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Main group organometallic chemistry

Group IV: Ge, Sn, Pb

Organogermanium compounds: GeR,, XGeR;, X,GeR,, ... etc.

-Covalent character of M-C bond

-Oxidation state +4 for most compounds
Exception — Cp,Ge (oxidation state +2):

- Rare and expensive

GeBr, + 2CpTI

20°C, THF
——» GeCp, + 2TIBr




Synthesis:

1) Direct synthesis from copper-germanium alloy and organic halides:

MeCl + Ge/Cu —— Me, GeCly.,

2) Coupling reactions of germanium halides and organic halides:

GeCl, + 4PhBr+ 4Na — GePh, + 4NaCl + 4NaBr

Structure:

In most cases monomeric, tetrahedral structures (like organic compounds).

In some cases oligomers also can be obtained:

/R
Li, THF Ge
RGeCl, — R /‘R _R
Ge—|/—Ge
‘ Ge
G/ e
R = (Me;Si),CH R °~r




Reactivity:

Tetraorganogermanes are rather inert chemically. They react only with very strong
oxidizing agents:

GePh, + Br, — BrGePh; + PhBr

The product is employed in synthesis of other tetraorganogermanes:

BrGePh; + RMgX —> RGePhs; + MgXBr

Organohalogermanes are more reactive and more sensitive to water

They can react with different reducing agents:

Li, THF NaBH,, H,0O
2BrGePh; —> Ph3Ge-GePhj MeGeBr; » MeGeHj;




Organotin compounds: SnR,, XSnR;, X,SnR,, ... etc.

-Covalent character of M-C bond
-Large variety of accessible coordination numbers and oxidation states

- Application of "9Sn-NMR for the structure characterization

Synthesis:
1) Using of Mg-organic compounds:

a) Sn(lV):

THF
SnCly + 4RMgX — SnR, + 4MgXCl

b) Sn(ll): usually do not get positive result

THF

SnCl, + 2RMgX —><

SnR, + 2MgXCl




The problem is that Sn(ll) organyls with not very bulky R tends to oligomerize:

SnCl, + PhMgCl —— MgCl, + " PhoSn" ———

_—

lrh
Ph  Ph
: ' Ph _ Sn —Ph —
Phe o s «— d(Sn-Sn) = 277 pm
- Compare to the
| _Sn Sn d(Sn-Sn) = 281 pm
Ph—Sn ~ _/ Spy o . .
| Ph In a grey a-tin
Ph

Formation of Ph,,Sn; was confirmed with X-ray difraction

One strategy would be to increase the bulk of the SnR, groups so that their
interaction prevents oligomerisation.

SiMe, H

I‘~.-'Inf_151'—(|?—5n—C'—Siz"v‘iL—:‘3

H

SiMe,

Even if bulky substituents are used oligomerisation
(polymersation) can occur e.g. {(Me;Si),CH},Sn is
monomeric in solution and dimeric in the solid state



2) Using of Sn-H addition to the C=C double bond:

HSHR3 + R'-CH:CHZ — > R'-CHz-CHz-SnR3

119Sn-NMR:
Relative to the standard (Sn(CH;),), chemical shifts are between +150 and -400 ppm.
Examples: Compound Chemical shift, ppm

Me,;SnCCl, +85

Me,Sn 0

Me,SnH -104

Ph,Sn -137

The transition form coordination number 4 to higher (5, 6) gives shift of the '°Sn
signal to the higher field (to less positive numbers):

H
Me H Me
OAO CDCl, | )\ |
| wnMe /O—.Sn\—O O—Sn\—o
n\\\\\ \\\\\ \\\\
Me' )
Me/ \Me e Me Me Me

~

N

0.05 M, & =+152 ppm 2.5M,6=+2.5 ppm




Reactivity:

Tetraorganostannates are inert towards O,, H,0O, usually they are also thermally

stable (Me,Sn decomposes above 400°C).

