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TO THE STUDENT

Organic chemistry is best learned by solving problems—as many as is practical. This book provides you with
3000 opportunities. In each chapter the problems are presented in sequence to best develop your understanding
of the theories and practice of this basic, very logical science. The authors do not just present the answers. Rather
we make clear the thought processes you should go through to get the correct answers. Attempt the problems first
before resorting to the answers. By challenging yourself first, you will solidify your understanding. Some
problems, especially those involving syntheses, may have several solutions and you may find more than one
approach given. If your solution is different but correct—don’t fret, more power to you!

Most textbooks used today have a consistent underlying sequencing of topics, albeit with significant
variations. The order of chapters in 3000 Solved Problems is an attempt to conform with most textbooks.
However, you may have to resort to the Table of Contents to find a particular subject. The very thorough index
should also prove helpful.

We would like to send our thanks and appreciation to Ms. Maurcen Walker and Mr. Nick Monti for their
careful and thorough proofreading.
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CHAPTER 1
Structure and Properties

DEFINITIONS

11

What is (a) organic and (&) inorganic chemistry?

# (a) With a few exceptions (i.e., carbonate salts and CO,) organic chemistry is the study of carbon
compounds. (b) Inorganic chemistry is the study of all other compounds.

1.2 What is the origin of the term organic chemistry?
& Prior to 1828, most carbon compounds had been found only in living matter and it was believed that their
natural synthesis required a vital force. It was concluded that inanimate and living (organic) matter had different
origins and were therefore completely different. In that year, Friedrich Wohler converted the inorganic
ammonium isocyanate [(NH,)*(N=C=0)"] to the known orgamc compound urea [0 =C(NH,),}, and the
definitions of organic and inorganic chemistry changed.
13 What are the important differences between organic and inorganic compounds?
# In general, organic compounds
(1) react more slowly and require higher temperatures for reaction;
(2) undergo more complex reactions and produce more side products;
(3) have lower melting and boiling points and are generally insoluble in water;
(4) are less stable and therefore often decompose on heating to compounds of lower energy content;
(5) are classified into families of compounds such as alcohols, which have similar reactive groups and
chemical properties; and
(6) are far more numerous than inorganic compounds.
14 Account for the large number of organic compounds.
& Carbon is in group IV of the periodic table and forms bonds with almost every other element (other than the
noble gases). Carbon atoms bond to each other in single and multiple bonds, forming both long chains as well as
ring compounds. Also, carbon compounds with identical molecular formulas but with different structural formulas
are called isomers.
1.5 What are the three important classes of organic compounds?
& 1. Aliphatic compounds with C’s bonded in chains are called acyclic to distinguish them from cyclic
compounds, which have C’s bonded in rings (not circular).
2. Aromatic compounds, originally so named because of their pleasant odors, include derivatives of the
parent hydrocarbon benzene (C4H,) and other ring systems with unusual stability.
3. Heterocyclics are compounds with rings having at least one element other than C in the ring.
CHEMICAL BONDS
1.6 Why is it important to know about chemical bonds between atoms in a molecule?
& Since chemical reactions occur by breaking and making bonds, their energies and rates depend on the
strength of these bonds.
1.7 What are the two important types of chemical bonds observed in organic molecules?

& (1) Covalent bonds, in which an electron pair is shared between the two atoms, A:B, and
(2) lonic bonds, formed by transfer of one or more e ~’s to form a positive cation and negative anion, i.e.,
A*:B". Metallic (left side of the periodic table) elements usually form ionic bonds with nonmetallic
(H and those on right side of the periodic table) elements. Nonmetallic elements form covalent bonds
to each other and to themselves. All organic compounds have covalent bonds but some also have ionic
bonds.
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Specify the type of chemical bond in the compounds (a) Li,0, (5) PH;, (¢) N,0, and (d) CaF,.
# (a) Ionic, (b) covalent, (c) covalent, and (4) ionic.

Predict the type of chemical bond in the following molecules from their physical properties:

(a) Cl, (b) NaCli (c) ICI (d) H,0
Melting Point: -101.6 °C 800.4 °C 27.2 °C 0 °C
Boiling Point: 34.6 °C 1413 °C 97 °C 100 °C
Unit Particles: molecules ions molecules molecules

& (a) Covalent, (b) ionic, (¢) covalent, and (d) covalent.

Explain the difference in melting point (mp) and boiling point (bp) of the covalent and ionic compounds in
Problent 1.9.

