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Several SO2 complexes, NI(PH,),(SO,), Ni(PH3)2(S02), (NH3)(S02), N(CH,),(SO,), (CN-)(S02) ( N  coordinating with S), 
and (NC-)(SO,) (C coordinating with S), were investigated with the ab initio M O  method to shed some light on the difference 
in coordinate bond nature and stereochemistry (?'-coplanar, $-pyramid, or q 2 - S 0  coordination of SO2) between the Ni(0)-SO, 
and nonmetal SO2 complexes. Nonmetal complexes take the $-pyramid SO2 coordination mode to maximize the overlap between 
the LUMO (n*)  of SO2 and the lone pair of the Lewis base (N(CH,),, NH,, CN-), and to minimize the exchange repulsion between 
the lone-pair orbitals of SO2 and the Lewis base. Though Ni(PH,),(SO,) is isolobal with N(CH,),(S02), the former takes the 
q'-coplanar coordination mode of SO2, due to the presence of the occupied d, orbital at high energy levels and the bulky PH, 
ligands. ?,-SO coordination is often possible in transition-metal complexes, for the d, orbital can give r-back-donation with the 
SO2 r* orbital. On the other hand, this coordination mode is difficult in nonmetal SO2 complexes, because of the absence of such 
a r-donor orbital. Compared with nonmetal SO2 complexes, the characteristic features of transition-metal complexes are deduced 
to come from the presence of the high-lying occupied Ni  d, orbital, the low-lying unoccupied Ni  4s orbital, and the bulky PHI 
ligands. 

Introduction 
Transi t ion-metal  complexes have received much attention in 

the last decade, because of their various stereochemistries, notable 
reactivity, and catalytic abilities.2 On the other hand, nonmetal  
charge-transfer(CT) complexes, which possess a coordinate bond 
similar t o  t h a t  of transition-metal complexes, seldom show such  
interesting features. Though many MO studies of transition-metal 
complexes have been carr ied out to investigate their stereochem- 
istry, coordinate  bond nature ,  and r e a ~ t i v i t y , ~  few studies have 
been presented t o  make clear w h a t  factors lead t o  the above 
described difference between nonmetal  CT complexes and tran-  
sition-metal complexes and how transition-metal complexes can  
be character ized in comparison with nonmetal  CT complexes. 

Meanwhile ,  many SO2 complexes, including nonmetal CT 
complexes and transition-metal complexes, have been synthesized, 
and they interestingly exhibit various coordination modes with 
sO2i4-l4 for example,  four kinds of coordination modes, q'-co- 
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planar, Tl-pyramid, $-SO side-on, and $-0 end-on, are reported 
as shown in Chart I, and these coordination modes a r e  considered 
t o  be sensitive to the electronic s t ructure  of SO2 c o m p l e ~ e s . ~ ~ ~ ~ ~ ~  
Another  interesting point is also noted; it is difficult t o  find a 
molecule t h a t  can form both transition-metal complexes and 
nonmetal CT complexes, but SO2 is one ot these rare m~lecules . '~* '~ 
So, we can compare coordinate bond na ture  a n d  electronic 
s t ructure  between nonmetal SO2 complexes and  transition-metal 
SO2 complexes and investigate characteristic features  of transi- 
tion-metal complexes through such a comparison. Nevertheless, 
only a few MO studies of SO2 complexes have been reported. To 
our knowledge, four ab initio MO studies of amine-SO2 a n d  
HF-SO2 c ~ m p l e x e s ' ~ - ' ~  and two semiempirical MO studies of 
Ir(I)-S02 and S02-quinol complexes18 have been presented, bu t  
theoretical comparisons between nonmetal  SO2 complexes and 
transition-metal SOz complexes have not been carr ied out. 

In this  work, several SO2 complexes, N(CH3) , (S02) ,  (N- 
H3)(S02), (CN-)(S02) (N coordinating with S), (NC-)(S02) (C 
coordinating with S), Ni(PH,),(SO2), a n d  Ni(PH,),(SO,), a r e  
investigated with ab initio MO method and energy decomposition 
analysis of interaction. These SO2 complexes a r e  chosen here for 
the  following reasons: (1) Kollman has  proposed in his ab initio 
MO study t h a t  electrostatic interaction is most important  in 
N(CH3)3(S02).'6 If so, t h e  binding energy (BE) is expected t o  
be proportional to the electrostatic interaction. Thus, a comparison 
of a series of nonmetal  SO2 complexes would give some infor- 
mation about  the contribution of electrostatic interaction and the  
coordinate bond na ture  of nonmetal  SO2 complexes. (2) In  t h e  
previous a b  initio MO study of N(CH3)3(S02),'6 the N-S distance 
was calculated to be too long. Therefore, it is worth reexamining 
the  N-S distance with a bet ter  basis set. (3) Ni(PH3))  has  an 
occupied d, orbital a t  a high energy level, a n d  N(CH3), also has 
a lone-pair orbital. Thus, we can consider that  Ni(PR3)3 is isolobal 
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with N(CH3),. However, Ni(PR3),(S02) takes the &coplanar 
SO2 coordination unlike N(CH3)&302), which possesses 
the &pyramid SO2 coordination mode.I2 It is interesting to 
investigate why Ni(PH3)3(S02) takes the 11'-coplanar structure 
but N(CH,),(S02) takes the +pyramid structure. (4) The q2-S0  
coordination mode has been found in transition-metal SO2 com- 
plexes5c~7d*f~h but never in nonmetal SO2 complexes. Models of 
q 2 - S 0  coordinate complexes, Ni(PH3)2(q2-S02) and N(CH,),- 
(w2-SO2), were examined to show what factors determine the 
stability of the q 2 - S 0  coordination complexes. Through this 
investigation, the authors attempt to make clear characteristic 
features of transition-metal complexes in comparison with non- 
metal CT complexes. 
Computational Method 

Ab initio SCF-MO calculations were performed for the closed-shell 
(singlet) state.19 Although ,D(3d94s'), ,F(3d84s2), and 'S(3dI0) lie 
energetically very close to each other in the free Ni  atom, Ni(PR3),(S02) 
is a diamagnetic compound6 and its ground state is considered to be a 
singlet. When stabilizing ligands such as  phosphines and carbonyls 
coordinate with Ni(O), the Ni(0) complex would become a singlet, as 
discussed previously.2o The essence of the discussion is that the stabi- 
lizing ligand would make the 3dI0 configuration more stable than the 
3d94s and 3ds4s2 configurations. 

