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Abstract 

The equilibrium geometries of the transition metal compounds WCI~L, WCIsL - and W(CO).sL (L,~ acetylene, ethylene) are 
theoretically predicted at the HF and MP2 levels of theory using a relativistic effective core potential for tungsten and valence shell basis 
sets of DZ + P quality. The W-L dissociation energies are calculated at the CCSD(T) level of theory. The calculated geometries are in 
very good agreement with experimental values, The W-C,,,.eu, l~, e and W-Celhylt.ne bond distances of WCI4L are much shorter than the 
bond lengths of W(CO)sL. Itowever, the (CO)sW-L bond dissociation energies are higher than or comparable in magnitude with the 
Ci,~W-L bond energies. This result can be explained by the different nature of the tungsten-carbon bonds in W(CO)sL and WCI4L. as 
revealed by the charge decomposition analysis (CDA) of the compounds. The W-C bonds of the low-valent carbonyl complexes have 
donor-acceptor character and the bonding can be understood in temas of the Dewar-Chatt-Duncanson model. The tungsten~carbon 
bonds of WCI.~L are polar covalent bonds which are formally formed from the triplet states of WCI4 and L. The dissociation energies of 
WClaL are very low, because the energy which is necessary to promote acetylene a,ld ethylene into the lowest lying triplet state is very 
high. The CDA results tbr WCIsL .... suggest that the anions might also be considered as complexes which c~m be discussed i~ ternls of 
closed-shell orbital interactions. The ClsW ~L, bond energies al~ rather low, because there is strong repulsion between the occupied 
orbitals of the fragments. 'll~e breakdown of the donor-acceptor interactions into orbital contributions shows Ilmt acetylene is a 
Ik~ur-electron donor in WCIs(HCCIt) , while it is a two-electron donor in W(CO)s(tlCCtl). The donation from the out°of-plane 
CCobondhtg ~t orbital of acetylene is the reason why WCIs(IICCH) is a stable (isolable) compound. This orbit~fl i~ not available t0r 
ethylene. ~ttltl thus WCIs(C:II~) is predicted to have a weak tunt~sten=ethylel'te bond. 

Keyu'ords: Ab initio c~dcuhttions; Acetylene complexes; Ethylene complexes; 'nobonding 

I. Introduction 

Transition metal (TM) complexes with alkenes and 
alkynes as 7r-bonded ligands may either be considered 
as (i) metallacyclic compounds or (it) donor-acceptor 
complexes (Fig. I). The met,'d-ligand interactions of 
the latter Sl~ecies are fl'equently discussed in the fl'ame- 
work of the Dewar-Chat t -Duncanson  (DCD) model 
[2]. The DCD model considers the met,'d-ligand bond- 
ing to arise fi'om the synergetic ligand ~ metal donation 
and metal ~ ligand back donation between two closed- 
shell fi'agments. 

Textbooks of inorg,'mic chemistry usually introduce 

" Conesponding author. 
~ Theoretical studies of organometallic compounds, Part XXII. 

Part XXI: see Ref. [I]. 

the two models ( i) and (it) as ctmlplement~wy to each 
other, where the real molecule is on a continuun~ beo 
tween the two extreme situations, for example see Ref. 
[3]. The two rnodels are very helpful in explaining the 
chemistry of TM rr.cornplexes. It is well known that 
TM aikene complexes may react with nucleophiles in 
different ways. For example, some complexes show 
addition reactions of the nucleophile to the alkene lig- 
and [4], while others show insertion of the nucleophile 
into the metai-alkene bond [5]. Mct:fl systems that 
facilitate addition reactions usually do not show inset'° 
tion reactions. A previous theoretical study of 
dichlorotitanacyclopropane using the generalized va- 
lence bond (GVB) method found wavefunctions dco 
scribing both the metallacyclopropane and 7r-complex 
forrns, depending upon the geometry used tot the com- 
pound [6]. It was suggested that some metal-alkene 
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Fig. I. Schematic representation of a metal-olefin complex as (i) a 
metallacyclic and (ii) a donor-acceptor complex. 

complexes should be viewed as metallacycles and oth- 
ers should be viewed as 7r-complexes. and that the 
different reactivities of the complexes can be explained 
by their belonging to one of the two classes of com- 
pounds [61. 

