NMR is our third topic. Five NMR Lectures are Planned
3a. Background information about H and C NMR (slides 1-32)

3b. Qualitative and quantitative H and C chemical shift values and recognizing
different types of H and C (slides 33-55)

3c. Coupling, splitting, when N+1 rule works and when it does not work, listing
of J values (slides 56-70)

3d. Predicting H and C NMR, interpreting simple H and C NMR, the DEPT
experiment (slides 71-86)

3e. Using 2D NMR to solve complex organic structures (slides 87-116)

link to copies of NMR slides: http://www.cpp.edu/~psbeauchamp/pdf videos/lecture_3 NMR.pdf
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Topic }» - Index of slides on NMR
(link to copies of slides: http://www.cpp.edu/~psbeauchamp/pdf videos/lecture 3 NMR.pdf)

1. Overview of NMR lectures 31. Example problem showing different types of H and C

2. Topic 3 slide index 32. Possible answers for different types of H

3. Topic 3 slide index 33. Calculating sp® proton shifts, CH;, CH, and CH

4. What NMR tells us, '"H NMR 34. Table of sp® proton correction factors for different substituents

5. What NMR tells us, °C NMR 35. Table of sp® proton correction factors for different substituents (cont'd)
6. What NMR tells us, 2D NMR, COSY, HETCOR, HMBC 36. Example calculations

7. What is NMR? 2 spin states 37. Detailed answers

8. The external magnet, B, and the nucleus magnet, y; 38. Table of alkene sp? proton correction factors for different substituents
9. Older CW NMR instruments 39. Alkene example calculations

10. Modern FT NMR instruments 40. Table of aromatic sp> proton correction factors for different substituents
11. Pictures of solid core and superconducting magnets 41. Aromatic example calculations

12. Typical NMR sample preparation, tube and solvent 42. ChemDraw chemical shifts for special H without tables

13. Boltzman populations, very small AE 43. How to calculate sp> C shifts, formula and steric correction table

14. The NMR radio dial (N, *D, °C, *'p, F, IE) 44. C, - C; alkane skeletons with experimental and calculated &

15. Typical charts, chemical shift ranges for 'H and '°C 45. Example calculation versus experimental values

16. Sigma bond electron shielding 46. Example of 13C shifts alkene fragments in complex molecule

17. Inductive shielding effects for protons 47. sp® carbon substituent correction table

18. Good resolution and good signal to noise ratio 48. sp> carbon substituent correction table (continued)

19. Inductive shielding effects for carbons 49. Example sp® carbon calculation with a substituent

20. Example spectra (H and C) of inductive effects 50. 3 more examples

21. Pi bond anisotropy, alkenes and aromatics 51. Cyclic alkane examples

22. Example structures showing inductive and distance effects | 52 3 more examples

23. Example alkene effects, inductive and resonance 53. Table of substituent corrections for alkene sp> carbon shifts

24. Example aromatic effects, inductive and resonance 54. Examples

25. Generic chart showing proton chemical shifts 55. Table of substituent corrections for aromatic sp” carbon shifts

26. Generic chart showing carbon chemical shifts 56. Examples

27. Recognizing different types of H and C, homotopic 57. Splitting patterns, 0 neighbors, N+1 rule, examples

28. Recognizing different types of H and C, heterotopic 58. Splitting patterns, 1 neighbor, N+1 rule

29. Recognizing different types of H and C, enantiotopic 59. Splitting patterns, 1 neighbor, N+1 rule, examples

30. Recognizing different types of H and C, diastereotopic 60. Splitting patterns, 2 neighbors, N+1 rule
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Slide 3

61. Splitting patterns, 2 neighbors, N+1 rule does not work
62. Splitting patterns, 3 neighbors, N+1 rule

63. Splitting patterns, 3 neighbors, N+1 rule

64. Splitting patterns, 3 neighbors, N+1 rule does not work
65. Examples of N+1 patterns in H NMR

66. Pascal's triangle, binomial expansion, flipping coins
67. Typical J values seen in our structure problems

68. Table of J values, ranges and typical

69. Exchangeable protons

70. N+1 rule in '3C NMR, off resonance spectra

71. DEPT experiments

72. Predicting an H NMR, &y, integration and multiplicity
73. Possible answers

74. ChemDraw simulated H spectrum for prediction
75. Predicting a C NMR, &¢

76. Possible answers

77. ChemDraw parameters for example structure

78. Interpreting H and C spectra, simple example 1

79. Interpreting H and C spectra, simple example 2

80. Interpreting H and C spectra, simple example 3

81. Interpreting H and C spectra, simple example 4

82. Interpreting H and C spectra, simple example 5

83. Interpreting H and C spectra, simple example 6

84. Interpreting H and C spectra, simple example 7

85. Interpreting H and C spectra, simple example 8

86. Simple one line H NMR structure problems
87.Simple one line C NMR structure problems

88.2D NMR experiements for us, COSY example

89. Limitations of 1D H NMR problems

90. Possible H NMR analysis, blank slide

91. Possible H NMR analysis, answers

92. COSY and '"H NMR problem and answer

93. HETCOR / HSQC explanation

94. HETCOR / HSQC example

95. HMBC explanation
96. HMBC example
97. Data worksheet and approach to solving complex problems

98. Sample 'complex' problem 1, MS and IR data

99. Possible data analysis

100.
101.
102.
103.
104.
105.
106.
107.
108.
109.
110.
111.
112.
113.
114.
115.
116.
117.
118.
119.
120.
121.
122.
123.
124.
125.
126.
127.
128.

Sample 'complex’ problem 1, H NMR data

Possible H NMR analysis, blank slide

Sample 'complex’ problem 1, H NMR, possible answers
Sample 'complex' problem 1, '3C and DEPT data
Possible DEPT analysis

Sample 'complex’ problem 1, HETCOR / HSQC data
Possible HETCOR analysis

Sample 'complex' problem 1, COSY data

Possible COSY analysis, spin systems

Sample 'complex' problem 1, HMBC data

Possible HMBC analysis

Summary Data worksheet for problem 1

ChemDraw H and C NMR predictions, problem 1, summary structure
Sample 'complex' problem 2, MS and IR data

Possible data analysis

Sample 'complex’ problem 2, H NMR data

Possible H NMR analysis, blank slide

Sample 'complex' problem 2, H NMR, possible answers
Sample 'complex’ problem 2, '3C and DEPT data
Possible DEPT analysis

Sample 'complex' problem 2, HETCOR / HSQC data
Possible HETCOR analysis

Sample 'complex’ problem 2, COSY data

Possible COSY analysis, spin systems

Sample 'complex’ problem 2, HMBC data

Possible HMBC analysis

Summary Data worksheet for problem 2

ChemDraw H and C NMR predictions, problem 2
Problem 2 summary structure
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What does NMR tell us?
1H-NMR - Provides information on:

. The types of protons present (d,, = chemical shift and is given in parts per

million, ppm, of the energy to flip a nuclear spin in a magnetic field, the
usual range is o, = 0-12 ppm).

. The number of such protons (integration counts the relative numbers of

hydrogen atoms as a whole number ratio by summing the area under the
peaks).

. How many neighbor protons there are, via interactions (coupling) to

adjacent protons.

a. splitting patterns = multiplicity = number of peaks (singlet =s,
doublet = d, triplet = t, quartet = q,...etc.)

b. J values = coupling constants (distance that peaks in a multiplet are
separated in frequency units, given in Hz = cycles per second). These
provide information about neighboring nuclei (protons and carbons).



13C-NMR - Provides information on:

1. The types of carbon atoms present (0. = chemical shift is given in parts per
million, the usual range = 0-250 ppm). Carbons are more dispersed than protons
(have a wider range of chemical shifts, so there is less overlap of peaks).

2. The number of distinct kinds of carbon atoms present equals the number of

peaks in a proton decoupled 13C spectra. All carbon peaks appear as singlets when
decoupled from the protons.

3. Reveals how many protons are on each carbon.

a. DEPT experiment (Distortionless Enhancement by Polarization Transfer) is a
series of three 13C experiments with different mixing of proton coupling to
display CH, CH, or CH,'s as distinct patterns. Carbons without hydrogen do not
show up and are determined by comparison with a normal proton decoupled
13C spectrum. DEPT is hard to understand, but easy to interpret.

b. Off resonance experiment reveals coupling between protons and carbons
which shows up in the multiplicity of a 13C peak as follows: a singlet (s) =C
(quaternary carbon, has zero C), doublet (d) = CH (methine carbon, has one
C), triplet (t) = CH, methylene carbon, has two C) or quartet (q) = CH; (methyl

carbon, has three C). This is an older method that is seldom used anymore.
Slide 5
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2D Methods of NMR that we will consider

1. COSY: Proton-proton correlation spectroscopy provides proton connectivity
patterns using proton spin systems based on coupling between interacting
protons ("))

2. HETCOR or HSQC: Indicates what protons are on what carbon atoms via
direct one bond coupling between Cand H (1)

3. HMBC: Indicates what protons are two or three bonds away from a carbon
atom (4, 3Jcn)- Itis especially helpful for connecting spin systems through
guaternary carbon centers and heteroatoms.

