obtained from NMR

experiments.

Introduction

The development of molecular machines is of great interest due to

their potential application for solving problems in daily life.1,2 This

research eld, which started as a mental exercise,1,3,4 has led to the

synthesis of molecules such as catenanes, rotaxanes,1,3,5 molecular

walkers,4 molecular switches5–9 and molecular rotors,5–7,9–12 which

can nd applications as smart drugs,13,14 materials with memory,

organocatalysts15,16 and protecting groups, among others.17,18

At the same time, molecular machines were developed to

introduce molecular-scale logic gates (MLGs). A logic gate is an

electronic device that performs a logic operation as required in

computers, cellular phones and digital devices; analogously,

molecular logic gates are molecules that can perform logic oper-

ations.19–24 These molecular logic gates were developed to replace

electronic circuits with molecules and make smaller devices that

can store and handle more information. To date, MLGs that

perform basic logical operations, such as AND, OR, NOT, NAND,

NOR, XOR and XNOR (Fig. 1), or even more complex logic gates,

such as combined circuits that can be constructed with basic logic

gates, such as half-adders, half-subtractors, encoders, decoders,

multiplexers and demultiplexers, have been reported.19,22–29 To

expand the interactions of MLGs and their responses in electronic

devices, complexMLGs have been developed that can solve various

logic operations. For a molecule to be an MLG, based on the

denition of a logic gate, it must respond to an external stimulus

(input) and provide a response (output).19–24

In this work, MLGs are considered molecular machines that can

perform complex work, such as solving logic operations, and upon

application of an external stimulus (inputs) can be chemical, such as

the pH,7 REDOX potential,5 ionic species, subtracts,5,22,27 or polarity

of the environment, or physical, such as temperature or

light.20,23,25,26,28,29 Similarly, the responses (outputs) can be chemical

or physical. There are different ways to receive these responses

depending on the MLG.19–24 Further information about the main

concepts has been published in several reviews.20–22,24,25,30

Molecular switches, which are molecules that can experience

chemical changes, such as isomerism responses, are examples of

successful types of MLGs. For an MLG to be functional, these
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Instituto Politécnico Nacional, Av. IPN 2508, San Pedro Zacatenco, 07360, Ciudad
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Cite this: RSC Adv., 2021, 11, 20933

Received 3rd February 2021

Accepted 7th June 2021

DOI: 10.1039/d1ra00930c

rsc.li/rsc-advances

© 2021 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2021, 11, 20933–20943 | 20933

RSC Advances

PAPER

O
p
en

 A
cc

es
s 

A
rt

ic
le

. 
P

u
b
li

sh
ed

 o
n
 1

4
 J

u
n
e 

2
0
2
1
. 
D

o
w

n
lo

ad
ed

 o
n
 8

/1
2
/2

0
2
1
 6

:4
9
:0

7
 P

M
. 

 T
h
is

 a
rt

ic
le

 i
s 

li
ce

n
se

d
 u

n
d
er

 a
 C

re
at

iv
e 

C
o
m

m
o
n
s 

A
tt

ri
b
u
ti

o
n
 3

.0
 U

n
p
o
rt

ed
 L

ic
en

ce
.

View Article Online
View Journal  | View Issue

http://orcid.org/0000-0003-2799-0764
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1ra00930c
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA011034
Patrizia
Highlight



An expeditious and efficient bromomethylation of
thiols: enabling bromomethyl sulfides as useful
building blocks†

Carolina Silva-Cuevas,a Ehecatl Paleo,b David F. León-Rayoa and J. Armando Lujan-
Montelongo *a

A facile and highly efficient method for the bromomethylation of thiols, using paraformaldehyde and HBr/

AcOH, has been developed, which advantageously minimizes the generation of highly toxic byproducts.

The preparation of 22 structurally diverse a-bromomethyl sulfides illustrates the chemo-tolerant

applicability while bromo-lithium exchange and functionalization sequences, free radical reductions, and

additions of the title compounds demonstrate their synthetic utility.

Heteroatom halomethylations1 have proven to be extremely

useful for the generation of valuable synthetic intermediates.2

Halomethylation of thiols provides synthetically valuable

chloromethylated intermediates (chloromethyl suldes), which

are typically prepared by condensation with bromochloro-

methane in basic media,3 or with HCl and a formaldehyde

source (paraformaldehyde, polyoxymethylene, etc.).4 While

chloromethyl suldes have been traditionally used as alkylating

reagents, the analogous bromomethyl counterparts offer supe-

rior electrophilicity, recognized since the earliest report

describing their syntheses using hydrogen bromide and para-

formaldehyde,5 yet they are oen overlooked in this role.

Moreover, the reactivity scope of bromomethyl thiol derivatives

remains largely unexplored, despite a potentially broader

synthetic range (e.g. for the generation of organometallics by

metal–halogen exchange).6

Other methods for the generation of bromomethylated thiol

derivatives consist of replacing hydrogen bromide gas with

concentrated aqueous hydrobromic acid, along with a formal-

dehyde source (usually paraformaldehyde),7 or by using dibro-

momethane8 in basic media.9 Two or three-step procedures

consisting of hydroxymethylation followed by substitution have

also been developed.10 A desilylative rearrangement of a-TMS

suldes has also been used for the generation of

bromomethylsuldes.11

As part of our interest in the preparation and application of

structurally diverse sulfur-based building blocks,12 we

investigated the preparation of benzyl(bromomethyl)sulfane

(2a), previously used as an olenation reagent.13 However,

several attempts to prepare 2a through exposure of benzylmer-

captan (1a) to paraformaldehyde and hydrobromic acid,7b led to

a ca. 1.5 : 1 mixture of 2a (32%) and bis(benzylthio)methane 3a

(21%, Scheme 1a). Iterations of the experiment always delivered

important and variable amounts of the dithioacetal by-product

3a. On the other hand, an alternate approach to the bromo-

methylation of a cyclohexanethiol bromomethyl derivative 2b,

using dibromomethane and K2CO3, resulted in trace amounts

of the dithioacetal derivative 3b only (Scheme 1b).14

HBr/AcOH is a convenient hydrogen bromide source that

minimizes exposure to risky set-ups and has been employed as

a surrogate to highly corrosive and toxic hydrogen bromide gas

in numerous applications.15 Although this reagent has been

used previously in the generation of bromomethyl suldes,

installation of the methylene bridge required rst a S-

pivaloxymethylation of a mercaptan, followed by cleavage by

HBr/AcOH.16

Surprisingly, sequential exposure of thiols 1a or 1b to para-

formaldehyde and HBr/AcOH,17 rapidly delivered bromome-

thylated derivatives 2a and 2b with outstanding yields (Scheme

Scheme 1 Attempts for the bromomethylation of 1a or 1b under (a)
acidic or (b) basic media. (c) and (d) A highly efficient and direct
approach for thiol bromomethylation (this work).
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Ciudad de México, México. E-mail: jalujanm@cinvestav.mx
bFacultad de Ciencias, Universidad Nacional Autónoma de México, Ciudad
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Structural analysis of (5-methyl-[1,3,5]-dithiazinan-2-yl)phosphines and

their oxides. N-Borane adducts as conformational probes
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⁎
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A R T I C L E I N F O

Keywords:

(5-Methyl-[1,3,5]-dithiazinan-2-yl)phosphines

Borane adducts as conformational probes

X-Ray diffraction analysis

Intramolecular interactions

Calculations of the gradient of the reduced

electronic density

A B S T R A C T

(5-Methyl-[1,3,5]-dithiazinan-2-yl)diphenylphosphine (1) and its oxide (4), sulphide (5) and selenide (6), bis(5-

methyl-[1,3,5]-dithiazinan-2-yl)phenylphosphine (2) and its sulphide (7) and selenide (8) and tris(5-methyl-

[1,3,5]-dithiazinan-2-yl)phosphine (3) and its sulphide (9) and selenide (10), were synthesised and their

structures studied. The new molecules are analogous to cyclohexanylphosphines, they are bulky with many lone

pairs. Conformational analyses of 1, 4–6 were performed by variable temperature NMR spectroscopic experi-

ments. 13C, 1H and 31P chemical shifts were used to assign the preferred conformation of phosphines studied. The

chair conformers of 1 were observed at low temperature. Borane coordination to the nitrogen was used to anchor

the heterocyclic rings in 1, 4–6 giving the syn and anti isomers. Slow transformation of N-BH3 adducts afforded

[1,3,5,6]-dithiazaboracyclohexanes. X-Ray diffraction analysis of compounds 4–6, 8 and 10 are reported.

Calculations were performed to evaluate the molecular structures, their electronic distribution and the free

enthalpy of formation. Intramolecular interactions as hydrogen bonds, and short contacts between chalcogen

and phosphorus and between chalcogen atoms were analysed by measuring their distances in the solid state and

by observing their gradient of the reduced electronic density in the calculated structures.

1. Introduction

A novel series of phosphines and their oxides, sulphides and sele-

nides is reported. The (5-methyl-[1,3,5]-dithiazinan-2-yl)phosphines

are analogous to tricyclohexylphosphine and are potential better new

ligands for metal salts, because of their steric effects and their many

lone pairs. Tricyclohexylphosphine and its oxide are good coordinating

agents for gold [1] and copper [2]. Their nickel complexes have ap-

plication as catalysing agents [3]. The interest of tricyclohexylpho-

sphine is based on its wide Tolman cone angle [4]. The structural

analysis of the cobalt [5] and nickel complexes [6] with tricyclohexyl

phosphine oxide shows that the phosphorus is found in equatorial po-

sition of the cyclohexanyl ring. Despite the wide use of the tricyclo-

hexylphosphine, we have not found structural analyses of it, nor about

their phenyl derivatives (dicyclohexylphenylphosphine and cyclohex-

yldiphenylphosphine). There are few examples of phosphines bearing

thiacyclohexanes as substituents, in all of them there is only one [1,3]-

dithiane or [1,3,5]-trithiane group bound to phosphorus [7], however

their conformational analyses have been widely discussed [7–11].

