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Abstract Chirality is crucial for life. The preparation of enantiopure chiral com-

pounds is highly desirable in the chemical industry, especially in the pharmaceuti-

cal sector. In this context, the design of chiral solids able to discriminate between 

enantiomers of chiral compounds, either during adsorption or asymmetric catalytic 

processes, is one of the greatest challenges nowadays in chemical research. Zeo-

lite-type materials represent ideal candidates to achieve enantioselective chiral sol-

ids since they could combine their high stability, surface area and shape-selectivity 

with a potential enantioselectivity that could be enhanced by the confinement ef-

fect. Despite the occurrence of chiral zeolite frameworks and the strong interest in 

preparing these chiral solids, very little success has been met in preparing these in 

homochiral form. The main strategy to induce chirality in zeolite materials has 

been the use of chiral structure-directing agents, in an attempt to transfer their chi-

ral feature into the nascent zeolite structure. However, although many chiral or-

ganic species have directed the crystallization of zeolite frameworks, some of 

them even being chiral, there is only one unique very recent example of success in 

transferring the chirality from the organic structure-directing agent into an enan-

tio-enriched chiral zeolite material. Chiral coordination compounds have been 

very successful in transferring their chirality onto inorganic frameworks through 

the development of extensive H-bond host-guest interactions, but these chiral ma-

terials usually collapse upon removal of the guest species. In this chapter we re-

port the different types of chiral molecules, both organic and organometallic com-

pounds, used so far as structure-directing agents in an attempt to promote the 

crystallization of homochiral zeolites; we analyze in detail the possible reasons for 

the general failure in transferring their chirality, and we propose approaches to 

prepare known chiral zeolite frameworks in homochiral form. Furthermore, we al-

so review a different approach we have followed in our group in order to induce 

chirality in zeolite materials, consisting in the development of chiral spatial distri-

butions of dopants embedded in otherwise achiral zeolite frameworks. 
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1 Introduction: Enantiopure chiral zeolitic frameworks, a 

highly-desired yet elusive target in zeolite science 

Chirality is the property of objects that are not superimposable with their mirror 

images; the two mirror images are called enantiomers [1]. Depending on the di-

mensionality where the object is referred, there are several kinds of chiral objects. 

For instance, a spiral is a chiral object in a 2-dimensional space since it does not 

superimpose with its mirror image (without leaving the 2-dimensional planar 

space). The 3-dimensional world where we live is plenty of chiral objects. The 

classical example is our hands (which indeed gave the name of chirality to this 

property: the term ‘chiral’ is derived from ‘cheir’ meaning ‘hand’ in Greek), 

which are not superimposable to each other. Other examples of chirality are those 

objects containing helicoidal structures, such as propellers, springs or spiral stairs. 

In nature, chirality is mainly expressed in asymmetric chemical compounds at the 

molecular level, although asymmetry also manifests sometimes at macroscopic 

level (see for instance the spiral shells of mollusks). The most frequent expression 

of chirality is when chemical species have a so-called stereogenic centre, i.e. a tet-

rahedral atom with four different substituents attached, what gives place (except in 

particular cases like meso compounds) to species that are not superimposable to 

their mirror images. In this case, the absolute configuration of the two enantiomers 

of the chiral compound is determined by the spatial arrangement of those substitu-

ents, which gives (R) and (S)-enantiomers for each stereogenic centre (following 

the Cahn-Ingold-Prelog rules [2]). Nevertheless, there are also chiral compounds 

not based on stereogenic centres but on helicoidal structures, with helicene as the 

typical example [3].  

Chirality is also ubiquitous in living organisms. In fact, homochirality, defined 

as chirality in its pure enantiomeric form, is crucial for the correct functioning of 

life. Since its early origin, for some still unclear reason, life in Earth decided to 

work in an asymmetric fashion [4], although the last origin for this is still a mys-

tery but is a research topic of great interest and current debate [5]. Most of the bi-

ochemical building units of living organisms, in particular aminoacids, sugars and 

nucleotides from which proteins and nucleic acids macromolecules are built, are 

homochiral [6]. As a consequence, chiral molecules generally trigger a different 

biological response on living organisms as a function of their absolute stereo-

chemical configuration (i.e. of their enantiomeric form); in fact, very often only 

one of the enantiomers develops the desired therapeutic effect, while the other en-

antiomer is less efficient or even no efficient at all [7]. In extreme cases, such as 

that of the sadly famous thalidomide drug, which was administered to pregnant 

women in the 1960s, one of the enantiomers (R) had the desired clinical effect, 

whilst the mirror image (S) triggered teratogenic effects, in that case resulting in 

malformations in the fetus [8].  

Most of the pharmacological drugs administered today are chiral; in 2006, 80 

% of the small-size drugs approved by the U.S. Food and Drug Administration 

(FDA) were chiral, and 75 % of them were composed of only one of the enantio-

mers [9]. Hence, one of the greatest challenges today in the chemical industry, es-



3 

pecially in the pharmaceutical sector, is to obtain and/or separate the pure enanti-

omeric forms of chiral compounds of interest. In this context, the search for mate-

rials able to perform operations in an enantioselective way, i.e. being able to dis-

criminate or distinguish between the enantiomeric forms of chiral molecules, both 

during asymmetric catalytic operations and in chiral separations, represents nowa-

days a tremendous challenge of great interest for researchers in applied chemistry. 

The major benefit of developing this type of enantioselective operations with chi-

ral materials is the chiral multiplication effect, where a minimum amount of a chi-

ral material can give place to large amounts of an enantiomerically-pure (or enan-

tio-enriched) chiral compound of interest [10]. 

Though much less frequent, chirality is also manifested on inorganic systems. 

However, very rarely examples of homochirality are found among inorganic com-

pounds: quartz (SiO2) was soon recognized to have a chiral structure, however 

both enantiomorphic crystalline forms of quartz occur in nature in the same 

(50:50) proportion [11]. In any case, pioneering experiments showed that this type 

of chiral inorganic systems could transfer their chiral nature into a physico-

chemical process (separation or catalysis), thus resulting in enantioselective opera-

tions, as was discovered by using pure enantiomorphic forms of quartz crystals 

[12]. Indeed, it has been proposed that minerals with chiral features (like the 

framework topology or particular crystal surfaces) such as quartz, clays or calcite, 

could have played a role on the origin of homochirality in the molecules of life 

[13,14]. In this context, zeolite materials (which are nothing else than nanoporous 

polymorphs of SiO2) have been considered as ideal candidates to achieve enanti-

oselective-performing chiral solids since they could potentially combine crucial 

aspects in chemical processes: their high porosity and large surface area as well as 

their characteristic shape-selectivity, with enantioselectivity. The shape-selectivity 

of zeolite materials is provided by their particular porous structure based on chan-

nels and/or cavities of molecular dimensions, promoting a confinement effect on 

guest species adsorbed within the porous systems which greatly influences the 

outcome of a catalytic reaction. In the same way, such confinement effect could 

enhance enantioselectivity of a chemical process by reducing the degrees of mo-

tion of the guest species, which can only diffuse in particular directions dictated 

by the porous system of the particular framework structure.  

Zeolite materials are typically prepared by hydrothermal methods from con-

centrated gels in aqueous media, which are then heated in autoclaves at autoge-

nous pressure at temperatures usually ranging between 100 and 200 ºC for a cer-

tain period of time. As has been dealt with throughout this Volume, very 

frequently the synthesis of zeolite materials requires the addition of organic mole-

cules that act as structure-directing agents (SDA) [15]; these molecules organize 

the tetrahedral inorganic units into a particular geometry from which crystalliza-

tion of a particular zeolite framework type takes place. In particular occasions, a 

so-called template effect occurs in which a molecule imprints its size and shape on 

the nanoporous structure that crystallizes, establishing a clear correspondence be-

tween the shape and size of the SDA and that of the porous system. It should be 

noted that the crystallization process in the presence of these SDA molecules in-

volves that the organic molecules will finally remain occluded within the porous 
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systems, and hence they have to be removed in order to empty the pores prior to 

the use of these materials in adsorption/catalytic processes.  

In this context, the shape-selectivity associated to the presence of regular pores 

and cavities of well-defined dimensions, in a size-scale similar to that of most of 

chiral organic molecules of interest in the pharmaceutical industry, with the con-

sequent potential to act as molecular sieves, combined with the presence of well-

defined isolated active sites, and together with the possibility of modulating the 

structural properties of the zeolite frameworks through the use of rationally-

selected organic SDA molecules, have made zeolite materials one of the most 

prominent candidates to achieve enantioselective-performing chiral solids. In fact, 

the search for enantiopure chiral zeolite structures represents one of the greatest 

challenges in zeolite (and materials) science [16-19], since they could have a great 

impact on applications such as asymmetric catalysis and enantioselective separa-

tions.  

The first attempts to induce chirality in zeolite materials consisted on the im-

mobilization of homogeneous chiral catalysts [20] or the anchoring of chiral modi-

fiers [21], which led to notable enantioselective operations. Nonetheless, since the 

chiral entity is included as an extraframework species in the porous system but is 

not part of the framework itself, these methodologies often impose problems relat-

ed to the deactivation or lixiviation of the chiral component during adsorption or 

catalytic applications. A much more encouraging alternative would be the produc-

tion of chiral zeolite frameworks where chirality would be intrinsic to the structur-

al network and is not manifested on an extraframework loosely-bound component 

which would be more weakly retained. In fact, several chiral zeolite frameworks 

do actually exist [18], like it was long ago recognized with polymorph A of zeolite 

Beta (BEA) [22], the chiral zincophosphate (CZP) [23], beryllosilicate OSB-1 

(OSO) [24], gallogermanate UCSB-7 (BSV) [25], zeolite mineral goosecreekite 

(GOO) [26], aluminosilicate Linde Type J (LTJ) [27], cobalt-containing alumino-

phosphate CoAPO-CJ40 (JRY) [28], the recently discovered ITQ-37 (ITV) [29], 

or SU-32 [30] and HPM-1 [31], germanosilicate and pure-silica forms of the STW 

framework type. However, despite the occurrence of chiral zeolite frameworks, 

their main drawback is that they almost invariably crystallize as 50:50 inter-

growths of the two enantiomorphic polymorphs (such as polymorph A of zeolite 

Beta), or as racemic conglomerates, i.e. 50:50 mixtures of both enantiomorphic 

homochiral crystals, with each individual crystal being enantiomerically pure 

(such as HPM-1) [32]. Such occurrence of racemic mixtures of the enantiomorphs 

of chiral zeolite frameworks of course prevents their use in enantioselective opera-

tions. Homochirality in the context of chiral inorganic materials very rarely oc-

curs, although some limited but fascinating examples have been reported where 

homochirality is expressed in a spontaneous, and generally unpredictable, fashion, 

through symmetry-breaking phenomena [28,33]. On the other hand, the chiral na-

ture of some additional zeolite frameworks has only recently been recognized, and 

calorimetry results suggest that they could have a potential application in process-

es of enantiomeric discrimination [34]. It should be remarked here also the work 

of Zhang and coworkers who developed a very interesting strategy to enrich the 
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chiral zincophosphate (CZP) in a particular enantiomer through the use of nucleo-

tides as chiral inductor agents, which will be explained more in detail below [35].  