In the context of studying the bonding properties of 
TM complexes with or-bonded iigands using high-level 
ab initio methods, we found that the two situations (i) 
and (ii) can also clearly be distinguished using modem 
techniques for analysing ab initio molecular orbital 
(MO) wavefunctions [7]. The charge decomposition 
analysis (CDA) [8] of the wavefunction suggests that 
the donor=acceptor complexes (ii) have ,~mipolar cova- 
lent bonds, which are formed fi'om two closed°shell 
fragments, and that the DCD model is appropriate for 
the description of the metal~ligand bonding, However, 
metallacyclic compounds (i) have no|xnal covalent 
metal=carbon bonds with mainly sd'ohybridized met.d 
orbitals, [9] where the metal and the ligand contribute 
with one ¢leet~on each to the bonding, The same situao 
tion is given for highovalent (Schrockoty~) and Iowova° 
lent (Fischerotype) TM carbene and carbyne complexes, 
~e Refs, [10,1 I], The term 'complex' is thus not approo 
l,,iate for such molecules. Fuahermore, the CDA results 
give insight into the orbitals which are relevant for a 
qualitative and quantitative discussion of the metal- 
ligand interactions in the framework of the DCD model. 
This is important for the analysis of metal=alkyne 
complexes, where the ¢¢oligand can act as a two-electron 
or fouroeleetron donor [12]. This ptx)mpted us to carry 
out a detailed analysis of the bonding of acetylene and 
ethylene to TMs in high and low oxidation states. Here 
we report quantum mechanical ab initio results for 
WCI~([ICCH) (I), WCla(C,tl a) (2), WCI~(HCCH) ~° 
(3), WCI~(C~,[I~) ~ (4), W(CO)~iHCCtt) ($) and 
W(CO)~(C: Ha) (6), 

2. Methods 

The geometry optimizations h:we been can'ied out at 
the [IF and MP2 [13] levels of theory using a relativistic 

effective core potential (ECP) in conjunction with a 
(441/2111/21) split-valence basis set for tungsten de- 
veloped by Hay and Wadt [14]. The 5s 2 and 5p 6 
electrons are treated explicitly as part of the valence 
space. A 6-31G(d) all electron basis set was used for the 
ligand atoms C, O and H [15]. A pseudopotential with a 
(31/31/1)  valence basis set was used for CI [16]. The d 
polarization function for CI (orbital exponent ~" = 0.65) 
has five spherical components. This basis set combina- 
tion is our standard basis set II [17]. The dissociation 
energies are calculated using coupled-cluster theory [18] 
with singles and doubles and a noniterative estimate of 
triple substitutions (CCSD(T)) [19]. The harmonic vi- 
brational frequencies and the conx~sponding zero-point 
vibrational energies (ZPEs) have been estimated at the 
HF/II  level of theory using numerical second deriva- 
tives. Unless othel~vise noted, the geometries are dis- 
cussed at MP2/II and the bond energies at CCSD(T)/II 
using MP2/II optimized geometries. The calculations 
have been carried out using the program packages "rtJR- 
BOMOLE [20], ACES II [21] and GAUSSlAN 92 [22]. 

In order to further investigate the ab initio wavefunc- 
tions obtained for the energy minimum structures, we 
used the CDA [8]. In the CDA method the (canonical or 
natural) MOs of the complex are expressed in terms of 
the MOs of appropriately chosen fragments. In the 
present case, the natural orbitals (NOs) of the MP2/II 
wavefunction of MX.L ate formed by a linear combina- 
tion of the MOs of MX. and L in tile geometry of 
M X . L  Charge donation d~ fi'om L to MX. for each 
NO % of MX,,L is then given by 

a, E E 

Similarly, the back donation b, IYom MX. to L is 
given by 

t~C,B vlt¢, A 

t,, = b,c.c..< 
[ m 

Finally, the repulsive polarization r, between the 
occupied orbitals of MX~ and L is given by 

~'C.  A O¢¢, B 

r, = ,V_., 
m 

Thet~ is also the rest term A, given by the mixing of 
the unoccupied orbitals of the two fragments. This term 
is a consequence of the mathematical ansatz of the CDA 
method which should not contribute to the charge distri- 
bution of a complex. 

vac, A va¢, 

a, = E E 

A = L, B---MX,~, b = occupation number, c = 
fragment orbital coefficient, ~o = fragment MO. 
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The sum of the orbital contributions d~, b~ and r~ 
gives the total amount of donation, back donation and 
charge repulsion respectively. The CDA calculations 
have been performed using the program CDA 2. I ' [23]. 