Studies on 2-phosphine-[1,3]-dithiane and its oxide indicate that their

preferred conformers have the phosphorus group in axial position,

Scheme 1. This was attributed to anomeric effects S-C-P(lone pair) [8],

or S-C-P(O) in phosphine oxide [9–11]

The (5-alkyl-[1,3,5]-dithiazinan-2-yl)phosphines and their oxides

reported herein, have as a central motif a Lewis base (P-lone pair) or P

(chalcogen) and can been compared with analogous series of com-

pounds bearing as central atom a metalloid (Si) or a metal (Sn) of

electronic withdrawing nature [12,13], Scheme 2. It was found that tris-

and tetra(5-alkyl-[1,3,5]-dithiazinan-2-yl)silanes and stannanes can be

easily prepared and are stable, a remarkable difference with similar

compounds as tetra(cyclohexyl)silane or methane whose synthesis is

difficult due to the steric effect of the cyclohexanyl group.

The solid state structures of silanes and stannanes derived from 5-

alkyl-[1,3,5]-dithiazinanes revealed that the silicon and tin present

distances to the ring sulphur atoms shorter than the sum of the van der

Waals radii, without evidence of repulsion effects between them. Their

high stability is attributed to S⋅⋅⋅Si or S⋅⋅⋅Sn stabilizing interactions

through space [12,13]. The NMR analyses of the (5-alkyl-[1,3,5]-di-

thiazinan-2-yl)silanes and stannanes showed that in solution they are in

a preferred conformation with the silicon or tin atoms in the equatorial

position. This agrees with calculations which show that the carbanion

of the 5-alkyl-[1,3,5]-dithiazinan-2-yl with the lone pair in the
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a b s t r a c t

Enantiomerically pure and racemic mixtures of b-chloroethylamines hydrochlorides with one and two
stereogenic centres were used to synthesise 1,4-dialkyl-1,3-diimines, which in turn gave place to a series
of imidazolium chlorides and tetraphenylborates bearing pendant N-b-chloroethyl substituents (eCHEt-
CH2Cl; eCHMe-CHPhCl). Stereoselective dehydrochlorination of imidazolium compounds afforded in
good yield the corresponding heterocycles bearing N-vinyl groups (-CEt¼CH2; -CMe¼CHPh). The volume
of the N-substituents provides a steric screening of the cationic ring. The structure of the new com-
pounds was determined by IR, mass spectra, NMR and X-ray diffraction analyses as well as DFT calcu-
lations of the optimized geometries. Uncommon stabilising intramolecular Cl/N weak interactions are
described, together with H/Cl and H$$$p hydrogen bonds. The existence of the non-covalent weak
intramolecular bonds was deduced from the X-ray diffraction analysis and confirmed by calculations of
the electrostatic potential, electronic density distributions and the maps of the Laplacian functions of the
electronic density.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Herein, we report the synthesis and the structural and confor-
mational analyses of a series of new imidazolium compounds
bearing N-chloroethyl and N-vinyl as pendant groups. The N-
chloroethyl groups (eCHEt-CH2Cl; eCHMe-CHPhCl) have one and
two stereogenic centres and therefore enantiomerically pure
compounds and isomeric mixtures were prepared. The presence of
uncommon intramolecular weak bonds between chlorine and ni-
trogen atoms were deduced from their recurrent folded confor-
mation that approaches the nitrogen and chlorine atoms and from
their short distances found at the X-ray diffraction studies. These
stabilising interactions were confirmed by calculations of the
electrostatic potential and electronic density distributions, as well
as by the maps of the Laplacian function of the electronic density.

b-Chloroethylamines could be interesting bidentate ligands for
many metal atoms or Lewis acids, unfortunately they are not
enough stable, they easily undergo HCl elimination to afford azir-
idines [1]. The HCl lost can be inhibited by the amine protonation,

however, the resulting ammonium groups are not anymore coor-
dinative. Interested in the possible use of N-chloroethyl groups in
the synthesis of new ligands and imidazolium compounds, we have
investigated the synthesis of diimines 1 and 2 derived from racemic
or enantiomerically pure chloroethylamines hydrochlorides [2],
Scheme 1.

We have reported that 1 and 2 give complexes with AlCl3 and
InCl3 and that these metal chlorides also induce the diimines
transformation into 2-alkyl-imidazolium derivatives [2], Fig. 1.

An interesting observation in the X-ray diffraction analyses of
isomers 1(R,R) and 2(S,S; S,S) [2,3] of diimines 1 and 2, is that the
chlorine atoms are found in only one face of the diimine plane with
stabilising contacts between chlorine and nitrogen atoms. These
short contacts are known as side-on Cl-bonds [4], Fig. 2.

It is known that halogen atoms can establish bonds (X-bonds)
between organyl halides and Lewis bases, such as oxygen, nitrogen
or sulphur compounds. The strongest CeCl/Y bonds
(Y ¼ heteroatom bearing lone pairs) occur when angles approach
180�, by direct interaction of the s-hole with the Lewis base. The
most common distance for these bonds is ~3.0 Å. However, halogen
atoms can also give contacts with electrophiles through their
electron rich belt in a “side-on” fashion [4]. The short contact of
chlorine atoms with the p-electrons of diimines 1 and 2, found in

* Corresponding author.
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An Anionic Ring Locked into an Anionic Axle: A Metastable
Rotaxane with Chemically Activated Electrostatic Stoppers

Rubi A. Luna-Ixmatlahua, Anayeli Carrasco-Ruiz, Ruy Cervantes, Alberto Vela, and
Jorge Tiburcio*[a]

Abstract: The use of the electrostatic stoppers concept in

the field of mechanically interlocked molecules is report-

ed; these stoppers are chemically sensitive end groups on

a linear guest molecule that allows for the conversion of a

pseudo-rotaxane species into a rotaxane complex by a

change in the medium acidity. The chemical stimulus

causes the appearance of negative charges on both ends

of the linear component, passing from cationic to anionic,

and causing a significant ring-to-axle electrostatic repul-

sion. This phenomenon has two different and simultane-

ous effects: 1) destabilizes the complex as a consequence

of confining an anionic ring into an anionic axle, and 2) in-

creases the dissociation energy barrier, thus impeding ring

extrusion. This newly formed metastable rotaxane species

is resistant to solvent and temperature effects and per-

forms as a two-state degenerated molecular shuttle in so-

lution.

Mechanically interlocked molecules, such as catenanes and ro-

taxanes, are fascinating chemical species with the ability to

perform precise motions as a response to diverse stimuli, mim-

icking the functioning of biological molecular machines.[1]

The basic structure of a rotaxane comprises a dumbbell-

shaped molecule, called axle, and at least one macrocyclic ring.

The end groups on the dumbbell, called stoppers, must be

larger than the ring cavity to prevent its separation.[2] Several

synthetic methods have been reported so far but, in all cases,

locking the components into a rotaxane structure relies on

purely steric effects between the ring size and the end-group

bulkiness.[3] Herein, we propose an alternative to the utilization

of bulky groups on the rotaxane structure by integrating

chemically triggered electrostatic stoppers on the axle.[4]

We define electrostatic stoppers as electrically charged end

groups on a dumbbell-shaped molecule that prevent the slid-

ing of the macrocycle through them due to repulsive Coulom-

bic forces; that is, the energy barrier for the sliding processes

becomes unsurmountable. Terminal groups must be stimulus-

responsive. In the electrically neutral state, they allow unre-

stricted macrocycle sliding to provide a pseudo-rotaxane com-

plex. After a stimulus is provided, these groups become

charged, rendering the energy barrier insuperable. This effect

confines the ring into the axle and gives rise to a permanently

locked rotaxane structure. A few reports have dealt with elec-

trostatic interactions between terminal groups on axles and

macrocycles to modify the threading/dethreading kinetics ;

however, in all reported cases, complexes only behave as

pseudo-rotaxanes.[5–7]

The use of pH-sensitive carboxyl moieties as end groups on

viologen-based guests has been explored by Kaifer[8] and us.[9]

An increase in the ring dethreading energy barrier was ob-

served, passing from acid to basic pH; however, this was not

enough to preserve the entangled nature of the supramolec-

ular complex.[10]

We hypothesized that the use of voluminous,[11] multi-

charged end groups on the axle, might help to overcome this

issue. An analysis of possible chemically sensitive substituents

that could be incorporated into the structure of the axle led us

to propose the use of the phosphono functional group; this

group would allow for the switch from neutral (phosphonic

acid) to a dianionic state (phosphonate) by controlling the

acidity of the medium. In this work, we propose an axle that

features a viologen fragment as a positively charged recogni-

tion motif, flanked by chemically responsive phosphono end

groups; and a sulfonated dibenzo-24-membered crown ether,

[DSDB24C8]2@, as a ring (Figure 1).

The presence of the highly acidic sulfonate groups on the

macrocycle assures that the ring would remain anionic under

the experimental conditions, regardless the pH.[9, 12] Under

acidic conditions, the axle would feature electrostatically neu-

tral phosphonic acid end groups, [PEV-H]2+ , allowing for unre-

stricted ring threading/dethreading, that is, a pseudo-rotaxane

host–guest complex. After chemical stimulation (base addi-

tion), the end groups would transform into negatively charged

phosphonate units, [PEV]2@, rendering the dethreading energy

barrier insurmountable for the dianionic crown ether host,

thereby giving rise to an interlocked species, that is, a [2]rotax-

ane. A required condition to observe this behaviour is that the

proton transfer reaction occurs faster than the complex disso-

ciation.

