Carbonyl Chemistry Fundamentals

Reading from Vollhardt and Schore
e Sections 17-2, 17-5, 19-7, and 20-1

Lecture Supplement
e Carbonyl Chemistry Fundamentals (Thinkbook pages 33D39)

Optional Reading
* OCATSA Carbonyl Chapters (email instructor for access)

Optional Web Site Reading
e Carbonyl Group Basics (www.colby.edu/chemistry/OChem/DEMOS/ketones.html)

Suggested Text Exercises from Vollhardt and Schore
* Chapter17: 24
* Chapter 20: 1

Concept Focus Questions
1. List at leastsevenfunctionalgroupsthat containa carbonyl.Draw a moleculethat
contains each functional group on your list. Include all lone pairs.

2. Briefly explain why the carbonylgroup can function as both a nucleophileand
electrophile.

3. Why do all the functional groupslisted in questionl undergosomewhatsimilar
reactions?

4. Name and illustrate the three fundamental carbonyl group mechanism steps (or fates).

5. Name and illustrate the two most common generic carbonyl reaction mechanisms.

6. List andexplainthefour mostimportantfactorsthatcontroltherelativereactivity of a
carbonyl-containing functional group in an addition or substitution reaction.

7. What factor controlsthe mechanisticfate of a tetrahedraladduct(also called the
tetrahedralcarbonyladdition compoundor tetrahedralintermediate)that bearsa
negatively charged oxygen atom?

8. Rank aldehydesversusketonesin order of decreasingeactivity to nucleophilic
addition. Briefly explain your logic.

9. Arrangethe following in order of decreasingeactivity to nucleophilic carbonyl
substitution: ester, amide, thioester, and carboxylate ion. Briefly explain your logic.

216 Carbonyl Chemistry Fundamentals



Concept Focus Questions Solutions
00 .02 HON HoN

v I 1 I )i

HyC H HaC CH; H,C OH HaC OCH;
Acetaldehyde Acetone Acetic acid Methyl acetate
aldehyde ketone carboxylic acid ester
HoN HoN 0 HoN
H3C)k.l\.lH2 H3C)k:0:)kCH3 H3c)J\'c'| :
Acetamide Acetic anhydride Acetyl chloride
amide anhydride acid chloride

2. Carbonis lesselectronegativéhanoxygen,so the carbonylcarbonbearsa 6" while
the oxygenbearsa &'. This renderghe carbonylcarbonelectrophilic.A combination
of the oxygend’, oxygenlone pairs,and C=0 pi bondallow the carbonylgroupto
function as a nucleophile.

B /EI ectron excess
0. =—Lonepairs — Nucleophilic oxygen
|C|:\H bond

e Jt_/ Electron deficiency =) Electrophilic carbon

3. All thefunctionalgroupsin questionl containthe carbonylgroup.Becausehemical
reactionsand many physical propertiesdependupon interactionsand changesn
electrondensity, functional groupswith similar electronicstructureshave similar
chemistry.

02 :0:
4. Nucleophilic attack at carbon: 9}\—» X+
OH,
k:_QHz

+ +
o) :/‘*HQ‘OH2 o7

Electrophilic attack at oxygen )k . 4 o

H

(Electrophilicattackat the pi bondis the sameaselectrophilicattackat the oxygenas
the products are resonance contributors, and therefore the reactions are identical.)

10 10: 10—
Enolate formation: )J\ /]\
e -
. > \ ~ J

Hg).:/‘H Y
Enolate resonance contributors
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5. The two most commongenericcarbonylreaction mechanismsare addition and
nucleophiliccarbonylsubstitution.Both involve nucleophilicattackon the carbonyl
carbon.If X is a sufficiently good leaving group, then nucleophiliccarbonyl
substitution(also callechucleophilic acyl substitutigroccurs:

(0} -0 X (0]
R v R nuc R nuc
snuc

Tetrahedral
intermediate

If X is not a sufficiently goodleavinggroup, thenthe tetrahedrabdductreactswith
an electrophile, usually a proton source@HThis gives aamddition product:

(O -0 X wgn HO X
R)& R><nuc R><nuc
nuc
6. The four factors and their effects are:

Carbonylcarbond™: A largercarbonylcarbond® makesthe carbonylgroup more
electrophilic, and makes for faster nucleophilic attack.

