Organometallic Reagents Carbon-Carbon Bonds

1 Carbon-Metal Bonds

» We previously looked at the following two disconnections:

B*) B B acetylide anion
\__ /A A ) = 0 (
9y S /T T

\a : ' Na

» Disconnection B is better since it generates a useful acetylide synthon/reagent.
» The acetylide anion is a simple organometallic reagent, i.e. an organic structure with a bond to a metal.
* In this case the carbon metal bond is essentially pure ionic:

acetylide anion HCEC:e ®Na
electrons stabilized on sp carbon 4 ionic bond

» Suppose we had to do disconnection A above, how can we make a reasonable carbon synthon such as thatin
A if we don't have an sp A.O. to stabilize the electrons?

* An ionic bond to a sodium cation will not work if the hybridization has higher p character than sp.

* Instead, we must "temporarily" stabilize the non-bonding electrons on the carbon another way, we can out them
into a weak bond to a metal atom

Compare bonding to different metals for sp3 hybridized carbon:

mmmmmmmmmmmm

more | |Na|Mg
covalent —/—,

H,;C Na organosodium, too reactive, not useful
VERY high energy on sp3 carbon highly ionic
HsC PLi organolithium, reactive but can be formed

slightly lower energy on sp3 carbon

. Li smaller, less electropositive, more covalent
partly shared electron density

0006 : , |
HsC+H,C++MgBr Organomagnesium, least reactive, very useful!

lower energy, weak covalent bond Mg even less electropositive, bond has more
covalent character

» Weak covalent bonds with a lot of ionic character mean that the electrons are still relatively high in energy and
quite reactive.

* Both organolithiums (alkyl and aryl lithiums) and lithium compounds and organomagnesium compounds
Grignard reagents) can be made for carbons with any hybridization, including sp3 and are thus very useful.

» Alkyl and aryl lithiums are more ionic and tend to be very strongly basic, but they are still nucleophilic and can be
used to make carbon-carbon bonds.

» Organomagnesium compounds in the form of Grignard reagents tend to be the most useful nucleophiles.

Organometallic reagents are useful carbon anion synthons/reagents.
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Organolithium reagents:

R—X + 2Li(metal) — 3 R—Li + LiX
— | /==
Br \ / + 2Li —>» Li / + LiBr
phenyl lI.JrhiumLsPZ, slightly more stable
Grignard reagents:
ether +—>
R—X + Mg (metal) ——Oor—»  R—MgX
THF

Mg . THF +—>
Br@ g—) Bng@

phenyl magnesium bromide

» The reaction is between an akyl or aryl halide (often bromide) with metallic magnesium in an ether solvent.
* Solvents for Grignard reaction must be ethers, two are most commonly used:

diethyl ether 0 THF
(or simply ether) () ; / tetrahydrofuran
* As reagents.....
o 8" organometallic reagents react like
<tron ilr:zrego bsﬁz RO ~ R__M?X carbon anion synthons
9 P 6R—Ei powerful nucleophiles (and bases)

» The Grignard reagent is less reactive, easier to handle, although restricted to ether solvents.
» Organolithiums, more reactive, harder to handle, are very strong Bronsted bases (see later), can be used in
different solvents.

Reactions of Organometallics With Water:
* This is not usually a useful reaction, but it is one that is important to know

(‘O LA/F% , addsa
< >_ H/zr‘ proton Grignard reactions
gBr

must be kept dry!

* This is hydrolysis of a carbon-metal bond (breaking a carbon-metal bond, -lysis, with water), we have seen this
before, and will see again (and again..)

* This is the reason that reactions of organometallic reagents have to be performed in the absence of all water
(apparatus and solvents must be dried).
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2 Nucleophilic Addition Reactions
Example Problem:

. .@ . .O . .e
:.O. i :.O. /_\ :. .
p— \‘-\O \ ) OR >3H e:<:>
: 7 “H
H very poor ¢ better synthons
synthon

C=0 n-bond is | Al/ 'V'gBr‘<:>

the "leaving group"

» The positive synthon (with the positive charge) is stabilized by simply generating a C=0 bond, i.e. the positive
synthon is simply an aldehyde, in this case the C-O n-bond is the "leaving group".

» The non-bonding electrons in the negative synthon are stabilized by putting them into a weak carbon-metal
bond.

* We now have excellent synthetic equivalents (actual reactants), an aldehyde and a Grignard reagent.

Reactions With Aldehydes, Ketones and Epoxides:
* This reaction makes a new C-C bond (and an alcohol, similar to acetylides), this is a very important reaction!