The starting compounds anti-disulfodibenzo-24-crown-8-

ether tetramethyl ammonium salt,[12] [NMe4]2[DSDB24C8] , and

[a] R. A. Luna-Ixmatlahua, Dr. A. Carrasco-Ruiz, Dr. R. Cervantes,

Prof. Dr. A. Vela, Prof. Dr. J. Tiburcio

Department of Chemistry

Center for Research and Advanced Studies (Cinvestav)

Avenida IPN 2508, Zacatenco Mexico City 07360 (Mexico)

E-mail : jtiburcio@cinvestav.mx

Supporting information and the ORCID identification number(s) for the

author(s) of this article can be found under :

https://doi.org/10.1002/chem.201902735.

Chem. Eur. J. 2019, 25, 14042 – 14047 T 2019 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim14042

CommunicationDOI: 10.1002/chem.201902735

http://orcid.org/0000-0001-8645-1758
http://orcid.org/0000-0001-8645-1758
http://orcid.org/0000-0002-2794-8622
http://orcid.org/0000-0002-2794-8622
http://orcid.org/0000-0002-8635-5632
http://orcid.org/0000-0002-8635-5632
https://doi.org/10.1002/chem.201902735
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fchem.201902735&domain=pdf&date_stamp=2019-10-18
Patrizia
Highlight



Shuttling Motion in a Host−Guest Complex Triggered by Spiropyran
to Merocyanine Reversible Chemical Transformation

Denhy Hernańdez-Melo, Ruy Cervantes, and Jorge Tiburcio*

Departamento de Química, Centro de Investigacioń y de Estudios Avanzados (Cinvestav), Ciudad de Mex́ico 07360, Mex́ico

*S Supporting Information

ABSTRACT: A stimulus-responsive guest-containing spiropyran and
viologen unit assembles with a 24-membered crown ether into a stable
host−guest complex displaying a partially threaded geometry. Acid
addition induces guest transformation to a merocyanine species
activating a second recognition site, suitable for the formation of a
pseudorotaxane. The simultaneous presence of two recognition sites
produces a small-amplitude macrocycle shuttling motion, from the
viologen to the merocyanine moiety. Base addition returns the guest to
its spiropyran form, and concurrently the translation motion stops.

T he ability to precisely control motions at molecular level is
an essential requirement for the development of artificial

molecular machines.1 In this regard, host−guest complexes
have been widely explored due to their dynamic nature and
ability to respond to external stimuli.2 Particularly, shuttling
motion has been achieved in bistable rotaxane-like systems
activated by electrochemical,3 optical,4 or chemical5 inputs.
Despite of the well-established binding motifs utilized for the

assembly of rotaxane complexes, there is an ongoing interest in
emerging novel and diverse binding modes. Upon stimulation,
these new motifs must undergo significant electronic and
structural changes, biasing the population between two
nondegenerate energetic states; application of an opposite
input must reverse the induced changes.
In this context, spiropyrans have been widely studied because

they can be reversibly transformed to its corresponding
merocyanine species by UV-light irradiation or pH variation,
resulting in substantial electronic and structural changes.6

Spiropyran is a neutral moiety with two perpendicular
heterocyclic units, its transformation to a merocyanine occurs
by breaking the Cspiro−O bond allowing an open-ring process
to provide a fully delocalized zwitterionic species (phenolate
O−, indolium N+), in the case of photoisomerization, or a
protonated cationic species (indolium N+) for the pH-induced
transformation.
Recently, we reported that after applying an optical or

chemical stimulus to a compound containing a spiropyran
fragment and a benzyl-substituted viologen, an interconversion
to the merocyanine species occurs, and a new recognition site
for 24-crown-8 macrocycles is obtained, the pyridinium-
ethylene-indolium motif (PEI). When the transformation is
performed in the presence of dibenzo-24-crown-8 ether
(DB24C8), a stable [2]pseudorotaxane complex is generated.

This complex is held together by a series of noncovalent
interactions (N+

···O ion-dipole, C−H···O hydrogen bonding,
and π-stacking) between the stimuli-generated PEI recognition
site and the crown ether macrocycle.7

On the other hand, viologen derivatives are commonly used
as binding motifs in host−guest adducts. Specifically, it has
been shown that dimethyl-viologen, also known as paraquat,
forms 1:1 and 1:2 supramolecular complexes with DB24C8 in a
partially threaded conformation.8 Each methyl-viologen motif
(MV) binds to one crown ether through a series of hydrogen
bonds, ion-dipole, and π-stacking interactions.
Herein, we propose the incorporation of a spiropyran

fragment into the structure of a guest containing a MV
recognition motif as the initial binding site for DB24C8
macrocycle. In this initial state, the crown ether would adopt a
partially threaded C-type conformation (Scheme 1, left).
Chemical interconversion of spiropyran to its protonated
planar merocyanine would turn on a second binding station,
PEI, with an associated co-conformational rearrangement to a
fully threaded geometry (Scheme 1, right). These two co-
conformational states would coexist in equilibrium until base is
added, turning PEI station of f and regenerating the initial state.
The process could be repeated using acid/base stimulus as the
energy source. It is important noting that both, spiropyran and
merocyanine moieties, would perform as stopper groups.
The spiropyran-based compound [SP-1][CF3SO3]2 was

obtained as an orange solid by an alkylation reaction of a
viologen precursor [SP-Bipy]Br7 with methyl iodide in
acetonitrile, followed by an ion exchange procedure with
concentrated aqueous sodium trifluoromethanesulfonate. This
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Spin Crossover vs. High-Spin Iron(II) Complexes in N4S2

Coordination Sphere Containing Picolyl-Thioether Ligands
and NCE (E=S, Se and BH3) Co-Ligands

Diego Plaza-Lozano,[a] Agustín Conde-Gallardo,[b] and Juan Olguín*[a]

To study the effect of the chelate ring size on the magnetic
properties of thioether-based iron(II) metal complexes, two
ligands have been envisaged, synthesised and characterised.
The two ligands correspond to the bidentate benzylpicolylth-
ioether (PySBn) and tetradentate 2,3-bis(((2-pyridylmethyl)thio)
methyl)quinoxaline (QuinoxS). Five iron(II) complexes have
been synthesised, containing either two bidentate ligands or
one tetradentate ligand, and two N-bond NCE co-ligands (E=S,
Se or BH3): trans-[FeII(PySBn)2(NCE)2] (1a–b) and cis-[FeII-
(QuinoxS)(NCE)2] (2a–c), a for E=S, b for E=Se and c for E=BH3.
The iron(II) complexes have been characterised by standard
techniques, X-ray crystallography (except for complex 1a) and
VT-magnetic measurements in the solid state. X-ray crystallog-
raphy showed that all the complexes are isolated in the high
spin (HS) state, based on the relatively long Fe�L bond lengths,
Fe�N>2.0 Å and Fe�S�2.5–2.6 Å. VT-magnetic measurements

demonstrated that complexes 1a and 2a-c are stabilised in the
HS-state, showing orbital contribution to g and zero field
splitting. However, complexes 1b shows a relatively abrupt,
hysteretic, and incomplete at the low-end spin conversion, with
T1/2#=92, T1/2"=98 K and ΔT1/2=6 K at 5 Kmin�1, moreover,
the hysteresis loop is scan rate dependent increasing up to 11 K
at 10 Kmin�1. An analysis of structural and electronic parame-
ters has been performed to rationalise the differing magnetic
properties of the metal complexes, such as metallacycle size,
bond lengths and angles, and cis- vs. trans-coordination mode.
A comparison with the literature-reported spin crossover iron(II)
complexes in N4S2 coordination sphere containing NCE co-
ligands has been conducted as well, finding that, as previously
reported, the Fe�N�C(E) bond angle is diagnostic for determin-
ing the spin lability of the metal complexes, and in addition we
have found that the N�C(E) bond length is too useful.

Introduction

The spin crossover (SCO) effect, that is the reversible intercon-
version between the low- and high-spin state (LS and HS,
respectively) by means of an external stimulus (e.g., temper-
ature, light, magnetic field, solvation/desolvation), can be
observed in some first row transition metal complexes possess-
ing d4 to d7 electronic configurations, mostly in octahedral
geometries.[1–3] Due to the differences in the physicochemical
properties of the HS and LS-states, this type of materials can be
used as molecular switches and sensors,[4–6] and when the spin
transition is accompanied by hysteresis these materials could
be used as nanodevices for information storage.[5,7–12]

The most widely studied SCO system is iron(II) complexes
where the metal centre is surrounded by six nitrogen donors,

however there are fewer examples of other metal centres and
geometries.[13–16] In addition to the N6 coordination sphere,
recently, it has been demonstrated that N4S2 systems can
produce iron(II) SCO-active complexes, with only a handful of
ligands that can provide the right ligand field for SCO to
occur,[17–23] Figure 1. All the S-based ligands contain the same
thioether functional group, in combination with amine,
pyridine, triazole or pyrazole nitrogen donors, and some of
them contain NCE (E=S, Se or BH3) co-ligands. An advantage of
synthesizing S-containing iron(II) complexes is the protection
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Figure 1. All seven ligands feature thioether donors capable to provide SCO-
active FeII complexes.
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a b s t r a c t 

The acetylide derivatives [( µ-H)M 3 (CO) 9 (CCSiMe 3 )] (M = Ru, Os) react with dibenzothiophene (DBT) in the 

presence of Me 3 NO to produce a DBT complex where the acetylide ligand remains coordinated without 

modifications and the DBT is coordinated η1 through the sulfur atom. Both complexes were characterized 

by NMR spectroscopy and X-ray crystal structures were determined. Benzothiophene was also made to 

react with the ruthenium complex producing a complex with similar spectroscopic data. The DBT struc- 

tures show the ligand to be coordinated η1 (S) to one of the metal atoms. 

© 2021 Elsevier B.V. All rights reserved. 

1. Introduction 

The coordination chemistry of benzothiophene (BT) and diben- 

zothiophene (DBT) to metal atoms has been a subject of study for 

many years. The presence of these sulfur containing compounds 

in heavy oils has been a motivation for such studies. Angelici and 

coworkers carried out a series of studies of the formation of com- 

plexes with several metal atoms [1] . He observed that DBT could 

show both η1 -S and η6 , through one of the aromatic rings, bonding 

modes. In fact, reaction of a DBT complex coordinated through the 

aromatic ring with another equivalent of ruthenium complex, pro- 

duced a dimetal complex with one DBT ligand coordinated η1 (S) 

to one of the ruthenium atoms and η6 to the other one [2] . 

