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Ch. S The Study of Chemical Reactions
5.1 Four general types of chemical reactions
Addition reactions

Elimination Reactions

Substitution Reactions

Rearrangement Reactions

AW N —

Three Factors in Every Reaction:

1. Mechanism: what is the step-by-step pathway by which old bonds break
and new bonds form? (Sections 5:2-6, 10)

2. Thermodynamics: what are the energy changes, both for the overall
reaction and for individual steps in the reaction mechanism? (Sections 5:7-
9)

3. Kinetics: How fast does a reaction occur? How do changes in reactant
structure, reaction solvent, or reaction temperature speed up or slow down
a reaction? (Sections 5:9,10)

The Chlorination of Methane: A Case Study (Section 5.3, 10.3,5)

hv (photon) SN T T
CHy+Cl, ——————— [CH4CI+HCI | + CH,Cl, + CHCl; + CCl,
or! (heat) A B C D
N J
Y

Polysubstituted Products

Observations
-usually a mixture of products forms, including not only mono-chlorinated
product A, but also polychlorinated products B-D.

1. Light (or heat) is required to initiate the reaction (energy required)
2. Blue light, absorbed by Cl,, is most effective
3. High “quantum yield”: one photon can result in conversion of thousands of
methane reactant molecules into product molecules
¥ Q: 1if light energy is needed, why isn’t one photon needed for each
reaction?

ANY MECHANISM MUST BE CONSISTENT WITH EXPERIMENTAL
OBSERVATIONS
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10.3 The Mechanism: Radical Chain Reaction

Balanced Reaction: CH, + Cl,

hv

CHsCl + HCI

The mechanism must show all bonds broken and made:

Bonds Broken Bonds Made

3 Phases in Mechanism

1.
2.
3.

Initiation (gets it started)
Propagation (keeps on going and going and going)

Termination (what happens when it sometimes stops)

Initiation

(ED—(EI + (2Cl) "radical" something with an unpaired electron

¥ In aradical initiation step, two reactive radicals form from a nonradical precursor

PROPAGATION

Propagation

i @ e, —— ) e
Step 2 C/D—C|/\@—> @ + Cl—CHj

¥ In each propagation step, one reactive radicals reacts with a nonradical to produce a
new reactive radical and a new nonradical.
¥ Since a reactive radical is reproduced in each step, you always have another reactive
radical ready to keep the chain going.
¥ The chlorine radical produced in step two is the same as the chlorine radical that reacts
in step 1.
¥ Thus you can sustain a repeating chain of step 1- step 2 -step 1- step 2 - step 1- step 2 -
step 1- step 2 - step 1- step 2 - step 1- step 2 - etc.
¥ -As long as there is a radical around, the chain will keep going
¥ The sum of the two propagation steps is the overall balanced reaction
Termination
or + @ Cl—CHj
or @ + @ H3C_CH3
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Mechanism Notes:

1. “Radical”: Something with an unpaired electron.
¥ Never satisfy octet rule! highly unstable and always highly reactive.

2. Initiation is needed to produce a highly reactive radical. But once you’ve got
one, initiation 1s done.

3. The main action is the propagation phase. Memorize how that works.

4. The propagation phase involves a repeating chain of events (step 1 — step 2 —
step 1 —step 2 etc.) “Chain reaction”

5. The overall reaction is the sum of the two propagation steps
¥ When you sum the propagation steps, notice that the methyl radical cancels
itself out (what’s formed in step one is erased in step 2) and the chlorine
radical cancels itself out (what’s formed in step two is erased in step 1).

6. Like initiation, termination occurs only occasionally

7. Notice:
¥ Initiation: nonradical in! radicals out
¥ Each Propagation Step: radical + nonradical ! nonradical + radical
¥ Any Termination Step: radical + radical ! nonradical

5.7 Free Energy, Enthalpy, Entropy
'G=!H-TIS

I' G: Free Energy: favorable reactions have negative | G
I H: Enthalpy: heat lost or gained

¥ | H<O exothermic I' H>0 endothermic
I'S: Entropy: degree of randomness, disorder

In organic, enthalpy almost always dominates
Exothermic! Favorable Endothermic! Unfavorable

If you can figure out whether a reaction will be exothermic or not, you can tell
whether it is energetically favorable or not.
¥ But, being energetically favorable still doesn’t prove it will happen very
fast... That’s the kinetics 1ssue, see later...
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5.8 Bond Energies:

¥ Exothermic reactions break weaker bonds and form stronger bonds
¥ Exothermic steps (in a multistep reaction) also trade weaker for stronger
¥ Extensive tables of bond energies are available (Table 4.2) for when
bonds break in half (to give two radicals)
¥ Often relative bond energies can be predicted by inspection
Bond Bond Energy  Molecule Products Radical
Strength (kcal/mol) Stability
H—F !
H—Cl !
H—DBr !
H—I !
Skills:
¥ Given bond energies, be able to rank bond strengths
¥ Given bond energies, be able to rank radical stabilities
¥ Given known radical stabilities, be able to predict relative bond strengths
¥ Memorize the stability pattern for the halogen radicals
¥ Memorize the bond strength pattern for H-X bonds
¥ Memorize: C-X bonds have the same pattern: iodide is the weakest

H3C—F H3C—C1 H3C—Br H3C—I
109 84 70 56

¥ Just as acidity reflects anion stability, bond energy values reflect radical
stability

Problems:
1. H;C—SeH bonds are weaker than H;C—OH bonds. Which is more stable,
*SeH or «OH?

2. Which is stronger, CH;CH,—CI or CH;CH,—Br?
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Why are H-F and C-F bonds stronger than H-I and C-I bonds?

1. Electronegativity and radical stability: (Remember)
¥ Radicals are short of octet rule !  electron poor
¥ The more electronegative fluorine is least willing to be electron poor.
As you go down the table, electronegativity decreases and it’s less
problematic to become radical

Problem: Rank the probable stability of the following radicals, 1 being most
stable and 4 being least stable? (Use electronegativity to guide you...)

H;C- H,Ne HO- Fe

2. Atomic size and orbital overlap:
¥ Fluorine is small, and it’s orbitals match up well size-wise with H and C
resulting in strong overlap and strong bonds.
¥ lodine is big, so it’s orbitals don’t match up well or overlap so well with H
or C resulting in weak bonds.