In this line, we cannot continue without mentioning at least the tremendous 

impact on the topic of chirality in microporous materials triggered by metal-

organic frameworks (MOFs). These extraordinary materials are built from metallic 

centres and organic ligands, giving place to porous coordination polymers with 

variable pore sizes [36]. These materials have prompted a great revolution in cur-

rent materials science. The organic nature of the ligands soon promoted the use of 

chiral ligands to produce chiral MOF materials where the asymmetric entity is part 

of the framework walls, which indeed led to the production of homochiral solid 

materials [37,38]; some of them have even led to notable enantioselectivities dur-

ing adsorption or catalytic processes. In any case, although the development of en-

antioselective operations with chiral MOF materials is of great interest in current 

research, these are out of the scope of the present manuscript. 

Zeolite networks are built from TO4 tetrahedral units (with T being typically Si 

or Al, although other elements as P, Ge, Ga, etc, can also occur); therefore, these 

units are symmetric, and hence chirality in zeolite materials cannot come from the 

presence of stereogenic centres as is the typical case for organic chiral com-

pounds. In zeolite materials, chirality arises from the long-range chiral ordering of 

these TO4 units arranged in chiral space groups, usually in the form of helicoidal 

channels [18], and not from the building units themselves as in some MOF materi-

als. For this reason, the induction of chirality in zeolite materials has to come from 

non-framework external units, such as solvents or chiral additives [39]. In this 

context, the synthesis methodology of zeolites which involves the addition of the 

organic SDAs provides an obvious strategy in order to induce chirality in these 

materials through the use of chiral organic species as SDAs. Thus, the main objec-

tive here would be to use chiral organic molecules with particular features able to 

transfer and imprint their asymmetric nature into the long-range chiral ordering of 

the TO4 units building up a chiral zeolite framework [17].  

2 Chiral organic structure-directing agents: general aspects  

For many years, a large number of chiral molecules has been used as SDAs to di-

rect the crystallization of zeolite frameworks. Many of these have indeed succeed-

ed in directing the formation of zeolite frameworks, some of them even being chi-

ral. Figures 1 and 3 report a list of the organic molecules that have successfully led 

to zeolite frameworks in silica-based (Figure 1) [17,40-53] and metalophosphate 

compositions (Figure 3), respectively; Figure 2 shows additional chiral SDAs that 

were unsuccessful to direct the crystallization of zeolite frameworks.  

If a pure enantiomorph of a potential chiral zeolite framework is to be crystal-

lized, of course one needs to use an enantiomerically-pure chiral organic species 

as SDA in order to promote the transfer of chirality. Typically large amounts of 

the organic cations are required for the crystallization of zeolite frameworks, 

which is performed under highly concentrated conditions (especially in fluoride 
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media). In this context, enantiomerically-pure chiral compounds are usually very 

expensive, especially if a chiral separation is required in order to isolate the differ-

ent enantiomers. Hence, the most obvious strategy to select enantiomerically-pure 

organic chiral cations as SDAs is to search through the so-called chiral-pool pro-

vided by nature. Since living organisms work in an asymmetric fashion, as previ-

ously mentioned, enantiomerically-pure chiral natural products are abundant, and 

usually commercially available at more reasonable costs. In this line, one of the 

first chiral species used as SDA was derived from (S)-sparteine, which is an alka-

loid biosynthesized from L-lysine that can be extracted from scotch broom [54]. 

Lobo and coworkers synthesized the N(16)-methyl derivative by quaternization of 

one of the N groups (cation A in Figure 1), and observed the crystallization of bo-

ron-containing SSZ-24 in sodium hydroxide medium, the silica-analogue of 

AlPO-5, displaying the AFI framework topology [40]. The authors proposed that 

the incorporation of boron in the framework was probably related to the hydro-

phobicity of this cation, which had just one quaternary N. The AFI framework is 

composed of one-dimensional 12-ring achiral channels, hence evidencing that the 

chirality of N-methyl-sparteinium was not imprinted on the framework, despite 
13

C NMR results clearly showing that the cation was incorporated intact within the 

zeolite structure. Wagner and coworkers used the same cation (A) as SDA, but this 

time in the presence of lithium hydroxide, and achieved the crystallization of a 

new zeolite framework, CIT-5 (CFI framework type) [41,55]. CIT-5 contains ex-

tra-large 14-ring one-dimensional pores, which together with UTD-1 (DON) were 

the only high-silica extra-large pore molecular sieves at that time. In line with 

these works, Tsuji and coworkers also used the N(1)-methyl derivative of another 

diastereoisomer of spartein, N(1)-methyl-α-isosparteinium (cation B in Figure 1), 

and found that this isomer was more efficient for the crystallization of the same 

CFI framework in the presence of lithium hydroxide than the previous (A) [43]. 

With the help of molecular simulations, the authors proposed that the better struc-

ture-directing ability of B was because of its ability to adopt a configuration when 

occluded in the CFI channels that developed more Van der Waals interactions 

with the zeolite framework than diastereoisomer A. However, despite the cation 

being incorporated intact in the channels, CIT-1 crystallized in the achiral space 

group Imma, and hence no transfer of chirality had occurred. In the presence of 

boron, the AFI framework was crystallized also with this isospartein derivative 

(B). In the same work, the authors also prepared another sparteine derivative with 

two quaternary N ammonium groups (N(1),N’(16)-endo-methyl-sparteinium) as 

SDA, but this dication was unsuccessful to direct the crystallization of zeolite 

frameworks, probably because of its high hydrophobicity and rigidity. Corma and 

coworkers have also successfully used the N(16)-methyl-sparteinium (cation A) 

for the crystallization of a new zeolite material, ITQ-21, in combination with fluo-

ride anions and germanium in the synthesis gel [42]. ITQ-21 is composed of large-

cavities and wide pore openings, and exhibited very good catalytic properties. 

However, again this is not a chiral framework, evidencing once again that the 

asymmetric nature of the spartein building-block did not play any role during the 

crystallization process.  



7 

Kubota and coworkers designed a series of chiral SDA cations derived from 

the natural enantiomerically-pure (–)-β-pinene monoterpene and its amino-

containing derivative (–)-cis-myrtanylamine [44]. Quaternization of the latter 

amine through the addition of three methyl groups yielded trimethyl-cis-

myrtanylammonium (cation D in Figure 1), while trimethyl-trans-

myrtanylammonium (E in Figure 1) was prepared by a more elaborate procedure 

from (–)-trans-myrtanol; both diastereomeric cations were thus prepared in homo-

chiral form. (–)-Cis-myrtanylammonium cation (D) led originally to the produc-

tion of a new borosilicate zeolite material, CIT-1, with the CON framework type, 

which was formed by intersecting 10-ring and 12-ring pores [45]; CIT-1 is the or-

dered polymorph B of SSZ-33. The enantiomer (+)-Cis-myrtanylammonium cati-

on was also prepared and led also to the same CIT-1 material (indistinguishable at 

least from the XRD patterns), suggesting that the homochirality of the cation did 

not play a role during the crystallization of the ordered polymorph B in CIT-1; in-

deed, the space group of the CON framework was achiral (C 1 2/m 1). Further-

more, the diastereoisomer trimethyl-trans-myrtanylammonium (E in Figure 1), as 

well as the unsaturated derivative trimethyl-myrtenylammonium (F in Figure 1), 

also led to the crystallization of the same CON framework in the presence of bo-

ron [44]. In line with these SDAs, the authors also prepared another chiral cation 

with the same myrtanyl polycyclic ring, N,N,N-trimethyltricyclo[5.2.1.0
2,6

]-

decaneammonium (cation I in Figure 1), and in this case they observed the crystal-

lization of SSZ-31 [45], whose structure was later on solved as the interrupted 

*STO framework type formed as an intergrowth of several polymorphs [51]. An-

other derivative of (–)-cis-myrtanylamine [(1,1-dimethyl-4-piperidinium)methyl]-

dimethyl-cis-myrtanylammonium (cation C in Figure 1) directed the crystalliza-

tion of the MTW framework type, formed by 12-ring one-dimensional channels; 

however, this cation seems too large to be accommodated within the MTW 1D-

channels, and indeed 
13

C NMR results showed that in this case the cation did not 

resist the hydrothermal treatment and fragments produced upon in-situ decomposi-

tion of cation C were incorporated within the zeolite [44]. Several other cations 

derived from the myrtanyl ring were also prepared in the same work (Figure 2) in 

an attempt to produce zeolite Beta enriched in the chiral polymorph A, but these 

attempts were unsuccessful and gave no crystalline products under the conditions 

tested [44]. 

Kubota and Davis prepared cation G with the enantiopure alkyl substituents 

(although as a mixture of diastereoisomers as a result of new stereogenic N centres 

upon asymmetric quaternization) (Figure 1) [17]. This cation led to the crystalliza-

tion of all-silica zeolite Beta, but details of this work were not reported. In any 

case, this report is interesting since it represents one of the few examples pub-

lished in the literature where zeolite Beta is obtained in the presence of a chiral 

SDA cation (let us remember that one of the polymorphs of zeolite Beta, A, is chi-

ral, and has not yet been crystallized as a pure polymorph, see section 4.1 below).  

Xie and coworkers synthesized cation H through a complex organic synthesis 

sequence (Figure 1) [46], which was successfully used to prepare the new zeolite 

SSZ-52. Its framework structure (SFW) was composed of large cavities where 

pairs of the bulky organic cations were hosted. However, this framework is not 
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chiral (R-3m space group), and indeed no mention to the asymmetric nature of the 

organic cation was given in the report. 

In an investigation through a high-throughput approach to understand the fac-

tors governing the crystallization of extra-large pore zeolites, Jiang and coworkers 

used cations J and K (Figure 1) as SDAs for the synthesis of germanosilicate ma-

terials [47]. Both of these cations (OSDAs 3 and 4 in reference 47) contain one 

stereogenic centre, and hence are chiral compounds. The authors also used two 

other large SDA cations with stereogenic centres, but these cations had a sym-

metry plane and hence were achiral meso-compounds (OSDAs 5 and 6). In any 

case, the authors did not mention about the chirality of those SDAS, and hence it 

is assumable that they used these chiral compounds as a racemic mixture. Results 

showed that, depending on the synthesis conditions (amount of Ge, Al/B, H2O and 

OSDA), cations J and K drove the crystallization of zeolite Beta, ITQ-7 and ITQ-

21. Again the interest here is the crystallization of zeolite Beta, with one of the 

polymorphs being chiral (A), by using a chiral cation as SDA. Nevertheless, one 

would not expect any transfer of chirality to the zeolite since racemic compounds 

were used. 