COSY = correlation spectroscopy (H,H coupling)

HETCOR = heteronuclear correlation spectroscopy (C,H, 1 bond coupling)
HSQC = heteronuclear single quantum correlation (C,H, 1 bond coupling)
HMBC = heteronuclear multiple bond correlation (C,H, 2 and 3 bond coupling)

When you know how to use all of this information, you can solve most organic
structures! It may seem intimidating at first, but this is something you can learn
how to do! As you start to understand the process, it actually becomes fun!



What is NMR?
(nuclear magnetic resonance)

vy NMR spin states The spinning nuclear particles generate an oscillating magnetic field which precesses

Z axis Z axis

o B=-12
AE = hv
o=+1/2 B=-12 AD) =1
In the absence of an T — a=+102
external magnetic field,
these two magnetic states ﬁ
are degenerate (equal 0
energy). extema.
magnetic
field, B,

'H, 3¢, >N, °F and 3'P all have 2 spin states so we can
use our experience with magnets (north pole and south
pole) as an analogy, opposite poles are lower energy
(attract) and similar poles are higher energy (repel).
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(rotates) at the Larmor frequency, v, dependent on the nucleus, y;, and the external
magnetic field, B,. (y;is called the gyromagnetic ratio.) Each type of nucleus has a
spin quantum number, I, which predicts the number of quantum states (= 2I +1 spin
states). For both H and C, I = 1/2, so there are two magnetic quantum states.

The A E between the energy
states depends on two magnets:

1. the external field = B,
(This 1s what you buy when
purchasing the instrument.)

2.Uthe nuclear magnet= v, (i= 'H, 13C,.),
(This 1s the nucleus observed when a
sample is placed in the instrument.)

— -1
H=D ---¢----—— 0
\\— +1

For deuterium, I1=1, so there
are (2x1+1 = 3) 3 spin states




The size of AE depends on:

1. the size of the external magnetic field, B,,
(bigger is better, but expensive) and

2. the size of the nuclear magnet, y; (yy or y¢)

-
-
-
-
-
-
-
-
-
-

(7; = the gyromagnetic ratio)

~
~
-
~
~o
~
-

AE=0
(degenerate)

B,=0

Gauss =0
Tesla=10

vy (MHz) =0

Size of external

magnetic field = Gauss = 14,100
Tesla=1.4
vy (MHz) = 60*
vc (MHz) = 15%*

~ o~
~ -
~
~ -
S~
-~
~

vy 1s the Larmor frequency

Gauss = 23,500  Gauss =70,500

Tesla=2.4 ' Tesla=17.1
vy (MHz) = 100*; Vi (MHz) = 300%
ve (MHz) = 25% 1+ ve (MHz) = 75%

Original Largest ,  Current
commercial solid core . routine
instrument electromagnet * Instruments
% range from

assumes a proton nucleus 300-400 MHz
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*’— Ba '1/2
A
AE4 = hV4
BO
external
magnetic
field
k1, 172

Gauss = 141,500
Tesla=14.2

vy (MHz) = 600*
ve (MHz) = 150*

Very large field
magnet, very
expensive
largest vy
~ 900 MHz



How do we generate the large external magnetic field?

1. Continuous Wave Instrument - older variations of NMR's, analyzed each frequency point by point
using a solid iron core electromagnetic. Typical magnet sizes in the early years of NMR were around
60-100 MHz (vy frequency). A 60 MHz instrument might scan 600 Hz at a rate of 1 Hz per second to
record an NMR (= 10 minutes). There are some 45-60 MHz commercial, table-top magnets sold today,
but they use Fourier Transform analysis (FT) instead of continuous wave analysis (CW).

(o
Sample is Two possible approaches to detect frequencies:
spun at high 1. constant frequency (v) and vary B,
rate (~20 1ps). 2. constant B, and vary frequency (v)
amplify
60 MHz generato‘r Frequency Detector| — | Printer (Spectrum)
NN AN\
NMR Spectrum
1\ I o !
L6
& I .
BB amplitude
A I ol W W Q >
Q‘_> A SR SR W W Sl W
( =
frequency
-
eletromagnet (solid core) +

B, = 14,100 gauss (approx)

= 60 MHz instrument
(based on proton frequency)
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60 Hz =1 ppm

TMS



2. Superconducting FT-Instrument - modern variation of NMR, excite all frequencies at once and
perform a Fourier transform on the raw time data (FT).

sample  (hollow tube, usually room temperature,

o in == out but temperature is changeable higher or lower)
Liquid
gas inlet \
frequency generator
|_| Do . frequency detector
. r o coils Y decoupler (proton)
Liquid Lo magnet shim coils to homogenize the magnetic field
Nitrogen —_| .
E N f '
T=-196°C ro
' Spinning sample,can vary o
— / temperature inside probe fil Analog digital
Liquid 1S from very cold to very hot. Bandpass filter, converter, digitizes
1q91 ra ! cuts off extraneous  the signal for
Helium $m, Strong, superconducting magnet frequencies outside  computer storage.
T =-269°C : : — generates magnetic field in coiled the area of interest.
k Do J alloy at liquid helium temperature. \

A
(/_’ OOQ|=<—>| preamp dectector /\m ~—|D
A v C
Probe - sends and receives radiowave
. . pulses
radiowave signals and Y l
manipulates pulses. Ifa transmitter
broadband instrument, it Free Induction Decay (FID) —>
can look at a variety of This signal contains all frequency information ‘ | | Lnnnn
nuclei. It is very expensive. collected at once, sometimes called a time
spectrum. Collect ~30,000 points in =2 seconds.
The signals are strong at the start, but decay away
as the sample relaxes back to the ground state. frequency = e
NMR Spectrum time = —L—
frequency
A .
amplitude Fourier Transformation, computer
4 frequency o The FT separates out
- o individual frequencies
Y for traditional data presentation. Y SFeCtl('ium can be
. otted 1n time
109876543210 = printer gomain or frequency;
frequency spectrum domain.
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Older Continuous wave NMR.
Notice the large solid core magnet.
Field sizes were smaller, 60-100
MHz. Collecting a spectrum ran
from left to right on a chart and
could take several minutes to run.

Slide 11

Modern FT NMR. Uses a liquid helium
cooled super-conducting magnet having
a very large field, 300-900 MHz. All
frequencies are collected in about 2
seconds and converted to a typical
frequency spectrum using Fourier
Transformation. Many scans can be run
and stored on a computer for better
signal to noise ratio.

11



Typical Sample Preparation

1-10's mg

of liquid | mixed a‘ziout 700 mg
or solid | with cuterate
sample solvent

T

Most NMR solvents are deuterated (= 99.8% of hydrogen
atoms are switched with deuterium) because deuterium does
not show up in the proton NMR spectrum. Deuterium is like a
different radio station in the NMR. However, a tiny percent of
the solvent (about 0.2%) is not deuterated and has protons
which will show up in the proton NMR spectrum.The solvent
signal 1s sometimes used as a reference peak, if not covered by
the sample's signals.

deuterochloroform, invisible to H NMR,
but has observable C (3 peaks because of
deuterium, with middle peak at 77.0 ppm,
sometimes used as the C reference peak)

chloroform,

Cl Cl
common | |
NMR Cioyy Ceonyy
solvent D/ cl H/ cl
Cl Cl
99.8% 0.2%
Oc =77.0 ppm Oy =7.26 ppm
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7 inches

has observable H, sometimes
used as the H reference peak

in 5 mm x 7 inch high precision glass NMR tube

-

= S5mm wide

5 cm deep




vy NMR energy level populations - almost identical populations, but not quite!

Boltzman — _ (33) _ < 0.028 cal / mole > _ (0.99995 )
distribution = ﬁ = eXp \RT/ = exp (1.98 cal / mol-K) (298 K) 1.00000
N, = number of nuclei in a particular energy state.
VR R I B A difference of 1 out of about

20,000 because of AE, though

) / the populations levels are still
......... 10,000 + 1..........|— about 50/50.

AE is very small ~ 0.03 cal / mole 1 food calorie = 1 kcal = 1,000 cal
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The NMR Radio Dial (NMR uses very low energy radiowaves)
This is what we observe.

