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Abstract 

With the aim of constructing hydrogen-bonding networks in synthetic complexes, two new ligands 

derived from cis,cis-1,3,5-triaminocyclohexane (TACH) have been prepared that feature pendant 

pyrrole or indole rings as outer-sphere H-bond donors.  The TACH framework offers a facial 

arrangement of three N-donors, thereby mimicking common coordination motifs in the active sites 

of nonheme Fe and Cu enzymes.  X-ray structural characterization of a series of CuI−X complexes 

(X = F, Cl, Br, NCS) revealed that these neutral ligands (H3L
R, R = pyrrole or indole) coordinate 

in the intended facial N3 manner, yielding four-coordinate complexes with idealized C3 symmetry.  

The N-H units of the outer-sphere heterocycles form a hydrogen-bonding cavity around the axial 

(pseudo)halide ligand, as verified by crystallographic, spectroscopic, and computational analyses.  

Treatment of H3L
pyrrole and H3L

indole with divalent transition metal chlorides (MIICl2, M = Fe, Cu, 

Zn) causes one heterocycle to deprotonate and coordinate to the M(II) center, giving rise to 

tetradentate ligands with two remaining outer-sphere H-bond donors.  Further ligand deprotonation 

is observed upon reaction with Ni(II) and Cu(II) salts with weakly-coordinating counteranions.  

The reported complexes highlight the versatility of  TACH-based ligands with pendant H-bond 

donors, as the resulting scaffolds can support multiple protonation states, coordination geometries, 

and H-bonding interactions.   
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Introduction 

It is well established that the remarkable catalytic activity of metalloenzymes is facilitated by 

a multitude of noncovalent interactions within each active site.  A common feature is the presence 

of conserved outer-sphere (i.e., second-sphere) residues that hydrogen bond to first-sphere ligands 

and/or substrates coordinated to the metal ions(s).[1]  These hydrogen bonding (H-bonding) 

interactions play a critical role in the recognition and activation of substrates, the stabilization of 

reactive catalytic intermediates, the tuning of redox potentials, proton transfer steps, and the 

prevention of deleterious side-reactions.[2]  To account for the importance of second-sphere 

interactions in metalloenzyme catalysis, bio-inspired chemists have designed numerous 

polydentate ligands that feature outer-sphere groups capable of forming intramolecular H-bonds.[3]  

Early examples include “picket-fence” porphyrins with appended amide, urea, or carboxylic acid 

groups.[4]  In nonheme systems, the vast majority of ligand scaffolds that support intramolecular 

H-bond networks have been based on tripodal, tetradentate motifs consisting of three arms attached 

to a central amine.  Each ligand arm consists of metal-binding unit and an outer-sphere H-bond 

donor or acceptor.  Following the pioneering work of Masuda, scaffolds derived from tris(2-

pyridylmethyl)amine have been used to create H-bond interactions between first-sphere ligands 

and amido or amino groups attached to the pyridyl rings (Scheme 1a).[5]  Similarly, the Borovik 

group has employed anionic tripodal ligands with one or more urea donors to stabilize M-O(H) 

units within a well-structured H-bond cavity (Scheme 1b).[6]  Recent efforts to construct H-bonding 

networks have employed tripodal ligands with arms consisting of (hydroxy)pyridine,[7] 

quinoline,[8] sulfonamide,[9] phosphinic amide,[10] and pyrrole[11] donors.    

A common structural motif in the active sites of nonheme iron, copper, and zinc enzymes is 

facial coordination by three histidine (His) residues[12] or the 2-His-1-carboxylate (aspartate or 

glutamate) triad.[13]  It is widely recognized that such enzymes also utilize outer-sphere H-bond 

donors and acceptors to promote catalysis;[14] however, noncovalent interactions have generally 

been neglected in efforts to prepare synthetic models.  For metalloenzymes with fac-triads, proper 

accounting of the primary and secondary coordination spheres requires the preparation of 

tridentate, facially-coordinating ligands that support H-bonding networks.  To this end, Ward 

prepared tris(pyrazolyl)borate (Tp) scaffolds with H-bonding groups attached to the 3-position of 

the pyrazolyl ring (Scheme 1c).[15]  Related Tp ligands were recently employed by the Warren 

group to incorporate H-bond acceptors into dicopper(II) complexes with bridging hydroxide and 



4 

 

diazene units.[16]  The Fout[17] and Paine[18] groups have also prepared flexible dipodal ligands that 

place a pendant N-H groups in close proximity to an Fe(II) center (Scheme 1d).  Yet despite these 

advances, facially-coordinating ligand scaffolds with second-sphere H-bond donors remain rare in 

the literature, especially when compared to the profusion of tetradentate, tripodal systems.   

 

Scheme 1. Examples of multidentate ligands that support intramolecular H-bonding networks in 

transition metal complexes.  Top: Tripodal scaffolds reported by (a) Masuda[5b] and (b) Borovik.[6e]  

Bottom: (c) a trispyrazolylborate ligand of Ward and McCleverty[15d] featuring outer-sphere 

pyridyl groups, and (d) dipodal, fac-coordinating ligand prepared by Fout.[17]     

 

The cis,cis-1,3,5-triaminocyclohexane (TACH) scaffold provides a convenient template for 

neutral and constrained ligands with a facial arrangement of three N-donors.  Although the –NH2 

groups occupy equatorial positions in free TACH, the ring adopts the axial conformation upon 

coordination due to the energetic benefit of forming three metal-nitrogen bonds (Scheme 2a).  The 

amino groups are easily converted to imines via reaction with substituted aldehydes. Tridentate 

TACH-based ligands with imino donors have primarily been applied to copper chemistry,[19] 

although complexes with other first-row transition metals have been reported.[20]  As described 

here, we have exploited this easily-modified platform to prepare facially-coordinating N3 ligands 

with pyrrole (H3L
pyrrole) or indole (H3L

indole) units capable of serving as H-bond donors to first-

sphere ligands (Scheme 2b).  The coordination chemistry of these ligands with monovalent and 
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divalent metal ions has been examined via crystallographic and spectroscopic methods.  The 

results indicate that H3L
pyrrole and H3L

indole coordinate to Cu(I) ions in the intended manner to create 

rigid H-bonded cavities. The versatility of the ligands is evident in structures obtained with 

divalent metal ions of biological relevance (Zn, Cu, Ni, Fe), which display a fascinating variety of 

coordination geometries and intramolecular H-bonding networks.   

 

Scheme 2. (a)  Coordination of TACH-based ligands; (b) structures of H3L
pyrrole and H3L

indole.  

 

Results and Discussion 

Synthesis and X-ray Structures of Cu(I) Complexes.  The H3L
pyrrole and H3L

indole chelates were 

synthesized by condensation of neutralized TACH with three equivalents of the appropriate 

aldehyde in benzene.  Water was removed by azeotropic distillation over 24 hours to provide the 

desired ligands, which were purified by recrystallization in CH3CN (overall yields around 40% in 

both cases).  Reaction of the TACH-based ligands with CuIX salts (X = Cl or Br) in THF yielded 

the yellow-colored complexes [CuCl(H3L
pyrrole)] (1a), [CuCl(H3L

indole)] (1b), [CuBr(H3L
pyrrole)] 

(2a), and [CuBr(H3L
indole)] (2b), where the “a” and “b” labels henceforth indicate complexes with 

ligands derived from H3L
pyrrole and H3L

indole, respectively.   The Cu(I) complexes are relatively 

stable in air, although slow decomposition is observed in aerobic solutions.   