3. Geometries and bond energies 

Fig. 2 shows the theoretically predicted geometries of 
the compounds 1-6 in the eclipsed ( la-6a)  and stag- 
gered ( lb -6b)  conformations. The corresponding total 
and relative energies are given in Table 1. The calcu- 
lated geometry of the more stable form lb of 
WCI4(HCCH) is in very good agreement with experi- 
mental values for WCI 4 complexes of substituted 
acetylenes, which have W-C distances of ca. 2.00~, 
[24-26]. The X-ray structure analysis of complexes 
WC! 4(RCCR') shows that the compounds have a dimeric 
structure with two chlorine atoms bridging the tungsten 
atoms [24-26]. The neutral dimeric alkyne complexes 
react with chloride anions to give the anionic complexes 
WCls(RCCR')- as monomers. The X-ray structure 
analysis of WCls(PhCCH)- shows that the average 
W-C distance is "slightly longer in the anion (2.015 ~) 
[24] than in the neutral compound [WCi4(PhCCPh)] 2 
(1.990,~) [25]. Fig. 2 shows that the calculated geome- 
try of 3 is in excellent agreement with experimental 
observations. The theoretically predicted W-C distance 
of the more stable form 3b of WCIs(HCCH)- is slightly 
longer (2.016A) than in Ib (2.()(')i A). The W-CI,.,,~ 
Nmd in 3b is calculated to be clearly longer (2.446 ~i 
than the W~(~l,.t, bonds (2°398A)~ The experimental 
values Ibr W(l~(PhfCl:l) ~ are W ~-CI,..., -~ 2.490 ~ and 

There m'e no experimental geometries Ibr compounds 
i~elated to the alkene complexes 2 and 4 known to us. 
On the basis of previous experience we expect that the 
calculated geometries reported he~ should be quite 
accurate. The alkene complexes 2 and 4 have longer 
W~C bond lengths than the respective alkyne com- 
plexes I and 3. The negatively chm'god compound 
WCIs(C,H4)- has a slightly longer W-C bond than 
neutral WCI 4(C 2H 4) (Fig. 2). 

The calculated W-C,~L>,,. and W-C,,~k,,,~ bond lengths 
of the carbonyl complexes 5 and 6 are significantly 
longer and the C-C bonds are clearly shorter than the 
respective interatomic distances of I -4  (Fig. 2). The 
complexes W(CO)5(HCCH)(5)alld W(CO)5(C2 H 4)(6) 
have been observed and the infi'ared spectra of 5 and 6 
are reported [27], but the geometry of 5 and 6 has not 
been determined experimentally. The theoretically pre- 
dicted W~C,,,,),,,, distance of 5a (2.330/~)is in good 

2 The program is available via anonymous tip server: 
fip.chemie.uni-marburg.de ( /pub/cda.  

agreement with the recently published first X-ray struc- 
ture analysis of a tungsten pentacarbonyl-alkyne com- 
plex reported by Fischer et al. [28]. The measured 
metal-alkyne bond lengths of W(CO)s(HCCPh) are 
2.481 and 2.389,A. It is noteworthy that the X-ray 
structure analysis of W(CO)5(HCCPh) shows that the 
alkyne ligand nearly eclipses two CO iigands in the cis 
position [28]. The calculations predict that the eclipsed 
conformation 5a is lower in energy than the staggered 
form 5b (Table 1). The calculations also predict that the 
trans CO group of 5a has a shorter W-CO bond 
(2.020~,) than the cis carbonyl groups ( W -  COcis -- 
2.057 and 2.059,~). The same trend is found in the 
X-ray structure analysis of W(CO).~(HCCPh), where the 
W-CO,,a.,, ~ bond length is 1.969A, while the average 
W-COc~ ~ bond length is 2.047,g, [28]. The calculated 
W-Ca~ke.~ e distance of the ethylene complex 6a is also 
in good agreement with the experimental average value 
of ten different alkene complexes of W(0), r - 2.386,A 
[291. 

