


CH3(CH,),CH3

C4Hjo

CH;CH,CH,CHj;

C4Hjy

CH;

CHy



2 C
3 H C-H
4.
5.
Examples
propanol
(propar'fﬁel)no carbon in here
/\/OH
\ C-0O bond
3- 3-hexene
cis JTansﬁ
cyclohexane

.

propanoic acid

o)
e
COOH
OH ~

propionitrile
(CH3CH,CN)

/\\\N or ey

(propan-2-ol)

OH
3- 3-hexyne

%

benzene
-0
glycine

(o)

OH

propylamine
(CH3CH5CH5NH,)

NN



Me = methyl, —-CHj Et

ethYL —CHQCH3

nPr = , —=CH,CH5CH3 iPr = iso-propyl, «<

nBu = —(CH,)3CHg W
tBu = ~C(CHg)s %
0]
Ac = CH4CO- )Ll Ph = _CgHs
R = alkyl group Ar = aryl group

(a substituted benzene ring)

= 5
Fiuy, | WwWF
S \\
F | F
F ® ]
S 6 NaCl B ’
Na & ClI
6 H ?



“16 N-
17 2

MeQ

1. N-iodosuccinimide
2. nBu;SnH

(71% yield)

7 1/
77 I, /) 7 1,

e

\\\\\\

\
R \ \\\\\

O
S
O
O

H
OMe ®) OMe

Tetrahedron Letters

@) @)
B

acetone acetic acid (diethyl) ether toluene
_ . _
0 0 o
)k )j\ CHCl OH
0 N—I
acetic anhydride chloroform OH
succinic acid N-iodosuccinimide
N-
N-
X X-ray
diffraction (NMR) (IR) - (UV-Vis)
Wy (MS)



X-ray crystallography

X 1 A (100 pm)




T
H\N\N
N 8
- o
T )
&

O(11)
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Mass spectrometry

M+
electrospray

M+

MeO~™ CH;CO,")

Br  Br S81Br 50:50 Br ‘ ‘
80 Brt 80 79 81
79 81
12C lH 160 14N
12 12 1.00782 15.99491  14.00307 gmol‘l
CO N, C,H, 28 g mol™!
12C160 27.99491 12C,'H, 28.03130 14N, 28.00614
28.031 [12021H4]+.



Example — Spirastrellolide A
Spirastrellolide A

2004 5 MS NMR
Accurate mass spec of [methyl ester + Na* ion] = 1049.52026

Best sensible formula = Cs3Hg;07Cl Na (calc mass = 1049.52110, error = 0.8 ppm)

Example — [Rhg(CO)6 + MeO™]

100 4 -CO
~
666.6
-CO
-
2 694.6 -CO
.@50 638.5 ‘x -
e 1096.6
5 Wole . <9 _co
= -5 Rh,(CO)g + MeO ‘jmzs
“-co -
610.6 ﬁ RhG(CO)16 + |V|eO
1040.6
I 984.6 I
1068.6
0 d i

500 550 600 650 700 750 800 850 900 950 1000 1050 1100 1150 1200 mM/z

MSMS MS/MS
NO; ( )

Example - analysis of an explosive mixture

12.5 — 226 -
NO e [RDX+AcO7]
10s ) [TN;)rr_H ] [RDX+ } 2£

ING=H*] HCO,"]

267

6.2 NOZ_

daughter ion
46

272

relative intensity %

QPETN—HW
315

25 50 75 100 125 150 175 200 225 250 275 300 325 350 m/z
MS/MS
MS/MS + +



CHs

O,N NO, ONO,
O,NO ONO, |
TNT
(227) nitroglycerine, NG (227)
NO: all give NO>™ ion
NO, on fragmentation
O,NO ,L
ONO, ( j
IIIIII/ N N
OzNO ON02 OzN/ v \N02 _
PETN RDX
(316) (222)
make up SEMTEX
o —_—
Spectroscopic techniques
AE v
AE = hy h =6.626 x 10734 J s.



The Electromagnetic Spectrum
(all regions are approximate)

transitions in vibrational
; transition
alignment of tional ansitions nuclear
nuclear spins ~ rotationa electronic transitions processes
(see NMR) transitions I 1
Radio Infrared Visible Ultraviolet v-Rays

l Microwave l l 4 l X-rays l l
835,53

wavelength:

A(nm)  109(1m) 3 x10° (0.3 mm) 780 380 10 0.1 0.001
wavenumper:

v(em™) 0.01 33.3 12800 26300 106 108 1010
frequency:

d yv (Hz) 300 x 108 1012 384 x 102 789 x10'2 30x 105 3x10'® 300 x 1078
energy:
E (kJ mol~') 0.00012 0.4 150 310 1200 1.2x108 108
NMR
, NMR

10



7 T

NMR
Ep l " NMR
A
_—
A S

S N T

The nuclear spin is specified by the nuclear spin quantum number, 1. It may take values of 0, 3,
1, %, ..., with the particular value depending on the nucleus concerned. A nucleus with spin /

gives rise to (21 + 1) different energy levels when placed in a magnetic field.