Two Types of Bond Breaking:

Heterolysis: (5.4-6) one atom keeps both electrons (usual case)
¥ Jons are involved
¥ Arrow-pushing involves double-barbed arrows (—)

—~ () ® .o

HeO: + CI Both electrons in the

H-CI bond went with the chlorine

Homolysis: (5.3) Bond breaks in half so that an electron goes with each atom
(rare, but that’s the type in this chapter)
¥ Radicals are involved
¥ Arrow-pushing involves single-barbed arrows ()
One electron in C-H bond goes
~ off with carbon. The other stays with
_t _ Hydrogen, and matches up with
H—CH . +
m CH, CHs H—Cl the electron from chlorine to make the
new H-CI bond.
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Calculating Energy Changes (5.8)

I' H = (bond energies of bonds broken) - (bond energies of bonds formed)

H—CH; + CI—Cl Cl—CHz + H—Cl
104 58 84 103

% The weak bond whose replacement drives the reaction
Q1: Whatis! H:

Q2: Is the overall reaction energetically favorable?

Notes:

¥ Compare the energies of the bonds broken versus the bonds made

¥ For an energetically favorable process, weaker bonds are replaced by
stronger bonds

¥ With known bond energies, you can quantitatively calculate ! H

¥ Even without bond energy numbers, a qualitative sense of bond strengths
enables evaluation of whether or not a reaction makes sense energetically

¥ This type of analysis can be applied both to overall reactions, but also for
individual steps in a multi-step reaction.

Propagation
Step 1 @D/\H—QH3 _— @ + H—ClI IH=
104 103

Step 2 C?—CI/\@—> @ + Cl—CH; !'H=
58 84

Q1: Which step is better?
Q2: Which step is likely to be the rate-limiting step?

Q3: Note: Can you see what initiation would cost, and why a good chunk of
energy is required to make it happen?



Chem 341 Jasperse Ch. 5 + 10 Handouts 7

5.9.10 Kinetics, Reaction Rates, and Rate Laws

¥ Lots of reactions with seemingly favorable ! H energetics don’t happen very
fast or at all

¥ We’re often really interested in reaction speed (“kinetics”). Not so simple!

¥ Rate Law: relationship between reactant concentrations and overall rate

General: rate = k[A]'[B]
¥ ks rate constant: each reaction has it’s own unique rate constant.
¥ We will often be able to make qualitative predictions based on structural
factors
¥ “x” and “y” are the “orders” of reactants A and B
¥ the “overall order” of a reaction =x +y

overall rate law overall order individual orders

® ©
/\A/\Br +OH —= o B A Oonp

/\><Br + HO —= /\D><0H + HBr r=k[C]1

C

¥ Different rate laws reflect different mechanisms

¥ Reactants that do not appear in a rate law do not appear in the mechanism
until after the rate determining step

¥ The “k” values for the two reactions are not the same.

¥ Concentrations matter, for reactants that appear in the rate law

¥ Concentrations reflect not only how many moles of reactant are available,
but also the amount of solvent.

QI: If you use the same number of moles of reactants in reaction one, but you
triple the volume of solvent, how will the rate change?

Q2: If you triple the volume of solvent for reaction two, again without changing
the number of moles of reactants, how will it’s rate change?
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5.9 Activation Energies and Dependence of Rates on Temp
¥ So, if every reaction has it’s own k value, what influences the “k” value?
¥ Arrhenius Equation: k = Ae™*"

0 A is a constant

0 E,or E,; is the “activation energy”

0 R is the ideal gas constant

0 T is the temperature

¥ Math: larger E,./RT ! smaller k (and slower reaction)
¥ Math: smaller E,./RT ! larger k (and faster reaction)

Practical Stuff

Temperature:
¥ Higher temp ! higher k! faster reaction
¥ Lowertemp! smallerk! slower reaction
¥ Crude guide: for every 10° rise in temp, the k value and reaction rate will

double for an ordinary reaction. (This is super, super, super crude,
though...)

Activation Energy: the minimum energy needed for a reaction

¥ It’s the minimum energy required to cross the energy barrier between
reactants and products

¥ The height of the barrier influences reaction speed.

¥ Activation barriers explain why many exothermic, energy-favorable
reactions don’t actually occur at room temperature

¥ Temperature reflects the average kinetic energy of the molecules; but some
are always above average.

¥ An increase in temperature can strongly increase the reaction rate

Energy

because a small temperature increase can substantially increase the
population of molecules with E,. (see Figure 4.2 on p. 140 for a nice
picture of this).

Transition State

Reactants Energy
'H

Products Energy

Reaction Progress for a Simple, One-Step Mechanism
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5.9 Transition States

Transition State

Reactants Energy
IAH

Energy

Reaction Progress for a Simple, One-Step Mechanism

¥ The transition state is the highest, worst energy spot on the road from
reactants to products
¥ The height of the transition state dictates the magnitude of the activation
barrier (E,). Thus the T-state has a huge impact on reaction rates.
¥ Why are T-states so much higher in energy than most products or reactants?
And why do reaction with very favorable ! H often have fairly high T-states?
0 Because one full bond is better than two partial bonds. At the T-state,
you are routinely at the transition between a breaking bond and a

forming bond.

CTLCI/\@ _— [ Cl---Cl----CHg | — + CI—CH3 ! H=-26 kcal/mol
58 T.Stat 84
, -State .
Weaker bonding than Product 0ld CI-Cl bond is partly broken Strongest Bonding

Stronger bonding than

transition state New CI-CH3 bond is partly formed

Combined energy: 54

Since rates are affected by E,. and E,.’s are determined by
Transition States,! Transition states influence reactions rates.

¥ Lower transition state ! faster reaction

¥ Higher transition state ! slower reaction

Transition-State Stability/Reactivity Principle: The more stable the transition state the

faster the reactiowill be.
Reactant Sability/Reactivity Principle : Themore stable the reactatiheslowerit will react.

¥ A more stablereactanthaslower startingenergy. Thereforeit hasa larger E,, to get

over the transition state.
¥ A lessstablereactantasa higherstartingenergy is closerto the T-state,andthushasa

smaller energy barrier to cross.

