Hz this nrmuﬂﬂ. wc; ..S: learn the tools that _Hc_._ need-to draw resonance structures

with ?_,omn_nnnw I cannot adequately stress he importance of this skill. Resonance

is the one S?n a_._ma wnnsnanmﬁn n::__.o msﬁnnﬂ Emzmnmoamﬁn:om:_w:H:m:%
its Emu_ into every _ndmvﬁob into every reaction, and into your nightmares if you do
not master the rules of resonance. You nm::oﬁ get an A in this class without master-

ing resonance. So what is resonance? And why do we need it?

2.1 WHAT iS RESONANCE?

|

In Chapter 1, we Ea.on:nnm one of the best ﬁmﬁ of drawing molecules, bond-line
structures: They ‘are fast to draw and easy zw read, but they have one major defi-
ciency: they do not describe molecules perfectly. In fact, no drawing method can

completely describe a molecule using only a single drawing. Here is the problem.
Although our drawings are very good at showing which atoms are connected
to each other, our drawings are not good at mwos.E g where all of the electrons are,
because electrons aren't really solid particles that can be in one place at one time.
All of our drawing methods treat electrons as particles that can be placed in specific
locations. Instead, it is best to think of electrons as clouds of electron density. We
ﬁn t mean that electrons fly around in clouds; we mean that electrons are clouds.

se clouds often spread themselves across mﬂwo regions of a molecule.
So how do we represent molecules if we can’t draw where the electrons are?
The answer is resonance. We use the term resonance to describe our solution to the
problem: we use more than one drawing to represent a single molecule/We draw
seyeral drawings, and we call these drawings resonance structures: We meld these
drawings into one image in our minds. To better understand how this works, oozmaﬂ
the following analogy.
Your friend asks you to describe what a nectarine looks like, because he has
never seen one. You aren’t a very good artist so you say the following:

Picture a peach in your mind, and now picture a plum in your mind. Well, a
nectarine has features of both: the inside tastes like a peach, but the outside is
smootk:like a plum. So take your image of a peach together with your image of
a plum and meld them together in your mind into one image. That's a
nectarine.

_Itis important to realize that a nectarine does not switch back and forth every sec-
ond from being a peach to being a plum, A: nectarine is a nectarine all of the time.

N
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The image of a peach is not adequate to describe a nectarine. Neither is the image of
m plum. But by imagining both together at the same time; you can mmﬂ a sense of E_En

-

u nectarine looks like. i |

.#__. . The problem with drawing molecules is EE:E. to En problem above with Eo
__._nnE::a No single drawing adequately describes the nature of the electron density
spread out over the molecule. To solve this problem, we draw several drawings and

En: meld them together in our mind into one image. Just like the nectarine.

Let’s see an example:
: md, Qrp%m
@ @ %@

"ﬁ.m compound above has two important resonance structures. Notice that we mnu-

E.m:w resonance structures with a straight, two- headed arrow, and we place brack-
nﬂm around the structures. The arrow and brackets indicate that they are resonance
structures of one molecule. The molecule is not flipping back and forth between

:6 different resonance structures. The electrons in the molecule are not noEm:w

-:oﬁsm at all. .
. Now that we know why we need resonance, we can begin to ::amacﬁn 55.
Hmmoambom structures are so important. Ninety-five percent of the reactions that you

will see in this course occur because one molecule has a region of low electron deri- /
- sity and the other molecule has a region of high electron density. They attract each

other in space, which causes a reaction.’So, to Ema_na how and when two So_mnz_mm
.s:: react with each other, we need first to predict where there is low nﬁnn:.o.: den-
sity and where there is high electron density, We_ need to have a firm grasp of reso-

3 _=m=nn to do this. In this chapter, we will see many examples of how to predict the

Rm_onm of ﬁos‘ or high electron density by applying the E_nm of drawing resonance

i mn.ananm

_n.__u ncmsmc ARROWS: THE TOOLS FOR

_ DRAWING RESONANCE STRUCTURES ° o

Hu the beginning of the course, you might encounter problems like this: here is m
E.mEEm, now draw the other resonance structures. But later on in the course, it E_:
a_n assumed and expected that you can draw all of the resonance structures of a com-
pound. If you cannot actually do this, you will be in big trouble later on in the course.

" So how do you draw all of the resonance structures of a compound? To do this, you

need to leamn the tools that help you: curved arrows.

Here is where it can be confusing as to what is exactly going on. m.damn E..Bﬁu.
_do not represent an actual process (such as electrons moving). This is an important
point, because you will learn later about curved arrows used in drawing reaction
mechanisms. Those arrows look exactly the same, but they actually do refer to the

flow of electron density. In contrast, curved arrows here are used only as tools to-help
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22 CHAPTER2 RESONANCE |
electrons are not actually mov-

ing. It can be tricky cnmm.m_.mn__s_n will say things like:|"this arrow shows the electrons
coming from _ro_.u and going to there.” But we don’t actually mean that the electrons
are moving; they are not Eo«h__.zm._ Since each drawin w treats the electrons as particles
wca_oma:_dao:na_ﬁsm:m-o

; ' e %
stuck in one place, we will need to “move” the n_nﬂ_
ure that we know how to draw all

another. Arrows are the tools that we use to make suf
resonance structures for a' compound. So, let’s look at the features of these important

curved arrows. ,_
Every curved E.EL has a head and a tail. It is essential that the head and tail

of every arrow be drawn in precisely the proper place. The tail shows where the elec-
trons are coming from, and the head shows where %n electrons are going (remem-
ber that the electrons aren't really going anywhere, c_E we treat them as if they were

so we can make sure to draw all resonance structures):

: - |Tail \\I/men_

- _
Therefore, there are cu.ux__ two things that you have to get right when drawing an
arrow: the tail needs to be in the right place and the head needs to be in the right

and where you cannot draw ar-

us draw all _;m_mo:nnno structures of a molecule. The

‘How d
“that :T_S up the double bond have been “moved.” This is an example. of electrons
coming from a bond. Let’s se€ the arrow showing the electrons coming from the

U_E_.a _man_ going to form another bond:
1

Now m._ﬁ.m see what it looks like when electrons come from a lone pair:

=4 _
;. _ i \ I.r hNU.- \I .
e e
! H H H H

1
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o we get from the first structure to the second one? Notice that the electrons

[ i " H

H
~ \\Of - -
H-ciice &C

H H

C
[
I

~ place. So we need to see rules about where you can:
rows. But first we need to talk a little bit about elec

trons, since the arrows are de-

Never draw an arrow that comes from a positive charge. The tail of an arrow
must come from a spot that has electrons.

