Alkynes Reaction Selectivity and Developing Synthesis

At first glance the chemistry of alkynes looks as if it should be similar to that of alkenes, the reactions will be
dominated by additions across the n-bonds, and to a certain extent this is true. However, there are some very
significant differences and reactivity that we will need to learn, and more importantly the chemistry of alkynes
introduces us to some new and important concepts, these are:

» Many real organic molecules contain more than one functional group, how do we do chemistry of one functional
group in the presence of others, i.e., how do we understand chemical reaction selectivity.

» Many reactions this semester will proceed via acid and base catalysis, this section of the notes gives us our first
real introduction to these concepts.

» The construction of larger complex organic molecules out of smaller simpler ones requires making new carbon-
carbon bonds to join together smaller organic fragments, here we will learn our first useful method for making new
carbon-carbon bonds.

1 Nomenclature

* We must now learn how to name structures that contain more than one functional group. To handle this [UPAC
has rules that determine the priorities of the various functional groups. Establishing functional group priority is
necessary when naming a structure that contains more than one functional group, the structure then gets named
as the highest priority group.

* IUPAC Functional Priority: alkenes = alkynes > halides, i.e. number the chain to give either the alkene or the
alkyne the lowest number, whichever wins.

« If there is a tie (and only if there is a tie), give the alkene the lowest number (the alkene "wins").

» Alkynes use the suffix "-yne", if the structure contains both an alkene and an alkyne, -ene comes before -yne.

* IUPAC has two methods for naming alkynes (and alkenes). One puts number specifying the position of the triple
bond at the beginning of the name, the second puts the number before the "-yne", which is much more useful
when naming structures that contain more than one functional group, since it clearly establishes which number is
associated with which functional group.

Examples:

numbering tie - alkene "wins"

5 3 2 1 2-pentyne
or
pent-2-yne ..
2-bromohept-(2Z)-en-5-yne
note - dropped "e"

» The method of putting the number directly in front of the functional group to which it refers is used in the
example above right, the 2 refers to the position of the double bond and the 5 clearly refers to the position of the
triple bond.

°© 5 4 (s
HaC
¥Nc=CH 37, 4

/ N A
HaC H\“‘)C C=CH
CH,

4-ethyl-2,7-dimethyldec-5-yne (35),5-dimethylhex-4-en-1-yne

» Above left, the alkyne is #5 numbering from either end of the chain, the chain is thus numbered from the left to
give the first substituent the lowest number, but this is only done if the functional group numbering is the same
from both directions, the alkyne numbering takes priority if possible. The configuration of the two
chiral/asymmetric centers is not specified in the structure, and therefore cannot be specified in the name.

» Above right, the absolute configuration is specified in the structure, therefore it must be in the name.

Some common (non-lUPAC) names for alkynes:
CH=CH = CH=C—-CH,-CHj3 Ph—C=CH Ph—C=C-—Ph
acetylene ethyl acetylene phenylacetylene diphenylacetylene
* you should know this one
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2 Structure and Properties

« First, some notation, alkynes with the triple bonds at the end of the chain (terminal alkynes) have enough
different properties from those with the triple bonds in the middle of the chain (internal) alkynes, that terminology
that distinguishes them is useful:

R—C=C—R' R—C=£C—H) TERMINAL

INTERNAL

» The sp hybridized carbons give alkynes distinct properties:

o C-CBDE C-ClLength C-HBDE C-H Length lonization

Hybridization (kcal/mol) (A) (kcal/mol) (A) Potential

HiC—CH;  sp ~90 153 ~101 1.10 . 12.84
H,C=CH,  sp? ~174 133 ~110 108 eCtrons |10 58| higher energy
HC=CH sp ~231 1.20 ~117 100  order |1144||ower energy

» Bonds to sp hybridized carbons are stronger and shorter bonds, both the C-H and the C-C bonds.

* When the carbon atoms are sp hybridized, all of the electrons, in both the o- and the n-bonds, are closer to the
nuclei in smaller orbitals (sometimes the sp carbon is described as being more "electronegative" than sp2 and
sp3 hybridized carbons).

» The larger I.P. for the alkyne compared to the alkene shows that the energy of the electrons in the n-bonds
in the alkyne are lower than those in the n-bonds in alkenes.

ALKYNE ALKENE
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H
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stronger ool
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(side view)

» Both the n-electrons and the os-bonding electrons in alkynes are lower in energy than the correspondingn- and
o-bonding electrons in alkenes (but, see further below).

2.1 Alkyne Acidities, Revisit Bronsted Acidity

» Alkynes are stronger Bronsted acids than alkenes and alkanes, although still overall weak, weaker even than
conventional weak acids such as ethanol and water.