One of the most typical examples of enantiopure chiral natural products de-

rived from the chiral pool is of course provided by L-aminoacids. As such, these 

molecules are not proper SDAs for the synthesis of zeolites because of the pres-

ence of the acid group. However, we have been able to produce crystalline AlPO-

based low dimensional materials by using L-lysine as organic guest species be-

cause of the presence of an additional amino group in the residue that provides the 

required basicity [56]; similarly, Dong and coworkers have also produced zinc 

phosphite/phosphate networks in the presence of L-tryptophan and L-histidine 

[57]. If one wants to use these molecules as chiral organic SDAs for the synthesis 

of zeolite materials, one needs to get rid of such acid group, for instance by reduc-

ing the acid to an alcohol group. In our group we selected L-proline as chiral pre-

cursor because of the rigidity associated to the pyrrolidine ring, which reduces the 

mobility of the stereogenic centre and hence of the asymmetric group. L-proline 

can be easily reduced to L-prolinol by LiAlH4, and the secondary amine can then 

be alkylated to give an enantiopure quaternary ammonium compound which re-

tains enantiopurity (such alkylation reactions do not involve the stereogenic cen-

tre). Moreover, the addition of two different alkyl groups to the N atom generates 

a new stereogenic centre with four different substituents attached. Interestingly, 

depending on the synthesis route employed, we were able to obtain the different 

diastereoisomers. Starting from L-prolinol, the addition of benzyl chloride produc-

es (S)-N-benzyl-prolinol; subsequent addition of methyl iodide occurs through on-

ly one possible stereochemistry due to the steric constraint provided by the bulky 

benzyl substituent, giving place exclusively to the (1S,2S)-quaternary ammonium 

cation ((1S,2S)-2-Hydroxymethyl-1-benzyl-1-methylpyrrolidinium) (cation L in 

Figure 1). In contrast, if the substituent attached first to L-prolinol is the small me-

thyl group, subsequent addition of the bulky benzyl group can now take place 

from both sides (due to the less bulky nature of methyl), hence giving place to a 

(50:50) mixture of both diastereoisomers [48]. Moreover, we were able to obtain a 

mixture enriched in isomer (R,S) (up to 77 %) by successive recrystallizations 
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[50]. When the (S,S) diastereoisomer was used as SDA for the synthesis of pure-

silica zeolites in fluoride media [48], this led to the crystallization of ZSM-12 

(MTW); this framework is composed by 12-ring one-dimensional channels. Inter-

estingly, the use of the mixture of isomers (S,S and R,S) as SDA prevented the 

crystallization of this framework, evidencing that the latter diastereoisomer could 

not direct the crystallization of the framework, and even inhibited the formation of 

ZSM-12 by the (S,S) isomer (experiments with the mixture of isomers where the 

total amount of the (S,S) isomer was the same as in the experiment with enanti-

opure (S,S) that did lead to MTW also resulted in amorphous materials). Molecu-

lar simulations showed a worse fitting of the molecular structure of the (R,S) iso-

mer than that of the (S,S)-isomer, thus explaining their different structure-directing 

efficiency. These diastereomeric compounds also led to the formation of FER-type 

materials with a certain separation between the FER sheets in the presence of tet-

ramethylammonium as co-SDA [50]. However, the bulky nature of these cations 

forced the FER sheets to expand a certain distance to accommodate the organic 

chiral cations between them, a common case in FER-systems, and hence this ex-

panded FER systems could host both diastereomeric cations with no observable 

differences. In a subsequent work, the (S,S) cation directed also the crystallization 

of the MWW framework in the presence of tetramethylammonium as co-SDA 

[49]. All this series of works showed diastereoselective structure-directing effects 

during the synthesis of zeolite materials, which are expected due to the different 

shape/size of the diastereoisomers. However, still all the zeolite materials pro-

duced were not chiral (MTW, FER and MWW), evidencing once again the diffi-

culty in transferring the chirality from the asymmetric nature of the organic cation 

into the zeolite framework. In a very recent work, Martínez-Franco et al. have 

used other quaternary ammonium derivatives of L-prolinol (cations M and N in 

Figure 1), which allowed for the synthesis of Al-containing CDO precursors, but 

no mention to chirality was given in the report [53].  

Finally, very recently Davis and coworkers have successfully used cation O 

(Figure 1) to promote the enantioselective crystallization of the chiral STW 

framework [52]; this will be explained in detail in section 4.3 below. 

Figure 3 shows the organic chiral species that have been used as SDAs for the 

synthesis of zeolitic materials based on compositions other than SiO2 [35,58-66]. 

The synthesis of aluminophosphate-based (AlPO) microporous frameworks is 

more versatile than that of silica-based materials since it can take place at neutral 

and acid pHs, hence allowing the use of (usually protonated) amines (rather than 

quaternary ammonium compounds) which are more efficient SDAs than for the 

synthesis of zeolites (which usually occurs at higher pHs where amines remain 

neutral, though in cases they can also produce zeolites). Following the strategy of 

searching in the chiral pool, Komura and coworkers prepared the chiral diamine 

(S)-(+)-1-(2-pyrrolidinylmethyl)pyrrolidine (P in Figure 3) from L-proline [58]. 

When P was used as SDA for the synthesis of AlPO materials in fluoride medium, 

a new material denoted GAM-1 was produced. GAM-1 was precursor of the 

AlPO-CHA framework, and the chiral diamine with two pyrrolidine rings nicely 

fits within the CHA cages. However, no transfer of chirality from the molecule to 

the AlPO framework seems to have taken place. 
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In the same line, in our group we used (S)-N-benzyl-prolinol (Q in Figure 3) as 

an enantiomerically-pure chiral SDA for the synthesis of microporous alumino-

phosphates [59,60]. A series of MeAPOs materials with the AFI framework was 

obtained in the presence of different dopants (Mg, Zn, Co, Si, V) [59]. This struc-

ture is based on one-dimensional 12-ring channels, as previously explained, and 

hence apparently no transfer of chirality would have occurred. However, we have 

followed a different approach here in an attempt to induce chirality through chiral-

ly-ordered spatial distributions of dopants, which will be explained in section 5. 

When we increased the concentration of the organic SDA and the Zn content, we 

were able to produce the Zn-containing version of the SAO framework for the first 

time [60]; a similar Zn-SAO material was obtained with the related molecule N-

benzylpyrrolidine, suggesting that the presence of the hydroxymethylene substitu-

ent and the stereogenic centre did not play an important role in the crystallization 

of this achiral framework.  

We have also been recently studying the structure-directing efficiency of 

(1R,2S)-(–)-ephedrine and its diastereoisomer (1S,2S)-(+)-pseudoephedrine as chi-

ral precursors for the production of AlPO-based frameworks. Ephedrine and 

pseudoephedrine are alkaloid natural products which are found in nature in the 

Ephedra species of plants [67], and as such are commercially available in enanti-

opure form at a reasonable cost. These alkaloids display a biological activity on 

the sympathetic nervous system, although their pharmacological behavior is dif-

ferent depending on their absolute configuration. We have extensively studied the 

behavior of these molecules as SDAs for the synthesis of nanoporous alumino-

phosphates [61,62]. As usual for these phenyl-containing aromatic amines, these 

molecules led to the crystallization of the AFI framework in the presence of dif-

ferent dopants (Mg, Zn or Co); the most stable AFI system was MgAPO-5 [68]. In 

particular, in order to promote the development of helicoidal arrangements of do-

pants, as will be explained in section 5 below, we were interested in analyzing the 

supramolecular behavior of these chiral molecules driven by the development of 

π-π type interactions between the aromatic rings on the one side, and of H-bond 

interactions between the OH (as H-bond acceptor) and NH2
+
 (as H-bond donor) 

groups of consecutive dimers packed within the AFI nanochannels. Indeed, a 

combination of fluorescence spectroscopy and molecular simulations showed that 

ephedrine displays a much stronger supramolecular trend than its diastereoisomer 

pseudoephedrine due to a distinct conformational space of the two isomers, which 

is in turn driven by the development of different intramolecular H-bonds as a con-

sequence of their different stereochemistry [62] (see Figure 4): the most stable 

conformer of ephedrine involves the alkyl chain in an extended-configuration that 

enables the supramolecular aggregation, whilst the most stable conformation of 

pseudoephedrine has the alkyl chain in a folded-conformation that inhibits the 

formation of dimers (these are only formed under high SDA concentrations). 

Moreover, such distinct stereochemistry also triggers the occurrence of different 

orientations of the π-π stacked dimers of these chiral molecules embedded within 

the AFI nanochannels [69] (Figure 4). On the other hand, we also added one 

((1R,2S)-methyl-ephedrine) and two ((1R,2S)-dimethyl-ephedrinium) methyl 

groups to ephedrine, and observed again the crystallization of the AFI framework 
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when using these new chiral derivatives as SDAs [63]; results showed that the hy-

drothermal resistance of the dimethyl-quaternary ammonium cation was limited. 

In this case, we observed that the addition of methyl groups involved a notable re-

duction of the incorporation of supramolecular dimers within the channels. We as-

cribed this to the more difficult (for methyl-ephedrine) or impeded (for dimethyl-

ephedrinium) formation of H-bonds between consecutive dimers when embedded 

within the AFI frameworks that reduce the repulsive electrostatic interactions es-

tablished between the closely located positive charges of the N atoms under the 

dimer configuration (see Figure 4, bottom-left). In summary, throughout our series 

of studies analyzing the structure-directing behavior of these chiral derivatives, we 

have observed interesting packing effects governing the supramolecular chemistry 

of these molecules during the crystallization of nanoporous frameworks as a con-

sequence of their particular stereochemistry. However, as previously stated, the 

AFI framework is not chiral itself, which denotes the inability of these molecules 

(under these conditions) to promote the formation of chiral frameworks. Nonethe-

less, these molecules are suitable candidates to promote instead the development 

of chiral spatial distributions of dopants, as will be explained in section 5. 