Yellow crystals suitable for X-ray crystallographic analysis were obtained by slow diffusion 

of Et2O (or pentane) into concentrated CH2Cl2 solutions.  Crystals of 1a and 2a are isomorphic in 
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the P21/c space group, and each unit cell contains two symmetrically independent units with nearly 

identical geometries.  Crystals of 1b and 2b are hexagonal in the P61 space group.  Representative 

structures of 1a and 2b are shown in Figure 1(a,b).  Selected metric parameters for copper(I)-

chloride complexes (1a and 1b) are summarized in Table 1, while those for the copper(I)-bromide 

complexes (2a and 2b) are provided in the Supporting Information (Table S2).  Each of the neutral 

Cu(I) complexes exhibit four-coordinate geometries comprised of a terminal halide and facially-

capping H3L
pyrrole or H3L

indole ligand.  The TACH-based ligands confer nearly ideal three-fold 

rotational (C3) symmetry along the Cu−X bond axis.  The observed Cu−N bond distances fall 

within a narrow range of 2.07-2.10 Å, comparable to related Cu(I) complexes.[21]   The average 

N−Cu−N bond angle is 97.6°, while the X−Cu−N bond angles are substantially larger with an 

average value of 119.7°.  The coordination geometries of the Cu(I) complexes are best described 

as distorted trigonal pyramidal, consistent with the measured 4-values[22] of 0.83-0.86.   

 

 

Figure 1.  X-ray crystal structures of 1a, 2b, 3a, and 4a (50% probability ellipsoids). Only N−H 

hydrogens are shown for the sake of clarity.  The dotted lines indicate the presence of H-bonds. 
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Table 1. Selected interatomic distances (Å), bond angles (°), and 4-parameters for TACH-based 

Copper(I)-Chloride and -Fluoride Complexes.   

a  Crystals of 1a contain two symmetry-independent structures in each unit cell; values are only reported for 

one of the structures. b X-ray structure was reported in reference [19c]  c The definition of the 4-parameter 

is provided in reference [22]. 

 

The solid-state structures reveal that, as intended, the axial halide ligand participates in H-

bonding interactions with the three outer-sphere pyrrole/indole groups.  The orientation adopted 

by the heterocyclic rings directs each N-H unit towards the cavity occupied by the halide ligand, 

resulting in N-H···X angles between 160 and 180°.  The formation of H-bonds is evident from the 

average distances of 3.15 and 3.11 Å between the N-atoms of the heterocycles and the bound 

chloride atoms of 1a and 1b, respectively (Table 1).  Previous studies have established that N···Cl 

distances of ~3.2 Å are characteristic of H-bonding interactions.[23]  By comparison, the N···Br 

distances in 2a and 2b are longer by ~0.10 Å (Table S2), consistent with the increase in van der 

Waals radii from 1.75 Å (Cl) to 1.85 Å (Br).[24]  The N···X distances in the H3L
indole-based 

complexes (1b/2b) are shorter on average than those in the H3L
pyrrole-based complexes (1a/2a), 

Parameter 

(X = Cl or F) 

[CuICl(H3Lpyrrole)] 

(1a) a 

[CuICl(H3Lindole)] 

(1b) 

[CuICl(Lcinnamyl)] b [CuIF(H3Lpyrrole)] 

(3a) 

Cu(1)−X(1) 2.3151(4) 2.3065(10) 2.285(3) 2.0684(8) 

Cu(1)−N(1) 2.0766(14) 2.090(3) 2.08(1) 2.0155(13) 

Cu(1)−N(3) 2.0961(15) 2.085(4) 2.086(9) 2.0038(13) 

Cu(1)−N(5) 2.0713(14) 2.080(3) 2.076(9) 1.9988(13) 

Cu−N (ave.) 2.081 2.085 2.081 2.006 

     

N(2)···X(1) 3.1316(16) 3.086(3) ⎯ 2.6858(16) 

N(4)···X(1) 3.1412(16) 3.107(4) ⎯ 2.6711(16) 

N(6)···X(1) 3.1774(16) 3.134(3) ⎯ 2.7037(15) 

     

X(1)−Cu(1)−N(1) 119.74(4) 118.63(10) 122.8(3) 117.95(4) 

X(1)−Cu(1)−N(3) 119.57(4) 117.96(9) 124.3(3) 117.00(5) 

X(1)−Cu(1)−N(5) 119.59(4) 122.42(10) 120.6(3) 117.05(4) 

X−Cu−N (ave.) 119.6 119.7 122.6 117.3 

N(1)−Cu(1)−N(3) 96.48(6) 102.37(13) 91.4(4) 98.80(5) 

N(1)−Cu(1)−N(5) 97.15(6) 95.93(12) 96.8(4) 99.01(5) 

N(3)−Cu(1)−N(5) 99.32(6) 94.61(13) 93.1(4) 103.92(5) 

N−Cu−N (ave.) 97.7 97.6 93.8 100.6 

4-value c 0.86 0.84 0.80 0.89 
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suggesting that the more acidic indole group forms stronger H-bonds than pyrrole.[25] To gauge 

the structural impact of the H-bonding interactions, Tables 1 and S2 also include metric parameters 

for analogous Cu(I)−X complexes prepared by Walton and coworkers using a TACH-derived 

ligand (Lcinnamyl) that lacks outer-sphere H-bond donors.[19c]  From this data, it is clear that the H-

bonding networks in 1a/1b and 2a/2b cause a small but significant increase of 0.02-0.03 Å in 

Cu−X bond distances – a phenomenon observed in similar studies of metal-halide complexes with 

outer-sphere H-bond donors.[7c, 23b]      

The reaction of H3L
pyrrole with [CuI(CH3CN)4]PF6 in CH2Cl2 did not yield the intended cationic 

complex, [CuI(CH3CN)(H3L
pyrrole)]+.  Instead, analysis of the resulting yellow crystals with X-ray 

crystallography revealed that the reaction generates the copper(I)-fluoride complex, 

[CuIF(H3L
pyrrole)] (3a).  Although the exact mechanism is not clear, the fluoride ligand clearly 

derives from the PF6
− counteranion; indeed, there is ample precedent for the adventitious 

generation of fluoride ligands from the decomposition of PF6
− or BF4

− .[26]  The overall structure 

of 3a (Figure 1(c)) is analogous to those of 1a and 2a described above, including the presence of 

a rigid H-bonding cavity around the fluoride ligand.  The average N···F distance of 2.69 Å (Table 

1) is much shorter than the sum of the van der Waals radii (3.02 Å),[24] suggesting that the H-bonds 

in 3a are considerably stronger than those of 1a and 2a.  Examples of copper(I) complexes with 

terminal fluoride ligands are rare in the literature due to the intrinsic lability of the Cu(I)−F 

bond.[27]   The majority of examples in the Cambridge Structural Database[28] are two-coordinate 

species consisting of a Cu(I)-F unit bound to a bulky heterocyclic carbene,[29] although three- and 

four-coordinate structures with bipyridine and phosphine ligands have also been reported.[30]  The 

observed Cu(I)−F bond distance of 2.068 Å in 3a (Table 1) is nearly identical to the value of 2.062 

Å reported for [CuIF(PPh3)3].
[30a]  The latter complex exhibits H-bonds between the fluoride ligand 

and an ethanolic solvate in the solid-state.  Similarly, the CuI−F unit of 3a is undoubtedly stabilized 

by the H-bonding cavity created by the H3L
pyrrole scaffold, which permits the isolation and 

crystallographic characterization of this unusual structure.   