» The acetylide anion (the conjugate base anion of a terminal alkyne) is relatively stable for a carbon anion

* As discussed previously, Bronsted acidity increases as hybridization changes, with decreasing p character in the
relevant orbital, i.e., sp3 to sp2 to sp when comparing an alkane, alkene and alkyne, below.
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pKa H,0 H,?,H ; o®
~50 H3C—CH; === Hy;c—C© sp> + H30O

ethane D

i i H,0 H
increasing 44 p,c=CH, =—== HaC=C',0 sp? + Hz0°
acidity othene e’
~25 Ho=CH === HC=CD=sp + HO
ethyne acetylide anion
o H,0 C)
~15 H,0: — HO: +  HyO®
water

* Recall, there are usually two competing factors that control Bronsted acidity, in this case it is the strength
of the C-H bond (which gets larger with decreasing p character in the relevant hybrid orbital) versus the stability of
the non-bonding electrons in the Bronsted base, which also increases with decreasing p character, it is the
stability of the electrons in the conjugate base anion that "wins" in this case, rather than the bond strength
argument, the species with the stronger bond is the stronger acid because the electrons in the base are more
stable.

* Or, simply look at the energy of the electrons in the conjugate base anion, the lower the energy of the
electrons (because of resonance, electronegativity etc., or in this case, hybridization), the more stable the
conjugate base anion, the stronger the Bronsted acid.

H H
sp3 .
weaker acid H-C—H — pH—cﬁ) higher energy electrons
|'_| II-| stronger base

sp
stronger acid HC=C—H — HC=Q(:) lower energy electrons
weaker base

» Determining base (and therefore acid) strength based on the energy of the electrons in the conjugate base anion
always works except when going down the periodic table (recall H-F, versus H-CI versus H-I).

2.2 Alkyne Acidity in Water and in Ammonia
* Let’s start by understanding alkyne acidity in water:

LB/BB LB/BB
o slower o ﬂ
LA/BA H-C=C—HF+ ~:0H = > HC=C: ~+XH-O; LA/BA
acid base base acid H
weaker pKa~25  C oo faster  gcetylide anion pKa ~15 stronger
stronger

*The stronger acid wins, equilibrium lies on alkyne side
* From this learn that: "OH is not strong enough base to deprotonate a terminal alkyne.
* From this learn that: H20 will protonate an acetylide anion.

* Now, alkyne acidity in ammonia:

°.. faster o I

H-C=C-H,+ :NH, ——> HC=CI + :INH, Equilibrium
stronger acid base slower base acid weaker THIS
pKa ~25 stronger weaker pKa ~35 side

» The stronger acid wins, equilibrium lies on acetylide anion side.
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* From this learn that: "NH: is a strong enough base to deprotonate a terminal alkyne.
* From this learn that: Ammonia will not protonate an acetylide anion.

@@..
Na -NH o ®
HC=EC—H —»* HC=C: Na (+ NHs)

© 0 H,O .
HC=C: Na ——>» HC=C-H (+ Na' OH)

A new reagent, a stronger base:

stronger base MHZ Na OZ.b:H

higher energy electrons sodium amide sodium hydroxide

» Sodium amide (also sometimes called sodamide) is a stronger base because the non-bonding electrons are
on the less electronegative nitrogen, are higher in energy, more reactive.
» The number of pairs of non-bonding electrons is not important, they "keep out of each other’'s way".

more than you really need to know....
sodium amide is made by reacting metallic sodium in liquid ammonia:
Fe(lll) ®0
Na + NH3(l) ———>

3(l) Catalyst Na NHy/NH;() (+ 1/2Hy)
it is usually used as a solution in liquid ammonia (low temperatures) and may be written as
NaNH2/NH3s(l) to emphasize that point, but it is usually just written simply as NaNH:
NaNH: tends to act as a base rather than a nucleophile simply because it is such as strong base it
overwhelms any nucleophilic substitution reactivity

3 Preparation of Alkynes

Recall:
©
H: P - R, M O
Le/gg  R—C—C—R ——> \/c=c + H,0 +IBri
H :B;:) H R
e*® LA/BA
alkyl halide
Similarly: But.....................
.o @/‘} oo @
HO: H, R HO: ’X} R
L I 1 °° H\4 / d t b I
LB/BB H—C—C—Br » /C=C\9§ o needs a stronger basell
R :,Bf:) LA/BA R Bre

vinyl bromide
less reactive

* SN2 OR E2 is not possible at an sp2 hybridized carbon atom (using -OH as the base at least).

* A vinyl bromide is less reactive than an alkyl bromide due to the stronger C-Br bond involving an sp2 hybridized
carbon, compared to the Br to sp3 hybridized carbon in the alkyl halide. We saw this previously, vinyl bromides
don’t do SN2 reactions for partially the same reason (the bond to leaving group is too strong).

* To make this reaction useful we need a stronger base than hydroxide.
* Luckily, we just learned about a stronger base than Na*"OH, that is Na* "NH..
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1. Excess NaNH,
» R=C=C—H (+ 2NH; + 2 Na'X)

vicinal dibromide
2. H,0

makes a terminal alkyne

* Note the use of the term "Excess" (XS) - means use more than 1 equivalent of the reagent (more than one mole
of reagent per mole of reactant), usually much more than 1 equivalent (more than 2 in this case).
» Why is water required in a second step? To answer this question we need to look at the detailed mechanism.