Fewer examples of the reaction of DBT with transition metal 

cluster complexes have been published. The reaction of the reac- 

tive derivative [Os 3 (CO) 10 (MeCN) 2 ] with DBT, in refluxing cyclohex- 

ane, yields the complex [Os 3 ( µ-H) 2 (CO) 9 ( µ3 -C 12 H 6 S)] where the 

DBT ligand has suffered dehydrogenation and coordinates in a µ3 - 

η2 -mode to the triangular osmium cluster [3] . The reaction of the 

same osmium complex with BT, proceeds through an oxidative ad- 

dition reaction to give the complexes [Os 3 ( µ-H)(CO) 10 ( µ-C 8 H 5 S)], 

[Os 3 ( µ-H) 2 (CO) 9 ( µ-C 8 H 4 S)] and [Os 3 (CO) 10 ( µ-C 8 H 6 S)] [3] , only the 

✩ Dedicated to Prof. S. Kabir, on his retirement, for his contributions in the field 

of polynucear metal chemistry 
∗ Corresponding author. 

E-mail addresses: mrosales@cinvestav.mx , mrosaleshoz@gmail.com (M.J. Rosales- 

Hoz). 

last complex shows coordination through the sulfur atom accom- 

panied by a C-S cleavage. It is important to mention that the re- 

action with BT proceeds at room temperature thus indicating the 

facile cleavage of the C-S bond. 

Cleavage of C-S bonds is also observed in the reaction of 

[Ru 3 (CO) 12 ] with DBT in refluxing heptane, leading to the for- 

mation of [Ru 2 (C 12 H 8 )(µ-CO)(CO) 5 ] [4] , which contains a biphenyl 

moiety coordinated to two ruthenium atoms. The reaction of 

[Ru 3 (CO) 12 ] with BT in refluxing THF forms complexes where C-S 

cleavage and elimination of the sulfur atom are observed [5] . 

Recent studies on the reactivity of alkyne substituted clusters 

have shown that there can be some differences in reactivity in 

comparison with that of the non-substituted carbonyl complexes 

[6] . As part of this study, we decided to carry out the reactions 

of the acetylide complexes [( µ-H)M 3 (CO) 9 (CCSIMe 3 )] (M = Ru, Os) 

with dibenzothiophene and benzothiophene. The results are pre- 

sented here. 

2. Results and discussion 

The reaction of the acetylides [( µ-H)M 3 (CO) 9 (CCSIMe 3 )] 

(M = Ru, compound 1 and M = Os, compound 2) with DBT in the 

presence of Me 3 NO, at low temperature, as shown in Scheme 1 , 

lead to the substitution of a carbonyl ligand and the forma- 

tion of [( µ-H)M 3 (CO) 8 (DBT)(CCSiMe 3 )] (M = Ru, compound 3 and 

M = Os, compound 5 ). The ruthenium derivative was also made 

to react with benzothiophene producing an isostructural complex 

https://doi.org/10.1016/j.jorganchem.2021.121766 

0022-328X/© 2021 Elsevier B.V. All rights reserved. 
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A B S T R A C T

This work describes the reactions of [(μ-H)M3(CO)9(CCSiMe3)] (M=Ru, Os) with phosphines L (L= PMe3, PMe2Ph, PMePh2, and PPh3) which produce zwitterionic

compounds [(μ-H)M3(CO)9(HCCPR3)] where cleavage of the CeSi and formation of CeP bonds occurs. In the case of the ruthenium derivatives, CO substitution also

occurs. Spectroscopic and structural characterization of the products is described.

A theoretical analysis was carried out in order to understand the transformation pathway in the formation of the zwitterionic compounds.

1. Introduction

The chemistry of alkyne substituted carbonyl transition metal

clusters has attracted the attention of chemists for a long time [1–4].

The versatility of coordination modes of the alkynes as well as the re-

activity shown by these systems justifies this interest.

One aspect that is of great interest, because of the possible appli-

cations, is that of the reactivity of alkyne substituted cluster com-

pounds. Coordinated alkynes have shown to be able to participate in

oligomerization [5], co-cyclization of alkynes and nitriles [6], or cy-

cloaddition [7] reactions.

In carbonyl cluster chemistry, the main aspect of the reactivity of

alkyne derivatives is the “modellistic approach” where the cluster de-

rivative can be viewed as a model of the interaction of the organic li-

gand on a metal surface. Nonetheless, the behaviour of alkyne-cluster

derivatives towards nucleophiles and electrophiles has also been ex-

plored [2–4]. The reactivity of σ,π-acetylides has been extensively

studied [8] and the α-carbon of the acetylide shows carbocationic ac-

tivity which could be potentially useful for the synthesis of functiona-

lized ligands.

The σ,2π-coordination mode is also well known and has been stu-

died in some detail on [(μ-H)Ru3(CO)9(C^CtBu)] which can be

prepared in high yields [9]. This compound has shown to undergo

substitution reactions both of the hydride and carbonyl groups [10],

and also displays nucleophilic additions to the alkyne fragment [11],

insertions into the MeC(α) bond [12] and alkyne oligomerization [13].

The reactivity of acetylide clusters is remarkably influenced by the

presence of the nucleophilic C(α) atom of the Ru-C(α) bond.

The synthesis and complete characterization [14,15] of the corre-

sponding SiR3 substituted acetylide derivatives, [(μ-H)

M3(CO)9(C^CSiMe3)] (M=Ru, 1, M=Os, 3) and [[(μ-H)

Ru3(CO)9(C^CSiPh3)] (2), offers the possibility of comparing reactivity

between the tBu compound and those with SiR3 substituents. In addi-

tion, the weaker C-Si bond presents another variable in the reaction

scheme. In fact, there have been several reports or reactions on orga-

nometallic derivatives [16] which involve the cleavage of such a bond.

In this work we describe the reactions of [(μ-

HM3(CO)9(C^CSiR3)])] (M=Ru, R=Me, Ph and M=Os; R=Me)

and of [M3(CO)10(HCCSiMe3)] (M=Ru and Os) with phosphines; de-

scribe the spectroscopic and structural characterization of the zwitter-

ionic complexes [(μ-H)M3(CO)9(HCCL)] (L=PMe3, PMe2Ph, PMePh2,

and PPh3) and theoretical calculations of both the acetylide and parallel

acetylene complexes and the zwitterionic products in order to gain

insight into the factors that affect the reactivity patterns observed.
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a b s t r a c t

Tertiary phosphines react with cationic complexes [(HMB)Ru(1-5-h-CH2CHCRCHSO2)]X [HMB ¼ h
6-

C6Me6; R ¼ H, X ¼ OTf, 3′; R ¼ Me, X ¼ OTf, 4′, BF4, 4) to give the unprecedented formation of the novel

phosphonium salts [(HMB)Ru(1e3,5-h-CH2CHCRCH(PR3
þX�)SO2)] [R ¼ H, X ¼ OTf, PR3 ¼ PMe3 (5′), PPh3

(8′); R ¼ Me, X ¼ BF4, PR3 ¼ PMe3 (5), PMe2Ph (6), PMePh2 (7), PPh3 (8), P(i-Pr)3 (9)] in which the

phosphorus is stereospecifically added to the carbon next to the coordinated sulfonyl group of buta-

dienesulfonyl ligand. There is no evidence of coordination of the phosphine to the ruthenium center,

previous to the attack to the heterodienyl ligand, as supported by the lack of formation of phosphonium

ions 5 and 8 from derivatives [(HMB)Ru(1e2,5-h-CH2CHCHCHSO2)(PR3)]BF4 (R ¼ Me, 12; Ph, 13). Single

crystal X-ray diffraction studies of 5 and 6 have been undertaken.

Further reactivity of complexes 3′, 4′ and 4 showed the addition reactions of a variety of ligands L such

as CH3CN, as well as Py-d5, CD3CN, D2O, DMSO-d6 resulting in adducts of the type [(HMB)Ru(1e2,5-h-

CH2CHCRCHSO2)L]X [R ¼ H, Me; X ¼OTf, BF4] which were detected spectroscopically by 1H and 13C NMR,

except in the case of the more stable and isolable acetonitrile adducts (R ¼ Me; X ¼ BF4; L ¼ CH3CN, 14;

CD3CN, 14D).

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

The addition of tertiary phosphines to coordinated cyclic hy-

drocarbon ligands to yield phosphonium adducts has attracted

attention since long time ago. The electrophilic reactivity of

cationic dienyl half-sandwich systems (a) [1e6], is well known and

also, in a less extent, the arene isoelectronic species (b) [1e4,6],

half-open sandwich species, such as [Cp*Cr(h4-

CH2CHCMeCHCH2PMe2Ph
þPF6

�)CO] (c) [7], and the dicationic

sandwich compounds [M(h6-C6H6)2]
2þ [M ¼ Fe, Ru, Os] [8], see

examples in Chart 1. The metal-mediated PeC bond-forming re-

actions represent a direct and potentially stereoselective route to

access useful reagents and interesting ligands [9]. In particular, the

phosphonium-ruthenium derivatives exhibit high thermal

stability, as observed for phosphonium planar chiral ruthenium(II)

indenylide complexes CpRu(h5-1-C9H6PR3
þPF6

�) (PR3 ¼ PPh3,

PPh2Me, PPhMe2) (d) [10], and three phosphonium alkylidene

complexes used as thermally robust catalysts in standard olefin

metathesis reactions [11]. Other examples of interesting architec-

tures are: the synthesis of ruthenacyclic and aromatic bis(ruthe-

nabenzothiophenes) (e) which contain phosphonium PPh3
þX�

(X ¼ Cl, BF4) fragments in its different molecular arrangement [12].