The 3-21G basis set was used in geometry optimization of nonmetal 
SO2 complexes,21a and the better basis set, 6-31G,21b.C was also used to 
discuss the coordinate bond and electronic structure of nonmetal SO, 
complexes, where d-polarization functions (without a spherical d function; 
{3d = 0.8 for N and {3d = 0.65 for S),, were included on S of SO, and 
N of NH, and N(CH3),. In geometry optimization of Ni  complexes, the 
relatively small [4s 3p 2d] contracted setz3 and the usual STO-3G* set 
were used for Ni and ligand atoms, respectively, where the d-polarization 
functions were included on only the S atom and the Ni  (4s 3p 2d] set was 
contracted from the (1 1s 7p 5d) primitive set. To discuss bonding nature, 
M O  calculations were carried out with a better basis set; for Ni, the 
double-{quality [5s 4p 2d] basis set, contracted from the (13s 9p 6d) 
 primitive^,^^ was employed, and for ligand atoms, the 3-21G set was used 
with d-polarization functions (excluding a spherical d function; {3d = 
0.65) only on the S atom. 

The energy decomposition analysis (EDA) was carried out in order 
to investigate the electronic structure and coordinate bond nature in 
detail.26 Here, the binding energy (BE) is defined as the stabilization 
of a total complex ML,.S02 relative to ML, and SO2 fragments, taking 
the respective equilibrium structure, and it can be represented as 

BE = INT + DEF 

INT = Et(MLn'SO2) - Et(MLn)dis - Et(S02)du 
DEF = [Et(MLn)dis - + [Et(S02)dis - Et(So2)ql 

The program used for MO calculations was IMSPACK (Morokuma, K.; 
Kato, S.; Kitaura, K.; Ohmine, I.; Sakai, S.; Obara, S.  IMS Computer 
Center Program Library, Institute for Molecular Science, 1980; No. 
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Figure 1. Optimized structures of examined SO2 complexes: o, angle 
between the SO, plane and the SO2 coordinate bond; 6, angle between 
the SO2 plane and the Ni-S-0 plane. 

where DEF (deformation energy)26d is the destabilization energy to de- 
form ML, and SO, from their equilibrium structures to the distorted 
structures that are taken in the complex and INT (interaction energy) 
is the stabilization energy of the total complex relative to that of the 
deformed ML, and SO,. INT is further divided into various chemically 
meaningful terms 

INT = ES + EX + MSCTPLX + SMCTPLX + R 

ES and EX are electrostatic interaction and exchange repulsion inter- 
action, respectively. MSCTPLX represents the charge transfer from 
ML, to SO2, the SO2 polarization, and their coupling term. SMCTPLX 
is the charge-transfer term from SO, to ML,, the ML, polarization, and 
their coupling term. R is the remaining higher order coupling term. The 
details of the EDA scheme have been described elsewhere.26 

Geometry Optimization. Geometries of nonmetal SO2 complexes were 
fully optimized by using the energy gradient technique, except for N(C- 
H,),(SO,). In N(CH,),(SO,) and Ni(PH,),(SO,), the Ni-S, N-S, and 
S-0 distances, the OS0 angle, and the angle between the SO, plane and 
the Ni-S or N-S bond (hereafter, abbreviated as the (3 angle; see Figure 
1) were optimized by a parabolic fit of total energy. The geometries of 
N(CH,), and Ni(PH,),, taken from the similar SO2 complexes,27 were 
fixed during optimization, and the S atom was assumed to be placed on 
the C,, axes of N(CH3), and Ni(PH,),. In N(CH,),(SO,), the SO, 
ligand was placed so as to be bisected by an S-N-CH, plane, in accord 
with the experimental structure of this compound (see Figure 1 ) . I z b  In 
Ni(PH,),(SO,), the SO2 ligand was assumed to be symmetric with re- 
spect to the Ni-S bond. The o angle was optimized, and as a result, the 
coplanar structure (6 = 180') was found to be the most stable. Since 
the rotation of SO2 around the coordinate bond was calculated to give 
little energy change, the SO2 plane was placed to be eclipsed with a 
Ni-PH, bond; the experimental structure of Ni(PPh,),(SO,) has a sim- 
ilar orientation of In the $-pyramidal Ni(PH,),(SO,), the angle 
was assumed to be 90°, a rough model to be compared with the coplanar 
structure. 