They react with halogens and hydrogen halides:

MeySn + Br, ——— MesSnBr + MeBr

MeySn + HCI ——— > Me3SnCl + CHy

Thiophilic nature of tin express in the reaction of Ph,Sn with sulfur:

3 PhySn + 6Sn W
/




Organohalostannates can be obtained from the corresponding tetraorgano-
stannates:

0-20°C 180°C
R4Sﬂ + SnCI4 s R3SHC| + RSHC|3 —_— 2R28nCI2
fast slow

R;SnX (in contrast to R,Sn) can undergo hydrolysis to form stannanols and

distannoxanes:
—— -
RsSNCl ——<__ /
(RsSnOH

R5;SnX are good precursors for the synthesis of organotin amides which have
found application in organic synthesis:

R3SnCl + LINR'>, — R3SnNR'; + LiCl

Cl NEt,

BU3SﬂNEt2 + — > BU3SHC| +
O O




Stannylenes R,Sn mostly exist as a reactive intermediates:

Reactions of SnR, 1

SiMe, H

R,Sn_ | |
P "Me Me.Si—C—Sn—C—SiMe.
. — T le,Si—C—3Sn (|_ SiMe,
SR, > R SnBr :
Br, i H SiMe,
L As it was said this compound exists
Cr(CO), N R.sn as a monomer in solution, but as a
dimer in a solid state:
R R
] ~ 0O
LU'- , \\\\\\R Q @Q / ‘\\\\\\\R
R,Sn — Cr —CO .Sn=sn wSn Sn
co? “co ' / RY / w b
R d(Sn=Sn) =276 pm R
Me Ph
Me Ph
Me Ph O
Stannocenes (Cp,Sn) are Q Mo Bh
. M Ph
thermally stable but air and °

moisture sensitive

1259

Sn




Organolead compounds: PbR,, XPbR,, ... etc.

-Reactive and relatively weak M-C bond
-Absence of tendency to form M-M bond (in contrast to Ge, Sn)
-Large variety of accessible coordination numbers and oxidation states

- Application of 27Pb-NMR for the structure characterization

Synthesis:

1) Using of Li or Mg-organic compounds:

Et,O
PbCl, + 2MeMgl ——— {PbMe,} + 2MgICl|

¢
PbMe, + Pb

THF
Pb(OAc), + 4MeMgl — PbMe4 + 4MgCI(OAc)




2) Direct synthesis from Pb and organyl halides is possible in some cases:

Pb + 2Mel ——> Me,Pbl,

Me,Pbl, + 2MeLi ——— PbMe, + 2Lil

Reactivity:
Tetraorganoplumbanes PbR, are colorless liquids (R = alkyls) or white solid (R = Ph)
At ambient conditions PbR, are stable towards air, oxygen, light.

Thermal stability of PbR, decreases in the order:
R =Ph>Me > Et>/-Pr

TEL (PbEt,) is added to gasoline in a concentration of about 0.1% to serve as an
antiknock compound

Among organolead compounds the most reactive are organyl hydrides. They can be
synthesized by the reaction of LiAlH, with organolead halides:

LiAlH,
RsPbBr —— > R3PbH
Et,0




Organolead hydrides are good reducing agent at mild conditions:

PhBr ~ PhH

Ph-CO-CH,Br

s > Ph-CO-CHj
BusPbH Ph-CHO

> Ph-CH,-OH

h-CO-
s Ph-CH(OH)-CH4

Organolead hydrides readily reacts with C=C double and triple bonds at mild conditions:

H H
-500C AN /
RsPbH + HC=CR' —> C=—cC
/ AN
R;Pb R’
PbR;
RsPbH + CHy=CH-CN —» HC—C  + Hyc—CH
R3Pb T CN \ “eN
| |
In Et,0, at 0°C, radical mechanism, 92% 8%

In BUCN, at 20°C, polar mechanism, 24% 76%



Group IB: Cu, Ag, Au

-Covalent character of M-C bond

-Oxidation state +1 for most organometallic compounds of copper and

silver (for copper +2 is possible sometimes)

-Oxidation states +1 and +3 for organogold compounds

-Polymers and oligomers are possible

-Non-stoichiometric adducts are also possible: [(CuR),*(CuBr),]



Synthesis:

1) Using Li, Mg, Zn, Pb — organic compounds
CuCl + PhoZn — CuPh + PhZnClI

E
AGNO; + PhyZn —2> AgPh + PhZnNO;
0"C

Simple binary compounds of gold are yet unknown. But Au(l) organyls are known
as adducts LAuR or organoaurates MAuR?2

MelL.1
Et;PAuCl + MeLi —— Et3PAuMe ———— > LiAuMe,
_LiCl -Et;P

Au(lll) organyls are also known:

Me Br Me
Au,Brg + 4MeMgBr —— \A’J \Au/
Me/ N /7 \Me
2) Metallation of acidic C-H bonds Br

[Cu(NH3),]" + R-C=CH —— R-C=C-Cu + NH3 + NH,"

AgNO; + NH; + R-C=CH ——= R-C=C-Ag + NH4NO;



Application of Cu(l) compounds (Gilman reagents):

Lithium diorganocopper reagents, known more commonly as Gilman reagents
- prepared by treating an alkyl, aryl, or alkenyl lithium compound with Cu(l) iodide:

diethvl Ethﬂ*}
or THF

ZCHacHECHECHELl = CU'

Butyllithinm Copper(I)
iodide

(CH;CH,CH,CH,),Cu" Li * + LIl

Lithium dibutylcopper
(a Gilman reagent)

Lithium diorganocopper compounds (Gilman reagents) are less nucleophilic than
LiR compounds, therefore, they react more selectively with organic substrates.
In general, the following order of decreasing reactivity towards LiCuR, is observed:

AN

0 0 R A A R
rR.C >RrR-C > \/>RI>RBr>RCl > R'-Ci > R'-Ci > R-C=N> \—
Nl H O R" OR"



Coupling within organohalogen compounds:
form new carbon-carbon bonds by coupling with alkyl and alkenyl chlorides,
bromides, and iodides

diethvl ether
or THF

R'Br + R;CuLiBr » R'.R + RCu + LiBr

1.Li pentane
| 2 cul ( 5 CuLi

1-Iododecane

or THF A

LY
L]

diethyl etherl x‘{;
4

2-Methyl-1-dodecene

The configuration of alkyl halide is preserved during the substitution:

Br

R
+ LICuRy; — j + LiBr + CuR
Ar Ar




Reaction with epoxides:
— regioselective ring opening
— approaches from the least hindered side

A i
i. (CH,=CH),CuLi
(&, )2 4 u\
2. H,0, HCI
Styvrene oxide 1-Phenyl-3-buten-1-ol
(racemic) (l“"l(‘i'llll(‘}

A variation on the preparation of a Gilman reagent is to use a Grignard

reagent with a catalytic amount of a copper(l) salt:

CH, [CHz\}\? (CH, )7 CH, Br

!
H;c=cx + CHs( CH;)sMyBr
H

(£)-1-Bromo-9-octadecene

-—pheromone




Oxidative coupling:

1. PhyPCul

BrMg-(CH,)e-MgBr — 2!
"Mg-(CHa)s-MgBr — O,/THF
-78%¢C

Synthesis of annulene:

H2C_C H2
Cu(OAc), // \\ 1. -BuOK/t-BuOH
HC=C-(CH,),-C=CH ———> >
Py, 55°C // \\ 2. H,, Pd/C
/C

H,C Ho
\

CHy————=——CH,

Homolitic thermal coupling:

o — Me
VAR g N + 2Cu + 2P(n-Bu)s
2 Me CuP(n-Bu); A Me

cis-cis adduct



Group 1IB: Zn, Cd, Hg

-Elements of 1IB group possess completely field d-shells of low energy, void of

donor or acceptor properties

-Covalent character of M-C bond

-Oxidation state +2 for most organometallic compounds of Zn, Cd and Hg

-Compounds of both types — MR, and X-M-R are possible

Synthesis:

1) Direct synthesis from Zn powder and organyl halides:

Zn(powder) + Etl ——= EtZnl

Ei':?_"n + Z”I:

ftrace Cu disproporti onates

Zinc powder can be made more reactive via
reduction of ZnCl, using lithium and naphthalene
as electron-transfer mediator in THF (Riecke Zn*)