Finally, we prepared the complex [CuI(NCS)(H3L
pyrrole)] (4a) to determine whether the H-

bonding cavity could accommodate a triatomic pseudohalide ligand like thiocyanate.  The resulting 

crystal structure, shown in Figure 1(d), reveals that the thiocyanate ligand coordinates to Cu(I) 

through its N atom.  The thiocyanate coordination is nearly linear with an average Cu−N−C bond 

angle of 175.1o for the two independent structures in each unit cell.  The N-H donors of the three 
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pyrrole rings are directed towards the bound N-atom, resulting in an average Npyrrole···NNCS 

distance of 2.96 Å.  The impact of this H-bonding network on the vibrational modes of the NCS 

ligand is discussed below.   

Synthesis and X-ray Structures of M(II) Complexes (M = Zn, Cu, Ni, Fe).  With the goal of 

generating [FeIICl2(H3L)] complexes that could serve as models of nonheme iron(II) active-sites 

with facial 3-His coordination, the H3L
pyrrole and H3L

indole scaffolds were each combined with one 

equivalent of FeIICl2 in THF to generate 5a and 5b, respectively. Reddish-orange crystals were 

obtained by slow diffusion of Et2O in CH2Cl2, followed by analysis with X-ray crystallography.  

Instead of the target products, the resulting crystal structures revealed that one of the heterocyclic 

rings undergoes deprotonation, giving rise to an anionic pyrrolide (5a) or indolide (5b) donor that 

coordinates directly to Fe (Figure 2).  Ligand deprotonation occurs in the absence of base, and 

chelation is paired with chloride loss to maintain the neutral charge of the resulting five-coordinate 

iron(II) complexes, [FeIICl(H2L
pyrrole)] (5a) and [FeIICl(H2L

indole)] (5b).  The conversion of 

H3L
pyrrole and H3L

indole into tetradentate and monoanionic ligands is favored by formation of a five-

membered ring upon binding of the deprotonated heterocycle to the divalent Fe(II) ion, which is 

more Lewis acidic than monovalent Cu(I).  At the same time, our computational results (vide infra) 

indicate that the observed structures are less sterically congested than the intended [FeIICl2(H3L)] 

complexes due to loss of a chloride ligand.  

 

Figure 2.  X-ray crystal structures of 5a and 5b (50% probability ellipsoids). Only N−H hydrogens 

are shown for the sake of clarity.  The dotted lines indicate the presence of intramolecular H-bonds. 
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The structures of 5a and 5b exhibit distorted trigonal-bipyramidal geometries ( = 0.62 and 

0.70, respectively)[31] in which the chloride ligand occupies one of the axial positions (see Table 

S3 for bond distances and angles).  The two non-coordinating heterocycles each participate in H-

bonding interactions with first-sphere ligands.  In the case of 5a, the N-H units of both outer-sphere 

pyrroles are directed towards the chloride ligand, and the observed N···Cl distances (3.195 ± 0.010 

Å) are indicative of H-bonding in the solid state. As noted above for the Cu(I) complexes, the H-

bonding interactions cause a lengthening the Fe−Cl bond, as the observed value of 2.419 Å in 5a 

is considerably longer than bond distances reported for similar FeII−N4Cl complexes (~2.31 Å) 

without H-bond networks.[32]  Interestingly, the structure of 5b reveals a different H-bonding 

arrangement.  While one of the indole N-H groups is oriented towards the chloride with a N6···Cl1 

distance of 3.202(1) Å, the other ring is rotated towards the anionic N-atom of the indolide donor 

(Figure 2).  The N2···N4 distance of 3.142(1) Å and N4-H···N2 angle of 132° suggest that this 

second H-bond is rather weak – a conclusion supported by computational results presented below.  

The presence of only one H-bond involving the chloride ligand of 5b results in an Fe−Cl bond 

distance of 2.372 Å (Table S3), which is shorter by 0.05 Å relative to 5a.   

The H3L
indole chelate was also reacted with CuCl2 and ZnCl2 to assess its coordination 

chemistry with other divalent metal ions of biological relevance.  X-ray crystal structures of the 

resulting complexes, [CuIICl(H2L
indole)] (6b) and [ZnIICl(H2L

indole)] (7b), are shown in Figure S1, 

and metric parameters are summarized in Table S3.  Both complexes are structurally analogous to 

5b with pentacoordinate geometries comprised of the tetradentate H2L
indole anion and one chloride 

ligand.  The geometry of the CuII complex (6b) is intermediate between the square-pyramidal and 

trigonal bipyramidal limits ( = 0.53), whereas the ZnII complex (7b) is trigonal bipyramidal ( 

= 0.89).   Like 5a, the outer-sphere indole rings 6b and 7b are capable of H-bonding to either the 

chloride or indolide anions (Figure S1).   

With the goal of generating TACH-based complexes with labile coordination sites, we also 

employed M(II) salts with weakly coordinating counteranions.  Reaction of H3L
pyrrole with CuIISO4 

in CH3OH generates a green-brown complex (8a) that was recrystallized from CH2Cl2/Et2O.  The 

resulting crystal structure revealed a neutral complex, [CuII(HLpyrrole)] (Figure 3), arising from 

pentadentate coordination of the dianionic HLpyrrole ligand.  Deprotonation of the two pyrrole rings 

occurs spontaneously without added base, similar to formation of the H2L
indole-based complexes 

above.  Complex 8a exhibits a distorted square-pyramidal ( = 0.20) geometry in which the two 
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pyrrolide donors lie in the equatorial plane.  The N5 donor deviates from the axial position due to 

constraints imposed by the TACH framework and the Cu−N5 bond distance is elongated to 2.375 

Å.  Reaction of H3L
pyrrole with NiII(NO3)2 in CH3OH yields a reddish-orange complex (9a) that 

was characterized with X-ray crystallography.  Like 8a, the structure of 9a consists of a dianionic 

HLpyrrole ligand with two pyrrolide donors.  A key difference, however, is that the Ni(II) center 

adopts its preferred square-planar geometry, as the third arm of the TACH chelate remains 

unbound (the Ni···N5 distance is 2.7 Å). In both 8a and 9a, the one unprotonated pyrrole unit 

participates in a weak intramolecular H-bond with a pyrrolide donor (Figure 3).   

 

 

Figure 3.  X-ray crystal structures of 8a and 9a (50% probability ellipsoids). Only N−H hydrogens 

are shown for the sake of clarity.  The dotted lines indicate the presence of H-bonds.  Selected 

bond lengths (Å) and angles (°) are provided in Table S4.   