Ni(PH3),(v2-S02) was examined as a model complex of the $-SO 
coordination, where the geometry of Ni(PH,), was taken from similar 
complexes28 and fixed during optimization. On the assumption that the 
coordinating S 4  bond is perpendicular to the C,, axis of Ni(PHJ2, the 
following geometrical parameters were optimized: the S=O distance, 
the OS0 angle, the distance between Ni and the coordinating S=O 
bond, the angle between the SO2 plane and the Ni-S-O plane (hereafter, 
abbreviated as 6; see Figure I ) ,  the coordinating S=O rotation around 
the C,, axis of Ni(PH,),, and the slide movement of the coordinating 
S=O bond (this movement takes account of the difference in the Ni-S 
and Ni-0 distances). The q2-coordinating N(CH3),(v2-S02) does not 
even correspond to a local minimum and isomerizes to its 7'-S pyramid 
structure with no barrier, as described later. Therefore, the model q 2 - S 0  
coordinating complex, N(CH3),(q2-S02), was assumed to take the fol- 

(27) The geometry of N(CH,), was taken from the experimental structure 
of N(CH3)3(S02),'2b The geometry of Ni(PH3)3 was taken from the 
experimental structure of Ni(PPh3)3(S02).7e 

(28) The geometry of the Ni(PH,), part was taken from the experimental 
structure of Ni(PPh3)2(C2H4). Joly, P. W.; Wilke, G. "The Organic 
Chemistry of Nickel"; Academic Press: New York, 1978; Vol. I ,  
Chapter V. 
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Table I. Comparisons between Optimized Geometrical Parameters and Observed Ones" 

N-S 2.13 2.06 2.340 
s-0 1.44 1.3965 (av) 1.434 
Pb 99 112 105.2 
LOSO 116 114.8 113.5 

optimized obsd 
Ni(PHd,(SO2) Ni(P3)(S02) Ni(PPh3)3(S02)7c 

Ni-S 2.08 2.013 2.038 
s-0 

LOSO 
Pb 

1.46 
180 
117 

1.365 
180 
109.1 

1.4475 
166.9 
113.4 

obsd 

optimized Mo(CO)~(NN)(?~-SO~)~'  RuCI(NO)(PPh3)2- Rh(NO)(PPh,),- 
Ni(PHM?-SOd NN = phen NN = bpy ( v ~ - S ~ ~ ) ~ ~  ( T ~ - S ~ ~ ) ~ ~  

M-S 2.10 2.532 2.496 2.337 2.326 
M-0,C 1.94 2.223 2.1 11  2.144 2.342 

s-0: 1.47 1.435 1.452 1.459 1.430 
LOSO 116 117.3 1 13.4 113.7 115.1 
dd 100 108.1 103.4 110.3 100.3 

s-0, 1.55 1.468 1.550 1.504 1.493 

optimized 
SO2 

3-21G' STO-3G* 24 

obsd 
SO,f 

s-0 
LOSO 

1.417 
119 

1.446 
119.88 

1.4308 
119.32 

"Distances in A and angles in deg. *The angle between the SO2 plane and the Ni-S bond (see Figure 1). and 0, represent the coordinating 
0 atom of SO2 and the terminal 0 atom of SO2, respectively. dThe angle between the SO2 plane and the MSO, plane (see Figure 1). 'Five 
ComDonents of d-tvDe-polarization functions are included on the S atom (see text and ref 22). 'Herzberg, G. "Molecular Spectra and Molecular 
Structure"; Van Ndstrand: Princeton, NJ, 1967; Vol. I, p 605. 

lowing structure; the structure of SO2 was taken to be the optimized 
structure of free SO2, the coordinating S=O bond was placed perpen- 
dicular to the C,, axis of N(CH,),, and the 6 angle was equal to that of 
Ni(PH3),(v2-S02). 
Results and Discussion 

Optimized Structures. Optimized structures are displayed 
schematically in Figure 1, and several important geometrical 
parameters are compared with the corresponding experimental 
values in Table I. 

First, let us examine the optimized structure of nonmetal SO2 
complexes. All of the nonmetal SO, complexes studied take a 
7'-pyramid structure, which agrees with the  experiment^.'^*'^ 
Though the N-S distance of (NH,)(SO,) is calculated to be 
remarkably long, the calculated N-S distance of N(CH3),(SO,) 
is much shorter than that of (NH3)(S0,) and agrees well with 
the experimental N-S distance of this compound (see Table I).12b 
In the previous ab  initio MO study of N(CH3)3(S02), a rather 
long N-S distance (2.36 A) was calcu1ated,l6 where the @ angle 
was not optimized but fixed to be 95O and the usual 4-31G basis 
set was used without d-polarization functions. In the present 
calculations, all the geometrical parameters including the @ angle 
and the SO2 geometry were optimized, and the d-polarization 
functions were included in the basis sets of S and N .  These 
improvements would result in a good N-S distance; in particular, 
the optimization of fl  and the SO, geometry is important to get 
a good N-S distance, because the potential curve is very shallow 
with respect to the N-S distance, and furthermore the N-S 
distance is sensitive to the @ value and SO2 geometry. For ex- 
ample, N-S = 2.22 A for assumed @ = 96O, S=O 1.422 & and 
LOSO = 117.6', but N-S = 2.13 A after optimization of @ and 
SO2 geometry (@ = 99O, S=O = 1.436 A, and LOSO = 116.8O). 
The calculated coordinate bond of SO, becomes longer in the order 
(NC-)(SO2) > (CN-)(SO2) > N ( C H ~ ) ~ ( S O Z )  >> (NH,)(SO,), 
suggesting that (NH3)(S0,) is the weakest and that (NC-)(S02) 
is the strongest complex among the nonmetal SO, complexes 
examined. 

The optimized structure of Ni(PH,),(SO,) has the ?'-coplanar 
coordination of SOz, in accord with the experimental structure 

of Ni(P3)(S0,) (P3 = tridentate chelate phosphine).6 Further- 
more, the optimized Ni-S and s-0 distances and the OS0 angle 
agree well with experimental values, as compared in Table I. The 
SO, rotation around the Ni-S bond gives little energy change, 
as described above. In fact, the SO, ligand is eclipsed with one 
Ni-PPh3 bond in Ni(PPh3)3(S02),7" but in Ni(P,)(SO,), the SO, 
plane is placed to be perpendicular to one P-Ni-S plane.6 Thus, 
the SO2 orientation around the coordinate bond is considered to 
be very sensitive to the surrounding situation. 

