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Abstract 
 
In this review, we analyze the stereochemistry of hexacoordinated metal complexes with flexible 
tridentate ligands. Unlike rigid ligands, which can adopt only specific coordination modes, flexible 
ligands open more possibilities to fine-tuning the system for a specific application. Bis-tridentate 
[M(A-B-A)2] complexes of flexible ligands can form three geometric isomers: mer, trans-fac, and cis-
fac. The analysis of crystallographic data for 844 structures found in the CSD elucidates influences on 
the formation of different isomers, such as steric and electronic properties of the ligand and metal 
ion, type and substitution of donor atoms, and the possibility of non-covalent interactions.  
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1. Introduction 
 

The stereochemistry of a given molecule significantly influences a number of important 
properties like stability and reactivity in a chemical or biological environment. However, the 
preparation and identification of stereoisomers is often a nontrivial task. In particular, organic 
stereochemistry is a well-developed discipline, including a number of concepts that foster the 
application of organic molecules in various fields.[1] On the other hand, different factors governing 
inorganic stereochemistry are still not well understood.[2,3] The first coordination compounds, mainly 
Co(III) complexes described by Werner, already intrigued chemists with their stereochemical features. 
The problem of identifying the isomers of bis-tridentate ligand metal complexes was first encountered 
in 1934 when the [Co(dien)2]I3 complex was isolated by Mann.[4] However, it was not until the 1970s 
that detailed studies of these isomers were made by Keene and Searle[5,6] as well as Yamasaki and 
Yoshikawa.[6,7]  

Although neglected for an extended period of time due to their saturated coordination 
sphere, chiral complexes such as [Co(en)3]3+ (en = ethylenediamine) have found use as efficient 
hydrogen-bond catalysts,[8] and a number of articles review geometric isomerism in tris-bidentate 
complexes.[8,9] Bis-tridentate ligand complexes have found use as fluorescent sensors,[10] model 
compounds for bioinorganic systems,[11] catalysts,[12] and materials with interesting magnetic 
properties.[13] The most widespread application of [M(dien)2] complexes are supramolecular building 
blocks, where due to the spatial orientation of hydrogen bonds, [M(dien)2] act as structure-directing 
cations in the synthesis of larger inorganic structures.[14] As differences in the stereochemical 
arrangement lead to different properties of the complexes,[15,16] it is essential to understand these 
arrangements for specific applications.  

The reported studies of [M(ligand)2] complex stereochemistry are mainly focused on one or 
two ligand systems. Favas and Kepert[17,18] described the isomer preferences of bis-tridentate ligand 
complexes based on repulsion energy calculations; however, clear isomer preferences remain 
unexplained. Up to date, stereochemical preferences among different ligand systems in bis-tridentate 
ligand complexes have not been systematically reviewed. Herein, we analyzed crystallographic data 
of ML2 structures found in the Cambridge Structural Database (CSD)[19] in order to provide guidelines 
for the design of these complexes, as well as insight into the coordination behavior of the most 
commonly used ligands.  
 
2. Dataset 
 

CSD searches (CSD version 5.42, update November 2020) of homoleptic bis-tridentate ligand 
complexes corresponding to the general structure shown in Figure 1 gave 844 results. In the ML2 
complexes, the central metal atom is saturated by two tridentate A-B-A ligands, containing one central 
Bdonor atom with the possibility of a substituent R (tail), and two identical terminal coordination sites 
(arms) with Adonor atoms, forming five-membered chelate rings upon coordination to the metal. 
According to their symmetry, these ligands can be classified as palindromic.[20] The majority of 
examples were found for ligand groups shown in Figure 1, while ligands with less than ten reported 
ML2 structures are discussed separately (Figure 16). Rigid ligands, such as terpyridine (terpy) that only 
coordinate meridionally and macrocyclic ligands, such as 1,4,7-triazacyclononane (tacn) that can only 
coordinate facially, were not considered. 



 

 
Figure 1. General structure of ML2 complexes, where Bdonor = central donor atom, R = substituent on B (tail), and Adonor = 
identical terminal donor sites (arms). Tridentate A-B-A ligands with more than 10 ML2 structures reported in the CSD. The 
ligands can have different Bdonor atoms, which are equally represented in bph and bza ligands, while only the most common 
Bdonor atom is shown for the rest.  

In the graphic displays of the structures throughout the review, only the [M(ligand)2]n complex 
ions are shown, while the counterion and solvent molecules, as well as non-relevant hydrogen atoms 
present in the crystal structure are omitted unless relevant for the discussion. The structures are 
identified using their CSD Refcodes. It should be noted that the crystal structure does not necessarily 
represent the most stable structure. Still, specific trends can be observed from the analysis of 
crystallographic data[21] and are supported by DFT and solution-state data where available.  
 
3. Isomers of [M(A-B-A)2] complexes 
 

The three geometric isomers of [M(A-B-A)2] complexes are mer, trans-fac, and cis-fac (Figure 
2), in some publications also denoted as mer (meridional), s-fac (symmetrical-facial), and u-fac 
(unsymmetrical-facial), respectively.[22] The isomers can be classified according to their A1-M-A1’ 
(A2-M-A2’) and B1-M-B2 angles. Values of A1-M-A1’ close to 180° show meridional (mer) 
coordination, where the ligand plane bisects the molecule, while values near 90° indicate facial (fac) 
coordination, where one ligand occupies the triangular face of an octahedron.[23] The angle 
describing the position of the central donor atoms of the two ligands, B1-M-B2, describes trans (180°) 
or cis (90°) coordination. Another parameter that can be used to distinguish between isomers is the 
A1-B1-B2-A1´ dihedral angle,[24] with the following ideal values: cis-fac (54.7°), trans-fac (90°), mer 
(180°). Throughout this review, we used the former classification method, as the scatter plot of A-M-
A’ vs. B1-M-B2 angles (Figure 3) offers an easy distinction between the isomers as well as information 
about the geometry. In non-centrosymmetric structures, the A-M-A’ angle values slightly differ for the 
two ligands, and the average of the two A-M-A’ angles is used in the analyses.  

 



 
Figure 2. Three geometric isomers of [M(A-B-A)2] complexes: mer, trans-fac and cis-fac. The two enantiomers of cis-fac, Δ 
and Λ, are shown from the side view and top view showing the assignation of the chirality descriptor. 

 
Figure 3. Scatter plot of A-M-A’ vs. B1-M-B2 angles for 844 analyzed structures. The angle values of 135° indicate borders 
between isomers; cis-fac at the bottom left, trans-fac at bottom right, and mer at top right. Structures located near the 
corners of the plot have octahedral geometry, while the middle of the plot indicated by the gray area corresponds to trigonal 
prismatic geometry.  

For the coordination number six, octahedral geometry is more common and characteristic for 
ionic complexes, while trigonal prismatic geometry is preferred for more covalent metal-ligand 
combinations such as ligands with soft donor atoms and metals in high oxidation states.[25] 
Octahedral geometry is characterized by values of A-M-A’ and B1-M-B2 angles near 90° or 180°, while 
values near 135° indicate trigonal prismatic geometry.[18,26] As the octahedral geometry gets more 
distorted towards trigonal prism, the distinction between different isomers becomes less clear, and in 
some cases those complexes can be classified differently by different methods. For additional 
determination of the geometry, we used the program FindGeo,[27] that compares the polyhedron 
around the metal ion with templates from a library and determines the best match of geometry.  

In terms of symmetry, trans-fac (C2h) is achiral and can be discriminated from other isomers 
by its lack of optical properties. The chirality of the cis-fac isomer, which has a twofold rotation axis 
(C2), arises from the configurational effect; when one ligand coordinates facially, the second ligand has 
two possible ways of coordination in a cis-fac complex, forming either a Δ or Λ enantiomer. The 
somewhat unexpected chirality of the mer isomer (C2) is a result of the puckered chelate rings and 
orientation of the substituents on the central Bdonor atoms. The two conformers of mer, δ and λ, were 
first described for a mer-[Co(dien)2]3+ complex,[6,28] where the two N-H bonds on the central donor 
nitrogen atoms formed a segment of a right- or left-handed helix. This "NH chiral effect" is also valid 



for ligands with a substituent R on the central nitrogen atom,[29] as well as for other central donor 
atoms, where it would refer to the direction of the lone pair of an oxygen or sulfur donor atom. In the 
studies of optically resolved isomers of [Co(dien)2]3+[7] and [Rh(dien)2]3+ (WEMLIJ[30]), CD spectra 
showed significantly larger Δε values for the cis-fac than for the mer enantiomers. This is not 
surprising, as the chirality of the mer isomer is conformational, while the chirality of cis-fac is of 
configurational origin.  
 

 
Figure 4. Enantiomers of cis-fac-[Ru(bpa)2]2+, LOBLUJ[31] and mer-[Fe(ida)2]−, LETXIS[29] (left), both present in the racemic 
crystal structures. 13C NMR (D2O) spectra of the free dien ligand and three isomers of [Co(dien)2]Cl3 complexes (right), 
modified from ref. [32].  