Mechanism: For the example of a vicinal dibromide:

ist STEP  LA/BA o.. H(’ﬁo\ 2nd STEP
LA/BA ,_3 E2 H E2 Q.NHZ oft H
R- CJ-C H — > (/ C—c\ — R—C=C—H —» R—C=C. —» R—C=C—H
oo H eoo
HoN? WK 1L :NH;
both the C-H and the C-Br [ unavoidable depr‘o’ronaﬂonj
LB/BB

bonds are stronger here

* The mechanism shows why excess NaNH: is needed, since we need two NaNH: molecules to do the two
deprotonations, and then, deprotonation of the terminal alkyne formed in the second E2 reaction is unavoidable
» Therefore, we need the water to put the proton back after the amide anion removed it!

« this overall reaction is useful for making terminal alkynes.

N 1. Excess NaNH2 A converts an alkene
into an alkyne
CCI4 2ho H,0

» This method for alkyne synthesis is really only useful for synthesis of terminal alkynes, because of the following
triple bond migration effect:

C/{\ HgN\a NH 4 very strong base oo
CH3;—C=C—CH,— — CH;-CH,-C=C:  Na
must add 2 H — A ¢ (- must remove 3 H \

. ( NH,
KCH3—Z\EC£'6H2 CHy=CH,=C=C—H

Example:

QNHZ
A [\@
H,N-H CH3;—C=C=CH,| — CH3-CH=C=CH-H —>

v,\ .
M osi,—c=cH |

N 2
l cHy-cH=cEeH

* Think about this apparently complex mechanism as a mechanism problem.

* What bonds have to be made, what bonds have to be broken, how to we make/break these bonds in reasonable
order using the Lewis/Bronsted acid base reactions that we know or could predict?

* Need to both add and remove hydrogen atoms in the form of protons, in the presence of a base,

* In the presence of base, first remove protons and then reprotonate using the acid that you just generated.

« It is the irreversible formation of the terminal acetylide anion, the last step in the mechanism, that "traps" the
terminal alkyne and prevents further migration.
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» The amide anion is a catalyst, it never gets consumed, but it helps the reaction to "go".
* Note: This process isn't really a reaction that you can use in, for example, synthesis, in practice it is not

possible to convert an internal alkyne into a terminal alkyne with high yield, it is given here purely as a
mechanism problem.

4 Reactions of Alkynes: Reactions of One Functional Group in the

Presence of Another

» Here we start our discussion of the reactions of the alkyne functional group, but also do something much more
important: We learn how to control reactions of one functional group in the presence of another.

» Organic molecules often have many functional groups, how do we do a reaction selectively at one functional
group and leave the others alone? Here is we start to find out how to do this.

4.1 Selective Syn-Addition of Hydrogen (Reduction)

Recall:
H\ /H Pd/C D S make 2 o-bonds
C=C + H—-H —— > H H 3
/ \ sp” A.O0.(C) + 1s A.O.(H)
H % H catalyst H H . :
exothermic reaction

break n-bond  preak o-bond

* This reaction is exothermic because it converts a - and a n- bond into a o- and a o-bond, and c-bonds are
stronger than n-bonds, the electrons in o-bonds are lower in energy in o-bonds compared to n-bonds.

Similarly:
H H
H,,Pd/C L
Pd/C 2/
H-C=C-H + H—H —> = —>  H=(¢—¢—H
H H H
break n-bond  preak o-bond make 2 STRONGER o-bonds can't stop
sp2 A.0.(C)+1s A.O.(H) the reaction at the alkene

MORE exothermic reaction

* The reaction can't be stopped after one addition of Hz, the alkene formed in the first step will be further reduced
to the alkane, but, the two reactions are not the same, they don't have the same exothermicity:

A H—"CEC—'H + HZ + H2

~37IH H
kcal/mol /C=C\ e

Energy
makes 2 strong sp?-1s C-H bonds

H H H H
H—IC—IC—H makes 2 weaker
keal/mol ™~ '28' L4 sp>-1s C-H bonds

* Note: Alkyne reactions are generally more exothermic than corresponding alkene reactions, even though
they have lower energy electrons in their n-bonds.

* When considering chemical reactivity, we have to think about all of the bonds that are broken and formed.

» The reaction exothermicity takes into account the energy of the electrons in the alkene and the alkyne n-bonds,
and, the energy of the electrons in the products that are formed.

» Even though alkynes have lower energy electrons in their n-bonds, the two C(sp2)-H that are formed are

stronger than the C(sp3)-H bonds that are formed when an alkene reacts, which is why the alkyne reactions are
more exothermic.
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» Therefore, the reactions of alkynes and alkenes could, in principle, be distinguished or selected on the basis
that the additions reactions have different thermodynamics, and as we will see, this works!

