8 6 The polyatomic molecules (B)

6.1 Electron-deficient multi-center bonds

6.1.1 Boranes and their relatives

threecenter twoelectronB-H -B bond:
B:sp® hybridization,H :1s orbital

¥ =CWe + Gy +C e,
itsseqular equationis:

(bonding )
(anti - bonding )
(anti - bonding )

1
¥V, :E(Wsl_‘//sz)

B: 3 valence electrons forms 2

B-H bond 1
Vs :E(WBl_\/EWH +g,)




Three center two electron B-H-B bond:

4 2

solve seqular equation
E,=E;+20
E,=E;=E;-f

w1=%(l//a+wb+wa)
3

3center-2electron bonds




Chemical bonds in Boranes

(a) Single bond B-H

(b) 3center-2electron bonds FEms?

,a
v 3

(c) Other polycenter-polyelectron bond

Electron-deficient multi-center bonds

6.1.2 For B_H_, ’'s open structure (including to nido and arachno)

n- ‘n+tm

n equals to number of B-H bonds

Its stationary condition: | x = m-s
t=n-s
y = (2s-m)/2

p sets of styx = p isomers

The topological structure of BgH,, (3 isomers)

B H.., (William
Lipscomb) Nobel
prize,1976

(4220)




Structure of Boranes

6.1.3 For Borohydride ions B H #’s closo structure and
carboranes C B, H

n=n"' '"n+n’+m

B,H,%(closo)

B,H,?( tetrahedral)
BsHg? (octahedral)
BgHg?(dodecahedral)

B,,H,,2(icosahedral) 1 /§ 2
Nz o (A

BsHe (04)

2~ - -
E! H’ (CZDJ BIGHEO wld'j B”HE, IC}J Buﬂfgl U“




polyhedra with n vertices

v

trigonal bipyramid octahedron pentagonal bipyramid

S &

dodecahedron tricapped trigonal prism
N=8 N=9 bicapped square
antiprism
N=10

icosahedron
N=12

octadecahedron
N =11

“Closo” series -formula B H,

Total valence electrons (CVE) = 3n (from B) +n (from H)
+2 (negative charge) = 4n+2

» Each BH unit uses 2 electrons. Hence skeletal or
framework electrons (NFE=4n+2-2n=2n+2)

» Thereislittle tendency to add H+ and form neutral species.
The closo species are, in effect, the anions of quite strong
acids.

 Structures are those of the appropriate polyhedrawith n
vertices.




_ _ Wade’s rules
MOsin “closo” series

radial tangential
1 bonding n bonding
n-1 antibonding n antibonding

n+1 bonding and nonbonding MOs
2n-1 antibonding

Notes: B-H o orbital and its electrons
are not taken into account

Structure of Carboranes

3 isomers of C,B,,H,, (with hydrogen omitted)




“Nido” series — formula B, H .4

*Total valence electrons(VEC) = 3n (B) +

n(H) + 4 (extra H and/or negative charges)
=4n +4 Number of skeletal electrons
to make the structure stable:

*Framework electrons (NFE) =2n+4 (n+2
pairS). 2n+2 where n = the

number of surface

*The structure of the “nido” compound is 2}3:::{,%:”:‘5‘“‘*
based on the “closo” polyhedron with one
more vertex than the “nido” compound. Y\ missing surtace

atom on cluster
2n+4 Now N = n+l(so
the number of elec-
trons = 2n'+2 where
n' = n+l)

“Arachno” series — formula B, H .

*Total valence electrons(VEC) = 4n +6

*Framework electrons (NFE) =2n+4 (n+2
palrS). 2n+6 Now N = n+2 (so Araching
the number of elec-

*The structure of the “nido” compound is s B L3
based on the “closo” polyhedron with two whwere n" = n+2)

more vertex than the “nido” compound. _

6.1.4 other deficient electron compounds

Borongroup B, Al. Ga. In, TI

Gaseity: monomer

Solid state: polymer




Alkali metals and alkali earth metals
[Li(CH,)],

H3 H3 Hs
\/\/\/\/
/\/\/\/\

trimer polymer

6.2 Chemical bonds in the coordination compounds




Coordination compounds

compounds composed of a metal atom or ion and one or
more ligands.

— Ligands usually donate electrons to the metal
— Includes organometallic compounds

New theories arose to describe bonding.