H
LA /N H ho@
TS & XMg'¥ :'c|3:e XMg—0: HO" :'(|5H
R—MgX ~C_ 3 —(— —» —(— — > 3 —(—
U II2 ||2 workup l|2

second step: acid
hydrolysis of oxygen-metal
bond acid "workup" step

first step: nucleophilic
addition followed by O-Mg bond formation

* This is a two-step reaction, the first is Grignard addition to the C=0 bond (followed by addition of XMg+ to the
oxygen)

» The second step is an "acid workup" step. This is very different from, for example, the acid catalyzed addition of
water to an alkene, which requires a lot of acid, heat and time. Acid workup usually means using a fairly dilute
acid solution for a short amount of time, the "reagent" HsO* can mean very different things in different contexts, in
this case it means fairly dilute acid.

« This is important because unlike the acetylide reaction, the reagents can be prepared from a halide, and halides
are much more readily available and generally useful than alkynes.

Examples:
y \
H,C ~, H

H /O
MgCl o OMgCl ¢ ~c?

,OH
X 5
é Mg/THF é :: H30+ i — /O\H
MgX

Grignard Reagent new C—C bond Q@

* Note: Retrosynthetic analysis in this case converts the positive synthon into a C=0 structure plus a proton (H"),
the proton is supplied in the second acid workup step in the form of HzO".
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o OH

|
1. HaC" O H Hcn
sp2 > 3
Br MgBr 2. H30+
Mg/THF acid workup
— > _ OH
Q ¢
i C. X
the Grignard reagent 1. Ph " Ph I
>
2. H,0* =
acid workup

Note: Grignard reagents can be made at sp3 and sp2 hybridized carbon atoms, they are very versatile!

Example With An Epoxide:

BrigO OH
MgBr Co CH,—CH  H30" _CH,—CH
— N | P—— S G TR

l CH3 I “‘ CH3

Z Z  new C-C bond

» The Grignard attacks the least-substituted side of the epoxide (seen before), for steric reasons.
» The oxygen on the carbon adjacent to that in the new C-C bond, characteristic of addition to an epoxide.

Example With Esters: Addition/Elimination (again)
* Recall the Reaction of LiAlH4 with an ester:

e © 0 @ 5\ H{\ .9
addltlon .OA-D elimination /\C)I\
— | — /EH
/‘ OR /\/\_\?R aided b /J, " &

A H entro Y b
H- AI— tetrahedral ! Py el [
l infermediate Increase H '?‘H| H Z_QR lg%hnpg

» Hydride addition to an ester, occurs twice in an addition/elimination mechanism followed by addition.

* “OR is the leaving group, and while not a particularly good one, elimination is favored by entropy, and, the
intermediate also has a negative charge on oxygen, which isn't bad.

* “OR will only be a leaving group when the starting reactant has high chemical potential energy in the form of
reactive electrons, usually as an anion, “AlH4 in this case, or, as a Grignard reagent, see below.

Similarly: Reaction of a Grignard Reagent with an ester:

excess Buz—MgBr Bu
Bu—MgBr Bu (
oo (\ Bu B
MeO. e . —) FASTER u ‘OM B
- SLOWER MeQ (f:O:e elimination < addition -=vger
C:o: addition " o ®
leavin H30
groupg
Bu
Bu *QH
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» The Grignard with an ester reaction occurs by addition/elimination mechanism followed by addition.

* “OR is the leaving group, and leaves for the reasons given above for hydride.

» The Grignard reacts slower with the ester than it does with the ketone.

* This turns out to be important, because the product of the Grignard reaction with the ester reacts faster, which
means any attempt to use only 1 Equivalent of Grignard is doomed to fail, since as soon as the ketone is formed it
will consume Grignard before it can react with the ester.

HO
\)I\ \)( 1 1 Equiv. Ph- MgBr\)]\ 1. Excess Ph- MgBr \XPh
~

2. H;0® 2. H,0°® Ph

Unreacted
» Therefore, you must specify Excess (XS) Grignard in these reactions with esters.
» Recall, we previously learned that strong nucleophiles such as NaBH4 and LiAlH4 react slower with esters than
they react with aldehydes and ketones, this is why you need the stronger nucleophile LiAlH4 to reduce an ester.
* This is because the C=0 group in the ester is not as electrophilic as the C=0 group in an aldehyde or ketone.
* We can consider the C=0 to be a small pi-system that has substituents with different donating abilities.

‘Nu *Nu
slower( fas‘rer‘(

stronger donating > O weak donating —> O
@ E @

simple n-system —»
» The stronger donating "OMe substituent decreases the reactivity of the ester with respect to the ketone.

