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18-Electron Rule: Myth or Reality ?
An NBO Perspective
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Interaction Experiment/Theory

Experimental Chemists have Questions
@ Where are the Nucleophilic and Electrophilic Sites in a
Molecule ?
How Strong are the Bonds within a Molecule ?
What is the Nature of the Bonds between the Atoms ?
Why is this Molecule more Stable than this Other 7

How can we Describe the Interaction between two Reacting
Molecules ?

They use Concepts to Rationalize the Results

Lewis structure, Resonance, Hyperconjugation

Electonegativity, Hybridation



Computational Chemistry
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STRUCTURE, PROPERTIES, REACTIVITY



Complex with octahedral geometry
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3 non bonding orbitals :
up to 6 d electrons
possible.

°
I
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18 electrons rule!




Complex with square planar geometry

SR

3 non bonding orbitals :
up to 6 electrons possible.

1 quasi non bonding
orbital :

up to 2 electrons possible.

stable with 16 electrons!



Natural Bonding Orbitals: Concept

Use Information in Wavefunction to Build a Lewis Structure

@ Electronic Configuration for the Atoms in the Molecule :
Natural Atomic Orbitals (NAO)

@ Mixing of Natural Atomic Orbitals to Build Hybrids :
Natural Hybrid Orbitals (NHO)

@ Covalent Bond as Overlap between Hybrids :
Natural Bond Orbitals (NBO)

@ Departure From Stricktly Localized Lewis Structure :

Natural Localized Molecular Orbitals (NLMO)
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NBO Procedure: Summary

MO AO PNAO

INTRA-ATOMIC DIAGONALIZATION
WITHIN EACH SUBSHELL

OCCUPANCY WEIGHTED

ORTHOGONALIZATION

CR BP/LP BD* RY CR VAL RY
[ — [ —] ——> NATURAL
CHARGES

NLMO NBO NAO
2ND ORDER PERTURBATION
BUILDING HYBRIDS
T CEC TN ON ATOMS TO CANCEL

INTERACTIONS TO CANCEL

OFF-DIAGONAL RED TERMS OFF-DIAGONAL BLUE TERMS



Description of an NBO

The Overlap between two Hybrids to Create a Bonding Orbital
Automatically Generates an Antibonding Orbital.

T

o = 0.5808h¢ + 0.8140ho

gco



Hyperconjugation Interactions

The Empty AntiBonds can Accept Electron Density from the
Occupied Bonds : Departure from Lewis Structure

och Overlap : 0.2126
H) e o
Resonance Forms : \Cg@ - = c=o
H/ H/ —

How Stabilizing is this Resonance ?



Donor-Acceptor Interactions

The Departure from the Lewis Structure is Due to Donor-Acceptor
Electron Transfers between Occupied and Vacant NBOs.

2"d Order Perturbation Theory

2
ol F|o*
NE_ ol Flr)
o* Eox — &g
LPo — o0&y = 20.1 keal mol ™!
The Perturbed NBO Gives Access to
AE o Natural Localized Molecular Orbitals
which Are Occupied stricktly by 2 Elec-
trons

oc=0+Xo"
LPo = 0.9706LP, + 0.16310%,, + 0.16310%,



~ MO vs. NLMO

MO NLMO




NBO and Transition Metal Complexes

Group 3-12 binary oxides, chlorides and alkyl compounds that are
avalaible most cheaply and in largest quantities follow a simple
relation.

\GM—6\+nXVX+eu:6

Gy @ Group Number of the Metal
nx :  Number of X Ligands
Vx @ Valency of the X Ligand

ey : Number of Unpaired Electron

3 4 5 6 8 9 10
chlorides  ScClz  TiCls  NbCls  WCls RuCls RhCl3 PdCly
oxides Scy03 TiO» Nb,Os WO3 RuO» Rhy03 PdO

alkyls ZrMes NbMes WMes Ru(Mes)s  Rh(Mes)s



Dodectet Rule

Each bond linkage to a monovalent ligand X is associated with a
shared pair of electrons :
€bp = 2nX VX

Each bond linkage to a Lewis base L is associated with a dative
pair of electrons :
€dp = 2I7L

For a closed shell compound with Gy, > 6, the empirical rule gives :
Gy — nxVx + €bp +2n; =12
with the non-bonded lone pair electrons
ep = Gy — nx Vi

The dodectet rule holds : e, + e + eqp = 12



Case Study : WH,(CO),

In each case, NBO gives a Lewis

rule.

co
Hooll oH

W
H/_\H

ebp=8
e|p=G|\/|-4=2
edp=2

structure that obeys the dodectet

H

| /0N

AN W

W ~=\'CO
HT S ol 00
ebp=4 ebp=0
e|p=GM-2=4 e|p=GM-O=6
edp=4 edp=6

Only one s and five d orbitals are necessary to build the
hybrids on the metal able to accomodate 6 pairs of electrons.