ResonanceResonancenay be lost whenthe carbonylis convertedo the tetrahedral
adduct.Becauseaesonances a stabilizing effect, the loss of resonanceaisesthe

transition state energy for this nucleophilic attack. Thus, the more important
resonances in a carbonylfunctionalgroup,the moreresistanto nucleophilicattack
itis.

Leavinggroup:A betterleavinggroup promoteshe fragmentatiorof the tetrahedral
adduct.

Steric effects: If the carbonylcarbonis sterically hindered,nucleophilicattackis
slowed.

7. Whenthetetrahedrahdductoxygenbearsa negativechargejt is drivento disposeof
this charge.This can happenby expulsionof a leaving group (asin the generic
substitutionmechanism)pr by acceptingan electrophile(asin the genericaddition
mechanism).

8. In orderof decreasingeactivity to nucleophilicaddition: aldehyde> ketone.The
factors that control the rate of addition are:

Carbonylcarbond™: In general the chargeon analdehydecarbonylcarbonis greater
than on a ketonebecausean aldehydebearsone electron-donatingalkyl group
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attachedo the carbonyl,whereasthe ketonehastwo. Thereare someexceptions,
suchasformaldehyde(H,C=0) and benzaldehydéPhCHO).Hydrogenatomsand
benzene rings are not electron-donating groups.

Stericeffects An aldehydehasa hydrogenatom attachedto the carbonylcarbon,
whereaghe ketonehasa largegroupinstead.This resultsin greatersterichindrance
to nucleophilicattackof the ketonecarbon thusmakinga ketonelessreactivethanan

aldehyde.

9. In order of decreasingeactivity to nucleophiliccarbonylsubstitution:thioester>
ester> amide> carboxylataon. Explanation:Thefour factorsthatcontrolthe rate of
nucleophilic carbonyl substitution are:

Carbonylcarbond®: The magnitudeof this chargeis controlledin this seriesby the
magnitudeof the resonanceinteraction betweenthe carbonyl carbon and the
attachment.

* Thioester:Poorresonancdecausearbonis in the secondrow of the periodic
table whereas sulfur is in the third row.

* Ester:Betterthanthioesterbecauséboth carbonand oxygenare on the same
period.

* Amide: Betterthan esterbecausenitrogenis lesselectronegativehan oxygen
and thus more inclined to share its lone pair by resonance.

* Carboxylateion: An oxygenatom with a negativechargeis a much better
resonance donor than a neutral nitrogen atom.

Inductive effectsalso influencethe magnitudeof the carbonylcarbond®. Electron

donatinggroups(usuallyalkyl groups)decreasé¢he 6 whereaslectron-withdrawing
groupsincreasethe 6*. This effect is outweighedby resonancenvhen the atom

adjacent to the carbonyl carbon is nitrogen, oxygen, or fluorine.

Resonanceln addition to the chargeeffect describedabove,the magnitudeof
resonancéost influencesthe energyof activation(andthusthe rate)of nucleophilic
attackuponthe carbonylcarbon(question6 above).In orderof increasingesonance
stabilization(for reasongdiscussedibove):thioester< ester< amide< carboxylate
ion.

Stericeffects Steric effectsare hardto comparein this series.While SR, OR, and
NR, arelargerthanQ;, it is unclearwhich effectof thesefour factorsdominate When
in doubt,pick resonanceThereforewe neglectthis factorin this case (Empiricaldate
suggestshatstericeffectsarenot asimportantasresonanceffects,but whenall else
is equal, they have a noticeable influence.)
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Leavinggroup:In orderof bestto worstleavinggroup: SR (sulfur hasa largeatomic
radius), OR (oxygenhassmalleratomicradius,butits higherelectronegativitynakes
it betterthan'NH,), 'NH,, andO*. (A doublychargedatomwith a smallatomicradius
is an exceptionallypoor leaving group, unlessstrongly attachedto an atom that
cancelsonecharge Aluminum andoccasionallylithium cando this. Think aboutthe
mechanism for LiAlH reduction of an amide.)