Scanned with CamScanner

" Heads of arrows are just as simple as tails. The head of an arrow shows where

scribing the electrons. |
the electrons are going. So the head of an arrow must either point directly in between

Electrons exist in orbitals, which can hold a
there are only three options for any orbital:
» 0 electrons in the ..omEE
s gl i
* 1 electron in the orbital
- » 2 electrons in the orbital - _
 If there are no electrons in the orbital, then there’s nothing to talk about (there are
no electrons there). If UEJ_” have one electron in the ‘orbital, it can overlap with an-
other electron in a nearby orbital (forming a bond). If two electrons occupy the or-
bital, they fill the orbital (called a lone pair). So we see that electrons can be found
in only two places: in bonds or in lone pairs. Therefore, electrons can only come
i from either a bond or a lone pair. Similarly, electrons can only go to form either a
: bond or a lone pair. _ : ;
er that the tail of an arrow indi-

Let’s focus-on tails of arrows first. Rememb
cates where the electrons are coming from. So the tail has to come from a place that

has electrons: either from a bond or from a lone pair. Consider the following reso-

maximum of two electrons. So

i
H
!
v

n.@

nance structures as an example:

|

< M s H

H. .Co _H H. G H

C" Co @ ¢
b OH

H . H
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| b

| o
manBJna that the head of an arrow shows :__:n_.n the electrons are going. So the
head of & an arrow must point to a place where the electrons can mIEEH to form a
bond or 8 n.on._._ a wc_._n pair.

_ LR
2.3 __q:.m TWO,COMMANDMENTS

Now we, §3.._ s&ﬁ nﬁ,s& arrows are, but _5_.4._ do we know when to push them and
where 8 push Squ First, we need to learn where we tannot push arrows. There are
two important rules 52 you should never violale when pushing arrows. They are the

“two noHEmbanua of drawing resonance structures:

1. Thou shall } .32 break a single bond.
2. Thou shall not exceed an octet for second-row elements.
|

Let's focus on one at a time.

1.. Never break a single bond when &.m,_anm resonance structures. By defini-
tion, resonance structures must have all the same atoms connected in the same order.

L |

¢ @ - @

| e =KL ™
' NGk % gl el - i
There are very few exceptions to this rule, and only a trained organic chemist can be
expected to know when it is permissible to SQFR this rule. Some instructors might
violate this rule one or two times (about wm.:.émw through the course). If this hap-
pens, you should recognize that you are seeing a very rare exception. In virtually
every situation that you will encounter, you cannot violate this rule. Therefore, you
must get into the habit of never breaking a single bond. '

. There is a simple way to ensure that you never violate this rule. Just make sure

that you never draw the tail of an arrow on a single bond.

2. Never exceed an octet for second-row elements. Elements in the second row
(C, N, O, F) have only four orbitals in their valence shell. Each of these four orbitals
can be used either to form a bond or to hold a lone pair. Each bond requires the use
of one orbital, and each lone pair requires the use of one orbital. So the second-row
elements can never have five or six bonds; the most is four. Similarly, they can never
have four bonds and a lone pair, because this would also require five orbitals. For
the same reason, they can never have three bonds and two lone pairs. The sum of
(bonds) + (lone pairs) for a second-row element can never exceed the number four.
Let’s see some examples of arrow pushing that yiolatg this second commandment:

H
.e * e - e L .
@MJI-oI: @olqlz Q5 )
H : H | : H =
Bad amrow Bad arrow \lo Bad amow

( £5 bords Nt 1020 oﬂwa&a

,._

_

_
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H _

In each of these H_Es.__._ gs, the central atom cannot form another ccua because it does
B ‘not have a fifth orbital that can be used. This is impossible. Don't ever do this, )

. _..._" + The examples abové are clear, but with bond- line drawings, it can be more dif.
~ ficult to see the violation because we cannot see the hydrogen atoms (and, very
o:nu Wwe cannot see the lone pairs either; for now, we will continue to draw lone
uEa to ease you into it). You have to train yourself to see the :Eamnn atoms uuﬁ
S recognize when you are exceeding an octet;

i HH
‘II/ 7
< 0%° s the same as I,Oxohm,.u..m
» I\ /I Dt

>n first it is difficult to see Emﬂ En arrow on the left structure violates the seconc
SBEmun_EmE But when we count the hydrogen atoms, we can see that the arrow
_w_uo...,n would give a carbon atom with five bonds.

WEE now on, we will refer to the second commandment as “the octet E_n
wﬁ be careful—for purposes of drawing resonance structures, it is only a violatior
:. we exceed an octet for a second-row element, However, there is no problem at al
55_ a second-row o_nEnE having fewer than an octet of electrons. For example:

_ XoD) _ "m”@
oy

_
£
_

This carbon atom
does not have an octet.