—Valence bond, crystal field, and ligand field.

ethylenediaminetetraacetate (EDTA%)
(hexadentate)

CoEDTA"




6.2.1 Coordination polyhedron

molecualr C.N. T r TRz geometry
type

Ag(NH,)?* sp linear
CuCly Sp? triangular
Ni(CO), sp? tetrahedral
PtCl > dsp? square planar

Fe(CO dsp3 Trigonal

e( )5 » bipyramidal
dzspz square
pyramid
FeF* octahedral

others tetragonal

Anti-square
pyramid

Bicapped square
antiprism

icosahedrd

6.2.2 Crystal Field Model
focuses on the energies of the d orbitals

Assumptions

1. Ligands are negative point charges.
2. Metal-ligand bonding is entirely ionic.

strong-field (low-spin): large splitting of d orbitals
weak-field (high-spin): small splitting of d orbitals




Crystal-Field Theory

A. Crystal field splitting

A. Crystal field splitting

crystal field
splitting, A

coordination
complex




A. Crystal field splitting
1. spectrochemical series

CN->NO, >en>NH;>H,0>C,0,2>0H>F>Cl->Br > |-
strongest bond weakest bond
largest A smallest A
absorbs appears oYG
weakest Ni(H,0)s2* lower higher
Ni(NH,)2* 0 = E
Ni(en),2* G
strongest Ni(CN),>

AE = hv
?

~visible region

A. Crystal field splitting
2. charge on metal

e greater charge = larger A

(ligands held more closely, interact more strongly
with d orbitals)

oYG
absorbs  appears lower higher

Fe(HZO)62+ G E =
Fe(H,0)¢** O

Surface plasma--- UV-Vis spectroscopy




I1. Crystal-Field Theory
B. Magnetic properties

eg., Fe(NH,)2t (Fe** = d°)

low-spin complex ~ «—— found

(maximum pairing)  experimentally
ﬂﬂﬂ tog diamagnetic

high-spin complex
(minimum pairing)
paramagnetic

I1. Crystal-Field Theory
B. Magnetic properties

Competition between: crystal field splitting (A)
electron pairing energy (P)

when A < P = high-spin complex
when A > P = low-spin complex

Generaly: di, d?, d3: always high-spin
d4 db:  high-spin with ligands < H,O
low-spin with ligands > H,O
d: high-spin with all ligands except CN-
d’-d® awayslow-spin




I1. Crystal-Field Theory
B. Magnetic properties

e.g., [Cr(H,O)4]%

o [Ni(NH)g?

.g., [Fe(H,0)3 [FE(CN)¢]*

6.2.3 ¢ ligands and o bond

Categories of central metal valence orbitals:

G group: s, Py, Py, Py dyzy2, dy2
dxz’ dyz

T group: d,,,




6.2.3 ¢ ligands and o bond

(20,+204—0,—0,—0,—0%)

1
Ve =0z 5 12




Energetic diagram of c molecular orbitals

6.2.4 m— Bonding

e A m-donor ligand donates €l ectrons to the metal
center in an interaction that involves afilled ligand
orbital and an empty metal orbital.

— Cl-, Br-, and |- donates p electrons to the metal center
e A m-acceptor ligand accepts electrons from the

metal center in an interaction that involves afilled
metal orbital and an empty ligand orbital.

— CO, N,, NO, and alkenes accept electrons into their
vacant anti-bonding MO's.

1 m-acceptor ligands can stabilize low oxidation state
metal complexes.




[PtCI3(C,H,)I

o bond (dxy’ dxz’ dyz)

CO HOMO

D
S
T

© anti-bonding orbital

d - © conjugation

CO bond made weakened

6.2.5 18-electron rule

» A low oxidation state organometallic complex contains n-

acceptor ligands and the metal center tends to acquire 18
electrons in its valence shell.

* Rules:
— Treat ligands as neutral entities.

— The number of valence electrons for a zero-valent
metal center is equal to the group number.

— Eg: Cr (group 6) in Cr(CO),, Fe (group 8) in Fe(CO)s,
and Ni (group 10) in Ni(CO),




18-electron rule

 Many ligands donate more than 1 electron.

1-electron donor: H *(in any bonding mode), and terminal CI°,
Bre, I',R*(e.g. R=alkyl or Ph) or RO";

2-electron donor: CO, PR;, P(OR);, R,C=CR, (n?-alkene),
R,C: (carbene)

3-electron donor: n3-C;H: (allyl radical), RC (carbyne), u- CI',
p- Br, p- I, p- RoP*S

4-electron donor: n*—diene, n*-C,R, (cyclo-butadienes);
5-electron donor: n°—CgH:*, pg- CIY, pug - Bro, pg - I, pg - R,P;
6-electron donor: n°-C.Hg, n®-CsH:Me;

Example: Ferrocene
1- or 3-electron donor: NO P

6.3 Prediction of structural features of
Inor ganic iono-covalent compounds
with tetrahedral anion complexes




Hume-Rothery’s8 - N rule (1930/31)

Rule rationalizes observed structural features
of (post-transition) main group elements. By
forming the correct number of shared bonds
with its neighbors each atom succeeds to
complete its octet.