Three of these four factors are synergistic, leading to the order given above.

OWLS Problems
1. Nameat leasteight functional groupsthat containa carbonylgroup. Provide an
example for each. Each example must have exactly four carbon atoms.

2. Like carbocationsand radicals, the carbonyl group has a limited number of
mechanisnpossibilities.Namethesethreecarbonylmechanisnfatesandillustrate
each using acetamide. Include curved arrows and products of each mechanism fate.

0
(:Hg)L NH

Acetamide

2

3. Perhapshe mostimportantcarbonylfunctional groupin living organismsis the
amide, which links amino acidsto form the primary structureof peptidesand
proteins. Amides can undergo nucleophilic carbonyl substitution with water.

(¢} O
H,0
— + NH;
CHj NH, CHj OH

(a) Define Onucleophilic carbonyl substitution.O

(b) Hydrolysisof acetamidas a slow reaction.(Conversely amidehydrolysisin the
bodyis catalyzedoy enzymesandis very fast.) Changingreactionvariablessuch
as nucleophile,leaving group, magnitudeof the carbonyl carbonatom &7,
resonanceandsterichindrancecanmakethe reactionfaster.Changingonly one
variableatatime, write reactionghatillustratechangesn thesereactionvariables
and that are very similar to the hydrolysis of acetamide, but obviously faster.

4. The rate of nucleophilic carbonyl substitution is influenced by the functional group:

0 0 o 0
)L g )L g )k g )L
SR R OR R NR; R o

Fastest Slowest

R

(a) Rationalize the relative rates for these carbonyl substitution reactions.
(b) Why do esters and carboxylic acids undergo substitution at very similar rates?
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(c) Write the carbonylsubstitutionreactionthat occursbetweena two-carbonacid
fluoride and an excess of ammonia.

(d) Comparedo nucleophiliccarbonylsubstitutionof a thioesterjs the samereaction
of anacidfluoride sloweror faster?(An acidfluoride is the fluorine analogof an
acid chloride.)

5. Provide complete mechanisms.

(@] (@]
H,O
.
(a) )J\ )J\ "o
Cl Cl HO OH

KOH

H
|
(b) }bN//A\\H//N\\V//COOH — 2 N oy
H,0
(6]

Practice Problems
1. Briefly explain why a carbonyl group can react with both nucleophilesand
electrophiles. Give examples that clearly illustrate your answer.

2. Why are the reactions of aldehydes and imines very similar? Be very specific.

3. Usingthestructureshownbelow, nameandillustratethe threefundamentatarbonyl
mechanismsteps.Use eachstructureonly once. Include all curved arrows and

products.
O
(0]
- PN

4. Usingthe estershownandany otherneededeagentspnameandillustratethe three
fundamentatarbonylreactionmechanisnsteps.For eachfate thatdoesnot involve
an enolate,write a very similar reactionthat obviously occursmore readily, and
briefly explain why this reaction is faster.

(0]

OCH,
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5. Select the correct product(s) of this mechanism step:

@i ° o NH, HQ
ST A M
4\~ NHg NH

NH3

2

A B C

6. Provide a complete mechanism for each reaction.

(0]
NaOCH; oM NaBH4
(a) ~Con >< (©) “CHoH

(CH;)5C H (CH3);C OCHj,3

i NH i i
)k 3 (excess) )k (d) co; + HO —> )J\
cl NH, HO OH

7. ForreactionsDBEF shownbelow, (a) write a mechanisnfor the fastestreactionand
(b) briefly explain why the other two reactions are slower.

NaOCH3 0
ReactiorD: )k oron
OCH,CH, OCHj
0
_NaOCH;
ReactiorE: )k “oron
N(CH2), 8 OCH;

_ Q NaOCH3
ReactionF: )}\ CH,OH )k
OCH;,

8. ForreactionsGBl shownbelow, (a) write a mechanisnfor the fastestreaction,and
(b) briefly explain why the other two reactions are slower.

