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Abstract Intermolecular interactions between PH,X (X=H, F, Cl, Br) and five-member heterocyclic compounds (pyrrole,
furan, thiophene) were calculated by using MP2/aug-cc-pVDZ quantum chemical method, and the interaction energies were
corrected with BSSE (basis set superposition error) by complete counterpoise correction method. On the basis of
MP2/aug-cc-pVDZ optimized geometries, the second-order perturbation stabilization energies (AE®) and AIM properties
were calculated using the NBO (natural bond orbital) program in Gaussian 03 and AIM 2000 program, respectively. In order
to further understand this type of interaction, graphical analyses for representative systems were performed using the reduced
density gradient (RDG) color-filled isosurface map and the electronic density difference map. It has been showed that the
P—H---m hydrogen bonding interaction is formed between PH; and three five-member heterocyclic compounds, and the
pnicogen bonding interactions between PH,X (X=F, Cl, Br) and five-member heterocyclic compounds. There exist two
types of pnicogen bonding interactions (n- and n-types) in these complexes, and the stabilities of the n-type pnicogen bonded
complexes are stronger than those of the n-type ones. Moreover, the interaction energies have been found to correlate closely
with the angle between P—X vector and the direction vector of P atom to the heterocyclic centroid. For comparison, inter-
molecular interactions between PCl; and the three kinds of heterocyclic compounds were also studied. It has been showed
that three positive electrostatic potential areas (or “c-hole”) are presented at phosphorus atom end along the CI—P bond in
PCI; molecule, so the complexes with multi-pnicogen-bonding can be formed between PCl; and the heterocyclic compounds.
Through atom in molecule (AIM) analysis, it has been disclosed that the nature of all the pnicogen bonding interactions be-
longs to the closed-shell electrostatic interactions, and the stabilities of the complexes are correlated positively with the elec-
tron densities in the bond critical points (BCPs). RDG graphical analyses are performed to visualize the positions and
strengths of the pnicogen bonding. DDF analyses are also done, and indicating that electron density is reduced at phosphorus
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atom end and increased around the P—X axis and five-member heterocyclic molecule because of the pnicogen bonding in-
teraction, thus the underlying rearrangement of the electron densities is intuitively reflected.
Keywords pnicogen bonding; NBO; AIM; RDG isosurface map; electronic density difference
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Table 1 The geometric parameters and interaction energies of com-
plexes at MP2/aug-cc-pVDZ level

Complexes AE;,/(kcalemol ) AEiilP /(kcalemol ") a/(°)
Complex 1
—7.725 —5.127 146.740
(HzFP"'C4H5N)
Complex 2
—6.608 —4.035 148.307
(H,FP-+-C,H,0)
Complex 3
—5.698 —3.301 165.555
(H,FP--C4H,S)
Complex 4
—8.013 —5.215 143.816
(H,CIP---C4H;sN)
Complex 5
—5.133 —2.949 169.942
(H,CIP---C,H,0)
Complex 6
—6.018 —3.426 163.018
(H,CIP-+-C4H,S)
Complex 7
—8.252 —5.208 143.860
(H,BrP---C4H;N)
Complex 8
—5.215 —2.905 170.624
(H,BrP---C4H,0)
Complex 9
—6.187 —3.458 163.110
(H,BrP---C4H,4S)
Complex 10
—4.909 —3.119 —
(PH;:+-C4HsN)
Complex 11
—3.340 —1.645 —
(PH;---C4,H4,0)
Complex 12
—4.594 —2.524 —

(PH;C4H,S)

© 2013 Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences
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Figure 1 The optimized geometries of complexes at MP2/aug-cc-
pVDZ level
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Figure 4 The relationship between the angles a and the interaction