The Δ or Λ configurational enantiomers of cis-fac and δ and λ conformational enantiomers of 
mer can be assigned according to the helicity of two skew lines. As shown in Figure 4 for structures 
LOBLUJ and LETXIS, one line connects the two ligating Bdonor atoms in one plane, and the other 
connects two R groups above this plane.[33] Numerically, a positive R1-B1-B2-R2 torsion angle 
corresponds to clockwise rotation (Δ, δ), while a negative torsion corresponds to counterclockwise 
rotation (Λ, λ). Another way of assigning the cis-fac configuration is from the top view of the complex 
(Figure 2), considering the clockwise (Δ) or counterclockwise (Λ) direction from the top R group (higher 
priority) towards the bottom R group (lower priority). The Δ and Λ, as well as δ and λ chirality 
descriptors refer to the chirality of the individual complex cation, while the crystal structure can 
contain one or both enantiomers. In our dataset, 29% mer, 8% trans-fac, and 22% cis-fac structures 
were found to crystallize in non-centrosymmetric space groups. The trans-fac isomer is expected to 
be centrosymmetric, and some of the 8% that crystallize in non-centrosymmetric space groups have 
distorted geometry making their isomer classification somewhat ambiguous. However, a small 
number of trans-fac with regular octahedral geometry also lack a centre of symmetry (for example 
VOYKOM[34]). Chiral complexes crystallized in centrosymmetric space groups are necessarily 
racemates, while those in non-centrosymmetric space groups usually contain single enantiomers 
(conglomerates) but in some cases they can also be racemates.[1] For example, structures of 
racemates containing both enantiomers as two crystallographically independent complex cations in 
the unit cell can crystallize in both centrosymmetric (BACDEP[35]) and non-centrosymmetric space 
groups (TEZBIL[36]). However, the structure TEZBIL contains glide plane symmetry (n), a symmetry 
element that changes the handedness (chirality) of the object. The symmetry of the complex cations 



affects the intermolecular interactions and is important to consider in stereospecific interactions 
among various complex species.[37] 

Ligands described in this review form five-membered chelate rings upon coordination to the 
metal, forming different conformers depending on the chelate ring conformations. Each chelate ring 
is defined by five torsion angles, and the δ or λ conformation can be assigned for the τ(A-C-C-B) angle 
of each chelate ring, using the same principle as described for the mer isomer. In this case, the bottom 
line connects two ligating atoms, and the top line connects the two C-C atoms (Figure 5). A situation 
where A-B is parallel to C-C corresponds to the envelope form with τ(A-C-C-B) = 0.  

 
Figure 5. Assigning the conformation of five-membered chelate rings (top) and τ(A-C-C-B) values for the analyzed structures 
(bottom).  

Analysis of the τ(A-C-C-B) torsion angles (Figure 5) rather expectedly shows that flexible dien 
ligands have the widest, while bph have the narrowest range of these values, due to the rigid phenyl 
groups being part of the chelate rings. Small τ(A-C-C-B) values indicate envelope-like conformations 
of the chelate rings and are not observed for complexes of dea and bta ligands.  

The three isomers can be distinguished in solution by NMR spectroscopy. As described by 
Searle and Keene,[32] for [Co(dien)2]Cl3 complexes, 1H NMR was only moderately useful, as difficulties 
in understanding the splitting patterns of the NH2 group did not allow unambiguous assignation of the 
isomer. This was possibly due to the dependence of the splitting pattern on ring conformational 
interchanges or interactions of the NH2 groups with anions. On the other hand, 13C NMR spectra gave 
a clear distinction between the isomers (Figure 4). The number of peaks is related to the point group 
symmetry; in the C2h trans-fac complex, all four a- and all four b-carbon atoms are equivalent, each 
showing one peak in the 13C spectrum. In the C2 cis-fac, two equatorial and two axial groups give in 
total four signals. In the mer isomer, four signals would be expected for the C2 point group; however, 
mer-[Co(dien)2]Cl3 showed three peaks in the intensity ratio of 2:1:1. The magnetic non-equivalence 
of two carbon atoms was explained as a consequence of non-covalent interactions of neighboring NH2 
groups, influencing the carbon atoms adjacent to the NH2 groups, while the carbon atoms bound to 
the secondary amine groups were in similar stereochemical environments and remained magnetically 
equivalent. For other ligand systems, information about the solution structure could also be obtained 
by 1H NMR, see Chapter 4.5. 

The scatter plot of A-M-A’ vs. B1-M-B2 angles for all 844 analyzed structures, Figure 3, shows 
that trans-fac complexes are mainly concentrated around values typical for octahedral geometry (90° 
or 180°), while mer and cis-fac are more dispersed towards trigonal prismatic geometry (135°). 
Deviations of the A-M-A’ and B1-M-B2 angles from ideal octahedral geometry were described using 



mean absolute error (MAE) values, calculated as: 𝑀𝐴𝐸 =  ∑ |∠ − ∠ |, and are shown in Table 
1. For the 844 [M(A-B-A)2] complexes, larger deviations are observed for the B1-M-B2 angle in cis-fac 
and the A-M-A’ angle in mer.[7,38,39] To show that the deviations are characteristic for different 
isomers, regardless of the type of metal or ligand, the same analysis was made for 125 [Ni(dien)2]2+ 
complexes. The analysis of [Ni(dien)2]2+ complexes (Table 1) showed similar trends as the general 
analysis, despite the preference of Ni(II) for octahedral geometry and minimal steric requirements of 
dien ligands. 

Table 1. Deviations (MAE) of B1-M-B2 and A-M-A’ values from ideal octahedral geometry for all analyzed 844 [M(A-B-A)2] 
and for 125 [Ni(dien)2]2+ complexes, shown as ideal octahedral value and (MAE).  

 [M(A-B-A)2] [Ni(dien)2]2+ 

Isomer B1-M-B2 /° A-M-A’ /° B1-M-B2 /° A-M-A’ /° 

mer 180 (7.51) 180 (25.38) 180 (2.96) 180 (17.77) 
trans-fac 180 (2.11) 90 (4.24) 180 (0.54) 90 (1.29) 

cis-fac 90 (16.55) 90 (10.02) 90 (12.60) 90 (5.53) 
 

In cis-fac isomers, the B1-M-B2 angle is often larger than 90°, possibly due to steric repulsion 
of the substituents on the neighboring Bdonor atoms, leading to distortion towards trigonal prismatic 
geometry.[17] The deviation of the A-M-A’ angle in mer describes distortion of the equatorial plane 
due to the restricted ligand bite angles.[40] In trans-fac isomers, the equatorial plane is often tilted; 
however, the four Adonor atoms are predominantly bound in the same plane (Figure 6).  

     
Figure 6. Characteristic examples of coordination polyhedra in mer-AEAMNI12,[41] trans-fac-CEYREE,[42] and cis-fac-
CIDFOL[42] isomers of [Ni(dien)2]2+ complexes. Scatter plot of A-M-A’ vs. B1-M-B2 angles showing values of parameter Σ for 
all 844 analyzed [M(A-B-A)2] structures.  

Several different parameters can be used to describe the geometry of hexacoordinated 
complexes.[43,44] The description of distortion of B1-M-B2 and A-M-A’ angles from ideal octahedral 
values is useful specifically for this system, as it shows the origins of distortion. A more general 
parameter, the distortion parameter Σ, describes the sum of deviations of 12 cis A/Bdonor-M-A/Bdonor 
angles from 90° of an ideal octahedron (Figure 6). Σ = 0 denotes an ideal octahedron, and its values 
increase with deformation. This parameter is often used for spin-crossover complexes, as differences 
in the spin state are reflected in different distortions, the Σ parameter often being smaller for low-spin 
complexes.[13,45,46] A similar way of describing distortion are the bond-angle variance σ2

oct and 
quadratic elongation λoct. These parameters are often used for describing structural strain in 
minerals.[47,48] 
 
4. Ligands 
 
4.1. Diethylenetriamine (dien) ligands 
 



[M(dien)2] complexes are frequently used as complex cations in larger structures such as 
clusters,[49,50] heterometallic complexes,[51] and chiral frameworks.[52] Using metal complexes 
instead of organic cations as structure-directing species offers integration of the interesting electronic, 
magnetic, and optical properties of the metal complexes into the inorganic structures. The preparation 
of these inorganic structures, such as chalcogenidometalates (Figure 7) with [M(dien)2] as structure-
directing cations,[14,53] shows the importance of understanding the isomer preferences, as the 
selected isomer can influence the overall structure.[54] 

    
Figure 7. Scatter plot of A-M-A’ vs. B1-M-B2 angles for 295 [M(dien)2] complexes prepared with H-dien and R-dien ligands 
with Bdonor = N. An example of [M(dien)2] complexes as structure-directing cations in a thioarsenate structure 
[Co(dien)2][Co(As3S3)2] (BIPNUL).[14]  

The similarity of donor atoms and lack of steric hindrance in dien ligands already imply a small 
energy difference between the isomers. For the 295 [M(dien)2] complexes, a significant number of all 
three isomers were found, Figure 7. In the most common case, when the central donor atom Bdonor = 
N, there is a possibility of a third substituent (tail); H or R. Dividing the ligands according to the H/R 
group shows that H-dien ligands equally form all three isomers, while the 18 R-dien complexes are 
found almost exclusively as trans-fac (Figure 7). The only example of a mer-[M(R-dien)2] complex is 
UFEQOL. Mer-UFEQOL and trans-fac-UFEQUR[55] both have R = Me and are prepared with different 
counterions, Br-/PF6

- and SO4
2-, respectively, which could be a possible cause of the formation of 

different isomers. Many studies were performed on H-dien complexes with the inert Co(III) ion, which 
lead to the isolation of all three isomers from the mixture. For example, Yamasaki and Yoshikawa 
reported the isomer ratio of trans-fac : cis-fac : mer = 7 : 30 : 63.[7] Gutiérrez-Zorrilla and coworkers 
[24] analyzed geometrical parameters of [M(H-dien)2] complexes and compared them to their 
experimentally obtained trans-fac and mer-[Ni(H-dien)2]2+ complexes (HOKXAG, HOKXEK). DFT 
calculations of isolated molecules in the gas phase showed that the mer isomer was the most stable 
by 18.8 kJ mol-1. Electrochemical studies of [CoIII(H-dien)2]3+ and [CoII(H-dien)2]2+ complexes showed 
that for the kinetically labile Co(II) ion, only the thermodynamically favored mer isomer could be 
observed. For a dien ligand methylated at the Bdonor atom, the isomer preferences were significantly 
shifted to trans-fac, which was the only isomer observed both in [CoIII(Me-dien)2]3+ and [CoII(Me-
dien)2]2+.[56] The H atom on the central donor atom of the ligand results in substantially different 
properties of the ML2 complexes compared to other possible R groups. Therefore, the more 



predictable preference found for the R-ligand can be considered the standard preference of the ligand 
type. The influence of the R/H group will be described in detail later, see Chapter 5.2.  
 