)
NaOCH3
ReactionG: )k “chon
N(CHa)2 ° OCHs

(0] (0]
. NaOCH3
ReactionH: )J\ )k CHaOH )k
(o) OCHg
(6]
. NaOCH3
Reactionl: )k P )J\
SCH OCH;
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9. For moleculegdEL shown below,
(a) Selectthe structurethat undergoesnucleophilic carbonyl substitutionmost
rapidly.
(b) Briefly explain why the other two compounds react more slowly.
(c) Provide the structureof a compoundthat is similar to JEL, but obviously
undergoes nucleophilic carbonyl substitution at a faster rate.

0 0 o) 0
c;Hg,)J\ocH3 CF;*OCPB )J\OJJ\
J K L

10. For the two reactions shown below,
(a) Write a mechanism for the faster reaction.
(b) Briefly explain why this is the faster reaction.
(c) Write a reactionthatis similar to, but obviously fasterthanthe fasterreaction.
Briefly explain your reasoning.

P o 9 T om0 f
)k = )k and )J\ o )k
E OH cl OH
11.For the two reactions shown below,
(a) Write a mechanism for the faster reaction.
(b) Briefly explain why this is the faster reaction.

(c) Write a reactionthatis similar to, but obviously fasterthanthe fasterreaction.
Briefly explain your reasoning.

HO H
_NaBH, _NaBH,
CH3OH )4 CH3OH

12. Considerthe reactionof the two moleculesshownbelow with K* "C=N, resultingin
nucleophilic carbonyl substitution.

0 o]
)J\ versus )k

e cl (CH;),C cl

(a) Write a mechanism for the faster reaction.

(b) Briefly explain why this is the faster reaction.

(c) Write a reactionthatis similar to, but obviously fasterthanthe fasterreaction.
Briefly explain your reasoning.

13. Acylation of the free aminegroupsof DNA (abbreviatechereas DNADNH,) can
interrupt DNA basepairing, leadingto apoptosigcell suicide), mutations,or other
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cellulardamageWrite a detailedcurvedarrow mechanisnfor the fastestof thethree
DNA acylation reactions shown below. Briefly explain your choice.

O
(@]
] DNA—NH; pya )k + CH.OH
) - 2
ReactionM: o ~ CH, E

HsC OCHj

0
_ DNA—NH, 0 )k
ReactionN: _— ~ L.+ CHiSH

0
: : DNAT"NH2 pna )J\ + CHySH
ReactionO: Y CFs s

F4C SCH4 |

14. Write amechanisnthatshowshow the major productis formed.Briefly explainyour
choice of major product.

(0]
N aCN
HCN
O

Practice Problems Solutions
1. The carbonylgroupcanreactwith nucleophilesbecauset hasa carbonylwith a §*
(the carbonyl carbon).

-OH

It canreactwith electrophiledbecauseat hasnucleophilicportions(oxygenlone pairs
or C=0 pi bond. Both give same product when resonance structures are considered).

H D‘OHZ /]

2o—H

J— T~ I =

2. Aldehydesandiminesareexpectedo havesimilar chemistrybecausehe functional
groups are similar.

* Both consist of a double bond between a carbon and a heteroatom.
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* In bothcasedghis carbonbearsa " chargedueto the effectof a neighboringatom
thatis more electronegativeT hereforeboth aldehydesandimines canundergo
nucleophilic attack.

* Both havea heteroatonmwith at leastonelone pair of electrons.Thereforeboth
aldehydes and imines can undergo electrophilic attack.

* Both may havean a-hydrogenatom that may be removedby baseto form an
enolate.

o o d
N >
3. Nucleophilic attack at carbon: — on
Cl
\_OH

H—O0SO0;H

o~
+

Electrophilic attack at oxygen

e OH

O (O
Form enolate: D - /&
C

H4~0CH;

OD 0 OCH;
4. Nucleophilic attack at carbon: oCH, — %&{2
OH,

OD ~Q OCH,

Faster reaction ‘\ —_—

<

OCHjy OH

i

OH

Explanation: Nucleophilic attack by hydroxide ion occurs more readily than
nucleophilic attack by water because hydroxide ion is a better nucleophile than water.

