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Ab Initio Calculation of M—H Bond Dissociation Energies of
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Tang, Shiya Fu, Yao* Guo, Qingxiang*
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Abstract The metal-hydrogen M—H bond homolysis of the Cr-group metal hydrides is a key process in the radical cycli-
zation reactions mediated by these compounds, which directly affects the catalytic efficiency and selectivity of the reactions.
Accurate prediction of M—H BDEs (bond dissociation energies) using theoretical methods not only improves our under-
standing about the structures and properties of the Cr-group metal hydride based catalysts, but also provides important in-
sights into design of new generations of catalysts for radical cyclization reactions. For this purpose, we have calculated the
M—H BDEs with different density functional theory methods (including MPW1K, MPW1b95, MPW1PW91, PBE1PBE,
B3P86, O3LYP, TPSSH, MPW1KCIS, and TPSS) and compared the theoretical predictions with 14 reliable experimental
M—H BDE values recently reported for the Cr-group metal hydrides. It is found that the B3P86/lanl2dz+p method could
accurately predict the M—H BDEs with a precision of 1.6 kcal/mol. Using the B3P86/lanl2dz+p method, we next studied
the structure-property relationship for the M—H BDEs in Cr-group metal hydrides. As to the periodical trends, we found that
the effects of the metals on the M—H BDEs are greater than the effects of the ligands. The M-H BDEs increase in the order:
first row metal<<second row metal <third row metal. The Cr—H, Mo—H and W—H BDEs are in the ranges of 40~65,
65~75, and 70~80 kcal/mol, respectively. Moreover, only for the chromium hydrides a good correlation is found between
the M—H BDEs and the M—H vibration frequencies. Interestingly, the M—H bond strengths and lengths show a good posi-
tive linear correlation for the chromium hydrides. That is, weaker bonds are also shorter bonds. With the aid of natural bond
orbital analysis of the Cr—H bonds, the reason may be attributed to that the atom size contraction degree caused by hybridi-
zation defects is more than the expansion degree caused by the weak bonding.

Keywords transition-metal hydride; bond dissociation energy; ab initio calculation; hybridization defects
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Figure 1 Mechanism of chromium hydride catalyzed radical cyclization
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Table 1 Experimental and theoretical M—H BDE values for Cr-group
metal hydrides

BDE(exp.)"/ BDE(calc.)*/
Entry Hydride
(kcalemol ") (kcalemol )
1 H-CrCp(CO),(PPhs) 59.8 56.9
2 H-CrCp(CO)(PEts) 59.9 574
3 H-Cr(CpPh;)(CO);"* 59.6 60.6
4 H-CrCp(CO),!"*! 61.4 61.3
5 H-Cr(CpMe)(CO); 62.3 62.4
6 H-CrCp(CO),[P(OMe);] 62.7 63.6
7 H-Mo(TpMe)(CO); 59.3 59.2
8 H-MoTp(CO); 62.1 61.8
9 H-Mo(CpMe)(CO); 68.6 67.8
10 H-MoCp(CO); 69.3 68.5
11 H-W(TpMe)(CO); 62.1 60.7
12 H-WTp(CO); 65.7 64.7
13 H-WCp(CO); 724 72.3
14 H-WCp(CO),(PMes) 69.6 73.3

© 2012 Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences

¢ Calculated with B3P86/lanl2dz + p. Cp = cyclopentadienyl, Tp =
hydridotris(pyrazol)-borate.
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Figure 2 Performance of theoretical methods in calculating BDEs
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Table 2 Comparison of the performances of different theoretical meth-
ods in the BDE calculations for Cr-group metal hydrides

Entry Method RMSE* R
1 MPWI1K 3.7 0.919
2 MPW1B95 1.8 0.959
3 MPWI1PWI1 1.9 0.959
4 PBEIPBE 1.8 0.957
5 B3P86 1.6 0.956
6 O31YP 2.0 0.908
7 TPSSH 1.7 0.953
8 MPWIKCIS 1.7 0.959
9 TPSS 1.9 0.936