Y 4 Meltmg and boiling require separation of the.particles comprising the solid and liquid states, respectively.
The ionic salt is a three-dimensional array of alternating cations (Na*) and anions (C17). Its mp and bp are high
because the strong electrostatic forces of attraction between the oppositely charged ions must be overcome, and
this requires considerable energy (high temperatures). In covalent compounds like H,0, each H is covalently
bonded to the O to give a discrete molecule, H,O. In (a) and (c) the discrete particles are the molecules Cl, and
ICl, respectively. These molecules are the unit particles that must be separated from each other during melting
and boiling, and these processes require less energy (lower temperatures).

Can it be concluded from the answer in Problem 1.10 that covalent bonds are necessarily weaker than ionic
bonds?

& No; covalent bonds are not broken when molecules are separated during melting and /or boiling. Breaking
covalent bonds may require high temperatures (see Problem 1.12).

The mp of SiO,, sand, is 1710 °C, and its bp is 2650 °C. (a) Describe the bonding in SiO,. (b) Why are its mp
and bp so high?

# (a) The relative positions of the elements in the periodic table indicate that the Si—O bond is covalent.
(b) Each Si is bonded to four O atoms, and each O is bonded to two Si atoms in a three-dimensional array. There
are no individual molecules of SiO,. The entire grain of solid is considered a giant single molecule, often called a
network covalent substance, with the empirical formula SiO,. During melting and boiling, covalent bonds between
atoms are broken. Much more energy is required to break covalent bonds than to separate molecules from each
other.

Both diamond and graphite, two different crystalline allotropic forms of carbon, have extremely high mp’s
(> 3500 °C). Diamond is very hard while graphite is soft and slippery—it is used as a lubricant. Explain in terms of
bonding.

& The high mp’s point to a network covalent structure for both substances. The C to C bonds in graphite
extend in sheets, two-dimensionally, with only weak forces of attraction between the sheets. Thus the layers can
slide past each other easily, making graphite feel soft and slippery. The C to C bonds in diamond extend in three
dimensions. Cracking a diamond crystal requires the rupture of a large number of stable C—C bonds, a process
that takes much energy. Hence, diamond is the hardest known substance.

How does the Lewis—Langmuir octet rule explain the formation of chemical bonds?

I Individual atoms lose, gain, or share e ™ ’s to attain electronic configurations (stable outer shells with eight
~’s) of the nearest noble gas. In ionic bonding an e~ is transferred to form a cation and an anion:
A +- B > AT+ B . For example, Na- transfers the lone e~ in its outer (valence) shell to F with seven
e ’s in its outer shell, leaving both cation and anion with outer shells of eight (an octet) e ™ ’s
Na(2,8,1) + F(2,7) »Na*(2,8) +F~(2,8) or Na*:F:
Octets are also formed by transferring more than one e,
Mg(2,8,2) +2CI(2,8,7) — Mg?*(2,8) +2C1"(288) or  Mg?* 2:Cl: (or MgCl,)

Noble gas configurations are attamed during covalent bonding by sharmg of e~ pairs, with each e”
having an opposite spin as required by the Pauli Exclusion Principle: :Cl+ + * Cl — CI Cl-
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(@) What is a coordinate covalent bond (dative bond)? (b) Once formed, how does it differ from a typical
covalent bond? ,

# (a) Inacoordinate covalent bond, the pair of ¢ ~’s are furnished by one atom (the donor) for sharing with
the acceptor atom:

:é[:
:Cl: + AICl; — AICI; or [:C:AI:Cl:]"
donor acceptor =g=

(b) Although it differs in mode of formation, once formed it is a typical covalent bond.
Identify donor and acceptor species in the formation of coordinate covalent bonds in the following:

(a) H;0* () Cu(NH;)i*  (c) AgCl;  (d) H;N:BF,
&  acceptor  donor

H
(@) H*  + H:0:H — [H:0:H]*
NH,

(6) Cu** + 4:NH, — [H,N:Cu:NH,P*
3

() AgCl + :81:  —AgQl;

(d) BF; + :NH, —F;B:NH,

(a) Does the octet rule apply to H and Li? (b) Diagram the formation of (i) HCl,, (ii) LiBr, and (iii) NaH.
# (a) HandlLi forT bonds tg attain the stable duet of the noble gas He.
(3) () H:+-Cl: > H:Cl: (covalent bond)
(i) Li- +-Br: —»Li*:Br:  (ionic bond)
(iii) Na- +:-H-— Na*:H~ (sodium hydride, ionic bond)

For the second period elements Be, B, C, N, O, and F give: (a) the number of ¢ " ’s in the outer shell, (5) the
number of covalent bonds formed, and (¢) formulas of H compounds.

v 4 Be B C N (0] F
(a) 2 3 4 5 6 7
(» 2 3 4 3 2 1

(c) BeH, BH, CH, NH, H,0 HF

What are some of the exceptions to the octet rule?