+
O/‘H(_\OHZ +OH

—_—

Electrophilic attack at oxygen: OCH,8 ocH,

<
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0 AH—“OSO;H +OH

Faster reaction — =
OCH; OCH;

Explanation:Protonatiorwith H,SO, occursmorereadily thanprotonationwith H,O"
because k80O, is a stronger acid than,@'".

Enolate formation: —
) Toch, OCH;

5. ProductA is correct.

ProductB is correct.(ProductsA andB areidentical.) Eventhroughthe ammoniais
shownattackingthe carbonylOfromthe bottomQhe resultantalkylammoniumgroup
(RNH," doesnot haveto be shownOorthe bottom.OIn general structuresirawnin
mechanismsre not meantto showany particularthree-dimensionahrrangemenof
atoms, unless wedges and dashed lines are used.

ProductC is not formedfrom this mechanisnstep.The mechanisnstepshowndoes
not include curvedarrowsfor formationof an ObHor breakageof an NBH bond.
(ProductC might be formed later in the mechanism, but not in this step.)

P H O~~H—OCH; H OH

N R A VA
(CHy);C &H (CHC OCH, (CHy),C OCH;

OCH;

SRV B
® )&._' s _’)k_’)k
NH; C|

The expulsionof the leavinggroupfrom the tetrahedrabdductis shownprior to
the protontransferstepbecauseisually (but not always)intramoleculareactions
(reactionswithin onemolecule)arefasterthanintermoleculareaction(reactions
between two separate molecules).

OD O_"HDOCHg OH
(c) )\K—’XH — ><H + "OCHg
H

——BH;

H4~NHs
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o6, on

@ =€_>:< _>:< — o

OH, +(|3H OH
H4~OH,
0 _
D o) OCHZCH3
7. (a) — (/ — )J\ + "OCH,CH3
‘\OCHZCH3 ocH3 OCHs
~OCH,4

(b) ReactionE is slowerthanreactionD: the " onthe carbonylcarbonof anamideis
smallerthan an ester.Nitrogenis lesselectronegativehan oxygen,so nitrogen
providesmore electrondensityto the carbonylcarbon(via resonance)Because
the amidehasa smallercarbonylcarboné, it is lesssusceptibleo nucleophilic
attack than an ester. In additioN(CH,), is a much poorer leaving group than
"OCH,CH,.

Alternateanswer:Nucleophilicattackupona carbonylgroupdestroysesonance.
Resonances moresignificantin anamidethanin anesterbecauseitrogenis less

electronegativéhanoxygen.Becausdhe resonancdost uponnucleophilicattack

of anamideis moresignificantthanresonancéost uponnucleophilicattackon an

ester, an amide resists nucleophilic attack more strongly than an ester.

ReactionF is slowerthanreactionD: Although a ketonecanundergoaddition,
this substitutioncannotoccur at all aswritten, becauseCH, is nevera leaving

group.

0 OD o - 0 0
5 @ )k O)k o )L%ocm o )LO_ ) )k OCH;
k_OCH3

(b) The four factorsthat control the rate of a nucleophilic carbonyl substitution
reaction are:

Magnitudeof carbonylcarbond™: If the heteroatomadjacentto the carbonyl
carbonhaslone pairs,thenit may be ableto decreasé¢he carbonylcarbond™ by
resonance Nitrogen, oxygen, and sulfur have lone pairs. Oxygenis more
electronegativehan nitrogen or sulfur, so oxygen doesnot donateelectron
densityasreadily. However,theresonancenvolving sulfur (third row of periodic
table)andcarbon(secondow of periodictable)is notasgoodasbetweeroxygen
or nitrogenand carbon(all are secondrow elements).The lone pairs of the
oxygenatommustbe sharedoetweerntwo carbonylgroups whereaghelone pairs
of sulfur arenot. Thereis no cleardominantfactor here(althoughwe might make
some assumptions).
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ResonanceAs mentionedabove, sulfur and carbon have poor resonance
interaction,sotheresonancetabilizationof a thioestelis notasimportantasin an
esteror anhydride.Nitrogenis lesselectronegativehan oxygen,so it shares
electrondensitymorereadily thanan oxygenatom.Consideringresonancenly,
the order or reactivity id:>H >G.