 
4.2. Diethanolamine (dea) ligands 
 

The different electronic properties of Adonor and Bdonor atoms in dea suggest larger energy 
differences between isomers than observed for dien ligands. For [M(dea)2] complexes, the preference 
of 38 R-dea complexes in the solid-state was exclusively trans-fac, while one mer, one cis-fac, and 
seven trans-fac isomers were found for H-dea ligands. Yamaguchi and Sakiyama studied the relative 
stability of [Ni(H-dea)2]2+ isomers based on electronic spectra and DFT calculations, which showed that 
cis-fac was the most stable.[57] A compound containing two [Cu(dea)2]2+ cations (YILNIT[58]) and a 
pyromellitic anion showed activity as a homogeneous catalyst for the mild oxidative functionalization 
of cycloalkanes. 

In several complexes, the dea ligands are deprotonated, and the number of deprotonated 
hydroxyl groups can affect the isomer preferences (Figure 8). Complexes with one deprotonated OH 
are all cis-fac, while all with two or three deprotonated OH are trans-fac isomers. In the case of four 
deprotonated OH, several Ti(IV) complexes are cis-fac, while one Cu(II) complex (ZAZGEP[59]) is trans-
fac. 

 
Figure 8. Scatter plot of A-M-A’ vs. B1-M-B2 angles for 20 [M(dea)2] complexes with deprotonated dea ligands. A 2D 
representation of complexes XUCVEX[60], SAGJUG[61], SANHUL,[62] and ZAZGEP[59] with 1, 2, 3, and 4 deprotonated 
hydroxyl groups of dea ligands, respectively.  

 
4.3. Diglycol methyl ether (diglyme, dgm) ligands 
 

Clefts for alkali and alkaline earth metals, such as cyclic polyethers, cryptands, and 
coordinating solvents, are used to encapsulate cations in systems where only the behavior of the anion 
is relevant.[63,64] One such cleft is diglyme (dgm), an organic solvent often found to coordinate alkali 
metals forming [M(dgm)2] complexes. These complexes are found as part of electrolytes, for example, 



in rechargeable magnesium batteries.[65,66] Due to their ionic nature, the [Li(dgm)2]+ complexes are 
all mer isomers, while [Na(dgm)2]+ are borderline mer or trans-fac, with A-M-A angle values around 
135° (Figure 9), indicating distortion of the octahedral equatorial plane, characteristic for mer 
complexes.  
 

 
Figure 9. Scatter plot of A-M-A’ vs. B1-M-B2 angles for 74 [M(dgm)2] complexes for ligands dgm, pmdeta, and tmdae. 
Distorted coordination geometry of a [K(pmdeta)2]+ complex NAFVEV.[67] 

The bite angle, in the case of tridentate ligands the A-M-B angle, is a parameter often used in 
describing bidentate ligands and is important in catalysis as it affects the rate and selectivity of 
reactions catalyzed by metal complexes.[68] Mirzaei and coworkers[69] described how the N-M 
distances and N-M-N angles in five-membered chelate rings formed by coordination of bidentate N-N 
ligands change to fit the requirements of different metal ions. Namely, as the metal ion size increases, 
the N-M-N angle becomes smaller while the corresponding M-N bond becomes longer. Kepert defined 
the normalized bite, b, that describes the contribution of both the metal-ligand distance and ligand 
bite.[17,18,70] In the case of [M(A-B-A)2] complexes, b would be defined as b = 2sin(A-M-B/2). Figure 
9 shows the dependence of geometrical parameters on the type of metal. Namely, the A-M-A angle 
values follow the trend Li+ ≈ Mg2+ > Na+ > K+, inversely proportional to the metal ion size. This can be 
correlated with the bite angle and normalized bite; for larger metal cations, the A/Bdonor-M distances 
become longer, the bite angle (A-M-B) and normalized bite, and consequently the A-M-A angle 
become smaller. Consequently, increasing the metal cation size leads to distortion in the coordination 
geometry of mer complexes (Figure 9). 

Due to their similar coordination behavior, a few examples of N,N,N′,N″,N″-
pentamethyldiethylenetriamine (pmdeta) and N,N,N′,N′-tetramethyldiaminoethyl ether (tmdae) 
complexes were analyzed together with dgm ligands. Changing the terminal Adonor atoms from O to N 
gives a ligand with an additional methyl substituent that is more sterically demanding than the dgm 
ligand. These steric properties influence the coordination behavior of the ligands, making it harder to 
obtain ML2 stoichiometry for pmdeta than dgm, and often leading to formation of ML complexes with 
pmdeta.[71,72]   

 
4.4. Iminodiacetate (ida) ligands 
 



Inspired by the well-known metal chelator EDTA, the chelator iminodiacetic acid, 
predominantly in its deprotonated form, iminodiacetate, is a ligand widely used in aqueous 
environments.[73] R-ida ligands predominantly form trans-fac, while both cis- and trans-fac are found 
for H-ida complexes. For the only mer complex [Fe(Me-ida)2]− (LETXIS[29]), the authors showed that 
the mer configuration was retained in solution. Additionally, using DFT calculations, the authors 
showed that mer was the most stable isomer due to higher repulsive interactions in the ligand 
framework of cis-fac, and the weakest metal-ligand interactions and highest ligand strain in the trans-
fac isomer. These results are somewhat surprising, as the majority of other R-ida complexes were 
found as trans-fac, which in this case was by far the least stable isomer. The reason for this could 
perhaps be the small size of the R = methyl group, which has in several cases lead to less predictable 
isomer preferences (see  

Table 2). 
The non-coordinated carbonyl groups of ida ligands offer the possibility of formation of 

supramolecular structures. [M(ida)2] can interact with s-block metal cations such as K+, Na+, Cs+, Ba2+, 
and Ca2+ that are present in the structure for charge neutralization. It is apparent that ida ligands 
generally have trans-fac preferences, but interactions of their carbonyl groups with cations render the 
preferences unpredictable (Figure 10). Generally, ida ligands appear to prefer fac coordination over 
mer. The two oxygen atoms available for further coordination enable ida ligands to form structures 
with extended metal-oxygen-metal connectivity, with the possibility of forming porous materials with 
properties similar to aluminosilicates.[74] A structure of a 3D MOF, {[Cu3Yb2(ida)6]·8H2O}n, consists of 
[Cu(ida)2]2− units (NOPDUU[75]), where the four non-coordinated oxygen atoms bind to Yb(III) ions, 
forming a 3D structure (Figure 10). Such MOF-s catalyzed the aerobic oxidation of cycloalkenes.  
 

 
Figure 10. Scatter plot of A-M-A’ vs. B1-M-B2 angles showing the presence of s-block metals in the structures of 133 [M(ida)2] 
complexes. Interaction of ida carbonyl groups with Yb3+ cations in a 3D MOF structure NOPDUU. 

 
In the preparation of ida complexes, the pH is often adjusted with the addition of a base, and 

complexes are formed with deprotonated ida ligands. However, in five reported ida complexes, one 
or both hydroxyl groups of the ligand were protonated, causing the preferable coordination of the 
carbonyl oxygen. All five examples of protonated ida complexes are trans-fac Cu(II) complexes. The 
complexes have elongated octahedral geometry; for example, [Cu(Hida)2] WALLUT[76] has elongated 



bonds towards the carbonyl groups, while [Cu(H2ida)2]2+ DOJRUS[77] has elongated bonds towards 
the protonated OH groups and is the only example where a protonated hydroxyl group is coordinated. 
 