# In additicn to H and Li (Problem 1.17) Be and B form less than four bonds in many of their compounds,
thus lacking an octet. The octet rule also does not apply to higher atomic number elements in the third and
higher periods such as S, Si, and P, which can acquire more than eight ¢~ ’s.

How many ¢ ~’s make up (a) a single, (») a double, and (¢) a triple bond?
& (a) Two (one pair), (b) four (2 pairs), and (¢) six (3 pairs).

Write electron-dot structures for the following covalent compounds: (a) F,0, (#) H,0,. (¢) PCl;, (d) CH,Cl,
and (e) N, H, (hydrazine).

& Electron-dot structures show all bonding and unshared valence e~ ’s. First write the skeleton of the
molecule, showing the bonding arrangement of the atoms. In molecules with three or more atoms there is at least
one central atom, which has the highest covalency. If there is more than one multicovalent atom in the molecule
[as in (B) and (e)], bond them to each other to get the skeleton; then bond the univalent atoms (H, F, Cl) to them
in order to satisfy their normal multicovalencies. In their bonded state, second period elements should have eight
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122

123

1.24

1.25

1.26

¢~’s, but not more. (Exceptions are Be and B which may have less than eight.) The number of €™ ’s in the Lewis
structure should equal the sum of the valence e ~’s of all the individual atoms.

N 5 Q1 H HH
(a) :E:Q:F: (b)) H:0:0:H  (e) :ChP:Clz (&) H:G:Q: () H:N:N:H
H

Provide electron-dot structures for the following multiple-bonded compounds: (a) H,CO, (8) N,, (¢) CO,,
(d) HONO, and (e) HCN.

& If the number of univalent atoms available for bonding to the multicovalent atoms is insufficient for
achieving normal covalencies, form multiple bonds (Problem 1.20).

(a) H:g::f): (l.) :N::N: (c) :6::C::6: (d) HONO (e) H:C::N:
H

Provide electron-dot structures for the compounds whose molecular formulas are: (a) C,Hg, (8) C,H,, and
(¢) C,H,.

& Carbon is tetracovalent (Problem 1.18) and can form single and multiple bonds.

HH H H
(a) H:C:C:H (b) H:C::C:H (¢) H:C:: C:H
HH

(a) Write an electron-dot structure for phosgene, COCl,. (k) Why are all the following structures incorrect?
(i) ClCOC] (ii) :Cl::C:: O:C:§l= (iii) :6]::C::6:(:_‘;|: (iv) :(‘fl::C:':(?:(:il:

# (a) The central atom C has the highest covalence. To satisfy the tetravalency of C and divalency of O, a

double bond between them is required:
:9:
: (:2] :'é H @ H
(b) The total number of valence e ~’s that must appear in the electron-dot structure is 24;

14 (two CI’s) + 4(C) + 6(0). In (i), C and O do not have their normal covalencies. Structures (ii) and
(iii) are rejected because they each show only 22 €~ ’s. Also, in (ii) O has four rather than two bonds,

and in (iii) and (iv) one Cl has two bonds. (iv) Is also rejected because O has 10 e ~’s, yet it cannot have
more than an octet. -

Write electron-dot structures for the ionic compounds that also have covalent bonds: (a) K*OH", (b) Li*NO;,
(¢) H,0*Cl~, (d) NH]I".

& Add an e~ for each — charge in the anion and subtract one for each + charge in the cation.

. + H #
(a) K*[:@:H]— (d) Li*[:g):ﬁ::ﬁ:]»— (¢) [HO.H] :(:::]:— (d) [HNH] ::l::_
. ; H H

Draw Lewis structures for (a) hydroxylamine, szNOH, (b) methanol, CH,0H, (¢) CINO, (d) HOCN, and

" (e) CH;NH,.

# In Lewis structures a dash represents a shared electron-pair. Unshared outer shell (valence) e ’s are also
shown.

H
(a) H—IT—Q—H (b) H—(I:—Q—H (¢) :Q1—N=0:
H H
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Determine the positive or negative charge, if any, on:

H H H H
(a) H——é—@: () H—é=6= (¢) H—é—é-
y HoH
H Lol
(d) H—bll—:C}—H (e) :cl:—(:]:
B .

