
369 

Journal of Organometallrc Chemlstv, 80 (1974) 369-378 
0 Elsevler Sequoia S.A., Lausanne - Prlnted In The Netherlands 

BONDING AND REACTIVITY IN nr-ALLYL-METAL COMPOUNDS 

H L CLARKE 

Department of Pure and Applied Chemlstq, Lrnlllerslty of Strathclyde, Glasgow Cl ISL 
(Great Bntaln) 

(Received May 3rd, 197-I) 

Summary 

The JT-ally1 group of n-C,HjCO(CO)~ has two angles of trlt, one of whrch 
(from semi-empu-ical molecu!ar orbItal calcuiations) is stabiiised principally 
by the influence of the C(p, ) orbttals of the termmnl carbon atoms, which form 
part of the a-framework of the n-ally1 group, and the other of which is stabilised 
by a balance between bonding orbital components of the central and terminal 
carbon atoms. The Co(CO), moiety has asymmetnc bonding, with one CO group 
more weakly bonded to the metal atom. The asymmetnc bonding of the COG 
moiety is primarily caused by the electronic character of the ~-ally1 group, but 1s 
significantly influenced by the magnitude of the T-tilt angle of the n-ally1 group. 
The relatively high reactivity of n-CJH5Co(CO)j, compared with the reactivity 
of T-C, H5 Fe(CO)-, NO, Co( NO)(CO), , or Ni(CO), , is esplained by the relatively 
weak bonding of a CO group to the metal atom and a possible explanation of 
the anomalous relative rates of the reactions of n-C3 Hd RCo(CO), (R = H, l-CH, , 
2-CHS, l-Cl, 2-Cl) with P(CbHj), IS indicated. 

The angles of tilt of the r-ally1 group and the asymmetric bonding of the 
n-cyclopentadienyl moiety in [ n-C,H, Ni(n-Cs Hs )I? are caused by factors similar 
to those in n-C3H5Co(CO), _ 

Introduction 

The metal--ally1 group has become of increasing 
usual intrinsic properties [l, 21 and its importance in 
and catalytic reactions [3, 41. 

Considerable progress has recently been made in 

interest because of its un- 
organic syntheses [ 2, 31 

esperimental aspects of 
metaldlyl chemistry [l-12], but theoretical treatments of the causes of the 
tilting of the n-ally1 group are limited to overlap integral calculations using 
Slater orbitals [13] and qualitative discussions of the bonding in (rr-C,H,PdCI), 
[ 141 and between the n-ally1 group and a metal atom [ 151. Slater orbit&, how- 
ever, have been criticised [16]. 
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Quantum chemical calculations on metalally compounds should lead to 
a better understanding of the compounds. and can illuminate details of metal- 
allyi bonding. Semi-empirwal molecular orbital (MO) calculations on (n-C, Hs )? A4 
and (z-C~H,L~CI)~ (hl = Ni, Pd, Pt) [l’i] and ab initio calculations on (TT-C~H~)~N~ 
[ 18, 191 have been directed principally towards correlation of calculated eigen- 
values with energy levels obtained from photoelectron spectra. Semi-empirical 
MO calculations on (%CH,-n-C,H,), hi [20] (III = Ni, Co, Fe, Cr) rationalise the 
relative stabihty of the Ni compound, and the relatwely high reactwity of 
T-C,H~CO(CO), has been wplamed [ 21]_ The electronic nature of the n-ally1 
group is not certam, but experimental evidence of its electron-donor capacity has 
been obtained from “C NRIR spectra of (n-C,Hj hlX)z (Ll = Pd, Pt; X = Cl, Br, I) 
and other n-allyl-metal compounds 1221, and from the dipole moments of 
sr-C,H,RFe(CO),NO [23] (R = H. 3-CH,, Z-Cl, ZBr). The semi-empu-ical calcula- 
tlonson (r-C,Hj)?Pd [24], (T-C~H~)~~I [li] and (~-C3HjhlCI)~ [li] sho\v the 
dual capacity of the a-ally1 group to donate snd accept electronic chaige, with 
the electron-donor property generally predominating. 