The number of bonds of an el ement is
8- Nwhere N isitscolumn number in the
periodic table (only for 4< N < 8).

Element structureswhich obey Hume-
Rothery’s 8- N rule

ﬂ 4 bonds E 3 bonds E 2 bonds

Co, Si,Ge a-Sn P,As Sb,Bi S Se Te

N=8
O bonds

F, Cl, Br, | He, Ne, Ar, Kr, Xe, Rn




SELEN

Generalized 8- N rule

Pearson (1964), Hulliger & Mooser (1965)
8-VEC,=AA-CC/(n/m) for C_ A,

VEC,: Number of valence electrons par anion

VEC, <8, AA>0, CC=0 = Polyanionic val. comp.
VEC, =8, AA=0, CC=0 = Normal valence compound
VEC, > 8, AA=0, CC>0 = Polycationic val. comp.

AA: Average number of A-A bonds per anion
CC; Average number of C-C bonds per cations and/or
electrons used for inert-electron pairson cations




K {Pd2*Se,, : VEC,= 128/20, AA=8/5
KePd[Ses],

Ny =2/(2-AA)

N° A - Average
number of atomsin a
non-cyclic charged
anion molecule

e LaAs,: VEC,=6.5; AA =3/2; N,,, =4
La[As,] LT, LaN[As;] MAS] HT

CslTe, : VEC,=6.25; AA =7/4; Ny =8
Cs[Tegl

Th,S, 1 VEC,=7.6; AA=2/5
Th"[S,][S]5

Sr.S; : VEC,=7.33; AA =2/3
S SI[S]




« HgCl : VEC,=9; CC=1
° [Hg-Hg]Cl,

. CCl, : VEC,=833;,CC=1
. [C-C]Cl,

SAs : VEC,=9;CC=1
[Si-Si]As,

6.4 Transition-metal cluster compounds
6.4.1 Meta-metal bond
LM-ML_, L M=ML_, L M=ML,,... so caled cluster

Re, d°s?

Re,Clg*

Re-Re 2.24A (276 A inRecrysta) Cl...Cl 3.32 A
Re3*, d4, dsp? hybridization( o bond), remain four d and one p orbital

°-/.

Quadruple Bond /

2_4¢2

Analog: Mo,(O,CR),and Cr,(O,CR),




6.4 Transition-metal cluster compounds
6.4.1 Metal-metal bond
L.M-ML,, L M=ML_,, L. M=ML,,... so called cluster

6.4.2 Cluster geometry
I.  Structura polyhedron

0s3(CO)y2
Irs(CO)12

Co4(C0O)12Sby

Re,-Rep = 3.01A
Rey-Rey = 2.96A
Re,-Re, = 5.23A




lrs(CO)1 5PP h3

035(00)15|+

ii. Electron counting

1
b=—(18n-
2( g)

b: bond valence (total number of metal-metal bonds)

n: number of metal atoms

0: total electronsin valence shell, including all

In the case that main group atoms are included:

b:%(18n1+8n2—g)




liil. Bond valence and the cluster geometry

Tri-nuclear compounds

Metal cluster compounds | g b |M-M/pm

0s;(CO)g(us-S), 50 2 | 0Os-0Os,
281.3
Mn,Fe(CO),, 50 Mn-Fe,
281.5
Fe;(CO),, 48 Fe-Fe,
281.5
Os;H,(CO),, 46 20s-0s,
281.5
Os=0s,
268.0
[Mo3(u3-O) (up-O)3F o) 1> Mo=Mo,
250.2

Re;(p,-Cl);(CH2SiMe;), Re=Re,
238.7




Tetranuclear compounds

Ir,(CO),, Re,(CO),* Os,(CO)45
g=4+9+12*2=60 g=A*T+16%2+2=62 g=4+9+16*2=64
b=1/2(18*4-60)=6 b=1/2(18*4-62)=5 b=1/2(18%4-64)=4

Pentanuclear compounds




Multi-nuclear (N>6) compounds




Hydrogen
bonds

* Hydrogen bonding in DNA