The model complex of vZ-SO coordination, Ni(PH3),(v2-S02), 
shows several characteristic features found in ?*-SO coordinate 
complexes; for example, the Ni-S bond is longer: than the Ni-0 
bond. Similar results have been found in some v2-SO-coordinated 
complexes with only the exception of Rh(NO)(PPh3)2(~2-S02).7d 
The 6 angle was optimized to be 100'. This value is in good 
agreement with experimental values, though the central metals 
are different (see Table I). These results have encouraged us to 
consider that this model complex, Ni(PH3),(o2-SO2), would offer 
information about the coordinate bond nature and the electronic 
structure of v 2 - S 0  coordination. 

Coordinate Bond and Stereochemistry of Nonmetal SO, Com- 
plexes. The SO2 binding energy of N(CH3),(S02) was calculated 
to be 11.3 kcal/mol with the 6-31G set (d functions on S and N), 
as is shown in Table 11, which agrees well with the experimental 
enthalpy for this complex formation (9.7 kcal/mol in the gas phase 
and 11.0 kcal/mol in In all of the complexes ex- 
amined, ES interaction contributes most to the SO, coordination, 
as has been reported by Kollman.16 However, the EX repulsion 
exceeds the ES stabilization, and the BSCTPLX i n t e r a ~ t i o n , ~ ~  
corresponding to the donation from the base to SOz, is necessary 
for stable SO, coordination. The important role of this interaction 
is also suggested by the result of the electron distribution that 
Mulliken population of SO, is increased by the coordination and 
the quantity of the increased Mulliken population, Aqso,, becomes 

(29) SBCTPLX and BSCTPLX correspond to SMCTPLX and MSCTPLX 
of Ni(0)-S02 complexes, which are described in the Computational 
Method. 
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Table 11. Energy Decomposition Analysis of Nonmetal SO2 Complexes (kcal/mol) 
6-31G" 3-21G" 

k - X d  
BE 
DEF 
INT 

ES 
EX 
BSCTPLX 
SBCTPLX 
R 

&so* 

- 

(NC-)(SO2) 
1.923b (2.183)c 
-38.5 (-34.9) 
4.0 (4.0) 
-42.5 (-38.9) 
-150.9 (-79.0) 
239.8 (108.7) 
-1 10.2 (-56.9) 
-16.7 (-8.9) 
-4.5 (-2.8) 
0.423 

(CW(S02) 
1 .94Sb (2.090)c 
-33.3 (-32.3) 
1.5 (1.5) 
-34.8 (-33.7) 
-1 11.9 (-78.7) 
165.3 (108.7) 
-7 1 .O (-48.0) 
-18.2 (-12.3) 
1.0 (0.6) 
0.273 

N(CH3)3(S02) 

2.130 

0.4 
-11.7 
-69.7 
108.7 
-34.7 
-12.8 
-3.2 

-1 1.3 

0.169 

(NHd(S02) 
2.602b (2.114)c 

0 (0 )  
-7.9 (-1.3) 

-7.9 (-1.3) 
-19.9 (-70.1) 
20.7 (108.7) 
-6.8 (-30.9) 
-1.7 (-8.2) 
-0.2 (-0.9) 
0.048 

(NC-)(SO2) 
1.923b 

0.6 
-38.2 

-42.9 
-149.6 
238.9 
-104.6 
-20.1 
-7.4 
0.317 

(CN-)(SO,) 
1.94Sb 
-37.5 
2.3 
-39.7 
-105.5 
152.3 
-67.0 
-16.7 
-2.8 
0.275 

N(CH3)3(S02) 

2.13b 
-15.7 
0.9 
-16.6 
-57.9 
93.1 
-31.2 
-13.9 
-6.7 
0.159 

"d-Polarization functions (without spherical d) are included on S and N for NH, and N(CH3)3 compounds. bThe optimized structure. 'The 
structure giving the same EX value as that of N(CH3)3(S02) in which SO2 is placed far away from the base without changes of orientation and its 
structure. A. 
large with increasing BE value (see Table 11). 

To investigate these complexes in detail, we compare the energy 
components at the same interfragment distance between the Lewis 
base and SOz. As has been described p r e v i o ~ s l y , ~ * ~ ~  the EX value 
is considered to be a measure of the interfragment distance, and 
these complexes are compared at the interfragment distance giving 
the standard EX value, which was taken somewhat arbitrarily to 
be the EX value of N(CH3),(SO2), 108 kcal/mol. At this in- 
terfragment distance, all of the examined complexes receive similar 
ES and SBCTPLX (donation from SO2 to the base)2g stabiliza- 
tions, as shown in Table 11. It is noted that the BE and Aqso, 
values decrease with decreasing BSCTPLX (donation from base 
to in the order (NC-)(SO,) > (CN-)(SO,) > N(CH,),- 
(SO,) > (NH3)(S02). Consequently, it can be said that the 
relative stability of nonmetal SOz complex strongly depends on 
the BSCTPLX interaction. In other words, a stronger Lewis base, 
possessing a better donor ability, can form a more stable SO2 
coordinate bond. 

Now, it is necessary to examine how energy components depend 
on basis sets, because the better 6-31G (with d functions on S) 
basis set was not used for ligand atoms of Ni complexes but the 
moderate 3-21G (with d functions on S) was used due to the large 
size of Ni(O)-SOZ complexes. As shown in Table 11, results 
calculated by using both the 6-31G and the 3-21G basis sets are 
almost the same in (NC-)(SO,) and (CN-)(SO,). In N(C- 
H,),(SO2), some differences are found between these two cal- 
culations, as follows: The 3-21G calculation gives the larger BE 
value than the 6-31G calculation does, perhaps due to the basis 
set superposition error. The 3-21G calculation also presents values 
less absolute for ES and EX than the 6-31G calculation, probably 
because of less accurate representation of core orbitals. However, 
the sum of ES and EX, corresponding to the static interaction, 
is almost the same in both the 6-31G and the 3-21G calculations. 
Furthermore, BSCTPLX and SBCTPLX contribute to the SO2 
coordination to a similar degree in both calculations. Also, both 
basis sets can offer similar results for the stereochemistry of 
nonmetal SOz complexes, as will be described later. Thus, even 
in N(CH3)3(S0z), the moderate 3-21G calculation seems sufficient 
enough to discuss qualitatively the coordinate bond nature and 
stereochemistry. A comparison between nonmetal SO, and 
Ni(0)-S02 complexes is carried out by using the 3-21G basis set 
for ligand atoms, in this work. 