AE = hv {%t > <Yi>< B0> = (constants) x (type of nucleus) x (external magnetic field)

lower :
This is what we buy. higher
energy y energy
1 SN 31 P 1 9F

P J

LI T |||||||| LHITHI ||||||||||||||||
T These regions show

> all nuclei are not the 3 ’090 Hz
18,000 Hz same. The spread is due © — Ppm = 0-10 ppm
6 =ppm = 0-230 ppm to nonhomogeneous 0=TMS (reference)
0 = TMS (reference) magnetic environments,

due mainly to electron
distribution in the bonds.

vy = 26,751 radians/(sec-gauss)
YF19 = 25,166 radians/(sec-gauss) v; = magnetogyric ratio (= size of the nuclear magnet)
vp31 = 10,829 radians/(sec-gauss)
Yc13 = 6,726 radians/(sec-gauss) (Think of this as the
vp = 4,106 radians/(sec-gauss) number on your
TN15 = 2,712 radians/(sec-gauss) radio dial.)
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The range of chemical shifts (g, 6¢) 1 ppm in Hz depends on B, (size of the external

tilt this magnetic field: 1/1,000,000 of AE of v in Hz).
sideways f\ 10 — The size of an NMR is specified by AEy in MHz.
{ 10 ppm =3,000 Hz = >—— B, 1.0 ppm (= Hz)
HNMR Spectrum TMS =0 = 60 MHz 60 Hz=1ppm
: 100 MHz 100 Hz =1 ppm
amplitude 300 MHz 300 Hz=1 ppm
frequency AEg = 300,000,000 Hz 600 MHz 600 Hz =1 ppm
oy - =300 MHz On a 300 MHz instrument the range of
10987654321 0| MS=0ppm differences in chemical shifts is about 3000
- Hz. This is only a smallportion of the total
d (ppm) = chemical shifts energy to cause a proton to flip (about
(shows a range of values) 300,000,000 Hz = 300 MHz).
tilt this
C NMR Spectrum sideways M = mega = 1,000,000 = 10°
amplitude 230 —
3 frequency { 220 ppm = 18,000 Hz = >4
oy - TMS=0= T AE¢ = 75,000,000 Hz = 75 MHz

Similar situation for '3C, except AE =75 MHz

0 (ppm) = chemical shifts and the range is about 200+ ppm.

(shows a range of values)

TMS = tetramethylsilane, defines 0 in both H and C NMR,
Si —— all the Hs are equivalent and all of the Cs are equivalent.

ww
Hfl C/ \CH3 The boiling point is 28°C, so easily removed.
3

15
Slide 15



Differences in 6 (chemical shifts) are partly based on differences in electronegativity (inductive effects).

Shielding region of
the small magnetic

"S" = substituent,
can change the
electron density in

electrons in
opposition to B,

the C-H bond
deshielding
region,
adds to B,
B, = external
~ 6 ' ©
Bs ~ (1/107)xB, magnetic field

Bnet = Bo - BG
AE = hv = (h/2m)(y;)(B,)(1-0)
Slide 16

m field generated by
\ the sigma bond m

H NMR spectrum

shielding —
side
deshielding
—=— gide
109 876543210
d (ppm) = chemical shift

C NMR spectrum
shielding —>
o side
deshielding deshielding
region, —=— gide
adds to B, 200 100 0
O (ppm) = chemical shift

The total field, B,, is reduced by

a small amount, B; & = shielding
constant, includes a variety of
factors, (AE and v are reduced too).

Sigma bond electron density shields
the nuclei (H and C) from the external
magnetic field, B,,.

More electron density = more shielding



These protons are least shielded because of the
inductive pull of fluorine (deshielded)

A8, = 0-3000 Hz

These protons are most shielded
because of the inductive push of silicon.

1 ppm =300 MHz

hugely exaggerated H,C—H CH;0R CH;Cl CH;Br
E, — S
2 8, 58, 4B, g
A E, A B4
67 86 65 64
Ref=0 ---"f-=---------qr--mmmmmmmofmmmmmmmmmmmope s
AE to flip a proton's
spin, here = _| _ _
300,000,000 Hz AE 5 hv, AE =hvy,  AE S hvs AE =|hv,
E, E, E, —— E, —— E, —
oy = 4.27 ppm* 3.30 ppm  3.06 ppm 2.69 ppm
Hz (600 MHz) 2562 Hz 1980 Hz 1836 Hz 614 Hz
Hz (300 MHz) 1281 Hz 990 Hz 918 Hz 807 Hz
Hz (60 MHz) 256 Hz 198 Hz 184 Hz 161 Hz
: more shielded
—

larger frequency shift from the TMS reference
*d = (4.27 ppm)(300 Hz/ppm) = 1281 Hz

CH;]

2.16 ppm

1296 Hz
648 Hz
130 Hz

R3Si\\

)

(We could measure your heigth from sea level, or we could measure your heigth from the floor.)
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CH3R
3 H \\\“]. —H
__B o
B
E _X_ ° o
oA i A
Srmg =0 K =2
(by definition
AE =|hv, AE = hvryg
E, E, —4—
0.90 ppm 0.0 ppm
540 Hz 0 Hz
270 Hz 0 Hz
54 Hz 0 Hz



These protons are least

_shielde;d because of th§> These are typical These protons are most
1nducjt1ve pull of fluorine methyl protons in a shielded because of the
(deshielded) simple alkane. inductive push of silicon.
\“w T L H\\\“‘ C
H H
0= 4.27 ppm 5= 0.90 ppm o= 0.00 ppm

Two important ratios that are important to NMR (resolution and signal to noise)

resolution = (# points / Hz)

good signal to
noise ratio
A
poor signal to
signal noise ratio
signal

«——— Hy ——

Good resolution Poor resolution _ \/\ /\/\ / /\/ ¢ noise
because there are because there are A noise

plenty of points to too few points to

see each peak see each peak
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Similar information for 13C shifts on a 300 MHz NMR (!3C = 75 MHz)

Adpax = 0-17,000 Hz
hugely exaggerated

B, — B, _
B, % B
\ \ E2 c

AE to flip a carbon's
spin, here =
75,000,000 Hz

E, —

§=

Hz (75 MHz)

Slide 19

F\\

CH,

}

vy = 300 MHz = describes the size of the NMR
ve =(1/4) vy =75 MHz

This carbon is
least shielded. RCH,OH  RCH,CI

86 ppm*
6450 Hz

65 ppm
4875 Hz

B, ——

47 ppm
3525 Hz

*dc = (86 ppm)(75 Hz/ppm) = 6450 Hz

1 ppm =

RCH,Br

B, —L

36 ppm
2700 Hz

75 Hz

RCH,I

B, ——

9 ppm
675 Hz

14 ppm
1050 Hz

R3Si\\

CH,

This carbon is
most shielded.

B

(¢

(by deffinition)

AE = hVTMS

B,

0.0 ppm
0 Hz

*dc (methane, CH,) = -2.3 ppm



-— more deshielded

more shielded —

~ THNMR §,=337
1=2H

]

6H: 1.46
I=2H

81, =0.96
1=2H

1.33 3.37 3.37 1.33
/\/\O/\/\

0.96 1.46 1.46 0.96

Each type of proton looks more
complicated than expected due to
interactions (coupling) with the
neighbor protons. Coupling will be a
later topic and even though it is
complicated, it provides the
necessary information to solve our
structures. (I = integration = area
proportional to the number of H.

3 2 1 0
PPM *
TMS
<— more deshielded more shielded —>
13
CNMR 19.1 72.1 72.1 19.1
=721 8¢ =323 5c=19.1 dc=14.1 /\/\0/\/\
] ¢ ¢ ¢ ¢ 14.1 32.3 323 141
Each type of carbon appears as a
single peak because their attached
- protons have been decoupled.
Decoupled atoms do not "see" each
other. This simplifies the appearance
) of the spectrum but we lose valuable
coupling information which tells how
many protons are on each carbon.
This will also be a later topic where
we learn how we can get this
\ ! ! ! ! ! ! ! 0 information back.
80 70 60 50 40 30 20 10
PPM )
TMS 20
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Pi bond anisotropy: certain orientations of the molecule (relative to B,) add to the external magnetic field
and others cancel with a net contribution of what is shown below in the following figures.

Oref(CHp) = 1.2 shielding benzylic
cone protons
SH =26

allylic
shielding protons
cone 8y =2.0

deshi@lding deshielding desgé?éilng
region, T T region, T higher %5
higher 6 higher 6 values
values values
Bihield
shielding
cone Bihield
shielding
alkene protons ﬂ‘ cone aromatic protons
ty;fical 5 | Og=4-7ppm typical & Oy = 6-9 ppm
values = _
alkene carbons B, B, values = aromatic carbons
d¢c =100-160 ppm d¢c =100-160 ppm
Protons to the side of an alkene pi bond are Ring current in aromatics has a larger effect than a
deshielded and shifted to a larger chemical shift = 8. single p1 bond in a typicalalkene. Aromatic protons
Allylic protons are shifted in a similar direction but usually have a larger chemical shift than alkene protons.
by a smaller amount because they are farther away Benzylic protons are shifted in a similar direction but
from the pi bond. by a smaller amount because they are farther away from
the pi bonds.
B,; = induced magnetic field due to pi bond electrons

a. Byielq Opposes B, in shielding cone; B, is effectively made smaller and a smaller 9 is the result

b. Bicshiclded @dds to B, in the deshielding region; B, is effectively made larger and a larger d is the result.
Slide 21