Although their role has not been that of an organic chiral SDA to direct the 

crystallization of zeolite frameworks, worth is mentioning the use of two chiral 

biomolecular additives in the preparation of zeolite materials. The first example is 

the use of chiral nucleotides as chiral auxiliaries for the enantio-enrichment of 

crystals of the chiral zincophosphate (CZP) [35]. CZP has an intrinsically chiral 

topology, which crystallizes as a racemic mixture of crystals (50:50 in P6122 or 

P6522 space groups). In their work, the authors proposed the use of a ribonucleo-

tide (uridine-5’-monophosphate, ump, cation V in Figure 3) as a chiral additive in 

order to create homochiral solids or at least enantioenrich the CZP crystals, under 

the hypothesis that these chiral compounds might develop enantioselective (dia-

stereomeric) interactions with the surface of the CZP enantiomorphic crystals 

through their phosphate groups. Such interactions of the enantiopure nucleotide 

should be different with the two enantiomers of CZP, and hence this could poten-

tially lead to a differentiation between the enantiomorphic crystals. Indeed, the au-

thors observed by Circular Dichroism Spectroscopy and single-crystal structural 

refinements that the addition of a small amount of ump to the crystallization mix-

ture did result in an enantio-enrichment of the CZP crystals in one of the enantio-

mers (the one in P6122 space group, giving an approximate enantiomeric excess of 

85 %). The authors showed the crucial importance of the binding mode of the nu-

cleotide to the growing ZnPO4-based zeotype surface which had to occur through 

the phosphate group (inosine-5’-monophosphate nucleotide that usually binds to 

metals through the hypoxanthine ring was not able to promote a similar asymmet-

ric crystallization). This work represented a milestone in the crystallization of en-

antiopure or enantioenriched chiral zeolite frameworks, although to our 

knowledge this strategy has not been extended to other systems so far. Nonethe-

less, in their work Zhang and coworkers have used ump as a chiral auxiliary, but 

not as a chiral SDA. Of course one rapidly makes the connection between phos-

phate-containing chiral nucleotides with their potential as SDAs for the synthesis 

of zeolitic materials, especially those based on PO4
3-

 networks (such as mi-
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croporous aluminophosphates). These should be ideal candidates to promote the 

crystallization of chiral microporous AlPO-based frameworks since the asymmet-

ric unit and one of the building units of the zeolitic network (PO4
3-

) are directly 

linked and an impression of the asymmetric nature of the chiral organic precursor 

into the zeolite framework should be more easily achievable. Indeed, a direct con-

nection by covalent bonds of L-proline aminoacid and phosphate groups has ena-

bled the transfer of chirality from the organic component into a homochiral 3-

dimensional zinc phosphonate with helical channels [70]. However, the role of 

these biomolecular nucleotide-based species as SDAs might be severely hindered 

by the low hydrothermal stability of these compounds (Zhang and coworkers 

showed that at an intermediate crystallization temperature of 120 ºC the chirality 

induction effect was lost, probably due to the hydrolysis of the nucleotide into 

phosphate groups and uridine [35]). In this context, in our group we have used 

adenosine-monophosphate as SDA for the synthesis of AlPO materials, but these 

experiments have been unsuccessful so far [71], partly because of its low hydro-

thermal stability. In any case, diastereomeric interactions between biomolecules 

essential for life and inorganic crystals have a very strong interest in the scientific 

community because of their particular relevance to the unsolved problem of the 

origin of homochirality in the molecules of life [5]. 

Another important class of chiral biomolecules is provided by D-sugars which 

are part of biopolymers. In this context, there is one chiral sugar derived from D-

glucose which contains an amino-group that provides the required basicity for 

SDA molecules, D-glucosamine (cation W in Figure 3). This molecule has been 

used for the crystallization of two novel zinc phosphate phases, a mesoporous 

phase and a lamellar phase [65], but no transfer of chirality was apparent. In an-

other work, we used D-glucosamine as additive for the synthesis of SAPO-35 

(LEV structure type) in an attempt to promote the formation of mesopores. How-

ever, we observed an unexpected behavior: the addition of this amino-containing 

sugar led to a dramatic reduction of the crystal size [64]. This surprising effect 

was ascribed to a binding of D-glucosamine molecules on the growing surface of 

the SAPO-35 crystals which hinders further growth, favoring instead the nuclea-

tion process and hence the occurrence of small crystals. However, in none of the 

presented examples the intrinsic chirality of D-glucosamine has been transferred 

to the resulting porous material, but worth is further exploring the ability of these 

chiral species to transfer their chirality in zeolite frameworks, especially those 

based on AlPO composition since the crystallization of these is more favourable in 

the presence of amines (instead of quaternary ammonium cations). In any case, we 

note again the low hydrothermal stability of D-glucosamine under the crystalliza-

tion conditions that will force the use of low crystallization temperatures, thus re-

ducing the chances of getting 3D-zeolite frameworks. 

Although it did not lead to the production of zeolite-type frameworks, for the 

sake of completeness we also include the use of enantiopure (1R,2R)-(–)-1,2-

diaminocyclohexane (cation X in Figure 3) as organic SDA [66]. In this case, the 

organic chiral amine led to the production of a new low-dimensional gallium 

phosphate material composed of infinite chains of GaO6 octahedra bridged by 

phosphate groups, which make the material unstable upon calcination. Interesting-
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ly, when the racemic amine is used, another material is obtained, with the same 

inorganic chains but a different arrangement of the organic ammonium cations.  

In summary, we have presented in this section a list of chiral organic species 

that have been used as SDAs for the crystallization of zeolite frameworks. Except 

for one case that will be explained below [52], all these chiral SDAs share the fact 

that they have not been able to imprint their asymmetric nature onto the nascent 

zeolite frameworks during the structure-directing phenomenon.  

3 Chiral organometallic structure-directing agents: transfer of 

chirality from transition-metal complexes through H-bonds 

Another important class of chiral compounds is provided by organometallic com-

pounds, i.e. coordination complexes with transition metals. In these complexes, 

the ligands are organized around the transition metal in a particular spatial config-

uration. Their unique chemical properties involve that they can adopt particular 

conformations that cannot be obtained with usual organic molecules. Interestingly, 

their geometrical configuration brings the possibility of having chiral coordination 

complexes. In this case, chirality is not given by the presence of stereogenic cen-

tres, as typically in organic molecules, but by the spatial configuration of the lig-

ands. Certain octahedral complexes with a six coordination number in which there 

are several bi- (or tri)-dentate ligands possess 3-dimensional structures which are 

not superimposable with their mirror images. Chirality in these compounds is 

manifested through the spatial configuration whereby the bidentate ligands bind to 

a given transition-metal in an octahedral environment (see Figure 5). This type of 

chirality if often referred to as propeller chirality: a right-handed twist of a propel-

ler is not superimposable to its left-handed version (Figure 5-bottom).  

This type of organometallic compounds has been extensively used for the syn-

thesis of zeolitic materials usually based on compositions other than silica (mainly 

aluminophosphates and gallogermanates) [72-81]. Of course for these metal com-

plexes to act as SDA species, they must be stable under the hydrothermal synthe-

sis conditions, what precludes the use of a large number of complexes where an 

exchange of ligands would readily occur. Figure 6 reports the most commonly 

used chiral octahedral complexes, which are stable enough to resist the hydro-

thermal synthesis conditions. 

Balkus et al introduced the use of metallophthalocyanines coordination com-

plexes to produce zeolites with the FAU structure, although not all the cavities 

were occupied with these complexes [82]. Since then, many studies have analyzed 

the use of chiral coordination complexes as chiral SDAs. The essential require-

ment for these complexes is that they must resist the crystallization process with-

out racemizing. In this regard, several chiral octahedral complexes with Co
3+

 cati-

ons are kinetically stable under hydrothermal conditions, and hence have been 

successfully used for the preparation of low-dimensional aluminophosphate, gal-

lophosphate and zincophosphate-based materials (see Figure 6). Morgan and 
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coworkers used the Co(III) tris(ethylendiamine) [Co(en)3
3+

] complex (cation A in 

Figure 6) as SDA and produced a low-dimensional chiral AlPO framework 

[Co(en)3Al3P4O16·3H2O] [72], in which the chirality of the organometallic com-

plex was directly imprinted onto the aluminophosphate layers. In this type of low-

dimensional AlPO frameworks, Al is usually linked to 4 P atoms (through O 

bridges), whilst P is usually bonded to less than 4 Al (through O bridges), giving 

place to terminal PO
-
 groups. In this material, the Al3P4O16 framework formed a 

unique macroanionic sheet, and the chiral Co(en)3
3+

 cations and water molecules 

were located in the space between the layers. In the Al3P4O16 sheets, the 4-rings 

had a tricyclic structural motif which resembles a [3.3.3] propellane, hence provid-

ing a chiral feature (chiral pockets) where the chiral Co(en)3
3+

 cations sit. Howev-

er, the use of racemic DL-Co(en)3
3+

 involved that both enantiomers were included 

in the material, and hence overall the crystal structure of this layered AlPO 

framework was not chiral: it contained both enantiomers of the complex in the 

same amount, and hence the same number of chiral pockets of opposite handed-

ness. Nonetheless, the discovery of this framework provided evidence that chiral 

organometallic complexes were able to induce chiral features in an inorganic lat-

tice. In fact, the authors found that such a transfer of chirality must be directly re-

lated to the extensive H-bond network established between the complex (through 

the NH2 groups) and the terminal PO
-
 groups. Bruce and coworkers used in the 

same time Co(III) tris-(1,3diaminopropane) [Co(tn)3
3+

] (cation B in Figure 6) to 

produce a new Co(tn)3·Al3P4O16·2H2O low-dimensional framework [73], where 

again the Co(tn)3
3+

 cations were located in the interlayer space between the AlPO 

anionic layers. Remarkably, in this new material each single crystal contained on-

ly one enantiomer of the complex despite the use of a racemic mixture in the syn-

thesis, providing an example of spontaneous resolution to give a racemic con-

glomerate (a mixture of crystals each containing a single enantiomer). This 

material was a chiral solid, its chirality being due to the presence of such single 

enantiomer of the complex between the layers, but the chirality was not trans-

ferred to the inorganic framework. In a subsequent work, Bruce and coworkers 

used trans-Co-bis-(2-aminoethyl)amine) [Co(dien)2
3+

] complex (cation C in Fig-

ure 6) to produce a new chiral low dimensional material, 

Co(dien)2·Al3P4O16·3H2O [74] (space group P6522). This material consisted of 

chiral aluminophosphate macroanionic layers stacked in a helical fashion occlud-

ing a single enantiomer of [Co(dien)2
3+

] between the layers (see Figure 7-top), alt-

hough again the use of a racemic mixture involved the production of a crystalline 

racemic conglomerate (a 50:50 mixture of homochiral crystals with opposite 

handedness). Nonetheless, the incorporation of a single enantiomer of the complex 

on each crystal involved a strong chiral molecular recognition phenomenon during 

the crystal growth. Again H-bond interactions (see dashed circles in Figure 7) 

were believed to play a fundamental role during the transfer of chirality from the 

complex to the chiral layer.  