,:E E.ms,_bm is perfectly mnnnmSEo even Eocm: En nnunﬁ nEccn atom has os:

mcn electrons surrounding it. For our purposes, we will only consider the “octet rule’
to be violated if we exceed an octet,

Our two commandments (never break a single bond, mun never So_mﬁn ..::
©‘octet rule”) reflect the two parts of a curved arrow (the head and the: tail). A bad tai
So_mﬁm the first commandment, and a bad head violates the second noaawnnana_

EXERCISE 2.1 For the compound below, look at the arrow-drawn on the struc
E_.o and determine whether i it violates either of the two noﬁ_dma_&:n:ﬁ for nBE_E

‘resonance mgnaam .
n%&, 0 \,vv,\ W m.w\/\ :
Qw.w/ o e : ¥
b:uiwq First we need to ask if En first noEBmunBoE has cnnn S&mﬁa &n_ wt
break a single bond? To determine this, we look at the tail of the arrow. If the tail o

the arrow is coming from a single bond, then that means we are breaking that singlt
" bond. If the tail is coming from a double bond, then we have not violated the firs
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Gy,
na.E.:m:aEmE In this example, the tail is on a double bond, so we did not violate

the first ooBb._mann:_. £l

Now we need to ask if the second commandment has been violated: did we vi-
olate the octet rule? To determine this, we look at the head of the arrow. Are we
forming a fifth bond? ﬂnn._nn._wmn that C* only has three bonds, not four. When we
count the :w&omnz m”o_.?m attached to this nE._uo__ we see that there is only one hy-
drogen mSB not two, 'to give that carbon a total _o», three bonds. When we move the
arrow m_._ogﬂ above,’ Eo carbon will now get moJ wonn_m Ea the second command-

ment has not been SQ_EQ_
The arrow abové is valid, because the two noEBmuQBauﬁ were not violated.

PROBLEMS For nw_nw of the problems quE. determine which arrows violate

either one of the two oo:E._mbaBonﬁ and n%__._ub why. 62_ t forget to count all

hydrogen atoms and p_._ Ione pairs. You must do _._Em to solve these problems.)

_.,mu Z%m{%&
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2.4 DRAWING GOOD ARROWS .

! Zcé that we know how to identify good arrows and bad arrows, we need to get some

SLieg

i Emn:n.n drawing arrows. We know that the tail of an arrow must come either from a

?.E. If we are given two resonance structures and are asked to show the arrow(s) that
i get us from one resonance structure to the other, it makes sense that we need to look
for. any bdnds or lone pairs that are appearing or disappearing when going from one
structure to another. Let's see this with an example,

Say we have two resonance structures:

. e

L—X

.moc._ would we figure out what curved arrow to draw to get us from the drawing on
the left to the drawing on the right? We must look at the difference between the two
‘structures and ask, “How should we push the electrons to get from the first structure
to the second structure?”" Begin by looking for 2 any double bonds or lone pairs that
_Rm ﬁ_amuvumﬂ:w That will tell us where to put the tail of our arrow. In this example,
there are no lone pairs disappearing, but there is a double bond disappearing. So we
know that we need to put the tail of our arrow on the double bond.

it ..Zos., we need to know where to put the head of the arrow. We look for any
lone pairs or double bonds that are appearing. We se¢ that there is a new lone pair
appearing on the oxygen. So now we know where to put the head of the arrow: -

=]

EE ;0° :0:

| 9. — L

Zocoo that when we move a double bond up onto an atom to form a lone pair,
: ﬁnmﬁm two formal charges: a positive charge on the carbon that lost its bond and
- a negative charge on the oxygen that got a lone pair. This is a very important issue.
Formal charges were introduced in the last chapter, and now they will become in-
strumental in drawing resonance structures. For the moment, let’s just focus on push-
_ing arrows, and in the next section of this chapter, we will come back to focus on

_._._nma formal charges.

i v.o:n or a lone pair, and that the head of an arrow must go to form a bond or a lone |
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]

It is pretty straightforward to see how to push
from one resonance structure to another. But what a
more than one arrow to get m_.on_ one resonance structu
ample like that. | b b

'

EXERCISE 2.13 For the two structures below, try ta

only one arrow that gets us
bout when we need to push
e to another? Let’s do an ex-

draw the curved arrows that

get you from the drawing oum the left to the drawing onithe right: .
_ * 0 ‘e w | K
| 208 0° | =

b:ms.m.. Let's analyze En E.mﬂ,nnnn between Ewmn
looking for any double counm or lone pairs that are d
- oxygen is losing a lone pair, 'and the C=C on the botto

two drawings. We begin by
sappearing. We see that the
m is also n__mmﬁ_.unmnEm This

should automatically tell us Emﬂ we need two arrows. To losé a lone pair and a dou-

ble bond, we will need two tails.

Now let’s look for any double bonds or lone pairs that are appearing, We see
that a C=0 is appearing and a C with a negative n:m_.mm is appearing (remember
that a C~ means a C with a lone pair). This tells us that we need two heads, which

confirms that we need two arrows.
, So we know we need two arrows. Let’s start at |
from the oxygen and form a C==0. Let’s draw that arr,

-]

X

o

the top. We lose.a lone pair
OW;

Zon_nn that if we msﬁvan_ rﬂ.n we would be Eo_mnbw the second nonuamunﬁonr
The central carbon atom is getting five bonds. To avoid this problem, we must im-

mediately draw the second arrow. The C=C disappe:

ars (which solves our octet

problem) and becomes a lone pair on the carbon. Now we can draw both arrows:

.e®

_-OO -

| Ko

m

Arrow pushing is much like riding a bike. If you have never done it before,

watching someone else will not make you an expert. You have to learn how to balance
yourself, Watching someone else is a good start, but you have to get on the bike if you
want to learn. You will probably fall a few times, but that's part of the leaming pro-
cess, The same is true with arrow pushing. The only way to learn is with practice.

Now it’s time for you to get on the arrow-pushing bike. You would never be
stupid enough to try riding a bike for the first time next to a steep cliff.. Do not have
your first arrow-pushing experience be during your exam. Practice right now|

25 mom_sh. CHARGES IN RESONANCE STRUCTURES - 29

'PROBLEMS For cach E.mﬁ: g, try to , draw the curved arrows that get you ?oB
..ono aBﬁEw to the next. In many cases you will need to draw more than one arrow.