H —— 06=28.9 ppm, highly deshielded
& = -1.8 ppm, highly shielded region outside of the ring

region inside of the ring

[18]-annulene

(aromatic)
Electronegative substituent and distance from protons
Cl Cl Cl . Cl
2 2 2
H.C——CH H,C—C —CH; H,C—C —C —CH; R—CH
CH; 2 3 3
! } i A
SH =30 8H =13 8H =1.0 8H =0.9 8H =0.9
dc=253 Oc=18.9 dc=11.2 8c=13.3 dc=13.3
oy= 36 15 13 13 0.9 Sy reference values
8c=74.6 29.5 282 228 14.1 CH, 0.9 ppm
R\ il IYI L I+{ ¢ CH, 1.2 ppm
O_CZ—CZ—CZ—CZ—CH3 falls off with distance CH 1.5 ppm
< deshielded - electronegativity
Multiple substituents (often each additional substituent has a smaller effect)
~— more deshielded - greater electronegativity
C(il4 CPC13 CilzClz CH3C1 CH4

SH:‘?‘_ AH:‘7_>6H:73 <_AH:20 —> 6H253 <_AH=23_> 6H=3O<_AH:28_>6H202
O0c=96.1=Ac=19 >5.=77.0 <= Ac=22 — {§-=54.7 <— Ar=29 —> §-=25.3 <= Ac=25— §-=-23
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Alkene substituents - pi bond anisotropy, resonance and inductive effects
8y=09 1.4 2.0

i i oc= 14 23 36 . Sy =23 R deshielded
\ / CH;CH,CH, H oy=5.0 //O : 8¢ =29 0.0 resonance
— — - dy=5.8
H H 51 = 5.8 1{ q 5= 4.9 deshielded \C:C -~ §c=136 C—C 3c=128
3y =5.2 (ref) S =13 Ho inductive / \ / ®
"5 =135 shielded .
OS¢ = 123 (ref) deshielded H H 5y=6.1H Oy =64
dy=13
H3C 8C =15 H3C
., @ dy=4.2  shielded
H,C—0, ‘7 H Oy =3.7 H,C—Q H resonance Look at the range of
\ / s Sc =064 \ / possible values, from
/C=C\ S = 152/C—C\:@ Oc =87 7+ ppm to 4 ppm !
H v H deshie}ded H H
mductive 5, =65  8y=4.0
- @ a = resonance competition R shielded
O\ ® O . O\ 8c=168  resonance
C=—0" H C—O 7 b b oy =2.2 C—.d@ H oy =4.9
a 5c=21 / \
/ \ - / - C .
H H H U H dy=73 H H 6;=4.6
neutral structure deshielded inductive

Resonance effects are helpful at providing insight into chemical shift changes (if you know how to draw them).
Inductive effects overlay the resonance effects and are more intuitive (push or pull electron density).

23
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Aromatics - pi bond anisotropy, resonance and inductive effects

Oy =7.3 (ref) ) ) S
H 3: =128 (refy  P1bond anisotropy
produces deshielding u 0 .
H H effect on aromatic protons. ° ° S= substituent

o = ortho position
m = meta position
p = para position

Look at the range of
possible values,
H H from 8+ ppm to 6.6

ppm !
H
Extra electron density pushed into ring via resonance donation produces shielding effect on aromatic protons,
especially at the ortho and para positions

¢ NH,
81 = 6.6 8y = 6.6
H

H

® NH, ® NH,

Withdrawal of electron density from ring via resonance and a large inductive effect produces deshielding effect on
aromatic protons, especially at the ortho and para positions

R o, R @ ot ., K& @ ot .,
@"O\®/O-'6 @"O\ /O.,@ @"O\ /O.,@
N N N
H ® H H H
- - -
H H H
oy =75 du=175 H i ®
6H = 77 H H
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shielding side

deshielding side Typical '"H NMR chemical shift values :
less electron rich more electron rich
(inductive & resonance) (inductive & resonance)
Typical proton chemical shifts phenol O-H amine N-H
Carbon and/or heteroatoms without 6 5 2 1
hydrogen do not appear here, but the alcohol—O—H
influence on any nearby protons may 5 |
be seen in the chemical shifts of the
protons. amide N-H L
g 5 thiols,_sulﬁdes
25 2.0
amines
30 23
X—C—H
X=F>Cl=Br=I allylic C-H
5 3 2.5 1.5
benzylic C-H thiol
, alkene C-H carbony}lll alpha C-H qp
carboxylic - —— —
— epoxide C-H
g alcohols 3.5 25
. — .(— ethers simple sp> C-H
aldehyde C-H aromatic C-H I esters =C—H CH>CH, > CH;,
100 9 gt 6 5" 33 3 2 2 0.5
T °—T° T 1T 1T T T T T T T T T T 1
10 9 8 7 PPM 6 5 4 3 2 1
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deshielding side
less electron rich
(inductive & resonance)

Typical 13C NMR chemical shift values

shielding side
more electron rich
(inductive & resonance)

Typical carbon-13 chemical shifts . F~ 80-95
halogen—C- Cl= 45-70
o with & without H T~ 12 4a
I
R/C\R 95 . (|j B 15
|
ketones amines, amides
no H with & without H
220" 180 ﬂ) o 50 30
C<
R~ X AN
carboxylic acids . . epox1.des
anhydrides _C:C_ Wlth & Wlthout H
esters N=C— with & without H ¢ 40 |
amides no H 90" 70" S-C—
acid chlorides 125 110 o (|:_ thiols, sulfides
alcohols) with & without H
0180 160 ethers, esters 4 20
P 7\ N\ / with & without H i
R H C— (=C 20" simple sp” carbon
aldehydes — / N\ C > CH > CH, > CH;
with H with & without H with & without H
210 180 160" 1007 60" 0
 + t t t t t t 1T 1T t 1 1T T T T T T 7T |
200 180 160 140 ppp 120 100 80 60 40 20
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Recognizing different types of protons and carbons (necessary vocabulary)

Replace each proton being compared with "D", as a different group, and evaluate the new
structures obtained with D at each position according to the following guidelines. W hen
comparing C, replace all of the attached "H" for attached "D" and compare.

Classification of Protons (and Carbons) by Group Topology

1.[’homotopic groups - Do the switches produce the same end result? If so, the protons are
homotopic protons and have the same chemical shift and do not split one another. This generally
produces straight forward splitting patterns based on the simple N+1 rule (explained later).

Replace each methyl proton

with "D" and compare. D switched for H produces the same molecule
: CH . CH C CH, C CH,
H/ \C/ 3 D/ \C/ H/ \C/ H/ \C/
H, Hj H, H,

propane —— 1D-propane

Replace each methylene proton with "D" and compare. In propane this produces the same molecule.

D switched for H

H H
\ I p & g D |
C 3 \5
N — C 2D-propane :
H;C CH; PN PR
propane H3C CH; H;C CH;



2.1heterotopic groups - When substitution of each atom produces structural or positional
isomers, the atoms are heterotopic. Such groups do not generally have the same chemical shifts,
but may coincidentally have the same chemical shifts (accidental equivalence).

Replace methylene proton with "D" and compare to replacing methyl proton with "D".

H ]|) H
CH H D switched for H CH D
H;C I(-:I H;C I(;I 3 1,
propane - 2D-propane 2 1D-propane

These two molecules are isomers, but the methylene hydrogen is completely different from the
methyl hydrogen. Those protons (and carbons) are heterotopic and will very likely have different
chemical shifts and split one another when neighbors.
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3.[ Jenantiotopic groups - Do the switches produce different molecules, as enantiomers (different mirror
images)? If so, the protons are enantiotopic protons. In the absence of a chiral environment these
protons still have identical chemical shifts and will not split one another. However in the presence of a
chiral environment (an adjacent chiral center or another molecule that is chiral such as a reagent or a
solvent molecule), they will become nonequivalent (diastereotopic) and may or may not have different
chemical shifts (they could coincidently have the same chemical shift, but probably not). If their
chemical shifts are different, they may split one another (couple) and make the spectrum appear more

complicated.

The methyl protons are all homotopic, as in propane, and simple to consider. Next, replace each
methylene proton with "D" and compare. These two molecules are enantiomers and, in this example
the methylene hydrogen atoms are enantiotopic. In the absence of any chiral environment they
would not split one another because they have the same chemical shift. In the presence of any other
chiral center they would become diasterotopic and could split one another and split their neighboring
hydrogen atoms differently. However in this example that is not the case.

D switched for H

H\ H | D\ H H\ D |
: CH, ; CH, . CH,
3C/ \C/ H3C/ \C/ H3C/ \C/
H, 2 H,
butane 2D-butane

In a similar way the two methyl groups in isopropylcyclohexane are also enantiotopic (both the
methyl protons and the methyl carbons).

CH; CH; CD;
CillH —— ClH CrmlH
CH; CD; CH;
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4./ |diastereotopic groups - Do the switches produce different molecules, as diastereomers? If so, the
protons are diastereotopic protons, and will be different and quite likely have different chemical shifts.
This would cause them to split one another and to possibly split neighboring protons differently,
leading to a more complicated spectrum than expected. Of course, there is always the possibility that
there exist coincidental (or accidental) equivalence, and then they would not split one another.

