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Abstract

Density functional molecular orbital at the BP86 level were performed to investigate rotational barrier of vinylidene
ligand in the model complexes OSHCKC=CH,)(L); (L = PMe,, PH,, PF). Results of calculations indicate that the rotational bar-
riec increases with the i ing ing ability of ine. This result has been explaincd on the basis of the extent of -
interaction between metal and vinylidene ligand in the complexes.
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Cheinistey of osmium- and ruthenium-carbon multi-
ple tonds has experienced much progress in recent
years. The vinylidene complexes are regarded to be im-
poriant because of their potential as reactive intermedi-
ates in organic and organometallic synthesis as well as in
catalytic processes [1]. In recent years, a lot of complexes
by the general formula of MX'CI(C=CHR)(Lj)
(M = Ru/Os; X' = H, CHCMe;, Cl, étc.; R = Ph, SiMe,,
h have been synth d and charac-
terized [2-6). Theoretical studies on such complexes in-
dicate that the m-accepting substituents in X' or R
would reduce the rotational barrier in vinylidene [7].
In such case, by the help of NMR apparatus is seen
no more two rotational isomers. A question can imme-
diately be raised Do n-accepting phosphines also reduce
the rotational barrier of vinylidene? In this paper, we at-
tempt o answer this question with the aid of pure den-
sity functional theory (DFT).
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All the DFT (BP86) [8] calculations were performed
with Gaussian-98 software package [9]. The effective
core potentials (ECPs) of Hay and ‘Wadt [10] with dou-
ble-{ valance basis sets (LanL2DZ) were used to describe
Os, P, and Cl. The 6-31G basis set was used for all other
atoms [11]. Polarization functions were also added for Cl
(Cd=0.514), P ({d=0.340), F (d = 0.3), H (hydride;
¢d =1.1) [12), and C (vinylidene; {d = 1). Natural bond
orbital (NBO) analyses were performed using the NBO
program [13] 2s implemented in Gaussian-98 program.

At first the structures of model complexes Os-
HCI(C=CH_)(PX) (X =CH,, H, and F) were fully
optimized with pure DFT (BP86) method (see L; GS-
X). To investigate the effect of phosphine ligands on ro-
{ational barrier of vinylidene, we performed calculations
through rotation of vinylidene by 180° about the Os-C-
C axis (see 2; TS-X). The selected optimized geometries
of these model complexes have been listed in Table 1.
The calculated structural parameters for model com-
plexes GS-H and TS-H at BP86 level are in good agree-
ment with the results obtained from BILYP level
calculations (7,14]
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s TSX T
 GS-CH3 GS-H GS-F TS-CH3 TS-H TSF
0s-C 1821 1835
onr 33 350 234 e 13% 236
P-Os-¢ 176.2 1783 1745 165.2 165.3 166.1
Frequency calculations for all model con- of TS-X with GS-X, 93
firmed that conformations GS-X are indeed ground can be explained by sharing the same Os d orbital for 94
state'. whereas i TS-X are ition state. metal{d)-to-ligand di between vinylid 95
The inary frequency of TS-X ponds to the ro- and phosphine ligand. 96
tation of vinylidene ligand, which transforms TS- In conformations GS-X, the observed significant 97
X - GS-X structural changes are in the Os-P and Os-C bond dis- 98
Energy differences between each pair of model com- tances (see Table 1). The Os—C bond distances decrease 99
plexes are shown in Table 2. In view of the results ob- drastically, by a maximum of 0.34 A romX=FtoH 100
tained from the calculations, one can observe that and then to CHy, while the changes of Os-P bond dis- 101
rotational barrier of vinylidene increases in the order tances are in the opposite direction. Taking into account 102
of GS-F > GS-H > GS-CH3. As it was reported earlier electronic features of corresponding phosphines, it 103
(15], the o-donation properties of these phosphine lig- seems that central metal along with PMe; ligands have 104
ands are ordered as PFy > P(Me); > PH;, while n-ac- much more ability for n-backdonation to vinylidenes 103
cepting abilities of them are ordered as following: C1 p orbital, This strengthens the Os-C and simultane- 106
PF; 3> PH; > P(Me);. In addition, as mentioned above, ously weakens the Os-P bonding along the series of Xin 107
the molecular orbital calculations of similar f i GS-X. ining the results obtained 108
OsX'CIC=CHR)(PHj),, also indicate that rotational from the calculations, it is evident that Os-P bond dis- 109
barrier increases by substitution of X' or R from having tance is lengthened and, at the same time, P-Os-P bond 110
n-acceptor to o-donor properties [7]. Since Os-X' and angle is decreased from conformations GS-X to theic 111
Os-PX, bonds are approxit ly perpendicular to each corresponding TS-X (see Table 1). The bending of P- 112
other, these results in fact complementary to our DFT Os-P is expected to enhance the d,—p backbonding in- 113
studies, in which the ional barrier of vinyli ion between the metal and vinylidene moieties, 114
by increasing m-accepting properties of phosphine lig- which is resulted in a decrease in Os-P rinteraction. 115
ands enhances. The natural orbital populations of Cl p, orbital in  11€
Vinylidene ligand has a low-lying p orbital, which can (he most stable conformations and CI p, orbital in the 117
be considered as a single face strong n-acceptor ligand transition states are suitable criteia for determining 11§
In most stable conformations (GS-X), LUMO of viny- the extent of Os—C| w-interaction, since those are mainly 115
lidene ligand, i.c., Cl p; orbital, interacts with Os d,; or- involved in the r-backdonation interaction (see Fig. 1). 12
bital (Fig. 1(a)), while d., orbital from the metal center The natural orbital populations of both cases are listed 121
interacts with a low-lying empty hybrid orbital of phos- in Table 3. The natural orbital populations of Cl por- 122
phine [16] (a combination of a 3d orbital with a P-H o* bitals are ordered as GS-CH3 > GS-H > GS-F, which 122
orbital) (Fig. 1(b)). In this case, Os-vinylidene back- clearly show that the strength of Os=Cl m-interaction 124
bonding interaction is rnaximized. In the transition becomes stronger in the same order. The natural orbital  12<
state, hybrid orbital of phosphine as well as C1 p, orbit- population analysis of py also indicates a similar trend.  12¢
al of vinylidene ligand interact with dyy orbital (Fig In all conformations, natural orbital populations of CI - 127
1(c)). As a result, one expects that the significant desta- p. orbitals are higher than those of Cl py. These popu- 128
lation changes can be explained on the basis of the fact 12¢
that complexes in the GS-X experience more favorably 13¢
Table 2 0s-Cl n-bonding interaction, since in TS-X, n-acceptor 131
Rotational barriers (kealmol) of vinylidene ligand without zero-point characteristic of phosphine ligands competes with the 13
cng?z;;‘mlfn: (88). w.x: ?-“-W-cl;ﬂu\‘l:l é":cszl A m inylidene backd n. In addition, the dif- 137
igmpluﬁ y ol freanipgons (SR GaEH AL ferences of natural orbital populations of p, in the con-  13¢
Routiomal T GsCHY | GsH | GSE formations GS-X and thesc of p, in their cortesponding  13¢
barrier (keaUmal) - TS-CHY —TSH FS-X increase in the order of PFy>PH;> P(Me), 13
5 e ] which is consistent with our DFT calculations that rola- 1%
AE + ZPE 61 76 tional barrier of vinylidene Lecomes higher in the same 13
13¢