Now, we can investigate why the nonmetal SO2 complexes 
examined take the 7'-pyramid coordination of SO, rather than 
the V'-coplanar coordination mode. Figure 2 shows changes in 
INT and various energy components caused by the geometry 
change from the $-pyramid to $-coplanar coordination mode, 
in which only the f l  value was altered and the other geometrical 
parameters were fixed. For N(CH,),(SO,), the solid lines rep- 
resent the 3-21G calculation and the dashed lines the 6-31G 
calculation. Again, the 6-3 1G calculation gives larger absolute 
values for ES and EX than the 3-21G calculation does, but the 

(30) Sakaki, S.; Kitaura, K.; Morokuma, K.; Ohkubo, K. Inorg. Chem. 1983, 
22, 104. 

I I 
I I 

- 1 G C  

Figure 2. Changes in INT and various energy components, when going 
from the 7'-coplanar ( p  = 180') to the $-pyramid structure. /3 is the 
angle between the SO, plane and the SO2 coordinate bond (see Figure 
1). 

sum of ES and EX is not so much different between these two 
calculations. Furthermore, both calculations offer essentially the 
same energy changes in INT and energy components, when the 
coordination mode transforms from the 7'-pyramid to the 7'- 
coplanar structure. In (NC-)(S02) and (CN-)(SO,), both basis 
sets give almost the same energy changes for the transformation 
of coordination mode; results of the 6-31G calculations are omitted 
in Figure 2 for simplicity. Then, we can see changes in energy 
components caused by the transformation of coordination mode. 
As shown in Figure 2, the EX repulsion increases and the 
BSCTPLX stabilization decreases, when the f l  value increases to 
180° from its optimum angle. The other interactions, ES, 
SBCTPLX, and R,  vary little during this geometry change. 
Consequently, INT becomes positive at fl  = 180°; Le., the 7'- 
coplanar structure can not exist. Next, it should be investigated 
why the $-coplanar structure suffers from a large EX repulsion 
but receives a small BSCTPLX stabilization. Some orbital in- 
teractions, relating to these two interactions, are shown in Chart 
11. In the s'-coplanar structure, the EX repulsion arises from 
the overlap of two occupied orbitals, lone-pair orbitals of SOz and 
N(CH,),. In the Tl-pyramid structure, however, the SO2 lone 
pair avoids the N(CH3)3 lone pair, leading to less EX repulsion 
than in the 7'-coplanar structure. A critical contrast is also found 
in the BSCTPLX interaction. The 7'-pyramid structure has good 
overlap between the lone-pair orbital of N(CH3), and the T* 
orbital of SOz, whereas the vl-coplanar structure has little overlap 
between these two orbitals. Thus, these two interactions, EX and 
BSCTPLX, favor the ?'-pyramid structure but disfavor the 7'- 
coplanar structure. As a result, the ?'-pyramid coordination mode 
becomes the equilibrium structure of nonmetal SOz complexes. 

Coordinate Bond Nature and Stereochemistry of Ni(PH3)3(S02). 
In contrast with the nonmetal SOz complexes, Ni(PH3)3(S02) 
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Chart I1 

Sakaki et al. 

Table IV. Mulliken Povulation Analysis of Ni(PH,),(SO,) and 

Table 111. Energy Decampasition Analysis of Ni(PH,),(SO,) and 
Comparison of Ni(PH,),(SO,) with N(CH,),(SO?) (kcal/mol) 

- 
RSN? 
BE 
DEFd 
INT 

Es 
EX 
MSCTPLX -28.4 -33.6 -3i.2-(-39.$ -13.4 

R -7.8 -21.4 -6.7 (-8.1) 2.0 
SMCTPLX -20.5 -19.7 -13.9 (-18.0) -8.2 

'See footnote b of Table I. bThe optimized strncture. 'See footnote 
e of Table 11. dThe geometry of Ni(PH,), was fixed, like in our pre- 
vious works."30 'In A. 

takes $-coplanar coordination as its most stable structure, though 
the energy difference between the V'-coplanar and the ?I-pyramid 
structures is very small (only 1.5 kcal/mol). This small energy 
difference seems to correspond with the experimental proposal 
that Ni(0)-SO, complexes are borderline cases between the 
+coplanar and $-pyramid s t ruc t~res ;~~ in fact, Ni(P3)(SOZ) takes 
the & ~ p l a ~ r  structure: but Ni(PPh,),(SOJ is slightly distorted 
from the &coplanar structure, where the SOz ligand is angled 
with the Ni-S bond hy 166.9°.'c 

First, the coordinate bond nature of Ni(PH,),(SO,) will be 
examined. In a manner similar to that of the nonmetal SO, 
complexes, the ES interaction contributes most to the SO2 co- 
ordination in both structures, but the EX repulsion exceeds the 
ES interaction, as shown in Table 111. Thus, the charge-transfer 
interactions, MSCTPLX and SMCTPLX, are also important in 
Ni(PH,),(SO,). Of these two interactions, the MSCTPLX sta- 
bilization is larger than the SMCTPLX stabilization. These 
interactions change Mulliken populations, as given in Table IV. 
The SO, ligand is negatively charged in both structures, according 
to the larger MSCTPLX interaction. The MSCTPLX interaction 
decreases the Ni dy, orbital population in the VI-coplanar structure 
and the Ni d2 orbital population in the d-pyramid structure. The 
SMCTPLX interaction increases the Ni sp orbital population in 
both structures. Thus, the Ni dy, orbital participates in the 
MSCTPLX interaction of the VI-coplanar structure, hut the dzz 
orbital participates in the MSCTPLX of the $-pyramid structure. 
Ni sp orbitals contribute to the SMCTPLX interaction in both 
structures. 