2R-bromopentane * = chiral center

2R,3R 2R,3S

Replace the C3 methylene (2R.3R) (2R.35)

protons with "D" and compare. Br\ H H\ H Br, U H\ pel

S S H3c/* \IC/ \CH3 HyC™ ¥ lC,, CH,
>C3 € E 2
H3C/2 \c,,/ 4\CH3 | D H H D |
1 l Z 5 H switched for D
H H

This 3D stereoisomer is 2R-bromopentane. — 3D,2R-bromopentane

Because of the chiral center at C2, switching H for D at C3 forms diastereomers and, in this example
the C3 methylene hydrogen atoms are diastereotopic. They could split one another if they have
different chemical shifts and they could split their neighboring hydrogen atoms differently. This would
make the spectrum more complicated. A similar result would be obtained with 2S-bromopentane. A
similar result occurs with the C4 protons. This means there are seven different kinds of hydrogen in
2-bromopentane! Each of the methyl groups has a different type of proton, the methine hydrogen is
different and all four methylene hydrogens are different.

OH These two methyl
. i oH [-\ groups are diastereotopic
CH, CH, * CD, because of the chiral
X alcohol carbon. They
G — il g il g would likely have
different proton and
CHj CD; CH; carbon chemical shifts.
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Problem - (11 simple examples?): How many different protons and carbons are in each of the CsH;, isomers and CsH;;Br isomers?

There are three CsH;, isomers

CH,
1 2 3 H)C CH
NS
H H
~ ~ 3
me” N Den, ne” e me” e,
H2 H2
#H = #H = #H =
#C = #C = #C =
There are eight CsH;Br isomers. If you switch Hb for "D", does it make enantiomers or diastereomers?
7 H H
Ha _ ,I_I b Ha _ ,Hb Ha ,Hb I‘I/ ,Br Ha/ ,Hb Ha/ ,Hb a/,/ , b
5 ?C 3 EC 1 _Br 5 //C 3 Z'C 1 5 /"C 3 ”'C 1 HyC_ 3 _C 1 _Br
e e P NSNS
T DU O G LA G IO
HY H, Hy H, N \Hb g B H3C5 H H, H,
#H = #H = #H = HH =
#C = #C = #C = HC =
8 1
H Br ? H, Hy 0 H, HyH, H 11 5 4
% ) N 4 N A 4 e, i
HiC~_ 3 _C_ 1 HiC~_ 3 _C_ 1 c_ 3 _C_ 1 E
4\.0\/ 2, A0, g \C\/ > e, el (5\cl/ >
$ $ N 3 $
H;C, H H;C, Br HyC H 3 s \
5 5 5 Hy Hy
#H = #H = HH = HH =
#C = #C = #C = #C = 31



There are eight CsH;;Br isomers. The largest chemical shifts are protons closest to the Br. Integration measures the area under the peaks
which is proportional to number of protons at each chemical shift.

structure 4

structure 5 structure 6 structure 7
H H
Hb \I—Ia Hb \I—Ia Ha/ Hb I—I/ Br Ha//// , b Ha//// , b Ha/// ,Hb
Br_ 1 \c‘s 3 ‘c‘g 5 B /”'C, 1 S 3 _C ! H3c\3/‘c\ I_Br
NN PPN PSRN H,¢” 4 S¢” 2 el 4 > 2 ¢
/C_ IC_ CH, H,C :c\ CH, A\ S
E Z s N $ $
H, H, H, H, H, H, Br H,C H H, H,
probably 1=5 5 4=5
1 appear
togeth
Oge “ 2b=4b | 2
5 2a=4a
2 2 3a 3b 4a 3 3
) A\ f APLAA . [
oH\ [2H) f2H\ [n) [3H /i8\ @ 1H 1H @ 2H| J2H 2H| [2H|  /ig
| | |
TMS =0 TM570 TMS =0 TMS=0
structure 8 structure 9 structure 10 structure 11
H, H,
3 a/// Ha/ ,Hb Ha/ ,Hb s 4
H Z, 2
H 3 2
4| 1 3Ca\3/ e c_ 2 C_ 4 H;C, CHj
\\\I‘C 2 CH3 : Br .C CH3 ( 1 B
HyCp\W \ $ : \ /C\ B
HyCy  Br $ H,c” 2 ¢
$ 3 (
N \ 5 HC H 3 s \
H Br 5 $
4=5 H, H,
5 4
L4 5 1 3=4=5
2
2 3 /\ . la 1b 2 3a 1
H 3H 3H
sa| [3H| [3H 3H oH
o M 2 B 06MM A
| | |
TMS =0 TMS = 0 TMS =0
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Calculating Proton Chemical Shifts (alkane sp3 C-H, alkene and aromatic sp2 C-H protons)

2 is the summation symbol for all substituents used to estimate sp3 proton chemical shifts (Og).

H,C,—X ' Sews = 0.9 + o There is only one possibility for each
X when directly attached to CHs.
‘ many variations are

H3Co— Cp— Ly Scis = 0.9+ 2(B +7) possible for methyl
| in a longer chain
Y

|
B

1]
H—C! —Co—C. — many variations
@ AP oA Scmp = 1.2+ 3(a+ B +7) are possible for
<| <| | methylene
o
1]
. Ser=15+3(o+ B + many variations
— Co, G G cH (@+B+v) are possible
<| <| <| for methine
a B Y a, B, and y are substituent correction

values from the table in the next slide.
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Chemical Shifts Correction Factors for Protons on sp3 carbon atoms

Estimation of sp> C-H chemical shifts for one to multiple sutstituent parameters for protons within 3 Cs of consideration.

start
0.9
1.2
1.5

Relative position of calculated proton and substituent(s)

o = hydrogen and substituent are attached to the same carbon <@ ----»H

B = hydrogen and substituent are on adjacent (vicinal) carbons | ‘ ‘

v = hydrogen and substituent have a 1,3 substitution pattern A A |CHj

Co—Cp—C, CH,
X = substituent o B Y | | | CH
substituent atom is a carbon X X X3
R- (alkyl substituent) 0.0 0.0 0.0 , o .
R,C=CR- (alkene) 0.7 0.2 0.1 Substituent's positions r'elatlve? to
RCC- (alkyne) 0.8 03 01 calculated proton chemical shift.
T ’ ‘ ' X = substituent from table.
Ar- (aromatic) 1.4 0.5 0.1
substituent atom is a halogen In general, multiple substituents
F- 2.9 0.3 0.1 do not add their entire values.
Cl- 22 04 0.1 Each additional substituent adds
Br- 21 0.6 0.1 a smaller portion of its listed
I- 1.9 07 0.1 increment. Even so, the calculated
substituent atom is an oxygen values are typically close to the
experimental values.

HO- (alcohol, hydroxy) 23 0.3 0.1
RO- (simple ether, alkoxy) 2.2 0.3 0.1 O
R,C=CRO- (enol ether) 2.8 0.5 0.1 ap ¥ epoxide
ArO- (aromatic ether) 2.7 0.6 0.1 H
epoxide 1.5 0.4 0.1 .
RCO,- (simple ester, oxygen side) 2.9 0.4 0.1 Notice! F>Cl>Br>1I

values from ChemDraw
CR,
Additional parameters on the next slide. I

ArCO,- (aromatic ester, oxygen side) 3.1 0.6 0.1 O\?«; 0
ArSOs- (sulfonate, oxygen side) 2.3 0.3 0.1 ©/ o R - N
|

C > C
RO Ry
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Chemical Shifts Correction Factors for Protons on sp> carbon atoms

Estimation of sp® C-H chemical shifts for one to multiple sutstituent parameters Q .

for protons within 3 Cs of consideration. ‘ ‘

Relative position of calculated proton and substituent(s) Co—Cp—C,——

o = hydrogen and substituent are attached to the same carbon | | |
B = hydrogen and substituent are on adjacent (vicinal) carbons X X, X
1 2 3

v = hydrogen and substituent have a 1,3 substitution pattern ) o
Substituent's positions

X = substituent a B y relative to calculated
substituent atom is a nitrogen proton chemical shift.
R,N- (amine, R = H or C) 1.4 0.4 0.1 fgbzlesubsumem from
ArRN- (aromatic amine, R = H or C) 1.9 0.4 0.1 ' 0

R'CONR- (amide, nitrogen side) 2.0 0.4 0.1 ,9 T

ArCONR- (aromatic amide, nitrogen side) 2.0 0.4 0.1 —N\@ > R/C\N/ =~ —NH,
O, N- (nitro) 3.2 0.8 0.1 0O R

substituent atom is a sulfur nitro amide, amine
HS- (thiol) 1.4 0.4 0.1 N side

RS- (sulfide) 1.2 0.5 0.1 o o

ArS- (aromatic sulfide) 1.5 0.4 0.1 [l N

RSO- (sulfoxide) 1.6 0.5 0.1 R=S$— > R—§— > —s
ArSO- (aromatic sulfoxide) 1.7 0.5 0.1 O sulfoxide sulfide
RSO,- (sulfone) 2.2 0.7 0.1 sulfone