Product Sability/Reactivity Principle : Themore stable the prodydhefaster the reaction
¥ A morestableproducthaslower energy. Oftenthe T-stateis stabilizedloweredby the

same factors that magabilize the products.
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5.10 Intermediates and the Rates of Multistep Reactions

Transition State

Reactive
Intermediate

Reactants

+CH,
+Cl,

Energy

+ HCI
Intermediate Cl-

Reaction Progress for a Simple, Two-Step Mechanism

¥ Most reactions involve 2 or more steps with one or more “intermediates”
(*CHj3 1s the key intermediate in the reaction above)

¥ An “intermediate” is something that forms temporarily, but then rapidly
converts into something else. Normally the intermediate is highly reactive and
has a very short lifetime. A significant population of intermediate never
accumulates.

¥ The transition state for the overall reaction is still the highest, worst energy
spot on the road from reactants to products

¥ There is only one transition state for the overall process, no matter how many
steps

¥ The step that goes through the transition state will be the slowest step and is
often referred to as the rate-determining step or the slow step.

| Practical: To handle rates, identify and only think about the slowest step!!! |

Practical: The rate determining step will always be the step leading to

the worst, least stable intermediate. (¢*CH; < +Cl)

¥ Therefore the ability to recognize stability patterns for reactive intermediate
radicals, cations, and anions is super useful

Product Sability/Reactivity Principle : Themore stable the prodydhefaster the reaction
¥ In multistep reactions,the product that matters kinetically is the product of the

rate-determining step. Which is often a reactive intermediate
¥ In orderto apply the productstabilityfeactivity principle in multistepreactionsyouOll
need to:
o0 Know the mechanism.(Whatis the rate detemining step? And whatkind of
reactive intermediate is produced in that+@e¢ermining step?
o Know how structural factors impact the relative stabilities of reactive
intermediates. (For example, is a 3¥4 radical better or worse than a 1% radical?
Reactant Stability/Reactivity Principle: If a reactiveintermediateis a reactantin a rate
determining step (rare, but this chapter), knowing stability patterns will help predict speeds.
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10.3 Dependence of Halogenation Rates on Halogen
General reaction: CH; + X, ! CH;X + HX

Rate determining step: CHy + X! <CH; + HX

E.c X X
Halogen  Rate Determining Step  (kcal/mol) Stability Reactivity
F2 CH4 + oF | ’CH3 + HF 1

Cl, CH4++Cl! <CH;+ HCI 4
BI'Q CH4 + *Br! 'CH3 + HBr 18

12 CH4 +o] | 'CH3 + HI 34

¥ lodine is not reactive enough; fluorine is actually too dangerous to use

Reactant Sability/Reactivity Principle : Themore stable the reactatieslowerit will react.
¥ The halogen radicals are reactants in the rate determining step.

Selective Halogenations of Higher Alkanes (Higher than Methane)
This 1s where most of the real problems will come from

A. Chlorination of Propane
H2 | hv
.C. +C >
c 2

Reactivity ratio:

Why are 2° C-H’s more reactive than 1° C-H’s?
¥ Think rate determining step
¥ Think whether some stability/reactivity principle might apply

H o
c +Cl Path1® _~_  1°radical

HsC™~“CHg -

Path 2°
AN 2° radical

Path 2° is faster than path 1° because path 2° produces a more stable radical
product. The path 2° transition-state is stabilized as a result. Product
stability/reactivity principle.
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B. Free Radical Stability Pattern: allylic > 3°> 2°> 1° > methyl Memorize!

R R H H
R R
R H H H resonance regular alkeny!
3Y, 2Y4 1Y, methyl "allyl" alkyl "vinyl"
Resonance helps a lot (“Allylic”)
Being on an alkene 1is bad
(“Vinylic”)
ZCH, \ H <" CH, H-CHs ~"NcH
H “H CH, H :
Bond 87 91 95 98 104 111
Energy
Class Allylic 3° 2° 1° Methyl vinyl

C. Bromination of Propane

Cl
H> hv 3:2 product ratio
H C’C\CH +Clp )\ + Clo~_ 451 selectivity for
3 3 60% : 40% 2Ypver 1¥hydrogens
Br .
Ho hv )\ 33:1 product ratio
neen. Br, —— + Bri~  97:1 selectivity for
3 3 97% - 3% 2Ypver 1vhydrogens
Notes

Bromine 1s way more selective than chlorine
Practical: to do a selective halogenation, use bromine rather than chlorine
Just as 2° > 1°, so allylic > 3° > 2° > 1° > methyl > vinyl

D. Why bromination is so much more selective than chlorination:

Reactant Stability/Reactivity/S electivity Principle: Often a reactioncan proceedto give
either of two products,of unequalstability. The pathwayleadingto the more stableproduct
will be preferred. However,the selectivity betwveen formation of the more stableand less
stableproductwill vary dependingon the stability of thereactantThe morestablethe reactant
the lessreactiveit will be andthe more selectiveit will be (The concepthereis thata more
stablereactantis less desperatdo react,and is more choosy,better able to selectthe best
possible pathwaywithout using a less favorable pathwaythat would result in a less stable
product. A moresophisticategictureis thata morestablereactantwill havelargeractivation
barriersto cross;it hasa hardenoughtime crossingeventhe lowesttransitionstateleadingto
the bestpossibleproduct,andis muchlesslikely to havethe surplusenergyrequiredto cross
the high transition state leading to the lesslstplnduct.)
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Application to the Propane Halogenation Situation:

Energy

¥

E.

¥ Br¥is more stable than Cl¥

¥ Therefore Br¥is more selective and choosy to make the better 2¥sadical
(leading to 2-bromopropane) rather than the less stable 1%radical (leading

to 1-bromopropane).

¥ Cl¥isless stable, and really wants to react. So it doesn® wait around for a
weak 2vhydrogen; it often settles for a stronger 1¥/hydrogen even though it
gives an inferior1¥%adical product (in the rate determining step)

¥ Beggars can® be choosersQ the less stable, more reactive Cl¥ is the
(reggarOthan can@ be as choosy as the more stable, less reactive Br¥

1° R

y2° R

Bre

Reaction Progress
Endothermic
Late transition states
T-states resemble product(s)
The energy gap between alternate T-
states 1s almost as large as the

energy gap between alternate
products.
The strong energy difference

between the two T-states results in
high selectivity

Hammond Postul ate:

Energy

K K K K

Cl¥
1YR¥

2YR¥

Reaction Progress

Exothermic

Early transition states

T-states resemble reactant

The energy gap between alternate T-
states 1sn’t nearly as large as the

energy gap between alternate
products.
The limited energy difference

between the two T-states results in
limited selectivity

¥ For an exothermic step, the T-state is GearlyOand much resembles reactants
¥ For an endothermic step, the T-state is @ateOand much resembles products

Who Cares?
¥ Transitionstatesare important! The Hammondpostulatehelpsus to understandvhat the

¥
¥

structure of the transition state is like.

