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Abstract 

 

A new β-diketiminate compound (I) was synthesized, and its structure was determined by a single-crystal 

X-ray diffraction study. The molecule crystallizes as a salt in the monoclinic system, and the crystal 

structure is stabilized by intermolecular N─H···Cl hydrogen bonds. The structural and energetic 

properties were examined using the HSEH1PBE density functional method with cc-pvdz basis set. The 

optimized structure represents well the experimental structure. In addition, the noncovalent interactions 

have been also analyzed using Hirshfeld surface analysis. Hirshfeld surface analysis shows that H···H and 

H···Cl/Cl···H interactions contribute to about 94% of the total intermolecular interactions. Frontier 

molecular orbitals (HOMO-LUMO), their energy gap and associated parameters were determined. 

 

Keywords: β-diketiminate, crystal structure, DFT, Hirshfeld surface. 

 

1. Introduction 

 

The β-diketiminate class, also known NacNac or 

[{ArNC(R)}2CH]- (where Ar = aryl and R = Me or 

another organic group), occupies a rightful place among 

other ancillary supports, which applications change 

from structural inorganic/organometallic chemistry to 

bioinorganic systems and catalysis [1-4]. The β-

diketiminate ligands are known to provide monoanionic, 

bidentate support for metal complexes and a high degree 

of steric control can be achieved depending on the 

choice of N-substituents [5]. The reactivity of these 

class of the ligands can also be improved significantly, 

by tuning the steric and electronic properties of the 

supporting β-diketiminate ligands [6,7]. 

 

Since the first such metal NacNac complexes were 

reported by McGeachin [8] and Holm [9], these ligand 

class has been often used to stabilize many elements in 

the periodic table and in unusual oxidation states [10]. A 

lot of complexes can be derived from variation of 

substituents on nitrogen atom of 1,3-diketimines by 

different hydrogen/alkyl/aryl/silyl/germanyl groups, as 

well metal ions [11-14]. Consequently, the resulting 

ligands become good σ donors and poor π acceptors like 

N-heterocyclic carbenes (NHCs), and thus have the 

potential to exhibit carbene-like chemistry. 

 

 

 

In this paper, we report the synthesis and crystal 

structure of N-[(2Z,3E)-4-(isopropylamino)pent-3-en-2-

ylidene]propan-2-aminium chloride salt (I) formed 

unexpectedly (Figure 1). 

 

2. Materials and Methods 

2.1. Synthesis 

 

Two moles of iPr2-nacnacH (1) (0.5 g) in 10 mL toluene 

were mixed with one mole of 1,2-bis(dimethylamino 

diborane dichloride (2) (0.248 g) in 5 mL toluene for 2 

hours, and stand for two days. The precipitated colorless 

crystal (I) was filtered and washed cold ether. (Yield: % 

48). 

 

2.2. XRD Analysis 

 

XRD data of I were collected at room temperature using 

a Mo Kα radiation with STOE IPDS II diffractometer. 

During the process the -scan method was applied. X-

AREA [15] and X-RED32 [15] were used to perform 

for data collection and cell refinement and for data 

reduction, respectively. Direct methods were used to 

solve the structure with SIR2019 [16]. Refinement of 

the structure was processed with SHELXL-2018 [17] on 

F2 by means of the full matrix least-squares 

calculations. All of the H atoms bonded to C atoms 

were first located in Fourier difference maps then trade 
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as riding atoms, fixing the bond lengths at 0.93 Å for 

aromatic CH, 0.98 Å for methine CH and 0.96 Å for 

CH3 atoms. Also, the H atoms bonded to N atoms were 

located from the Fourier-difference map but refined 

freely. All the details of the process are given in Table 

1. The OLEX2 [18] was used to generate the molecular 

graphics. 

The supplementary crystallographic data for the 

compound reported here is deposited at CCDC 2024442 

and can be provided free of charge upon request to 

CCDC, 12 Union Road, Cambridge CB2 1EZ, UK [Fax: 

+44 1223 336 033, e-mail: deposit@ccdc.cam.ac.uk, 

https://www.ccdc.cam.ac.uk/structures/]. 

 
 

Figure 1. Chemical formula of I. 