ArSO,- (aromatic sulfone) 2.2 0.7 0.1

substituent atom is a carbonyl group or nitrile

OHC- (aldehyde) 12 0.5 0.1 9

RCO- (ketone) 1.2 0.4 0.1 _C

ArCO- (aromatic ketone) 1.4 0.3 0.1 These substituents have

HOzC- (Carboxylic acid) 1.0 0.4 0.1 C=0 except for the nitrile

RO,C- (ester, carbon side) 1.1 0.5 0.1

R,NOC- (amide carbon side) 1.0 0.4 0.1 —C=N

CIOC- (acid chloride) 1.6 0.5 0.1 nitrile

NC- (nitrile) 1.2 0.5 0.1

values from ChemDraw
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Chemical shifts are calculated values from

Chemical Shifts Correction Factors for Protons on sp3 carbon atoms
ChemDraw. All 6y values in ppm.

a Estimation of sp® C-H chemical shifts for one to multiple sutstituent parameters for
' 9 protons within 3 Cs of consideration.
2.0
N 1 1.83 ; }M\l 20 Relative position of calculated proton and substituent(s)
2 518 NI o = hydrogen and substituent are attached to the same carbon
2.65 ‘ 6 B = hydrogen and substituent are on adjacent (vicinal) carbons
4 v = hydrogen and substituent have a 1,3 substitution pattern
2.90

--------------------------------------------------------- <> - H
b. C,4 = chiral center | ‘ ‘ Substituent's positions

C —Co—C.—— relative to calculated
4.16* 3 45* o p ¥ proton chemical shift.
1.19 3.91 3.20 3.37 0.96 | | | X = substituent from table.
1 N/ X Xy X3
0”3 6 >07 7 9 .
267 |2 41 258 1.50 X = substituent o B Y
substituent atom is a halogen
! 51 1.06 Br- 2.1 0.6 0.1
1.19 * diasterotopic protons substituent atom is an oxygen
_ RO- (simple ether) 2.2 0.3 0.1
................... (_:?.}E:}J:l?:t:c_ .S.a.’- .E.S?- - 9.3. seeeeeeeaeaoo- RCO;- (simple ester, oxygen side) 2.9 0.4 0.1
C. C, = chiral center substituent atom is a nitrogen
3.38* N R,N- (amine, R =H or C) 1.4 0.4 0.1
3.13 & R'CONR- (amide, nitrogen side) 2.0 0.4 0.1
Br : substituent atom is a carbonyl group or nitrile
* 1: . RO,C- (ester, carbon side) 1.1 0.5 0.1
dlaSterOtoplc protons R,NOC- (amide carbon side) 1.0 0.4 0.1
511.06 calculate 8,, 6,-0.3 NC- (nitrile) 1.2 0.5 0.1
Possible answers calculated on the next slide.

values from ChemDraw

36
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Possible Answers (If you get a different answer, double check my work, in case I made an error.)

a.

O
ﬁ-ON | 183 3.24
2 3
> \ /5\1.20
2.65 2.18 ‘ 6
4
2.90
b 0 C,4 = chiral center
4.16* 3.45*%
1.19 3.91 3.20 3.37 0.96
1 ] 6 /N/ 9
2.67 |2 © 4| 258 © 1.50
1 51 1.06
1.19 % A :
diasterotopic protons
calculate §,, 9,-0.3
C, = chiral center
C. 3.38* N
3.13 1.62 &
Br

* diasterotopic protons
calculate 5,, 5,-0.3
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2 3 4 5 6

09 1.2 12 09 12 09
amine= 1.4 04 0.1
amide-C= 0.1 04 1.0
amide-N = 20 20 04
25 20 23 29 32 13
%k LS
1 2 |3a 3b| 4 5 |[6a 6b 7 8 9
09 15 1.2 1.5 09 1.2 1.2 12 0.9
ester-C= 0.5 1.1
ester-O = 29 42 04 0.1 01 35
ether-O = 0.1 -03 03 01 22 o3 22 03 0.1
14 26 4239 22 1.1 35 32 34 15 1.9
* = diastereotopic H
O = 6a,calc - 0.3 ppm
%k %
la 1b 2 |3a 3b| 4 5
1.2 1.5 1.2 1.2 09
bromine=2.1 3.3 0.6 0.1 1.8 0.1
nitrile = -03 01 05 -03 1.2
33 30 22 18 15 24 10



Estimated Chemical Shifts for Protons on Alkene sp2 Carbon Atoms

Estimated Chemical Shifts for Protons on Alkene sp> Carbon Atoms

X = substituent geminal cis trans X = substituent geminal cis trans
H- 0.0 0.0 0.0 RO- 1.3 -1.0 -1.2
hydrogen alkoxy
R- 0.5 -0.2 -0.3 RCO,- 2.1 -0.3 -0.6
alkyl ester,oxygen side
CeHsCH,- 1.1 -0.3 -0.3 R,N- 0.8 -1.2 -1.2
benzyl amino
X-CHs,- 0.8 0.1 -0.1 RCONH- 2.1 -0.5 -0.7
halomethyl (X = F,CI,Br.,I) amide,nitrogen side
(H)/ROCH,- 0.7 0.0 0.0 O,N- 1.9 1.3 0.6
hydroxy/alkoxy methyl nitro
(H,)/R,NCH,- 0.6 0.1 0.1 RS- 1.2 -0.4 -0.1
aminomethyl sulfide
RCOCH,- 0.7 0.1 0.1 RSO- 1.3 0.7 0.5
carbonyl methyl sulfoxide
NCCH,- 0.7 0.1 0.1 RSO,- 1.6 1.2 1.0
cyanomethyl sulfone
R,C=CR- 1.0 0.1 -0.2 OHC- 1.1 1.0 1.2
alkenyl aldehyde
RCC- 0.5 0.4 0.1 ROC- 1.2 1.2 0.9
alkynyl ketone
CeHs- 1.4 04 0.0 HO,C- 1.0 1.5 0.8
phenyl carboxylic acid
F- 1.6 -0.4 -1.0 RO,C- 0.8 1.2 0.6
fluoro ester.carbon side
Cl- 1.1 0.2 0.2 H,NOC- 1.3 1.0 0.5
chloro amide.carbon side
Br- 1.1 0.5 0.6 ClOC- 1.2 1.5 1.1
bromo acid chloride
I- 1.2 0.9 0.9 NC- 0.3 0.8 0.6
iodo nitrile
Examples . ;
cis trans c1s
Rcis\ /H RREE <> RoN /Ha 8,=52+0.0+(-1.2) + (-0.3)=3.7 HaCO\ He 6,=52+0.0+(-1.1)+0.0=4.1
- — c—cC
/C_C\ = C cis trans / cis
Ripane R geminal H,C H, 8,=52+0.0+(-0.2)+(-1.2)=3.8 H, H, 8,=52+0.0+0.0+(-1.2)=4.0
i em i trans
3(ppm) =5.2 + gem + cis + trans §,=52+13+00+0.0=65
O gem cis trans
: = + + + (- = Each substituent affects
H gem ¢S trans 0=52+1.1+04+(12)=55 all positions differently.
§=52+12+08+(-0.3)=69 H
C_C/ gem
C %N (H, C)QN/ \Br trans 38
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Estimated Chemical Shifts for Protons on Alkene sp> Carbon Atoms

X = substituent geminal cis trans

RO- 1.2 -1.0 -1.2

alkoxy

RCO,- 2.1 -0.3 -0.6
ester,oxygen side

RO,C- 0.8 1.2 0.6

ester,carbon side

Notice dy ranges from
4 ppm to 7+ ppm.