The two new sigma bonds that are made when the Hz adds to the alkyne are C(sp2)-H, whereas the two new
sigma bonds that are made when the Hz adds to the alkene are C(sp3)-H. Therefore, the addition reaction of
H: to the alkyne makes stronger sigma-bonds than the addition reaction of H2 to an alkene. Now, a lot of other
stuff also happens in these reactions, for example, when the Hz adds, the existing C-H bonds in the alkyne
change from C(sp)-H to C(sp2)-H, and, stronger pi-bonds are broken in the alkyne reaction, but it is the new
sigma bonds that are formed that is the major difference between the two reactions, and is the main reason
why addition of Hz to an alkyne is more exothermic than addition to an alkene

Compare: Syn-Addition of Hz across the carbon-carbon triple bond of an alkyne:

¥ H  H  H,
2 N/
R—C=C—R' ——>» c=C K= No further reaction
Less reactive / \ |
"Poisoned" R™ "Poisoned"

cis-
Catalyst Catalyst

» Syn-addition (same as to alkenes) leads to formation of cis-product.

* A poisoned catalyst = Pd on CaCOs with PbO2 and quinoline can be used to reduce activity. This less reactive
catalyst is called Lindlar's catalyst (there are other recipes for the Lindlar catalyst, it can get confusing, and so we
will just refer to the Lindlar catalyst using its name).

» The alkyne reaction is more exothermic, which aids selectivity based on thermodynamics (although in reality it
is a bit more complicated than this since the alkyne also adsorbs preferentially to the surface).

» The details about exactly how the catalyst works, and indeed its composition, are not worth the effort to learn.

» However, you do need to know this method for synthesizing a cis-alkene from an alkyne.

Example:
A stereospecific reaction of an alkyne in the presence of an alkene:

A
= e

H ¢is-

H>
H
Lindlar'sm N no reaction
~___ — here

» Using the Lindlar catalyst, the alkyne can be made to react selectively, and, a single alkene sterecisomer is

formed as a result of this reaction!
» The alkyne reacts preferentially to the alkene because the reactions have different exothermicities and the

alkyne tends to adsorb preferentially to the catalyst.
» To get two hydrogen atoms from a hydrogen molecule, a way is needed to break the strong H-H bond, that is

the role of the catalyst.
H—H ——» H° *H 2HATOMS
weakened bond Hy Hy

E.HZC§§CH2 : Ha/C\C::Hz Ha/S>CH2
T Tl TITT

catalyst surface catalyst surface catalyst surface
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4.2 Selective Anti-Addition of Hydrogen (Reduction)
* How do we add H: specifically to make the trans-isomer (anti-addition)?

addition of H, @ /R

R-C=C—R ——>'  [=C
reduction R @
trans-

» Formation of a trans-alkene from an alkyne requires a different New Reagent and a new mechanism.

Na —>» Na® + ee electro together

S make H atom e? + H®= H
NHy — > NH, +

» A sodium atom can provide an electron and a hydrogen atom containing solvent (NHs, ammonia in this case)
can provide a proton, together they constitute a hydrogen atom and a very different way of adding hydrogen
atoms to an organic structure, via a very different mechanism to catalytic hydrogenation

» A hydrogen atom is equivalent to a proton and an electron, adding a proton and an electron to a molecule is
equivalent to adding a hydrogen atom.

» Mixing sodium metal and ammonia provides H atoms in the form of electrons and protons

R H
Na/NH;(1) / Na/NH;(l
R—C=C—R —3> >C=C\ G—S(l no reaction
sodium in H R’
liquid ammonia  trans-

* This reagent reduces (adds H atoms) to an alkyne but not an alkene, the addition to the alkyne is anti-, a trans-
alkene is produced.

» The sodium metal dissolves in the ammonia solvent (at low temperature) to generate an electron in the
ammonia solvent, a solvated electron, Na/NHjs(l) is an example of a dissolving metal reducing agent (we will
see these again later in the course).

» The solvated electron (in ammonia):

Na + NH3(l) === Na* + € (NHs),

solvated electron (e,,)

The Mechanism is not a conventional Lewis acid/base mechanism, and you are unlikely to be asked to
reproduce it on an exam, the key intermediates are a trans-vinyl radical and a trans-vinyl anion.

€solv R H
R—CE’C/—R\' Na /NH(1) - /\C=C/\ trans-alkene
H R’
o ¢
/
LN H/—\\: R H H R H
R—C=C—R' H — > _ /=0, = H-N\: C=C,
radical anion /‘O R (AT V’G R
€solv

trans-vinyl radical more trans-vinyl anion

stable than cis-vinyl radical

» The intermediate vinyl radical and anion are more stable in the frans-form, which explains the overall
stereochemistry of the reaction.
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Example:
trans-

H
Q/ Na/NH(1) X
o ® H
e + H
\ no reaction here

» Again, here we have reaction of one functional group (alkyne) in the presence of another (alkene) and with
specific stereochemistry.