& The charge on a species is numerically equal to the total number of valence electrons of the unbonded
atoms, minus the total number of electrons shown (as bonds or dots) in the Lewis structure.

(a) The sum of the valence electrons (six for O, four for C, and three for three H’s) is 13. The electron_-.dqt
formula shows 14 €~ ’s. The net charge is 13 — 14 = —1 and the species is the methoxide anion, CH;0: .

(b) There is no charge on the formaldehyde molecule, because the 12 e ~’s in the structure equals the number
of valence electrons; i.e., six for O, four for C, and two for H’s.

(c) This species is neutral, because there are 13 ¢ ~’s shown in the formula and 13 valence electrons: eight from
two C’s and five from five H’s.

(d) There are 15 valence electrons: six from O, five from N, and four from four H’s. The Lewis dot structure
shows 14 ¢ ~’s. It has a charge of 15 — 14 = +1 and is the hydroxylammonium cation, [H,NOH]*.

(e) There are 25 valence electrons, 21 from three CI's and four from C. The Lewis dot formula shows 26 € ~’s.
It has a charge of 25 — 26 = —1 and is the trichloromethide anion, CCl;.

Give Lewis structures for: (a) BrF;, (b) PCl, (¢) SF;, (d) XeF,, and (e) 3.

# In these molecules the central atom is surrounded by more than eight e ~’s. This octet expansion requires d
orbitals, and is thercfore only possible for elements below the second period. To determine the number of
electron pairs in the valence shell of the central atom, add the number of e~ ’s contributed by it (its group
number) to one e~ for each covalent bond and divide by 2. For anions, add the negative charge as well.

E Cl

F
.l CI\' F\l/F F\ . /F ve 40
(a) Br—F  (b) P—c (o) ST (d) Xe (e) |1=I—1
| a’l F”|F F7 " OF ;
& cl F

The number of e~ pairs are: (a) (7+3)/2=5; (b) (5+5)/2=5; (c) (6+6)/2=6; (d) (8 +4)/2=6; (e)
(7+ 2+ 1)/2=5. (The three unshared pairs of €~ s on univalent halogens are omitted.)

STRUCTURAL FORMULAS AND ISOMERS

1.29

1.30

Write structural formulas for: (a) HOCI, (#) CH,Br, (¢) HONO, and (d) CICN.

& Structural formulas omit the outer unshared e s of Lewis structures.

H
(a¢) H—O—Cl  (b) H—(:I—Br (¢) H—O—N=0 (d) Cl—C=N
H

(a) Write two structures with the molecular formula CHNO. (b) What are these structures called?

# (a) Two structural formulas can be written with different skeletons corresponding to the compounds:
H—O—C=N (cyanic acid) and H—N=C=0 (isocyanic acid). (b) Different compounds with the same
molecular formulas are called isomers. Because in this case they differ in the order of arrangement of the atoms,
they are structural isomers. They can be interconverted only by breaking bonds and forming new ones to other
atoms.
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1.31 Write two isomeric structures with the molecular formula C,H,O.

& The three atoms with the largest covalencies (C, C, Q) can be bonded to each other in two ways, resulting in
the two structures:

1 o
(a) H~(|I—?—O—H (b) H—(lf—O—(|:—H
H H H H
Ethy! alcohol Dimethyl ether
1.32 (a) Do the following structural formulas for C,HsF represent different compounds? Explain. (&) Illustrate
your answer with the so-called sawhorse structures.
' ' '
(a) F— CIT CII H (b) H—C—(I_‘—H (¢) H— (I‘ ? H
H H H H F H
1] 1 '
(d) H— (II ('3 —F (e) H—?—(II—-H (f) H— (I: (I: —H
H H H F H H

# No. There is only one compound C,HF. Rotation about the C—C single bond brings the F to the
different positions depicted in (a)~(c), and structures (d)-(f) are arrived at by turning structures (a)—(c)
through 180° in the.plane of the paper. (#) See Fig. 1-1. In the three-dimensional sawhorse (wedge) structure a
dotted line is a2 bond projecting below the plane of the paper and.away from the viewer, and a darkened wedge is
a bond projecting above the plane and toward the viewer. By rotating about the C—C bond, structures (a)-( f)
appear.