Calculate chemical shifts for the following alkene sp? protons (and compare to the values given).

cis
6.43 H o
3.76

X ~

580 H @)

trans
H 6.05
gem

b cis
488 H

456 H
trans

H 728 O

gem

cis
418 H

404 H
trans

H 6.47
gem
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alkene sp? 8;; = 5.2 + correction terms

geminal
5.2

ester, C side =

geminal
5.2

ester, O side =

geminal
5.2

ether =

cis
5.2

cis
5.2

cis
5.2

trans
5.2

trans
52

trans
5.2

methyl
0.9

methyl
0.9

methyl
0.9
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Estimated chemical shifts for protons at aromatic sp* carbon atoms Estimated chemical shifts for protons at aromatic sp? carbon atoms

X = substituent ortho meta para X = substituent ortho meta para
H- 0.0 0.0 0.0 (H,N)R,N- -0.8 -0.2 -0.7
hydrogen amino
R- -0.1 -0.1 -0.2 RCONH- 04 0.0 -0.3
alkyl amide,nitrogen side
XCH,- 0.3 0.1 -0.1 ON- 0.6 0.3 0.4
halomethyl (X = F.C1.Br.I) nitroso
(H)/ROCH,- -0.1 -0.1 -0.1 O,N- 0.9 0.3 0.4
hydroxy/alkoxy methyl nitro
R,C=CR- 0.0 0.0 -0.2 RS-/HS- -0.1 -0.2 -0.2
alkenyl sulfide / thiol
RCC- 0.5 04 -0.1 X0,S- 0.7 0.3 0.4
alkynyl sulfonyl X (R.HO.RO.H,N)
CgHs- 0.2 0.0 0.0 OHC- 0.6 0.2 0.4
phenyl aldehyde
F- -0.3 0.0 -0.2 ROC- 0.6 0.1 0.2
fluoro ketone
Cl- 0.0 -0.1 -0.1 HO,C- 0.9 0.2 0.3
chloro carboxylic acid
Br- 0.2 -0.1 -0.1 RO,C- 0.7 0.1 0.2
bromo ester,carbon side
I- 0.4 -0.2 0.0 H,NOC- 0.7 0.2 0.2
iodo amide,carbon side
RO- -0.5 -0.1 -0.4 ClOC- 0.8 0.2 0.4
alkoxy acid chloride
HO- -0.5 -0.2 -0.4 NC- 0.3 0.2 0.3
hydroxy nitrile
- -0.2 0.0 -0.2
Es(tje(r) 2oxv,czen side "Bt "NO,"
, "OH" Hy  NO, §;=73+ 02 + 0.9=84
Examples ortho meta 8,=73+ (-0.5)=6.8 B
H H *é - B H, g, 02=73+02+04=79
H OH m= /. (-0.2)=17.1 B
para P B B 03=73+(0.1)+03="75
Substituent H 81’ =73+ (04)=69 H Br - -
2 04=73+(-0.1)+09=8.1
HlTl HO
S(ppm) = 7.3 + ortho + meta + para "Cl"  "R" "NO,"
"NHZ" "CN" H3 N02 81 =73+0.0 + (-01) +03=75
8, =73+ (-02)+02=73
H,N C==N Cl CH;
82 _ 73 + (-08) + 03 — 68 82 = 73 + OO + (—01) + 04 = 76
H, H, H, H, 03=73+(-0.1)+(-0.1)+0.9=28.0 40
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Estimated chemical shifts for protons at aromatic sp* carbon atoms

X = substituent

ortho

meta para
(H,N)R,N- -0.8 -0.2 -0.7
amino
RCONH- 0.4 0.0 -0.3
amide,nitrogen side
O,N- 0.9 0.3 0.4
nitro
H,NOC- 0.7 0.2 0.2

amide,carbon side

Calculate chemical shifts for the following aromatic sp® protons (and compare to the values given).

a ortho o
meta 7.95
7.44 NH
2
6.0
para
7.51 7.95
7.44
b ortho 8.0
meta /.54 ' H 2.02
7.24 Y
para
7.00 7.64 o
7.24
¢ ortho 4.0
meta 6.46 NH,
7.01
para
6.62 6.46
7.01
d ortho
g1 |
meta Nt
7.52 \O'
para
7.65 8.19

7.52

aromatic sp> 8y = 7.3 + correction terms

ortho
73
amide, C side =
ortho
7.3
amide, N side =
ortho
7.3
amine =
ortho
7.3
nitro =

meta para
7.3 7.3
meta para
7.3 7.3
meta para
73 73
meta para
7.3 7.3
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The following examples show generic proton shifts based on the ChemDraw program that is used

to generate structures in these notes. We don't have a formula to calculate these proton shifts.

Different types of "OH" (alcohols, phenols, carboxylic acids)

Different types of "NH" (amines, amides)

0 O
4.79 7.62 carboxylic amide
acid N NH
HO OH z 2
2.0 6.0
2.0 11.0 normal
normal amine  6.51 6.96
alcohol 7.00 7.53
tic
phenol NH aroma
OH 50 (aromatic 240 amine
alcohol)
Different types of "sp H" (alkynes) Different types of "aldehyde H"
aromatic
H 3.06 4lkyne O .
9.72 3.66 7.61 aromatic

7.30 %
7.04 q
impl
Z ' e
7.12
7.03 3.29

H aldehyde

simple

aldehyde 9.87

7.33

Different types of "SH" (thiols)

3.0 aromatic

3.82 6.98 SH thiol
HS
1.5
simple
thiol 6.84 6.99
6.98
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sp? Carbon Chemical Shift Calculations, Method 1: starting from scratch (-2 ppm)

Calculations of the individual '3C shifts of any alkane can be estimated starting from the chemical shift of methane
(approximately -2 ppm). Approximate correction factors are included for every directly attached carbon atom

(Cq = 19), every once removed carbon atom (Cg = +9) and every twice removed carbon atom (C, = -2). There are
even some corrections for Cg carbons, but they are generally smaller than the uncertainties in our estimations so we
will ignore those. Steric corrections are also necessary, have been simplified to integer values below.

eéc- There can be 0 to 4 Corrections for attached carbon atoms.

| * /—\ branches on any Co =9 ppm

o cot ey, cambonstom Cp=9pom
y & -2 ppm
C, Cs~ 0 ppm

etc.

The simplified equation for calculating a chemical shift for an sp® carbon looks as follows.
dc = (-2) + (O#HC, + #Cp) + (#C,)(-2) + (simplified steric corrections) ppm

Simplified steric corrections:
The attached C,, carbons are:

The calculated (make a correction for each attached carbon)
carbon atom is:

* primary secondary tertiary quaternary
primary 0 0 -1 -3
secondary 0 0 2 -8
tertiary 0 -4 -10 -15
quaternary -1 -8 -15 -25
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Method 2: sp®> Carbon Chemical Shift Calculations starting from a known carbon skeleton

Examples of real carbon chemical shifts in C; - C; alkanes are listed as possible starting points for calculation of
carbon chemical shifts in substituted molecules (all '3C shifts in ppm). Estimated values using the simplified

formula provided above are listed in parentheses for comparisons.
Cs skeletons

C, skeleton | C, skeleton | C5 skeleton C, skeletons 22.6 b 11.8
1 2 25.0
163 250 L a2 (23) o (12)
. a .

-2.3 5.9 158~ | 38N 25.4 141 344 223 31.9
(-2) ) (16) (14) (25) (14) (34) 23) (32)
C5 skeletons Cg skeletons X . 188 d
c : 29.0
a 229 279 206 0) 115 (g e 19.5
/\/\/ (32)
22.7 41.5 14.4 b 33.9
320 (RS @ @ g 36) 36 @)
C; skeletons b ¢ = example 192 d
a 229 293 . 00 141 11.4 20) 203 304 2179?
(23) (30) (23) (30) (14) (12) (21) (30)
/\/\/\
141 321 390 he 9.7 3;54 392 145 29.5 47.0 15.1
4 6 o8 40)  (23) ay @) i @) @y as
e 15.0 120 f g 26.2 h ' NA
: 22.9 48.9 (27) (27) NA
18.1 (12) (23) (48) 8.4 11.0 NA
(20) » W (10) (12) ‘(‘fo?; 34y (18)
: 25.6
(38) 269 328 334
28) e GH (53) 5 Gr

Ref. experimental values from: http://sdbs.db.aist.go.jp/sdbs/cgi-bin/cre index.cgi "
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oc = (-2) + NHC,, +#Cp) + (#C, )(-2) + (simplified steric corrections) ppm

Ctl C2 ¢c3 ¢4 Cs5 Co (7

¢ = example 192 start = -2 22 2 2 1—% -2
T 1iae at+p= 18 36 45 45 27 27
11.4 20) 203 = R S I,
Y
(12) 3 (21) steric = o -2 -8 -2 0 0 -1
1 6 calc. 0 = 12 30 33 39 21 14 20
34.4
29.7 39.2 14.5 — 29.7 39.2 20.3 145 19.2
(30) (33) (39) (14) exp. & 11.4 34.4
Simplified steric corrections: The attached C,, carbons are:

The calculated (make a correction for each attached carbon)

carbon atom is:

+ primary secondary tertiary quaternary
primary 0 0 -1 -3
secondary 0 0 ) -8
tertiary 0 -4 -10 -15
quaternary -1 -8 -15 -25
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ketone

aromatic

Examples of carbon segments from the
previous page are shown, separated by
various functional groups. Starting values
for 8¢ chemical shift calculations are listed
in each segment. These would be modified
by the substituent effects from the table on
the next slide.
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Slide 47

The following table presents many functional group correction factors. These will be applied to the
carbon atoms in the appropriate skeletons presented above that are near each functional group. Two sets
of correction values are provided for each substituent, depending on whether a substituent is at the end of
a chain (terminal) or in the middle of a chain (internal). These are provided in side-by-side tables that
follow (a. > > v ). With only a couple of exceptions, the and corrections are deshielding (positive)
and the corrections are shielding (negative). The correction factors are only reported to whole number
values because estimated chemical shifts are not generally reliable to more than a few ppm.