Also interesting ruthenaphosphacyclobutanes (f) have been

formed by alkene insertion reactions with the RueP double bond

in (h5-indenyl)Ru(PCy2)(PPh3) where the planar phosphide com-

plex suffers a concerted [2 þ 2] cycloaddition of activated and

simple alkenes [13]. In the transition metal chemistry of acyclic

hydrocarbon ligands, the synthesis and reactivity of enantiomeric

phosphonium salts Fe(CO)3[(n-C4H9)h
4-diene(CH2PPh3

þBF4
�)] (g)

have showed to be useful precursors as organometallic ylides [14],

and the exposure of the open-sandwich [Ru(h5-C7H11)(h
4-C7H12)

CO]þ to PMe3 did lead to formation of the phosphonium-allyl* Corresponding author.
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ABSTRACT: Cataract disease results from non-amyloid
aggregation of eye lens proteins and is the leading cause of
blindness in the world. Zinc concentrations in cataractous
lenses are increased significantly relative to those in
healthy lenses. It was recently reported that Zn(II) ions
induce the aggregation of one of the more abundant
proteins in the core of the lens, human γD-crystallin.
Here, the mechanism of Zn-induced aggregation has been
revealed through a comparative study of three homolo-
gous human lens γ-crystallins and a combination of
spectroscopic, electron microscopy, and site-directed
mutagenesis studies. This work reveals that a single His
residue acts as a “switch” for the Zn-induced non-amyloid
aggregation of human γ-crystallins. Aggregation can be
reversed by a chelating agent, revealing a metal-bridging
mechanism. This study sheds light on an aberrant Zn−
crystallin interaction that promotes aggregation, a process
that is relevant to cataract disease.

C ataract disease is the leading cause of blindness in the
world, affecting more than 60 million people worldwide.1

Cataracts are formed upon aggregation of lens proteins into
high-molecular weight complexes, causing light scattering and
lens opacity. Crystallins constitute the most abundant proteins
in the lens, and their solubility and stability are essential for
maintaining its transparency.2,3 Crystallins are classified as α-
crystallins, which are multimeric, belong to the family of small
heat shock proteins, and function as molecular chaperones;
dimeric β-crystallins; and monomeric γ-crystallins.3−5 Upon
aging, the lens crystallins suffer oxidative damage that causes
the formation of partially folded intermediates prone to non-
amyloid aggregation. α-Crystallins can recognize partially
folded β- and γ-crystallins and bind them to prevent their
aggregation.2,6

Although the cellular environment of fiber cells in the
human lens has a very low metabolism, metal ions are required
for enzymatic activity.7 Thus, a healthy human lens contains
copper, zinc, and iron at concentrations that range between 0.4
and 30 μg of metal/g of dry lens tissue.7−10 However, copper
and zinc concentrations in the lens are significantly increased
during cataract disease: cataractous lenses have approximately
2 times more Zn and 10 times more Cu than normal lenses

do.10 Moreover, several studies implicate metals as a potential
etiological agent for cataract.11 A recent study demonstrated
that Cu(II) and Zn(II) ions can induce non-amyloid
aggregation of human γD-crystallin (HγD), one of the more
abundant γ-crystallins in the core of the lens, involving site-
specific interactions with this lens protein.12 In this study, we
have evaluated the effect of Zn ions in the aggregation of the
homologous human γC- and γS- crystallins (HγC and HγS,
respectively) and have investigated the mechanism of Zn-
induced aggregation of HγD crystallin. HγC and HγS
crystallins are the most abundant γ-crystallins in the nucleus
and cortex of the human lens, respectively, underscoring the
importance of determining if they are also sensitive to Zn-
induced aggregation.
Turbidity assays with HγD, HγC, and HγS crystallins at 37

°C in the presence of different concentrations of Zn(II) ions
clearly show that only HγD is sensitive to Zn-induced
aggregation (Figure 1A), while Zn exerts no effect on HγC
and HγS crystallins (panels B and C of Figure 1, respectively).
Although, HγD, HγC, and HγS share a common Greek key
fold structure and 80% similarity in their sequences (Scheme
1), the striking difference in their sensitivity to Zn-induced
aggregation may be due to a different content of His and Cys
residues, which may act as Zn-anchoring sites.
To identify the amino acid residues in HγD crystallin that

might be involved in Zn-induced aggregation, the effect of this
metal ion in the aggregation of its separate N- and C-terminal
domains was evaluated (panels A and B of Figure S1,
respectively). Interestingly, only the N-terminal domain of
HγD is sensitive to Zn-induced aggregation (Figure S1A). By
inspection of the structures and sequence alignment of the
three γ-crystallins, His22 and Cys18 stand out as putative
residues in the N-terminal domain that are not conserved yet
possibly important in Zn-induced aggregation of HγD
crystallin (Scheme 1). Indeed, the H22Q mutation in HγD
crystallin abolishes Zn-induced aggregation (Figure 1D), but
the C18S mutation does not (Figure S1D). The H22Q/C18S
double mutation also abolishes Zn-induced aggregation
(Figure S1F), underscoring the important role of His22.
Overall, these results clearly indicate that Zn-induced
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Neuroprotective alpha-cleavage of the human
prion protein significantly impacts Cu(II)
coordination at its His111 site†

Carolina Sánchez-López,a Claudio O. Fernándezb and Liliana Quintanar *a

The cellular prion protein (PrPC) is a copper binding protein that undergoes post-translational modifi-

cations, such as endoproteolytic alpha cleavage, which occurs in the vicinity of the His111 Cu binding site.

Alpha cleavage processing of PrPC is considered to be neuroprotective since the cleavage site is located

in a region that is key to the conversion of PrPC into the infectious scrapie isoform (PrPSc), yielding a

membrane bound C1 fragment of PrPC that still contains His111. In this work, we use hPrP(111–115)

fragment as a model peptide to evaluate the impact of alpha cleavage processing of PrPC in its ability to

coordinate Cu(II) ions at His111. By using different spectroscopic techniques such as electronic absorption,

circular dichroism, nuclear magnetic resonance, and electron paramagnetic resonance, this study

demonstrates that Cu(II) binding to the cleaved His111 site is highly dependent on Cu and proton concen-

trations. The imidazole group of His111 and its free NH2 terminus emerge as the main anchoring sites for

Cu(II) coordination, yielding very different complexes from those characterized for the intact His111 site in

the full protein. Different Cu(II) coordination modes that could form with the alpha cleaved PrPC under

physiological conditions are identified and characterized. Overall, this study contributes to understand

how alpha cleavage processing of PrPC impacts its Cu(II) binding properties at His111. While the functional

implications of Cu binding to the cleaved PrPC remain to be discovered, proteolytic processing of PrPC

and its Cu binding features appear to be molecular events that might be strongly linked to its cellular

function.

Introduction

The cellular prion protein (PrPC) is a monomeric glycoprotein

of 208 amino acids attached to the cell membrane by a glycosyl-

phosphatidylinositol (GPI) anchor.1 PrPC is highly expressed

in the central nervous system and is mainly localized at the

synapsis.2 Since PrPC is located in lipid rafts, it is proposed

that it functions as a signalling transducer from the extracellu-

lar space to the interior of the cell.3 Post-translational modifi-

cations of PrPC, such as endoproteolytic cleavage events, have

been linked to its potential role in cell signalling. The alpha-

cleavage is the main proteolytic processing event of PrPC, and

it occurs even when the protein is not anchored to the lipid

membrane.4 Zinc-dependent members of the A-disintegrin-

and-metalloproteinase (ADAM) family proteases have been pro-

posed to engage in this cleavage.5,6 The alpha-cleavage site is

located at His111 in the human sequence,5–9 producing two

fragments: the N-terminal fragment N1, spanning residues

23–110; and the C-terminal fragment C1, which includes resi-

dues 111–231 with a free NH2-terminus (Scheme 1).9 The C1

fragment remains anchored to the membrane, representing

5 to 50% of the total PrPC levels, depending on the brain

region.5,10

Since the alpha-proteolytic cleavage breaks the region

106–126, which is key for the conversion of PrPC into its infec-

tious isoform PrPSc,2,11 the biological activity of the resulting

fragments became an active area of research.2,5,6,11,12 The

Scheme 1 Alpha-cleavage processing of PrPC.

†Electronic supplementary information (ESI) available. See DOI: 10.1039/

c7dt03400h
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Mechanistic Aspects on the Electrografting of Carbon
Surfaces by Oxidation of Carboxylates Bearing Unsaturated
Groups

Daniel Morales-Martínez,[a] Luis Lartundo-Rojas,[b] and Felipe J. González*[a]

The anodic oxidation of tetrabutylammonium carboxylates

bearing aromatic or unsaturated terminal groups is a reaction

that allows the covalent grafting of organic moieties on carbon

electrodes in acetonitrile as solvent. The electron transfer step is

followed by a fast decarboxylation reaction, which releases the

respective unsaturated free radicals, whose transient formation

at the interface explain the surface grafting phenomenon,

however; the lack of grafting during the oxidation of saturated

aliphatic carboxylates is unexpected. Therefore, this work shows

that the covalent grafting by oxidation of unsaturated carbox-

ylates is favored for a parallel orientation of the radicals on the

electrode surface, which is originated by the positive polar-

ization of the electrode and the partially negative electronic

density on the terminal unsaturated groups in the radical

structure. This orientation is furthermore the result of a previous

similar orientation of the unsaturated carboxylates, which is

transitorily retained because of the very high rate of the

decarboxylation step. Cyclic voltammetry experiments per-

formed using different saturated and unsaturated alkyl-carbox-

ylates, their respective carboxylic acids, as well as the use of

ferrocene derivatives as redox probes were used to indirectly

support the main conclusions given here.