AG 57 6.8

order.
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Fig. 1. The corrclation diagram between d;, and dy; orbitals withii conformations GS-X and TS-X

able 3
he natural orbital populations of C1 p, orbital in GS-X and C1 p, orbital in TS-X as well as differcnce of natural orbital population of p, in the
anformations GS-X and that of p, in their corresponding TS-X
GS-CH3 1S.CH3 GS-H TS-H GS-F 15-F
. 08122 - 03003 - 0.9532 -
" - 06701 - 06382 - 0.5697
PPy o1 01421 Q62 01621 01836 01836
The resulis are understood based on the fact that a tive bonding interaction with Cl p orbital. In other 143
words, PF; groups compared with the other phosphines 144
145

strong n-acceptor phosphine ligand, such as PF3, can D
stabilize the Os d orbital, particularly d,,, are able to more significantly stabilize d, orbital in the

reducing effec.
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fable 4
Fhe cncegy differs
setween GS-X uil

+ uirespending TS-X

) between the d,y and d,; (Jday = dya) in the model complexes as well as diffecence of |dxy — dyal energy gap (a.u.) (AAE)

GS-CH3 TS-CH3 GSH TS-H GS-F TS-F
dey —dyal 005686 006833 0.05211 0.06793 0.04776 0.07713
BAE 001147 0.01147 0.01582 0.01582 0.02937 0.02937

transition states, and consequently, reduce Os~Cl inter-
action. Therefore, the complex containing more m-ac-
ceptor phosphine ligands can relatively destabilize
transition statc compared with it's corresponding
ground state. This effect is also supported from differ-
ence of |d, — dy.| energy gap (AAE) between GS-X
and it's corresponding TS-X in which AAE is ordered
as PF; > PH; > P(Me); (see Table 4). Taking trends ob-
tained from the calculations inte consideration, one ex-
pects that the bigger barrier for the complex with PF;
can be related to relative destabilization of the transition
state, resulting from sharing d,, orbital between the hy-
brid orbital of PF3 and the C1 py orbital of vinylidene. It
also seems that m-accepting substituents in X' or R rela-
tively cause destabilization of the most stable conforma-
tions; therefore, they decrease the rotational barrier of
vinylidene hgand

The present calculation results indicate that for a giv-
en structure, when the Os—PX; n-backbonding interac-
tions are stabilizing, the Os-X and O0s-C n-
backbonding interactions would be destabilizing and
vice versa. Thus, different stabilizing effects are observed
for PXy, R, and X ligands.
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