Table 2 shows the calculated metal-acetylene and 
metal-ethylene bond dissociation energies D r for the 
stable conformations of 1 -6  predicted at 
CCSD(T) / I I / /MP2/I I .  Previous studies have shown 
that metal-ligand bond energies calculated at 
CCSD(T)/II//MP2/II are quite reliable [17,30-32]. 
The bond energies of 5 and 6 could not be calculated at 
CCSD(T)/II for technical reasons (less than 2GB sin- 
gle file size limit). We used the relative bond energies 
calculated at MP2/II in conjunction with the metal 
carbonyl bond energy of W(CO)~ predicted at 
CCSD(T)/II in order to estimate CCSD(T)/II bond 
energies for 5 and 6. It has recently been shown that the 
use of isostructu|'al reaction energies predicted at 
MP2/II gives rather accurate bond energies [33]. 

There are two remarkable aspects concerning the 
bond energies. First, for the WCI~L and WCI~L- como 
pounds 1~4 the ethylene ligand is predicted Io 
significantly more weakly bound to the metal (1)~ ~ 
12.1 kcal mol~ ~ for 2a, D,. ~ 8.5 kcal tool ~ ' for 4a) than 
acetylene (D,, --- 36.6 kcal tool ~ I for lb. D~ 
22.3 kcal mol- '  for 3b), while the opposite trend holds 
for the W(CO)~L complexes. The metal-ligand bond 
energy of the ethylene complex 6a is higher (D~ 
41.4kcal tool ~') than that of the acetylene complex Sa 
(D,.~35.3kcalmol=l). (In Ref. [32] we reported a 
bond energy D 0 =~ 28.9 kcal tool ~ t for the metal~ 
acetylene bond of 5a. This is significantly lower than 
the value reported here (D O = 34.3 kcalmol° '. Table 
2). The value reported in Ref. [32] was obtained at 
CCSD(T)/II. However, a STO-3G basis set was used 
for hydrogen in order to meet the less than 2GB single 
file limit. We believe that the value reported here is 
more accurate. The rekttive bond energies given in 
Table 2 should be reliable in any ease, because they 
have been obtained at the same level of theory.) The 
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second remarkable aspect concerns the absolute values 
of the bond energies of 1-4. Although the W-C bond 
distances of the WCI4L and WCIsL- complexes are 
much shorter than those of the W(CO)~L complexes, 

the W - L  bond energies of the tungsten complexes !--4 
are either clearly lower than those of the carbonyl 
complexes 5 and 6, or comparable in magnitude as in 
the case of lb  and 5a, It follows that there is no 
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ta 
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Table I 
Calculated total energies EIo t, relative energies of the eclipsed (a) and staggered (b) conformations Ere I, zero point energies (ZPEs) and number of 

imagimury frequencies i . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Molecule i t F / I I / / I I F / l l  IvlP211111IVIP2111 C C S D ( T ) / I I / / M P 2 / l i  

E~t (au) Ercl (kcal ZPE (kcal i Ere t (au) E,+~ (kcal Eto' (au) E,~ (kcal 
reel - t ) reel - i ) reel - t ) reel - ! ) 

l a  -203.18545 0.0 23.7 1 -204.25303 0.0 
Ib  -203.18842 - 1.9 23.8 0 -204.25694 - 2 . 5  
2a -204.37039 0.0 40.0 0 -205.42790 0.0 
2b -204,36340 +4.4 39.8 I -205.42256 +3 .4  