 

 

2.3. Computational Procedure 

 

Theoretical calculations were carried out with the aid 

of GaussView 5 [19] molecular visualization 

software and Gaussian 09 program package [20]. The 

structural and other electronic properties of I were 

obtained using the HSEH1PBE density functional 

method [21-23] with cc-pvdz basis set [24]. The 

optimized geometry was confirmed to be real minima 

by frequency calculation (no imaginary frequencies). 

 
3. Results and Discussion 

 

To obtain dicationic bicyclic diborane derivative (3), 

1,2-bis(dimethylamino)diborane dichloride (2) [25] 

was reacted with two equivalents iPr2-nacnacH (1) 

[26] in toluene at room temperature. Unfortunately, 

desired product (3) could not be produced from the 

reaction. Presumably, compound 3 is very unstable so 

it immediately decomposes in the reaction media. By 

the diboran compound acts as reducing agent, imine 

group is converted to iminium cation salt through 

secondary amine group. Compound I is a 

decomposition product that is crystallized in a 

reaction mixture at room temperature. The compound 

I is stable in air atmosphere. Reaction was monitored 

by IR spectrum during the formation of compound I. 

In the spectrum, β-Diketimine (1) showed the bands 

at 3333 and 1648 cm-1 attributed to enamine and 

imine groups, respectively. Upon formation of 

iminium cation salt, the monitored bands at 3501 cm-

1 and at 2085, 1593 cm-1 on the spectrum were 

attributed to secondary amine and iminium salt, 

respectively (Figure 2). 

 

 
 

Figure 2. IR spectrum of I. 
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Table 1. Crystal data and structure refinement parameters for I. 

 

CCDC depository 2024442 

Color/shape Colorless/prism 

Chemical formula C11H23N2⁺·Cl⁻ 

Formula weight 218.76 

Temperature (K) 296(2) 

Wavelength (Å) 0.71073 Mo Kα 

Crystal system Monoclinic 

Space group P21/c (No. 14) 

Unit cell parameters  

a, b, c (Å) 11.6986(10), 11.9408(9), 19.8065(18) 

α, β, γ (°) 90, 101.002(7), 90 

Volume (Å3) 2715.9(4) 

Z 8 

Dcalc. (g/cm3) 1.070 

μ (mm−1) 0.253 

Absorption correction Integration 

Tmin., Tmax. 0.8941, 0.9846 

F000 960 

Crystal size (mm3) 0.56 × 0.31 × 0.05 

Diffractometer STOE IPDS II 

Measurement method ω scan 

Index ranges −13 ≤ h ≤ 13, −14 ≤ k ≤ 13, −23 ≤ l ≤ 23 

θ range for data collection (°) 1.773 ≤ θ ≤ 25.048 

Reflections collected 20101 

Independent/observed reflections 4797/1949 

Rint. 0.1543 

Refinement method Full-matrix least-squares on F2 

Data/restraints/parameters 4797/0/281 

Goodness-of-fit on F2 0.802 

Final R indices [I > 2σ(I)] R1 = 0.0544, wR2 = 0.0715 

R indices (all data) R1 = 0.1646, wR2 = 0.0928 

Δρmax., Δρmin. (e/Å3) 0.16, −0.16 

 

 
 

Figure 3. The molecular structure of one (A) of the two independent molecules present in the crystals of I. Dotted 

lines show the intermolecular H-bonding. 
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3.1. Experimental and Theoretical Structure 

 

The solid-state structure of I has been unambiguously 

determined by single-crystal X-ray diffraction 

analysis (XRD), and its structural plot is presented in 

Figure 3, whilst some of the experimental and 

theoretical parameters are quoted in Table 2. 

Colorless crystals of I crystallize as a salt in the 

monoclinic system P21/c with two 

crystallographically independent molecules, A and B, 

in the asymmetric unit. In the following discussion, 

parameters related to the second molecule (B) are 

given in square brackets. 