ZnClz + 2 L

naphthalens
— = Zn® 4+ 2 LiCl

THF, 1.5h




For Cd-organic compound other methods (Li, Mg-organyls) can be applied.
For Hg-organic compounds direct synthesis is also possible:

sunlight
Rl + Hg ——> RHgl

ArN->Cl + Hg - ArHgCI + N,
0°C

2) Using Li, Mg — organic compounds

THF, 207C
RLi + ZnClp ——= RZnCl + LiCI

2RLi + CdCl, — = CdR, + 2LiCl

Mesz + CdC|2 ﬁ 2MeCdCl

RLi RLi
HgCl, — RHgClI —> R,Hg




Structure:

ZnR, compounds are monomeric (in contrast to BeR, and MgR,)

The molecules are linear. ZnR, compounds have low melting and boiling points:
ZnEt,: mp = -28°C, bp = 118°C.

When coordinated to some ligand, angle C-Zn-C decreases:

0]
H3C
3 N H3C\ /
CH3~Zn-CH3 Zn < OMe, Pra
/ cHy N
CHj, 3
RZnX (X = halide or OR) are mostly oligomers:
) "
Zn—X
. o X—rn”
R—2Zn Zn—R | | X-l—7Zn
Zn Zn ‘ R
X R™ "X7 R Ron/— ’




F -r."
T g A
B ZnEt, >=p=
Zn - Zn

- — B0, IJE!ITIHFIE!
r-- CH,CH
\EnEto or ZnPhy
10°C, EtpD
\c:-r KH, THF
Eﬂ[:l;. XED-:-,: J
'Y ﬁ g
|I
S KH, THF
ke AT, 3h 71
ZnCI2 "
— = [-:HE I'Q'l

The derivatives HgR,, prepared by
alkylation of HgCl, using a Grignard
reagent or an aluminum reagent, are
very toxic volatile liquids of reduced
thermal stability. They most of the time
have a linear structure in agreement with
their sp hybridization. Some cyclic
structures are known in aromatic series:

Metallocenes (MCp, and MCp’,
complexes) are known with Zn as with
the other main-group metals.

More unexpected was the finding by the
Carmona group in 2004 of sandwich
complexes in which a relatively strong
Zn-Zn bond was found.

I:I-\__\_\_\_ _,_/" —H g-_l\"\\.‘-\n\\:_—____;-'l
= g ey,
A \
Hg Hy
£ ) I.' -
7 Y
\ 0 {
II =:_._._..--"'/1.'\-,.“~ l_.";\‘\k ]
7N
|IIII I| -_'H!:':I'_III IIII
I\\_-::f“I b ot




Application of Zn(ll) organyls (Simmons-Smith reagent):

Simmons-Smith reaction — a way to add methylene to an alkene to form a cyclopropane

Generation of the Simmons-Smith reagent:

CH,l, + 2Zn(Cu) ————»  ICH, 2Znl
stk diethyl ether =

Diiodo-  Zine-copper lodomethylzinc iodide

methane couple (Simmons-Smith reagent)

this organozinc compound reacts with a wide variety of alkenes to give cyclopropanes:

Zn(Cu)
[ = + cHab > [ + zni,
diethyl ether

Methylene- Spiro[4.2]heptane
cyclopentane

O o H
P Zn(cy)  AAE
diethvl ether =

H

2 Cycloheienone Bicyclo[4.1.0]heptan-2-one




Mechanism:

O

/-
|
I—Zn —— 7~

>r/
e Hic>'\

The organozinc compound reacts with an alkene by a concerted mechanism.