-218.07531 0.0 23.8 I -219.28754 0.0 
3b -218.07802 - 1.7 24.2 0 -219.29147 - 2 , 5  
4tl -219,28789 0.0 40.8 0 -220.47721 0,0 
4 -219.27496 +8.1 40.0 2 -220.45795 + 12.1 
Sa -707.72044 0.0 47.2 0 -709,75973 0.0 
b'b -707.71714 +2.1 47.1 ! -709.75483 +3,1 
6a -708.93994 0.0 64.3 0 -710.98794 0,0 
6 b  -708.93719 + 1.7 64,4 2 -710,98228 +3.6 
WCI+{S) - 126,33544 0.0 3.1 0 - 127.06926 0,0 
WCI+(T) - 126.39404 - 36.8 3.0 0 - 127.10527 - 2 2 , 6  
WCI~ (S) - 141.24940 0.0 3.5 0 - 142,11612 0.0 
WCI~ (T) - 141,30913 - 37,5 3.7 0 -142.16184 -28 .7  
W(CO)~ -630.87630 ~ 27.7 0 -632.62396 
C2H 2 -76,81732 ~ 18.4 0 -77,06860 
C2H + -78,03136 ~ 34,4 0 -78,28701 

- 2 0 ¢ 3 1 1 3 6  0.0 
- 2 0 ¢ 3 1 4 7 5  -2 ,1  
- 205.50440 0.0 
- 205.49886 + 3.5 
-219.35791 0.0 
-219,36088 - 1.9 
-220.56760 0.0 
-220.54927 + 11.5 

- 127.13212 0,0 
- 127.16568 -21 .1  
- 142.19298 0.0 
- 142.23468 - 2 6 . 2  

-77.09074 - -  
-78.31931 - -  

bond.length/bond-energy correlation between the 
highovalent complexes 1=4 and the low-valent com- 
plexes $ and 6, We want to point out that the rather low 
bond energies of the metal=ethylene compounds 2 and 
4. which are much lower than for the metal=acetylene 
compounds I and ,3 (Table 2), are in agreement with the 
exl~rimental observation that alkyne complexes 
WCI+(RCCR') and WCI~(RCCR'): are isolable as sta-- 
ble molecules [24=26], while the t en ,  spending alkene 
complexes have not ~en re.fred yet. 

The bond energies are calculated as the energy difo 
ferenee betw~n the complex on the one hand and the 
Iigand and the res~ctive fragment on the other hand in 
their ~speetive electronic ground states. In the case of 
WCI+ and WCI~ the ground state is a triplet state, 
However. even the dissociation of WCI~L into L and 
singlet WCI+ gives bond energies which are only 
21,1 kcalmol ~ higher (see the relative energy of the 

Table 2 
Calculated bond dissociation energies De (kealmol +*) of the com- 
plexe~ relative to the fragments in their electronic ground state; 
ZgE~¢offected values O o (kcal reel ! ) in i~rentl~eses 

Molecule H F l l l / /  MP211111 CCSI~T)IIItl 
tIFtil MP2/I !  MP2/I i  

Ib  ~ 14,4 52, I 36,6 (34,4} 
la ~ 34,5 22,4 12,1 (9,6) 
3b - 30,4 38,3 22,3 (20,2) 
4a - 33,0 I?,~ 8,5 (53)  

10,8 42,2 35,3 (34,3) + 
20,3 ~ , 3  41.4(39,1) + 

+ Estimated values using isostmclural reactions, see text, 

singlet and triplet state of WCI4 in Table !). If 1 and 2 
were donor-accepter complexes, the W-L bond ener- 
gies should be much higher, because WCI 4 should be a 
clearly stronger acceptor than W(CO)5. The calculated 
geometries and bond energies indicate that the bonding 
situations in WCI4L and W(CO)~L are quite different, 
while WCI~L ++ seems to I~ a borderline case. 

