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The Separation of Sigma and Pi Bondiﬁg
Parameters for Ligands in Compounds of the

Type LMn(CO)s and LMo(CO)s

The nature of the bonding between low—oéidatién state‘trénsition
ﬁetal atoms and:liganés such as phosphines, olefins, carbon monoxiﬁe,’etc.
remains contrqversial.2 Ih the case of.phosphines, for examplé, the-metal—
pﬁosphorus bonds have been characterizedvas‘princibally o 5oﬁds3—5 or .as
:synergic combinations of ¢ and ﬂ‘bonds.6_9 "In compounds such as LX&(CO)y,
the effects of changing the group L on the C-0 stretching force constants

" have been explained entirély in terms of w bonding,lo’11

12,13

entirely in terms

or in terms of both ¢ and T bo11d:ing.14_17 Grahaml7 has

6f o bonding,
”attempted to establish the relative o and T accéptor abilities of various
~ligands in tﬁe.coﬁpounds 1M(CO)s, where M =.Mn and Mo, by an ‘ingenious
analysis of the C-0 force constan#s,of the cis and trans CO groups. He
»éssumed a commohly accepted model, that'is, ﬁhat replacement of L by a
more O-withdrawing group causes the pésitive'charée on the metal atom to

- increase and consequently causes the metal dm orbitais to>éontract and the
backbonding to the CO groups to decrease. The effect on backbonding of
this change in the metal atom charge ﬁas assumed to be isotropic; that is,
the cis CO groups were assumed to be affected the same as the trans CO
group. The model also involved the assumption that replacement of L by a
more T-withdrawing ligand causes a shift of eléctron density from the ﬂ*

CO orbitals through the metal dm orbitals to the new ligand. The fféns

€O group shares two dm orbitals with L, whereas eaéh cis CO group shares



only one dr orbital with L. Hence it was assumed that the effect of the
change in the T~acceptor character of L on the trans CO group is twice as
~great as that on the cis CO group. On.the baéis of ﬁhis model, Cfgham:
postulated that the changes in the 0~ and T-acceptor abilities of a ligand,i
Ao and Am, are related to the C-0 force constant changes, Ak.ig and Akiyangs

by the following equations
Akeig = Ao + Anm C : o .“ 49
Mkepans = A0 + 24w - )

The G and W parameters calculated from force constant dafa using tﬁese
,reiations can be rationglized with ordinary.chémiéal»e%perience only to a
limited extent. Some of the trends and relativé’values are quite unreason-
able. For example, the T value for (CH3)3Sn is mﬁch greater than that fo;
ClgSn, ﬁhéreas both theoretiéal considerationsvand structural data suggest
. that.the ClzSn group.is a better ﬂ—acceptor than the (CH3)3Sn group;18

The T value for CF3; is considerably lower than that for H, impl&ing that
CF3 is a w-donor, whereaé'structural19 and spectroscqpiczo data suggest
that it may be a w-acceptor. The 0 values for CO and PFg are similar fo
those for basic_amines such as cyclohexylamine and pipefidiﬁe, whereas

the former compounds are generally classified as very weak bases.’ These:
and other irrational features of the ¢ and T values should not be taken

as evidence against the idea of the separability of 0~ and w—acceptor
abilities of ligands; we believe that the irrétional featuresAarg due to a
pobr choice of equations relating ¢ and 7 to Rcis'and Ktrans (equétions 1

and 2). Let us reconsider the derivation of these relations.



.First, consider the effects of incfeaéing the thithdrawing strength
of L. The backbonding to all the CO groups should tend to.decrease, for
the reason that we have already discussed. However, in the case of the
trans CO group, this tendency is opposed by a rehybridization of_thé
ﬁetal's bonding orbitals. When L is_made more electronegative,Athe hybrid
metal orbital-directéd towaid L,shouldvincrease in p character and decrease
in s character. Because the p orbital involved is,shafed(oﬁly with the
tfans CO group, the hybrid orbital directed towara the trans CO group
should decrease in p character and increase in s character. vConsequently,
to achieve maximum orbital overlap, the 0 donor orbital of the.trans COi
is expected to increase in s character, and the orbitals invblﬁed in ﬁheb

C-0 0 bond are expected to decrease in s character.3’21’22

The resulting
- weakening of the C-0 ¢ bond fends to cancel the_strengthening.of the C-0
ﬂ>bond associated with the decrease iﬁ backbdﬁding. Conseqﬁenﬁly back~
 bonding to the.trans CO group is determined mainly by the ﬂ—acceptof or
U—donor ability of L. |

Second, consider the effects of changing L on the m-bonding in tﬁe
coﬁplex. The argument that the change in backbonding to the tréns co
~ group should be about twice as great as that to a cis CO.group does not
' take account of the fact that the two.lobesvof a métal dm orbitél'which
overlap with a T orbital on L also overlap with the n* orbitals_of cis CO
gfoups.~ That is, even a relatively'weak ﬂ—acceptor.orbital oﬁ L can share

* . , ,
some electron density with a m orbital on a cis CO group, as crudely shown

by the following MO representation.