 

The compound is composed of an N-[(2Z,3E)-4-

(isopropylamino)pent-3-en-2-ylidene]propan-2-

aminium cation and one chloride anion. There are no 

chemically significant differences between the two 

cationic molecules in the asymmetric unit. The 

central C1─C2 and C1─C7 bond distances of 

1.384(4) and 1.390(4) Å [1.389(4) and 1.380(4) Å], 

respectively, are almost equal to each other, and show 

an intermediate character between single (1.54 Å) 

and double bonds (1.34 Å) [27], indicating dispersion 

of positive charge over C2─C1─C7 atoms. These 

bonds were calculated at 1.432 and 1.380 Å, 

respectively. Although the N1─C4 and N2─C9 bond 

distances of 1.463(4) and 1.468(4) Å [1.469(4) and 

1.463(4) Å], respectively, conform to a C─N single 

bond (1.48 Å), the N1─C2 and N2─C7 bond 

distances of 1.318(4) and 1.328(4) Å [1.327(4) and 

1.332(4) Å], respectively, are shorter than a C─N 

single bond but longer than a C═N double bond (1.28 

Å). These bonds were theoretically determined at 

1.457, 1.455, 1.306 and 1.353 Å, respectively. So, 

this data suggests an extended electron delocalization 

over the N1─C2 and N2─C7 bonds since the C2─C3 

and C7─C8 bond distances of 1.512(5) and 1.504(4) 

Å [1.498(4) and 1.495(4) Å] correspond to a C─C 

single bond, which were computed at 1.502 and 

1.503 Å, respectively. 

 

The molecular structure of I contains no 

intramolecular interactions. In the crystal structure, 

the cation is linked to the chloride anions by means of 

N─H···Cl hydrogen bonds, so forming C2
1(8) [28] 

chains along the c axis (Figure 4). Details of these 

interactions are given in Table 3. 

 

 

Table 2. Selected geometric parameters for I. 

 

Parameters X-ray  DFT 

 Molecule A Molecule B   

Bond lengths (Å)     
N1─C2 1.318(4) 1.327(4)  1.306 

N1─C4 1.463(4) 1.469(4)  1.457 

N2─C7 1.328(4) 1.332(4)  1.353 

N2─C9 1.468(4) 1.463(4)  1.455 

C1─C2 1.384(4) 1.389(4)  1.432 

C1─C7 1.390(4) 1.380(4)  1.380 

C2─C3 1.512(5) 1.498(4)  1.502 

C7─C8 1.504(4) 

 

1.495(4)  1.503 

Bond angles (°)     

C2─N1─C4 127.0(3) 126.6(3)  129.02 

C7─N2─C9 126.8(3) 126.5(3)  127.25 

N1─C2─C1 121.7(4) 122.0(3)  121.56 

N1─C2─C3 114.1(3) 113.3(3)  114.03 

N2─C7─C1 119.9(3) 120.5(3)  121.24 

N2─C7─C8 114.8(3) 113.7(3)  113.10 

C2─C1─C7 130.4(3) 129.6(3)  128.84 

C1─C2─C3 124.3(3) 124.7(3)  124.39 

C1─C7─C8 125.2(3) 125.8(3)  125.66 

Torsion angles (°)     

C3─C2─N1─C4 −179.2(3) −175.4(3)  179.13 

C8─C7─N2─C9 −177.1(3) 177.3(3)  179.74 

N1─C2─C1─C7 −172.4(3) 179.3(3)  −173.18 

N2─C7─C1─C2 −177.9(4) 175.7(3)  −175.10 

C2─C1─C7─C8 2.5(6) −4.3(6)  4.32 

C7─C1─C2─C3 8.9(6) −0.9(6)  8.37 
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Figure 4. Part of the crystal structure of I, showing the formation of 𝐶2
1(8) chains along [001] built from N─H···Cl 

hydrogen bonds. For clarity, only H atoms involved in hydrogen bonding have been included. 

 

Table 3. Hydrogen bonding geometry for I. 

 

D─H···A D─H (Å) H···A (Å) D···A (Å) D─H···A (°) 

N2A─H2A1···Cl1Ai 0.95(3) 2.32(3) 3.261(3) 171(3) 
N2B─H2B1···Cl1Bii 0.91(3) 2.32(4) 3.216(3) 170(3) 

N1B─H1B1···Cl1B 0.98(4) 2.27(4) 3.240(3) 168(3) 

N1A─H1A1···Cl1A 0.93(4) 2.32(4) 3.222(3) 163(3) 

Symmetry codes: (i) x, −y+3/2, z−1/2; (ii) x, −y+1/2, z−1/2. 