4. Analysis of the electronle structure 

The puzzling aspects of the calculated bond energies 
can be explained by the different nature of the W-L 
bonds in the WCI.~L, WCI~L+ and W(CO)~L com- 
pounds, which is elucidated by the CDA of the MP2/II 
wavefunctions of the compounds. The CDA expresses 
the wavefunction of the complex in terms of the MOs of 
the closed-shell fragments (FMOs) whose interactions 
ought to be analysed [81. The sum over the FMOs is 
divided into (i) mixing of the occupied FMOs of the 
ligand and the unoccupied FMOs of the metal fragment 
yielding the L - ,  W donation d; (ii) mixing of the 
unoccupied FMOs of the ligand and the occupied FMOs 
of the metal fragment yielding the L ~ W back dona- 
tion b; (iii) mixing of the occupied orbitals of both 
fragments yielding the repulsive polarisation r; and (iv) 
mixing of the unoccupied/unoccupied FMOs yielding 
the 'test" term A. The term A is virtually zero for 
donor-accepter complexes, it has been shown that the 
CDA results correlate nicely with the DCD model for 
donor-accepter complexes [31,32]. 
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Table 3 shows the CDA results for the energy mini- 
mum conformations of 1-6. We begin the discussion 
with the W(CO)sL complexes 5 and 6. The calculated 
L---* W charge donation and L *--W back donation are 
slightly higher for the acetylene complex 5a than for the 
ethylene complex 6a. We want to point out that there is 
generally no direct correlation between the calculated 
donation and back donation terms and the bond energy. 
Ethylene is a better donor and a better acceptor than 
acetylene energetically, because ethylene has a 
higher-lying HOMO and a lower-lying LUMO than 
acetylene. The repulsive polarizatioa terms are negative 
for both complexes, because electronic charge is re- 
moved from the overlapping region of the occupied/oc- 
cupied orbitals. As expected, the A term is nearly zero 
for Sa and 6a. The CDA results demonstrate that the 
bonding in 5 and 6 can be interpreted in terms of the 
DCD model. Since ethylene is, from an energetic point 
of view, a better donor and a better acceptor than 
acetylene, it is reasonable that 6a has a stronger W-L  
bond than 5a. The longer W-C~thyl~,~ bond of 6a com- 
pared with the W-Cace~yle,e bond of $a is due to the 
radius of the sp2-hybridized carbon atom of ethylene 
being larger than the radius of the sp-hybridized carbon 
atom of acetylene. 

The CDA results for lb and 2a demonstrate that 
these compounds should not be interpreted in terms of 
the DCD model. The calculated L ~ -W back donation 
for Ib and 2a and the L--~ W donation for 2a are 
negative, which is an unphysical result within the model 
of charge exchange between closed-shell fragments. 
Another indication that lb and 2a should not be consid- 
ered as donor~acceptor complexes is given by the 'test' 
term A, which is even more discriminating. In contrast 
to the results for the complexes $ and 6 and for other 
donol~aceeptor complexes [7,8,31,34], the contribution 
fi'om the mixing of the unoccupied fragment orbitals to 
the charge distribution is very large: it is even the 
lalsest among the four terms (Table 3). It follows that 
the bonding in lb  and 2a cannot be described in a 
reasonable way by a mixing between the occupied and 
unoccupied orbitals of the closed shell fragments WCI 4 
and ethylene or acetylene respectively. This demon- 
strates clearly that 1 and 2 should not be considered as 

Table 3 
MP2-CDA of the complexes in their MP2 geometries (donation d, 
backdonation h, repulsive part r and residual part A) 

Molecule d b r A 

Ib 0.057 -{).140 -0 .189  0.382 
2a -0 .263  -0 .194  -0 .318  0.351 
3b 0.308 0.234 - 0.760 ~ 0.048 
4a 0.041 0.138 - 0.900 - 0.045 
5a 0.297 0.165 -0 .391 - 0.004 
6a 0.225 0.148 - 0.422 - 0.025 

acetylene and ethylene complexes, but rather as metalla- 
cyclic compounds with covalent metal-ligand bonds. 

Tne calculated W-C bond lengths and bond dissocia- 
tion energies can now easily be explained if the differ- 
ent type of metal-ligand bonding is considered. The 
W-C bonds of the complexes 5 and 6 break in a 
heterolytic way, yielding W(CO) s and L in the singlet 
ground state. The WCI4L compounds have covalent 
metal-ligand bonds, the W-C bonds dissociate in a 
homolytic way. The dissociation products of the spin-al- 
lowed reactions are triplet W C I  4 and triplet C 2 H:, and 
C2H 4 respectively. Ethylene and acetylene have for- 
mally to be electronically excited before the covalent 
W-C bonds of 1 and 2 can be formed. The excitation 
energies from the singlet ground state to the first excited 
triplet state of acetylene and ethylene are very high. The 
energetically lowest lyiitg~(3Bz) triplet state of acety- 
lene, which has a cis-bent geometry, is calculated to be 
82.6 kcal mol- '  higher in energy than the (i ~ - )  singlet 
ground state [35]. This value and the calculated dissoci- 
ation energy of 36.6 kcal mol-t for lb (Table 2) give a 
theoretically predicted Cl4W-acetylene interaction en- 
ergy of 119.2 kcai tool -I ,  which correlates nicely with 
the short W-C bond length (Fig. I). For ethylene, only 
the vertical excitation energy into the first excited triplet 
state is available. The experimental value is 
100.5 kcal tool- ~ [36], which shows that the triplet states 
of ethylene are much higher in energy than the singlet 
ground state. The W - C  bonds of 1 ate clearly stronger 
than those of 2, because the metallacycloprol~ne ,~om- 
pound I has formally sp2-hybridized carbon atoms, 
while the carbon atoms of the metallacyclopropauc 
compound 2 ate spLhybridized. It is well known that a 
covalent bond of a given atom or group to C(sp 2) is 
much stronger than to C(sp~). 