Application of Cd-organyls:

The organocadmiums allow to selectively alkylate acyl chlorides without reacting with
ketone, ester or nitrile groups that may eventually be present in the molecule and that
would be attacked by the Grignard reagents which are more reactive:

R'COCI
CdRz + CdCl; === 2 RCdC|] — 2 R'COR + CdClz

Application of Hg-organyls:
Ability of Hg-compounds to attack aromatic C-H bonds is applied in desulfurization

of coal tar: 0 -
[ / Boil in ) )
He(CH.-C-0), + Y ———= AcOHg—{__ J—HgOAc
' } g7 benzene S
acetate - |
/ dilute HCI
/N + HeCL
\\Sx’/ -




Group IlIB: Sc, Y, Lanthanides, Actinides

- 3¢, Y, La, Ac have an incomplete d-subshell

-lanthanides and actinides have an incomplete f-subshell

-the 4f-orbitals of lanthanides are contracted and of lower energy that the 5d' and 65?2
valence orbitals. Thus, the lanthanide complexes are ionic, with domination of the

oxidation state +3

-the actinide’s f orbitals have sufficient radial extension to cover the ligand orbital up to
a certain extent. As a consequence, various oxidation states and partially covalent
metal-ligand bonds are found for the first actinides. This covalent character remains
minor, however, and the ionic character dominates. The accumulation of nuclear
charges provokes the contraction of the 5f orbitals as one moves forward in the
actinide series. The oxidation state +3 dominates and the complexes are completely

ionic for the later actinides as for the lanthanides.



Synthesis:

o

As hard Lewis acids, Ln3* tend to prefer hard ligands, typically O donors, hence
the term oxophilic often applied to these ions.

1) Using Li, Na, K, Mg - organic compounds

THF sublime
CpsLnTHF ~ Cpsln

>200°C

LnCl; + NaCp

LnCl; + 6 MeLi + 3TMEDA — = [Li(TMEDA)*]5[(LnMeg)]*

The binary compounds [LnCp] are not monomeric, except [YbCp;], but oligomers or
polymers, one of the Cp ligands bridging two metals with a pentahapto- or monohapto-
coordination. Bulky alkyls are necessary if bridging is to be avoided: [Ln{CH(SiMe;),}]

THF
LnCla + 2MCp —  1/2[LnCp2Cl]z + 2MCI | (M =Li, Na, K, MgBr)

Likewise, the compounds [LnCp,Cl], are bridged by the two common chloride
ligands, each monomer unit bringing one CI.



[LnCp,Cl], compounds are extremely useful to reach the complexes [MCp,R]
with various R groups that are X ligands: OR’, O,CR’, NH,, PR,, BH,, acac,

alkyl, allyl.

THF

[LnCpCllz + 2MR ——=

[LnCp2(R)]2 + 2 MCI

(M = Li, Na, K, MgBr)

(R = alkyl)

Reactivity of the Ln-C bond

Watson’s exchange reaction between a coordinated methyl group and free methane,
via 0 bond metathesis, discovered by '3C isotope labeling of the methane carbon.

J_;CH4

Cp>Lu— CHjx

13
Hy%C

CpsLu r\ H |
CH; ’

—CHy

CpsLu—"CH;,

CpsLu—H + CH,




The same alkyl also undergoes insertion with alkenes, with 3-alkyl elimination
also being possible:

insertion
CpsLu—CH; + CH,=CHCH; = >  Cp,Lu—CH,CHMe,

f-alkyl elimination

Structure and Reactivity of the Sm(ll) compounds

[SmCp’,(THF),] can be obtained by the reaction:

. THF .
Sml, + CpLi — > Cp ,Sm(THF), + 2Lil

With the ligand C;i-Pr,H, whose electron richness is comparable to that of Cp*, but
whose steric constraints are much more demanding, THF cannot coordinate to
samarium in the metallocene, even when the synthesis is carried out in this solvent

MeoHC CHMe,

THF MehC ‘éﬁ CCHMEE

Sml> + 2 Cs-i-PrgH - 152° [ Sm

MeyHC
Me,HC CHMe;

CHMez




Very interesting is the reaction of Cp’, with tetraene. The tetraene takes
one electron from each of two Sm(ll) units to give two Sm(lll) complexes

Cp>Sm + O —— Cp3Sm + Cp*Sm —@

The reactivity of [SmCp’,(THF),] is even more diverse:

& 3

‘\NED CH_GV
- N Hz

L HgPhy Q : i?
Sm"THF S Sm'FTHF —— Sm-0
Xﬁr% % %




Group IVB: Ti, Zr, Hf

-Elements of VB group has partly ionic character of bonding (but anyway M-C bond
IS more covalent)