@ @ | ol
2.14 2.15 \_/

_ i [ -@ ®
2.16 L 1l 247 L :
- [ IIO.‘W - IIO'. ] I

e ~ a

i K SN SN _

218 L Sl 219 L

2.5 FORMAL CHARGES IN
RESONANCE STRUCTURES.

Now we know how to draw good arrows (and how to avoid drawing bad arrows). In
the last section, we were given the resonance structures and just had to draw in the
arrows. Now we need to take this to the next level. We need to get practice drawing
the resonance structures when they are not given. To €ase into it, we will still show
the arrows, and we will focus on drawing the resonance structures with proper for-

- mal charges. Consider the H.c__o&mum example:-

x(..l.,c

In this example, we can see that one of the lone pairs on the oxygen is coming down
to form a bond, and the C=C double bond is being pushed to form a lone pair on
a carbon atom, When both arrows are pushed at the same time, we are not violating
either of the two commandments. So, let’s focus on how to draw the resonance
structure. Since we know what arrows mean, it is easy to follow the arrows. We
just get rid of one lone pair on the oxygen, place a double bond between the carbon
and oxygen, get rid of the carbon—carbon double bond, and place a lone pair on the
carbon: :

e o

@)

A

e A T
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The arrows are really a _E._m:amo. and they tell us what to do. But here comes the
tricky part: ,..ho cannot forget to put formal charges += the new drawing. If we apply
the rules of umm_ma:m formal n:.&.mnm we see that the oxygen gets a positive charge
and the nm&_”.a gets a :nmmﬁ_:ﬁ charge. As long as we draw these charges, it is not
necessary to draw in the lone pairs:

# | @

It is absolutely critical 8_ draw these formal charges, Structures drawn without them
are wrong. In fact, if you .mo_.moﬂ to draw the formal n__rﬁmmm then you are missing the
whole point of Bmonmnno Let’s see why. Look at _En resonance structure we just
drew. Notice that there uw a negative charge on a n.B__uo: atom. This tells us that this
carbon atom is a site of Emu electron density. We would not know this by looking
only at the ?.& drawing o* the Ho_onc_n. #

_

' 0 %

This is why we unoa resonance—it shows us where __&nnn are :wm_oum of high and low
electron density. If we draw Tesonance structures without mo..EE charges, then s&ﬁ
is the point in drawing the resonance structures at mc.w o

Now that we see that proper formal charges Ed essential, we should make sure
that we know how to draw them when drawing resonance structures, If you are a lit-
tle bit shaky when it comes to formal charges, go _um__nw and review formal charges in
the previous chapter. But we can also see where to put formal charges'without hav-
ing to count each time. We saw the common &Emmc_.nm for oxygen, nitrogen, and car-
bon. It is important to remember those (go back E.a review.those if you need to).

Another way to assign formal charges is to _,nma the arrows properly. Let’s look

at our example again: ¢

\..r\\.|_,¢

Notice what the arrows are telling us: oxygen is giving up a lone pair (two electrons
entirely on the oxygen) to form a bond (two electrons being shared: one for the oxy-
gen and one for the carbon). So oxygen is losing an electron. This tells us that it must
get a positive charge in the resonance structure. A similar analysis for the carbon on
the bottom right shows that it will get a negative charge. Remember that the elec-
trons are not really moving anywhere. Arrows are just tools that help us draw reso-
nance structures. To use these tools properly, we imagine that the electrons are
moving, but they are not.

" Now let’s practice.

2.5 FORMAL CHARGES IN RESONANCE STRUCTURES: 31 -

EXERCISE 2.20 DBi the resonance structure that you get when you ﬁcmr the ar-
.rows shown below. Be sure to _:n_:mn formal charges.

LT 0]

\_/\Tl\.v

.

Answer We read the arrows to see what is happening. One of the lone pairs on the
oxygen is coming down to form a bond, and the C=C double bond is being pushed

" to form a lone pair on a carbon atom. This is very similar to the example we just saw.

We just get rid of one lone pair on the oxygen, place a double bond between the car-

bon and oxygen, get rid of the carbon—carbon double bond, and place a lone pair on-

the carbon. Finally, we must put in any formal charges:
\

0O

s

o

There is one subtle point to mention. We said that you do not need to draw lone
pairs—you only need to draw formal charges. There will be times when you will see
arrows being pushed on structures that do not have the lone pairs drawn. When this
happens, you might see an arrow coming from a negative charge:

@..
o °.0"

\Frw\ is the same as w.m\

The drawing on the left is the common way this is drawn. Just don’t forget that the
m_n_nﬁo:w are really coming from a lone pair (as seen in the drawing on the right).

One way to double check your drawing when you are done is to count the total -

charge on the resonance structure that you draw. This total charge should be the same
as the the structure you started with. So if the first structure has a negative charge,

. then the resonance structire you draw should also have a negative charge, If it

doesn’t, then you know you did something wrong (this is known as conservation of

charge). You cannot change the total charge on a compound when drawing reso-
nance structures.

PROBLEMS For each of the structures below, draw the resonance structure that
_you get when you push the arrows shown. Be sure to include formal charges. (Hint:

In some cases the lone pairs are drawn and in other cases they are not drawn. Be sure

to take them into account even if they are not drawn—you need to train yourself to

see lone pairs when they are not drawn.)
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2.21

2.22.