1. Introduction

The anodic oxidation process of carboxylates allows the

formation of a wide variety of products derived from a radical

(Kolbe reaction) and/or carbocation (Non-Kolbe reaction)

chemistry.[1] These reactions are of great synthetic utility and

have been mainly performed in water and/or methanol as

solvent, on different electrode materials, electrolytes and

employing either potentiostatic or galvanostatic electrolysis

conditions.[2] However, when the oxidation process is performed

on glassy carbon electrode and involves tetraalkylammonium

carboxylates in acetonitrile, a film of covalently attached

organic moieties is generated on the electrode surface.[3] This

electrografting phenomenon has been demonstrated for car-

boxylates bearing aromatic and unsaturated terminal groups,

for example, mono-substituted benzene, naphthalene,

anthracene, quinones as well as alkenyl, alkynyl, alkyl-ketone

and alkyl-ester groups.[3,4] Due to the electrografting effects

observed using this kind of molecules, the characterization of

the oxidation products by preparative electrolysis experiments

on glassy carbon electrodes represents a very difficult task,

however, the formation of acetamides, alcohols and ethers was

demonstrated for the particular case of the tetrabutylammo-

nium salt of 4-(dimethylamino)phenylacetic acid, whose electro-

grafting process occurs at a very low rate. The formation of this

kind of products agrees with the intervention of 4-(dimeth-

ylamino)benzyl carbocations, which react with acetonitrile,

water or methanol as nucleophilic solvents.[5] The carbocation

nature of the oxidation mechanism of benzylic carboxylates

was also indirectly demonstrated by measuring the electron

number for the case of tetrabutylammonium triphenylacetate

(napp �2), which by steric hindrance, does not present any

electrografting effect. On the other hand, the oxidation of a

series of saturated alkyl carboxylates yielded acetamides and

acylamides as main electrolysis products, which confirmed

otherwise the transient formation of alkyl carbocations and its

subsequent reaction with acetonitrile through the Ritter

reaction.[6] However, in this last case and contrasting with the

behaviour of the carboxylates bearing unsaturated moieties,

the surface grafting effects were never observed for a series of

saturated aliphatic carboxylates under anhydrous conditions

(from acetate to octanoate ions).[6]

In all the cases above mentioned, the carboxylate oxidation

on glassy carbon electrodes follows the mechanism depicted in

Scheme 1.

The carboxylate RCOO� is oxidized to yield an acyloxy

radical RCOO, which is rapidly decarboxylated to yield CO2 and

the radical R
*

. Owing to the very high rate of decarboxylation (~

10�9 s),[7] the radical R
*

have not enough time to diffuse far away

from the interface and therefore is immediately oxidised to the

respective carbocation R+, which is responsible of the formation

of products in solution like acetamides and acylamides (by

reaction with acetonitrile), alcohols (by reaction with water) and

ethers (by reaction with methanol). This second oxidation step,

which give rise to carbocations, is possible because typically,

the free radicals have lower oxidation potentials than the
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a b s t r a c t

The synthesis of catalysts in the lab is typically limited to low mass quantities, and it makes the large

quantity production of catalysts a challenge. The High Energy Ball Milling technique allows for the pro-

cessing of more massive amounts. In this work, we prepared CuPt nanoparticles, and their oxygen reduc-

tion catalytic activity was evaluated. The nanoparticles were prepared by galvanic displacement of Cu

coming from a High Energy Ball Milling process. Alumina from the wear of the milling vials was present

in the catalyst. Hydrodynamic curves from rotating-disk electrode measurements showed a catalytic

activity seven times higher on the alloy than that observed on platinum-loaded carbon black. The cat-

alytic activity was not negatively affected by the presence of the Al2O3 impurities.

� 2018 Elsevier B.V. All rights reserved.

1. Introduction

The sluggish kinetics of the oxygen reduction reaction (ORR)

and the high cost electrocatalysts are among the major challenges

for the mass commercialization of the proton exchange membrane

fuel cells (PEMFCs) [1–3]. Many research groups focus their efforts

in the fabrication of substitutes to pure Pt catalysts [4–6]. Alloys of

Pt with transition metals exhibit a good catalytic activity for the

ORR as bimetallic [7–9]. CuPt alloys with Pt-enriched surfaces have

been reported to have an enhanced catalytic activity [10,11].

The synthesis methods also play an important role in the search

for better catalysts and tuning the methods can cause changes in

the activity of a material [12–14]. For instance, systems with

similar composition but with different particle size or geometric

configuration can show a very different electrocatalytic behavior

[15–17]. Our group has recently reported several systems fabri-

cated by a combined method employing High Energy Milling

(HEM) and galvanic displacement (GD) to produce transition met-

als chemically decorated with Pt [18–21].

2. Experimental procedure

The High Energy Ball Milling process employed to obtain Cu

nanoparticles is described in our previous work [18–20]. A milling

time of 20 h was employed using alumina vials with stainless steel

balls. After the milling, the powders were treated with 1.0 M HCl in

order to reduce the Fe content in the milled powders coming from

the milling balls (ST1, Supplementary Information). The powders

were washed five times with HCl and immediately after with

abundant ultrapure water. The washed materials were dried with

Ar at 110 �C for 3 h. The dispersion of the nanoparticles on carbon

is also described in our previous work [18]. 25 mL of a 4 mM

K2PtCl6 solution dissolved in ultrapure water were dripped into

the Cu/C mixture while sonicating for 15 min. Then, the reaction

was continued in a reflux system setup for 3 h. The powder was

washed with ultrapure water and recovered by centrifugation.

These steps were repeated three times. Finally, the powder was

then dried for 3 h at 110 �C in an Ar atmosphere.

The details of the physical and electrochemical characterization

techniques and equipment is described in the Supplementary

Information.

3. Results and discussion

Fig. 1 shows the XRD patterns of the milled Cu and CuPt/C. The

XRD pattern of the Cu sample shows the four typical reflections of

FCC Cu (JCPDF 01-085-1326). Three weak reflections correspond-

ing to CuO (JCPDF 01-078-0428) are present. Reflections originated

from traces of alumina (JCPDF 01-089-7717) from the milling vials

appear as well. However, no reflections of Fe or its oxides from the

milling media are observed, this is confirmed by the results of the

elemental quantitative analysis performed by EDX-SEM (shown in

supplementary information ST1).

The diffractogram of CuPt/C (Fig. 1; top) shows two distinct pat-

terns, for CuPt and Al2O3. The five main reflections of CuPt (JCPDF

https://doi.org/10.1016/j.matlet.2018.12.072

0167-577X/� 2018 Elsevier B.V. All rights reserved.
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Abstract One of the challenges in electrocatalysis is the ad-

equate dispersion of the catalyst on an appropriate porous

support matrix, being up to now the most commonly used

the carbon-based supports. To overcome this challenge, car-

bon supports must first be functionalized to guide the cata-

lyst’s nucleation, thereby, improving the dispersion and

allowing the use of smaller amount of the catalyst material

to achieve a higher electrochemically active surface area.

This study present the effect of functionalized Vulcan carbon

XC72 (FVC) and functionalized Black Pearl carbon (FBPC)

as supports on the catalytic activity of decorated Fe2O3 with

Pt. Both carbons were functionalized with HNO3 and subse-

quently treated with ethanolamine. Fe2O3 nanoparticles were

synthesized by chemical reduction and decorated with plati-

num by epitaxial growth. Pt and Fe2O3 structural phases were

identified by XRD and XPS; the Pt content was measured by

XPS, and results showed to a high Pt content in Fe2O3-Pt/

FBPC. TEM micrographs reveal nanoparticles with an aver-

age size of 2 nm in both supported catalysts. The Fe2O3-Pt/

FVC catalyst presents the highest specific activity and mass

activity, 0.21 mA cm−2
Pt and 140 mA mgPt

−1, respectively,

associated to the appropriate distribution of platinum on the

Fe2O3 nanoparticles.

Keywords Fe2O3-Pt/C catalyst . Oxygen reduction reaction .

Vulcan XC72 . Black Pearl . Support . Nanoalloys

Introduction

Gases with different particles-content emitted by vehicles are

the major source of urban air pollution as occurs in Mexico

City. One possible solution to the air pollution problem would

be to switch to zero-emission vehicles powered by proton

exchange membrane fuel cells (PEMFCs) (Borup et al.

2007; Wang et al. 2011). Many technical and economic chal-

lenges still prevent their large-scale commercialization, such

as insufficient durability/reliability and high cost of platinum

(Bezerra et al. 2007; Wang et al. 2016). To solve these prob-

lems, M@Pt core-shell (M = Fe, Co, Ni, Cu, Pd, etc.)

nanocatalysts have been studied as promising alternatives to

pure Pt and Pt-enriched alloys for the oxygen reduction reac-

tion (ORR) (Brankovic et al. 2001; Min et al. 2000; Morozan

et al. 2011). Iron is a transition metal which increases the

catalytic activity when alloyed with platinum (Stamenkovic

et al. 2006; Wakabayashi et al. 2005; Wakisaka et al. 2008;

Kim et al. 2010; Guo and Sun 2012; Guo et al. 2013; Han et al.

2015), it has even been reported that iron oxides present in the

alloys enhance the catalytic activity and stability for ORR in

alkaline and acid media (Wang et al. 2009; Wu et al. 2012a, b;

Zhu et al. 2013). A particular tendency in the mass and spe-

cific activities is observed in a Pt-enriched alloy when the ratio

of Fe to Pt is modified; as the Fe content increases, ORR is

enhanced (Toda et al. 1999). Recently, Jang et al. also reported

improved mass and specific activities for the ORR in a syn-

thesized Fe@Pt core-shell catalyst when using a high propor-

tion of Fe in the nuclei of the core-shell structure (Jang et al.