In a step further, Gray and coworkers produced a new chiral aluminophosphate 

framework based on a stacking of chiral macroanionic Al3P4O16
3-

 sheets similar to 

those found previously, but in this case they used enantiomerically-pure d-

Co(en)3
3+

 as the SDA (cation A in Figure 6) [75]. The main interest of this new 



15 

material was that there was only one enantiomer of the chiral AlPO sheet in any 

crystal of the material, with only enantiomer d-Co(en)3
3+

 intercalated between the 

chiral AlPO sheets (see Figure 7-bottom). Interestingly, the chiral Al3P4O16
3-

 

sheets here were different than those of [Co(en)3Al3P4O16·3H2O] [72] mentioned 

previously, prepared with the same cation but in a racemic form (remember that in 

the latter a mixture of both enantiomers was present in the framework). Instead the 

AlPO sheets in the present case were similar to those prepared with [Co(dien)2
3+

] 

(where only one enantiomer was present on each single crystal) [74]. This work 

provided evidence that homochiral inorganic frameworks can be built using ho-

mochiral structure-directing guest species. As usual, an extensive H-bond network 

seemed to be responsible for the transfer of chirality to the chiral inorganic sheets 

(see dashed circles in Figure 7-bottom).  

Optically pure d-Co(en)3
3+

 (A in Figure 6) has also led to the production of a 

chiral 1-dimensional aluminophosphate chain compound, d-

Co(en)3[AlP2O8]·6.5H2O (AlPO-CJ22) [78] (Figure 8). The framework structure 

of AlPO-CJ22 was similar to that of the previously reported 

Co(en)3[AlP2O8]·xH2O [83], in which racemic Co(en)3 was disordered between 

the chains. In contrast, the d-Co(en)3
3+

 cations in AlPO-CJ22 displayed a chiral 

order in which they follow a 21 screw axis along the [100] direction, interacting 

with the AlPO chains through extensive H-bonds in a helical fashion between the 

N atoms and the terminal O atoms of the inorganic chain (see Figure 8, inset). In-

deed, measurement of the optical rotation clearly revealed that the Co complex 

cations have predominantly the Λ-configuration. Reversibly, optical rotation 

measurement of the corresponding material produced with l-Co(en)3
3+

 showed the 

predominance of the Co complexes in the Δ-configuration [78]. 

Chiral framework materials with other compositions such as gallophosphates 

[84,85], borophosphates [86] or zincophosphates [76,77,79] have also been pre-

pared in the presence of chiral Co complexes. Racemic Co(en)3
3+

 (A in Figure 6) 

led to the discovery of two zincophosphate materials, [Co
II
(en)3]2[Zn6P8O32H8] 

and [Co
III

(en)3][Zn8P6O24Cl]·2H2O [76]; both frameworks contained chiral struc-

tural motifs, whose chiral features were transferred from the metal complex, thus 

resulting in a spontaneous separation of the enantiomers of Co(en)3
3+

 as Λ- and Δ-

configurations in the structure in alternate interlayer regions. In fact, the orderly 

separation of the enantiomers of the Co complex clearly involved that the inorgan-

ic sheets had chiral molecular recognition ability for the asymmetric nature of the 

Co complex. Such recognition ability was again promoted by the extensive host-

guest H-bond network established. Indeed, Wang and coworkers [77] clearly 

demonstrated that such chiral enantiospecific molecular recognition ability was a 

consequence of the development of extensive H-bonds between the inorganic chi-

ral motif and the amino-groups of the chiral complexes: such stereospecific corre-

spondence was due to the fact that the number of H-bonds is maximized in a par-

ticular diastereomeric interaction (between one enantiomer of the chiral inorganic 

motif and one enantiomer of the complex), and this number of H-bonds is reduced 

if the alternative diastereomeric interaction (between one enantiomer of the chiral 

inorganic motif and the opposite enantiomer of the complex) is established, thus 

decreasing the stability of the system; this had as a consequence a transfer of chi-



16  

rality of the complex to the inorganic framework. Interestingly, Wang and 

coworkers also managed to prepare a new zincophosphate framework using a ra-

cemic mixture of Co(dien)2
3+

 (cation C in Figure 6) where the main interest was 

that it was not a low-dimensional framework material as those mentioned before, 

but consisted instead of a 3-dimensional open framework 

([Zn2(HPO4)4][Co(dien)2]·H3O) with multidirectional helical 12-ring channels 

[79] (see Figure 9). In this structure, each 12-ring helical channel accommodated 

one Co(dien)2
3+

 cation, indeed a pair of enantiomers in alternating rows. The most 

attractive structural feature of this open-framework was that the 12-ring channels 

are enclosed by two intertwined helices of the same handedness (yellow and green 

polyhedra in Figure 9-right), connected through them by Zn-O-P linkages. Alt-

hough the presence of both enantiomers of the chiral Co complex implies having 

the two handedness of the helicoidal channel within the same framework, this 

work represented an important milestone since it evidenced that the chirality of 

organometallic compounds can be transferred not only to chiral pockets or sheets 

in low-dimensional frameworks, as previously shown, but also to 3-dimensional 

open-framework materials based on helicoidal (chiral) channels. Once again, the 

analysis of the H-bond pattern showed this to be the origin for the transfer of chi-

rality. However, despite their 3D open-framework structure, the presence of PO4 

tetrahedra with two O linked to Zn and the other two in terminal positions proba-

bly makes this material unstable upon removal of the guest species, hence prevent-

ing its use for enantioselective operations. 

The persistent effort in using chiral complexes as SDAs carried out by the 

group of Yu and coworkers finally led to the discovery of two new 4-connected 

chiral zeolite gallogermanate open-frameworks (JST and JSR), in this case using 

Ni
2+

 chiral complexes (cations E and D in Figure 6) [80,81]. GaGeO-CJ63 (JST) is 

a zeolitic structure with 3D intersecting 10-ring channels, built exclusively upon 

3-rings, and was synthesized using [Ni(en)3]
2+

 in racemic form as the SDA (Figure 

10-top) [80]. The structure is composed of cages with C3 symmetry, which is the 

same as that of [Ni(en)3]
2+

. As a consequence, such cages are also chiral, and in-

deed their chirality is related to that of the complex cations, as illustrated in Figure 

10 (bottom). Molecular simulations showed that the diastereomeric complex-cage 

interactions found in the experimental host-guest systems (Λ-complex···Λ-cage 

and Δ-complex···Δ-cage) are stronger than those of the alternative diastereomeric 

pairs (Λ-complex···Δ-cage and Δ-complex···Λ-cage), clearly demonstrating a 

new example of chiral molecular host-guest recognition phenomenon, induced 

once again by the development of H-bond interactions (see dashed blue lines in 

Figure 10-bottom). However, the use of racemic [Ni(en)3]
2+

 in the synthesis in-

volves that both enantiomers were incorporated within the framework, each of 

them confined within the corresponding chiral cage, and hence the overall struc-

ture was not homochiral. In a subsequent work, Yu and coworkers also prepared a 

new chiral zeotype gallogermanate framework (JSR) in the presence of another 

chiral Ni
2+

 complex cation, Ni-tris(1,2-diaminopropane) [Ni(1,2-PDA)3]
2+

 (cation 

E in Figure 6) [81]. This structure contained novel chiral cavities that occurred as 

pairs of enantiomers containing or surrounded by the corresponding chiral enanti-

omers of the Ni complex, providing another example of molecular chiral recogni-
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tion between the coordination complex and particular asymmetric structural fea-

tures of zeolite frameworks through the development of H-bond interactions.  

In summary, this section provides a list of examples in which the chirality of 

organometallic coordination compounds has been successfully transferred into ox-

ide-based frameworks, either through chiral pockets, sheets, cages or channels. All 

these materials share the common feature that the impression of the chirality of the 

complex takes place through the development of extensive H-bond interactions 

between the amino-groups (H-bond donor) of the ligands and O atoms (H-bond 

acceptors) of the inorganic networks. Indeed, in the case of low-dimensional 

frameworks, these H-bond interactions are mainly established with the negatively-

charged P-O
-
 groups that interrupt the 3-dimensionality of the framework, maxim-

izing in this way the electrostatic interactions. In contrast, the main drawback as-

sociated to the ability of these chiral complexes of imprinting their chirality is that 

they establish very strong interactions with the frameworks, and as a consequence 

these host-guest materials are usually not stable upon removal of the chiral guest 

species in order to generate porosity, what has prevented so far any type of enanti-

oselective application.  

4 Targeting known chiral zeolite frameworks: cases of study  

So far in this chapter we have dealt with the use of chiral organic or organometal-

lic compounds in an attempt to transfer their chirality into inorganic frameworks. 

In this section, we change the approach to tackle the problem of searching for chi-

ral zeolites, and we will deal with the chirality of three of the most common zeo-

lite frameworks that are known, and make some considerations of how chiral or-

ganic SDA species could potentially transfer their asymmetric nature into them in 

order to produce enantiopure chiral zeolites.  

 

 

4.1 The Beta zeolite case: the quest for chiral polymorph A 
 
Zeolite Beta (*BEA) was first synthesized by Mobil researchers in 1967 using 

tetraethylammonium hydroxide as the organic SDA [87]. However, it was not un-

til many years later that its structure was solved independently by Newsam et al 

[88] and by Higgins et al [89] in 1988. Zeolite Beta is a heavy intergrowth of two 

distinct but closely related polymorphs, the so-called polymorph A and polymorph 

B, typically in a ratio of 44:56. Both polymorphs have fully three-dimensional 

pore systems based on 12-rings built upon the same layers, but they differ in the 

way these layers are stacked on top of each other. In polymorph A, the stacking of 

the layers takes place through 90º rotations always in the same direction, in either 

a right-handed 41 sequence (RRRR…), giving place to one enantiomer (with space 

group P4122) or in a left-handed 43 sequence (LLLL…), giving place to the other 

enantiomer (with space group P4322). As a consequence, the cages in polymorph 
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A are arranged in a helical fashion around a four-fold screw axis along the ‘c’ di-

rection, resulting in a helical channel which can correspondingly fold in a right- or 

left-handed manner, giving place to a chiral framework which can occur as the 

two possible enantiomers [18] (see Figure 11-top). In contrast, polymorph B re-

sults of a recurrent alternation of the same sheets stacked through 90º rotations of 

the layers in right- and left-handed fashions (with a sheet stacking sequence of 

RLRLRL…) giving place to an achiral framework (space group C2/c) (see Figure 

11-middle).  The underlying problem here is that both polymorphs are in principle 

equally stable, and hence they occur with almost equal probability in zeolite beta, 

thus giving place to a highly faulted intergrowth of the two polymorphs. Several 

other stacking sequences generating other polymorphs have been proposed and 

some of them synthesized [90]. 