 

Spectroscopic Studies.  (a) FT-IR Spectroscopy.  The presence of H-bonding networks in the 

TACH-based complexes was further confirmed by FT-IR spectra of solid-state samples.  The free 

ligands, H3L
pyrrole and H3L

indole, exhibit N−H stretching modes at (N-H) = 3338 and 3443 cm−1, 

respectively, in addition to an intense peak near 1630 cm−1 arising from the N=C stretch of the 

imine group.   The less sterically hindered H3L
pyrrole ligand likely forms intermolecular H-bonds 

between N−H and −N=C units in the solid state, resulting in a lower (N-H) frequency than the 

H3L
indole ligand.  FTIR spectra of 1a measured in the solid state and CH2Cl2 solution exhibit similar 

(N-H) and (N=C) frequencies (Figure S2), indicating that the molecular structure and H-bonding 

network of the X-ray structure are maintained in solution.  Table 2 provides experimental and 

computed (N-H) frequencies for the TACH-based ligands and copper(I) complexes, and FTIR 
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spectra of the H3L
pyrrole series are shown in Figure 4.  In most cases, three (N-H) peaks are 

observed for the Cu(I) complexes: the weaker, higher-energy feature arises from the symmetric 

combination of N-H stretching motions, whereas the two intense features at lower energy are 

assigned to the pair of nearly-degenerate asymmetric combinations (Figure 4). The (N-H) 

frequencies of Cu(I) complexes are shifted to lower energy relative to the free ligands as a result 

of intramolecular H-bonds, which facilitate electron donation from the anionic X ligand into the 

* orbital of the N-H bond.  The magnitude of the bathochromic shift, (N-H), reflects the 

strength of the H-bonding interaction.  Across the series, (N-H) shifts follow the order F >> Cl 

> Br > NCS (Table 2) – consistent with relative H-bond strengths inferred from the X-ray structural 

data (vide supra).  In the case of 4a, the (N=C) mode of the NCS ligand is observed at 2023 cm−1, 

consistent with N-based thiocyanate coordination.[33]  The (N=C) frequency of 4a is downshifted 

by 67 cm−1 relative to the value measured for the related complex, [CuI(NCS)(Lmesityl)], that lacks 

H-bond interactions (Figure S3; Lmesityl is a TACH-derived ligand with pendant mesityl rings 

instead of N-heterocycles[19a]).   

FTIR data for the divalent metal complexes are summarized in Table S5.  Complexes with the 

formula [MIICl(H2L
indole)] (M = Fe (5b), Cu (6b), and Zn (7b)) each exhibit two (N-H) peaks 

with downshifts of ~250 cm−1 relative to free H3L
indole.  Whereas only one (N=C) peak appears 

in spectra of the C3-symmetric Cu(I) complexes, the less symmetric MII−Cl complexes generally 

exhibit three peaks at slightly lower frequencies.  Finally, spectra of [CuII(HLpyrrole)] (8a) and 

[NiII(HLpyrrole)] (9a) each display one (N-H) feature at 3301 and 3355 cm−1, respectively.  The 

(N-H) shifts for these complexes are quite small (< 40 cm−1), confirming the weakness of the 

intramolecular H-bond formed between the pyrrole and pyrrolide units.   
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Table 2.  N-H Stretching Frequencies (Experimental and DFT-Computed) and H-bond Enthalpies 

for TACH-based Ligands and Copper(I) Complexes.     

 

a Experimental FTIR spectra were measured using solid-state samples. b The computed (N-H) frequencies 

were scaled by the factor of 96% reported by Merrick et al. for the B3LYP functional.[34] c (N−H) is the 

average shift in (N-H) frequencies between the complex and free ligand (H3Lpyrrole or H3Lindole).    d The 

H-values are derived from the average of the computed and scaled (N−H)  frequency shifts using the 

methodology reported by Iogansen and Belkova.[35]  The values reflect the enthalpic contribution of a single 

H-bond.   
 

 

Figure 4.  Solid-state FTIR spectra of H3L
pyrrole and [CuX(H3L

pyrrole)]; X = Cl (1a), Br (2a), F (3a), 

NCS (4a).  Peaks arising from (N-H) modes are indicated with an asterisk (*).   

 Exper. frequencies (cm−1) a DFT frequencies (cm−1) b H per  

H-bond 

(kcal/mol) d 
Compound (N−H) 

(N−H),  
ave.c 

(N−H) , ave. 
(N−H),  

ave.c 

H3Lpyrrole 3338  3500, 3493, 3492   

[CuF(H3Lpyrrole)] (3a) 3102, 3028 −273 3140, 3056, 3034 −418 −6.6 

[CuCl(H3Lpyrrole)] (1a) 3252, 3208, 3195 −120 3260, 3224, 3217 −261 −4.8 

[CuBr(H3Lpyrrole)] (2a) 3266, 3222, 3207 −106 3277, 3249, 3240 −240 −4.5 

[Cu(NCS)(H3Lpyrrole)] (4a) 3282 (br) −56 3345, 3326, 3313 −167 −3.4 

      

H3Lindole 3443  3492, 3484, 3482   

[CuCl(H3Lindole)] (1b) 3244, 3211, 3179 −232 3276, 3244, 3231 −236 −4.3 

[CuBr(H3Lindole)] (2b) 3285, 3241, 3223 −193 3297, 3267, 3251 −214 −4.1 
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(b) 1H NMR Spectroscopy.  The NH resonances of the free ligands appear as broad peaks at 

NH = 9.6 and 9.1 ppm in the 1H NMR spectra of H3L
pyrrole and H3L

indole, respectively.  As evident 

in Figure 5, the  peak shifts downfield and becomes dramatically sharper in spectra of the 

H3L
pyrrole-based Cu(I) complexes in CDCl3 or CD2Cl2.  The sharpness of the N-H resonances is 

further confirmation that intramolecular N-H···X interactions persist in solution, and the sizable 

downfield shifts (NH = NH,complex − NH,ligand) reflect deshielding of the NH donor as a result of 

H-bond formation.  Within each series, the magnitude of NH is proportional to the H-bond 

strength, and the observed trend of F (3.9) >> Cl (2.8) > Br (2.6) > NCS (1.9) is consistent with 

the FTIR data.  Indeed, a plot of NH versus the electronegativity of the X-ligand reveals a linear 

relationship, as shown in Figure S4.  The NH resonance of the cooper(I)-fluoride complex (3a), 

which exhibits the largest NH shift, appears as a doublet due coupling with the 19F nucleus (JH−F 

= 37 Hz in CDCl3; Figure 5).  The 19F splitting is larger (JH−F = 46 MHz) and better resolved in 

CD2Cl2 (Figure S5).   Slightly larger NH shifts are observed for the H3L
indole-based Cu(I) 

complexes (1b and 2b; Figure S6), supporting the hypothesis that indole is a stronger H-bond 

donor than pyrrole.    

1H NMR spectra of the Cu(II) and Fe(II) complexes yield less insight into outer-sphere 

interactions because the NH-values are affected by the paramagnetic ions.  Spectra of the 

diamagnetic ZnII (7b) and low-spin NiII (9a) complexes revealed relatively small NH shifts of 

1.7 and 1.6 ppm, respectively (Figure S7).  Only one NH resonance is observed for 7b, suggesting 

that the outer-sphere indole units are equivalent in solution.   
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Figure 5.  Downfield region of the 1H NMR spectra of H3L
pyrrole and [CuX(H3L

pyrrole)]; X = Cl 

(1a), Br (2a), F (3a), NCS (4a).  Data were measured at room temperature in CDCl3 for all samples.  

The peaks arise from NH resonances and chemical shifts (NH) are indicated in parentheses.   

 

Computational Studies.  The energetic contributions of the intramolecular H-bonds were 

quantified using density functional theory (DFT) calculations.  Geometry-optimized models 

derived from B3LYP calculations display good overall agreement with the X-ray data, although 

DFT tends to overestimate the M−X/N bond lengths by ~0.05 Å (Table S6).  Computed  (N-H) 

frequencies for the Cu(I) complexes were scaled according to the factor reported by Merrick et 

al.[34] (Table 2).  The predicted frequencies are remarkably close to the experimental values, 

indicating that DFT provides an accurate description of the H-bonding interactions.  One exception 

is the discrepancy between experimental and computed (N-H) frequencies of the H3L
pyrrole ligand; 

however, as noted above, the lower experimental value likely reflects the presence of 

intermolecular H-bonds in the solid-state, whereas the DFT value corresponds to a gas-phase 

molecule.  Most importantly, the computed (N-H) frequencies nicely reproduce the observed 

trends across the [CuIX(H3L
pyrrole)] and [CuIX(H3L

indole)] series (Table 2).   