 
4.5. Iminodiacetamide (imda) ligands 
 

ML2 complexes of imda ligands are still not thoroughly researched; the literature describing 
[M(imda)2] complexes is focused mainly on their solid-state structure and stereochemistry. Imda 
ligands preferentially form trans-fac isomers (Figure 11). In the only two reported cis-fac isomers, the 
ligands have R = H on the central Bdonor nitrogen and are additionally stabilized by hydrogen bonding 
of the central amine hydrogen to the counterion; ClO4

− in [Ni(H-imda)2]2+ IDACNI[78] and SiF6
2− in 

[Zn(H-imda)2]2+ VOYKUS[34] (Figure 11). For [Co(R-imda)2]2+, where R is methyl, ethyl, n- or iso-propyl, 
n-, iso- or tert-butyl, DFT calculations showed greater stability of trans-fac compared to cis-fac for 
Co(II) and Ni(II) complexes of the R-imda ligands, in agreement with the experimentally obtained 
structures. Substitution of the Bdonor atom increased the energy difference between trans- and cis-fac 
compared to H-imda complexes.[79] DFT calculations for Cu(II) complexes of imda ligands with R = 
methyl, ethyl, propyl, and butyl, in agreement with the experimental structures, gave trans-fac as the 
most stable and mer as the least stable isomer for all four ligands.[80]   

 
Figure 11. Scatter plot of A-M-A’ vs. B1-M-B2 angles for 41 [M(imda)2] complexes. Stabilization of cis-fac isomers by hydrogen 
bonding to anions in IDACNI[78] and VOYKUS.[34]  

In our recent study of imda ligands with phenyl-substituted amide groups, electron-donating 
or withdrawing groups introduced in the para position of the phenyl rings enabled fine-tuning of the 
stereochemical preferences of ML2 complexes.[34] DFT calculations showed that electron-donating 
groups stabilize the mer isomer, while electron-withdrawing substituents promote the stability of 
trans-fac. Upon further addition of substituents, the electronic effects became less evident due to 
increased steric crowding. The trans-fac configurations of complexes with isopropyl-substituted imda 
ligands observed in the crystal structure were also confirmed in solution by 1H NMR spectroscopy. In 
the free ligand, the equivalent CH2 protons show a single peak. When the ligand is coordinated, two 
doublets with geminal coupling for the CH2 protons indicate a centrosymmetric structure, i.e., a trans-
fac isomer. 
 
4.6. Bis(2-pyridylmethyl)amine (bpa) ligands 
 

Bpa ligands are analogs of the well-known metal chelator TPEN and its quinoline derivative 
TQEN, which have a high affinity for many transition metals and are used as fluorescent probes for 
detection of Zn(II).[81] For ML2 complexes of bpa ligands, 75 structures are reported: 4 mer, 21 trans-
fac, and 50 cis-fac isomers. Three mer, QUVPED[82] and YOYNIK[83] with two independent complex 
cations, are Fe(II) complexes with a deprotonated central nitrogen atom of the H-bpa ligand (bpa−), 
indicating that ligands with deprotonated central donor nitrogen atoms have a tendency for 
meridional coordination. R-bpa complexes are all cis-fac, except for trans-fac-BELNOX[84] that is a 



Hg(II) complex with trigonal prismatic geometry. Due to the stereochemical diversity of ligands with R 
= H on the central donor atom, [M(H-bpa)2] complexes are found as all three isomers, and their isomer 
preferences can roughly be correlated to the coordinating ability of the anion (Figure 12). For [M(H-
bpa)2], when strongly coordinating anions were used in the synthesis, mainly trans-fac isomers and 
one mer ([Cd(H-bpa)2]2+, ZAYPEW[85]) were found. With weakly coordinating anions, cis-fac was the 
preferred isomer. 

  
Figure 12. Scatter plot of A-M-A’ vs. B1-M-B2 angles (top) and distribution of isomers (bottom) for 65 [M(bpa)2] complexes 
with different H-/R-bpa/bpa− (Bdonor = N) ligands and coordinating ability of anions. The anions are classified as strongly or 
weakly coordinating according to their aTM value.[86] 

The counterion could influence the isomer preferences during synthesis, by influencing the 
reaction mechanism of the ML2 complex formation, or during crystallization, by stabilizing an isomer 
with non-covalent interactions.[85,87] For example, anions such as BF4

− and ClO4
−, although weak H-

bond acceptors,[88] can participate in multiple H-bonds, stabilizing the cis-fac isomer as shown in 
Figure 11.  
  Due to the observed trends in bpa coordination properties for complexes with different 
anions, we have taken a particular interest in the anion influence in our studies of [M(bpa)2] 
complexes. Depending on the metal salt precursors, we obtained a wide variety of different structures. 
Firstly, amino acid or amine substituted bpa ligands,[89] H-βAla-OMe and H-Gly-OMe derivatives 
formed Zn(II) coordination polymers due to cleavage of the ester group. Shorter reaction time and 
changing the anion from nitrate to bromide prevented the ester cleavage and resulted in the 
formation of ML complexes. Changing the anion to weakly coordinating tetrafluoroborate yielded cis-
fac-[M(bpa)2] complexes, isostructural for Zn(II), Co(II), and Ni(II). 1H and 13C NMR spectra showed that 
the cis-fac isomer of the Zn(II) complex is retained in acetonitrile-d3 solution. The coordination 
environment of Zn(II) was studied in detail with DFT calculations, using Me-bpa as the model ligand 
and Me-dien and Me-terpy for comparison. Comparing the energetics of ML and ML2 species showed 
that the bromide anion prevents coordination of the second ligand. In the absence of bromide anions, 
ML2 complexes are formed with similar stability of all three isomers and a slight preference for mer, 
both for Me-bpa and Me-dien. Secondly, we studied the coordination behavior of the iPr-bpa 
ligand.[90] Changing the metal precursor significantly affected the obtained complex structures, 



resulting in the formation of ML monomers, bridged dimers, a coordination polymer, a cyclic trimer, 
and finally, a cis-fac-[Zn(iPr-bpa)2]2+ (IHIKAO) complex was obtained with Zn(ClO4)2. In acetonitrile-d3 
solution, the complex exhibited intermediate ligand exchange compared to the NMR timescale, 
preventing the determination of the isomer type. However, DFT calculations predicted cis-fac-[Zn(iPr-
bpa)2]2+ as the most stable isomer, both in vacuum and acetonitrile solution. Llobet and coworkers 
compared the solid-state and solution structure of a [Ru(bpa)2]2+ complex (LOBLUJ[31]). The crystal 
structure contained a racemic mixture of Δ and Λ enantiomers of the cis-fac isomer. The cis-fac 
configuration was retained in solution, as confirmed by 1H NMR; resonances for two distinct pyridyl 
rings indicated a structure of C2 symmetry, and the aliphatic-aromatic inter-ligand NOE effect 
supported the cis-fac, rather than the mer configuration. 
 
4.7. Bis-benzimidazole (bza) ligands 
 

Imidazoles and benzimidazoles are extensively studied due to their biological activity.[91] ML2 
complexes of tridentate bis-imidazole ligands are surprisingly rare, with only five such structures in 
the CSD. For [M(bza)2] complexes, 36 structures were found, with variations of the central donor 
atom, Bdonor = N, O or S. Here it becomes apparent that the central donor atom type has a significant 
influence on the stereochemistry. All reported ML2 complexes of S-bza ligands are trans-fac, O-bza 
formed both trans-fac and mer, while N-bza formed cis- and trans-fac (Figure 13). 

  
Figure 13. Scatter plot of A-M-A’ vs. B1-M-B2 angles (top) and distribution of isomers (bottom) for 36 [M(bza)2] complexes 
with different central Bdonor atoms.  

Considering the substituent R on the central Bdonor = N atom, the standard preference of R-bza 
would be cis-fac. H-bza complexes are mainly cis-fac, except for three trans-fac Cu(II) complexes. 
Interestingly, none of the cis-fac complexes was prepared with Cu(II); for a more detailed description 
of the metal ion influence, see Chapter 5.1.  
 
 
4.8. Bis-1,2,3-triazole (bta) ligands 
 



Click chemistry offers an easy way of ligand derivatization and incorporation of functional 
groups into the triazole ligand structure[10] since substituents on the triazole ring can be easily varied. 
Triazole-for-pyridine substitution described by Sarkar et.al.[92] gives a twist to the extensively studied 
bpa system. With an increasing number of pyridyl arms substituted with triazole in a tripodal 
tris(pyridylmethyl)amine (TPA) ligand, due to the weaker acceptor properties of triazole compared to 
pyridine, the increase in electron density at the Ru center lead to weaker coordination of the electron-
donating Bdonor amine nitrogen.  

All 12 [M(bta)2] complexes found in the CSD are exclusively trans-fac isomers, contrary to the 
observed cis-fac preferences of heterocyclic ligands bpa and bza. The comparison of triazole and 
pyridine donors gave contradictory results, especially when the rings were part of multidentate 
ligands, showing that understanding this difference is not trivial.[93] The majority of bta complexes 
found in the CSD are Fe(II) and Co(II) complexes studied by Sarkar and coworkers. They designed 
tripodal bta ligands with different substituents on the triazole rings and studied their effect on the 
spin-crossover behavior of [Co(bta)2]2+ complexes.[94] The benzyl-substituted ligand gave a complex 
that acted as a chemical switch, reversibly forming ML and ML2 complexes by using different metal to 
ligand ratios, which was accompanied by a high spin to low spin transition. In the ML2 complex (Figure 
14), C-H---π T-stacking interactions influenced the torsion angles at the metal center. These structural 
changes influenced the ligand field strength and in turn the spin-crossover properties. ML2 complexes 
with cyclohexyl substituted ligands, without the possibility of non-covalent interactions in the 
complex, unlike the benzyl derivative, showed no spin-crossover properties. To further confirm that 
the spin-crossover behavior was indeed caused by non-covalent interactions rather than just changes 
in the ligand backbone, they prepared analogous ML2 Fe(II) complexes with the benzyl-substituted 
ligand.[13] The presence of solvent molecules in the crystal structure disrupted the stacking 
interactions and prevented spin-crossover behavior. 