1

Nucleus % Natural abundance 1 Number of energy levels
'H, a single proton 99.985 ] 2
’H, a deuterium nucleus, D 0.015 1 3
1B 20 3 7
B 80 % 4
2c 98.9 0 1
BC 1.1 1 2
N 99.6 1 3
150 99.8 0 1
F 100 : 2
1 1
1
o (e.g. ''B, 1*C)
o (e.g. ?H, 1B, *N)
. (e.g. 2C, 19Q)

11



Resonance frequency in Resonance frequency in

Nucleus 3 4.7 T magnetic field  an 18.8 T magnetic field
/ MHz / MHz
'H 200 800
’H 30.7 122.8
BC 50 200
3p 81 324
195p¢ 43.3 173.2
( 50 uT)
NMR
NMR

12
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CHgF CH3OH  CHCI CH,

]

increasing frequency of 13C nucleus

13

Hz
MHz
BC NMR
@00
® @ ® A
/\/\OH
@ @
nBuOH CbCls \
N N S W |
200 1\’;:0 160 5IO O ppm
tBuOH ® ®
® < OH
® @
) )
260 150 160 50 6ppm



NMR

Examples (o] (o]

NMR

Hz
/\
) ppm= 106 X
— Hz
106 ppm
KX - Kx

; — 1006
(in ppm) = 10° X o

14



TMS - tetramethylsilane

T [
H/Si“\luuH /Si J/CH,
H HsC CHj3
, SiH, , Si(CHg)4
TMS
NMR
NMR
_C TMS
3C NMR TMS
/ ppm
CH;Li -14
Si(CHj3),4 0
CH;CH3; 7
CH;Cl 26
CH;NH, 28
CH;0H 50
CH;NO, 61
CH;F 72
CH;Li “CH;Li*" -

15



NMR 0 200 ppm

(sp__) C
) N c
\ /C=C\ \ /
c=0 Na_q” —CN. N/
c—o / N\ —C—C—
200 150 100 50 0 pom
sp? > sp® ®
_ sp’
100-150
oM
CH3Cl 26 ppm 114 N )
CH.Cl, 54 PP Xumome 51 ppm
CHCl3 77 " Yome
CCly 96
orthoester
. 150-200 ppm
150-200 ppm
1) 200 ppm
o 0]
)J\ )‘\H
200 ppm 200 ppm
i) 160 —170 ppm
0 0 0 Q
)J\OH )kOR )kCI )J\NHZ
O N CI

16



— hallerone 0O
@
solvent, CDCl3 at 77 ppm @ @ o
® ®
®
®
@ HO @ O)@‘)\@)

200 150 100 50 0 ppm

1/2 -

13C

C
o el N

P/ acetic acid

SR | S S
200 150 o 100 50 0 ppm
I
C F
o, \C<_/\
/\
H H
JUL X5
o §i
200 150 100 50 0 ppm

17



5°

ppm 13C _
doubl et
Hz J ,
13C 19F
13C | l 19|:
I I
I I
I I
I I
1J 1J
-] & -
13C 13C
( _
19F | =1/2
mi=+1/2) mi=-1/2)
C-F
T F

ﬂ
—
(]
E
|
w
@)
&
ol
| 2
n 3
ke
—>

18



sp?

BCNMR
x]Y,Z X Y Z

"er Jor.

e C-H
C-H BCNMR
o C-C
Cc-C 13C 13C
) ) ) )
1211’ 131! 121! 134
HO/ N2CH3 HO/ 12CHS HO/ NSCHS HO/ N30"'3
11% 1B3C 1% 0.01%
NMR 177 ppm 13C 22 13C
1 ppm 1
[ ]
0 13C
J 2
13Cc —13C
HO/ \OH

19



3C 13C NMR

ﬁ
13
F
HO /\
H H
Yer
Ve c
F 2- 3¢
2],
C-F 1 jC7C
2e
Ve c Ve r

> B T ——————
2,

C-F,

> 1y cc

>
1y
U S - Ver >
\_/_v\_/

—_

20



C H
HO/ \C\/
2
Jo_p 28 Hz /N
- = | <—— TJ_ 239 Hz
h JJ )
260 15I0 160 SIO 6ppm
F - : : ’
. 13C ]
——
F
« R ” 1:2:1
doubl et doublet of
doublets
4—
F
-
) - F
1 2 1

21



o 287 Hz

O

O

Ho cr,

200

100

50 6ppm
3 : ” 3
< |I| >
A A [ A
\ : A
A| A : A
3 ' 3
Y | Yiy
LA : A
Y : Yy
[
[
|
|
|
[
[
1 3 3 1
S
F
-
- F
>
J - F
>

22



(2nl +1) n v, i 0
+1) Vs -
1 singlet
1 : 1 . doublet
1 . 2 1 triplet
1 3 3 : 1 _ quartet
1/ : 4 : 6 : 4 . 1 quintet

Examples — PF; and XeF?