 

3.2. Hirshfeld Surface (HS) Analysis 

 

HS analysis is very useful to picturize and examine 

important intra- or intermolecular interactions within 

the crystal structure. 

 

The distance external to the surface de measures the 

distance between a surface to the neighboring nucleus 

while the distance internal to the surface di measures 

the distance between a surface to nearest atom in the 

molecule itself. The two-dimensional (2D) fingerprint 

plots based on HS analysis can provide the 

contributions of each specific contact pairs to HS 

[29]. The 2D fingerprint plots for I were generated by 

Crystal Explorer 17.5 program [30] and shown in 

Figure 5. 

 

The fingerprint plots show that the main 

intermolecular interactions in I are H···H and 

H···Cl/Cl···H. The highest contribution to the total 

Hirshfeld surface occurs due to H···H close contacts 

with 73.2%. The proportion of H···Cl/Cl···H 

interactions comprises 20.2% of the surface. These 

intermolecular contacts correspond to about 94% of 

all noncovalent interactions. Missing percentages are 

H···C/C···H 4.9% and H···N/N···H 1.7% contacts. 

 

3.3. Energetics and Stability 

 

One way to get an idea on how compound interacts 

with other species is to analyze the highest occupied 

molecular orbital (HOMO) and the lowest 

unoccupied molecular orbital (LUMO) which are 

frontier molecular orbitals. In many reactions, 

electrons located in HOMO are donated first while a 

compound accepts electrons to its LUMO. Thus, one 

can easily measure chemical hardness, reactivity and 

many more parameters from the energy gap (ΔE) 

between HOMO and LUMO [31]. The global 

chemical reactivity descriptors (GCRD) such as the 

absolute electronegativity [χ = (I+A)/2], the chemical 

potential [μ = −(I+A)/2], the absolute hardness [η = 

(I−A)/2], softness (S = 1/2η) and electrophilicity 

index (ω = μ2/2η) were calculated by taking the 

energies of HOMO as ionization potential (I = 

−EHOMO) and LUMO as electron affinity (A = 

−ELUMO) according to Koopmans Theorem [32].  
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Figure 5. The 2D fingerprint plots with decomposition of dominant types of the intermolecular contacts of I. 

 

 

 
 

Figure 6. Frontier molecular orbital surfaces of 

compound I. 

 

The contour plot of HOMO and LUMO orbitals of I 

is shown in Figure 6 while the GCRDs values are 

collected in Table 4. The calculated EHOMO, ELUMO 

and ΔE energies are 4.92, 1.85 and 3.07 eV, 

respectively. If the molecule is hard, the larger ΔE 

corresponds to the more hardness molecule. In this 

case, the compound has higher kinetic stability and 

thus, lower chemical reactivity. The molecules are 

kinetically stable with the hardness and chemical 

potential values of 1.54 and −3.39 eV, respectively. 

The other parameters such as softness (0.33 eV−1), 

electronegativity (3.39 eV), and electrophilic index 

(3.73 eV) also suggest that the compound holds 

stability and chemical strength. 

 

Table 4. Calculated energy values of I. 

 

EHOMO (eV) −4.92 

ELUMO (eV) −1.85 

Energy gap (ΔE) (eV)   3.07 

Electronegativity (χ) (eV)   3.39 

Chemical potential (μ) (eV) −3.39 

Chemical hardness (η) (eV)   1.54 

Chemical softness (S) (eV−1)   0.33 

Electrophilicity index (ω) (eV)   3.73 

 

4. Conclusion 

 

In summary, compound I is investigated by using 

XRD and computational methods. Theoretical 

geometric parameters are in good agreement with the 

experimental findings. XRD results indicate that the 

compound crystallizes as a salt. The intermolecular 

N─H···Cl interactions are responsible for the 

stabilization of the crystal structure. In an effort to 

investigate the intermolecular interactions, HS 
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analysis was also carried out. The contributions of 

total HS were analyzed by plotting the fingerprint 

plots. The highest contribution of total HS was found 

as H···H: 73.2% and H···Cl/Cl···H: 20.2%. The 

calculated descriptors related to chemical reactivity 

showed a high energy gap between HOMO and 

LUMO which concluded that the compound has high 

kinetic stability and shows low intramolecular charge 

transfer and low chemical reactivity. 
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