4.3 Addition of H-Br
Remember the following reaction:

H-Br
EE— Br Markovnikov

Compare:

Y. LB o 5 H—Br: :Br:
/\ Hof Ty a4 sl b
—C=C— Sp 4 - >C—C—H
R—C=C—H C=C
_@_> R—C= C —> —@—> / I
terminal alkyne ® H R/ \H R H
vinyl cation Markovnikov T . Q'r'® H
. ‘Bra L
THIS reaction THIS reaction SLOWER /C_,C Hl
SLOWER than ) R
3 " than alkene reaction
alkene reaction AND alkyne reaction ¢
B b
Markovnikov *Br— (l: IC H
R H

» The second cation is resonance stabilized, which explains the second Markovnikov addition.
* Note: the kinetics and thermodynamics of alkyne reactions compared to alkene reactions are tricky, alkyne
reactions tend to be both slower and more exothermic.

Different types of n-bond react at different rates with HBr:

H—(-?B:r': H—(-;:r: W electrons Ll Br
R Y\ H Yk t
\ / q
/C=C\ N R—C=C—H N C elec’rr‘onegahve Br
R H hybridization
alkene faster than alkyne faster than mel brom| de

» Alkynes react slower than alkenes because of the stronger n-bond.
» The vinyl bromide reacts slower than both the alkyne and the alkene because of the electron energy lowering
effect of having the bromine atom attached directly to the C=C double bond.
* This reactivity order can't be predicted form first principles, but it is understandable and explains some important
reactivity differences between alkynes and alkenes
» Therefore, the reactions of alkynes and alkenes could, in principle, be distinguished or selected on the
basis that the additions reactions have different kinetics, and as we will see, this works!
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* This is a second way in which alkenes and alkyne reactivity can be differentiated and selected

» We previously saw that reductions by adding hydrogen (hydrogenation) with catalysts such as the Lindlar
catalyst, could distinguish alkenes and alkynes based on how exothermic the reactions are, i.e. based on
thermodynamics.

* Note: The Hammond postulate is not disobeyed, it works for each step of the mechanism (energy diagram
below).

» The Hammond postulate can only be used to analyze single step reactions or a single step in a mechanism:

H
more endothermic /\ R—®C= c
slower |
A "
relative R H more exothermic
energy o=c faster
77T
R
N
R—Cll—IC—H
R-C=C—H but more exothermic! X Hy H
\ 4
> ,C=C\
reaction coordinate R H
Example: One Equivalent of HBr:
\ Br
1 Equw
/ 1 } =< N NH
H
does not rearrangel!
product

 Addition of a single (1 Equivalent of) HBr to an alkyne is possible, the product of the first addition, the vinyl
bromide, reacts slower than the reactant alkyne, and so some of the HBr does not also react with the vinyl
bromide making a complex mess. This is selectivity based on kinetics.

* Note that the intermediate vinyl cations tend to rearrange slowly due to a stereoelectronic effect associated
with the relevant orbitals, therefore in this course we assume that they don't rearrange.

more than you really need to know.....

\\\m

OZ C anH < QO Q\\\H
MeW Me (
AZo 0 Ovy
hydride transfer to a vinyl cation should produce a resonance stabilized allyl cation, however, the newly

formed empty p A.O. is orthogonal to the pi-system of the C=C double bond, there is no large energy
gain associated with rearrangement until rotation, which makes rearrangement of vinyl cations slow
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Example: Two Equivalents of HBr:

Oee
:?.r: M\ Br "(.9 *Br: r'
2Equiv H ¥ Br—H =
=—H > —» H A —
W HBr H © !

H—Br  does not rearrange!
does not rearrange

resonance stabilized!
H

iy

:Bri

Example: Alkene versus Alkyne:

Br Br. Br
4 1 Equiv. 2 Equw
-
HBr o Her
alkene more reactive

» Reaction of 1 Equivalent of HBr with a structure that has both an alkene and an alkyne functional group results
in reaction of the alkene and not the alkyne.

* This is actually a pretty important point, this is our first example of preferential reaction of one functional group in
the presence of another very similar one! The small change in hybridization is sufficient to allow this selectivity.

4.4 Addition of Water

Recall:
1. BH3.THF Me D Anti-Markovnikov
R (¥) and
M 5 2.70OH/H,0, H OH syn-addition
1. Hg(OAc)/ H2}O Me Markovnikov
Ve 2. NaBH, »

H30" also works, but not used in synthesis

Analogously: Markovnikov addition of water to an alkyne:

o) H
H,0 HO /H N /
R—C=C—H % 5 = —> L—CH
terminal alkyne HgS0,/H;50, R H R H
enol
Markovnikov we will need to explain this!

+ Aqueous acid actually reacts pretty slowly with alkynes, even slower than with alkenes, and the Hg?* catalyst is
usually required to allow water addition to the alkyne.
* Hg(OAc): is not reactive enough as a catalyst to make the alkyne reaction go with a reasonable rate.
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MONOcation, weaker Lewis acid DIcation, stronger Lewis acid
HO 5 o H0 2 20
Hg(OAc), —> ( _“HgOAc’) + OAc HgSO, —> \""Hg ) + SO,

* In reality, dissolving HgSO4 in water is more complicated than indicated here, but what we show here is
sufficient to make the point that a monocation mercury catalyst is sufficient to allow the alkene/H20 reaction to
occur, but a dication Lewis acid can be the stronger electrophile needed for the alkyne/water reaction.