31 ' '
19F spin 1/2 @ . P P 3
PI//
= N\F 1:3:3:1
F
PF3 , “T” XeF3+
Fa Fb

) Fa 1@ 19F — Fa

| @ Fb 129% e
Fb—Xeg 129 e NMR 129%e | =1/2

| Fa 1:2:1
i Fa

Fb [13 bhl

triplet of doublets

coupling to 1st F4 gives a doublet

-

-<— coupling to 2nd F4 gives a triplet

coupling to Fy splits
each of these lines into
doublets

Net result is a triplet of doublets

129X e NMR spectrum of XeFs*
JIxe-F, 2600 Hz
- >

Ixe-Fp
- >
l 2380 Hz l

| ' ' ' ' | ' ' ' ' | ' ' '
650 600 550 ppm

23



100% H 13C 1.1% 13C NMR
H NMR BC
13C _ NMR
CHCl:  NMR 13C NMR 13C
VA - 13C
H NMR 0
2C 1% BC
"H NMR
13 NMR 1
~CHClj4 ~ 'Jo-H
130
13C 1H
95Pt
_ 1 0 Pt 34% 1=1/2
Example — Cisplatin Cl N NH3
Pt
“Neoplatin”
P o NH,
BNNMR - N 15N
Y~ Pt =0
17 :66:17 15N 195pt (1= 1/2)
| JN-Pt |
I L |
[ I ) I ) |
-50 —60 —70 —80 ppm
NMR
195pt -

24



Decoupling
13C
B3C NMR BC

13C

200 150 100 50 0

CH; CH:
CH —
APT 0
2
1 3
APT
CH & CH3 T
WWWWMW- y JUNSY S A Pt "
& CHgs l solvent 4
no H's
260 1£I30 1IOO 5IO 0

25



NMR

'H NMR 3C NMR TMS
0 14 ppm
— 0-14 ppm 0-200 ppm
NMR 'H NMR
NMR —_—

Example: 'H NMR spectrum of ethyl acetate

H,C O CH
° \C/ 3/\V
H,
CHs H 4 H,

CH2
JML U
[ i i T T 1
5 4 3 2 1 0 ppm
Example: 'H NMR spectrum of styrene
Ha
He each couple to Hy
! X to give a doublet.
Coupling between
’/ Hp Hy, and H; too
small to show up!

Ha Hp

He
doublet of J Jac
doublets Jab. -
—> <+—Jyp
- Jac
6.0 55 5

.0 4.5 ppm

8.0 7.5 7.0 6.5

26



o

1% _ 13C
7]
13C
’H
Bc 77 ppm CDCls
=1 20+1=3
1:1:1
<«—— original shift
coupling to spin /=1
R Y <«—— splits the line into 3
with equal intensities
1 1 1
-35 -37
| =3/2 -
<«—— original shift
<«—— splitinto a triplet by the 1st D
<«— each line is then split into
another triplet by the 2nd D
1 2:3: 2 1
1:2:3:2:1 54
ppm
n I (2nl
+1) _

27



Infrared spectroscopy

IR spectroscopy

NMR

Lynx ‘Atlantis’

500

o
\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ o
o
~—
o
\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ o
Te]
~—
o
\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ o
o
A
o
\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ o
o]
Al
o
\\\\\\\\\\\\\\\\\\\\ o
o
(ep]
o
\\\\\\\\\\\\\\\\\\\\\\ o
Tp]
(sp]
o
3
N N 2 N 2 T
o o o o o o
o o) © <t Al
- uolssiwsuel}

frequency / cm™!

100%

-1

2000 cm

cmt

(A in cm)

1
A
, (where c is the speed of light)

C
A

wavenumber, v, =
y(inHz) = c(incm s

as v

Nie vy

¥ (in cm

) X

-1
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)

9

AE = hy (

1500 cm?

Modelling a vibration

ABisuse

e

==
—
—
e
P —
—
<
E

:

S L L LS LS LS

GO00000Y =]

GOO00 0

-

~

Y &

N-m1
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bond strength

force constant

diatomic /kJ mol-! /N m-!
Br-Br 193 246
H-H 436 575
0=0 498 1177
C=0 1077 1902
v
mymy )
my +mp
mip myp
mp > my n= xR My
my
ie. my;>my; wu~my; ( )
1 ks
j=— |2
2mc \ p
% Nm™' pu kg ( ) c cm s
[ [
2500-4000 cm? X-H
kf > >
100% : : : : :
x-H
80% | | | | |
0%l NeH | e .
T c0 XY
0% - g
. C4H  ic=cC c=C ’
20% iCEN ‘
0% 1 1 1 1 1 1
4000 3500 3000 2500 2000 1500 1000
/ cm™

30

500



1974 cm-1
IC_C 1

3300 cm? CH
(+) () + ()
\c:o \c:c/ —EE N N=N
/ VAN
4 t—
&
Cc=C

31



N,

Raman spectroscopy

HCI

N2 CcO

Example spectrum — cyanoacetamide

100%
80%
5 60%
3
IS
2 40%
g
20%
0% : : : : : :
4000 3500 3000 2500 2000 1500 1000 500
frequency / cm-
X-H
C-H 2900 — 3200 cm™! — 3000 cm™.
: C=C-H ~ 3300 cm™.
C-H
nujol mull Nujol C-H cC-C

32



3300 cm™!

N-H

500

100%

o
o
o o o o o Q
N N N o~ <
o o o o o
© © <t [aV]
uolsSsIwsuel}

frequency / cm™'

NH,

500
500

1000
1000

ca 3400 cm-1

1500
~

frequency / cm™
1500

frequency / cm-!