-Oxidation state +4 for most organometallic compounds of Ti, Zr, Hf, even so
+2 and +3 possible for Ti

Synthesis:

Using Li, Mg, Zn - organic compounds

2TiCly + ZnMe, —> 2MeTiCl; + ZnCl,

R—Ti(OCHMe,)s

= R=Me
R =Ph

Structure: quite often situation — agostic M-CH bonding

a-agostic Interaction f-agostic interaction
MEE CI MEQ C'
P\\ | /\ I
“\..
Ti-==-H ol 1
2N / s
P & “Ci cl
Me, Cl Mez o]




Reactivity:

1. Schwartz reagent [ZrCp,(H)CI]:

CH,Cl,

|
LiAIH,
C ngfClg -— Cp2Zr(H)Cl )+ CPEZTHE

b

KT
Schwartz reagent

Insertion of C=C and C=C bonds into Zr-H bond of Schwartz reagent:

R [PACIa(PhCN)2) o
[ZrCpg(H)CI] THF = R
[ZrCp2(CI)]
'O N
04‘71 R’
R
e O i
N’W\
CpoZr(H)CI g Cp;_:Zr\
/WV 2




Obtained alkyl-zirconium compound can be used for further transformations:

Bry Br/\/\/\'/\

FAT A TN

CpoZr
Cl

O=0

CpoZr
Cl

2. Dimethyltitanocene [Cp,TiMe,] in carbonyl group methylenation:

@ Gl Meli @ SMe

— - N

! Tolerates air
@ﬂ.a EO @Tkm [ and water l




The decomposition of Cp,TiMe, takes place through the formation of
carbene complex [Cp,Ti=CH,] as an intermediate. That intermediate
undergoes metathesis (exchange) with C=0 group:

CH;
/ﬁ\ CpaTiMes _ )l\
R X 60—65°C R, X

X = H, alkyl, aryl, vinyl, OR

Examples:

Gpr‘,!' iMe: J\/ CpETlhl'i:li
62 %

4
O  CeTiMe Ph w" CpaTiMe @::(
_——— —_— =
Y - 1 o
7

5 Ph Ph

Ph

3. Polymerization (usually M = Ti, Zn + MAO — methylalumoxane)

Me Me <
—— —_— N</\ e el
o 4




4. Ti(ll) metallocenes can undergo intramolecular C-H activation:

‘ 14 Valence Flectrons and CH-activation I

@\H @I :I
Mn .~ H— “H
\*‘ ZX /-r \\

Ti:;}:l;"!::”n
<y o

‘ 14 Valence Electrons and CH-activation (1I) I

i
i
J

—= H—Ti" “«—y H—Ti

Pl




Group VB: V, Nb, Ta

« Many oxidation states are accessible

» Mostly 18e complexes

» Strong, rather unreactive M-C bonds

* Preference for o-donor/n—acceptor combinations

Synthesis:

Using Li, Mg, Zn, Sn - organic compounds

Cl R - R gRs ..---"H
C—Ta; > CH—Ta &R MdCl &R
,'Cl -1.52ZnCl &R
| |
R =

MCl; + "BusSn{CsMes) - M(n5-CsMes)Cl; M =Nb, Ta

CH.Clz




Reactivity:
The main application of organotantalum compounds is methathesis reaction.

Usually Ta=C compounds are used as a catalyst:

Cl
A, T . CH:Ph CHPh
Np,Ta=Cl —— CpC !:Ta—\ + t-BuMe o LiCp* o
\.Cl +Bu CIWT \CHﬁPh m;‘ c p*L-lTil "
CH,Ph CH,Ph
" LS
4 PhMe; MeiP. | 1 | — CH,Ph
Np;Ta=Cl X L S / LiCp goirh
N -Bu—"" | TC1” | ~PMe; ClhTa— CH-Ph e Cp,Ta”
Cl Cl L H;Ph CH:Ph
i ll aly st
» CH;CH——CH, CH,——CH,  CH;CH——CHCH,

s

C"H&i"v st W
/ 1

CH, M:CH?
>—1-- wg Ho —<
CH;_}:CHE

CH;\:CH?

M2 #Thd
CJ)

M=CH,