sd Hybridation

Geometry Dictated by Hybridation between s and d Orbitals

o obtuse

Qaccute Qlobtuse

sd 90.0 90.0
sd? 90.0 90.0
sd3 70.53  109.47
sd*  65.91  114.09
sd® 63.43  116.57
sd® 5891  121.09
d 54.74  125.26

o, acute

ZH - W — H =62.4° 67.0° 114.6°

Cgv C5v
0.0 +0.2 +9.7 +17.4



Influence of a m-Accepting Ligand

The m-back-donation from a lone pair on the metal to a
m-accepting orbital on the ligand induces changes in the preferred
geometries.

soe W A

%%T
%&«@/&\@\



WH,CO

sd* Hybridation
65.9° and 114.1°

i i i !
Hood o N HigN Hoo S N HAIS
W=C=0 W-—C=o0l W=C=0 "W—C=0
AN 4 AN e 4 7 4
H H H* Ho e

%NRT 37.9 37.0 6.2 5.9



W(CO)3 and W(CO)

: Three Lone Pairs Involved in Back-Bonding

an @

W(CO)g is Hypervalent (18-e) with 3-Centers 4-Electrons Bonds
o (W-Q)

NBO -0.527 -0.178 -0.204
NLMO -0.638 -0.272 -0.600



w-Bonds

The vast majority of transition metal complexes are either
octahedral or square planar with 18- or 16-electrons, respectively.
The mechanism to override the 12-electron rule and to add extra
ligands involves a particular type of bonding, the 3c-4e w-bond
introduce by Pimentel to describe bonding in hypervalent main
group compounds.

(M-L
= = T e
eOCe 80 —r%- LP(L")
[ X . :

S(M-L) T e



Kubas' Complex

The first dihydrogen complex
W(CO)3(PR3)2(Hz) is a typical
octahedral complex following the
18-electron rule.

sd? Hybridation :

The Lewis structure proposed by
NBO contains a W(CO)2(PR3)
12-electron fragment and three
entities (CO, PR3, Ho) in
interaction through 3-center
4-electron w-bonds to reach an
18-electron configuration.

PR3
| Y,

oc—/w |

od- "
PR3

three M-L bonds at 90°.



Analyzing Electron Transfer Upon Coordination

The composition of the NLMO allows to estimate the strength of
o-donation from the ligands.

Faat

§(Hy) = 0.920(H,) + 0.370*(WC)
LP(P) = 0.86LP(P) + 0.465* (WP)
LP(C) =0.87LP(C) + 0.460*(WC)



Analyzing Electron Transfer Upon Coordination

The composition of the NLMO allows to estimate the strength of
m-back-donation from the metal.

4

I

X
J

Jd

Jd

LP(W) = 0.90LP(W) + 0.37*(CO) + 0.20*(H,)
LP(W) = 0.87LP(W) + 0.37*(CO) + 0.37"*(CO)
LP(W) = 0.85LP(W) + 0.327*(CO) + 0.28(x"*(CO) + =" *(CO))



Analyzing Trans Influence

The composition of the &(Hz) and LP(W) NLMOs allows to
estimate the strength of o-donation and w-back-donation.

CO H-H=0853A
&(Ha) = 0.920(H,) + 0.370*(WC)

[P(W) = 0.90LP(W) + 0.37*(CO) + 0.20* (H>)

PH
| co NHC H-H — 0.930 A
L—W=-Hp 5(Hp) = 0.8950(Hy) + 0.4180™ (WC)
oC I:DH LP(W) = 0.86LP(W) + 0.187*(CN) + 0.280*(H,)
3

PH; H-H =0.943 A
&(H>) = 0.8860(H,) + 0.4320*(WC)

LP(W) = 0.91LP(W) + 0.290* (H,)

Observed H-H bond distance results from both o-donation
and m-back-donation.



Guidelines

@ In general, an octahedral MLg d® complex will have a
structure where the strong o-donors are creating a C3, like
ML3 12-electron fragment with mutual 90° angles.

@ The three remaining ligands are engaged in non-symmetric
w-bonds and the composition of the NLMOs gives access to
the extent of charge transfers from the ligand to the metal
and from the metal to the ligand.

@ The best situation for the structure is obtained when the
weakest ligand is trans to the strongest one.

@ The same situation holds for ML, d® complexes with a
Cy,-like 12-electron building block.
@ Again the same pattern is valid for ML, d*°

12-electron M-L unit as the Lewis structure.

systems with a



Hydrogenation and Wilkinson's Catalyst

Many catalytic cycles are drawn with particular emphasis on the
number of electrons but not on the relative positions of the various
ligands with different stereoelectronic properties.