2000
2000

2500
500

ca 3300 cm-1

3000
3000

500
~

3500

3
~N

o
S g
X R X X 2 RS 2 X X X X X9
o) S o =) S o T o o) o o) o) S
o © © < A G o [ee] [(e} <t [a\]
2
- uoISSIWSUBI} uoIssIwsuel]

OH
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O-H —-CMes OH

100%

80% 1 1 1 1 | : m

60%

40%

transmission

20%

O-H ' CHs
0% | | | |

4000 3500 3000 2500 2000 1500 1000 500
frequency / cm™'

66V?’

100%

80%

60%

40%

transmission

20%

0% : : : : : :
4000 3500 3000 2500 2000 1500 1000 500

frequency / cm-!

2000-2500 cm™!

C=N, ~ 2250 cm™!
C=C, ~ 2100-2250 cm™!

1500-2000 cm™!

C=C, 1635-1690 cm™ !,

1625-1450 cm™1
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-NO, - 1530 cm™! 1350 cm™!
o . |
N -~ N or N
o0 o Z N0 07 X0
2~ NN 2 NIN
07 N0 07 N0
1350 cm™1 1530 cm™1

A

, 1715 cm-

@)

~1750-1820 cm‘QL
Cl

@)

.

~1730 cm™1

C=0

~1715 cm™1

C=0

0]

~1640-1690 cm—QJ\
NH

2

(0]
~1745 cm-™1

35



~1730 cm™1

100% : : : :

80% Wi
& e : O i
€ i i i
2 40% i i i
g ; o !

20% : i !

| | | | 1755
0 ‘ ‘ 1 1827 ‘
4000 3500 3000 2500 2000 1500 1000 500

frequency / cm™

1

)k ~1820 cm~1
o)

To o)

)}\ )Q ~1750 cm-1
o)

c=C 20-30 cm™!.

2 single bonds

O O O O
,7 between double
~—— ~——

~ 1690 cm-1 C=0 1715 cm-1 C=0

36



o o b

~1715cm-1 ~ 1745 cm-1 ~ 1780 cm™1 ~1815cm-1!
6 5 4 3
+30 +35 +35
C=0
=0

c-C

: 1745
o +30
: 1775 cm-1

. 1745
: +30

\ 0 . =30
: 1745 cm-t
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Example spectrum - aspartame

o) 0
1737 ——> H )/_\
HO o
C=0 stretch
NH, ‘) 1748
1668
100% ; : :
‘-
NS | — |
80% S0 - f/
S 60%
3 i
E 40% 3319
£ N-H |
. 1748—" |
20% ! ‘ ‘
C-H | | "*F;F
1737 1668 |
0% 1 1 1 ‘ 1 1
4000 3500 3000 2500 2000 1500 1000

frequency / cm™

38
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Problems

1. @ 2
(propanol), (propanoic acid, propanal), (propan-2-ol),
(cyclohexanol), (henol), (acetic anhydride), CH3CH=CHCOOH( ),
CH2=C(CH3)COOEt, PhCHO, C(OMe):Ph2, CH;CH,CCCH,CHs3
(b) :

AcOH, Ac,O, Et,O, ttBuOH, nBuOH, PhMe, MeCOMe

2. (i.e. C,Hp ...):
= |
A
N X OH
anthracene = menthol
PN
O OMe
N o)
~ 0 Ph N\ /O
/S
N
cocaine \)
N
~
OH Sildenafil, the active ingredient in Viagra

HN H O/ '/, ////

NO»,
\H
N

Cad

F
HO
OH N ~Me
tetrodotoxin( ) - L<
Flunitrazepam (
) - (0]
Rohypnol ( )
3. 0,12 1 -
6L1 14N ISN 7686 77Se 788e IIOCd 111Cd
4. 1BC NMR
(a) (benzene), anthracene, 1,4- 1,4-dinitrobenzene, 1- -4- 1-chloro-4-
bromobenzene, 1- -2- 1-chloro-2-nitrobenzene, Et-O,EtOMe,CH3(CH2)4COEt

39



e A A D

the active ingredient

in CS gas
5. 13C NMR
)
/\/Br /\/OMe
MeO NH,
mescaline ( ) -
MeO
OMe
6. BCNMR
(@) (b)
13C
BCNMR
7. (@) IFs YFNMR 1:1
1:4:6:4:1 IFs
(b) SF4 BENMR
3 S =0 BF 1=12
| | /
Funy,, Finy,, g i
1 @ 2 3 F
F
8. CH2Cl> 13C CD2Cl;
2:1 de-DMSO (CD;SOCD;5;) 13C ?

40
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10.

11.

12.

13.

14.

15.

"B - 3/2
(BHo) NMR
118
H
HI//,,,”B/ \B\\“\\\\H
H»™ \H/ =y

Explain why the '?Xe NMR spectrum of XeF" is a doublet with J = 7600 Hz but the '°F
spectrum appears to be a triplet with J = 3800 Hz.
(*F has spin % and 100% natural abundance; '°Xe has spin % and 26% natural abundance).