We will attempt to explain why the ?'-coplanar structure is 
more stable than the +pyramid one in Ni(PH,),(SO,). The 
+-pyramid structure of this complex suffers from larger EX 
repulsion than the VI-coplanar structure, as shown in Table 111. 
This feature is in critical contrast with the nonmetal SO, complexes 
discussed above; in the latter the ?$-coplanar structure suffers from 
a larger Ex repulsion than the $-pyramid one. As shown in Chart 

N(CHi)dSOJ 
tot EX MSCTPLX SMCTPLX R 

Ni 0.217 
sp 0.366 
d -0.149 
dxa 0.042 
dg 0.048 
d s  -0.068 
dyz -0.203 

PH, -0.088 
SOl 0.046 

Ni 0.153 
sp 0.379 
d -0.226 
d s  -0.070 
dg 0.007 
d,r -0.261 
dy, -0.043 

PHI -0.107 
SO2 0.168 

N 0.142 
CHI -0.104 
SO2 0.169 

Chart 111 

Ni(PH,),(SO,) 8 = 180° 
-0.001 -0.125 0.229 
0.W5 0 0.210 
-0.006 -0,125 0.018 
0.017 0.003 0.026 
0.016 0.001 0.030 
-0.039 -0.024 -0.064 
0 -0.073 -0.021 
0 -0.013 -0.047 
0 0.162 -0.087 

Ni(PH3)3(S0,) 8 = 90' 
0.001 -0.160 0.228 
0.004 -0.002 0.146 
-0.003 -0.158 0.082 
0.012 -0.035 0.019 
0.012 0.020 0.032 
-0.029 -0.082 -0.017 
0 -0.019 -0.008 
0 4.008 -0.039 
0 0.184 -0.114 

N(CH,),(SOJ 8 = 90' 
-0,010 -0.132 -0.183 
0.003 -0.008 -0.065 
0 0.156 0.012 

EX MSCTPLX 

0.114 
0.150 
0.036 
-0.004 
0.001 
0.059 
-0.109 
-0.028 
-0.029 

0.083 
0.240 
-0.157 
-0.065 
-0.058 
-0.132 
-0.016 
-0.060 
0.098 

0.101 
-0.034 
0.001 

111, the SO, lone-pair orbital overlaps with the occupied Ni dz* 
orbital to cause large four-electron destabilization (a part of EX 
repulsion) in the +coplanar StNcture, whereas the steric repukion 
between SO, and bulky PH, ligands (also another part of EX 
repulsion) is rather small. In the ?'-pyramid structure, the 
lone-pair orbital avoids the Ni dzx orbital but overlaps with the 
occupied Ni dyz orbital to cause another type of four-electron 
destabilization. Furthermore, the steric repulsion between SO, 
and bulky PH, ligands is considerably larger in the VI-pyramid 
than in the VI-coplanar structure. Therefore, the overall EX 
repulsion of the +pyramid structure is larger than that of the 
$-coplanar one. Another contrast is found in charge-transfer 
interaction; though the ?'-coplanar nonmetal SO, complexes 
receive much smaller BSCTPLX stabilization (about one-half) 
than the +pyramid ones, the ol-coplanar Ni(PH3),(S02) receives 
a moderately large MSCTPLX stabilization. This difference 
probably comes from the presence of the occupied Ni dyz orbital, 
as follows. As shown in Chart 111, the occupied Ni d z  orbital 
overlaps well with the SO, r* orbital to form a strong Ni - SO, 
charge-transfer interaction in the $-pyramid structure, like the 
lone-pair orbital of nonmetal SO, complexes. Therefore, the d t  
orbital population is decreased in the ?'-pyramid structure. In 
the $-coplanar structure, however, the d2  orbital cannot form 
such a Ni - SO, charge-transfer interaction, but the occupied 
Ni dyz orbital can form the moderately strong Ni - SO, 
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Figure 3. Total energy and energy component changes going from the 
$-SO coordination to the 7l-S coordination. The orientation and geom- 
etry of SO2 was not altered. 

chargetransfer interaction, as shown in Chart 111. Actually, the 
Ni dyz orbital population is decreased by the SO, coordination 
in the &coplanar structure (see Table IV). On the other hand, 
the qlcoplanar nonmetal SO, complex cannot form any effective 
base - SO, chargetransfer interaction, because Lewis bases do 
not have a good r-donating orbital. In conclusion, Ni(PHl),(SOZ) 
has bulky PH, ligands and the occupied Ni dyx orbital, which leads 
to the large EX repulsion in the +pyramid structure and the 
moderate MSCTPLX stabilization in the VI-coplanar one. As 
a result, the &coplanar structure is the most stable in Ni(P- 
Hi)dSOz). 