The alkyne mechanism can be broken down into two important parts
Mechanism part 1: Formation of the enol:

H
®
LA/BA \8’
Hg?* : Hg" R Hg" H
-~ Ho®" 4 o 19 R Mo \._ M9 H N
R—C=C—H —» R—C=C\ —> /C=C\ —> /C=C\ —> /C=C\
LB H.) H H=0® H HO  H HO  H
~0: L\H H enol
[ LB Ao LB/BB
...O\H + H92+
catalyst
regenerated

» Alkynes will not react with aqueous acid (alkynes are less reactive than alkenes) without a catalyst.
» The Hg?* cation is a stronger electrophile (works with alkynes) than Hg*OAc (works with alkenes).

Mechanism part 2: tautomerization of the enol

» Keto-enol tautomerization: Is equilibrium between proton shift isomers.

» Tautomerization is interconversion between isomers, where the only difference between the isomers is the
position of on H atom and one double bond.

* We need to add (first) H and remove (second) H in presence of acid (i.e., in the form of H").

equilibrium favors

remove . se, .0* H.-..add STH T
HQ). /H __ ketone N R ||’|® y
_d C Ch... * 1 O  !regenerated
\ acid ca‘ralyzed \ WH™TH
enol R R H e
HO ) H 0® H
®\C —C—H <« » l>(\\C C/ H
/ / 0\
R H R H

« Critical point - with acid, add a proton first, remove a proton second.

* The enol and the ketone are isomers, the reaction is a keto-enol tautomerization.

* Equilibrium favors the stronger C=0 bond compared to the weaker C=C bond in enol.

» The acid is not overall consumed, the acid that used in the first step is regenerated in the second step, the acid
acts as a true catalyst.

Example:

\
/

\ stof

note reagents!!

‘ — keto isomer final
[

product
H
enol not isolated
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Example:
/ HgSO4/H,0 o
/ %
H,SO,
* This reaction works well with symmetrical or terminal alkynes, otherwise you get a mixture of isomeric products.

Analogously: Anti-Markovnikov addition of H20 to an alkyne:

H
1,(sia)BH.THF H OH o [ Vs

R—C=C—H —— > c=C — > ~C—C
- /o N\ /N
alkyne 2.70H, H0, g H R H
enol |dehyde
Anti-Markovnikov a Y
H .
‘5 <« Sig - isoamyl
(Sia),BH = > :
(Sia)2BH : Is a very bulky borane, it prevents 2 molecules from adding to the alkyne.
Mechanism part 1: Formation of the enol:
H—B(Sia), H o BB om0, H - OH
_/’ e /C=C\ A /C=C\ enol
R—C=C—H R H R H

concerted or rapid 2-step reaction

Mechanism part 2: Tautomerization of the enol:

* This reaction is base catalyzed, the base that is consumed in the first step of the mechanism is regenerated in
the second step, the base is a true catalyst

* Need to add and remove "H" with base (i.e. remove first, a base will not provide protons)

* Treat this a mechanism problem, think about the order of making and breaking bonds and what the best order
is given the provided reagents/condition, in this case base....

Ooo :'—-.“ .
H 2'(‘51]-]*\‘9"' e 0 P
\ S e W N + 19, v catalyst
I ~ H C C B -OH:
enol /C_C\ base catalyzed R/ \H % regenerated
R H
. /H A4 equilibrium favors
X o.. O\Z aldehyde
H :0: H -0O:
\__ 7 N, 7
C=C =—>» T:C—C
/ \ / \
R H R H

» With a base, first remove a proton, add a proton second.

» Recall this reaction is a keto-enol tautomerization (the enol and the aldehyde are isomers).
* Equilibrium favors stronger C=0 bond compared to weaker C=C bond in the enol.

Example Reaction:

1. (Sia),BH - THF Z | 0
— v
2.OH, H,0, H

Alkynes : Page 13

/



5 Acetylide Anions : Retrosythesis and Carbon-Carbon Bonds
» Suppose we want to make one of the C-C bonds in the structure shown.
» Consider the retrosynthetic analysis indicated by the disconnections A and B.

® « —
- B LB O.
synthons ® - A . B /

_/T_: o : synthons

NOT a good synthon

o LB

/N
LA / Br NG® -—
acetylide anion
synthetic equivalents

» Generate the synthons that have the lowest energy electron energy.

» Disconnection A generates a negative synthon with the charge on an sp3 hybrid carbon, very high energy
electrons.

» The much better disconnection B generates a negative synthon with the negative charge in an sp hybridized
carbon, much lower energy electrons, disconnection B is the better one!

» The negative synthon from B can be "put into a bottle" as a sodium salt, since the synthetic equivalent in this
case is simply an acetylide anion.

» The positive synthon is converted into a synthetic equivalent as a bromide, as usual

* Acetylide anions are by far the most useful carbon anion synthons, and are very important for the synthesis
of carbon-carbon bonds.