 
Figure 14. Non-covalent interactions in a [Co(bta)2]2+ complex IWOVOG.[94] An example of π-π interactions in a calculated 
[Zn(bta)2]2+ complex.[95]  

 
In our recent work,[95] two crystal structures of [Cu(bta)2]2+ complexes had significantly 

elongated Bdonor-M distances (2.781 Å and 2.873 Å). As the trans-fac isomer, especially for Cu(II), 
enables elongated Bdonor-M distances while retaining octahedral geometry, the preference of bta 



ligands for elongated Bdonor-M bonds could be a possible cause of their trans-fac preference. For Cu(II) 
complexes, DFT calculations showed trans-fac, with significantly elongated Bdonor-M distances, as the 
most stable isomer, except for the ligand with R = Me. For Zn(II) complexes, the situation was 
somewhat different; the smaller methyl and isopropyl groups favor trans-fac, the larger phenyl group 
favors mer, and the benzothiazole group favors cis-fac due to favorable π-π stacking interactions 
between the benzothiazole and triazole groups (Figure 14). 
 
4.9. Bisphenyl (bph) ligands  
 

Bisphenyl ligands, unlike the ligands described so far, have rigid phenyl groups in the place of 
flexible CH2 linkers connecting the central Bdonor atom and terminal donor groups. The phenyl rings 
substituted at the ortho position with various donor atoms enable tridentate coordination to 
transition metals. Despite their rigidness, the geometry around the central Bdonor atom is flexible 
enough to allow facial coordination, as long as the Bdonor atom is not part of a conjugated system. 
Ligands containing two phenolate donor groups can stabilize high oxidation states due to their π-
donating ability.[96] Furthermore, they are often found in the form of phenoxyl radicals used in 
bioinspired radical catalysis.[97] Chaudhuri and coworkers[96] studied nonoxovanadium(IV) and 
oxovanadium(V) complexes of bph ligands containing soft central donor atoms; S, Se, P, and P=O, 
finding that these ligands were capable of stabilizing the hexacoordinated nonoxovanadium(IV) 
moiety without the formation of phenoxyl radical species. With two aromatic rings near the donor 
atoms, bph ligands have the possibility of forming conjugated systems and can act as non-innocent 
ligands, for example, in HASNEX,[98] ZODKIO, and ZODKUA.[26] 

Structures containing bph ligands with a variety of central Bdonor atoms are reported ( 

 
Figure 15). In the case of Bdonor = N, the central N atom is deprotonated in all complexes except 

[Ni(H-bph)2]2+ (USIQEU[99]); a cis-fac isomer of regular octahedral geometry. When Bdonor = N is 
deprotonated, the electron pair can participate in the conjugated system, and the ligand becomes 
rigid and unable to coordinate facially. A similar possibility was observed in bpa ligands, where ligands 
with a deprotonated central N donor atom formed exclusively mer isomers.[83]  
  

 

Figure 15. Scatter plot of A-M-A’ vs. B1-M-B2 angles for 56 [M(bph)2] complexes divided according to the Bdonor atom type. 
Trigonal prismatic geometry of MELBEN[100] and an example of π-π interactions in a bph complex CUHMEA.[101] 



On the other hand, three fac isomers were found with deprotonated bph ligands: cis-fac 
ZODKIO and YEXMIZ,[102] and trans-fac MELBEN[100]. While these complexes would formally be 
classified as borderline fac isomers according to their A-M-A’ and B1-M-B2 angle values, the large size 
and trigonal prismatic geometry of the metal cation (Os in ZODKIO, Mo in MELBEN, and Pb in YEXMIZ) 
enable the ligands to retain the planarity expected for meridional coordination ( 

 
Figure 15). In ligands with Bdonor = P, the third substituent on the P atom is often an aromatic 

R group, found in several examples to further stabilize the cis-fac isomer with π-π stacking interactions 
( 

 
Figure 15). 
The only octahedral trans-fac has Bdonor = Se and Adonor =O. This particular [Co(bph)2]− complex  

was isolated by Ali et.al. both as a cis-fac (RUPKAP) and trans-fac (RUPKET) isomer.[103] According to 
DFT calculations, the authors stated that trans-fac was the thermodynamically favored product by 6.7 
kcal mol-1 due to lessening of the steric repulsion between the bulky tBu groups. However, at lower 
temperatures, the kinetically favored cis-fac isomer was obtained, and additionally stabilized by Van 
der Waals Se···Se interactions. The phenyl rings of the bph ligands can be further substituted at various 
positions. A common motif is 3,5-disubstitution of the phenyl rings with bulky tert-butyl groups. 
Interestingly, despite the steric bulkiness of these bph ligands, the majority of complexes found in CSD 
were cis-fac. 

[M(bph)2] complexes are often found with larger second and third-row transition metals, 
unlike the majority of complexes described so far that contain first-row metals. Brown and Cipressi[26] 
described octahedral to trigonal prismatic distortion in bph complexes of Ru and Os. The somewhat 
unexpected trigonal prismatic geometry of their Ru and Os complexes compared to other literature 
examples lead to the conclusion that energetically significant π* interactions are important in 
understanding the driving force for octahedral to trigonal prismatic distortion. 

In an ML2 complex of an S-P-S bph ligand studied by Hsu and coworkers,[104] the bound 
thiolato group acted as a strong nucleophile, activating dichloromethane, a weak electrophile. Upon 
the reaction with dichloromethane, two isomeric structures were formed, one with the newly formed 
thioether group trans to the thiolate and the other with the thioether group trans to the phosphine 
donor of the other ligand in the ML2 complex. A similar complex described by Lee et.al.[101] showed 
different HNO release from two bph complexes where the ligand had either a thiol or thioether group, 
finding that the thiol group acted as a NO trap due to the intramolecular [SH···ON−Fe] interac ons, 



leading to release of HNO and formation of a [Fe(bph)2] complex (CUHMEA). Lee et.al.[105] studied 
the oxidation of a Ni(II) complex to Ni(IV). As different oxidation states of Ni prefer different 
geometries, the ligands used to accommodate a nickel ion upon changes in the oxidation state have 
to be sufficiently flexible. They started with a square planar Ni(II) complex with two bph ligands 
containing one protonated and non-coordinated thiol group each. Upon oxidation in basic conditions, 
absorption and EPR spectra showed that the bph ligands were deprotonated, forming a 
hexacoordinated Ni(IV) complex. In the square planar Ni(II) complex, the two ligands are oriented 
trans to each other, but upon oxidation, a cis-fac ML2 complex is formed. The authors used DFT 
calculations to explain this change in configuration, confirming that the experimentally observed cis-
fac isomer is indeed the most stable structure. 
 
4.10. Isolated examples 
 

Several types of ligands that correspond to the general search were found with only a few 
examples of ML2 complexes in the CSD (Figure 16). In addition to bis-triazole ligands described earlier, 
ligands containing five-membered heterocyclic rings were found containing imidazole,[40] 
pyrrole[106], pyrazole,[107] tetrazole,[108] and oxazoline[109] moieties. For example, Ti, Zr, and Hf 
complexes of pyrrolyl ligands showed analogous C2 symmetric structures of cis-fac isomers, and the 
C2 symmetric structure of the Ti complex was retained in solution.[106] 
 

 
Figure 16. Selected examples of tridentate ligands with <10 examples of ML2 complexes in the CSD database and general 
structure of trimetallic complexes.  

Braunstein et.al.[109] compared the coordination behavior of bpa and bis-oxazoline ligands 
with phosphorous Bdonor atoms. Both obtained complexes were cis-fac isomers. Addition of methyl 
substituents to the oxazoline group, increasing the steric requirements, lead to N,N-coordination of 
the bis-oxazoline ligand and formation of tetracoordinated ML complexes. 

Several ligands containing six-membered heterocyclic rings as terminal donor groups were 
found, with heteroatoms N or S in the place of CH2 linkers. When comparing complexes WIMNEN and 
WIMMUC[110] that differ only in the CH2 / NMe linker, the structures appear to be relatively similar. 
Tris(pyridylmethyl)phosphine and tris(N-methyl-pyridylamino)phosphine complexes WIMMUC, 
WIMNAJ, and WIMNEN were prepared as tris(pyridylmethyl)amine (TPA) analogs. Compared to TPA 
that mainly acts as a tetradentate ligand, the longer M-P bond distance in these ligands compared to 
the M-N distance in TPA allowed coordination of only two pyridyl groups, forming ML2 complexes.  

A few examples of linear ligands contain various donor atom combinations, such as S-N-S 
ligands whose ML2 complexes with Mo and W were used as precursors in chemical vapor deposition 



in the synthesis of crystalline MoS2 and WS2 thin films with interesting semiconducting and 
optoelectronic properties.[111] A [Ni(bis-oxime)2]2+ complex (LIYCON[112]) was found to promote 
dioxygen reactivity in aerobic oxidation of triphenylphosphine. Different phosphorous-containing 
groups can act as terminal donor sites, such as iminodiphosphonic acid[113] and 
diphenylphosphine.[114] 

Jurkschat et.al.[115] studied the coordination properties of Sn(IV) complexes of amino alcohol 
ligands. A ligand with an additional CH2 group, forming six-membered chelate rings, gave a complex 
of nearly ideal octahedral geometry, while the octahedral geometry in complexes with five-membered 
chelate rings was severely distorted. The two Sn(IV) complexes with five-membered chelate rings, 
ZIXZEO and ZIXZOY differ in the substituent on the central Bdonor atom. ZIXZEO, with R = n-butyl, gave 
a cis-fac, while ZIXZOY, with R = p-fluorophenyl, formed a mer isomer. DFT calculations corresponded 
to the experimental results; however, for the p-fluorophenyl derivative, the energy differences were 
minimal, indicating that both the mer and cis-fac isomer could be formed, but only mer was observed 
experimentally.  