Now, a comparison between Ni(PH,),(SO,) and N(CHl),(S- 
0,) will be mainly carried out for the +pyramid structure, be- 
cause the $-coplanar N(CHl),(SOZ) is very unstable and would 
possess an unreasonable SO, coordinate bond. As shown in Table 
111, N(CHJ1(SO,) has slightly larger ES and BSCTPLX sta- 
bilization than Ni(PH,),(SO,) at the interfragment distance giving 
the same EX value, but the SMCTPLX stabilization of Ni(P- 
H,),(SOJ is slightly larger than that of N(CH,),(SO,), perhaps 
due to the presence of the acceptor Ni 4sp orbitals. A difference 
is also found at the higher order R term; Ni(PH,),(SO,) receives 
a larger R stabilization than N(CH1),(SO2). This R interaction 
increases both the Ni sp orbital population and SO, electron 
population, but decreases the PH, electron population, as shown 
in Table IV, suggesting that R would be, in main character, the 
coupling between the Ni - SO, charge-transfer and the polar- 
ization (PHI - Ni electron transfer) of the Ni(PH,), part." As 
depicted in Figure 3, Ni(PH1), has the accepting Ni 4s orbital 
(LUMO) at a lower energy level than the LUMO of N(CH,),, 
and the d orbitals and PHI lone pairs of Ni(PH,), are slightly 
higher in energy than the lone pair and N-C p. bonding orbitals. 
This situation of orbital energies would result in a large polari- 
zation (PHI - Ni electron transfer) of Ni(PH,),. Thus, the large 
R stabilization of Ni(PH,),(SO,) would come from the presence 
of a low-lying unoccupied Ni 4s orbital. A comparison between 
Ni(PH,),(SO,) and N(CH1),(SO), is briefly carried out for the 
ql-coplanar structure; the former has larger ES, MSCTPLX, 
SMCTPLX, and R stabilization than the latter. This large ES 
stabilization would result from the electrostatic attraction between 
the SO, lone pair and the Ni6+ atom. The large MSCTPLX 
stabilization comes from the high-lying occupied Ni dy. orbital, 

s-ione - p a i r  
P, - I 

is-0 P, 

5-0 P, I - - 5-0 P" 

N1lP",I ,  so2 NlCII ,13 so2 

Figure 4. MO energies of Ni(PHI),, N(CH,),, and SO, near HOMO 
and LUMO. pol. represents polarization, and arrows indicate the el- 
tron transfer. 

ch.rt IV 

as has been discussed above, and the large SMCTPLX stabili- 
zation probably results from the presence of the unoccupied Ni 
4s orbital at a relatively low-energy level (see Figure 3). The R 
stabilization would be considered to be the coupling between the 
SO, - Ni chargetransfer and the SO2 and Ni(PH1), polariza- 
tions,)z from the following electron distributions: (i) R decreases 
the S atomic population but increases the 0 atomic population; 
(ii) R decreases the SO, electron population (see Table IV). Thus, 
the larger R stabilization of q'coplanar Ni(PH,),(SO,), including 
the SO, - Ni 4s charge transfer as an important component, 
would result from the low-lying unoccupied Ni 4s orbital, and the 
SO, coordinate bond of &coplanar Ni(PH1),(S0,) is charac- 
terized by the presence of a high-lying occupied Ni 4, orbital and 
the low-lying unoccupied Ni 4s orbital, compared with N(C- 
H,),(SO2). In conclusion, these comparisons about VI-coplanar 
and $-pyramid structures suggest that the presence of a low-lying 
Ni 4s orbital, as well as the high-lying Ni d. orbital and bulky 
PHI ligands, is considered to be one of the factors characterizing 
the Ni(0)-SO, complexes. 

qz-SO Coordination Mode. Comparison between Ni(PH1),- 
(q2-S0,) and N(CH3)3(nZ-SOz). It is well-known that $-SO 

(31)  There is a p i b l i t y  that the R interaction is mainly contributed from 
the mutual charge transfer; one is the charge transfer from SO2 to 
Ni(PH,), and another is the charge transfer from Ni(PH,), to SO2. 
This mutual charge transfer is ex@ to little alter the SO2 electron 
population. In the n'-pyramid Ni(PHJI(SOI). however, Mu!liken 
papulation analysis of R shows that the SO, electron population is 
remarkably increased and the decrease in the Ni d i  orbital population 
wrresponds to the increased electron population of SO,. Further, the 
PH, electron population is decreased by the R interaction mare largely 
than the by the MSCTPLX interaction. These electron distributions 
strongly $&est that the R interaction is the wupling between the 
charge transfer from Ni(PH,), to SO2 and the polahtion ofNi(PH,),. 

(32) R changes Mullikcn populations of the  Ni(PH,), part. similar to 
SMCTPLX, suggesting that R includm the SO, - Ni charge transfm 
and the Ni(PH,), polanmion R is also wnridcrd lo include the SO, 
palanwt~on, beolvre neither SMCTP1.X nor MSCTF'LX d-ra the 
S alomic popularim and iimultancourly increases the 0 atomif popu- 
liltion. N w .  a w t " t  IS SIX) given on ihc m i l l e r  R owbilwation of 
the ?'-coplanar NI(PH,),(SO,J than that of Ihc $-pyramid SIIUCIUIC. 

The small K stabilization of the $-coplanar i tructurc is pmbabl) due 
to thc smaller dccrcasc of symmetry b) the SO, 7 -coplanar uardination 
than that b) the SO, n'.pyramid emrdination. But. the K 'tabdimion 
of the nl.coplsnar Ni(Pll3),(SO1) I\ mudh larger than tha t  of the 
?'.coplanar N(CH,J,(SO,). 8 s  qhown in  Tablc 111 
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Table V. Comparison of the Coordinate Bond between 
N ~ ( P H , ) , ( T ~ - S O ~ )  and N(CH,)3(02-S02) (kcal/mol) 

BE 

INT 
D E F ~  

ES 
EX 
MSCTPLX 
SMCTPLX 
R 

-41.8 
15.5 

-57.3 
-91.4 
159.6 
-66.5 
-27.2 
-3 1.8 

36.1 
0 

36.1 
-74.7 
159.6 
-27.9 
-16.6 

-4.3 

“The distance between the N atom and the center of S=O double 
bond is taken to be 1.75 A, giving the same EX value as that of Ni- 
(PH,)2(~2-S0,). bSee footnote d of Table 111. 