Using the force constant given in the table on page 30, calculate the stretching frequencies for

'H, and "Br,. What experimental technique(s) would you use to determine these frequencies?
[speed of light, ¢ = 3.00 x 10'° cm s7'; relative atomic masses: 'H = 1.0078; ”Br = 78.918;
Ny = 6.02 x 10%]

Given that the stretching frequency for HCI (i.e. 'H¥CI) is 2991 cm™!, estimate the stretching
frequency for DCI (*H*CI). What assumption have you made for this calculation and is it
reasonable? What experimental technique(s) could be used to measure the stretching frequencies
for HCI and DCI?

The IR spectrum for Lynx ‘Atlantis’ Deodorant Bodyspray was shown on page 28. The ingre-
dients are listed as:

butane, isobutane, propane, alcohol, parfum and isopropyl myristate.

Explain how the IR spectrum is consistent with these ingredients.

How can an APT NMR experiment distinguish between the following hydrocarbons?

Y OO K

How could the following six isomers be distinguished using *C NMR?

~_ X7

41



16. The carboxylate anion, RCOO~, shows two absorptions in the C=X region, one around 1575
and one around 1430 cm™'. The C=0 vibrational frequency for a typical carboxylic acid,
RCOOH, is 1725 cm™!; the vibrational frequency of a C—O single bond is around 1100 cm™'.
Discuss.

17.  Shown below is a portion of the "H NMR spectrum of bromoethane as measured on a 400 MHz
spectrometer where 1 ppm = 400 Hz. In order to magnify the baseline, the spectrum has been
vertically expanded and cropped. Explain the appearance of the spectrum as fully as possible
and determine (in Hz) the ' Jc_i coupling constants and the 3 Jy_y coupling constant.

I J L u N : ;__d
1 - - T T T T T T T T T
3.5 3.0 2.0 1.5

|
2.5

18. How would you distinguish spectroscopically between the following pairs of isomers (i) using
13C NMR spectroscopy and (ii) using IR spectroscopy?

19. For organic molecules, “reduction” involves adding H, across double bonds. Reduction of the
following molecule gave two products, both with molecular formula C¢H;,0.

=

0]

From the following spectroscopic data, identify these two products and explain how the data is
consistent with your proposals for the structures of A and B:

Product A: 3C NMR: 137, 115, 85, 36 and 17 ppm; IR: 3400 and 1650 cm™".

Product B: 3C NMR: 213, 38, 31, 17 and 8 ppm; IR: 1710 cm™'.

42



20. Compound A has the formula C;H;NO;3 and may be reduced to give compound B with the
formula C;HoNO. The '3C NMR and the IR spectra for A and B are given below. The signals
in the aromatic region of the 'H NMR spectrum of A appear as two triplets and two doublets.
Deduce the structures of A and B and, as far as possible, assign the spectra.

1341
129.9
62.5

128.5
125.0

Compound A

136.8

—147.6

210 200 180 160 140 120 100 80 60 40 20 0 ppm

129.4
129.2
118.2
116.0
64.3

Compound B

146.0
124.8

210 200 180 160 140 120 100 80 60 40 20 0 ppm

100% ‘ ;

80%

transmission

20%

o 1512 1334
4?)00 3500 3000 2500 2000 1500 1000 500
frequency / cm~T

100%

80%

60%

1589

LN
o
®

transmission

N
=
32

0%
4000 3500 3000 2500 2000 1500 1000 500

frequency / cm-1
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21. (i) The relative molecular mass of a compound, X, has been determined by high resolution
mass spectrometry to be 68.0261. Using the accurate relative atomic masses below, determine
the formula of compound X.

'"H:1.0078 '2C:12.0000 '°O:15.9949

(i1))  The IR spectrum for compound X is shown below. What is its structure? (Hint: you will need
to measure carefully the carbonyl frequency to distinguish between different possible structures.)

100%

80%

60%

40%

transmission

20%

0% : : : : : :
4000 3500 3000 2500 2000 1500 1000 500

frequency / cm™'

22. Shown below are six derivatives of the steroid cholestane:

O : {“% CH3;COO : i CH3COO
A 0O B O

O 07 i i CH5COO

D E le) F

OEt

Shown in the table are data from six IR spectra, each of one of the cholestane derivatives (only
peaks in the C=X region are listed). In as far as you can, match up the chemical structures with
the IR data; explain your reasoning. Strong and weak absorptions are marked s and w.

OEt

spectrum v/cm™! spectrum v/cm™!
1 1715(s) 4 1695(s), 1686(s), 1608(w)
2 1724(s), 1712(s) 5 1653(s), 1626, 1592
3 1730(s), 1695(s), 1642(w) 6 1730(s), 1658(w), 1626
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23.

(1)

(ii)

NanoBalletDancer

\
&

40
N
35 3973837

16

In June 2003, a research paper was published announcing the synthesis of the smallest represen-
tations of the human form: 2 nm tall anthropomorphic molecules, nicknamed ‘NanoPutians’ by
their creators. The molecules synthesised included ‘NanoKid’, ‘NanoBaker’ and ‘NanoAthlete’.
The compound shown above was called ‘NanoBalletDancer’ and has the formula C4;Hs¢0,.

How many signals do you expect to see in the *C NMR spectrum of NanoBalletDancer?

Indicate which carbon atoms are equivalent.