energies
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Figure 5 Molecular graph of complex PCly/furan
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Table 2 Natural bond orbital analysis of complexes 1~9 at the MP2/aug-cc-pVDZ level”
Complexes Donor NBOs Acceptor NBOs AE? Ocrt
Complex 1 BD (2) C1-C2 BD* (2) P11-F14 5.70 —0.01917
(H,FP---C4H;sN) Lp (1) P11 BD* (2) C1-C2 1.97 ’
Complex 2 BD (2) C3-C4 BD* (1) P10-F13 5.38 —0.01319
(H,FP---C4H40) Lp (1) P10 BD* (2) C3-C4 2.16 ’
Complex 3
Lp(2)S5 BD* (1) P10-F13 4.87 —0.02318
(HQFP“'C4H4S)
Complex 4 BD (2) C1-C2 BD* (2) P11-Cl14 5.82 —0.02380
(H,CIP---C4H;sN) Lp (1) P11 BD* (2) C1-C2 1.51 ’
Complex 5
Lp(2) 05 BD* (1) P10-Cl13 2.02 —0.00790
(HQCIP“'C4H40)
Complex 6
Lp(2)S5 BD* (1) P10-Cl13 4.54 —0.02394
(HQCIP“'C4H4S)
Complex 7 BD (2) C1-C2 BD* (2) P11-Br14 6.19 —0.02626
(H,BrP---C4HsN) Lp (1) P11 BD* (2) C1-C2 1.38 ’
Complex 8
Lp(2) O5 BD* (1) P10-Br13 1.91 —0.00769
(HzBrP"‘C4H40)
Complex 9
Lp(2) S5 BD* (1) P10-Br13 4.63 —0.02477

(HzBrP b C4H4S)

“In units of kcalemol ' for AE® and ¢ for Qcr. The optimized geometries of complexes 1~9 are shown in Figure S1.
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Table 3 Topological parameters of complexes 1~12 at the BCP point”
Complexes Do V2o A A A3 Gy I3 Hy,
Complex 1
0.0137 0.0348 —0.0069 —0.0045 0.0462 0.0080 —0.0073 0.0007
(H,FP---C,HsN)
Complex 2
0.0132 0.0339 —0.0071 —0.0044 0.0454 0.0078 —0.0070 0.0007
(HzFP"'C4H40)
Complex 3
0.0127 0.0343 —0.0073 —0.0056 0.0472 0.0078 —0.0070 0.0008
(HzFP"'C4H4S)
Complex 4
0.0133 0.0342 —0.0063 —0.0040 0.0446 0.0078 —0.0070 0.0008
(HzClP"'C4H5N)
Complex 5
0.0117 0.0399 —0.0074 —0.0060 0.0534 0.0094 —0.0088 0.0006
(HzClP"'C4H40)
Complex 6
0.0121 0.0327 —0.0067 —0.0051 0.0444 0.0073 —0.0065 0.0008
(HzClP"'C4H4S)
Complex 7
0.0135 0.0344 —0.0064 —0.0040 0.0448 0.0078 —0.0070 0.0008
(HzBl’P‘ . 'C4H5N)
Complex 8
0.0114 0.0389 —0.0072 —0.0057 0.0518 0.0091 —0.0086 0.0006
(HzBl’P‘ . 'C4H40)
Complex 9
0.0121 0.0326 —0.0067 —0.0051 0.0444 0.0073 —0.0065 0.0008
(HzBl’P‘ . 'C4H4S)
Complex 10
0.0089 0.0268 —0.0065 —0.0022 0.0355 0.0059 —0.0051 0.0008
(PH3“'C4H5N)
Complex 11
0.0071 0.0236 —0.0043 —0.0009 0.0288 0.0050 —0.0042 0.0008
(PH3“'C4H40)
Complex 12
0.0080 0.0244 —0.0054 —0.0018 0.0316 0.0053 —0.0045 0.0008
(PH3“'C4H4S)
® Topological parameters are given in a.u.
X AT BT A A AR R MR T A AR R A 0.0140
SEVERDIL A — 2 BE—28, JAIE T &% 1~9 0.0135.
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(RDG) M & B, Horf(a)tt B sign[A2(r)]p(r) B 25 1.
Sign[22(r)]p(r) AL PTG E XAE—0.04~0.02 a.u.Z[f],
(0, SR 117 P v 1 P 4 I - S 41 (1) i A B W AR
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Figure 9 The relationship between electron density at BCPs and inter-
action energy
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Figure 10 The scatter diagram (a) and color-filled RDG isosurface map
(b) of complexes 1 and 5 at MP2/aug-cc-pVDZ level
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