For most multistep reactions, the transitistatesare late and produdike.

For late, product-like transition states, assume that any structural factor that
stabilizes the product (of the rate-determining step) will also stabilize the transition
state and increase the reaction rate.

stability/reactivity principle.)

(This is the basis of the product

KEY: Rememberthat you must always be thinking about the productsof the rate
determiningstep,which will routinely be a reactiveintermediatehat doesnot appearasa

product in the balanced reaction.
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Alkane Brominations:
Skills:
1. Identify all possible monosubstituted products
2. ldentify the Mgor Product
¥ Consider al possibleradicals. The carbon that gives the most stable radical
will be the carbon that gets brominated preferentially.
¥ Thisistrue because the rate determining step is the step in which a hydrogen
is abstracted and a carbon radical isformed.
¥ Thus, according to the product stability/reactivity principle, the pathway
leading via the best carbon radical is the preferred path.
3. Write the mechanism for chain propagation (with detailed arrows)

1. Do all three things for:

hv
+ Br2 _—

Mechanism

2. ldentify the Major Product for each of the following:

hv

/\/ + Br,

hv
/\r\ iBr, — -

hv

/\/\ +Br, —»

Q/ +Brp _»hv
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5.10 Reactive Intermediates. Stability Patterns

¥ Shortlived, unstable, highly reactive intermediates
¥ Normally lack normal bonding

These are tremendously important:

1. They will bethe |east stable intermediate in any multistep mechanism
2. When formed, they are products of the rate-deter mining step

3. Factorsthat stabilize them will speed up reaction rates

Thusit isvery important to know their stability patterns!

Class
Carbocations

Carbon
Radicals

Carbanions

Notes
Both carbocationsindradicalshavethe samepattern. Soyou donOheedto memorizethem

1.

twice!

Structure

Stability Pattern
Allylic>3°>2°>1°> Electron Electrophilic/
methyl > alkenyl (vinyl, aryl)  Poor Acidic

Allylic>3°>2°>1°> Electron Electrophilic/
methyl > alkenyl (vinyl, aryl)  Poor Acidic

Allylic > alkenyl (vinyl, aryl) Electron Nucleophilic/
> methyl > 1°>2°>3° Rich Basic

Carbanions are almost exactly the reverse, except that being allylic is ideal for both.
All benefit from resonance (allylic).

Cations and radicals both fall short of octetrule. As a result, they are both electron
deficient. Carbanions, by contrast, are electron rich.

Alkyl substituentsare electrondonors. As a result, they are good for electrondeficient
cations and radical${> 2° > 1° > methyl) but bad for carbanions.

Alkenyl (vinyl or aryl) carbons are inherently a bit electron poor. This is excellent for
carbanions, but terrible for cations or radicals.

Biological Reactions versus Organic Laboratory Reactions (5.11)

Factor

A e

Solvent
Temperature
Catalyst
Reagent Size
Specificity

Laboratory Biological

Aqueous
Wide variation, hot or cold Body temperature
None or relatively simple Large, complex enzymes
Usually small and simple Large, complex coenzymes
Little specificity for substrate; High specificity for substrate

general for a functional group
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Stability/Reactivity/Selectivity Principles

1. ReactantStability/Reactivity : The morestablethereactantthelessreactiveit will be. In
termsof rates,this meansthat the more stablethe reactantthe slowerit will react. (The
concepthereis thatthe morestablethe reactantthe morecontentit is to stayasis, andthe
less motivated it is to react and change into something different)

Key note: Often the OreactantthatOselevantin this contextwill not be the original
reactant of the reaction, but will be the OreactantO involved in the rate determining step.

¥ Basicity

0O
/\CHgNa > ~"NHNa > ~ONa > )J\ONa
D

A C
B
Why: As anion stability increases fromté D, the reactivity decreases

¥ Nucleophilicity

0]
/\CHzNa > ~"NHNa > ~oNa )J\ONa
D

A C
B
Why: As anion stability increases fromté D, thereactivity decreases

¥ Nucleophilicity

0
“seNa > “sna > ona )J\oNa

A B C D
Why: As anion stability increases fromté D, the reactivity decreases

¥ Reactivity toward alkanes via radical halogenation
F, > Cl, > Br, > |, because F¥ > CI¥ > Br¥ > [¥

Why: Chlorineis more reactive the bromine because chlorine radical
isless stablethen bromineradical.

¥ Electrophilicity (Reactivity in S\2, §1, E2, E1 Reactions)

P R

Why: As carborhalogen bond stability increases, the reactivity decreases
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2. Product Stability/Reactivity: The more stable the product the more favorable its
formationwill be. In termsof rates,this meanghatthe morestablethe product,the faster
the reaction. (The concepthereis that the more stablethe product,the more favorableit
will be to make that product.)

Key note: Often the Oproduct@hatOselevantin this contextwill not be the final
product of the reaction, but will be the OproductO of the rate determining step.

¥ Acidity
(e}

“CHy < “ONH; < ~oH < )J\OH

Why: Becauseas the stability of the anion productsincreasesfrom A to D, the
reactivity of the parent acids increase

0
“CHNa < < NHNa < ona < )LONa
D

¥ Reactivity of alkanes toward radical halogenation

.CH
HC™ 7 3 < R N \/k < \/k

Why: Becauseasthe stability of the radicalproducedduring the ratedeterminingstep
increases, the reactivity ofdlparent alkane increases

~e < \/.\ < \/k < \/'.\
30

° o
1 2 3° plus resonance

¥ S1, E1 Reactivity
Br
r
N NBr < \)\ < \>£ < Q{r

Why: Becauseas the stability of the cation producedin the ratedeterminingstep
increases, the reactivity of the parent halide increases as well

\/+<\/-|\<\)<<\/Q
3i

1 2j 3j plus resonance
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3. Transition-State Stability/Reactivity : The more stablethe transitionstate the fasterthe
reactionwill be. (The concepthereis thatthe lower the transitionstate,the more easily it
will be crossed.)