There are 13 different environments of hydrogens in NanoBalletDancer; their signals are
labelled A-M in the '"H NMR spectrum below. The numbers of hydrogen atoms in each unique
environment is given under the label. Using the numbers of hydrogens in a given environment,
the multiplicities of the signals, and to some extent the chemical shifts of the signals, assign (as
far as possible) which signals correspond to which hydrogen atoms in the compound. As a start,
signal B is due to the hydrogens on carbon atoms 19 and 23.

g

K
18H
The TH NMR spectrum
of NanoBalletDancer
I
4H
[ p
3H
D | solvent S
1H| s
J o
T T T T T T T T T T T T T T
75 70 65 60 55 50 45 40 35 30 25 20 15 1.0ppm
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Suggested answers to problems

1a. i)
OH if) OH i) 0 o
N /ﬁ( N o /Y
o H

i)  OH V) O/OH vi) OH  vi

/k O

i : )ko)k
vii) U(L o) iX)
\ i /\)L / O\/
(0]
Ph
I/II[”
or OMe
other variations are possible!
(0] (0] (0]
OH (@)
acetic acid acetic anhydride (diethyl) ether
0]
OH /\/\OH ©/ )k
t-butyl alcohol n-butyl alcohol toluene acetone
2. pyridine CsHsN anthracene C;4H;¢ menthol C;oH,,O cocaine C;7H,;NO4

Viagra C22H30N604S tetrodotoxin C]]H]7N30g rohypnol C16H12FN303

3. SLil=1;, “NI=1; “NI=1% ™Sel=0; "Sel=1%; ™Sel=0; '"°CdI=0;
e s =1
2
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1 signal ; \
4 signals
NO Br

2 signals 4 signals

cl g g
O

> m
/\O/\ /\o/
2 signals 3 signals 8 signals
6 signals

4b.
1 1 SN :
2 2 1 5 4
4 signals 2 signals 6 signals 7 signals 4 signals
1
cl ! ! 8 1 2
CN 1 1
1
X 8 ! 1 1 ] 2 2
4 1
CN ° ° 177 2 ™ 172
5 .
. 2 signals
10 signals 7 signals 3 signals 2 signals
(all different) g g g (make a model!)
S.
3
OMe
/\/ 1
2 4 \2
/\/Bf 123 2 3 1 4
3 | |
]
2IOO 1|50 1IOO 5|0 (I) ppm 2IOO 1|50 1IOO 5|0 (I) ppm

T T T T T T
200 150 100 50 0 ppm 200
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6. HO 2
with broadband 'H decoupling 1 \/ 2

! I
|
100 : 50 5 ; 0 ppm
! I
! I
! I
! I
without broadband 'H decoupling ! coupling !
1 constants are 12
I not the same \1 !
LLI il
L 1
I T I
100 . 50 ' 0ppm
! I
! I
i i | ling |
with broadband 'H decoupling ! coup |
for 13C enriched ethanol 1, /_ConstantS@ 'o
[ the same |
i il
I T I
100 50 0 ppm

7a. Two signals, therefore two different fluorine environments. From the splitting patterns, there is
one fluorine in one environment and four in the other.

unique F, couples to 4

Fa, <+—m d . )
equivalent Fps to give a quintet

oy, Pty Fo four fluorines all equivalent,
Fb’@\ Fo couple to Fj to give a doublet

7b. e Structure 1 (the observed structure): two fluorine environments (axial and equatorial with
two in each). Two signals — each signal will be a triplet.

e Structure 2: again two environments so two signals. Now only one axial and three equa-
torial. The axial fluorine will be splitinto a 1 : 3 : 3 : 1 quartet by the three equatorial
fluorines; the equatorial fluorines will be splitinto a 1 : 1 doublet by the axial fluroine.

e Structure 3: One environment — all equivalent so no coupling observed. One singlet only.

8. CH,H, proton decoupled so no coupling to hydrogens. Chlorine (both **CI and *’Cl) have spin 3
and relax too quickly for coupling to be seen.

CD.Cl, o _
spin for D, /=1 <«—— original shift

<«—— splitinto a triplet by the 1st D

<« each line is then split into
another triplet by the 2nd D
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8. (Continued)

dsDMSO
1 type of carbon coupled
sunmcb,  to 3 equivalent Ds.
CDs

o=—

(2n/+1) predicts 7 lines

In practice, often looks more like
” a quintet since outer lines are
1:-3:6:7:6 :3 -1 lost in the noise of the spectrum.

(\ terminal Hs couple to one B spin 3/2.

H
Hinny g ™ N g Gives (2 x 1 x 3/2) + 1 = 4 peaks
H»™ \H/ =y ratio 1:1:1:1.

bridging Hs couple to two B spin 3/2.
Gives (2x2x3/2) + 1 =7 peaks
ratio 1:2:3:4:3:2:1.
1:2:3:4:3:2:1

10. The coupling constants between the xenon and the fluorine must be the same. Since the
coupling in the doublet in the xenon spectrum is 7600 Hz, this must be the coupling constant
in the "F spectrum. Therefore the '°F spectrum must be of a doublet (with J = 7600 Hz)
superimposed on a singlet. Most of the fluorine is attached to spin zero xenon — only 26% is

attached to spin 1 '*Xe to give the satellites. Ratio of observed peaks will be 13 : 74 : 13,

y=—
2rc \ p
_1.0078 x 1.0078 _ 1.0078

= = mol™!
1.0078 + 1.0078 2

MH,

1.0078

=—  —  -—837x10%k lecule™
2 % 1000 X N, % g (molecule™)

= 4397 cm™!