From the above discussion, it tbilows that ligands 
with a low singlet .~, triplet excitation energy, or even a 
triplet ground state, should form strong bonds to metal 
fi'agments in a triplet state. This is indeed the case. 
Carbene ligands with a triplet ground state like methy- 
lene form stable high-valent (Schrock-type) TM com- 
pounds with strong M-C double bonds, while low-va- 
lent (Fischer-type) carbene complexes are only stable 
when the carbene ligand has a ringlet ground state 
[11,37]. 

Now we discuss the CDA results for WCi~(HCCH)~ 
(3b) and WCI.~(C2H4) °° (4a). Table 3 shows that the 
CDA method gives positive values for the L - , W  
donation and L ~- W back donation. The test term A is 
very small. The CDA results indicate that 3 and 4, 
unlike 1 and 2, can be considered as donor-acceptor 
complexes. The most interesting feature of the CDA 
results for 3b and 4a are the large values for the 
repulsive polarization r. This shows that there are strong 
repulsive interactions between the occupied orbitals of 
WCI~ and acetylene and ethylene respectively. This is 
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reasonable, because both fragments WCI5 and L are 
electron rich. The large numbers for the repulsive polar- 
ization explain why the W-L  bond energies of 3b and 
4a are rather low (Table 2). The shorter W-C~ty~en¢ 
and W-Ce, hyj~,= bond lengths of 3b and 4a, compared 
with tho:,e of Sa and 61). can be explained by the 
smaller radius of the high-valent tungsten atom of the 
former complexes compared with the W(0) atom of the 
carbonyl complexes. 

The breakdown of the CDA results for the donor- 
acceptor interactions into orbital contributions gives 
further insight into the metal-ligand interactions, partic- 
ularly for the acetylene complexes. Since alkynes have 
two 1r-bonds, alkyne ligands can act as two-electron or 
four-electron donors in TM complexes. The participa- 
tion of the alkyne 11' orbital, which is orthogonal to the 
metal-alkyne plane, to the metal-ligand interactions 
has been discussed on a qualitative level before [12]. 
The CDA results make it possible to study the effect 
quantitatively. Table 4 gives the most important orbital 
interactions for the donation, back donation and repul- 
sive polarization of 3b and Sa. Fig. 3 shows qualita- 
tively the shape of the dominant orbitals. There are only 

Table 4 
Dominant MO contributions to the donation d, backdonation b and 
repulsion r in the complexes 3b and Ka (MP2/II) 

Molecule MO d b r 

3b MO 30 (b I ) + 0.282 
MO 31 (a I) +0.222 
MO 32 (b 2 ) +0.260 

- 0.375 

Sa MO 46 (a]) +0.326 -0.194 
MO 48 (b 2) -0.272 
MO 49 (b I) +0.195 

three orbitals of the complexes which are relevant for 
the metal-acetylene interactions of 3b and 5a. In the 
case of 3b, there are two MOs, i.e. MO 31 with a I 
symmetry and MO 32 with b 2 symmetry, which are 
important for the L--* W donation. The donation from 
the in-plane 'n" orbital of acetylene into the d:: orbital 
of W amounts to 0.222 electrons, while 0.260 electrons 
are donated from the out-of-plane rr orbital of acetylene 
into the d r. orbital of W (Table 4). There is only one 
dominant orbital for the L --* W donation of 5a. This is 
the MO 46 with al symmetry, which describes the 

(a) 
Cl 

Cl.  \ / . 2 .C l  

' / 

' ,̂ I t  

( C I  \) 

c , .  