 
4.11. Trimetallic complexes 
 

If metals are considered as Bdonor atoms, 41 structures of trimetallic complexes are found, 
corresponding to the general structure shown in Figure 16. These complexes are not included in the 
844 complexes used in the general analyses. In the literature concerning trimetallic complexes, 
amidate-hanging Pt mononuclear complexes are often used as precursors, as the non-coordinated O 
atoms easily bind other metals in the solution.[116,117] The obtained trimetallic complexes can then 
be used as precursors for the synthesis of one-dimensional chains.[116] In these complexes, central 
Bdonor atoms are metals Pt and Au, and the formation of different isomers is often influenced by the 
cis or trans configuration of the metal precursor used in the synthesis.  

Matsumoto and Chen studied a series of trimetallic complexes prepared with Mn2+, Fe3+, Co2+, 
Ni2+, Cu2+ as central metal atoms, connected to two Pt(II) centers by four amidate ligands.[118] The 
authors note that the M-Pt distance is considered a consequence of the amidate ligand geometric 
requirements rather than electronic interaction between the metal centers. However, weak electronic 
interactions are still possible. The crystal structure of the Mn(II) complex LUJJIJ contains two complex 
cations of different geometry, where the square planar geometry of Mn(II) in the trans-fac complex 
enabled a shorter Pt-Mn distance than the tetrahedral Mn(II) in the cis-fac complex cation (Figure 17). 
 

 
 
Figure 17. Trimetallic complexes trans-fac- and cis-fac-LUJJIJ,[118] and mer-FOYFAA and mer-FOYFEE[119] before and after 
oxidative halogenation.  



 
Trinuclear ylide complexes were studied in respect to oxidative addition reactions.[119–121] 

Such three-center, two-electron oxidations of trimetallic complexes lead to partial formation of metal-
metal bonds and formation of adducts with halogens or other oxidants. For example, a difference in 
the Au-Pt distance can be observed in complex FOYFAA and its Cl-adduct FOYFEE (Figure 17).[119] 
 
5. Influences on the stereochemistry  
 
5.1. Influence of the metal cation 
 

The structures of coordination compounds are influenced by different factors, such as valence 
shell electron pair repulsion (VSEPR) considerations, occupancy of d-orbitals, steric interference, and 
crystal packing effects, and it is often difficult to determine the relative importance of these factors. 
[23] ML2 complexes are found with a variety of metal cations (Figure 18), and the largest number of 
structures are found with 3d-metals. According to Pearson’s hard and soft acids and bases (HSAB) 
theory,[122] small cations with localized charge, hard acids, preferably bind to hard bases, small donor 
atoms with localized charge, forming complexes of ionic character. In the same way, soft acids and 
bases preferably bind to form complexes of covalent character. 

 
Figure 18. Number of structures found with different metal cations for 844 complexes considered in this study, listed 
according to the atomic number of the metal (left). Scatter plot of A-M-A’ vs. B1-M-B2 angles for all 844 [M(ligand)2] 
complexes according to the position of the metal in the periodic table (right). 

Examples of ionic complexes discussed herein are s-block metal complexes found with dgm 
ligands (Figure 18). Such complexes mainly adopt meridional coordination or borderline trans-fac with 
distorted geometries. Although ideal octahedral geometry with 90° angles between neighboring 
donor atoms would be expected for ionic complexes, the bite angle of meridionally coordinated 
ligands leads to distortion of the equatorial plane with smaller A-M-A’ angles. On the other hand, 4d 
and 5d metals can mostly be classified as soft acids, often forming complexes of trigonal prismatic 
geometry. Although all three isomers are found for these complexes, cis-fac appears to be the 
prevailing type (Figure 18). 

The largest number of structures is found with 3d metals (Figure 18), and Co and Ni complexes 
are by far the most extensively studied. All three isomers were found for Co and Ni, and their 
geometries are mainly near octahedral. For kinetically inert complexes, such as [Co(dien)2]3+, mixtures 
of all three isomers can be separated by ion-exchange chromatography, while for labile complexes of 
Co(II), usually only the thermodynamic product can be obtained due to fast isomerization of the 
complexes.[56] The inert Co(III) complexes are often prepared by oxidation of labile Co(II), obtaining 
an equilibrium mixture of isomers that can be separated.[28,123,124] For 3d metals other than Co 
and Ni, generally octahedral geometry is more common, with the exception of Mn(II) complexes that 
show a wide range of geometrical parameters. For Zn(II) with filled d-orbitals, the coordination is 
expectedly more dependant on steric than electronic factors.  

The specific steric requirements of the Jahn-Teller distortion can influence the 
stereochemistry of Cu(II) complexes.[125,126] The majority of [Cu(ligand)2] complexes are trans-fac 
isomers with octahedral geometry. By comparing bond lengths around the metal center in Cu(II) 



complexes (Figure 19), it appears that bta and bza ligands prefer elongated Bdonor-M bonds. A more 
general display of bond lengths in all analyzed complexes with Bdonor = N ligands (Figure 19) additionally 
shows that elongation of Bdonor-M bonds compared to Adonor-M bonds is an inherent property of bta 
and bza ligands. These structural features could elucidate the particular isomer preferences observed 
for bta and bza ligands. In particular, for N-bza and O-bza ligands, Cu(II) complexes were found to 
deviate from the isomer preference observed for other metals (Figure 19). This could be rationalized 
by the fact that in Cu(II) complexes, their Jahn-Teller deformation enables elongated Bdonor-Cu bonds 
when the Bdonor atoms are located trans to each other, thus favoring trans-fac isomers.[126–128] Two 
bonds in the cis position could also undergo Jahn-Teller elongation; however, that is observed in 
complexes where the ligand dictates trigonal prismatic geometry, while in octahedral complexes, the 
Jahn-Teller deformation affects the trans bonds.[129] O-bza ligands formed both trans-fac and mer 
isomers. For Cu(II), trans-fac is possibly preferred over mer, as trans-fac is better suited for octahedral 
geometry expected for Cu(II) complexes. 

 

 
Figure 19. A/Bdonor-M bond lengths for ligands with Bdonor = N, for Cu(II) complexes (top) and all complexes (middle). Scatter 
plot of A-M-A’ vs. B1-M-B2 angles for 16 N-bza and 15 O-bza ligands (bottom). 

Although heterocyclic ligands bpa and bza showed a standard preference for cis-fac (for Bdonor 
= N and R ≠ H), bta complexes are exclusively found as trans-fac isomers. Possibly the elongated Bdonor-
M bonds found in bta complexes support the trans-fac preference; however, the low diversity of 
reported bta complexes should be noted, as the relatively small number of bta ligands are mostly 
studied as part of the same series of compounds, adding to the similar isomer preferences.  
 
5.2. Influence of the ligand  
 

In the studies of Searle and Keene, mixtures of all three isomers were always found for 
[Co(dien)2]3+ complexes.[6] On the other hand, Searle and Larsen[130] tried to determine the isomer 
ratios for [Co(S-dien)2]3+ and found that if the central donor N atom was replaced by S, despite their 



attempts to obtain mer and trans-fac, only the cis-fac isomer was obtained, indicating influence of the 
donor atom type on the isomeric preferences.[131] 

Tridentate ligands corresponding to the general search are found with Bdonor = N, P, O, S and 
Se atoms (Figure 20). If all the structures are analyzed according to the type of Bdonor atom, for the 
most extensively used Bdonor = N, all three isomers are equally represented. For the somewhat harder 
Bdonor = O, mer and trans-fac isomers are found, while for the softer Bdonor = S, cis- and trans-fac are 
found. For the even softer Bdonor = P, only cis-fac is found, indicating that in general, ligands with hard 
Bdonor atoms preferably form mer, while ligands with soft Bdonor preferably form cis-fac isomers. 
Intermediate Bdonor atoms adopt different configurations, with a prevalence of trans-fac. This is not 
surprising since combinations of soft acids and bases form covalent complexes that are more likely to 
have trigonal prismatic geometry, which is more convenient for cis-fac isomers. On the other hand, 
combinations of hard acids and bases form ionic complexes[122,132] that would ideally adopt 
octahedral geometry,[25] but in the case of mer, that is not possible due to the limited ligand bite. 
The trans-fac isomer is best suited for octahedral geometry.  

   
Figure 20. Scatter plot of A-M-A’ vs. B1-M-B2 angles (top) and distribution of isomers (bottom) for all 844 [M(ligand)2] 
complexes according to the type of Bdonor atom. A few examples were found with Bdonor atoms B (ROJMAH[133]), C 
(FUHBIV[134]), and Si (IRIFAS[135] and ESELEU[136]), but are not shown here due to the limited number of examples.  