“ Abbreviations: R, correlation coefficient; RMSE, root mean square error.
Unit: kcal/mol.
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Table 3 Theoretical M—H BDE values for Cr-group metal hydrides
M=Cr M=Mo M=W
Entry Hydride (]ilc)j-(;ilc’)l/) dy/A vyn/em ™! (]]3(]:;-(;?;7)'/) dvn/A vyp/em™! :?(]c)a]?-(rfcifi)l/) dvw/A vw/em™!
1 H-MCp(CO); 61.3 1.580 1863 68.5 1.715 1831 72.3 1.725 1890
2 H-MCp(CO)»(PMe3) 58.6 1.586 1832 68.2 1.714 1831 73.3 1.714 1831
3 H-MCp(CO)»(P(OMe)s) 63.6 1.588 1833 72.8 1717 1836 78.3 1.728 1899
4 H-MCp(CO)(PPh;) 56.9 1.584 1846 67.3 1710 1870 73.2 1.722 1920
5 H-MCp*(CO); 62.4 1.583 1871 67.8 1717 1841 71.4 1730 1908
6 H-MCp*(CO),(PMe;) 58.7 1592 1813 68.2 1.723 1815 73.0 1.734 1883
7 H-MCp*(CO),(P(OMe)s) 64.5 1.593 1831 69.6 1727 1809 75.6 1736 1873
8 H-MCp*(CO),(PPh;) 58.2 1.591 1825 65.6 1.721 1824 70.8 1731 1892
9 H-MCp(CpPhs)H 46.2 1.532 — 66.9 1.670 — 75.0 1.682 —
10 H-MCp,H!"* 482 1.543 — 68.7 1.674 — 76.9 1.692 —
11 H-MCp,Me 43.1 1530 1932 67.4 1.666 1965 75.4 1.686 2014
12 H-MCp,Et 44.0 1.533 1924 68.1 1.669 1952 75.9 1.689 2005
13 H-MCp,tBu 435 1.530 1942 68.4 1.663 1989 76.2 1.680 2046
14 H-MCp,SiH; 513 1.571 1839 69.7 1.681 1932 77.0 1.695 2002
15  H-MCp,SiMeH, 522 1.572 1840 70.5 1.680 1928 77.5 1.695 1994
16 H-MCpy(SiHy(CsMe,))” 483 1.549 1887 69.3 1.675 1956 77.5 1.690 2019
17 H-MCpy(SiH(N,C,tBu))’ 49.6 1.567 1902 68.1 1.674 1985 76.1 1.692 2004
18  H-MCp,SiMe; 53.5 1.581 1831 70.6 1.683 1933 77.6 1.696 2000
19 H-MCpy(Si(CsMe,),H) 529 1.603 1770 70.2 1.678 1954 76.6 1.691 2027
20 H-MCp,SiMe,H!"*" 51.9 1.575 1856 70.6 1.680 1938 77.8 1.695 2001
21 H-MCp,SiMe,C1"*! 52.8 1.586 1805 70.9 1.680 1942 78.1 1.693 2009
22 H-MCp,SiCl; 50.8 1.576 1822 70.1 1.674 1953 76.3 1.688 2026
23 H-MCp,Si(tBu),H 493 1.567 1911 69.6 1.669 1994 76.0 1.686 2053
24 H-M(CpMe),H"* 477 1.540 — 68.5 1.672 — 76.8 1.690 —
25 H-M(CpMe)y(Si(fBu),H) 48.5 1.560 1945 69.3 1.670 1986 76.9 1.684 2050
26 H-M(CpMe),(SiMe;)!'*! 51.5 1.580 1859 70.0 1.675 1954 77.0 1.692 2009
27 H-M(CptBu),-H!"*! 47.6 1.542 — 69.6 1.673 — 76.7 1.691 —
28Y  H-M(CpMes),H!'*! 46.5 1.536 — 67.6 1.668 — 76.3 1.686 —
29  H-M(CpMe;),Me 42.6 1.532 1940 67.2 1.663 1973 72.7 1.681 2034
30 H-M(CpMe;),SiH; 48.8 1.569 1852 70.4 1.672 1961 77.4 1.686 2027
31 H-M(CpMes),SiMe; 51.2 1.570 1851 70.8 1.677 1940 78.3 1.691 2008
32 H-M(CpMes),SiMe,H 47.8 1.567 1873 69.7 1.677 1950 76.9 1.690 2018
Q Cs?iH
Q- t-Bu~ IS~ \-Bu-t
“ SiHy(CsMey) = ;¥ SIH(N,C,t-Bu) = \—/ ; ¢ Si(CsMey),H = D4 GRS E A

M—HE#E, JovEAf e R RS

— 7, BATBE AP EAT M—H R R E IR
TR ZM, M—H SRR BE IO /NBUY 8
HEV<HAHKEY<BAKEY. KHRERE, B
WEWER L REAEA, Sk A RN, R,
SRS E WA S KA Hy (RGN, 5o AL
H, SEBUMEALAR B il PR, TS A A
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Table 4 p/d ratio of Cr—H bond in chromium hydrides

Hydride BDE(calc.)/(kcalemol ") /A p/d ratio
H-CrCp,Me 43.1 1.530 3.8
H-CrCp,SiH; 51.3 1.571 1.5
H-CrCp,SiMe; 53.5 1.581 1.3
4 ZEiR
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ARG 5 R R R K.
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