The properties of the n-ally1 and other groups in the compounds ~T-C~H~ - 
Co( CO), and ;r-Cx Hj Ni( z;-Cj H, ) have been studied by self-consistent molecular 
orbital calculations based on the CNDO method. Results of calculations on 
X-C,HjFe(CO)?NO, Co(NO)(CO), , NI(CO), and i7-CjHd RCo(CO), (R = H, l-CHJ, 
2-CHJ, 1 -Cl, 2-Cl) are also presented. 

Method of calculation and jt.mctuA parameters 

A modified version (251 of the CNDO lnethod [26] has been employed. 
The computer input parameters have been dlxussed previously [27]. 

Coordinates of the atc#ms were calculatrd from the structural parameters of 
x-C3HjCO(C0)3 [28], and the structure of E-C3HjNi(rr-CjHS) IVZIS assumed to be 
similar to that of [x-CJH4K~(~-C5Hr.)j2 [ll] but with equal M-C (2.100 A) and 
C-C (1.410 X j bond lengths in the sT-cyclopentadienyl-metal moiety. Dipole 
moment results (231 show that the nltrosyl group is tram to the halogen in 
T-C!, H, RFe(CO), NO (R = Z-Cl, 2-Br) and it is therefore reasonable to assume 
that the nitrosyl group is CM- to the i-r-ally1 group in n_CJHj Fe(CO)? NO, which 
was assumed to have a structure Identical to that of n-C3HjCo(CO)j. Structural 
parameters of Ni(CO), [ 291 were employed. UnknoLvn bond lengths [Co-N(O) = 
1.80 A, N-O = 1.15 A] were estimated from a comparison of known bond lengths 
of similar compounds [30,31]. 

Results and discussion 

n-C,HjCO(CO), has a distorted tetrahedral structure 1321 with OC-M-CO 
angles of ca. 100”. The ir-ally1 group is tllted wth respect to the COG moiety 
[28], and In common with other sT-allyt-metal compounds, has two types of tilt 
angle: the 7 angle, which IS the angle between the plane of the n-aJlyl carbon 
atoms and the plane of the carbonyl carbon atoms, and the c~ angle, which is the 
angle between the plane of the n-aliyl carbon atoms and the plane through the 
metal atom and the terminal carbon atoms of the x-ally1 group (Fig. 1). 
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FIE 1. Llgand dlslnbution 0f ?-CJH jCo(C0)). 

The M-C (r-allyl) bond lengths (which determine the 0 angle) are appros- 
imately equal, with the central carbon atom slightly nearer to the metal atom. 

A. Bonding In the ir-allyI--metal grolcp 
The calculations on K-C, HjCO(CO), and n-C3 Hj Ni(X-Cj Hj ) show that the 

most important n-allyI-metal bonding intercctlon IS that between the M(d,, ) 
orbital and the formally singly occupied molecular orbital, I$? *, which involves 
the p, orbit& of the terminal ctibon atoms. The central carbon atom is involved 
in only the bonding ( I,!I, ) and antibonding ( IJI~ ) orbitals and therefore has a con- 
siderably smaller role than the terminal carbon atoms in the n-allyl-metal bond- 
ing (Table i). 

0) The Q- mgle of tilt. By varying the 7 angle of ~-CJH,CC~(CO)~ from 0” :o 
lo”, 20”, 36”, 60”, while retaining all other features of the n-allyl-metal and 
metal-Wcarbonyl moieties, the hi-C, and hl-C, bond indices*k are observed 
to attain a masimum when 7 = 36” (Table 2), which is the esperimentally ob- 
served angle of tilt. As T increases the hl(d,=)-C, (p, ) bond indes decreases, but 
the Rl(d,, , d,, )-Cl @ ) bond IndIces increase and the latter increases more than 
offset the hl(d,,)--C, @,) decreases escept when 7 = 60” (Table 4). The very large 
decrease in the M(d,,)-C, (p,) bond lndes from 7 = 36” to T = 60” is not sufficient 