VH2

~ 1 \/575 x 2 % 1000 x 6.02 x 1023
T 2x7wx3.00x 1010 1.0078

78918

— - 6.55x 107k lecule™
2% 1000 X N, x g (molecule ™)

MBr, =

=325cm™!

VBQ

~ 1 \/246><2>< 1000 x 6.02 x 102
2% 7 x3.00x 101 78.918

Note that the Br—Br stretching frequency (at 325 cm™") is much lower than the H-H stretching
frequency (at 4397 cm™). 7, is so high due to both the small reduced mass and the strong
single bond. These stretching frequencies can be determined using Raman spectroscopy. Neither

absorbs IR since there is no dipole moment during the stretch.
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ky

12. VaCl = 2991 CIl'l_l o _—
MHcl
k
Vpel & —L
Mpcl

Assuming the force constant is the same for both HCI and DCI:

Yoo _ [Hual
VHCI HUpci
Vpal = Vher X il
HMpcl
_Ix35 35
HucL = 1735 T 36 ©
2%35 70
— g mol

HpcL = 57735 ~ 37

[35 37
bal = 2991 cm™! —~ x— =2144cm™’
Ybdei 991 cm™ X 6 X 7 cm

[If we had used the approximations e ~ 1 and upcr, ~ 2, get the answer 2115 cm™']

We assume that the force constants are the same for both HCI and DCI. This is reasonable
since the degree of bonding is related to the electronic arrangement, which is identical for both
— the extra neutron in DCI has little effect.

Both normal IR spectroscopy and Raman spectroscopy could be used to determine these
stretching frequencies.

13. e Butane, isobutane and propane are all gases at room temperature (they are used as pro-
pellants) and so probably would not show up in the IR spectrum. However, these are only
hydrocarbons anyway.

e The solvent alcohol is confirmed by the broad O—H stretch between 3600-3000 cm ™.
e Parfum could be anything!

o Methyl myristate — from the name can guess it’s an ester. This is confirmed by the C=0
stretch at 1750 cm™!. Formula is CH3(CH,);,CO,CH(CHj3), so plenty of C—H stretches
around 3000 cm™!. Methyl myristate is used to help stick the deodorant to the skin!

14.  All of the spectra would show five peaks in the 0-50 region in the '*C NMR spectrum, hence
we should use the APT to distinguish. Even peaks point in the same direction as the solvent;
odd in the opposite direction.

OO K

5 peaks 5 peaks 5 peaks 5 peaks 5 peaks 5 peaks
4 even 1 even 3 even 5 even 2 even 0 even
1 odd 4 odd 2 odd 0 odd 3 odd 5 odd
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15.  The number of signals can be used to a certain extent to distinguish between the isomers —
A and D both have 8; B and C have 5; E and F have 4. In order to distinguish between these
pairs, we need to use the APT paying careful attention in which regions the odd / even peaks are
found. Even peaks point in the same direction as the solvent; odd in the opposite direction.

2e 5e 7e e
1o /\_/\/\ 2e 4e 2e
30 40 6e 80 ]
A ° e B g3 1o
8 peaks; 4 odd 4 even 5 peaks; 1 odd 4 even
alkene carbons are odd (alkene carbons are even)
1o 70
4e 50 4e 60
A 5e
26 36N\ 4e 50 e 3e
10 C 10 D 80
5 peaks; 2 odd 3 even 8 peaks; 4 odd 4 even
(alkene carbons are even) alkene carbons are even
40 2e 10
3e 3e
10 10
3e 3e
2e 40 40 2e 1
E o 2 F 40
4 peaks; 2 odd 2 even 4 peaks; 2 odd 2 even
alkene carbons are odd alkene carbons are even
16. o o

)L better represented as :

\

N ~ (-)
©) R (0]

R (@)
both C-0O bonds the same
see two stretches: strength and in between a
antisymmetric ~ 1575 cm~! double and single bond

symmetric ~ 1430 cm™!

both in between stretching frequencies of
C=0 1725 cm~" and C-O 1100 cm™’

17.  Atthe slightly larger shift of 3.4 ppm is the signal from the two protons attached to the carbon
with the bromine. This signal is splitinto a 1 : 3 : 3 : 1 quartet by the three protons on the other
carbon. (The ratio cannot be seen since the spectrum has been cropped.)

The signal at 1.65 ppm is due to the methyl protons, splitintoa 1 : 2 : 1 triplet by the
—CH,Br protons.

Either side of each of these signals are the '*C satellites. Note the coupling between the two
sets of protons and the carbons they are attached to are not the same!

~21 mm=21Hz=38x3%}_,
f ie. 3, _y=~7Hz

CH,Br- 183 mm=130Hz ="y, _, -CHs
/> 15mm=150 Hz = U,
I\ " IL
T T T T T T T
4.0 35 3.0 25 2.0 1.5 1.0

1ppm = 400 Hz EZO mm
S1mm=10Hz
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18.