2013). Previously, our research group reported that catalysts

with 20 wt% Pt shell and different cores (Ni, Co, and Ag)
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The ground-state energy of any electronic system could 

be computed using the first-order reduced density matrix 

(1-RDM) according to Gibert’s theorem [1] along with the 

works of Donnelly and Parr [2], Levy [3] and Valone [4]. In 

most calculations, the spectral decomposition of the 1-RDM 

is used to approximate the energy in terms of the naturals 

orbitals {φi} and their occupation numbers (ONs) {ni}. This 

for mulation is called natural orbital functional (NOF) theory 

(NOFT). It is important to note that attaining the exact energy 

in density functional theory requires a greater effort than 

in NOFT, since the non-interacting part of the electronic 

Hamiltonian is actually a one-particle operator, so it has an 

explicit dependence on the 1-RDM. A detailed account of the 

state of the art of the NOFT can be found elsewhere [5–7].

So far, the exact reconstruction of the functional has not 

been achieved, therefore, we have to settle for making approx-

imations. The most practical approach is to reconstruct solely 

the two-particle RDM (2-RDM) and employ the well-known 

energy expression in terms of it. Approximating the energy 

in that way implies that the functional still depends on the 

2-RDM [8], hence the functional N-representability problem 

arises [9, 10]. We have to impose the N-representability con-

ditions [11] to the 2-RDM reconstructed in terms of 1-RDM 

to guarantee that our approximate ground-state energy has 

physical sense. As far as we know, only the functionals devel-

oped by Piris and collaborators (PNOFi, i  =  1–7) [12–14] 

rely on the reconstruction of the 2-RDM subject to necessary 

N-representability conditions.

Journal of Physics: Condensed Matter
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Abstract

Natural orbital functional theory is considered for systems with one or more unpaired 

electrons. An extension of the Piris natural orbital functional (PNOF) based on electron 

pairing approach is presented, specifically, we extend the independent pair model, PNOF5, 

and the interactive pair model PNOF7 to describe spin-uncompensated systems. An explicit 

form for the two-electron cumulant of high-spin cases is only taken into account, so that singly 

occupied orbitals with the same spin are solely considered. The rest of the electron pairs with 

opposite spins remain paired. The reconstructed two-particle reduced density matrix fulfills 

certain N-representability necessary conditions, as well as guarantees the conservation of the 

total spin. The theory is applied to model systems with strong non-dynamic (static) electron 

correlation, namely, the one-dimensional Hubbard model with periodic boundary conditions 

and hydrogen rings. For the latter, PNOF7 compares well with exact diagonalization results 

so the model presented here is able to provide a correct description of the strong-correlation 

effects.

Keywords: natural orbital functional theory, Hubbard model, hydrogen rings, high-spin 

multiplet state, reduced density matrix
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The study of the relationship between intermolecular interactions present in the solvation process and the mag-

nitude of thermodynamic properties is extended from imidazole to pyrazole derivatives. The enthalpies of solu-

tion of pyrazole, 3,5-dimethylpyrazole and 3,4,5-trimethylpyrazole were calorimetrically determined in the

solvents water, methanol and acetonitrile. The enthalpy of solution values for the three compounds in the

three solvents are endothermic and spontaneous with an increase in entropy. As in the case with imidazole de-

rivatives, the formation of a solution of pyrazole derivatives creates liquids that are more structured thermody-

namically. The enthalpy of sublimation for 3,4,5-trimethylpyrazole, which is not available in the literature, was

determined by the Knudsen effusion method. The combination of these thermodynamic properties has allowed

the corresponding enthalpies of solvation to be obtained for the three pyrazole derivatives in the three selected

solvents.With the use of the Pierotti equations and the enthalpies of solvation, the enthalpies of cavity formation

were calculated along with the corresponding solute-solvent enthalpies of interaction. The infrared spectra and

molecular volumes, as estimated through the electronic density, were used to obtain molecular insights into the

solvation sensible sites within the studied solute molecules. The discussion of the solvation process and en-

thalpies of interaction of the pyrazole derivatives is based on themolecular structural features of solutes, specific

intermolecular interactions and protic or aprotic nature of the solvents. The use of any empirical parameters in

the discussion of the results was avoided.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

In a recent work [1], we have reported the enthalpies of solvation of

some imidazole derivatives in the solvents water, methanol and aceto-

nitrile. The values of this property were discussed in terms of the spe-

cific and nonspecific solute-solvent interactions. In the present

research, the study is extended to pyrazole and two of its derivatives.

These molecules are isomers of the studied imidazoles in reference 1.

The pyrazole and imidazole derivatives are aromatic N-heterocycles

that have, as amain characteristic in their molecular structure, the pres-

ence of two nitrogen atoms in the aromatic ring. These two atoms give

the molecule the ability to simultaneously be a hydrogen bond donor

and acceptor due to its polarity and aromaticity. However, the chemical

structure of pyrazoles is different, mainly in the aromatic cycle in which

the nitrogen atoms are directly bonded. This arrangement affects the

electronic environment and properties of the aromatic cycle but still

maintains the characteristics for the establishment of important specific

interactions, such as hydrogen bonds (donor and acceptor), dipole-

dipole interactions and dispersion interactions. This characteristic is

the reason why these compounds are importantmolecules in supramo-

lecular chemistry [2].

The use of protic and aprotic solvents increases the possibility to ob-

serve and rationalize the intermolecular interactions in solution.

In this work, the enthalpies of solvation were determined from the

calorimetric experimental values of the enthalpies of solution of the

pyrazole derivatives in water, methanol and acetonitrile and the corre-

sponding enthalpies of sublimation. The enthalpy of cavity formation

and solute-solvent enthalpy of interaction values were also derived

through the use of the Pierotti equations [3].

To have molecular support for the magnitude and trend of the en-

thalpy of interaction values, the infrared spectra of solutions of the

pyrazole derivatives in the three solvents were obtained. Additionally,

themolecular volumes obtained from the electron density of the solutes

Journal of Molecular Liquids 311 (2020) 113275
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Crystal Structure at the Origin of the Thermal Stability and Large
Enthalpy of Fusion and Sublimation Values of Calixarenes
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ABSTRACT: The high melting point in the synthetic description
of calixarenes has been described as a common characteristic of
these compounds. In order to explore the origin of the high
thermal stability of calixarenes, a thermochemical and single-crystal
X-ray diffraction study for solvent-free p-tert-butyl-calix[4]arene
(PTBC4), p-tert-butyl-calix[5]arene (PTBC5), and p-tert-butyl-
calix[6]arene (PTBC6) was performed, along with the analysis of
the intermolecular interactions in the crystal phase through the
Hirshfeld surface (HS) calculations. The experimental values
obtained and trend of thermodynamic properties of temperature of fusion, as well as enthalpies of fusion and sublimation, are well
supported by the single-crystal X-ray structure analysis. This dual combination allowed us to rationalize the chemical behavior of the
calixarenes under study. The study of the intermolecular interactions in these calixarenes also includes the available crystallographic
information for analogues PTBC4 and PTBC5 previously published in the literature. A comparative study is reported, together with
the novel crystallographic structure of PTBC6. The synthetic procedure of a pure sample of PTBC6 is also described. Differential
scanning calorimetry has shown through the melting point that the thermal stability of the crystals of calixarenes PTBC4, PTBC5,
and PTBC6 is over 580 K. Comparison of the temperature of fusion of the corresponding oligomers reveals a macrocyclic effect,
which can be attributed to the thermal stability of the three calixarenes. The values and trend for the enthalpies of sublimation are
correctly supported by the crystal growth analysis.

■ INTRODUCTION

The relevance of calixarenes and derivatives is very well-known
in many different fields, going from phenol-formaldehyde to
supramolecular chemistry.1 In the middle of the Second World
War, Zinke et al.2 studied the cross-linking process of para-
substituted phenols in a base-promoted condensation reaction,
which commonly led to resinous products.3 They were able to
extract crystalline substances that finally lead to tetrameric cyclic
structures made from four phenol moieties bridged by
methylene groups. This discovery opened an enormous
perspective for the development of calixarene chemistry. As a
characteristic, all compounds reported by Zinke et al.4 had a
melting point over 573 K, which is a high value for an organic
compound, indicating high thermal stability. This fact is also
indicative that the vapor pressure of the solid phase of
calixarenes would be very low at ambient and moderate
temperatures, as well as suggesting that the sublimation process
would also occur only at high temperatures in a narrow
temperature range. Thus, it would also be expected that enthalpy
of fusion and sublimation values may be really high for these
organic compounds.
Thermodynamic studies of calixarenes have been extensive,

but have basically focused on the determination of solubility and
equilibrium constants, or by the measurement of enthalpies of
complexation of calixarenes with neutral species and metallic
ions in solution. A comprehensive review has been published in

1998 by de Namor et al.5 on those subjects. In contrast,
thermodynamic properties of pure calixarene in the solid state
are really scarce.6

The determination of molecular and crystalline structures of
calixarenes, in particular, through X-ray diffraction, has been
impressive. As pointed out by Suwinska,7 until 2016 the
Cambridge Crystallographic Data Center registered more than
6000 entries for calix-type compounds, and two-thirds of them
are considered organic compounds and where more than one-
third correspond to calix[4]arenes or its derivatives. Nearly all
the determined crystal structures correspond to clathrates or
solvates. The PTBC4 and PTBC5 have been widely studied,
mainly due to their properties as nonporous crystalline van der
Waals solids with gas sorption properties.8,9 Extensive and
relevant studies on the single crystal preparation of calixarenes
through crystallization techniques, using suitable solvents, or by
sublimation under a vacuum have been already reported.8−13 In
particular, the crystalline structures of solvent-free PTBC4 (P21/
n) [QIGBEN01, QIGBEN02, QIGBEN03, and QIGBEN04]
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Abstract

A complete study on the evolution of structures and the variation of the energy

properties of MPdn−1 (M = Ni and Cu; n = 2-13) clusters is presented. The study was

performed employing auxiliary density functional theory. The obtained results were

compared with the results of Pdn clusters studied with the same methodology. For

each cluster size, several structures were studied to determine the lowest energy

structures. The initial structures for the geometry optimization were taken along

ab initio Born-Oppenheimer molecular dynamics trajectories. Different potentials

energy surfaces were studied. All cluster structures were fully optimized without any

symmetry restriction. Stable structures, frequencies, spin multiplicities, averaged

bond lengths, spin density plots, different energy properties, dipole and magnetic

moments as well as charge transfers are reported. This investigation indicates that

the palladium clusters doped with a Ni atom are the most stable and potentially the

most chemical active ones.