TABLE 1 

BOND INDICES OF 843HjCO(CO)3 AND n-C3HSNI(r?X5Hj) 

hl-C!l~~ C,Hj) 0.5-ll8 0.1736 05418 0.1475 0.19fil O.-l475 
C-C 1.4076 1.1076 1.3993 1.3993 
hi-C(O) 0 5268 0.4069 0.5268 
c-o 2.4541 2.4318 2.4541 
hl-C(mC~ Hs 1 0.25-I-l 0.1752 0.254-I 0.2085 0.2085 
C-C 1.3276 1.32i6 1.2098 1.4135 1.1,096 

* Huckel orbdaIs of the i’mllyl group are dcplcled nn ref. 33. 
* * Bond mdex. B_xy. is defined by Lbe equalton Bxy = x x 

AonX AonY I’ occ. 
x 2C,\C,q)2 where C,A 

s the coefhclent of the atomk orbital A of lbe occupied molecular orbital i. 
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TABLE 2 

VARI \TIOSS OF hl-C(n-allvl) BOND INDICES WITH 7 AND 3 IN nC3H5CdCob3 

OF) TC 1 

I05 0 
10 
pL3 
36 
60 

90 
150 

Terminal cxbon aloms WI x:-plane 

90 
105 
150 

hl--cl hi-C, hl--C3 

0.5090 0.1527 0.5090 
0 52-11 0.1588 0.524 1 
0.535-1 0.1686 0.535-l 
0.5-l I8 0.1736 0.5-l 18 
0.5382 0 1848 0.5382 
0 5355 0 “125 0.5358 
0 5311 0.1067 0.5311 

0.529 1 0.2055 0 5291 
0.5295 0.1619 0.5295 
0.5~99 0.1515 0.5299 

Iy compensated by the large increases In the M(d,,, d,,)-C, (py) bond indices. 
The most important influences on the bonding in n-C,H;Co(CO), as 7 increases 
are therefore the increasing participation of the p, orbit& of the terminal carbon 
atoms and the metal dx,, orbrtals. The results of the calculatrons indrcate (Table 4) 
that the r angle of 36” of ii--C,,HjCo(CO), is caused by the increased participation 
of the C, (p,) and Rl(d_) orbitals which offset the diminished participation of 
the C, (p,) orbitals. 

Variation of the r angle OF n-CJH5Ni(~-C5H5) through O”, 18”, 30”, 40” 
(Table 3) yrelds a masimum M-C, bond indes when r = 18”, the esperimentallJ 
observed 7 tilt angle. The hl~d,,) orbltal has an insignificant effect on the 
;7-allyl-metal bonding (Table 5). The increase in the hl(d,,)-C, cp, ) bond index 
from 7 = 0” to r = 18” is greater than the decrease in the hl(d,,)--C, Ip,) bond InL. 
des, but the accelerating del:rease in the M(dx2)+Z, @,) bonding is not matched 
by a similar increase in the M(d,,)-C, @,) bonding over the range r = 18” to 
7- = 10”. 

The results of the calculations therefore show that the 7 tilting of the 
~-ally1 group, like the bendmg of ring substituents out of the rmg plane [34], is 
a consequence, at least in part, of interaction between the metal orbitals and 
part of the o-framework of the ligand. 

(ii) The 0 angle of tilt. The calculated bond indices of nC,HjCo(C0)3 and 
i7-C3H5Ni(n-C5H5) (Table 1) show that the central carbon atom is considerably 
more weakly bonded to the metal atom than the terminal carbon atoms, due 
principally to the non-involvement of the central carbon atom in the I,!I~ mole- 
cular orbital. The hl-CI, bond length, however, is shorter than the M-C, and 
hl-C3 bond lengths. 