The H-bond formation enthalpies, HHB, can be estimated from the computed downshifts of 

(N-H) frequencies, as demonstrated in previous studies by Iogansen and Belkova.[35]   Applying 

this methodology to the Cu(I) series provides HHB values (per H-bond) that range from −6.6 

kcal/mol for 3a (X = F) to −3.4 kcal/mol for 4a (X = NCS).  These values are consistent with H-

bond formation enthalpies reported for related complexes with N-H···X-M units.[36]  Because the 

Cu(I) complexes contain three equivalent H-bonds, the computed HHB values suggest that the 
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entire H-bonding network provides a net stabilization of ~10-20 kcal/mol.  Table S7 summarizes 

DFT (N-H) frequencies and H-bond formation enthalpies for the divalent complexes. The 

computed HHB values of the Cu(II)-Cl complex (6b) are lower than those of its Cu(I)-Cl analogs 

(1a and 1b), indicating that the greater Lewis acidity of the Cu(II) ion weakens the H-bonding 

interaction by pulling electron density away from the chloride ligand.  The DFT results also suggest 

that H-bonds between outer-sphere heterocycles and bound pyrrolide/indolide donors, as observed 

in some X-ray structures, are substantially weaker than those involving (pseudo)halide ligands.  

This conclusion is consistent the small (N-H) shifts measured experimentally for 8a and 9a 

(Table S5).   

DFT calculations were also used to rationalize the tendency of the TACH-based ligands to 

undergo deprotonation upon complexation with divalent ions.  Geometry optimizations of 

hypothetical [MIICl2(H3L
pyrrole)] species (M = Fe or Zn) led to dissociation of one imine donor 

from the H3L
pyrrole chelate, giving rise to four-coordinate [MIICl2(

2-H3L
pyrrole)] structures (see 

Figure S8).  The pyrrole of the dissociated arm maintains a H-bonding interaction with the 

proximal Cl ligand.  From the calculations, it is clear that the cavity created by 3-coordination of 

the neutral H3L
pyrrole/H3L

indole ligands can only accommodate one (pseudo)halide ligand.  Although 

formation of a hypothetical [MIIX(H3L)]+ complex would relieve steric strain, our results suggest 

that such species undergo facile ligand deprotonation due to favorable coordination of the resulting 

pyrrolide/indolide donor to the M(II) ion.   

 

Conclusion 

This report has described the synthesis and coordination chemistry of two TACH-based ligands 

(H3L
pyrrole and H3L

indole) that possess pendant pyrrole and indole groups capable of serving as 

second-sphere H-bond donors.  In contrast to the vast library of tripodal and tetradentate ligands 

that support intramolecular H-bonding networks, H3L
pyrrole and H3L

indole were intended to 

coordinate in a tridentate and facial manner, thereby mimicking 3-His and 2-His-1-carboxylate 

motifs found in numerous metalloenzymes.  The ligands bind to CuIX salts (X = Cl, Br, NCS) in 

the intended fashion, yielding four-coordinate complexes that feature three H-bonding interactions 

between the (pseudo)halide ligand and N-H donors of the pyrrole/indole rings (Figure 1).  Reaction 

of H3L
pyrrole with [CuI(CH3CN)4]PF6 triggered decomposition of the PF6

− counteranion, yielding 

the unique copper(I)-fluoride complex 3a.  The often unstable Cu(I)−F bond is stabilized by the 
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H-bonding cavity created by the outer-sphere pyrrole rings.  The presence of H-bonding 

interactions in the solid-state was verified by X-ray crystallography and FTIR spectroscopic 

studies of each of the six Cu(I) complexes reported here.  The NH resonances in 1H NMR spectra 

of the TACH-based ligands exhibit dramatic downfield shifts upon metal coordination, indicating 

that the H-bond networks are also present in solution samples.  As expected, the strength of the H-

bonds is dependent on the electronegativity of the axial X-ligand, following the order F >> Cl > 

Br > NCS.  Analysis of (N-H) frequencies computed by DFT suggest that the H-bond formation 

enthalpies (HHB) range from 3-7 kcal/mol (Table 2), meaning that the H-bonding cavities of the 

Cu(I) complexes lead to a net stabilization of ~10-20 kcal/mol.  

Reaction of H3L
pyrrole and H3L

indole with divalent M(II) cations (M = Fe, Ni, Cu, Zn) results in 

spontaneous deprotonation and coordination of one or two of the heterocyclic rings.  The process 

is energetically favored by binding of the resulting pyrrolide/indolide donor(s) to generate stable 

five-membered chelate rings.  The heterocyclic units that remain in the outer sphere establish H-

bonds with anionic first-sphere ligands, although these interactions are generally weaker than those 

observed for the Cu(I) analogs.  DFT calculations suggest that the coordination geometries of the 

[MIICl(H2L
pyrrole/indole)] complexes (5a, 5b, 6b, and 7b) relieve the steric strain of the intended 

[MIIX2(H3L)] species.  Further deprotonation is observed when H3L
pyrrole is reacted with M(II) salts 

with weakly-coordinating counteranions, giving rise to the dianionic HLpyrrole ligand in 8a and 9a.  

Collectively, these results demonstrate that the H3L
pyrrole and H3L

indole scaffolds can exist in various 

charged states and adopt multiple denticities.  This remarkable versatility is evident in the different 

coordination geometries displayed by the M(II) complexes, such as trigonal-bipyramidal, square 

pyramidal, and square planar.     

Finally, this study has also highlighted some of the limitations of using H3L
pyrrole and H3L

indole 

to model the active sites of metalloenzymes.  The well-structured H-bonding cavity created by the 

three outer-sphere heterocycles can only accommodate one ligand, and thus coordination of 

additional ligands or substrates requires dissociation of one of the TACH arms.  The stabilization 

afforded by multiple H-bonds also appears to limit the reactivity of the complexes towards small 

molecules, like O2.  Another drawback is the tendency of the pyrrole and indole groups to undergo 

deprotonation and coordination to Lewis acidic ions.  Future modeling efforts will be directed 

towards the preparation of asymmetric TACH-based chelates that are less sterically hindered and 

provide greater access to the metal ion.  These second-generation ligands will also employ outer-
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sphere moieties that are more resistant to deprotonation, thereby avoiding direct coordination of 

the H-bond donors.  Thus, the insights presented here will guide the development of future TACH-

based ligands that accurately replicate the fac coordination geometry and second-sphere 

interactions of numerous nonheme metalloenzymes.      

Experimental and Computational Procedures 

Materials and Physical Methods:  Unless otherwise noted, solvents and reagents were 

purchased from commercial sources and used without further purification.  Solvents were dried 

over CaH2 or NaH prior to distillation under Argon gas.  Several freeze-pump-thaw cycles were 

performed to remove oxygen and other gases, and the solvents were stored  inside the glovebox 

over activated molecular sieves.  All complexes were synthesized and handled under an inert 

atmosphere using a Vacuum Atmospheres Omni-Lab glovebox. The ligand precursor cis,cis-1,3,5-

triaminocyclohexane·3HBr (TACH·3HBr) was prepared according to a previously reported 

procedure.[37]  Elemental analysis data was collected at Midwest Microlab, LLC, in Indianapolis, 

IN.  Infrared spectra were measured using a Nicolet iS50 FTIR spectrometer with attenuated total 

reflectance capabilities for solid-state samples. The baselines of some IR spectra were digitally 

adjusted using the software program Spectragryph.  1H NMR spectra were collected at room 

temperature using Varian 400 MHz or 600 MHz spectrometers, and standard baselines corrections 

were applied.  NMR spectra of the ligands and transition metal complexes are provided in Figures 

S5 and S9-S17.   