coordination has not been found in any nonmetal SO2 complex. 
In fact, the present MO calculation (3-21G) gives no binding 
energy (positive BE value) for N(CHJ3(v2-SO2) (the ideal q 2 - S 0  
coordination structure, as described above), as shown in Figure 
4; the total energy becomes lower and lower, when the SO2 ligand 
moves from the 0 2 - S 0  coordination position toward the ql-S 
coordination position, keeping the geometry and orientation of 
SO, fixed and keeping the coordinating S=O bond perpendicular 
to the C3, axis of N(CH3)3. To make clear the reason, energy 
components are plotted in Figure 4 as functions of the above 
mentioned movement of SO2. When we go from the ?,-SO co- 
ordination to the o’-S coordination, the ES and BSCTPLX sta- 
bilizations are increased more than the increase in EX repulsion. 
These changes in ES and BSCTPLX are easily understood by 
considering electron distribution and overlap between the N(CHJ3 
HOMO and the SO2 LUMO (see Chart IV). Because N of 
N(CH3)3 and 0 of SO2 are negatively charged, the v 2 - S 0  co- 
ordination suffers from the N-0 electrostatic repulsion but the 
&pyramid structure hardly suffers from such electrostatic re- 
pulsion, yielding a large ES stabilization of the Vl-pyramid one. 
The BSCTPLX interaction is formed from the N(CH3)3 HOMO 
(lone pair) and the SO2 LUMO (a* orbital). Though these MO’s 
hardly overlap with each other in the v2-S0 coordination structure 
(Chart IV), they can overlap well with each other in the V I -  
pyramid coordination (Chart 11), leading to large BSCTPLX 
stabilization of this structure. Consequently, the q2-S0  coordi- 
nation disfavors BSCTPLX and ES interactions, which makes 
this structure unstable. 

In contrast with nonmetal SO2 complexes, a model complex 
of v2-S0 coordination, Ni(PH3)2(S02), has a large negative BE 
value. A comparison between Ni(PH3)2(q2-S02) and N- 
(CH3),(v2-SO2) is given in Table V, where N(CH3)3(q2-S02) is 
assumed to possess an ideal q 2 - S 0  coordination structure (the 
N-SO2 distance was taken to be 1.75 8, to give the same EX 
repulsion as that of Ni(PH3)2(02-SOz)). Large differences in 
BSCTPLX and R interactions are found between these two 
complexes; Ni(PH3),(v2-SO2) receives much larger MSCTPLX 
and R stabilizations than N(CH3),(S02), which is the main factor 
making the ?,-SO coordinate Ni(PH3)2(q2-S02) stable. This 
strong MSCTPLX interaction would come from the high-lying 
Ni d, orbital. As shown in Chart IV, the occupied Ni d, orbital 
can interact well with the SO2 r* orbital in the q2-S0 coordination, 

to form a strong MSCTPLX interaction. The larger R stabili- 
zation would be due to the coupling of the Ni - SO2 charge- 
transfer interaction with easy polarization of Ni(PH3)2, as has 
been described for Ni(PH3)3(S02).33 

In summary, the high-lying occupied d,-orbital of Ni makes 
the q 2 - S 0  coordination possible in Ni(PHJ2(v2-S02). Nonmetal 
Lewis bases do not have any such a-donor orbital interacting well 
with the SO2 a *  orbital, and as a result, 0 2 - S 0  coordination is 
unstable. 
Conclusions 

In this work, ab initio MO studies were carried out on several 
nonmetal SO2 complexes N(CH,),(SO,), (NH3)(S02), (C- 
N-)(S02), and (NC-)(SO,) and Ni(0)-SO, complexes (Ni- 
(PH3)3(v1-S02) and Ni(PH3)2(v2-S02)). The optimized structures 
of examined complexes agree well with their experimental 
structures. All of the nonmetal SO2 complexes examined have 
the ql-pyramid structure, due to the lower EX repulsion and the 
larger charge-transfer interaction from Lewis base to SO2. In 
the coplanar structure, the lone-pair orbital of the Lewis base 
overlaps well with the lone-pair orbital of SO2, leading to the large 
EX destabilization. The lone pair of the Lewis base cannot overlap 
well with the SO2 a* orbital, not to form effective charge-transfer 
interaction with SO2. Thus, nonmetal SO2 complexes do not take 
the VI-coplanar structure. In Ni(PH3)&302), the situation is 
different from that of N(CH3)3(S02). Ni(PHJ3(S02) has bulky 
PH3 ligands and a high-lying Ni d, orbital. The ?‘-pyramid 
structure is destabilized by the steric repulsion with bulky PH3 
ligands. On the other hand, the $coplanar structure can receive 
moderate charge transfer from the Ni d, to the SO2 a *  orbital. 
As a result, Ni(PH3),(S02) takes the &coplanar structure. The 
s2-S0 coordination mode is unstable in nonmetal SO2 complexes, 
whereas this coordination seems possible in low-valent metal 
complexes. To make this coordination possible, the presence of 
a a-donor orbital is necessary. Though nonmetal Lewis bases do 
not have such a a-donor orbital, the occupied d, orbital of Ni- 
(PH3)2 can overlap well with the SO, a *  orbital to form a strong 
charge-transfer interaction from Ni to SO2. In comparison with 
nonmetal SO2 complexes, the characteristic features of Ni(0)-S02 
complexes come from the presence of the high-lying occupied Ni 
d, orbital, the low-lying unoccupied Ni 4s orbital, and bulky PH3 
ligands. 
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(33) In Ni(PH,),(q2-S02), R increases the SO2 electron population and the 
Ni atonuc population, but decreases the PH, electron population. These 
changes in Mulliken population suggest that R includes the coupling 
between the Ni - SO2 charge transfer and the Ni(PH,), polarization 
(PH3 - Ni), as is found in the 7’-pyramid Ni(PH3),(S02). 