¥ S 2 Reactivity

r Br
\x < \)\ e R N N
3j 2i

1i 1 plus allylic

Why: The patternreflectstherelative stability of the transitionstates. In the caseof 30
versus2dversusli,the issueis stericcongestionn the transitionstate. The transition
statesfor the more highly substitutedhalidesare destabilized. In the caseof allylic
halides, the transition state is stabilized for orbitaboms, not steric reasons.

4. Reactant Stability/Reactivity/S electivity: Often a reactioncan proceedto give either of
two products,of unequalstability. The pathwayleadingto the more stableproductwill be
preferred. However,the selectivity between formation of the more stableand lessstable
productwill vary dependingon the stability of the reactant.The more stablethe reactant
thelessreactiveit will beandthe moreselectiveit will be (Theconcepthereis thatamore
stablereactants lessdesperateo react,andis more choosy,betterableto selectthe best
possiblepathwaywithout using a lessfavorablepathwaythat would resultin a lessstable
product. A more sophisticatedpicture is that a more stable reactantwill have larger
activation barriersto cross;it hasa hard enoughtime crossingeventhe lowesttransition
stateleadingto the bestpossibleproduct,andis muchlesslikely to havethe surplusenergy
required to cross the high transition state leading to the less gtatlect.)

Key note: The Oreactant@nd Oproducts@volved are thosefor the ratedeterming
step.

¥ Selectivity in the reaction of bromine versus chlorine with alkanes via radical
halogenation

-\ +Bn ﬂ» )\ + AT

97% 3% Bromine is much more selective
cl Chlorine is much less selective
hv
N +Ch ——» )\ + A
60% 40%
Why? Formation of the secondary radical

AN XY —0 4 — AT A Y is more favorable then formation of
the primary radical, in the rate determining

2j radical liradical  step. Bromine radical, being less
reactive, is more selective for the 2j radical.
CI¥, being less stable and more reactive,
is less choosy and less selective.
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Ch. 9 Stereochemistry
¥ Stereoisomers have the same condensed formulas and basic bonding sequence, but have
different 3-dimensional shape and cannot be interconverted

9.1,2 Chirality
chiral-equivalent to "handed". A molecule is chiral if it is not superimposable on its mirror
image.

achiral- A molecule is achiral if it is the same as its mirror image.

enantiomers-Two molecules that are mirror images of each other but are different and are not
superimposable on each other.

¥ Note: “enantiomers” involves a relationship between two structures.

¥ “Chiral” is a term that applies to a single molecule.

Drawing Mirrors/Enantiomers: Exchange of any two attachments inverts the stereochemistry
and produces a mirror image of the original:

1. front and back (hashes and wedges)

2. left and right (while keeping your hashed and wedged attachments unchanged)

3. flipping something on a side (could be the left side or the right side) with the hashed position

in back
H OH flip front
/'</ and back H%
original —
i flipped is
Flipping any two (R)
attachments inverts now (S)
the stereochemistr .
y flip left flip side
and rght and rear
H JOH HsC OH
\/< HA/
flipped is fi .
pped is
now (S) now (S)

chiral carbon (or stereocenter or asymmetric carbon atom)-an atom bearing groups such that
interchange of 2 of the groups produces a stereoisomer. Any tetrahedral atom that has four
different attached groups is a chiral carbon.

Recognizing Chiral Molecules: Key is to look for chiral carbons/stereocenters
1. Ifzero chiral carbons ! molecule is achiral
2. If one chiral carbons ! molecule is chiral
3. If two (or more) chiral carbons ! molecule may be chiral or achiral
a. if it has no plane of symmetry under any conditions, it is chiral.
b. Ifit has a plane of symmetry (in one conformation or drawing perspective) ! achiral
c. if a molecule has >2 chiral carbons but is achiral with a plane of symmetry, it is called
a meso compound
d. to recognize whether a molecule with >2 chiral carbons is achiral or chiral, try to
draw it in a way such that the carbons are maximally symmetrical, so that it will be
easiest to see whether or not a plane of symmetry exists. This may sometimes
involve using a sawhorse rather than a zig-zag picture to maximize the ease of seeing
potential symmetry.




—

(98]

Classify as Chiral or Achiral

e vd

H OH
H Cl
BrACH\g

enantiomers?

OH

\\I

\

OH

\\I

\

RF

CIX H

CL Br
HTF
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HQ H

A

HQ H

A

E F

HXCI

H
cl Br

Br. Br
H‘\‘O{H
H Br

Bf‘“\O{H
L

H Hs

H H

H PH H, OH
A A

H CI
BI‘ACHg

H Cl
BYACHg

or (S). (Can do the same with the structures in problems 1 and 2)

H F

7

B’ ClI

y
3-Br
e

OH

. What is the Relationship Between the Following Pairs of Structures.

B CI

Are they the same, or

H” CHj

HaG Br

Cl

H

. Identify each stereocenter with an asterisk, then classify the configuration of each stereocenter as (R)
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9.5 R/S Classification for Chiral Carbons
1. Assign Priority of Atoms/Groups attached to a tetrahedral stereocenter (1 highest, 4 lowest)
a. For different elements, higher atomic number takes priority
¥ Halogen > Oxygen > Nitrogen > Carbon > Hydrogen
b. In case of carbon versus carbon ties: Differentiate at nearest point of difference
1. A carbon with a heteroatom attached beats one without
2. For carbons with no heteroatoms, one with more H’s loses to one with less
¥ 3°carbon > 2° carbon > 1° carbon > CHj3
c. Handling double bonds and triple bonds
¥ A carbon with more H’s again loses to one with fewer
¥ Double or triple bonds are treated as if each of the bonds has extra C’s
attached

H
ﬁ/_f/ equals \(’f(\ H, NH2  equals '%H%k

(R) (R)

m equals 2
(S)

2. If the low priority group 4 (normally H) is in the back (hashed), trace a path from 1! 2! 3.
a. If the path goes clockwise, the stereocenter is (R)
b. If the path goes counterclockwise, the stereocenter is (S)

3. [Ifthe low priority group 4 (normally H) is in front (wedged), then the situation is reversed.
a. If the path goes clockwise, the stereocenter is (S)
b. If'the path goes counterclockwise, the stereocenter is (R)

4. 1If the low priority group 4 (normally H) is to the left or to the right, exchange it with the
group in the back (hashed), and trace the path on the resulting figure.
a. If the path in the redrawn picture goes clockwise (R), the original stereocenter is (S)
b. If the path in the redrawn picture goes counterclockwise (S), the original stereocenter
is (R)

5. In Fisher projections, since H is always in front, clockwise is (S) and counterclockwise is (R)

Drawing Structure, Given Name: Draw the easiest one, with H in back. If correct, great! If
incorrect, simply redraw with the H in front.