While N and O only act as σ-donors, P and S can also act as π-acceptors, further contributing 
to the covalent nature of the complex. Hoffman stated that octahedral geometry is often preferred 
due to ligand-ligand repulsions, while trigonal prismatic geometry is possibly stabilized by donation 
from the π-orbitals of the ligands, i.e., π-bonding has a significant role in the stabilization of trigonal 
prismatic geometry.[38,70,137] 

Pandiyan and coworkers[138] studied the stereochemistry of dien and bza complexes by 
comparing Bdonor = N and S, as well as amine compared to benzimidazole terminal donor groups. They 
observed that for cobalt complexes with dien ligands, the mer isomer is preferred, but with 
benzimidazole (bza) or pyridyl, generally fac isomers are preferred. This was consistent with the 
observation that fac isomers were preferred when terminal donors (arms) of the tridentate ligands 
were partially rigid and had reduced σ-donor and enhanced π-bonding ability. Another reason for fac 



coordination was the soft central donor atom in the thioether. The thioether sulfur atom is both a 
weak σ-donor and a weak π-acceptor, while the amine nitrogen is a purely σ-donor atom. Kojima, 
Matsuda,[35] and Wolny[139] studied Ru(II) complexes of bpa ligands that formed cis-fac isomers. 
The authors stated that a possible cause of cis-fac coordination could be the trans effect of the σ-
donating sp3 nitrogen, which leads to coordination of the tertiary nitrogens cis to each other. The 
different electronic nature of the aliphatic and aromatic donor atoms is a possible cause of distortion 
from ideal octahedral geometry and could be one reason why heterocyclic ligands generally prefer cis-
fac coordination.[31]  

Galindo and coworkers[140] studied complexes of ida derivatives, oxydiacetate and 
thiodiacetate and their preferences for mer (planar) or fac (folded) coordination in cobalt complexes 
of ML stoichiometry. These preferences depend on the central Bdonor atom, O or S, with both 
coordination modes achievable with oxydiacetate, while thiodiacetate gave exclusively the fac isomer. 
They analyzed several geometric parameters, stating that ligand folding (facial coordination) can be 
related to longer Bdonor-M distances[39] and to the flexibility of the C-Bdonor-C angle, where C is the 
carbon adjacent to the Bdonor atom. These values are in turn dependent on parameters such as the 
hard/soft character, electronegativity and size of the Bdonor atom, ionic radius, oxidation and spin state 
of the metal. Their analysis showed that building a model with reasonable bond distances and angles 
for a mer coordinated thiodiacetate was not possible. 

Herein, a similar analysis on our dataset showed that C-Bdonor-C angles for ligands with 
different Bdonor atoms have the following mean values: C-N-C (114.0°), C-O-C (116.0°), C-P-C (105.1°), 
C-S-C (104.0°), and C-Se-C (102.3°). The differences between C-Bdonor-C angles of the three isomers are 
not large; however, the values for mer (115.9°) are larger than for trans- (113.0°) and cis-fac (111.69°). 
Considering these values, it is expected that the mer isomer would be highly strained for ligands with 
Bdonor = S, P, or Se.[141]  

Increasing the Bdonor atomic size leads to longer Bdonor-M distances. Considering the ligand bite 
angles, long Bdonor-M distances in a mer isomer would lead to a severely distorted coordination 
geometry. Such irregular geometries were observed in K+ complexes, where all coordination bonds 
are elongated compared to other analyzed complexes due to the large size of K+. Therefore, it would 
be expected that for larger Bdonor atoms, it is difficult to achieve planar (mer) coordination of the ligand. 
Indeed, no mer ML2 complexes are reported for ligands with Bdonor = P, S, or Se.  

In addition, we analyzed the mer/fac coordination mode of tridentate ligands shown in 
Figure 1 in complexes of ML stoichiometry (

 
Figure 21). In 1928 analyzed ML complexes of tridentate ligands, similar as in ML2 

complexes, meridional coordination was not observed for Bdonor = S or Se. However, unlike in ML2 
complexes, the mer isomer was observed for a small number of ligands with Bdonor = P. The seven 
mer complexes with Bdonor = P are bph ligands with sterically demanding substituents on the Adonor 
atoms. The steric requirements of those substituents, such as two phenyl rings or isopropyl, possibly 
render the fac configuration less stable. ML complexes mer-[Fe(bph)(CO)(Cl)2] (VUTZIV) and fac-
[Fe(bph)(CO)(Cl)2] (VUTZOB) described by Dzik et.al.[142] are examples of a mer-fac switch that can 



be controlled by photo- and thermal stimuli (

 
Figure 21).  

    

 

Figure 21. Distribution of mer and fac isomers for 1928 ML complexes of tridentate ligands with different Bdonor atoms. Several 
structures are reported with Bdonor = C, B, Si, As, and Te, but they are not shown here due to the limited number of examples. 
Structures mer-VUTZIV and fac-VUTZOB.  

The A/Bdonor-M bond lengths depend on the size of the metal cation and donor atoms. Figure 
22 shows dependence of the A1-B1-B2-A1’ dihedral angle on the average value of the six A/Bdonor-M 
bond lengths for the 844 [M(ligand)2] complexes. The A1-B1-B2-A1’ dihedral angle can be used to 
distinguish the three isomers, and the average values of the bond lengths contain contributions of the 
metal ion size and sizes of all the donor atoms in the form of their interatomic distances. As the bond 
lengths increase, the dihedral angles deviate from the ideal values for the three isomers (Figure 22). 
The distortion parameter Σ shows that these increased values also lead to distortion from octahedral 
geometry. 

  
Figure 22. Dependence of the A1-B1-B2-A1’ dihedral angle on the A/Bdonor-M bond lengths for 844 [M(ligand)2] complexes. 
Each complex has two dihedral angle values (A1-B1-B2-A1’ and A2-B2-B1-A2’) so their average value was used in the 
analysis.  



The substituent R (tail) on the central Bdonor = N or P atoms allows further modifications of the 
system, such as introducing additional donor atoms or chiral elements. Here we focused mainly on 
this influence for Bdonor = N ligands, as for Bdonor = P, the options found in the literature are somewhat 
limited to R = phenyl or a third equivalent terminal donor group (arm). For Bdonor = N, a large dataset 
is available for various R groups. For R = H, there is also the possibility of deprotonation, as was 
observed for some bpa and bph complexes. In this case, the central N atom has an additional lone pair 
and can be compared to Bdonor = O, with a preference for meridional coordination. In some of the 
deprotonated ligands, delocalization of the bonds next to the central N atom occurred, further 
contributing to the planar conformation of the ligand. For R ≠ H, R can be a simple alkyl or aryl group, 
or a group containing an additional donor atom; often a third equivalent donor group as in tripodal 
ligands. N-methylation of the Bdonor nitrogen favors trigonal coordination of the tertiary nitrogen due 
to the increased bond angle strain compared to the H-ligand, favoring facial coordination for N-
methylated ligands.[143]  

For all ligands, a trend was observed that complexes with R-ligands have a distinct preference 
for a certain isomer, while H-ligands were stereochemically more diverse and usually had no apparent 
preference (Figure 23). There could be several reasons for this; the smaller size and different electronic 
properties of H compared to R groups, the possibility of hydrogen bonding, easier isomerization, and 
influence of pH. Considering the specific properties of R = H, it is not surprising that the H-ligands show 
such stereochemical diversity compared to R-ligands. Therefore, the preference observed for the R-
ligands can be considered the standard preference for a particular type of ligand with Bdonor = N. If only 
R-ligands are considered, it appears that ligands with functional groups as terminal donor sites (dien, 
dea, ida, imda) give trans-fac, while heterocyclic ligands (bpa, bza) give cis-fac, with the exception of 
bta ligands. A possible reason for these preferences is that in general, complexes of transition metals 
and functional group donor atoms are harder, forming more ionic complexes, while heterocyclic 
donors are softer bases and form more covalent complexes.  

If the larger dipole moment of cis-fac compared to the centrosymmetric trans-fac isomer is 
considered, trans-fac complexes are expected to be less soluble in water and therefore more readily 
isolated from an aqueous environment.[79] Furthermore, complexes of functional group ligands are 
often studied in aqueous environments, while complexes of heterocyclic ligands are studied in organic 
solvents, indicating that the type of solvent used could support the more frequent isolation of trans-
fac isomers for functional group and cis-fac isomers for heterocyclic ligands. We attempted to study 
this influence for labile Co(II) and Ni(II) complexes of H-dien ligands that have a significant number of 
all three isomers reported. However, many of these complexes were prepared by the solvothermal 
method as a part of larger inorganic structures and when these structures were disregarded, the 
remaining dataset was not sufficient for observing a trend in the solvent influence. 
 

 
Figure 23. Distribution of isomers showing the uniform isomer preferences of R-ligands and non-uniform preferences of H-
ligands for ligands with Bdonor = N.  

A small number of [M(R-ligand)2] complexes differ from the observed R-ligand preferences ( 



Table 2). The trigonal prismatic geometry of Ti(IV) complexes DEJXIA and XEXKUG and Hg(II) 
complex BELNOX makes their isomer classification somewhat ambiguous. In R-ida complexes CEDGEX, 
JUKNUY, and LETXIS, interactions of the carbonyl group with metal cations could influence the isomer 
preferences. A common motif here is the small R = methyl group that possibly leads to a smaller energy 
difference between isomers. 
 

Table 2. [M(R-ligand)2] complexes that differ from the observed R-ligand preference for a particular ligand.  

