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Studies on the Mechanism of the Transition Metal-Catalyzed Reaction of
Organonitrile with Sodium Azide
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Huang, Rongyi* Zhang, Shaoyong

Abstract The study on the reaction mechanism of organonitrile and sodium azide catalyzed by transition metals has always
been a challenging and controversial task. Due to the difficulty in capturing the reaction intermediates, there is still no direct
evidence to uncover the nature of the reaction. In this paper, the reaction mechanism has been explored by using a combining
theoretical and experimental method. Based on the theoretical analysis of the stability of two types of intermediates
(H,O);M:+*N3  and (H,0);M---NCCHj; and the successful capture of two activated intermediates containing metal cadmium
ions Cdy(u3-N3)(u3-OH)(us-CHDA) (1) and Cd(u,-N3)(u3-IBA) (2) (H,CHDA=1,3-cycloadipic acid and HIBA =4-(imi-
dazol-1-yl) benzoic acid), which were achieved under the hydrothermal conditions and characterized by single-crystal XRD
analysis. For the first time, the experimental and theoretical results reveal that the transition metal ions activate the azide ra-
ther than the cyano group of nitriles. In addition, the results of both the electrostatic potential basins analysis of activated
intermediates (H,O);M:*N; and acetonitrile molecules obtained by the theoretical calculation and our recently reported
experimental results reveal that the intermediates (H,O);M:*N; can be used as electrophilic reagent. Its uncoordinated
terminal N atom can attack the N atom of the cyano group of acetonitrile to undergo a nucleophilic addition reaction during
the chemical reaction progress, and then it may undergo a [2+43] cycloaddition reaction to in-situ form tetrazole. Moreover,
with the aid of water molecules, its adducts may also occur similar to the Ritter-like reaction to in-sifu form polynitrogen
anion. Our findings may open a novel field of the in-situ synthesis of polynitrogen compounds based on the transition met-
al-catalyzed reactions of organonitrile and azide.

Keywords metal catalysis; reaction mechanism; cadmium(II) polymer; quantum chemical calculation; polynitrogen anion
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Figure 1  The calculated structure models of the intermediates
(H,0);M++*N;  and (H,0);M*-*“NCCH; (M=Sc, Ti, V, Cr, Mn, Fe, Co,
Ni, Cu, Zn and Cd)
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Table 1 The bond lengths and bond orders of M—N bonds of the in-
termediates

Bonds R(M-**N)/nm Mulliken Mayer
Sce**N3~ 0.1967 0.2782 0.6510
Sc**NCCH; 0.2202 0.1409 0.2617
Ti***N3~ 0.1947 0.2703 0.6005
Ti-**"NCCH; 0.2122 0.1782 0.3247
VN3~ 0.1873 0.4798 0.8299
V-*NCCH; 0.2026 0.2682 0.4452
Cre*N3~ 0.1934 0.5487 0.7456
Cr+-*NCCHj; 0.1979 0.2524 0.4443
Mn-*N;~ 0.1873 0.4112 0.6364
Mn-*:*NCCH; 0.2074 0.2838 0.3771
Fe:-*N;~ 0.1828 0.4542 0.6851
Fe:-*NCCHj; 0.2019 0.3056 0.4026
Co***N;3~ 0.1854 0.6733 0.8224
Co***NCCH; 0.1981 0.3495 0.4468
Ni--*N;~ 0.1837 0.7063 0.8608
Ni--*NCCH; 0.1961 0.3870 0.4830
Cu**N;3~ 0.1828 0.5960 0.7563
Cu***NCCH; 0.1949 0.3834 0.4949
Zn--*N;~ 0.1855 0.8348 0.9572
Zn--*NCCH; 0.1951 0.4710 0.5617
Cd**N;~ 0.2063 0.5841 0.8260
Cd-**NCCH; 0.2157 0.2587 0.3941

A R S R A L A RN P S AR

Figure 2 The molecular graph of the both Zn>*-activated intermediates
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NN; B p(r)fE 0.09~0.13 a.u.Z [i], M—N(CH;CN)
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BEURRAER 2, L v Bl SR (1 o () R B N S A A 1
p(ME KN, ATLLEH M—NN; )EK pr) . M—
N(CH;CN)#E IR, HZETE 0.02~0.05 auw.Z i, FH
M—N(N; )8 58 . M—N(CH;CN)EE K, 754
JBE T BEBRRAGHUE R R NAR RS, 85 T20
RAERTE 4 B B 15 & W AR b |44, Rk, Ha 7
2 B A 4 70 Tt RE A% 3R B TE OB AR R R & e R T AR
MR E SRR, 24515 LR B AN 9 o) Hr 45
R
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Table 2 The topological parameters at bond critical points of M—N
bonds for all intermediates obtained by AIM analysis

BCPs 20) Vi)  [V@UGr)  HE)