TABLE 3 

\‘ARIATIONS OF hl-C(r;-sllvl) BOh’D INDICES WITH T 4NDO IN ~+C~H~NI(~~-C;HS) 

0 (“) 7 to) hl-CI h!-C, hi-C> 

103.16 0 0.4130 0 1877 0 4430 
18 0.-%17-l 0.1961 0 137-1 
30 0.4111 0.2048 0.441 I 
40 0.426-l 0.2098 0.4264 

so 0.4450 0.2607 0.4450 
150 0.4 155 0.1039 0.4 15s 
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TABLE 4 

VARI4TIONS OF hl(d,,. ~,,)--CI(_P~. p,) BOND INDICES WITH T IN n-C3HjCo(CO)3 

T (“) M(d,,)--Cr (P:) M(d,,)-c~cPv) hl(d,,..)--Cj@:) hlW,,.FCI@,a) 

0 0.3103 0.0005 0.004 1 0.0001 
10 0.3362 0 0062 0.0149 0.0010 
20 0 2993 0.0303 0.0337 0.0055 
36 Q.%m9 0.0879 0.0559 0.0319 
60 0.0581 0.1363 0.0156 0.1359 

If the terminal carbon atoms of X-C,H,Co(CO), are in the xz-plane and 
Q = 90”, the M-C2 bond indes is considerably greater than that when Q = 105”. 
whereas the M-C, bond indes decreases (Table 2). If the terminal carbon 
atoms are fixed in thetr known positions and Q is varied through 105“ and 150’ 
the M-C2 bond indes decreases, whereas the M-C, bond indes is at a masimum 
when @ = 105”. The e?rperimental values of Q in n*C,HjCo(CO)3 and n-C3Hj - 
Ni(n-CsH,) are 105” and 103.16”, respectively. When the M--C2 bond index is 
relatively high and the M-C, bond indes relatively low an imbalance is created 
in the contributions of the central and terminal carbon atoms to the bonding 
orbital, $, _ The C, and C? contributions to the bonding of the $, orbital to 
the metal atom depend on the magnitude of the Q angle. When the Q angle is such 
that Cz contributes more to the bonding of the $, orbital to the metal atom than 
C, by a factor of ca. J/2, then I!/, --M bonding ie balanced and @ is ca. 105” for 
both compounds. The Q angle of 105” can readily be shown to give an M-C: 
bond length of ca. 2.0 A given the M-C:, (2.10 4 ) and C-C (1.41 A ) bond lengths 
and the C-C-C (120’ ) bond angle. 

B. Effects of the x-ally1 group 
The effects of the n-ally! group on other groups bonded to the metal atom 

are caused by the electronic nature, the tilting, and in some cases 17, 81, the steric 
effect of the ~-ally1 goup. 

(i) Asymmetric bonding. The bond indices of the M-C(O) groups of 
n-CJH=,Co(CO), are given in Table 6. The carbonyl group cis to the r-ally1 group 

(Fig. 1) is more weakly bonded to the metal atom than the tram carbonyl groups 
because of two possible factors: the electronic nature and the tilt (or position) 
of the n-ally1 group. 

The n-ally1 group causes the same CO group to be more weakly bonded to 
the metal atom in the r-angle range 0” to 60” (Table 6). When 7 = 0’ the n-ally1 
group is trans to the labile CO group (Fig. 2). The cause of the lability of the 

TABLE 5 

VARIATIONS OF hT(d,;. d~,bC!~@~m P,) BOND INDICES WITH T IN n-C3HsNI(n_CjHs) 

7 (“) Wd,, FCIcp=) ~l(d,,)--CI @,) hltd,,. kCl<P,) hlw,ywl tD,,b 
._ 

0 0.2154 0.0002 0.0073 0 
I8 0.211-l 0.0162 0.0000 0 
30 0.1742 0.0016 0.0035 a.0009 
40 0.1302 0.0692 0.0087 n t-mar; 
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TtBLE 6 