F. ' H.

(b)

Fig. 1-1

1.33 Which, if any, of the structures (a)-(d) are isomers?

*r *.* j )
(a) H—C"-—H (b) }|—$—c1 (¢) F—(IJ—CI (d) H-—(IJ—F
Cl F H H

& None. They are all two-dimensional representations of one compound which is three-dimensional. The four
single bonds of C are dirccted away from cach other towards the corners of an imaginary tetrahedron, with C in
the center, as illustrated in Fig. 1-2(a). (The dotted lines show the imaginary tetrahedron.) The angles separating
any two atoms with C at the apex is 109.5°. Figures 1-2(b) and (c) illustrate different ways of depicting the spatial

Cl Cl
Cl

A s ; Q CooF
H/\F H [ H H'/ \“

(a) Tetrahedron (h) Newnmn projection (¢) Wedge projection  Fig. 1-2
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relationship about a tetrahedral C. Structures (a)-(d) appear to be different; they do not accurately represent
the space-filling molecule.

Which of the following represent the two isomers of C,HF,?

T L 10 Th
(a) F—?—?—H (») H—(ll—(II—H (¢) H—(IZ—Jlt—H (d) H—?—?—F
H H F H F F H F

& Structures (a) and (c) represent one isomer (A), with an F on each C while (b) and (d) represent a second
isomer (B) with both F’s on the same C.

Explain how the introduction of a third F to form C,H;F; can help establish the structures of the two isomers in
Problem 1.34.

& A affords one trifluoro product while B gives two trifluorides. The products from this substitution method
also prove the structures of the two difluoro isomers inasmuch as these are predicted by deduction.

' B
H—(IZ—?—H—’ H—Q—?—F + H—-(ll—(IZ—F
H F H F H F
1,1-Diflucroethane (B) 1,1,2-Trifluoroethane 1,1,1-Trifluoroethane

H F
H—C —(|:_ H—1,1,2-Trifluoroethane only
F H

1,2-Difluoroethane (A)
Give structural formulas for the isomers of a compound C,H,F,.

F H F F
Y 4 F—(Ii—é—F F—é—(li—F
FH HOH
1,1,1,2-Tetrafluorocthane (C) 1,1,2,2-Tetrafluoroethanc (D)
Can the isomers in Problem 1.36 be distinguished by substituting (a) an F and (b) a CI? Explain.

F F
# (a) No. Both isomers form the only possible pentaﬂubroethane, E, F—?—?-—F.
F H

(b) Yes, different compounds are formed as shown:
T Tl
C—'F—(IZ—(IS—F, D—’F—?—(l:—F
F H H d
Derive all structural formulas for the isomers of (a) C;H,, (8) C,H,q, and (¢) CsH,,.
H H H
# (a) There is only one possible structure: H—C—(I':—C—H.
H H H
(b) The four C’s can lie in a straight (unbranched) or branched chain.
i
i o
T
HHHH \C/_ H\C/H
n-Butane H/ I I \H

Isobutane
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(¢) The three isomers of pentane are:

H
H H H
HHHHH H | _H ~&-
[ L [ | HC"H H H | _H
H—C—C—C—C—C~—H L H=C—C—C—H
I T T | H—C—C—C—C—H H | H
HHHHH L1 1 g
HHHH H 1!1 H
n-Pentane Isopentane Neopentane

Write condensed structural formulas for the pentane isomers in Problem 1.38c¢.

# In condensed structural formulas parentheses are used for identical groups of atoms. n-Pentane,
CH,(CH:),CH,; isopentane (CH,),CHCH ,CH ,; neopentane(CH ;),C.

Write structural formulas for all the C,H isomers.

& There are two less H's in C,H; than in C,H,, from which it is deduced that the isomers have either a
double bond or a cyclic structure. The double bond structures. (alkenes) are:

HHH H HHH

| l ||
H—C-C—C—(f—u H—C—C=C—
H

I I |
H H H

O

H
C£H
N

1'1
—H H—C=
H—C—H H

Two cyclic structures are possible: one is a four-C ring and the other is a three-C ring with an attached fourth C.

/L
Hz?_?ﬂz HZC——?—CH3
H2C—CH2 H

Cyclobutane Methyicyclopropane

Give structural formulas for cyclic compounds having the molecular formula CsH,,.

H_ _CH,
CH, H CH CH e
AN NS sN\2 7N A
Y H,C /CHZ H,C=C H,C—Q(CH,), H,c——c<
H,C—CH, H,C—CH, CH,

Draw simplified line or carbon skeleton structures for the compounds in Problems 1.38(b), 1.38(¢), and 1.41.

& Problem 1.38(d): NG )\

Problem 1.38(c¢): NN 7/\; /i\
Problem 1.41: O; L—_r; A<; A/

Write the following line structures as (i) structural and (ii) condensed structural formulas.

(0]

o)
(a) HON\JL (5) /\N/lk/k (¢) HszO_e
H