Q and
(0]
NMR
ketone ~ 200

2 peaks in 50-100
2 peaks in 0-50

IR

ketone + ring
~1715+ 30

=1745cm™

OH
>{ and

NMR
2 peaks in total

IR

(0]
(0]
NMR
ester (lactone) ~ 175
1 peak in 50-100
3 peaks in 0-50

IR

ester + ring

~ 1745 + 30
=1775¢cm™

\/\/OH

NMR
4 peaks in total

not much use to

distinguish

o)

NMR

0 0

and

3 peaks in total

IR

~1800 & 1760 cm™!
symm & antisymm
C=0 stretches

1 115 ppm; 2 137 ppm

3 85 ppm;
5 17 ppm

4 36 ppm

3400 cm~" is the O-H stretch
1650 cm~! is the C=C stretch

NH»
CN
and

NMR NMR
3 peaks in 100-150 4 peaks in 100-150

(-CN ~ 120) 1 peak in 0-50
4 peaks in 0-50
IR IR
-CN ~2200 cm™! 2 peaks ~ 3300 cm™’

for the NH2
(0]
Y (o)
and

NMR NMR

6 peaks in total 4 peaks in total

IR IR

C=0in4-memring  C=0 in 6-mem ring

~1775 cm™ ~1715 cm™

o)
MCO#
NMR

5 peaks in total

IR

~1715 - 30 = 1685 conjugated ketone C=0
~1725 - 30 = 1695 conjugated acid C=0

+ broad O-H stretch

—_—
1 8 ppm; 2 31 ppm
3 213 ppm; 4 38 ppm
5 17 ppm

1710 cm~' is the ketone
C=0 stretch
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20.

21.

OH OH
NO, NH,

Compound A Compound B
13C NMR - 6 signals between 100-150 3C NMR - significant changes in aromatic
indicate benzene ring with at least two carbons. Suggests the reduced group is
substituents. directly attached to the benzene ring.
Signal at 62.5 ppm suggests sp® carbon Signal at 64.3 ppm unchanged sp? carbon
with O attached. with O attached.

Substituents must be either ortho or para.
IR peaks at 1512 and 1334 cm~" gone.

IR peaks at 1512 and 1334 cm~! suggest Broad peak around 3300 cm~ still present
NO, group. Peaks due to benzene ring but now joined by sharp N-H stretch at
around 1600 cm~'. Broad peak around 3386 cm™".

3300 cm~" suggests —OH group
"H NMR two doublets and two triplets in

aromatic region tell us there two
substituents which are ortho to each other.

Formula C4H4O (3 double bond equivalents)

o)
2095cm~! C==c //
H \

3260 cm~' C-H stretch of terminal alkyne

1685 cm~! must be a conjugated C=0

B, C & F all esters so look for the highest frequencies

mustbe 2, 3\ and 6 -—_ 4658(w) and 1626

2x C=CmustbeF

2 absorptions only 1695(s) conjugated ketone
1724 ester 1642(w) C=C must be C
1712 ketone

must be B

left with A, D & E must be 1, 4 and 5 \
1 conjugated C=0
only ketone (1715)  1695(s) & 1686(s)  and 2 C=C must be D

must be E conjugated C=0Os
A B CDETE must be A
4 2 3 5 1 6
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23.

(i) There are 23 signals in total in the '*C NMR spectrum. If a model is made of this structure,
at at least in one conformation (rotating about the single bonds 18-17 and 17-10) there is a plane
of symmetry making the left and right hand sides of the molecule equivalent.

1=16,2=15,3=14,4=13,5=12,6=38,9 = 11,19 = 23,20 = 22,24 = 30,25 = 31,26 =
32,37 = 39.

27,28, 29, 33, 34, and 35 are all equivalent.
7,10, 17, 18, 21, 36 38, 40, and 41 all lie in the plane of symmetry and are unique.

Most students are caught out by carbons 40 and 41 being different. One is on the same side of
the ‘head’ ring as the body — the other is on the opposite side of the head.

(i)
Peak description due to hydrogens on carbon(s)
A 1H singlet 7
B 2H singlet 19 and 23
C 2H singlet 9and 11
D 1H singlet 36
E 2H singlet 17
F 2H doublet 37 and 39
G 2H doublet 37 and 39
H 4H triplet 3 and 14
I 4H sextuplet 2 and 15
J 3H singlet 40 or 41
K 18H singlet 27, 28, 29, 33, 34, and 35
L 6H triplet 1 and 16
M 3H singlet 41 or 40

Notes: Signal (C) appears shorter than B due to the very weak coupling to the proton on carbon
7; this has not split the signal, just broadened it slightly.

The ‘upper’ hydrogens on carbons 37 and 39 (on the opposite side of the ‘face’ ring as the
body) are equivalent and give rise to either signal F or G. Similarly, the ‘lower’ hydrogens on
carbons 37 and 39 (on the same side of the ring as the body) are equivalent. These ‘upper’ and
‘lower’ hydrogens are not the same and couple with each other, thus giving the doublets. Nasty,
but there we are!
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