5.1 SN2 Reaction with Alkyl Halides
* We know how to make the acetylide anion, by deprotonation of a terminal alkyne using our new favorite strong
base, sodium amide (NaNH>).

SN2 HoN H
NaNH, LB :
®/
H-C=C-H — 3 H-C= c/N_R\w«lc X —> HCCC\.,,R = H-C=cD Com,
. : R sp
sodium acetylide LA new C- CboncF1 synthons !

* The acetylide anion reaction is simply an Sn2 reaction and, makes a new C-C bond.
* It proceeds via the usual concerted backside attack mechanism, with a Walden inversion.
* Recall: SN2 reactions work best at primary and allylic carbons atoms.

NaNH2 @
—H — Na — —
1. NaNH, /1. NaNH, — / \
H—==—H 2. ETBr) H— 2. BuBr -

* Important, Note 1..... 2. notation, which means first reaction with NaNHz (and wait until that reaction is
complete), and then second then react what you get in the first step with the alkyl halide.

* As usual, the SN2 reaction works best with primary/allylic halides, otherwise you get the usual SN2/E2
elimination/substitution competition.

Examples:

HC=C: Na + H;C— C Bf —» HC=CH +Hyc—C E2 Elimination,
CH3 CH, NOT SN2 substitution
LB/BB (3° halide)
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» The acetylide anion is a strong Bronsted base, it will do standard E2 elimination with a tertiary halide, and as
with any Lewis base/nucleophile, cannot do SN2 (substitution) at a tertiary carbon atom.

5.2 Addition to Carbonyls and Epoxides

» The acetylide anion reacts with an alkyl halide via SN2, the carbon it attacks has a partial positive charge.

» The acetylide anion can also attack other electrophilic carbons that have partial positive charges, e.g. the carbon
in a carbonyl (C=0) bond.

Example with a carbonyl (C=0 bond):

-
7
NaNH, °® (” 3.0 0
HCCH—»HCC\Q\%HCCCO:>HCC @CO'
Ph 7,
LB LA
H30+¢ 30@ ¢ (+ HY)
H™ H
£ CH,
"carbonyl group" |CH3“ "leaving group"_ C O
HCEC—(li—.O.H is C-O n-bond Ith

Ph

* This makes a new C-C bond and makes an alcohol.

» The C=0 r-bond is the "leaving group" in this case.

* H3O" is required to add the proton to the oxygen with the negative charge in the second step.

» Here we have a (slightly) more complex conversion of synthon to synthetic equivalent, for the positive
synthon, the synthetic equivalents are a carbonyl (aldehyde or ketone) and the proton (H*).

» The carbon involved in the new C-C bond has an oxygen atom "attached", this is the key structural feature
that indicates addition to a C=0 bond!

1. NaNH,

2

: HH _
Ph-C=CH  —— " » Ph-C=C

3. H;0*

* Note 1... 2.... 3.... notation, it is important!

Example with an epoxide:

®Na s _ o/\H\?\ oN
o *O* epoxide : ®
HC=C: /—\\‘X/ZX —» HC=C- —CH2 H CH; —— HC= C H,C—CH—-CH;
LB LA synthons _
SN2 H3O+ = (+ H+)
:0-
.. 7\
:C‘)H "leaving group"  HC——CH-CH;
HC=C—CH,—CH-CH; is strained
C-0 o-bond

* This makes a C-C bond and makes an alcohol.

*» The strained C-O sigma-bond is the "leaving group" in this case.

* H3O" is required to add the proton to the oxygen with the negative charge in the second step.

» Here we have a (slightly) more complex conversion of synthon to synthetic equivalent, for the positive
synthon, the synthetic equivalents are an epoxide and the proton (H*).

» The carbon involved in the new C-C bond has an oxygen atom on the adjacent carbon, this is the key
structural feature that indicates addition to an epoxide!
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» The acetylide anion adds to least substituted side of epoxide for steric reasons.

Compare:
H ® OAc positive
NO positive oY ®.:0 ‘Br. ®H
charge, steric LB@\_S LA 7LA & &A ;E?;gtz
ffects dominat : . .
effects dominate N2 LB(?') HZO!') Hzoi') electrons

* When the 3-membered ring has a positive charge, a Lewis base attacks the most substituted carbon. This is
an energy of the electrons effect. As the Lewis base approaches the more substituted carbon it "feels" a slightly
higher positive charge, which lowers the energy of its electrons more, it is "attracted" to the slightly higher partial
positive charge.

* When the 3-membered ring is neutral, a Lewis base attacks the least substituted carbon for the usual SN2
steric effect reasons, the least substituted carbon is less sterically hindered.

Example:
1. NaNH,

B
HsC—C=CH  ——> H3C—CEC

3. H;0*

* Note 1... 2.... 3.... notation, it is important!