Ex: Draw (R)-3-chloroheptane



Chem 341 Jasperse Ch. 9 Handouts 4

9.3,4,8,9 Enantiomers and How They Differ

¥ Enantiomers have indistinguishable properties in most ways:
Melting points

Boiling points

Solubility

Density

Chemical reactivity towards achiral reactants.

KK K K K

Enantiomers Differ in 2 Ways
1. Reactivity with Chiral Chemicals (Major chemistry difference)
¥ Enzymes are like left-handed gloves, which routinely select left-handed over right-
handed enantiomers
¥ An achiral molecule is like a mitten that fits a left hand or right hand equally well.

Chiral reactants discriminate between enantiomers and react with one faster than the other

Achiral reactants do not discriminate between enantiomers and react equally with either one

2. Optical Activity: Enantiomers Rotate the Plane of Polarized Light in Opposite Directions
(Major Diagnostic difference)

¥ “Optically Active”: A solution is optically active if it rotates polarized light
Enantiomers rotate light in equal but opposite directions
“Optically Inactive”: A solution is optically inactive if it does not rotate light
Note: optical activity is a property of a bulk solution, not an individual molecule
A bulk solution is optically active if it has an excess of one enantiomer

¥
¥
¥
¥

Two Ways to Be Optically Inactive
1. If the solution has no chiral molecules present, or
2. If the solution has a 50/50 mixture of chiral enantiomers (a “racemic mixture’)

¥ Note: While to be “optically active” does indicates the presence of chiral molecules,
to be “optically inactive” does not prove the absence of chiral molecules! It only
means that there is no excess of one enantiomer over the other!

Q: Classify each of the following as “optically active” or “optically inactive”
1. A solution of 1-bromopropane.

2. A solution with equal quantities of (R)-2-bromobutane and (S)-2-bromobutane

3. A solution of pure (R)-2-bromobutane
4. A solution with 80% (R)-2-bromobutane and 20% (S)-2-bromobutane
5. If pure (R)-2-bromobutane rotates light 100° to the right, what would happen to light

applied to pure (S)-2-bromobutane?

6. If pure (R)-2-bromobutane rotates light 100° to the right, how much rotation would occur
for a solution with 80% (R)-2-bromobutane and 20% (S)-2-bromobutane
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9.8 Racemic Mixtures
¥ Racemic mixture-a solution containing an equimolar, 50/50 mixture of enantiomers.
0 A racemic mixture is optically inactive.
o It will not rotate light because the enantiomers cancel each other out.
0 But a racemic mixture is still “chiral”.
0 Other aliases: racemic, racemic mix, racemate, a (+) pair, a (d,l) pair
¥ The vast majority of solutions containing chiral molecules are racemic.

1. Most reactions that produce chiral molecules provide a racemic, 50/50 mixture of

enantiomers
o Br,,hv  H Br Br H
H2, Pt , 21 - + <
Achiral Reactants 50% 50% S Achiral Reactants &50% R 50% S )
Y Y
Chiral Product Chiral Product
Racemic Mixture Racemic Mixture

2. For chiral molecules, assume a racemic mixture unless told otherwise
OH H OH HO H

— . +

chiral 50% R 50% S
Enantiomeric Excess (“ee”’) and Optical Purity

¥ enantiomeric excess (ee) = [(mole fraction major enantiomer)-(mole fraction minor
enantiomer)] x 100

¥ optical purity = [observed rotation/rotation of pure enantiomer] x 100

¥ Note: Enantiomeric excess and optical purity values are exactly the same, but are used
depending on the experimental method of measurement. Enantiomeric excess is used when
you determine the mole/mole ratio of enantiomers by NMR or some other method; optical
purity is used when you use optical rotation to characterize a solution containing a mixture of
enantiomers.

Problem: A solution has 80% (R)-2-bromobutane and 20% (S)-2-bromobutane
1. What is the “enantiomeric excess” of (R)-2-bromobutane?

2. If pure (R)-2-bromobutane rotates light 100° to the right, how much rotation would occur for
a solution with 80% (R)-2-bromobutane and 20% (S)-2-bromobutane

3. Ifasolution has a 50/50 mixture of (R)- and (S)-2-bromobutane, what would be the
enantiomeric excess and the optical purity?

4. If a solution has a 50% ee, what would be the ratio of enantiomers?
a. 50%R, 50% S or
b. 75%R, 25% S
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Chirality and Conformations
¥ Avoid conformational pictures, which may deceptively give the appearance of chirality

| If any conformation or drawing of a molecule has a symmetry plane, it is achiral

CH CH H
H H HE 5H CHj
H CH3
Br Br  Br

H, CHs /TEEHg /'\/ — )_<
H Z

@)

A
%‘ﬁ—

Freaks: Chiral Compounds without Chiral Carbons: Not Tested

Cl Cl H

H, i i
—C — Mirror images are
Ex: Allencs Y :<H H>:C “Cl not superimposable
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9.6 Diastercomers: Cis/Trans Stereoisomers that are Not Enantiomers

/ﬁ e Vd Br\Q,Br Br\Q_\\Br Br Br Br  Br
cis

cis trans
trans it

_ cis " "
alkenes Rings trans

Br Br
"anti" "syn
Acyclics

Note: for acyclics you can rotate around and have different looks for the same molecule,
depending on whether you’re eclipsed or zig-zagged relative to the single bonds.
Be consistent. If you zig-zag one, zig-zag the other. If you eclipse one, eclipse the other.
Normally, for stereo questions, the zig-zag layout isn’t conducive to recognizing symmetry.
So for stereo questions, the more symmetric eclipsed layout is preferable

Non-test note: Cis or trans is unambiguous for alkenes and rings, but not for acyclics. Often
“syn” or “anti” is used instead, assuming the zig-zag layout.