VARl4TIONS OF hi--C(O) BOND IYDICES KITH 7 IN ZCJHjCO(C0)3 

: P) !u-cI (0) M-c?(O) hl-c3(0) 

0 0.5175 0.3668 0 517s 
10 0.5184 0 3592 0.5184 
20 0.5210 0.1355 0 5910 
36 0.5768 0.4069 0.5368 
60 0.5397 0.3619 0.5397 

gmg; I nca I 

OC-MlcO = 103’ 
0 5363 0 3719 0.5363 

r = 36” 

unrque carbonyl group is cha? electron donation by the IJJ? orbltal to the metal 
d, orbrtal which has the most srgniflcant influence (of the d orbitals) on the 
bonding of the trans-CO groups, but is almost uninvolved m the bonding of the 
CS.CO group. Even when the i;--allyI group is tram to the unique CO group 
(7 = 0”) there is substantial donation by the $2 orbital to the hl(d,,) orbital 
ald consequently to the two remamlng Al-C(O) groups. The primary cause of 
the weak bondlnq of one CO group is therefore the electronic nature of the 
n-ally1 group. 

The effect of the tilting of the n-ally1 group on the asymmetn of the 
hl(C0)3 bonding can be measured by the variations rn bond Indices with the 7 

angle of trlt (Table 6). The asymmetq of the hI(CO), group increases wth In- 
creasing 7, the cis-M-C(O) bond becomin g weaker and the tram-hi-C(O) bonds 
becoming stronger. The asymmetry of the hI(C!O), group, caused primarily bj 
the eiectronlc effect of the F alIyl group, is approximately doubled by the 
36” 7 angle of tilt of the XT-allyi group in ~.C~HjCO(C0)3. 

.4symmetric bonding has been observed tn the F-cyclopentadienyl g-roup of 
[;r-C,H,Ni(ir-C,H5)]2 [ll] in which the ii-cyclopentadienyi group has a 
x-alfyl.type groupmg and a C-C! bond which has more double bond character 
than the other C-C bonds in the moiety. The calculations on n-C, Hj Ni(n-C5 H5 ), 
wth equal C-C bond lengths in the n.CjHj moiety, show that the M-C and 
C--C bond indices are not equal (Table 7), primarily because of the asymmetry 
of the electronic field of the metal atom caused by the donation of the x-ally1 
C@,) orbltals to the metal d,, orbital, and because of the geometrical distribution 
of the carbon atoms of the z-cyclopentadienyl group. The contribution to the 
asymmetric Ni-(7i-C5 Hj ) bonding of the 18” tilting of the n-C3HS group is 

(A) (81 

Fig. 2. Dlslnbutmn of the ~-C3Hj_CO group when T = 36* (A) and I = O” (B). 
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approulmately equal to that due solely to the electronic effect of the 7r-ally1 
group- 

(ii) Reacflolt’ of T~-C,H~CO(CO)~. n-C,H,CO(CO)~ reacts rapidly with 
P(ChHs)3 in a reaction which is first-order in concentration of substrate and 
zero-order in concentratron of ligand when the llgand concentration is greater 
than 0.06 AI [35], and the kinetic data Indicate that the reaction is dissociative. 
The reaction of ~T-C!~H~ Fe( CO), NO with P(C, Hj )3 is first-order in concentration 
of substrate and first-order in concentition of ligand [36], mdicating an as- 
sociative reaction mechantsm, and the reaction is considerably siower than that 
of ii-C,HjCo(CO), (Table 8). The results suggest that n-C,HjCo(CO), reacts 
by breakage of a RI-C(O) bond in the rate-determining step, whereas the reac- 
tlon of n-C,Hj Fe(CO)?NO is bimolecular and does not proceed initially by 
bond breakage. Co(NO)(CO), reacts with P(C,Hj), with predominantly second- 
order kinetics and a smaJJ fnst-order contnbution [37, 381, while Ni(CO), 
reacts by dissociation [39]. h!etaJ carbonyl compounds can be predisposed to 
first-order kinetics by the lablllty of one or more hi-C(O) bonds, while relatwelJ 
strong hi-C(O) bonds can be expected to be conducive to non-dissociative 
reactron paths. 