The discovery of the structure of zeolite Beta triggered a quest for enriching 

this framework in the chiral polymorph A, if possible in a homochiral (or enanti-

oenriched form). Davis and Lobo were the first to report a zeolite beta with enan-

tioselective catalytic properties (in the epoxide aperture of trans-stilbene oxide) by 

using a chiral SDA, although details were not given [91]; this demonstrated the 

possibility of the chiral polymorph A of zeolite beta to transfer its chiral nature in-

to a particular chemical process of enantioselective adsorption or catalysis. Mo-

lecular simulations showed that a good match of the chiral pore geometry and that 

of the adsorbed molecule is required for enantioselectivity to manifest [92]. Man-

ning and coworkers claimed enantioselective adsorption properties of zeolite Beta 

using chiral hydrobenzoin as a probe [93], but in this case the enantioselective ad-

sorption probably came from an enantiomeric equilibrium between the pure enan-

tiomers previously adsorbed on zeolite Beta and the racemic (adsorption) solution 

until the enantiomeric composition of both became equal.  

Despite the great interest in this material, there are not many reports in the lit-

erature dealing explicitly with the use of chiral SDA cations to direct the crystalli-

zation of this framework towards the chiral polymorph A in homochiral form (see 

Figure 1 above). Takagi and coworkers developed a new synthetic methodology of 

zeolite beta in acidic medium at low temperature in order to enable the presence of 

chiral amine or chiral rhodium complexes (as secondary SDAs) in an attempt to 

transfer their chirality to the beta zeolite. In fact the authors reported a slight en-

richment in polymorph A, and they claimed that this material was able to enanti-

oselectively adsorb a chiral amine (bis(α-methyl)benzylamine) [94]; however, the 

authors compared the adsorption from pure enantiomeric solutions but not from a 

racemic mixture. On the other hand, several reports exist about a partial enrich-

ment of polymorph A in zeolite beta [95]. Xia and coworkers reported that the ad-

dition of W, Pd or Pt to the synthesis of zeolite beta resulted in a partial enrich-

ment in polymorph A, which indeed showed a certain enantioselectivity (with 

enantiomeric excesses, ee, up to 10 %) in the hydrogenation of tiglic acid. Howev-

er, the origin for this enantioselectivity (in the absence of chiral inductors during 

the synthesis of the zeolite) is difficult to understand [96]. Recently two groups 

have claimed new synthetic protocols of zeolite beta that lead to a partial enrich-

ment of polymorph A. On the one hand, Taborda and coworkers used an aging-

drying method of the starting synthesis gels (for long times) prior to the conven-
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tional hydrothermal treatment which led to enrichments in polymorph A up to 68-

70 % [97,98]. On the other hand, Tong and coworkers developed a similar synthe-

sis strategy but this time using an extremely high concentration of the synthesis 

gels through a dramatic reduction of the water content by heating the gels at 80 ºC 

for several days until reaching a H2O/SiO2 ratio of 0.3; this also caused a partial 

degradation of the tetraethylammonium cations (through Hofmann elimination) to 

give triethylamine [99,100]. In fact, it was later demonstrated that the presence of 

the tertiary amine played a crucial role for the enrichment in polymorph A [101]. 

These polymorph A-enriched zeolite beta samples doped with Ti showed a sur-

prising enantioselective catalytic activity in the asymmetric epoxidation of bulky 

alkenes (β-methylstyrene and 1-phenyl-1-cyclohexene), giving enantiomeric ex-

cesses up to 11 %, even despite the absence of using any chiral precursor in the 

synthesis of the catalytic materials.  

These special stereoselective catalytic properties of zeolite beta further prompt 

the interest in having a polymorph A-enriched zeolite beta enriched in turn in one 

of the enantiomorphic forms. If we compare the channel systems of both poly-

morphs A and B, it can be noticed that the difference between them is on the ge-

ometry of the channels along the c axis, which are helicoidal in the case of poly-

morph A and straight in polymorph B (see Figure 11-bottom), while channels in 

the other two dimensions are similar in both polymorphs. Therefore, if one wants 

to favor the stacking of the beta sheets in the homochiral RRRR… (or LLLL…) 

fashion of polymorph A, the SDA cation should be rationally designed as to i) be 

chiral, ii) be large enough as to interact with more than one sheet along the c axis, 

iii) align preferably along the c axis, which is the stacking direction, while pre-

venting its alignment with the a and b channels, and iv) contain a particular geo-

metric shape with a chiral feature that prompts folding in a helicoidal fashion (in 

one direction and preventing the opposite) so that it adsorbs on the growing sur-

face with such a chiral folding which favors the stacking of the subsequent sheet 

always in one direction while avoiding the opposite. We are currently working on 

rationally designing this type of chiral SDA cations. 

 

4.2 The ITV case: searching for chiral structure-directing agents 
 

A new chiral germanosilicate zeolite framework, ITQ-37 (ITV), has been re-

cently reported by Corma and coworkers [29], which was in turn the first zeolite 

with a channel system in the range of mesopores. ITQ-37 crystallizes in the chiral 

space group P4132 (or its enantiomorph P4332), and is built upon a single tertiary 

building unit (T44O145(OH)7) comprising one D4R with one OH group, three lau-

montite cages, and three D4R with two OH groups. The 3D arrangement of these 

units creates a channel system with a single gyroidal surface, with these large 

cavities connected to others through 30-rings, giving place to a chiral framework. 

The organic SDA originally used for the synthesis of ITQ-37 is achiral (even de-

spite having four stereogenic centres, but the symmetry plane in the centre of the 

molecule makes it an achiral meso compound, cation A in Figure 12-right), and 

consequently the polycrystalline ITQ-37 product is expected to be a racemic mix-

ture of the two enantiomorphs of the chiral structure (P4132 or P4332). 
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In a systematic study about the production of extralarge-pore zeolites with in-

creasingly larger SDA molecules, Yu and coworkers were able to produce also 

ITQ-37 but using a simpler ammonium achiral cation (B in Figure 12) [47,102]. 

On the other hand, Chen and coworkers have recently reported a new SDA trica-

tion based on imidazolium rings for the synthesis of the same structure (cation C 

in Figure 12) [103]. Interestingly, the authors found by fluorescence spectroscopy 

that these organic species arranged as supramolecular dimers within the ITV 

framework forming a sandwich-type structure with the phenyl rings stacked 

through π-π type interactions. However, in both cases again the achiral nature of 

the cations used as SDAs should lead to a mixture of the ITV enantiomorphs. 

Therefore, the challenge here is to find a large-enough enantiopure chiral SDA 

able to direct the formation of this extra-large pore zeolite and stabilize its intrin-

sic low framework stability (due to the very low framework density) while being 

able to develop strong interactions with the framework so that it can imprint its 

asymmetric nature on the zeolite structure. In this context, the use of supramolecu-

lar chemistry, not only through hydrophobic π-π type interactions like cation C 

(Figure 12) but also through H-bonds, which should extend the molecular chirality 

into a supramolecular level, could in principle facilitate the achievement of this 

goal. 

 

4.3 The STW case: breaking the racemic conglomerate  
 

In 2008 the group of Zou reported the synthesis of a new chiral zeolite based 

on a germanosilicate network with abundance of D4R units, SU-32 (STW struc-

ture type) [30]. The structure of this framework was fascinating as it comprised a 

10-ring helicoidal channel along the c axis (Figure 13; the helical channel is high-

lighted by dashed yellow lines). STW contains a large number of D4R units, 

which are stabilized by the presence of Ge and fluoride, both species known to 

stabilize this secondary building unit. The main structural feature of this chiral 

framework is that it does not crystallize as intergrown polymorphs as zeolite beta, 

but in contrast each single crystal grows as one unique enantiomorphic form (in 

P6122 or P6322 space groups). Despite the chirality of this framework, the organic 

molecule used originally as SDA (diispropylamine, A in Figure 13) was non chi-

ral, and consequently SU-32 was a racemic conglomerate, with each crystal being 

chiral itself but the overall polycrystalline powder being a 50:50 mixture of the 

two enantiomorphic crystals. Later on, Zhang and coworkers managed to produce 

STW as pure germanosilicate (and also in the presence of Co and Cu), but using 

N,N-diethylethylendiamine as SDA (B in Figure 13), again an achiral species 

[104]. 

Rojas and Camblor have recently managed to produce the Ge-free all-silica 

version of the STW framework type by using an effective imidazolium-based 

SDA cation (2-ethyl-1,3,4-trimethyl-imidazolium, cation C in Figure 13) which 

provided a great stability to this framework that compensated the absence of Ge to 

stabilize the D4R units (stabilized instead by the presence of fluoride) [31]. Inter-

estingly, the authors were able to unravel the location of the organic cations. Cati-

on C has one ethyl group which can rotate (around the CH3-CH2 bond axis), giv-
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ing different conformers. The authors proposed that the conformers which are 

hosted in the STW cavities are indeed chiral as long as the confinement within the 

cavities prevents a free-rotation of the ethyl substituent so as to lock the confor-

mations; they could therefore be considered as pseudoatropoisomers [32]. Howev-

er, an interconversion of the two mirror-image conformers of cation C is expected 

in the absence of such confinement, i.e. in the gel, so thermodynamics (both mir-

ror-image conformers will have the same stability in solution) will ensure the 

presence of the two conformers in an equal proportion and hence the crystalliza-

tion of each diastereomeric pair (one conformer will drive the P6122 enantio-

morph and the other mirror-image conformer will drive the P6322 enantiomorph). 

Hence, at the end the overall HPM-1 sample is again a racemic conglomerate 

(with each crystal being enantiopure), as the authors evidenced by Mueller matrix 

microscopy [32]. 

Following the successful use of substituted imidazolium-based organic cations 

for the synthesis of the STW structure, Schmidt et al designed computationally 

new imidazolium-based organic cations that optimized the interaction with the 

STW framework [105]. Indeed, their computational protocol predicted the pen-

tamethyl-imidazolium derivative (cation D in Figure 13) as the most efficient 

SDA for this framework, as was indeed confirmed experimentally.  