#

K K K K

Summary: Types of Isomers (9.7)

All Isomers

Structural Isomers Stereoisomers
(Constitutional Isomers) |

Enantiomers Diastereomers
(cis/trans type isomers)
(geometric isomers)

cis-trans cis-trans  cis-trans

alkenes onrings  on acyclics
(as long as the
carbon skeleton'
is drawn the same
for both pictures)
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9.6-8 Molecules with >2 Chiral Carbons
¥ Rule: The maximum number of potential stereocisomers = 2" (n_= number of chiral
carbons)
¥ Remember: If a molecule can be drawn with a plane of symmetry, then it is achiral and it’s
mirror image will be the same as the original.
¥ If one possible isomer is achiral, then you won’t get the maximum number of unique
stereoisomers because two of them will be identical mirror images
¥ Suggestion: Try to draw molecules so as to maximize symmetry, regardless of actual
conformational stability. This may often involve drawing an eclipsed picture rather than
zig-zag
Problem:
a. Draw all unique stereoisomers of 2-bromo-3-chlorobutane.
b. Identify each picture with a Letter (A, B, etc.), and then specify the relationships between each
pair as either same, enantiomers, or diastereomers.
c. Identify each picture as chiral or achiral (meso)
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9.7 Meso Compounds

¥ meso compound-an achiral, optically inactive molecule that contains tetrahedral
stereocenters (usually two). Both of the Br-bearing carbons in cis-1,2-dibromocyclopentane
are stereocenters, but the molecule itself has a plane of symmetry and is achiral.

meso, has stereocenters but is

achiral due to plane of symmetry

Br Br

¥ Remember: If a molecule can be drawn with a plane of symmetry, then it is achiral and it’s
mirror image will be the same as the original.

¥ Meso compounds always involve 2 (or more) chiral carbons. Never just one.

¥ When a meso structure is involved, you won’t get the maximum 2"th number of stereocenters

¥ Suggestion: Try to draw molecules so as to maximize symmetry, regardless of actual
conformational stability. This may often involve drawing an eclipsed picture rather than zig-zag

¥ A meso compound will not have an enantiomer

¥ To draw an enantiomer, invert all hash/wedges (but be sure you’re chiral to begin with)

¥ To draw a diastereomer, invert one but not both hash/wedges

1. Problem:

a. Draw all unique stereoisomers of 2,3-dibromobutane.

b. Identify each picture with a Letter (A, B, etc.), and then specify the relationships between each
pair as either same, enantiomers, or diastereomers.

c. Identify each picture as chiral or achiral (meso)

2. Draw all unique stereoisomers of 2,3-dibromopentane. Identify each picture with a Letter (A, B,
etc.), and then specify the relationships between each pair as either same, enantiomers, or
diastereomers. Identify each picture as chiral or achiral (meso)
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3. Draw all unique stereoisomers of 2,4-dibromopentane. Identify each picture with a Letter (A, B,
etc.), and then specify the relationships between each pair as either same, enantiomers, or
diastereomers. Identify each picture as chiral or achiral (meso)

4. Draw all unique stereoisomers of 2,4-dibromocyclopentane. Identify each picture with a Letter (A,
B, etc.), and then specify the relationships between each pair as either same, enantiomers, or
diastereomers. Identify each picture as chiral or achiral (meso)

5. Identify each picture as chiral or meso

Br Br Br

Br Br Br Cl
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Absolute and Relative Configuration
Absolute: (R) or (S)

Relative: Comparison between 2 molecules or 2 chiral carbons (even if we don’t know absolute)

C OH O CHs

/'?r\/ NaOH HC B Hy
/\/
SN2 reaction
Inversion

Syl reaction
Racemization

C{OH OsO4 @ HCO3H O’
oH  H02

cis trans

¥ Relative stereochemistry is often an important feature in mechanisms and product predictions

9.6 Diastereomers Differ in Physical Properties (Unlike Enantiomers)
¥ Diastereomers have different melting points, boiling points, solubilities, etc. (unlike

enantiomers)

Br Br BQ Br
HO,C  CO,H HO,C  CO,H

mp = 158 mp = 273

Separation of Enantiomers via Diastereomers
¥ Enantiomers can be separated by temporary attachment to an optically active thing !
resulting in separable diastereomers ! chop attachment following separation

. Attach .
R + S enantiomers R—-R* + S—R* Diastereomers
(inseparable) R* Tag (separable)
Separate
Diastereomers
Detach R* ‘ Detach R*

pure R enantiomer «—— — R-R* S—R* ——~ —» pure S enantiomer
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Chem 341 Chapter 9 Stereochemical Terminology Summary
Terms and Definitions

Classification of Isomers
isomers-different compounds with the same molecular formula.

structural isomers (or constitutional isomers)-isomers that have their atoms connected in a
different order.

N\/\r /\/CI)CI\/\//\/ o7 A OH

stereoisomers (or configurational isomers)-isomers in which atoms are joined in the same
order but differ in the way their atoms are arranged in space. Stereoisomers are subdivided into
two categories: enantiomers and diastereomers.

conformations-easily interconverted by " -bond rotation or cyclohexane chair flips. In butane,
for example, the gauche, eclipsed, and staggered forms are considered to be different
conformations; in cyclohexanes, the two chairs are conformations. Different conformations are
not considered stereoisomers.

x| [ R
H H -~
H” H H H Me Me

H
exclipsed staggered staggered
gauche anti
Summary: Types of Isomers
All Isomers
Structural Isomers Stereoisomers
(Constitutional Isomers) |
Enantiomers Diastereomers
(cis/trans type isomers)
(geometric isomers)
cis-trans cis-trans  Cis-trans
alkenes onrings  on acyclics
(as long as the
carbon skeleton'
is drawn the same
for both pictures)
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Classification of Stereoisomers

enantiomers-stereoisomers that are not superposable on their mirror reflections. Ex. (R)-2-
bromobutane and (S)-2-bromobutane. Separate enantiomers rotate polarized light and are said to
be optically active.

H Br By H

diastereomers-stereoisomers that are not enantiomers, that is, not mirror images of each other.
Ex. cis- and trans-2-butene; cis- and trans-1,3-dimethylcyclopentane; (2R)-(3R)-2-bromo-3-
chlorobutane and (2R)-(3S)-2-bromo-3-chlorobutane. Diastereomers are cis/trans-type isomers,
although isomers such as those drawn below are sometimes called syn/anti instead. If the carbon
skeletons are drawn analogously, two molecules whose hash/wedge attachments have a cis-trans
type relationship will be diastereomers.