K E YWORD S

auxiliary density functional theory (ADFT), doped palladium clusters, palladium clusters

1 | INTRODUCTION

Nanoclusters containing transition metal (TM) elements are very interesting compounds due to their peculiar structural and electronic properties and

promising applications in many fields such as electronics, catalysis, and biomedicine in between others. Doped TM nanoparticles are a new type of

materials that are characterized by structures and properties, which are distinct with respect to the ones of the pure elemental nanoparticles. Doping

is realized by the introduction of impurity atoms into the host material. This allows modifications of the local electronic properties of the pure nano-

particle conferring peculiar characteristic properties to the resulting cluster. These characteristics may have important consequences in potential

applications. As example, experimental results show that doped nanocatalysts enhance the reactivity and the selectivity for the oxygen reduction

reaction with respect to non-doped nanocatalysts.[1,2] Moreover, bimetallic systems of this type offer opportunities to build new magnetocatalysts,

too. In addition, theoretical calculations performed on doped-clusters show that the impurity atoms may cause a significant change of the structures

as well as of the electronic and the magnetic properties of the doped systems with respect to that of the pure clusters.[3]

Pd-based nanoparticles have attracted a great attention for their applications as nanocatalysts.[4,5] Therefore, the study of Pd-based

nanoparticles is an active research area from both experimental and theoretical point of view. Recently, several theoretical studies focusing on

doped Pd clusters have been performed.[6–14] Calculations of equilibrium structures, electronic and magnetic properties of FePdn clusters with

n = 1-13 employing density functional theory (DFT) were presented.[6] The results show that the doping of a single Fe impurity enhances the
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Catalytic activity trends from pure Pd nanoclusters

to M@PdPt (M ¼ Co, Ni, and Cu) core-shell

nanoclusters for the oxygen reduction reaction: A

first-principles analysis
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Mexico
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h i g h l i g h t s

� The O and OH adsorption energies were computed as predictors of the catalytic activity for the ORR.

� The stabilities of the M6@Pd38 and M6@Pd30Pt8 core-shell nanoclusters were investigated through segregation energy.

� The M6@Pd38 core-shell nanoclusters present lower O adsorption energy with respect to the pure Pd44 nanocluster.

� The following tendency of the ORR catalytic activity was found: Pt44 z M6@Pd30Pt8 > M6@Pd38 > Pd44.

� The formation of core-shell structures is favored in the M6@Pd38 and M6@Pd30Pt8 (M ¼ Co, Ni, and Cu) systems.
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a b s t r a c t

The trends of the catalytic activity toward the oxygen reaction reduction (ORR) from Pd44

nanoclusters to M6@Pd30Pt8 (M ¼ Co, Ni, and Cu) core-shell nanoclusters was investigated

using auxiliary density functional theory. The adsorption energies of O and OH were

computed as predictors of the catalytic activity toward the ORR and the following tendency

of the electrocatalytic activity was computed: Pt44 z M6@Pd30Pt8 > M6@Pd38 > Pd44. In

addition, the adsorption of O2 on the Ni6@Pd30Pt8 and Pt44 nanoclusters were investigated,

finding an elongation of the OeO bond length when O2 is adsorbed on the Ni6@Pd30Pt8 and

Pt44 nanoclusters, suggesting that the O2 is activated. Finally, the stabilities of the M6@Pd38

and M6@Pd30Pt8 core-shell nanoclusters were analyzed both in vacuum and in oxidative

environment. From the calculated segregation energies for the bimetallic and trimetallic

nanoclusters in vacuum, it can be clearly observed that the M atoms prefer to be in the

center of the M6@Pd38 and M6@Pd30Pt8 nanoclusters. Nevertheless, it is observed that the

segregation energies of M atoms for the M6@Pd38 nanoclusters with an oxidizing envi-

ronment tend to decrease compared with their M6@Pd38 nanoclusters counterparts in
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ABSTRACT: The atomic structures, bonding characteristics, spin
magnetic moments, and stability of VCu

x

+, VAg
x

+, and VAu
x

+ (x = 3−
14) clusters were examined using density functional theory. Our
studies indicate that the effective valence of vanadium is size-dependent
and that at small sizes some of the valence electrons of vanadium are
localized on vanadium, while at larger sizes the 3d orbitals of the
vanadium participate in metallic bonding eventually quenching the spin
magnetic moment. The electronic stability of the clusters may be
understood through a split-shell model that partitions the valence
electrons in either a delocalized shell or localized on the vanadium
atom. A molecular orbital analysis reveals that in planar clusters the
delocalization of the 3d orbital of vanadium is enhanced when
surrounded by gold due to enhanced 6s-5d hybridization. Once the
clusters become three-dimensional, this hybridization is reduced, and
copper most readily delocalizes the vanadium’s valence electrons. By understanding these unique features, greater insight is
offered into the role of a host material’s electronic structure in determining the bonding characteristics and stability of localized
spin magnetic moments in quantum confined systems.

1. INTRODUCTION

Understanding the manner in which transition-metal impurities
with localized spin magnetic moments couple to a nonmagnetic
surrounding material is of great importance and has garnered
significant attention in recent years.1−9 Atomic clusters that
have a transition metal encapsulated by a nonmagnetic layer are
of particular interest due to how drastically the magnetic
moment and stability evolve with size, composition, and charge.
In small metal clusters, quantum confinement leads to the
grouping of electronic states, causing the valence electrons of
atomic clusters to form delocalized electronic shells.10−14 These
shells are reminiscent of those found in atoms and have
principal and angular momentum quantum numbers that
c o r r e s p o n d t o t h e e l e c t r o n i c c o n fi g u r a t i o n s
1S21P61D102S21F14... .15,16 This electronic sequence based on
a confined electron gas in a spherical jellium model was
proposed by Knight et al., where the ionic charge of the system
is distributed uniformly over the size of the cluster.10

Theoretical and experimental efforts over the past 30 years
have shown that clusters with a closed electronic shell exhibit
enhanced stability and can be chemically inert.17−20 Pure
copper, silver, and ligated gold clusters follow this conceptual
basis, as the valence electrons of each constituent atom

contribute to form the predicted delocalized shells correspond-
ing to this model.21−26

However, it has been shown that when a dopant is added to a
cluster the valence electrons of that transition-metal impurity
will not always participate in bonding with the valence electrons
of encapsulating atoms.3,4,8,27−30 Instead of forming bonding
orbitals with the electronic states of the confined nearly free
electron gas, the valence electrons of the dopant may remain
localized on the atom. This means that the effective valence of a
vanadium dopant, [Ar] 3d34s2, is 2 when only the 4s atomic
orbital is involved in bonding, and it becomes 5 when all of the
valence electrons participate in bonding. The localized
electronic states result in a spin magnetic moment. The spin
magnetic moment is size-dependent and is affected by the
effective valence of the magnetic dopant. Identifying the cluster
size and conditions under which the effective valence of a
transition metal changes and begins to bond with the
surrounding atoms offers valuable insights into the chemistry
of transition-metal defects.
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Mixed second and third energy derivatives from auxiliary density perturbation
theory†
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ABSTRACT

The working equations for the calculation of mixed second- and third-order energy derivatives in
the framework of auxiliary density functional theory are presented. The perturbations with respect
to nuclear displacements and external homogeneous electric field components are calculated with
auxiliary density perturbation theory. The presented energy derivative working equations were
implemented in deMon2k and validated by vibrational spectra simulations within the double har-
monic approximation. The effect of the auxiliary functions on the IR and Raman spectra simula-
tion were analysed for the C60 fullerene. As applications, vibrational spectra of icosahedral carbon
fullerenes with up to 540 atoms are calculated without employing symmetry constraints.
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I. Introduction

Vibrational spectroscopy is a valuable tool in modern

chemistry for molecular structure elucidation, reaction

monitoring and quality control. The two most com-

mon variants are the infrared (IR) and Raman spec-

troscopy. These are nondestructive techniques which

measure vibrational energy levels associated with the

chemical structure of a sample. It is here where first-

principle electronic-structure calculations offer a valu-

able complement for the prediction of these spectra. In

particular, density functional theory (DFT) methods are

often employed for the qualitative assignment of IR and

Raman spectra due to their good accuracy to perfor-

mance ratio.

In the framework of Kohn–Sham DFT the Hessian

matrix, central for the determination of harmonic vibra-

tional frequencies, can be straightforward calculated

CONTACT Rogelio Isaac Delgado-Venegas rdelgado@cinvestav.mx; Patrizia Calaminici pcalamin@cinvestav.mx; Andreas M. Köster

akoster@cinvestav.mx Departamento de Química, CINVESTAV, Avenida Instituto Politécnico Nacional 2508, A.P. 14-740, 07000 México D.F., México
†This work is dedicated to the memory of Prof. Dr. Dieter Cremer, an outstanding scientist and wonderful colleague.

from analytic energy gradients by finite differences [1,2].

Alternatively, analytic second-order energy derivatives,

which usually involve the solution of the coupled-

perturbed Kohn–Sham (CPKS) [3–7] equations, can also

be formulated. Due to the large dimensionality of the cor-

responding CPKS equation systems, iterative methods

are employed for their solutions. This renders analytical

Hessian calculations rather time consuming because for

each nuclear displacement a CPKS equation systemmust

be solved [8,9].

An alternative approach to CPKS was developed in

the framework of auxiliary density functional theory

(ADFT) [10,11]. Due to a dramatic reduction in dimen-

sionality it permits the direct solution of the perturbation

equation system. This so-called auxiliary density per-

turbation theory (ADPT) [12] is based on McWeeny’s

self-consistent perturbation theory [13,14] and has been

© 2018 Informa UK Limited, trading as Taylor & Francis Group
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