Steric effects: The steric crowding at the carbonylcarbonis aboutequalin all
three cases.

Leaving group: The leaving groupin the amidereactionis (CH,;),N. Thisis a
poor leaving group due to the small atomic radius of nitrogen and lack of
resonancetabilizationfor the negativecharge.In the anhydridecase the leaving
group is acetateion (CH,CQO,), which hasgood resonancestabilization.The
leavinggroupin thethioesterreactionis methanethiolat¢CH,S), a goodleaving
groupdueto thelargeratomicradiusof the sulfur atomthatacceptghe electron
pair whenthe groupleaves.Thereis no singlefactorthatdominatesnostleaving
group cases put we might makethe usualguessthat resonance&lominatesand
thus pick acetate as a better leaving group than methanethiolate.

This analysissuggestshatthe anhydride(reactionH) is the fastestreactionof the
three.

9. (a) Either the trifluoro estéf or the anhydridé& is be the correct answer, depending
upon how you considered the factors involved.

(b) If the K wasselectedThe absenceof the inductive effect of the threefluorine
atomsresultsin a smallercarbonylcarboné®, soJ is lessreactivethanK. If we
assumehe CF,; inductiveeffectis strongerthanthe effect of the greatercarbonyl
carbond” (see below) theh is less reactive thai.

If L was selected:The carbonylcarbond™ is reducedby resonancewith the

neighboringoxygenlone pairs.The centraloxygenof theanhydridemustshareits

lone pair with two carbonylgroups,whereaghe "ether" oxygenof anestershares
with only one.This meanshe carbonylcarbond® of ananhydrideis greaterthan
an ester,makingthe estersJ andK lessreactivethananhydrideL. In addition,
methoxide('OCH,) is a poorerleavinggroupthanacetatg CH,CQO,). Thisis an

additional factor that makes the anhydride more reactive.

Moleculesthataremorereactivetowardnucleophiliccarbonylsubstitutionmight
havea greatercarbonylcarbond®, lessresonanceand/ora betterleavinggroup.
Trifluoroaceticanhydride(below) hasbothalargerd® anda betterleavinggroup.
It is very sensitiveto nucleophilicattack by evenweak nucleophilessuchas

water.
0 0
F3C)k0)kCF3
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o "o O o]
10. (a) )E _>)<\'> _.)k _,)k
| OH, OH
‘\COHZ CIL“\OH "

(b) It is reasonabléo assumehe acid fluoride reactionto be faster,becauset hasa
greaterd” on the carbonylcarbon(fluorine is a strongerelectron-withdrawing
groupthanchlorine).Or, we might expectthe acid fluoride reactionto be slower
due to the resonance between the carbonyl pi bond and the fluorine lone pairs.

However,whenthe tetrahedrabdductexpelsa leavinggroup,fluorine is sucha
poorleavinggroupthatwateralwaysleavedfirst, andthereactionneveroccursas
written. Thus, the acid chloride reactionis faster becausethe acid fluoride
reaction is so very slow.

0 = 1
| OH

This reactionis fasterbecausdodide ion is a much betterleaving group than
chloride ion. Becauseof this, acid iodides are so sensitiveto even weak
nucleophiles such as water that they are too unstable for routine laboratory use.

OD _OAH—[})CHS OH
o
H

H—BH,

(b) This reactionis faster becausethere is less steric hindrancefor BH, as it
approaches the carbonyl carbon.

NaH, 1M

(0]
(c) Many answers are possible, such )J\ —
H H

CH;0H
; H H

This reaction is faster for two reasons:

* Replacemenbf the methyl groupswith hydrogenatomsdecreaseshe steric
hindrance at the carbonyl carbon.

* Becausehydrogenis not an electrondonor,the " on the carbonylcarbonof
formaldehyde (KC=0) is greater than the carbonyl carlddof acetone.
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Cl& N =

C=N Cl cl

(b) The trichloromethyl group (first reaction)increaseshe carbonylcarbond?,
whereaghe tert-butyl group (secondreaction)decreasethe carbonylcarbond®.
The larger 6" charge makestrichloroacetyl chloride (first reaction) more
susceptible to nucleophilic attack than pivaloyl chloride (second reaction).