2.23

‘2.24

2.25
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2.6 DRAWING RESONANCE _&
'STRUCTURES—STEP BY STEP s

" Now we have all the tools we need. We know why we need resonance structures and
‘. what they represent. We know about what curved arrows are and where not to draw
-1+ them. We know how to recognize bad arrows that violate the two commandments. We
.. know how to draw arrows that get you from one structure to another, and ‘we know
how to draw in formal charges. We are now ready for the final challenge: drawing
curved arrows when we do not know what the next resonance structure looks like.
Now that you know when you can and cannot push arrows, you need to practice using
arrow pushing to determine by yourself how to draw the other resonance structures.
: First we need to locate the part of the molecule where resonance is an issue.
.. Remember that we can push electrons only from lone pairs or bonds. We don’t need
to worry about all bonds, because we can't push an arrow from a single bond (that
would violate the first commandment). So we only care about double or triple bonds.
Double and triple bonds are called pi bonds. So we need to look for lone pairs and
pi bonds. Usually; only a small region of the molecule will possess either of these
features. b
. Once we have located the regions where resonance is an issue, now we :nan
1o ask if there is any way to push the electrons without violating the two command-
_ ments. Let’s be methodical, and break this up into three questions:

1. Can we convert any lone pairs into pi bonds without violating the two
commandments?

© "2 Can we convert any pi bonds into lone pairs without violating the two

i commandments? o e ot

3. Can we convert any pi bonds into pi bonds without violating the two

e ‘commandments? :

We do not need to worry about the fourth possibility (converting a lone pair into m
_ lone pair) because electrons cannot jump from one atom to E_oﬁnn Ouly the three
- possibilities above are acceptable.

" ing lone pairs into bonds. Consider the following example:
SN
\%/

_ We ask if there are any lone pairs that we can move to form a pi bond. mo we draw
* an arrow that brings the lone pair down to form a pi bond:

~Nper ~2. -
N

Let's go through these three steps, one at a time, starting ,_SE step 1, convert-
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|
This noom_ not violate m::nn of the two commandments. We did not break any single
bonds mE_H we did not ﬁo_ma the octet rule, So: _Em is a valid structure. Notice that
we cannot move the lone pair in another direction, because then.we would be vio-

lating Eo_gan rule: | | [
i
i o : ' H, __I
3 — H A}-\ _\Oh.r i
“_

1

Let’s try again with the following example
! * 1

] i

l
1

_
We ask :. we can move one of the lone pairs down to form a pi bond, so we try to
draw it: |

This violates the octet rule—the carbon atom iwﬁn_ end up with five bonds. So we

cannot push the arrows that way. There is no q.ﬁw to turn the lone pair into a pi bond
in this example.

Now let's move on to step 2, nondn—.cbm m__ bonds into lone pairs. We try to
move the double bond to form a lone pair and we see that we can move the bond in
either direction: : ]

] L

no o ...u.w

A — L
or

0" oLl

Neither of these structures violates the two commandments, so both structures above
are valid resonance structures. (However, the bottom structure, although valid, is not
a significant resonance structure. In the next section, we will see how to determine
which resonance structures are significant and which are not.)

. examples:

FO° 01
\a_oﬁ — Ay
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For step 3, no:<n_.:=m pi bonds into pi bonds, let's consider nra following

IOI 9
S
m_ e try to ?_m: the pi co:& to form ozﬁ_. pi bonds, we m:n
AR No: This violates th _
o: This violates the octet rule.

2y Yes: Does notviolate the octet rule.

© The top structure violates the octet rule (giving carbon five bonds), and the bottom
: mc.an_d does not violate the octet rule. The arrow on the bottom structure will there-

; mo_d provide a valid resonance structure:

\@WQI\///\Q—

Now that we have learned all three steps, we need to consider that these steps
can be combined. Sometimes we cannot do a step without violating the octet rule,
but by doing two steps at the same time, we can avoid violating the octet rule. For -
example, if we try to turn a lone pair into a bond in the following structure, we see
that this would violate the octet rule: : :

MG

n. at the same time, we also do step 2 (push a pi bond to become a lone um_c. then
it works:

s s ©

In other words, you should not always jump to the conclusion that pushing an arrow
will violate the octet rule. You should first look to see if you can push another arrow

that will eliminate the problem.
As another example, consider the structure below. io cannot move the C=C
bond to become another bond unless we also move the C=0 bond to become 2

lone pair:
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_ Lt 9 " mﬂo.
Y

_ " i No
,_ _

In this way, we truly E.o ..wnmanm: the electrons m_ﬂoam_u.

Now we are ready to get some practice drawing resonance structures.
: R { } . iy

; :

EXERCISE 2.29 Draw all resonance structures, for the following compound:

o 2

Answer Let's start by finding all of the lone pairs and tédrawing the molecule.
Oxygen has two bonds here, so it must have two lone pairs (so that it will be using
all four orbitals): _

|
1
i ..

-O-

‘ _ ; m .. B ' g -
Now let’s do step 1: cani we convert any lone pairs into pi bonds? If we try to bring

down the lone pairs, we will violate the octet rule by forming a carbon atom with
five bonds: ' = cn B8

Violales second commandment

The only way to avoid forming a fifth bond for carbon would be to push an arrow
that takes electrons away from that carbon. If we try to do this, we will break a sin-
gle bond and we will be violating the first commandment:

o

or

Violates first commandment

i T bl A [ETT O TTTYTSY
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‘We cannot move a lone pair to form a pi bond, so we move on to step 2: can we con-
_vert any pi bonds into lone pairs? Yes: : T

D «a®

i G i

- Now we move to step 3: can we convert pi bonds into pi bonds? There is only one
"move that will not violate the two commandments:

e e ©

g o 102

L =

" So the resonance structures are

o 15 to

a -

...m.mo.w_.mg 2.30 For the following compound, go through all three steps ﬁup&:m
sure not to violate the two commandments) and draw the resonance structures.