H Br H Br

|‘T Br él’ H
Miscellaneous Stereochemical Terms

chiral-equivalent to "handed". A molecule is chiral if it is not superimposable on its mirror
image; an achiral molecule is superimposable on its mirror image.

chiral carbon (or stereocenter or asymmetric carbon atom)-an atom bearing groups such that
interchange of 2 of the groups produces a stereoisomer. Any tetrahedral atom that has four
different attached groups is a chiral carbon.
¥ Most molecules containing tetrahedral stereocenters are chiral (the exception being
"meso compounds".) The configuration of a tetrahedral stereocenter can be designated as
(R) or (S).

configuration-the particular arrangement of atoms in space that is characteristic of a given
stereoisomer. The configuration of each stereocenter can be designated as (R) or (S).

racemic mixture-a 50/50 mixture of two enantiomers that will not rotate light.
meso compound-an achiral, optically inactive molecule that contains tetrahedral stereocenters

(usually two). Both of the Br-bearing carbons in cis-1,2-dibromocyclopentane are stereocenters,
but the molecule itself has a plane of symmetry and is achiral.

meso, has stereocenters but is

achiral due to plane of symmetry

Br Br
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R/S Classification for Chiral Carbons
1. Assign Priority of Atoms/Groups attached to a tetrahedral stereocenter (1 highest, 4 lowest)
a. For different elements, higher atomic number takes priority
¥ Halogen > Oxygen > Nitrogen > Carbon > Hydrogen
b. In case of carbon versus carbon ties: Differentiate at nearest point of difference
1. A carbon with a heteroatom attached beats one without
2. For carbons with no heteroatoms, one with more H’s loses to one with less
¥ 3°carbon > 2° carbon > 1° carbon > CHj3
c. Handling double bonds and triple bonds
¥ A carbon with more H’s again loses to one with fewer
¥ Double or triple bonds are treated as if each of the bonds has extra C’s
attached

H
ﬁ/_f/ equals \(’f(\ H, NH2  equals '%H%k

R) (R)

m equals 2
(S)

2. If the low priority group 4 (normally H) is in the back (hashed), trace a path from 1! 2! 3.
d. Ifthe path goes clockwise, the stereocenter is (R)
e. Ifthe path goes counterclockwise, the stereocenter is (S)

3. [Ifthe low priority group 4 (normally H) is in front (wedged), then the situation is reversed.
f. If the path goes clockwise, the stereocenter is (S)
g. Ifthe path goes counterclockwise, the stereocenter is (R)

4. 1If the low priority group 4 (normally H) is to the left or to the right, exchange it with the
group in the back (hashed), and trace the path on the resulting figure.
h. If the path goes clockwise, the stereocenter is (S)
i. If the path goes counterclockwise, the stereocenter is (R)

5. In Fisher projections, since H is always in front, clockwise is (S) and counterclockwise is (R)



Chem 341 Jasperse Ch. 9 Handouts 15

Drawing Mirrors/Enantiomers: Exchange of any two attachments inverts the stereochemistry
and produces a mirror image of the original:

1. front and back (hashes and wedges)

2. left and right (while keeping your hashed and wedged attachments unchanged)

3. flipping something on a side (could be the left side or the right side) with the hashed position

in back
H OH  flip front
/"</ alr?d r.t())anck H%
iinal —
engina flipped is
Flipping any two
attachments inverts (R) now (S)
the stereochemistry fip left
ﬂ and rght flip side
nd rear

H OH
: H3G OH
flipped is HA/

now (S)

Recognizing Chiral Molecules: Key is to look for chiral carbons/stereocenters
1. Ifzero chiral carbons ! molecule is achiral
2. If one chiral carbons ! molecule is chiral
3. If two (or more) chiral carbons ! molecule may be chiral or achiral
e. if it has no plane of symmetry under any conditions, it is chiral.
f. If it has a plane of symmetry (in one conformation or drawing perspective), then it is
achiral
g. if a molecule has >2 chiral carbons but is achiral with a plane of symmetry, it is called
a meso compound
h. to recognize whether a molecule with >2 chiral carbons is achiral or chiral, try to
draw it in a way such that the carbons are maximally symmetrical, so that it will be
easiest to see whether or not a plane of symmetry exists. This may sometimes
involve using a sawhorse rather than a zig-zag picture to maximize the ease of seeing
potential symmetry.

Terminology Related to Enantiomeric Purity
enantiomeric excess (ee) = [(mole fraction major enantiomer)-(mole fraction minor
enantiomer)] x 100

optical purity = [observed rotation/rotation of pure enantiomer] x 100

Note: Enantiomeric excess and optical purity values are exactly the same, but are used
depending on the experimental method of measurement. Enantiomeric excess is used when you
determine the mole/mole ratio of enantiomers by NMR or some other method; optical purity is
used when you use optical rotation to characterize a solution containing a mixture of
enantiomers.

racemic mixture-an equimolar mixture of enantiomers. A racemic mixture will not rotate light.
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Fischer Projections

In Fischer projections, atoms attached to horizontal lines are viewed as being in front of the
plane (wedged), and atoms attached to vertical lines are viewed as being behind the plane
(wedged). In the following pictures, Et=ethyl, Me=methy].

B B A D A E B E
A+D = Am C=.D = = = P = g = ~
- E B B E A D D A
E E
Et Et Et Et
H——Me H=—i=Me Brd Yme Me——H Memi=H HZE" ey
H——B HmleBr _ >—< Br—t H  Bredan - X
r =5 Me Et - Me Et
Me Me Me Me

The two structures shown above are enantiomers

Et Et Et Et
H——Me H—i=Me Br,H HMe Me——H Memi=H Br d Mey
H——Br  Hel=Br _ >—< H——Br  Hml=Br _ >—<
- Me Et - Me Et
Me Me Me Me

The two shown here are diastereomers.

Me Me Me Me
H—— Br N H —:-— Br Br EI g Br Br——H ~ Br —:__ H H ;Br gr H
H——Br H Br >—< Br——H  Br T
= Me Me T Me Me
Me Me Me Me

The two shown here are not stereoisomers; they are "meso compounds", because there is a plane of
symmetry.