5.3 Examples in Synthesis
As a simple example of a multi-step reaction that forms a new C-C bond followed by two different functional
group interconversions (FGI or F.G.1.):

1. NaNH
H-C=C—H T/

2. \Br 1. (Sia)BH THF

i e )\/\/
/\)j\ O

aldehyde
ketone
Synthesis Example 1:
new C-C bond
eenmTTTTTIT . JUUCELLLEL AL LI . /CH3
__________________ e \ carbon: add to €=0 bond
C

¢ NaNH, H,0" §
® 2 on. s 77
Na Hs¢” S0 HC oynthons i€ QH  Hye” S
+ H*

1. Look for starting materials in product (circled)

2. Any C-C bonds to make? (yes)

3. Heuristics: The -OH is on the same carbon as new C-C bond, therefore, the reaction must be addition to a
carbonyl (C=0 bond).
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Synthesis Example 2:

HEURISTICS -OH on adjacent

Ve
new C-C bond carbon: epoxide -OH
®
|-| CH2 C—CH 3 — CHz—C= c: CHZ—IC—CH3
CHg CH,
L NGNH2 H.O* T =
. 3 CH3 synthons 0. +H
_ .0 {N+-CH, /\
°Na CH; CH; CH;

1. Look for starting materials in product (circled)

2. Heuristics: The -OH is on a carbon that is adjacent to the carbon involved in making the new C-C bond,

therefore, this must be addition to an epoxide.

Synthesis Example 3:

1. NaNH, - make 2 bonds
2. EtI - Alkyne -> Alkene

=

» NN

Na/NH;(1)

/\ b NGN)HZ /\/\
2.PrI

Synthesis Example 4: Synthesize the target structure on the right from the starting alkyne on the left

Br‘
= NBS/hV
1. NGNHZ
\ > por HBr
- ROOR not good Br
H, may add in

f 2 e NS more than 1

Lindlar's catalyst this works o position

not good, Br add to
either side of the C=C
bond

» There is only one good way of getting the bromine onto the required carbon in the last step in the synthesis
» Conversion of the alkyne to the alkene does not involve stereochemistry, therefore, Na/NH3;(l) could have been

used equally well for this step.

Alkynes : Page 17



Synthesis Example 5: Synthesize the target structure on the right from the starting alkene on the left:

>

Bl”z

B
/

ll. Excess NaNH,/heat

Br

=

2. H,0
1. NaNH,
= >
2. PAM > Br

this reaction is not good, since the
-NH, would simply abstract the
MORE acidic proton from the
OXYGEN, not the terminal
hydrogen on the alkyne

OH
Ph
Phw

new bonds
H,, Pd/C
1. NaNH,
2 1 OH
: Ph | ;
Ph )\Ph — ] g
N —————> ——
— 3. HO" |
A B

X 2. try to make bond A
19—H’/1.N\21NH2 ry o maie bo

does NOT work!

» The order in which the two C-C bonds are made is important.
« If we try to make bond A after making bond B, then we will have a problem, the sodium amide (NaNH2) will not
deprotonate the terminal alkyne to make an acetylide anion, instead it will simply deprotonate the -OH alcohol

group as shown above.

» This is a common issue when dealing with organic structures that have multiple functional groups, we need to

pay attention to all possible reactions!
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6 Alkynes : Summary of Reactions

Do not start studying by trying to memorize the reactions here!
Work as many problems as you can, with this list of reactions in front of you if necessary, so that you can get
through as many problems as you can without getting stuck on eth reagents/conditions, and so that you can learn
and practice solving reaction problems. Use this list after you have worked all of the problems, and just before an
exam. By then you will have learned a lot of the reagents/conditions just by using them and you will only have to
memorize what you haven't learned yet.

o
CH3-CH,~CH—CH,

CH3;—C=CH

CHy—c=c® @ Nga

HCEC:G © Na
He=c:® ©Na

CH3—CH,—C=CH

CH3—CH,-C=C-CHj

CH3_CH2_CEC_CH3

>{
Q{

CH4CH,CH,C=CH
CH5;CH,CH,C=CH

CH3CH,CH,C=CH

1. Excess NaNH,/heat

>
2. H,0 Y/N
NaNH,
Y/N
CH3CHzBr
- » Y/
and other SN2 reactions of acetylides
0]
1. Ph)I\CH3
?
2. H;0* Y/N

and other reactions of acetylides
with C=0 and epoxides
O

1.%

2. H;O* Y/N
Ha
Y/N
Pd/C
Ha
Lt
Lindlar catalyst Y/N
Na / NH; (1)
> Y/N
HgSO4/H2804/H20)
sometimes the H,O will not be specified
1. Sia,BH .THF
> Y/N
2. H,0,/~OH
~OH may be specified as NaOH
1 equiv. HBr
Y/N
2 HBr
> Y/N
2 HBr
Y/N
t-BuOOt-Bu

or H,0,, or a generic peroxide ROOR
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CH3_CH2_CECH
© o
CH;—C=C: Na
CH3'CEC—CH2CH3

IOH
HCEC—(')—Ph
CH3

HCEC_>—OH

CH3-CH,—CH,—CHs

H

N /
C=C.
CH3-CHy”~ ~CHjs

. /CH3

C=C

CH3CH2CH2CBT=CH2

CH3CH2CH2(:BF20H3

CH3CH20H2CH20HBF2