. . While working through this problem, you probably found that it took a very
long time to think through every possibility, to count lone pairs, to worry about
violating the octet rule for each atom, to assign formal charges, and so on. Fortu-
nately, there is a way to avoid all of this tedious work. You can learn how to be-
come very quick and efficient at drawing resonance structures if you learn certain
‘patterns and train yourself to recognize those patterns. We will now develop this

skl
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> Umhs___zm mmmOZban m._._uCn.._.Cmmm.l

BY meOQZ_N_Zm vb.ﬂ-.mmZm
There are five ﬁmnnam that w.o: wuoza leamn to Hn_omz_nn to become proficient at
drawing _.omoum:on structures. m.._aﬂ we list them, and thep we will go through each
pattern in detail, s_:r nnmq:v_nm and exercises. Here they are: Gou

1. Alone um:. next to a E cona
2. Alone pairnexttoa wom:ﬁa naﬁ.mn
3. Apibond nexttoa ﬁou_a.._.n n:E.mn

4, A pibond between Qc_o m"ona. where one of those atoms is electronegative.
5. Pi bonds going all En. way around a ring.
. N
A Lone Pair Next to a Pi Bond

Let's see an example before _mo_mnm into the details:

. .\
The atom with the lone pair can E:_.n no formal charge (as above), or it tan have a
negative formal charge:

0 _

T |

\_/\ m
The important part is Es_Em a lone pair “next to” the pi coﬂa ..Znﬁ 8_. means that

the lone pair is separated from the double bond by exactly one single bond—no more
and no less. You can see this in all of the examples below; -

“OH o) N~ 0

~ A L A

l! " @ —

In each of these cases, you can bring down the _cun pair to form a pi bond, and kick
up the pi bond to form a lone pair:

TR e

2.7 DRAWING RESONANCE STRUCTURES—BY RECOGNIZING PATTERNS 39!

Notice what happens with the ?E_w_ charges. When the atom with the lone m&_. has’
a'negative charge, then it transfers its :umﬁs..n charge to the atom that will mnﬂ a lone’
pair in the end: Lo

,\,\./M

A|z\ @Z\
L — K
e

When Ea atom with the lone pair does not have a negative charge to begin with, then
it will end up gE a uom_fo charge in the end, while a negative charge will go on

v Y Eo atom mnn:.m the lone pair in the end (remember conservation of charge):

LB} @aa
:OH OH

J o

(0]
ﬁ - .....f@\

Once you lear to recognize this pattern (a lone pair next to a pi bond), you will be
- able to save time in calculating formal charges and determining if the octet rule is
: _qum violated. You will be able to push the arrows and draw the new _.mmo:u_uon.

- structure without thinking about it.

) by EXERCISE 2.31 Draw the resonance structure of the compound below:

%
A
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_ !

Answer Ac«n_nonnn that m.nw is a lone pair E..E to

two arrows: one from the ~0=n ﬂ..E. to form a ? bond
form a lone EE. : ..

C.n | ,.

_

_.
_
_
i
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\./J\ZIN

ﬁ pi bond. Therefore, we push
, and one from the pi bond to

Look nm_.nm_._sw at the formal charges. The unmmasn charge used to be on the oxygen,

[
but now it moved to the nmh_uos.

1
PROBLEMS Huoa nmnw cm the ncB@osunm en_os_. Ho,

mun_ draw the resonance mndnE._.n

_
v

0
O = =
e g “ |
232 L ;
G .
0 —
233 L . i
(0]
234 L
®
Z\ -
A
235 L
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ate the pattern we just learned

.:B atom with the lone pair can have no formal charge (as above) or it can have a
:o.mm_._é formal charge:
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d.__n important part is having a lone pair next to a positive charge. In each of the
above cases, we can bring down the lone pair to form a pi bond: |

p

Zomnnﬁ._._m;uvm_numﬂa:so wonnu_nrm_.mnm.ﬁwg&u:oa S.W_Eﬁ:a_cnnva;g
a negative charge, then the charges end up canceling each other: .

|
e 1

When the atom with the lone ﬁ_m.w does not have a unmmmj charge to begin with, then
it will end up with the positive charge in the end (remember conservation of charge):

®
\.W.,O.\//

O -

® . <l

_umowrm_smmﬁogwaﬁnnoﬂucﬁ%g_o? _oom.ﬁ _E.n umnn_dﬁﬂ.:m:omﬂna
and draw the resonance structure. :

Fl
A
i
i

' \
NN :
2.40 o
e
Z\
—_————————
®
2.41
O
—p———————
2.42

P

2.7 DRAWING RESONANCE STRUCTURES—BY RECOGNIZING PATTERNS » h.u

2.43

Notice that in this problem, a negative and positive charge cancel each other to be-
come a double bond. There is one situation when we cannot combine charges to give
a double bond: the nitro group. The structure of the nitro group looks like this:

=]

s 0
Oz _.wh )

We cannot draw,a resonance structure where there are no charges:

+Olo

u. .ﬁ_.aw_n . !

This might seem better at first, because we get rid of the charges, but our two com-
mandments show us why it cannot be drawn like this: the nitrogen atom would have
five bonds, which this would violate the octet rule.

A Pi Bond Next to a Positive Charge - -
These cases are very easy to see: '

>

‘We need only one arrow going from the pi bond to form a new pi bond:
| IS o

‘Notice what happens to the formal charge in the process. It gets moved to the
other end: :

—@\O/#I\/@a

It is possible to have many double bonds in conjugation (this means that we have
.many double bonds that are each separated by only one single bond) next to a posi-
tive charge: '

\/\///\ﬂ//\//ﬁw.\.
) @

- )
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! FERH

| }
When this happens, ér can push all of the dc
to éo_.Q about calculating formal charges—]
other u:a i

I
!

@

Of noE._mn we mro:_n_ uﬁr one arrow E a time

(////I// ....i|.|.|!\\\\._\
_

uble bonds over, and we don’t need
ust move the positive charge to the

.

2 50 E..: Eo can draw all of the reso-

nance structures. mE it is nice to know how the formal arﬁmmm will end up so that

we don’t have to nmmn&man them every time we push an arrow.

" PROBLEMS For w.w..m_u: of the compounds _uou

: i
and draw the Bwonm_bnn structure.