" Similarly, a m-donor L can cause a shift of electron density from a cis CO

to the metal dm orbital.

The effect of these three-center interactions is to cancei part of the
T-withdrawing or ﬂ—donating‘chéracter of L with respect to thé cis CO groups;
that is, electron withdrawal from the ﬂ* orbital of a cis CO to a ﬂ—accepfor .
L is reduced, and shift of electron density to'the_w*vprbital of a cis CO
from a m-donor L is reduced. Consequently batkbonding to the cis CO groups
is determined principally by the O-acceptor ability of L.

If the cancellations were complete, we could equate Aktrans té-ﬁvand'.

Ok.4g to 0. Indeed, this procedure yields ¢ and m pa:ameteré which are



more reasonable than those of Graham. However by trial we have found that
the following relations give parameters (designated ¢' and 7' to distinguish
them from Graham's ¢ and 7) which are even in closer accord with chemical

.

intuition.
Akois = Ao+ AT'/2
Aktrans = AO'/3 -+ 2 A’ﬂ"

The calculated values of 0' and T' are given in Tables I and II. Notice
that the previously mentioned irrational features of the O and ﬂ'valueé
have disappeared. It is significant that the 7' values for CF3, (CHg)gSﬁ
and H are practicélly identical, whereas the o' Qalués ére quite different
" and have relative magnitudes consistent with the electronegétivities of
these groups. This result méy be interpreted as evidence that the different
behavior of these three groups in coordination compounds muét Be ascribed
to differences-in the G.bonding of the groups. The pr0pertieslg’20 which
have been ascribed to metal-CF3 7 Bonding may simply be due to rehybridiza-
tion of the carbon‘orbitals, i.e. increased s character in the bond to the
metal énd increased p character in the bond to the fluoriﬁe atoms. The

m' value for CH; is comparable to that for the halogens, indicatiﬁglthat

this group can act as a m-donor, as shown by the resonance structures

H _ H.

d -
M—C—H -~ :::c/ H
H . \H

It is satisfying that, in Table II, the lowest @' values are those of organic

'phosphines, phosphites, and amines, all of which are recognized as strong



o

0 donors. The highest @' and m' values are those of PF3 and CO, acknowledgc
to be véry weak O-donors and very strong T-acceptors.

The use of cis and trans C-0 stretching force constants to quantify
the ¢ and 7 bonding characteristics of ligands seems to be a valid method.
Probably other physical measurements (or combinations of these measurements)
such as NMR,B.’23 MEssbauer,spectroscopy,24 UPS,ZS—28 aﬁd XPS,29’30 and

C-0 stretching infrared band intensities,16 can be used for the same

purpose.
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Table I.

' o' and 7' Parameters from IMn (CO0)s Complexes

L S o' o
(CsHs ) 3Sn | 0.08 | 0.37
C1a5i N 0.24° . 0.35
1,80 | o 0.44 0.35
Br3Sn - 0.37 - 0.34
CliGe ' . 0.51 | 0.33
(CH3),C1Sn ~0.32 0,27
- (CH3)2ISn -0.34 0.26
CeHs (CoF5)25n | ~0.04 0.26
(CsHs)2CeFsSn . -0.22 0.26
(CH3S) 38n : -0.08 ' 0.25
(CeHs)2C1Sn o -0.10 ' 0.25
CsHsC1,5n SR 0.17 . 0.25
CFsCO : 0.41 . 0.22
CH3C1,5n 0.20 | 0.22
(CeHsS)3Sn | 0.06 021
CH3C1281 04 0.20
CFs | . 0.60 0.17
(CeHs) 3Pb - -0.36 . 0.16
© (CeHs) 351 | -0.32 o 0.16
(CH3) 350 | . -0.56 0.16
(CeHs)3sSn -0.36 0.16
H ' - 0.05 ‘ 0.15
(CeHs) 3Ge 7 s0.26 0.14
HCF2 CF> - 0.62 | 0.13 -
CsFs 0.60 - 0.09
CeHs | 0.18  0.04
I 0.62 0.02
CH3 (ref) 0 o
Br - 0.83 -0.03

Cl 0.98 -0.06
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Table II. -

o' and 7' Parameters from LMo(CO)s Complexes

L : I & ' R

PF, 0.49 ' 0.69
co : 4 , 0.49 ~  0.65
PC13 | 0.43 - 0.61
P(OCHs)3 0.03 0.40
P(OCgHs) 3 : 0.21 . 0.39
P (0C,Hs) 3 | o -0.02 0.36
Sb(CeHs) 5 Co0.02 0 0.29
P(n~CyHg) 3 -0.18 | 0.26
As(CeHs)s . 0.06 0.20
P(CeHs) 3 D 0.03 0.19

© S(CyHs) | 10.06 012
pfridine . o _.. 0.04 - . 0.01

- ¢yclohexylamine | 0 ' o -0 ‘
piperidine . 0.04 - -0.01
CHsCN = 0.28 - -0.01
(i-C3Hy) 20 o - 0.25 - -0.26
CH3HNCHO | 0.26 -0.50

 (CH3) 2NCHO | 0.18 - | ~0.61
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