(0]

0
©) KON
al C=N
F F F

F

Fluorineis a more electronegativatomthan chlorine,sothe &" effecthasbeen
amplified.

oo 0, QSCH, O

>< DNA _ 5 . JJ\ DNA

)j\ F;C +/ JJ\ + / F3C N/
SCH; / \ |

H
H,N-DNA H H’\ SCH;

+ CH;SH

To comparethe ratesof reactionsthat have multiple mechanisnsteps,we needto
determinethe rate-determiningstep. That is not a simple task for nucleophilic
carbonylsubstitutionreactiondike this one. Thus,we mustanalyzeall stepsof the
reactionmechanismand makea choice basedon that analysis.We mustfocuson
differencesandignorethosefactorsthat areidenticalfor eachreaction,suchasthe
nature of the nucleophile (DNADNH

Nucleophilicattackon the carbonylcarbon.This is controlledby resonancendthe
magnitude of thé* on the carbonyl carbon.

Resonancstabilizationprovidedby the carbonylandadjacentone pair on oxygenor
sulfur mustbe disruptedto proceedo thetetrahedrahdduct.The moresignificantthe
resonancestabilizationthat is lost, the greaterthe price in activationenergy,and
correspondindower rate. Oxygenand carbonarein the samerow of the periodic
tablebut sulfur andcarbonarenot. Resonance the esterprovidesmorestabilization
thanresonancén thethioester.Thereforeresonanceetardsnucleophilicattackon the
ester (reactiom) more so than on the thioesters (reactidrendO).

The magnitudeof the 8" on the carbonylcarbonis influencedby inductive effects.
The trifluoromethyl group (CF,) is electronwithdrawing, while methyl groupsare
mildly electrondonating.Thus,thetrifluoromethylgroupincreaseshe magnitudeof
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the d" (favoring nucleophilicattack)while the methylgroupsdecreas¢he magnitude
of thed” (inhibiting nucleophilic attack). This factor favors react@mverM andN.

Decompositiorof thetetrahedrabdduct.The maindifferencebetweerthetetrahedral
adductgs the natureof theleavinggroup.Methanethiolat€ SCH,) is a betterleaving
groupthanmethoxide( OCH,), becauseulfur hasalargeratomicradiusthanoxygen.
Resonances not an issuehere becausehe nitrogenatom s protonated(i.e., no
resonancés gaineduponexpulsionof theleavinggroup).This factfavorsreactiondN
andO over reactiorM.

Summary: Resonancejnductive, and leaving group effects favor reaction O.
ReactionN is favoredby the leavinggroupbut disfavoredby the 6* magnitude All
three factors disfavor reactidh. Thus we predictO (fastest) >N > M (slowest).

“CN
. 5 — K — K
OD -0 CN HO CN
H—CN

HCN (pK, 9.1) is not strongenoughto protonatethe carbonylprior to nucleophilic
attack.

Themechanisnstepthatcontrolsthe productis the nucleophilicattackof cyanideion
on the carbonylcarbon.Therearetwo importantdifferencesbetweenthe carbonyl
groups of the aldehyde and ketone:

Magnitudeof §*. Thedifferencebetweerthe aldehydeandketoneis a hydrogenatom
versusa methyl group. A hydrogenatom is electroneutral(neither electron
withdrawingnor donating),whereasa methyl groupis a weakelectrondonator.The
methylgroupdecreasethe magnitudeof the " on the carbonylcarbonof the ketone,
reducingsusceptibilityto nucleophilicattack. Thusthe cyanideion attacksto the
aldehyde more readily than it attacks to the ketone.

Stericeffects A methylgroupis largerthana hydrogenatom,sothe carbonylcarbon
of a ketoneis more sterically hinderedthanthat of an aldehyde.This also favors
nucleophilic attack at the aldehyde carbon atom over the ketone carbon atom.

Takentogether,thesefactors suggestthe major productarisesfrom nucleophilic
attack at the aldehyde.
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