Based on the strong structure-directing ability of such pentamethyl-

imidazolium units for the cavities of the STW framework, Davis et al have very 

recently designed a new chiral bis-imidazolium SDA dication in order to enrich 

the chiral STW framework in one of the enantiomorphs [52]. Chirality in the STW 

framework is imposed by how two consecutives cavities connect, rotated by + or -

60º, defining the two enantiomorphic crystals; therefore, in order to impose a par-

ticular STW handedness through the use of a chiral SDA, this has to interact with 

two consecutive cavities. Following this reasoning, the authors designed again 

with the aid of molecular simulations an organic SDA with two pentamethyl-

imidazolium rings linked by an asymmetric rigid chain based on a trans-

disubstituted cyclopropane unit (cation E in Figure 13). Simulations showed that 

each enantiomer should fit much more favourably within just one of the enantio-

mers of the STW framework. Interestingly, the use of this chiral SDA did enable 

an enrichment of the STW structure in one of the enantiomers. The success in en-

antioselectively directing the crystallization of one enantiomorph of STW is linked 

to the particular molecular structure of cation E, with two imidazolium rings that 

will site in two consecutive STW cavities along the helical channel, with the 

handedness of the channel being imposed by the chirality of the rigid trans-

cyclopropane linker which forces the dication to fold in one direction, following 

one particular handedness of the helicoidal pattern in the STW framework. More-

over, the authors were also able to produce the mirror-image of the chiral SDA, 

which as expected led to an enrichment of the other enantiomorph of the STW 

framework. Remarkably, the use of these enantiomerically-enriched STW zeolites 

in asymmetric catalysis did lead to certain enantiomeric excesses (up to 10 %) in 

the asymmetric ring-opening of large epoxides (in particular 1,2-epoxyoctane) as 

well as to an enantioselective adsorption of small chiral alcohols (2-butanol). In 

order to contrast the validity of the statement that the chirality of the STW frame-
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work did promote the enantioselective behavior, the authors used also the mirror-

image enantiomerically-enriched STW material which led to mirror-image catalyt-

ic and adsorption behaviors, as expected. Therefore, this very recent fascinating 

work represents the first clear example of a production of an enantiomerically-

enriched chiral zeolite framework through the use of rationally-designed chiral or-

ganic SDAs, which indeed behaves enantioselectively in asymmetric catalytic and 

adsorption processes. This successful case, after a so long quest for homochiral 

zeolite frameworks, will surely prompt an intensive effort to search for new enan-

tiomerically-enriched chiral zeolite frameworks, possibly with larger pores, to en-

able the processing of larger chiral molecules of interest, in particular in the phar-

maceutical industry.  

5 Chiral spatial distributions of dopants: a new concept of 

chirality in zeolites 

Except for the very recent case just reported about the enantiomerically-enriched 

STW zeolite [52], there has been very limited success in transferring the chirality 

from enantiopure organic species into homochiral open-framework zeolite struc-

tures. In this context, it is interesting to mention the work of Castillo and cowork-

ers [106] which used molecular simulations in an attempt to understand the factors 

governing the transfer of chirality from chiral zeolite frameworks onto chiral sorb-

ates (similar conclusions could be transferred in the opposite direction, applied to 

the imprinting of chirality from the organic SDAs to the nascent zeolite frame-

work). In their work, the authors studied the performance of SOF, STW and ITN 

frameworks to discriminate between enantiomers of CHBrClF and 4-ethyl-4-

methyloctane. The authors concluded that a proper match between the pore geom-

etry and the packing of the chiral sorbate molecules within the channel system is 

required for enantioselectivity to occur: a tight fitting of the chiral sorbate in the 

zeolite channels will favor enantiodifferentiation. Indeed, they proposed that the 

main reason for the observation of enantiodiscrimination is the different long-

range asymmetric packing interactions between the enantiomers of the chiral sorb-

ate. Hence, when transferred to the imprinting of the asymmetric nature of chiral 

organic SDAs onto zeolite frameworks, a proper match of the molecular shape and 

that of the zeolite framework is as important as the occurrence of lateral asymmet-

ric long-range packing interactions of the SDA species embedded in the zeolite 

channels.  

On the other hand, another possibility for the lack of transfer of chirality is re-

lated to the high mobility that is usually associated with the SDAs (which are the 

chiral carriers) confined within the microporous systems. This is caused by the 

typical lack of a tight fitting of the SDAs and the surrounding pores/cavities [17]. 

Such high mobility involves that the SDAs can freely rotate during the crystalliza-

tion process, what would dissipate their asymmetric feature. The failure in trans-

ferring the chirality is also explained by the typically weak and non-directional in-
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teractions established between the terminal alkyl groups of the organic SDA spe-

cies and the oxide zeolite networks. Section 3 has clearly evidenced that the trans-

fer of chirality is notably enhanced with the use of chiral coordination complexes 

based on polyamine ligands, which have abundant primary amino groups which 

develop strong H-bond interactions with the O atoms of the framework, and espe-

cially with the negatively-charged O atoms (in terminating PO
–
 groups). However, 

the main drawback for the use of these chiral complexes as SDAs is that so far 

they have led to frameworks which are not stable upon removal of the guest spe-

cies, possibly a consequence of those strong H-bond interactions that stabilize the 

systems. 

Another likely cause for the failed transfer of chirality might come from the 

different dimension of chirality between the host and guest species, in which chi-

rality from the organic species are typically at an atomic (or molecular) level, thus 

generating an asymmetric environment at a local (short-ranged) level, compared to 

the chirality of zeolite structures which is associated to a long-range chiral order-

ing (commonly in the form of helical channels) of the achiral TO4 units. In this 

line, if we want to optimize the transfer of chirality from the organic molecules, 

we need to expand their chirality into a larger level so that the dimensions of both 

chiral features are adapted to each other. In fact, this was the main molecular fea-

ture of cation E (Figure 13) that enabled the transfer of chirality onto the STW 

framework: the use of large dications with a chiral spacer in the middle which 

spanned two consecutive cavities of the chiral framework, with the asymmetric 

nature of the spacer favoring only one of the enantiomorphic frameworks.  

Based on all these considerations, we have proposed in our group a new strate-

gy to induce chirality in zeolite frameworks. In order to transfer their chirality on-

to zeolite frameworks, chiral SDAs should i) expand their asymmetric nature into 

the long-range, possibly through supramolecular asymmetric packing interactions, 

in order to adapt the host/guest chiral dimensions, ii) their motion should be re-

stricted in order to enhance the manifestation of the asymmetric environment, and 

iii) they should establish strong H-bond interactions with the zeolite framework.  

In an attempt to expand their asymmetric nature into a long-range level, it be-

comes crucial to change the traditional concept of isolated organic SDA species, 

whose structure-directing effect takes place through single molecular units, thus 

generating chiral microenvironments at a local level, into self-assembling entities 

which can develop supramolecular chiral entities stabilized by intermolecular in-

teractions, thus extending the chiral feature into the supramolecular level. An easy 

way of achieving this self-assembly in aqueous systems is by using chiral mole-

cules with aromatic rings, since these tend to form supramolecular aggregates in 

water stabilized by π-π interactions between the aromatic rings (Figure 14-top), as 

explained in detail in Chapter 5 in this Volume. The formation of these supramo-

lecular aggregates involves a first extension of the chiral environment to the su-

pramolecular level. In turn, the formation of these dimers will notably reduce the 

motion of the SDAs when confined within zeolite pore systems. Moreover, in the 

case of being confined in zeolite systems based on channels, the molecular chirali-

ty also involves that the lateral or packing interactions between consecutive di-

mers will also be asymmetric, with one particular fitting (in turn a particular rota-
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tion between consecutive dimers around the channel axis) being favoured, thus 

developing a supramolecular helicoidal arrangement of the dimers (Figure 14-top), 

with one rotation being favored with respect to the opposite (mirror-image) one, 

and hence developing homochiral supramolecular entities with a long-range chiral 

dimension that could be potentially transferred into the zeolite framework. 

Apart from this strategy, in order to maximize our chances of transferring chi-

rality, we still need to enhance the interactions between the zeolite frameworks 

and a localized area of the organic SDAs, preferably associated to the stereogenic 

centre so that the chiral feature is more strongly manifested. As previously men-

tioned, the most successful chiral SDAs used so far are chiral coordination com-

plexes which imprint their chirality by the establishment of extensive H-bond in-

teractions through primary amine groups. Therefore, it would be convenient to use 

amines which can develop H-bond interactions (rather than quaternary ammonium 

cations). In this context, amines are better SDAs for the synthesis of AlPO-based 

(rather than silica-based) zeolitic frameworks  due to the neutral-to-acidic pHs at 

which their synthesis is performed, which enables a protonation of the amines and 

hence a development of strong interactions with the network. On the other hand, 

the strongest and more localized interactions during a zeolite crystallization pro-

cess are established between the positive charge associated to the protonated am-

monium groups of the organic molecules and the negative charge associated to de-

fects in the zeolite network, commonly in the form of low-valence isomorphic 

substitutions of Si
4+

 by Al
3+

 in zeolites, or Al
3+

 by divalent metals like Mg
2+

, Zn
2+

 

or Co
2+

 in AlPO networks. In this context, the dopants in the zeolitic networks can 

adopt a large number of different spatial configurations depending on the available 

T positions where the dopant is to be incorporated (Figure 14-bottom, blue balls). 

This spatial distribution of dopants arises a new degree of freedom and conse-

quently provides a matrix where a chiral feature could be potentially imprinted, in 

the form of asymmetric distributions of dopants embedded in otherwise achiral 

frameworks (Figure 14-bottom, green balls), which represents a new concept of 

chirality in zeolite materials that we have recently proposed [107-109]. In fact, the 

strong interactions established between the positive charge of protonated ammoni-

um groups containing H-bond donor groups and the negative charge associated to 

the incorporation of dopants make possible that these organic species can direct 

the spatial incorporation of dopants, as we have demonstrated in other FER sys-

tems [110,111]. Therefore, it would in principle be feasible that if we manage to 

promote such supramolecular helicoidal arrangements of the organic aromatic 

SDA molecules through asymmetric packing interactions, and these aromatic 

amines (or rather protonated ammonium cations) develop strong electrostatic (and 

H-bond) interactions with the dopants, such helicoidal organic arrangement could 

be imprinted on the zeolite network through a helicoidal spatial distribution of do-

pants, hence inducing chirality in the zeolite framework. Interestingly, Song and 

coworkers have discovered a new zeolite framework (JRY) where a helix of cobalt 

atoms occurs within the framework, leading to a chiral material [28]. In fact, de-

spite using achiral ethylamine as SDA, circular dichroism experiments did surpris-

ingly reveal a certain enantiomeric excess in the solid material, which was as-

cribed to a symmetry breaking event amplified by secondary nucleation. 
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Following this reasoning, we designed a chiral (enantiopure) aromatic amine 

as SDA derived from L-proline, (S)-(–)-N-benzyl-pyrrolidine-2-methanol (BPM) 

[59,107] (molecule Q in Figure 3), which directed the crystallization of the AFI 

AlPO-based framework in the presence of different dopants. Interestingly, molec-

ular mechanics simulations showed that the most stable packing of dimers of BPM 

along the AFI channels involved an asymmetric supramolecular arrangement 

where consecutive dimers were always rotated by an angle of -90º (this represent-

ed the most stable rotation angle, see Figure 15-top-left, blue line), thus leading to 

a helicoidal supramolecular arrangement of the organic SDA species, which was 

our initial target (Figure 15-top-right) [107]. Of course the occurrence of just one 

particular rotation angle being more stable than the rest (and especially than the 

mirror-image rotation angle in the opposite direction) was a direct consequence of 

the introduction of the hydroxymethyl substituent in the pyrrolidine ring that made 

the molecule chiral. This was evidenced by the fact that rotations between consec-

utive dimers in one or the opposite direction for the achiral equivalent molecule, 

benzylpyrrolidine, were equally stable (see Figure 15-top-left, red line). However, 

fluorescence spectroscopy results showed that the actual incorporation of these 

BPM molecules confined within the AFI 1-dimensional channels involved both 

monomer and dimer species, with relative amounts of each depending on the type 

of dopant and the protonation state of the SDA: protonated dimers seem to cause 

an electrostatic repulsion between consecutive dimers that disfavored the occlu-

sion of dimers [112,113]. The non-exclusive incorporation of dimers would of 

course disrupt the supramolecular helicoidal arrangement of the dimers. Moreo-

ver, we observed that the interaction between the ammonium groups of BPM di-

mers and the divalent dopants located in the different positions (replacing Al in 

the channel walls) was weak since these ammonium groups sited close to the cen-

tre of the channels and hence away from the channel walls (with distances larger 

than 5 Å), and hence they could not interact with the dopants. Therefore, it did not 

seem likely that these BPM dimers would direct the spatial incorporation of do-

pants, as evidenced by the fact that similar stabilities were found for AFI/BPM 

systems with Mg sited in different Al positions (see Figure 15-bottom-left). As a 

consequence, a transfer of chirality from the supramolecular dimer arrangement 

into a helicoidal distribution of dopants did not seem likely to occur for this par-

ticular chiral SDA molecule. 