I “\PF'hg

PhsP —Rk
PhgF

lée

PPh3
CsHg

PhaF‘m.

| PhsPre,,. |HI
PhaPr,, AT Phap,-|

Phor T |

u o 16e”
Cl
16 Phgpm,_R|hI.1?.\mH
PhP™ |"""-. ‘ /

Cl
18e

Catalytic hyydrogenation of propyle ne



Phosphine Dissociation

Wilkinson's catalyst is hypervalent with 16-electron and upon
phosphine dissociation another hypervalent complex is formed
(14-electron).

PR3 PR3

PRs + RgP—Rh---CI <= RsP—Rh---Cl == PRy + Rh—Cl
bRy R, bRy
12.7 0.0 25.9

The MLz intermediate has a T-geometry and not a Y-shape.

The phosphine engaged in an w-bond dissociates.



Dihydrogen Activation

The vacant site trans to P does not allow too strong ethylene
coordination and affords an easy pathway for H, oxidative addition.

CoHa
R3P—RT——-CI 3.9
/ PRS H2 H
: 13.3
R3P—R|h‘"C| — RsP—Rh---Cl —— RSP;RIh___C|

H PR

PR; ta, s

12.7 10.3 10.2

The MLs intermediate is not a trigonal bipyramid.

The oxidative addition is easy because the nature of the M-P
bond trans to H can change smoothly.



Olefin Insertion

H cl

CoH
o 6.3 H\CH2 |2 °
Rgp;ah-——ogm = RaP/th CH2 RsP—Rh---Cl
H FI’R3 H PRS H FI’Rg
6.6 0.4 5.8
U H 24.0
Ho
H H H/C\
/CeHa 181 L CHe
RgP;RIh—--CI — R3P7Rh’——-CI =—> RsP—Rh---Cl
H ﬁR(} H #’R3 H PR3
10.2 8.9 17.2

The catalyst needs to adapt the relative position of the ligands to
open a low energy pathway.

Best to avoid situations with two strong donor ligands mutually trans.



Overall Catalytic Cycle

o
=)
T

Reductive Elimination

-
o

o

H, Oxidative Addition Olefin Insertion

Gibbs Free Energy (kcal mol‘1)
3
T

-20

The easiest pathway preserves a situation where the three
strongest ligands in each steps are creating a pseudo Cs, MLj
fragment with the three remaining ligands engaged in w-bonds.



Mural's Reaction

Selective C—C coupling in ortho of the carbonyl group.
Ru(H2)2(H)2(PR3)2 allows to work in mild conditions, contrary to
the catalyst developped by Murai, Ru(CO)(H)2(PPh3)s.

R R

@O RuHz(Hz)2(PR3)2 Cég
+ = _—
H R r.t. R

Substituting the carbonyl with pyridine impedes the C-C coupling
but leads to the characterization of the C—H activation product.

=

NS

N, RuHa(Ho)2(PRa)2
H




Ortho C-H activation with chelation

Formation of the agostic interaction more difficult than actual C—-H
cleavage.

0-CAM mechanism preserves the optimal relative position of
the ligands



Ethylene Insertion into Ru-H or Ru-C ?

Ethylene Coordination
trans to ring

Ethylene Coordination
cis to ring

Insertion Ru-H




Ethylene Insertion

Coordination cis to aromatic ring is mandatory to achieve low
barrier for insertion into Ru-H.

Insertion is associated with H transfer from Hs to H.

Here again the typical ML3 fragment of strong donors is maintained.



C-C Coupling

Isomerization to cis phosphines is necessary to achieve a geometry

adapted to C-C coupling.

i
Aﬁ/t ~

N
[CaN j, ]
i
—_— ™
5.2

H-H cleavage is necessary to keep the cis phosphine complex

at low energy



Catalytic Cycle

decoordination O=C
coordination CHp=CH,

oxidative cleavage of C-H
reductive coupling of H-H insertion of CH,=CH,

into Ru-H

1.-H,
o
H W \H 2.+
AUy
H N
H 3.-H,

product release

isomerization to cis P
oxidative cleavage of H-H

coordination of 0=C
reductive coupling of C-C



Conclusions

@ Transition metals use essentially s and d orbitals to create
bonds with the ligands: sd” hybridation

@ A stable configuration is reached when 6 pairs of electrons
surround the metal: dodectet rule

@ Hypervalency is easily obtained through donation from a lone
pair into a M-X antibond: w-bond.

@ 18-electron or 16-electron complexes are hypervalent and the
relative positions of the strong donor ligands follow the
dodectet rule : sd’ or sd hybridation.

@ Dodectet rule also explains the mutual position of the ligands
along a catalytic cycle.