Synthesis of H3Lpyrrole.  cis,cis-1,3,5-Triaminocyclohexane·3HBr (1.03 g, 2.77 mmol) was 

added to a 250 mL round bottom flask and dissolved in an aqueous solution of NaOH (5 mL, 0.33 

g, 8.3 mmol), followed by addition of benzene (100 mL).[38]    The flask was equipped with a Dean-

Stark trap and the mixture heated in a fume hood until nearly all of the water was removed.  

Afterwards, a solution of pyrrole-2-carboxaldehyde (0.797 g, 8.38 mmol) in benzene was added 

to the flask.  The resulting mixture was heated to reflux for 24 hr., during which time the water 

byproduct was eliminated through azeotropic distillation.  The resulting orange-brown solution 

was cooled to room temperature, followed by addition of water (25 mL).  The aqueous phase was 

extracted with CHCl3 (3 x 50 mL), and the combined organic extracts were dried over MgSO4 and 

filtered.  Evaporation of solvent provided the crude product.  Recrystallization using hot anhydrous 

CH3CN provided H3L
pyrrole as a light brown solid, which was used without further purification.  

Yield = 37%.  Elemental analysis calcd (%) for C21H24N6·H2O (MW = 378.5 g mol−1): C, 66.64; H, 
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6.92; N, 22.21. Found: C, 66.86; H, 6.36; N, 21.15.  Yield = 0.45 g (45%). FTIR (solid):  = 3338 

(N−H), 2933, 2849, 1633 (N=C) cm−1.  1H NMR (600 MHz, CDCl3):  = 9.6 (br, N-H), 8.08 (s, 

3H, CH=N), 6.78 (s, 3H, H-pyrrole), 6.45 (s, 3H, H-pyrrole), 6.18 (s, 3H, H-pyrrole), 3.39 (br, 3H, 

−CH−N=), 2.00-1.75 (m, 6H, −CH2−) ppm.  

Synthesis of H3Lindole.  The H3L
indole ligand was prepared according to the same procedure as 

H3L
pyrrole.  TACH·3HBr (1.03 g, 2.77 mmol) was deprotonated in aqueous solution using NaOH 

(0.33 g, 8.3 mmol).  Benzene (100 mL) was added and the mixture refluxed in a fume hood using 

a Dean-Stark apparatus to remove water.[38]  After addition of indole-2-carboxaldehyde (1.20 g, 

8.27 mmol), a Dean-Stark distillation under reflux was performed for 24 hr.  The mixture was 

cooled to room temperature and water (25 mL) was added.  The product was extracted with CHCl3 

(3 x 50 mL), dried over MgSO4, and filtered.  Removal of solvent provided the crude product, 

which was washed with Et2O to remove aldehyde starting material.  Recrystallization using 

CH3CN provided H3L
indole as a brown solid.  Yield = 45%.  Elemental analysis calcd (%) for 

C33H30N6·H2O (MW = 528.6 g mol−1): C, 74.98; H, 6.10; N, 15.90. Found: C, 75.19; H, 5.81; N, 

15.61.  FTIR (solid):  = 3443 (N−H), 3051, 2927, 2855, 1629 (N=C), 1613 cm−1.  1H NMR (400 

MHz, CDCl3):  = 9.10 (br, 3H, -NH), 8.32 (s, 3H, CH=N), 7.62 (d, 3H, H-indole), 7.36 (d, 3H, 

H-indole), 7.24 (3H, H-indole, obscured by solvent peak), 7.09 (t, 3H, H-indole), 6.78 (s, 3H, H-

indole), 3.58 (m, 3H, −CH−N=), 1.96 (m, 6H, −CH2−) ppm. 

[CuICl(H3Lpyrrole)] (1a).  Copper(I) chloride (41.0 mg, 0.414 mmol) was added to a solution 

of H3L
pyrrole (149 mg, 0.414 mmol) in THF.  The resulting bright yellow solution was stirred for 2 

hr. and then filtered through a pad of Celite.  The solvent was removed under vacuum to obtain 

the yellow product.  Yield = 124 mg (65%).  Slow diffusion of pentane into a concentrated CH2Cl2 

solution provided yellow crystals of 1a suitable for X-ray crystallography. Elemental analysis 

calcd (%) for C21H24ClCuN6 (MW = 459.5 g mol−1): C, 54.90; H, 5.27; N, 18.29. Found: C, 55.32; 

H, 5.68; N, 18.48.  FTIR (solid):  = 3252 (N−H), 3208 (N−H), 3195 (N−H), 2906, 2856, 1618 

(N=C) cm−1.  1H NMR (400 MHz, CDCl3):  = 12.4 (s, 3H, N−H), 7.87 (s, 3H, CH=N), 7.10 (s, 

3H, H-pyrrole), 6.56 (s, 3H, H-pyrrole), 6.18 (s, 3H, H-pyrrole), 3.85 (br, 3H, −CH−N=), 2.21 (d, 

3H, −CHH−), 2.04 (d, 3H, −CHH−) ppm. 

[CuICl(H3Lindole)] (1b).  Copper(I) chloride (20.0 mg, 0.20 mmol) was added to a solution of 

H3L
indole (100 mg, 0.196 mmol) in THF.  The resulting yellow solution was stirred for 2 hr. and 
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filtered through a plug of Celite.  Removal of solvent under vacuum provided the product as yellow 

flakes.  The crude material was recrystallized by diffusion of pentane into a CH2Cl2 solution. Yield 

= 66 mg (55%).  Elemental analysis calcd (%) for C33H30ClCuN6 (MW = 609.6 g mol−1): C, 65.02; 

H, 4.96; N, 13.79. Found: C, 64.49; H, 5.29; N, 13.36.  FTIR (solid):  = 3244 (N−H), 3211 (N−H), 

3179 (N−H), 2865, 1608 (N=C) cm−1.  1H NMR (400 MHz, CDCl3): δ = 12.6 (s, 3H, N−H), 8.16 

(s, 3H, CH=N), 7.76 (d, 3H, H-indole), 7.55 (d, 3H, H-indole), 7.30 (t, 3H, H-indole), 7.04 (t, 3H, 

H-indole), 6.86 (s, 3H, H-indole), 4.03 (s, 3H, −CH−N=), 2.35 (d, 3H, −CHH−),  2.17 (d, 3H, 

−CHH−) ppm. 

[CuIBr(H3Lpyrrole)] (2a).  This complex was prepared according to the same procedure as 1a, 

with the exception that CuBr was used instead of CuCl.  Yellow crystals for diffraction analysis 

were obtained by vapor diffusion of Et2O into a concentrated solution of 2a in CH2Cl2.  Yield = 

70%.  Elemental analysis calcd (%) for C21H24BrCuN6 (MW = 503.9 g mol−1): C, 50.05; H, 4.80; 

N, 16.68. Found: C, 49.85; H, 4.81; N, 16.45.  FTIR (solid):  = 3266 (N−H), 3222 (N−H), 3207 

(N−H), 2960, 2903, 2856, 1615 (N=C) cm−1.  1H NMR (600 MHz, CDCl3): δ = 12.2 (s, 3H, N−H), 

7.90 (s, 3H, CH=N), 7.10 (s, 3H, H-pyrrole), 6.55 (s, 3H, H-pyrrole), 6.18 (s, 3H, H-pyrrole), 3.86 

(br, 3H, −CH−N=), 2.23 (d, 3H, −CHH−),  2.06 (d, 3H, −CHH−) ppm. 