Sc++N; 0.0977 04202  1.1695 —0.0214
Sc+*NCCH; 0.0574 02474  1.0348 —0.0022
Tiv Ny 0.0987 04629  1.1591 —0.0219
Ti-NCCH; 0.0641 03385  1.0286 —0.0025
V-eN; 0.1224 04672 12812 —0.0457
V--NCCH;, 00762 04218  1.0593 —0.0066
CrN; 0.1035 04227  1.1926 —0.0252
Cr-+*NCCHj 0.0813  0.4688  1.0306 —0.0037
Mn--N; 0.1084 05518  1.1740 —0.0291
Mn-+-NCCH; 00702 03512 1.0659 —0.0062
Fe-N; 0.1187  0.6092  1.1730 —0.0319
Fe+*NCCH; 00764 04108  1.0547 —0.0059
Co*+N; 0.1167 05652  1.1690 —0.0287
Co*+*NCCH; 0.0805  0.4638  1.0499 —0.0061
Ni+N; 01172  0.6342 L1311 —0.0239
Ni+-"NCCH; 0.0831 04824  1.0398 —0.0050
Cu*N; 01169  0.6734  1.1259 —0.0242
Cu*+*NCCH; 0.0861 04654  1.0636 —0.0079
Zn-N; 0.1144 05381  1.1622 —0.0260
Zn-NCCH;, 0.0878 04551  1.0820 —0.0102
Cd-N; 0.0973 03709  1.1971 —0.0228
Cd-+"NCCH; 00749 03380  1.1032 —0.0097
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Figure 3 The interaction energy between metal ions and acetonitrile or
azide anion, respectively
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[2+3] Cycloaddition reaction Ritter-like reaction
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Figure 6 The proposed mechanism of the formation of tetrazolyl com-
pounds or polynitrogen anion via the in-situ reaction of nitrile with azide
anion
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Figure 7 Coordination environments of the Cd*“centers in 1 with the
ellipsoids drawn at the 30% probability level, all hydrogen atoms are
omitted for clarity.
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Figure 8 A perspective view of the 2D layer in 1
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Figure 9 Crystal packing diagram projected along the b-axis in 1
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omitted for clarity
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Figure 12 Overview of 3D network of 2
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Figure 13 Schematic representations of two-fold interpenetrating net-
work of 2
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mmol), NaOH (0.0080 g, 0.2 mmol)F1 H,O (12 mL)H 4%
RA, HidE 30 min J&, B AR 1V 06N
FEPY, 7E 170 CHRIMAEANTEIR 3 d JEE I, HFER
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1 F F ®R

AHIEER, BH, EIE. k. T, BLEeIuR
fiE, 2% 57%, IR (KBr) v: 3602 (m), 2961 (m), 2936
(m), 2894 (w), 2089 (s), 1581 (s), 1459 (m), 1435 (m),
1416 (m), 1385 (s), 1354 (m), 1315 (w), 1280 (m), 1222
(w), 1106 (w), 1083 (w), 1005 (w), 947 (w), 881 (w), 846
(w), 801 (W), 774 (m), 731 (m), 648 (m), 616 (m), 566 (W),
579 (w), 505 (w), 450 (w), 408 (w) cm . Anal. calcd for
CsH;N;O5Cd,: C 21.16, H 2.44, N 9.25; found C 21.09, H
2.50,N 9.22.

Cd(up-N3)(uz-IBA) (2): HEA 2 (& BT EF 11
A, HORLE/R M AH A CPI (0.0338 g, 0.2 mmol)ft#
4-FBN. 2 AT EYUR S, 7% 51%, IR (KBr) v
3135 (m), 3068 (W), 2926 (w), 2075 (s), 1605 (s), 1596 (s),
1541 (s), 1518 (s), 1495 (m), 1399 (s), 1387 (s), 1325 (m),
1305 (w), 1271 (m), 1244 (w), 1177 (w), 1123 (w), 1062
(m), 1012 (w), 963 (w), 937 (w), 864 (w), 838 (m), 779
(m), 736 (W), 697 (W), 677 (W), 654 (m), 551 (w), 515 (W),
505 (w) cm . Anal. caled for C,0H,NsO,Cd: C 35.16, H
2.07, N 20.50; found C 35.09, H 2.12, N 20.46.

4.2 IEIRBRGE

FIFH Gaussian 09 D.01 F&FFEER), KA B3LYP %
FEZ P iR, ¢ Ho N O R T HIRH
6-311g(d, p)FEdl®, &)@ RHEH SDD 4P,
fE EIRTFRZNT, S RIE LGS EFR RN 48 =
TG AL R R AR I RS AT T AR AR R B 43 AT,
HARS A Hri- EE A, AR E 1 FoR, B
& R BT A AR 25 DA R T B[], 4 S T35 R FH Y
R, FofA g 3 ANKFH 1A CIEE 1 B R R
R, Hh&EE TH N2 i, HovmaEs. ki
Bader ) AIM BR P3R5 1) P IRMA AT T B3 R 4R
b, S Jm B TR G S AR 2 18] A AH B FH B
SRy e TR A B B AT A 43 1 BE(IM(H0)5]> R 21 43 T
HERRR) IR %, HFIH Boys 1 Bernard $2H!
(7 A% fe S AN, A, I Multiwfn 72
FE ISt 4 T T A 1 B SR AR 4 TP TR AR AN 2 o
BT T o Tl e A 2 AT
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