{ 7 ........... ' 
........... C ....... C 

c l , , , ,  ; . . , -  e l  

: I I  H ( ( 

MO 30 (b,i MO 31 la, I M l i  , l l  ib:! 

o c  ....... 
u ~ /  ~ 

\\/ hN,~ ./; . ~ i  

............ C ......................... C ...... 

~ 0  

",, / ~, 

.............. C ..................... C .................. 

. . . . . . . .  L) 
MO 46 ta~l MO ~ tbal MO 49 qba) 

Fi B, 3, Schematic repre:~ntation of the most important complex orbitals for the metal-acetylene interactions of 3b and Sa as revealed by the 
CDA,  
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donation from the in-plane ¢r orbital of acetylene into 
the d:., orbital of W (Fig. 3). The absence of electron 
donation from the out-of-plane rr orbital of acetylene 
into the W(CO) 5 fragment orbitals of Sa is reasonable, 
because there is no empty dr: orbital at tungsten in 
W(CO)5(HCCH). It follows that acetylene is a four- 
electron donor in 3b but a two-electron donor in 5a. 
The CDA results also show that the L *-- W back dona- 
tion in 3b and 5a occurs mainly through one orbital 
with b t symmetry, i.e. MO 30 of 3b and MO 49 of 5a. 
This is the electron donation from the dx, orbital of W 
into the in-plane rr" orbital of acetylene. The CDA 
result is in agreement with chemical intuition. The 
repulsive polarization of 3b is given mainly by the 
orbital 31 (at), while the a I orbital 46 and the b: 
orbital 48 are involved in the repulsive polarization of 
5a (Table 4). 

A similar breakdown of the orbital contributions to 
the metal-ligand interaction for the ethylene complexes 
4a and 6a shows that the ¢r and rr" orbitals of ethylene 
are clearly dominating among the ligand orbitals. The 
weakness of the metal-alkene bond of 4a is due to the 
s,rong repulsive polariz~aion between the in-plane or- 
bitals (Table 3). The ethylene complex 4a cannot have 
an out-of-phme L--* W¢r donation like the acetylene 
complex 3b, which appears to be the main reason w~,y 
compounds WCIs(RCCR')- are stable, while 
WCIs(C.,R4)- are not. 

5. Summary 

The geometry optimization at the MP2/II level of 
theory of the highovalent and Iowovalent acetylene and 
ethylene complexes 1~o6 yields stniCtUl~S which at~ in 
good agreement with experimental values. The Woo 
C~,hyl,.,,. and W-C~,.,.t~,~,, ~. bonds of WCI4L are much 
;horter than those of the  W(CO)sL complexes, flow- 
ever, the W~L dissociation energies of W(CO)sL m'e 
higher than or comparable with those of WCi4L. This is 
explained by the different nature of the W - L  bonds in 
the two classes of compounds as revealed by the CDA 
results. The carbonyi complexes S and 6 have donor- 
acceptor bonds which can be interpreted in telxns of the 
DCD model. The covalent W-C bonds of 1 and 2 ate 
formally formed from triplet fragments WC! 4 and lig- 
ands L. The energetically lowest-lying triplet states of 
acetylene and ethylene ate much higher in energy than 
the singlet ground states. Since it takes much energy to 
promote the ligands from the singlet ground state into 
the triplet valence state, the net bond energy of the 
WC~-L  bond is low, although the interaction energy 
between tungsten and acetylene or ethylene is high. The 
CDA suggests that the negatively charged compounds 
WCI.sL °~ might also be considered as donor-acceptor 
complexes. The repulsive polarization between WCI~ 

and acetylene or ethylene is very high. This explains 
why the W-L  bond energies of 3 and 4 are rather low. 
The CDA results show that the acetylene ligand in 
WCIs(HCCH)- is a four-electron donor, while it is a 
two-electron donor in W(CO)5(HCCH). The L--* W 
donation through the out-of-plane 11" orbital of acetylene 
is the main reason why 3 is a stable compound, while 4 
has not been isolated so far. 
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