[CuIBr(H3Lindole)] (2b).  This complex was prepared according to the same procedure as 1b, 

with the exception that CuBr was used instead of CuCl.  Vapor diffusion of Et2O into a 

concentrated solution of 2b in CH2Cl2 provided yellow needles suitable for crystallographic 

studies. Yield = 65%.  Elemental analysis calcd (%) for C33H30BrCuN6 (MW = 654.1 g mol−1): C, 

60.60; H, 4.62; N, 12.85. Found: C, 59.83; H, 4.75; N, 12.48. FTIR (solid):  = 3285 (N−H), 3241 

(N−H), 3223 (N−H),  2913, 2870, 1609 (N=C) cm−1.  1H NMR (600 MHz, CDCl3): δ = 12.3 (s, 3H, 

N−H), 8.17 (s, 3H, CH=N), 7.76 (d, 3H, H-indole), 7.56 (d, 3H, H-indole), 7.29 (t, 3H, H-indole), 

7.05 (t, 3H, H-indole), 6.85 (s, 3H, H-indole), 4.03 (s, 3H, −CH−N=), 2.36 (d, 3H, −CHH−), 2.19 

(d, 3H, −CHH−) ppm. 

[CuIF(H3Lpyrrole)] (3a).  [CuI(CH3CN)4]PF6 (103 mg, 0.276 mmol) was added to a solution of 

H3L
pyrrole (98 mg, 0.27 mmol) in CH2Cl2.  The solution was stirred for one hour and filtered through 

a Celite pad. The filtrate was concentrated and layered with hexane, yielding flat yellow crystals 

of 3a suitable for X-ray diffraction studies. Yield = 34%  Elemental analysis calcd (%) for 

C21H24CuFN6 (MW = 443.0 g mol−1): C, 56.94; H, 5.46; N, 18.97. Found: C, 56.82; H, 5.43; N, 
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17.31.  We were not able to obtain analytically pure samples of 3a, perhaps because the complex 

arises from the decomposition of starting material.  FTIR (solid):  = 3102 (N−H), 3028 (N−H), 

2937, 2846, 1617 (N=C) cm−1.  1H NMR (600 MHz, CDCl3): δ = 13.5 (d, JHF = 37 Hz, 3H, N−H), 

7.83 (s, 3H, CH=N), 7.21 (s, 3H, H-pyrrole), 6.56 (s, 3H, H-pyrrole), 6.20 (s, 3H, H-pyrrole), 3.94 

(s, 3H, −CH−N=), 2.23 (d, 3H, −CHH−), 2.01 (d, 3H, −CHH−) ppm. 

[CuI(NCS)(H3Lpyrrole)] (4a).  A suspension of CuSCN (31.2 mg, 0.256 mmol) in CH3CN was 

added to a solution of H3L
pyrrole (91 mg, 0.25 mmol) in a mixture of THF and CH3CN.  The slightly 

turbid solution was stirred for two hours and then filtered.  Removal of the solvent under vacuum 

provided orange crystalline material that was used without further purification.  Yield = 86 mg (70 

%).  Elemental analysis calcd (%) for C22H24CuN7S (MW = 482.1 g mol−1): C, 54.81; H, 5.02; N, 

20.34.  Found: C, 54.42; H, 5.09; N, 19.83. FTIR (solid):  = 3282 (br, N−H), 2913, 2016 (N=CS), 

1614 (N=C) cm−1.  1H NMR (600 MHz, CDCl3): δ = 11.5 (s, 3H, N−H), 7.88 (s, 3H, CH=N), 7.30 

(s, 3H, H-pyrrole), 6.58 (s, 3H, H-pyrrole), 6.23 (s, 3H, H-pyrrole), 3.83 (s, 3H, −CH−N=), 2.20 

(d, 3H, −CHH−), 1.98 (d, 3H, −CHH−) ppm. 

[FeIICl(H2Lpyrrole)] (5a).  FeCl2 (44 mg, 0.35 mmol) and H3L
pyrrole (125 mg, 0.347 mmol) and 

were combined in THF (10 mL) and stirred overnight.  The turbid orange mixture was filtered and 

concentrated under vacuum. Addition of Et2O resulted in precipitation of the crude product.  After 

decanting the solvent, the resulting solid was dried and washed multiple times with Et2O to remove 

impurities. Vapor diffusion of Et2O into a THF solution of 5a over the course of two days produced 

small orange crystals suitable for X-ray crystallography.  Yield = 156 mg (65%).  Elemental 

analysis calcd (%) for C21H23ClFeN6 (MW = 450.7 g mol−1): C, 55.96; H, 5.14, N, 18.64. Found: 

C, 55.44; H, 5.33; N, 17.75. FTIR (solid):  = 3223 (N−H), 2928, 1623 (N=C), 1609 (N=C), 1595 

(N=C) cm−1.  1H NMR (400 MHz, CD3CN): δ = 333 (1H), 306 (1H), 262 (2H), 167 (2H), 90 (1H), 

66 (1H), 55 (1H), 27 (1H), 10.1 (br, 2H), 5.0 (2H), −0.6 (2H), −10.9 (2H), −14.2 (2H), −16.4 (2H), 

−55 (1 H) ppm.  

[FeIICl(H2Lindole)] (5b).  FeCl2 (25 mg, 0.20 mmol) and H3L
indole (102 mg, 0.200 mmol) were 

mixed in THF (10 mL) and the resulting bright orange solution was stirred overnight.  The solution 

was filtered and the solvent removed under vacuum. The crude product was dissolved in a minimal 

amount of CH2Cl2 and layered with Et2O to obtain orangish-red crystals suitable for 

crystallographic analysis. Yield = 72 mg (60%). Elemental analysis calcd (%) for 
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C33H29ClFeN6·0.5CH2Cl2 (MW = 600.9 g mol−1): C, 62.54; H, 4.70; N, 13.06. Found: C, 62.87; H, 

4.83; N, 13.10. FTIR (solid):  = 3206 (N−H), 3182 (N−H), 3050, 2918, 2857, 1613 (N=C), 1603 

(N=C) cm−1. 

[CuIICl(H2Lindole)] (6b).  Anhydrous CuCl2 (26 mg, 0.19 mmol) was added to a stirring 

solution of H3L
indole (100 mg, 0.196 mmol) in CH3OH, resulting in formation of a brown-colored 

precipitate. The reaction mixture was stirred for 30 min. and the solid product was isolated by 

filtration. Yield = 60 mg (52%).  Dark brown crystals suitable for X-ray diffraction experiments 

were obtained by diffusion of Et2O into a concentrated CH2Cl2 solution. Elemental analysis calcd 

(%) for C33H29ClCuN6 (MW = 608.6 g mol−1): C, 65.12; H, 4.80; N, 13.81. Found: C, 64.97; H, 

5.05; N, 13.42.   FTIR (solid):  = 3215 (N−H), 3185 (N−H), 3057, 2917, 2868, 1623 (N=C), 1610 

(N=C), 1596 (N=C) cm−1.   