We then selected another molecule, (1R,2S)-ephedrine (EPH, molecule R in 

Figure 3), that satisfied the same requirements previously commented, while being 

potentially able to interact more-strongly with the framework walls through H-

bond interactions. The selection of this chiral precursor was based on the simulta-

neous occurrence of i) an aromatic ring which promotes the formation of supramo-

lecular dimers through π-π type interactions, ii) two stereogenic centers that im-

part a strong asymmetric molecular structure, iii) H-bond donor and acceptor 

groups that trigger an asymmetric packing (lateral) interaction between consecu-

tive dimers, potentially leading to long-range chiral orderings, and iv) a secondary 

amine which will be protonated in acidic medium to form R-NH2
+
-R’ positively-

charged groups that will develop strong electrostatic interactions with the negative 

charge associated to divalent dopants. As previously mentioned, the use of this 
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molecule as SDA for the synthesis of nanoporous aluminophosphates led to the 

crystallization of the AFI framework [61,62]. Molecular mechanics simulations 

then showed the occurrence of one particular rotation between consecutive dimers 

which was more stable than the others (+30º, see Figure 16-top-left), and hence 

consecutive dimers will tend to be rotated by this angle, developing again a heli-

coidal supramolecular arrangement of EPH dimers (Figure 16-top-right) [114]. 

This particular rotation represented a more stable packing configuration since it 

enabled the development of a stronger double H-bond interaction between the 

NH2
+
 and O(H) groups of consecutive dimers (Figure 16-bottom-left). Interesting-

ly, in this case the NH2
+
 did locate close to the channel walls and did interact 

strongly with them. In fact, there was a clear relationship between the stability of 

the different locations of the divalent dopants with their distance to the ammonium 

group (see Figure 15-bottom-right): the dopants prefer to locate close to the am-

monium positive charge. This is an indication that the ammonium groups will di-

rect the spatial distribution of dopants in the AFI channels, and hence suggests that 

the helicoidal supramolecular arrangement of the EPH dimers could potentially be 

transferred into a helicoidal spatial distribution of dopants (Figure 16-bottom-

right). 

Nonetheless, although we have clearly demonstrated the exclusive incorpora-

tion of ephedrine dimers within the AFI framework (depending on the synthesis 

conditions) [68,69], so far we have not been able to experimentally demonstrate 

the occurrence of the chiral distribution of dopants. Confirmation of such special 

configuration for the dopants is extremely difficult (if not impossible) by diffrac-

tion techniques (either electron or X-Ray diffraction methods) due to the similar 

scattering power of Mg dopants and Al and by the subtle changes that would be 

induced in the diffraction pattern as a consequence of these particular dopant dis-

tributions. Therefore, in an attempt to demonstrate the occurrence of this concept 

of chirality and its potential use in enantioselective operations, we are currently 

working on the adsorption of different chiral probe molecules within these materi-

als. 

6 Summary 

In this chapter we have analyzed in detail the potential of transferring chirality in-

to zeolite frameworks through the use of chiral structure-directing agents. First at-

tempts by using chiral organic species led invariably to a failure in imprinting 

their chirality onto zeolite networks, possibly because of a lack of strong and spe-

cific host-guest interactions, high mobility of the chiral precursors within the 

channels and/or cavity systems, and the different dimension of the chiral feature in 

the organic unit (at a local environment) and in the zeolite framework (at a long-

range level).  

The use of chiral organometallic complexes has been more successful in trans-

ferring their chirality onto inorganic frameworks through the establishment of ex-
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tensive H-bond interactions; however they usually promoted the crystallization of 

low-dimensional frameworks, or 3D zeolitic open-frameworks but where the guest 

species are removed with difficulty and probably causing a collapse of the struc-

ture. Nevertheless, these works clearly demonstrate the fundamental role of H-

bond interactions when imprinting chirality on an inorganic lattice.  

There has been a very recent example where a computationally-guided rational 

design of a chiral SDA enabled the production of an enantiomerically-enriched 

chiral zeolite framework, which represents a fundamental milestone in the quest 

for a homochiral zeolite structure, a highly desired yet elusive target in zeolite sci-

ence. This work not only demonstrates the feasibility of producing homochiral ze-

olite materials where chirality is imprinted through the use of rationally-selected 

chiral SDAs, where the aid of molecular simulation techniques has proven funda-

mental, but also confirms that this enantioenriched chiral zeolite materials are able 

to perform enantioselective operations of both asymmetric catalysis and adsorp-

tion (although so far the enantiomeric excesses found are not very high). Hence, 

this fundamental work will probably prompt a more intensive search for other chi-

ral zeolite frameworks in order to produce active, robust and efficient enantiose-

lective catalysts, which will potentially be of enormous relevance in the chemical 

industry, especially in the pharmaceutical sector. 
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Figure 1. Chiral organic cations used as structure-directing agents that directed the 

crystallization of zeolite frameworks (silica-based composition). 
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Figure 2. Additional chiral organic cations derived from the myrtanyl ring used as 

SDAs that did not lead to crystalline zeolite materials (in silica-based composi-

tions) [44]. 
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Figure 3. Chiral organic molecules used as structure-directing agents that directed 

the crystallization of zeotype frameworks (AlPO, ZnPO or GaPO-based composi-

tions). 
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Figure 4. Schematic picture with the structure-directing effect of (1R,2S)-

ephedrine (left) and (1S,2S)-pseudoephedrine (right) and their associated supramo-

lecular chemistry during occlusion within the AFI channels. Adapted with permis-

sion from [62], Copyright (2015) American Chemical Society. 
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Figure 5. Schematic picture of the propeller chirality of octahedral transition-

metal coordination compounds with bidentate ligands. 
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Figure 6. Some of the most common chiral organometallic coordination complex-

es used as SDAs for the crystallization of low-dimensional or zeotype frameworks 

(AlPO, ZnPO or GaGeO-based compositions); chiral zeolite frameworks are 

shown in red. 
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Figure 7. Structure of trans-Co(dien)2·Al3P4O16·3H2O (top) [74] and of d-

Co(en)3·Al3P4O16·3H2O (bottom) [75] (H atoms are not shown). O atoms are 

shown in red, Al in blue, P in pink, N in dark blue, Co in light blue and C in grey.  
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Figure 8. Two views (top and bottom) of the structure of d-

Co(en)3·AlP2O8·6.5H2O, highlighting the  H-bond helix around the AlPO chain 

[78]. O atoms are shown in red, Al in blue, P in pink, N in dark blue, Co in light 

blue, C in grey, and H in white. Dashed blue line indicates H-bonds. 
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Figure 9. Structure of ([Zn2(HPO4)4][Co(dien)2]·H3O (left), highlighting the  heli-

coidal 12-ring channel with the two strands in different colors (right) [79]. O at-

oms are shown in red, Zn and P as grey and pink polyhedra, N in dark blue, Co in 

light blue, C in grey, and H in white. The two intertwined helices are highlighted 

as yellow and green polyhedra (right). Adapted with permission from [79], Copy-

right (2003) John Wiley and Sons. 
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Figure 10. Structure of JST structure type (GaGeO-CJ63) (top) and stereochemical 

relationship between the chirality of the complex cations and that of the cages (H-

bond interactions are indicated by dashed blue lines) [80]. The free volume is 

shown as a blue surface (top). O atoms are displayed in red, Ga/Ge in dark green, 

N in blue, C in grey, H in white and Ni in light green. Adapted with permission 

from [80], Copyright (2011) John Wiley and Sons. 
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Figure 11. Different stacking of the Beta sheets giving place to polymorph A (top) 

or B (middle), and generation of the distinct channels in the ‘c’ direction (bottom). 
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Figure 12. The ITQ-37 framework structure (ITV) (left), and the organic cations 

used as SDAs that have directed its crystallization so far (right). 
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Figure 13. The STW framework structure (left), with details of the helical channel 

(highlighted by yellow dashed lines; a detail of the channel is highlighted by green 

sticks at top-right), and the organic species used as SDAs that have directed its 

crystallization so far (right). 
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Figure 14. Schematic illustration of the concepts of asymmetric self-assembly of 

chiral aromatic amines in order to extend the chiral environment into the chiral 

dimension typical of zeolite structures (top), and AFI matrix with the different po-

sitions where dopants can be incorporated (blue balls, Al atoms), and a possible 

helicoidal distribution of dopants (green balls) (bottom). 
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Figure 15. Relative energy diagram for the rotation angle between consecutive 

dimers for (S)-N-benzylpyrrolidine-2-methanol (BPM, blue) and benzylpyrroli-

dine (BP, red) (dashed line indicates 0º rotation) (top-left), and helicoidal ar-

rangement of BPM (top-right). Bottom: stability for different replacement posi-

tions of Al by Mg as a function of the Mg···N interatomic distance for BPM (left) 

or ephedrine (EPH, right) (different colors indicate location of Mg in consecutive 

12-rings along the AFI channels). Reproduced (adapted) from [107] and [114] by 

permission of the PCCP Owner Societies. 
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Figure 16. Relative energy diagram for the rotation angle between consecutive 

dimers for (1R,2S)-ephedrine (top-left), with the rotation of 30º being more stable 

because of a stronger double H-bond interaction between dimers (bottom-left), 

helicoidal arrangement of EPH dimers rotated by +30º (top-right), and impression 

on a chiral distribution of dopants (bottom-right). Reproduced (adapted) from 

[114] by permission of the PCCP Owner Societies. 
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