Refcode Metal ion Ligand R Isomer Reference 
UFEQOL Co(III) R-dien CH3 mer [55] 
DEJXIAa Ti(IV) R-deac CH2-Ph cis-fac [144] 

ETAMSNb Sn(IV) R-deac (CH2)2-OH cis-fac [145] 
ONENAXa Sn(IV) R-deac CH3 cis-fac [146] 
XEXKUG Ti(IV) R-deac CH3 cis-fac [147] 
CEDGEX Co(III) R-ida CH3 cis-fac [148] 
JUKNUY Co(III) R-ida CH3 cis-fac [149] 
LETXIS Fe(III) R-ida CH3 mer [29] 

DUJJOK Cu(II) R-ida 3,5-dicarboxyphenyl cis-fac [150] 
BELNOX Hg(II) R-bpa CH3 trans-fac [84] 

aTwo complex cations in the crystal structure, bboth structures ETAMSN and ETAMSN01 are considered in 
Figure 23, cdeprotonated 
 

In our recent studies of [M(imda)2] complexes, variable temperature NMR studies and DFT 
calculations showed that the electron-donating ability of R on Bdonor influenced the Bdonor-M bond 
strength and the isomer preference. The strength of the Bdonor-Zn bond decreased for substituents R 
in the order iPr > Bn > Me ≈ H. Substitution with the smallest R = H gave the narrowest range of 
differences in energy between the three isomers.[34] 

Keene and Searle[151] described possible isomerization mechanisms of [Co(dien)2]3+; by 
intramolecular twists or bond ruptures, and they compared isomerization reactions of [Co(H-dien)2]3+ 
and mixed [Co(H-dien)(R-dien)]3+ complexes. They proposed that the isomerization reactions are 
base-catalyzed and probably involve conjugate-base intermediates, deprotonated at the secondary 
amine nitrogen atoms (Bdonor) of coordinated dien ligands. Kawaguchi[152] studied the isomerization 
mechanisms of [Co(ida)2]− complexes, showing that the base-catalyzed mechanism is best explained 
by a transient five coordinated conjugate base intermediate formed by bond rupture. However, the 
possibility of the twist mechanism should also be considered. 

Ligands that have an additional donor atom in the side chain R, such as tripodal ligands with 
three identical donor groups, can act as tetradentate ligands. Tetradentate coordination in ML 
complexes during synthesis could influence the reaction mechanism of formation of ML2 complexes, 
as observed by Zhu et.al.[10], where they compared two bpa ligands with different coordination 
possibilities of the chain R; the 1,5-substituted triazole as a passive linker and the 1,4-substituted 
triazole as a chelatable group (Figure 24). The cis-fac-[M(R-bpa)2] complex (LIHYAE) of the 1,5-
substituted ligand was isolated in the solid-state and was also observed in acetonitrile-d3 solution by 
1H NMR spectroscopy. For the 1,4-substituted ligand, 1H NMR showed that the chelatable 1,2,3-
triazolyl group may aid the ligand exchange and accelerate the equilibrium between the ML2 and ML 
complexes. Isothermal titration calorimetry (ICT) further supported these results, showing the 
equilibrium constant from the ML to ML2 complex was over an order of magnitude larger for the 1,5-
substituted ligand without the possibility of coordination of chain R.  



 
Figure 24. Structure LIHXUX with a 1,5-substituted triazole group and LIHYEI with a 1,4-substituted triazole group.[10] 
Proposed non-covalent interactions of a trans-fac isomer with a PO43− anion, modified from [5] using crystallographic data 
from XENDAV.[50]  

Although there is an apparent influence of the R group with a donor atom on the kinetics of 
the reaction observed in solution, in the analysis of crystal structures, the isomer preferences of R-
ligands appear to be consistent for all R (R≠H) groups, regardless of the presence of an additional 
donor atom. Alongside the electronic properties, the steric properties of the R group can also be 
important. It would be expected that ligands with bulky R groups prefer trans-fac or mer to avoid steric 
repulsions in the cis-fac complex. Although this influence cannot be ignored, there are many examples 
where cis-fac was obtained despite the steric bulkiness of the R group.[35,153] 

Interestingly, for H-dien and H-bpa ligands, complexes were found that contain two or even 
all three isomers in the same crystal structure, for example, KUTNES[154] and WOZLIG[155]. Twenty-
five such structures were found for H-dien and three for H-bpa complexes. Such structures were not 
found for any of the other analyzed ligands. This observation could be correlated to the similarity of 
the terminal donor atoms and the central donor atom in dien, leading to a small energy difference 
between the three isomers for these ligands. Generally, larger differences in the electronic properties 
of the Adonor and Bdonor atoms lead to more pronounced isomer preferences.[156] Earlier studies 
showed that the energy differences between the three isomers of dien complexes are only a few kJ 
mol-1 and that thermally induced isomerization would be possible. Chaudhuri and coworkers[157] 
showed that a [Ni(dien)2](SCN)2 complex undergoes a phase transition involving a low-temperature 
ordered system (trans-fac-HENNET) and a high-temperature disordered system (mer-HENNIX). The 
metastable mer isomer was also isolated from the solution and would isomerize into the trans-fac 
isomer in a humid atmosphere. 
 
5.3. Influence of ion association 
 

The influence of various factors such as ion association, solvation, temperature, and non-
covalent interactions on the isomer distribution was studied by Keene and Searle for the complex 
system [Co(dien)2]3+.[5] The changes of various factors led to changes in the geometric isomer 
distributions, measured by chromatographic separations of the isomers. Under the usual preparative 
conditions, in aqueous solutions and with strongly coordinating anions (Cl−, Br−), at 18°C, they obtained 
[Co(dien)2]3+ isomers in ratios trans-fac : cis-fac : mer = 7 : 28 : 65. The larger preference for cis-fac 
compared to trans-fac was due to statistical reasons; two possible ways of coordination of the second 
ligand in cis-fac, compared to only one possible way in trans-fac.  Compared to anions with a single 
negative charge, larger association effects are expected for highly charged oxyanions. Addition of 
oxyanions SO4

2−, SeO3
2−, PO4

3−, and HPO4
2− had a significant influence on the isomer distribution, 

making trans-fac more stable at the expense of mer, while the proportion of cis-fac remained nearly 



constant. This suggested specific interactions between the anion (Figure 24), namely PO4
3− and the 

three isomers, in the order trans-fac > cis-fac > mer. The NH groups of the cis-fac and mer isomer are 
in a less favorable position for such hydrogen bonds.   

Yoshikawa and coworkers described the chromatographic separation of the three isomers of 
[Co(dien)2]3+.[158] Interactions of the complex cation with the eluent anion had a significant influence 
on the separation of isomers. This was correlated with the number and kind of octahedral faces of the 
[Co(dien)2]3+ cation available for ion association with oxo anions such as phosphate. The described 
tendency for ion-pair formation was: trans-fac > cis-fac > mer, which was in agreement with the 
experimentally observed elution order and the ion-association preferences described by Keene and 
Searle.[5] 
 
6. Conclusions  
 

In this review, we analyzed the stereochemistry of 844 bis-tridentate ligand complexes found 
in the CSD database. In the analysis of mer, trans-fac, and cis-fac isomer preferences, several trends 
were observed regarding the type of metal cation, choice of donor atoms in the ligand, the possibility 
of non-covalent interactions, etc. These trends are only qualitative, however, simplified guidelines can 
be provided, as shown in Table 3. 

 
Table 3. A simplified representation of influences on the stereochemistry of [M(A-B-A)2] complexes.  

Isomer Metal ion Bdonor 
Bond 

character 
Arm (Adonor group) Tail (R) 

 
Geometry 

mer hard hard ionic - deprotonated R = H 

 distortion of 
the  

A-M-A' angle 

trans-
fac intermediate intermediate intermediate 

functional group 
(hard) 

uniform preference  
for R ≠ H; 

variable preference  
for R = H  

 

octahedral 

cis-fac soft soft covalent heterocyclic (soft) 

uniform preference  
for R ≠ H; 

variable preference  
for R = H 

 
distortion of 

the  
B1-M-B2 angle 

 
The mer isomer is most readily obtained with combinations of hard Bdonor atoms, such as O, 

and hard metal cations, such as s-block metals. The formation of octahedral geometry expected for 
ionic complexes is distorted by the ligand bite angle in the mer isomer. The cis-fac configuration, often 
with a distorted B1-M-B2 angle, is best suited for trigonal prismatic geometry, which is most readily 
obtained for covalent complexes, for example, combinations of soft Bdonor atoms, such as P, S, and Se, 
and soft 4d and 5d metals. The trans-fac isomer enables nearly ideal octahedral geometric parameters 
and is generally found for intermediate-intermediate combinations of ligands and metals. 

Considering the type of ligand, for the most common case of Bdonor = N, functional group 
ligands (dien, dea, ida, imda), with hard Adonor groups (arms) generally prefer trans-fac coordination. 
On the other hand, ligands with Adonor atoms as part of a heterocyclic ring (bpa, bza) are mostly found 
as cis-fac isomers. The third substituent on the central N atom, R (tail), has a significant influence on 
the energy difference between the three isomers. Ligands with R = alkyl or aryl have more predictable 
stereochemical preferences, while ligands with R = H often lead to small energy differences between 
isomers and are more dependant on external conditions such as pH, π-π interactions in ligands with 
aromatic rings, or non-covalent interactions with the counterion. Deprotonation of the central Bdonor 
= N atom often leads to the formation of a conjugated system imposing planarity of the ligand and 
formation of mer isomers. 

Understanding the stereochemistry of coordination compounds is essential when designing 
complexes for various applications. The many factors described herein are often mutually dependent, 



and quantitative evaluation of a specific influence is often not possible. However, we believe that the 
overview of factors provided here can serve as a starting point in the rational design of a [M(A-B-A)2] 
system suitable for a specific use. We hope this review will instigate further experimental and 
theoretical studies of tridentate ligand systems, to broaden the crystal structure dataset with 
information about the complexes in solution. Current studies of these systems, with applications as 
structure directing cations, models for bioinorganic systems etc., would definitely benefit from such 
findings. 
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