Example With Acid Chlorides: Addition/Elimination (again).
* Acid chlorides have an even better leaving group than esters, we expect addition/elimination also, and this is
exactly what happens.
o OMgX
Co :0: S P I
/~ addition C>| elimination — 3 Me—C—P
Ph—MgX Me—C —— > Me—C—/zl oy Me— C e | h

\ | f\‘/ Ph
\N__" P gided  Phlmgx Ph

acid by entropy . ®
chloride Is%hnpq H30
OH

|
Me—lC—Ph

Ph
Grignards do not do SN2 reactions with most alkyl halides:
» Unlike the acetylide anion, Grignard reagents do not do SN2 reactions with most alkyl halides (allylic halides are
an exception, as we will see later....)
* An acetylide SN2 reaction with a halide....

good orbital overlap

B ks
o /y l i o H
— o0 / @
LB R—C=CD/\ CA:—BP —>» | R—C=C-- c|3 -------- Br:| — R—C=C C\ + *Bre
Et i KT
Me LA Et Me MeEt
most electron density points

towards the carbon

» The Lewis basic electrons in the acetylide anion are in a small sp hybrid A.O. that "points" directly towards the
carbon of the alkyl halide, the partial bond in the transition state is strong, the reaction is fast

» The acetylide anion is a strong base and a very strong nucleophile (remember, the definition of nucleophilicity is
based on reaction kinetics, how fast the reaction goes, not just on how strong a bond it can make)
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» A Grignard SN2 reaction with a halide....
poorer orbital overlap

B T
o-M.O. H H
/\\ /}' | . @ /V @
LB Britg 2 jO OB BrMg—R-C--Bri | R=C/ 4 .h

& A “t, :Bro
e | i\ \
Me LA \ Et Me MeFt
most electron density does NOT L . does NOT form

point towards the carbon

» The Lewis basic electrons in the Grignard reagent are in a larger o-bonding M.O. and most of the electron
density does not "point" directly towards the carbon of the alkyl halide, the partial bond in the transition state is
weak, the reaction is slow.

» The Grignard reagent is a strong base but a weak nucleophile (remember, the definition of nucleophilicity is
based on reaction kinetics, how fast the reaction goes, not just on how strong a bond it can make).

» We will find that Grignards can do SN2 reactions in special cases, specifically in the halide is allylic or benzylic
due to stabilization of the transition state in that case (see later).

* In advanced organic chemistry classes you will also find that the reaction of Grignards with C=0 bonds is
actually a bit more complicated than we pretend it is here! But our model of these reactions is sufficient to explain
everything we need for this course, and in organic chemistry we tend to use the simplest model that works.

3 Organometallics in Retrosynthesis

Example 1:
S o O
— HO™ N 5
NBS/hv p HO synthons
1.
@)
Mg.THF
=
Br MgBr
Example 2:

o

Grignard can be
Pcc the REAGENT

don't know how to do this (yet)
can't make C-C bond, do FGT instead

conc. H,S0, Na™"OMe

Br H

MgBr
good reaction, but

0 1)\ OH| _H heat
2. H;0"
alcohol dehydration is

PBr B MqB T Q 2 H,0"
ER " MgTHF > Q/ ger LI =" better in the context

of THIS problem
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*» The last reaction is can't be making the required C=C bond because we have not learned how to make a C=C
bond yet, therefore the last reaction has to be making the alkene from another functional group, i.e. a functional
group interconversion (FGI).

* We can make an alkene by E2 elimination of an alkyl bromide, or, by dehydration of an alcohol.

« Elimination of the bromide is a good reaction, but is less helpful in the context of this overall synthesis problem,
because if we use an alcohol that will help us to solve the C-C bond making problem in the previous step,. Since
alcohols are often formed in Grignard reactions, therefore in this case dehydration of the alcohol is best.

* But there are two possible alcohols that can be dehydrated, which one to choose? It turns out that you can use
either, in many multi-step synthesis problems there is more than one possible solution, this is one of those.

Example 3:
can't make C-C
Q bond YET, do
S L ___________ o F,,GI instead
/\/ggBr%’ /\/®\,/ . 5 ':'
2 / OH
Na™"OH oxygen on WRONG carbon pec/cHyCl,

OH
OH 0 @/ - EtMgBr)

2. H30"
» The last reaction is can't be making the required C-C bond because it is to an sp2 hybridized carbon that is part
of a ketone, we don't know how to do that, therefore the last step has to be making the ketone from another
functional group, i.e. a functional group interconversion (FGI).
* We can make a ketone from an alcohol, which is a good idea because we know that we can make C-C bonds
that have alcohols in the reaction products when using a Grignard reagent.
* Be careful when constructing Grignard reactions, make sure that you have the -MgBr and the C=0 on the
correct fragments to get the -OH on the correct carbon after the reaction is complete!

Y

4 Organometallic Reagents : Summary of Reactions
WARNING: Carbon-carbon bond forming reactions require lots of practice and occur in many more
contexts than summarized here!

Br
Mg . THF MgBr
©/ — = YIN [ i
/

o)

1. 4K

- MgBr H CH,0H
| ——» Y/N
> 2. H3O*

(0]

1 OH
O/Li Ph)I\H Y/N O/‘\Ph ©
—_—

2. H;0*

O OH

MgBr 1
(j A Y/N O/\(
2. H30*
MgBr D,0 D

/\)OI\ 1. Excess EtMgBr OH
————————> Y/N
Cl 2. HyO*
/\)CI)\ 1. Excess PhMgBr OHPh
N ——F—— > YIN _|_
0 2. H;0 Ph
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