244 L

ow, locate the pattern we just learned

i
4|
=

H

‘

+

- ———
$

245 L

S]
o |

2.46 L

A Pi Bond Between Two Atoms; {:rm..m One of

Those Atoms Is Electronegative
Let’s see an example:
0

N

(N, O, etc.)

In cases like this, we move the pi bond up onto the electronegative atom to become

a lone pair:

%/I

A

2.7 DRAWING RESONANCE STRUCTURES—BY RECOGNIZING PATTERNS 4!

Zozoo what happens with the formal charges. A double bond is vmm_.__m Separated int:
a positive and negative charge (this is the opposite of what we saw in the second pat
tern we looked at, where the charges came together to form a double bond). :

PROBLEMS For each of the compounds below, locate En umzn:_ we Emﬂ “8_.:@
wb& draw the resonance mﬁ._oEHn

— =

__u_ Bonds Going All the S__m< Around a w:..m

dﬁ._mumqmu we have alternating double and mEm_a bonds, we refer to Em m:a:._m::

- bond system as conjugated: -

Conjugated double bonds

ﬁ:ﬁ: we have a conjugated system that wraps around in a n:.&a. En; we-can a

- .ways move the electrons around in a circle:

62— O
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h our arrows clockwise or ncsaan&oaws_;n

It does not Emzn_. whether| we pus _
(either way gives us the same amcF and remember tha

moving m&.émwu i
Now we are ready to go cmn_n to some _u_.oEnB

structures mman | Only this time, let's try to focus o

Look at the numﬂm_mm below, and see if you can recog

&mn_._mm&. |

|
5

=

1. Alone EE next to a pi bond.

2. Alone Hue._. next to _*m positive charge.
3. Api cann next to r,_wow::ﬁ charge.
4, Api voun between _:...o atoms, where one of th
5. Pi bonds going all the way around a ring.

|
0 '

HEo&nnqoumﬁnuoan:w
Let's try to n:.s_ _.nmonm:nn
recognizing some patterns.

nize any of the patterns we just

ose atoms is electronegative.

[raw the resonance structures.
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2.56 =]

L. © 2.57 s

2.58

g w.mw A~
_ 2.60 \_ﬁo_ .

/2.8 ASSESSING THE RELATIVE
- IMPORTANCE OF RESONANCE
” ' STRUCTURES

! Zon all resonance structures are equally significant. A compound might have many
_.._EE resonance structures (that do not violate the two commandments), but it is pos-

what we mean when we say Em_mE_mnmE: let's revisit the analogy we used in the
com_gsm of the chapter. .

Recall that we used the mﬂ&omw of a nectarine (being a hybrid _uo:a.nnn a peach
and plum) to explain the concept of resonance. Now, imagine that we create a new
type of fruit that is a hybrid between three fruits: a peach, a plum, and a kiwi. Sup-
pose that the hybrid fruit that we produce has the following character: 65% peach
character, 34% plum character, and 1% kiwi character. This hybrid fruit will look al-
Bomn exactly like a nectarine, because the amount of kiwi character is too small to
wB,.n an effect on the nature of the Hnucz._bm hybrid. Even though this fruit is actually
‘a hybrid of three fruits, nevertheless it will look like a hybrid of only two fruits—
vo.nm:wn the kiwi character is “insignificant.”
~ A similar concept exists when comparing resonance structures. One com-
vo_:a might have three resonance structures, but all three resonance structures
.HEmE not contribute B:m:w to the overall resonance hybrid. One resonance struc-
ture might be the major contributor (like the peach), while another resonance struc-
ture, might be insignificant (like the kiwi). In order to understand the true nature of

,m&_o that one or more resonance structures might bz insignificant. To understand -
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the noammzbm. we must be able to compare the resonance structures and determine
which structures are Em.m.o_. contributors and which structures are not significant.
There are two &EEG.EH% to follow when _nc_._.ﬁul:m resonance structures. At
this point; you are probably thinking that it is hard enough to keep track of every-
thing we have seen so far—there are two commandments for how not to push ar-
rows, there are three _w.ﬁnm for determining valid resonance structures, there are five
patterns, and now there are two rules for determining which resonance structures are
significant. The good news is that this is the end of the line. There are no more rules
or steps. We are almost done with resonance w:%oa_dw., More good news—drawing
_.nmonmnoﬁ_ structures really is very much like riding a bike. When you first learn to
ride a bike, you need _.8 concentrate on every :.___T..m:._nﬁ to avoid from falling. And
you have to Rﬁna_un__. a lot of rules, such as which way to lean your body and which
way to turn the handlebars when you feel you ate falling to the left. But eventually,

you get the hang of it, and then you can ride the Bike with no hands. The same is true

here. It will take a lot of practice. But before wo:— know it, you will be the resonance

gury, and that is ﬂrn"_w you need to be to do E&_H in this class,
Let’s see the two rules for finding which resonance structures are significant:

|

Rule 1 Minimize charges. The best kind of mn.__.“nEHm is one without any charges. It
mmDNS_uma.nﬂﬂonwhwmnm.UE%oanBEanBmﬁoEmﬁdogEm:ume.nﬂo_.nnrmu

two charges. Compare the following two cases: .

0 bl & 1

. : \Foz _\Fom

Both compounds have a pi bond between a carbon atom and an electronegative atom
(C=0), and both compounds have a lone pair next to the pi bond. So we would ex-
pect their resonance structures to be similar, and’'we would expect these compounds
to have the same number of significant Rmoumum,_n structures. But they do not. Let’s
see why. Let’s start by drawing the resonance structures of the first compound:

e m o il Ko

-

1

~ @ ) % =]

\mﬁo_/. 103 . :0;
Ji — .
Best d . .OH / oK

The first resonance structure is the major contributor to the overall resonance hybrid,
because it has no charge separation. The other two drawings have charge separation,
but there are only two charges in each drawing, so they are both significant reso-
nance structures. They might not contribute as much ¢haracter as the first resonance
structure does, but they are still significant. Therefore, this compound has three si g-
nificant resonance structures. ‘ '

e — Ae T N
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. {Now, let's do the same thing for the other compound:

s
atl
e

i Xl

% ._ _ oK Bad OK
The _mrﬁ and last structures are OK, but the second resonance structure is bad be-
cause there are too many charges. This resonance structure is not significant, because
it will not contribute much character to the overall resonance hybrid. It is like the
kiwi in our analogy above. Therefore, we would say that this compound has only two

significant resonance structures.