[ZnIICl(H2Lindole)] (7b).  Anhydrous ZnCl2 (26 g, 0.19 mmol) was added to a solution of 

H3L
indole (0.097 g, 0.19 mmol) in THF, and the reaction mixture was stirred for 2 hr.  The solution 

was then filtered through a pad of Celite. The solvent was removed under vacuum to yield an oily 

brown product, which was dissolved in CH2Cl2 and filtered again through Celite.  Removal of 

solvent provided the crude product; trace impurities were removed by washing with Et2O. Yield = 

67 mg (58 %).  Colorless rectangular crystals suitable for X-ray crystallography were generated 

by slow evaporation of CH2Cl2 solvent under vacuum.  Elemental analysis calcd (%) for 

C33H29N6ZnCl (MW = 610.5 g mol−1): C, 64.93; H, 4.79; N, 13.77. Found: C, 64.24; H, 4.74; N, 

13.55.  FTIR (solid):  = 3200 (N−H), 3180 (N−H), 2959, 2920, 2851, 1636 (N=C), 1625 (N=C), 

1612 (N=C) cm−1.  1H NMR (600 MHz, CD2Cl2): δ = 11.0 (s, 2H, N−H), 8.94 (d, 1H, H-indolide), 

8.25 (s, 2H, CH=N), 8.13 (s, 1H, CH=N), 7.62 (d, 1H, H-indolide), 7.52 (t, 2H, H-indolide), 7.50 

(d, 1H, H-indole), 7.11 (m, 3H, H-indolide), 6.99 (t, 2H, H-indole), 6.98 (s, 2H, H-indole), 6.79 (s, 

2H, H-indolide), 6.78 (s, 1H, H-indole), 4.20 (3H, −CH−N=), 2.86 (d, 1H, −CHH−), 2.55 (d, 1H, 

−CHH−), 2.44 (d, 2H, −CHH−), 2.01 (d, 2H, −CHH−). 

[CuII(HLpyrrole)] (8a).  The H3L
pyrrole ligand (0.100 g, 0.277 mmol) and CuSO4·5H2O (69.0 mg, 

0.276 mmol) were combined in CH3OH. The mixture was stirred for 30 min., during which time  

an olive-green precipitate was formed.  The precipitate was collected via filtration and washed 

with cold CH3OH.  The crude material was purified by vapor diffusion of Et2O into a concentrated 

CH2Cl2 solution, giving rise to dark-brown crystals suitable for crystallographic studies. Yield = 
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64 mg (55%). Elemental analysis calcd (%) for C21H22CuN6 (MW = 422.0 g mol−1): C, 59.77; H, 

5.25; N, 19.92. Found: C, 59.89; H, 5.62; N, 19.84. FTIR (solid):  = 3301 (N−H), 2864, 1627 

(N=C), 1605 (N=C), 1585 (N=C) cm−1.  

[NiII(HLpyrrole)] (9a).  The H3L
pyrrole ligand (92 mg, 0.26 mmol) and Ni(NO3)2·6H2O (81 mg, 

0.28 mmol) were combined in CH3OH, causing immediate formation of a red-orange precipitate.  

The mixture was stirred for an hour and the solution was decanted from the precipitate. The solid 

was dissolved in CH2Cl2, filtered through Celite, and the solvent removed to yield the desired 

product. Yield = 21 mg (19%)  Red-orange crystals suitable for X-ray crystallography were 

generated by slow evaporation of CH2Cl2 solvent.  Elemental analysis calcd (%) for C21H22N6Ni 

(MW = 417.1 g mol−1): C, 60.47; H, 5.32; N, 20.15. Found: C, 58.10; H, 5.30; N, 20.18.  FTIR 

(solid):  = 3355 (N−H), 3081, 1635 (N=C), 1587 (N=C) cm−1.  1H NMR (400 MHz, CD2Cl2,): δ = 

11.2 (br, 1H, N−H), 8.85 (s, 1H, CH=N), 7.85 (s, 2H, CH=N), 7.16 (s, 2H, H-pyrrole), 6.70 (s, 1H, 

H-pyrrole), 6.59 (s, 2H, H-pyrrole), 6.46 (s, 1H, H-pyrrole), 6.27 (s, 2H, H-pyrrole), 6.11 (s, 1H, 

H-pyrrole), 4.11 (s, 1H, −CH−N=), 3.99 (s, 2H, −CH−N=), 2.12 (m, 3H, −CH2−), 1.99 (d, 1H, 

−CHH−), 1.72 (d, 2H, −CHH−) ppm.  

X-ray Crystallography.  Crystals of the TACH-based complexes were grown via procedures 

described above.  X-ray-diffraction intensities of the resulting single crystals were measured at 

100 K with an Oxford Diffraction SuperNova kappa-diffractometer (Rigaku Corp.) consisting of 

dual Cu/Mo X-ray sources, X-ray mirror optics, an Atlas CCD detector, and a low-temperature 

Cryojet device (Oxford Instruments). Data was processed using the CrysAlisPro program package, 

and numerical absorption correction based on Gaussian integration over a multifaceted crystal 

model was applied.  This procedure was followed by empirical absorption correction involving 

spherical harmonics from the SCALE3 ABSPACK scaling algorithm.  Structures were solved 

within the Olex2 crystallographic package[39] and refined using the program SHELXL.[40]  Non-

hydrogen atoms were refined using anisotropic displacement parameters. Hydrogen atoms were 

generally positioned geometrically and refined using appropriate restraints for bond lengths and 

angles, while the torsion angles of methyl hydrogens were optimized to fit residual electron 

density.  The solvent-mask procedure was applied to structures of 1b and 2b.  Crystals of 8a are 

pseudo-monoclinic, quasi-merohedral regular twins (180° rotation around y*).  Similarly, twinning 

(4:1) was observed for crystals of 9a with 150° rotation around the y-axis.  Enantiomers of complex 

7b crystallize separately in the chiral space group of P212121.  Further information regarding data 
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collection, analysis, and crystallographic parameters are summarized in Table S1 for each 

complex.   

Density Functional Theory (DFT) Calculations.  ORCA software package (version 4.0) 

developed by Dr. F. Neese (MPI-KoFo)[41] was used to perform DFT calculations of the free 

ligands (H3L
pyrrole and H3L

indole) and select transition metal complexes.  All calculations employed 

Becke’s three-parameter hybrid functional for exchange and the Lee-Yang-Parr correlation 

functional (B3LYP),[42] in combination with the Karlsruhe valence triple-ζ basis set with 

polarization functions (def2-TZVP).[43] Computational efficiency was improved by applying the 

resolution of identity and chain of sphere (RIJCOSX) approximations[44] with the appropriate 

auxiliary basis sets.[45]  X-ray crystallographic structures served as the starting points of geometry 

optimizations, and convergence to local energy minima was verified by the lack of imaginary 

modes in the numerical frequency calculation. Computed frequencies were scaled by factors 

reported by Moran and Radom for DFT functionals.[34] Following a previously-reported 

approach,[35] enthalpies for hydrogen bond formation (HH-bond) were estimated using the 

equation: HH-bond (kcal/mol) = −18||/(|| + 720), where  is the computed downshift in N−H 

frequencies upon formation of intramolecular H-bonds.  
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Synopsis: Ligands derived from cis,cis-1,3,5-triaminocyclohexane (TACH) have been prepared 

with pendant heterocycles that serve as outer-sphere H-bond donors.  Upon coordination to Cu(I), 

the facially-coordinating N3 ligands create a hydrogen-bonding cavity that stabilizes 

(pseudo)halide anions.  Reaction of the TACH-based ligands with divalent cations revealed a range 

of protonation states, coordination geometries, and H-bonding interactions.   

 

 