The Infrared carbon> 1 stretching frequencies [v(CO)J of the senes 5r-CJHF - 
CotCO), I n_CjH, Fe(CO), NO, Co( NO)(CO), and Ni(CO), are shown in Table 8. 
i;--C,HjCo(CO), occupies an apparently anomalous posItIon among the Cotton- 
Kraihanzel [40] carbonyl force constants [/<(CO)], because k(C0) of IT-C,H~- 
Co(CO), emplncally suggesks that the hl-C(0) bonds are relatweiy strong. 

The calculated iU-C(O I bond indices for the series of compounds are 
shown in Table 9. The averal:e hi-CO bond order of n-C3 H;Co(CO), is con- 
sldernbly lower than those of Z-CJHj Fe(CO), NO and Co(NO)(CO), but is nearly 
equal to that of NIP, a.113 a carbonyl ligand should most easily dissociate 
from 5;-CjHgC~(CO)J and Ni(CO)4. The resulx therefore lndlcate that the 
anomalously high reactivrty of n-C,HjCO(CO)I is caused by the combined 
electronic effect and tiltrng of the z-alJyJ group. 

(ril) Reactlmty of 7;-C,F!I,RCo(CO), (R = H, I-CH,, I-CL, %C!H,, Z-C!!) The 
relative rates of reactions of the compounds ;T-C,H~RCO(CO)~ (R = H, l-CH,, 
l-Cl. 2-CH1, 2-Cl) wth P(C,HS )3 are in order l-Cl < l-CH, < H < 2-CH, < 2-Cl 
(35 ] , whereas the compounds ii- C,H,RFe(CO),NO react with the relative rates 
I-CH,, 2-CH, < H .: l-Cl, 2-Cl [41], and the hi-C(O) groups tram to the 
x-aJlyl Iigand in the Iron compound therefore experience the normal substituent 
effects. The essential difference between the two sets of compounds is the occu- 
patron of the NO site In one compound by a labile CO group in the other. The 
unusual kmetic substituent effects in the cobalt compounds must therefore be 

TABLE 9 

M-C(O) AND C-O BOND INDICES OF a-C3.H5Co(CO)3. n-C3HjFe(CO),h’G. Co(NO)<CO)3 sND 

hl(CO)l 

Compound hl-C(O)(a\e.) c-o (are.) 

n-CjH5Co(CO)J O.-l868 1.4.!67 
n-C3HjFe(CO)?NO 0.5689 2.4375 
co~so)Ico)~ 0 5473 2 -1967 
NI(CO)J 0.4810 2.5210 
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TABLE 10 

‘l-C(D) AIVD C-O BOND INDICES OF z:-C~H~RC~(CO)~ (R = H. l-CH3. I_c]. 2-CHx. 2.~1) 

R hl-C(O) C-O 

H 0.5368 0 4069 0 52.68 l.-l54l 3.4318 3.4541 
I-CH3 0.5072 0.4068 0.5079 5.4499 2.4253 1.4 500 
I-Cl 0.4987 O.-l101 0.5294 2.4579 2.4409 2 4604 
2-CH 3 0.5268 0 4020 0 5268 2..i52-l 2.4192 2.4524 
24 0.5279 0.4014 0.527s 2.4628 2.-l3Y2 2.4628 

caused by the substltuent effects on the unique, labile M-C(O) group. Calcula- 
tions on ~T-C~H~RCO(CO), (R = H, l-CH3, l-Cl, 2-CH3, 2-C]) show that the 
unique M-C(O) bond Indices correlate with the klnetlc rate constants, although 
the normal substituent effects are reflected in the other hi-C(O) bond indices 
(Table 10). 
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