' There is one notable exception to this rule: compounds containing the nitro

mﬁc.___w_"AIZONV will often have resonance structures with more than ..zq_”u charges.

Why? The nitro group looks Ennnﬁm

:0.0:0: :0Le O:
@z.ﬂ@ N7

Notice that we have two resonance structures, each of which has charge separation.
Even though the molecule has no net charge, nevertheless, we cannot draw a single
H.mmc_.__manm structure that is free of charge. If we try to do so, we will end up with a
structure that violates the second commandment:

Nitrogen cannot have 5 bonds. -
i- This violates the octet rule.

: Zmn.m_mnn cannot have five bonds, so we cannot draw the nitro group without charges.
'We must draw the nitro group with charge separation. Therefore, the two charges of
‘a nitro group don’t really count when we are counting charges. Consider the follow-
ing case as an example:
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If we apply our rule (about limiting charge separation to no more than two charges),
then we might say that the second resonance structure above has too many n:m_.mnm
to be significant. But it actually is significant, coou:L the two charges associated
with the nitro group are not included in our count. We ,Ho_.__a consider the resonance
structure above as if it only had two charges, and therefore, it is significant.

_ _

Rule 2 Electronegative atoms (such as N, O, Cl, etc.) can bear a positive charge,
but only if they possess an octet of electrons. Consider the following as an example:

-

c H H o

-
R | 1

| e .
The second resonance structure above is mﬁEmﬂm:r even though it has a positive

charge on oxygen. Why? Because the positively nvﬁmnn.* oxygen has an octet of elec-
trons (three bonds plus one __oum _ua.m = 6 + 2 = 8 electrons). In fact, it is not only
significant, it is even more significant than the first resonance structure. Yes, it is true
that the first resonance structure has a positive charge on carbon, which is much bet-
ter than having a positive charge on oxygen. annnﬁ__n_nmn the second resonance
structure is more significant. Why? In the first structure; the oxygen has its octet, but
the carbon only has 6 electrons. In the second _.nmonmunm_u structure, both oxygen and
carbon have their octet. This makes the second resonance structure more significant,
even though the positive charge is on oxygen. ! ’

mﬂnwgcﬁﬂnﬂm&tﬁ.gnﬁoﬁﬁﬁn wcmmn.wsu numnmnonnmn.omnﬂ
_ .. _ .4. .

]

' " o
Once again, the second structure is significant (in fact, more significant than the first
resonance structure). ;

‘When a resonance structure has a positive charge on an electronegative atom,
that resonance structure will only be significant if the electronegative atom has an
octet. If it does not have an octet, the resonance structure will not be significant. For
example, consider the following:

r o T %

= . Not -
Significant

2.8 ASSESSING THE RELATIVE IMPORTANCE OF RESONANCE STRUCTURES 51

In the example above, the second resonance structure has an oxygen with a positive
- charge. But this oxygen does not have its octet, and therefore, this resonance struc-

£ ture is not significant. .

% m:ow_.m_sm For each of the following compounds, draw all of the significant res-
. onance structures.
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0O

2.67

2.68

O

2.69

N
C
270 A

2,73

. The first several chapters of any organic chemistry textbook focus on the structu
of molecules: how atoms connect to form bonds, how we draw those connectior
the problems with our drawing methods, how we name molecules; what molecu
‘look like in 3D, how molecules twist and bend in space, and so on. Only after ga
‘ing a clear understanding of structure do we move on to reactions. But there see

© . to be one exception: acid-base chemistry.

. Acid-base ,n:onmmn&. is typically covered in one of the first few chapters of
' ganic chemistry textbook, yet it might seem to belong better in the later chapter:
reactions. There is an important reason why acid-base chemistry is taught so e
wn in your course. By understanding this reason, you will have a better perspec
. of why acid-base chemistry is so incredibly important. Y s

" To appreciate the reason for teaching acid-base chemistry early in the col
we need to first have a very simple understanding of what acid-base chemistry :
about. Let’s summarize with a simple equation: !

-

HA = = H* + A

* In the equation above, we see an mna (HA) on the left,side of the equilibrium

the conjugate base (A~) on the right side. HA is an acid by virtue of the fact |
has a proton (H*) to give. A~ is a base by virtue of the fact that it wants to ta
proton back (acids give protons and bases take protons). Since A~ is the base tt
get when we deprotorate HA, we call A~ the conjugate base of HA.

So the question is: how much is HA willing to give up its proton? If |
very willing to give up the proton, then HA is a strong acid. However, if HA
willing to give up its proton, then HA is a weak acid. So, how can we tell wl
or not HA is willing to give up its proton? We can figure it out by looking
conjugate base. .

Notice that the conjugate base has a negative charge. The real question it
stable is that negative charge? If that charge is stable, then HA will be willing t
up the proton, and therefore HA will be a strong acid. If that charge is not
then HA will not be willing to give up its proton, and HA will be a weak aci¢

So you only need one skill to completely master acid-base chemistr
need to be able to look at a negative charge and determine how stable that ni
charge is. If you can do that, then acid-basg chemistry will be a breeze for
you cannot determine charge stability, then you will have problems even af
finish acid-base chemistry. To predict reactions, you need'to know what _
charges are stable and what kind of charges are not stable.
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