B 8 5 5
@ v Y 4 o ) Y
X = a substituent \/W
X 0 values are assumed to be zero. X
terminal substituent internal substituent
X is attached to a terminal carbon atom (ppm) § X is attached to an internal carbon atom (ppm)
Substituent = X C,, correction Cp correction | C, correction C,, correction Cp correction | C, correction
-CH=CH, 20 7 2 14 5 2
alkenes
-CCH - -3
alkynes 7 6 -3 ! 4
“CoHs 2 9 3 15 7 2
aromatic
-OH 10 -6
alcohol 49 42 8 -5
-OCH;
cther 58 7 -6 57 6 -5
-O,CR . 51 6 -6 47 5 -5
ester,oxygen side
NH,
- 21 8 4
1° amine 28 10 5
NH(CH;)
_ 2 -4
2° amine 38 8 > 3 6
N(:CH
Ij(’c. ) 45 5 -5 41 3 -4
3° amine
-RNOCR
amide,nitrogen side 26 7 -5 18 6 -5
-NO, )
e 61 5 5 55 1 5

* Chemical shift values based on ChemDraw calculations.
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X 1s attached to a terminal carbon atom (ppm)

X 1s attached to an internal carbon atom (ppm)

Substituent = X C,, correction CB correction Cy correction § C, correction CB correction C, correction
-F ) -
fluoro 70 8 7 62 3 7
-Cl ] P
chloro 31 10 5 38 10

-Br 21 4 4
bromo 10 29 10
I _
1odo -7 11 -2 9 1 2
-CH=0
- 21 -2 -
aldehyde 30 1 3 2
-CR=0 31 1 -3 23 1 3
ketone
-C(OH)ZO ” ) 3 17 | 5
acid
-C(OR)=0O . 20 5 3 s . ;
ester,carbon side
-C(NRz):O
- 1 1 -
amide,carbon side 25 3 4 7 3
-CN
nitrile 3 3 -3 1 1 3
-C(ChH=0 ) 4 1 _
acid chloride 33 26 3
-SH 4 5 P
thiol 1 10 6
-SR
sulfide 21 8 3 15 4 3

* Chemical shift values based on ChemDraw calculations.



carbon chemical shifts of 2-methylhexane and propan used in the example structure

We either calculate these

carbon shifts from scratch
or the '3C shifts are
experimentally available.

1

2

We either calculate these
carbon shifts from scratch
or the 13C shifts are
experimentally available.

C4
start= 12
"ketone" = 31

calculated 0= 43

ChemDraw. 6 = 37

C5
30

31
32

16 <«——
16

C7 C8
39 21

0 0
39 21
39 20

C9
14

14
14

C10
20

20
21

substituent in the middle

O

11
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Cl1
start= 16
"ketone" = 1

calculated o= 17
ChemDraw. 0= 18

C2

16
23
39

41

Cll1

16
1
17

18



oc = (-2) + ((HC,, +#Cp) + (#C, )(-2) + (simplified steric corrections) ppm

OH / 6 start = -2 -2 ) -2 -2 -2 -2
6 o+pB= 18 36 45 63 45 36 27

y = 2 2 6 2 4 2 4

steric = 0 -2 -8 -10 -11 -3 -1

1 3 5 6 subst— 48 10 -6 0 0 0 0
2 4 calc. o= 62 40 23 49 28 29 20

"OH" at the end exp. 8= 61.0 424 260 51.5 31.1 30.0 22.7

ct C2 ¢c3 ¢4 ¢ Co Cc71 (8

start = -2 22 -2 -2 -2 2 -2
at+p= 27 36 45 36 36 36 27 18
Y= -2 202 -6 -4 222 -2
steric = -1 -4 22 0 0 0 0 0
subst. = -4 7 42 7 -4 0 0 0
calc. 8= 18 35 81 35 26 32 23 14

exp. 8= 17.2 33.6 76.8 343 259 32.1 228 14.1

octane = starting values, modified by 2 chlorine

I S VN

14 23 32 30 30 32 23 14

I-Cl =31 10 -5
experimental 1 2 3 4 5 6 7 8 2Cl=10 29 10 -4
Oc= 48 61 35 26 29 32 23 14 55 62 35 28 30 32 23 14
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Here are some possible starting values for Cn cycloalkanes (ppm). Use the
internal correction factors from the table when calculating rings with substituents.

dc=-3 5c =30 5 =28
:: Sc =29
O =27 5 =26 5 =26
calc o¢ (ppm) exp ¢ Cp calc d¢ (ppm) exp ¢

Cy=30+21=51 53

C,=30-4=26 24

=28 +42 = 70
oc 8 70 CY Coc NH2
OH CB—28+8 36 36 Cg =30+ 8=38 36
=28-5=23 24 204
26

Cs =28+0=28
cyclohexane value
28 ppm (ChemDraw)
27.1 ppm (experimental)
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cyclopentane value
30 ppm (ChemDraw)
26.0 ppm (experimental)



Estimate ¢ for substituted structures using the starting alkane chemical shifts
alkane values

Iculated 1 2 3 4 5 6
Cac%ji 232
279 20.0
3.2 41.8 14.4

2
experimental 1 2 3 4 5 6 a By
Sc= 68 36 36 20 14 17 end OH 46 10 -6
b Br alkane values
3 calculated 1 2 3 4
S = 20.4 30.5
1 4 C
> 11.6
37.6
o B 30.5
experimental 1 2 3 4 end Br 21 10 -Zl 11.6
Oc= 38 43 25 11
C alkane values
O 5 calculated 1 2 3 4 5 16.3
3 1 YO 5 16.3 16.3
2
. a B v 66
experimental 1 2 3 4 5 end ester (C) 20 2 -3
Oc= 173 28 9 67 22 middle ester (O) 47 5 -5 \ 6.6
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Calculating Alkene '3C Chemical Shifts (ppm)

To calculate alkene carbon chemical shifts, there are two types of substituent corrections. The
alpha values are used when a substitutent is directly attached to the carbon and the beta values
are used when a substituent is attached to the other carbon of the double bond. Since there are

four bonding positions at any alkene it is possible that 1-4 corrections might be needed. S, /82
N
Correction factors for sp2 alkene shifts S C—C
\_/ /N
H\ /H Co=Cp H H
SN B / Ber = 123+ 5,(e) + S(B)
H U Oc = 123 + Z(all correction factors)
. . . 8C2 =123+ SI(B) + Sz((l)
alkene starting point = ethene S = is attached to an alkene carbon (ppm)
Substituent = X |C,, correction| Cg correction Substituent = X |C,, correction| Cy correction
H;C- -OR
methyl 12 6 ether, alkoxy 29 -38
CH;CH,- -O,CR
ethyl 1 -7 ester,O side 19 -26
CH;CH,CH,- 7 -NR,
propyl 12 enamine 24 -30
(H3C),CH- -NO,
isopropyl 16 10 nitro 20 -1
(H30)3C- i SR
t-butyl 22 13 sulfide 19 -8
-CH=CH, -CH=0
-7
alkenes 12 aldehyde 16 15
-CCH -CR=0
alkynes N 6 ketone 14 5
-C6H5 9 -C(OH):O 5
aromatic 12 acid 10
* X-CH,- ~12 ~ -6 -C(OR)=O 7 6
allylic X ester,C side
-F -34 -C(NR»)=0
fluoro 25 amide,C side 8 6
-Cl -C(C1)=0
chloro 2 -7 acid chloride 7 14
-Br -CN
bromo -8 -2 nitrile -16 13
-1
iodo -38 7

*X = Cl, Br, I, OH, OR
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* Chemical shift values based on ChemDraw calculations.
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ChemDraw values

b C d
c
128.7 i 97.4 20.8 ﬁ 0 136.8 N
L66.5 o 122.4 © 137.7 gz
Q§§§;///JL\\\ 52.0 Q§§§§7/// Q§Q§§,///PJ\\\ o X . AN 13;:0
@) 168.0 0 '
1301 142.4 107.3
5 142.6 138.6
; . ) h 128.7 ; i .
126.4 128.0
1279\ 197.7 63.6 1519 1ol =
86.3 Br 88.2
Y T NG N N Z
136.5 289 145 114.3 128.7 1o 1285 79.4
134.6 126.4 116.8
19.3 @)
123.7
55 1 163 2 197.7 14.0 149 2 170.6 137.9 J| 167. 2 132.1 60.2 )@3
\ O
98.4 1211 123.8 20.8
18 0 '
calculated
values

M w/k% AAX

123 123 123 123 123 123 123 123

ether= 29 -38 ethyl= 11 -7 methyl = -6 methyl= 12 -6

ketone= 5 14 acid= 5 10 ester,Cside= 6 7 methyl= 12 -6

total =157 99 total = 139 126 total = 123 142 allyl X = -6 12
total = 141 123 54
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Correction factors for sp2 aromatic shifts

aromatic starting point = benzene

Oc =128.5
Substituent=S  |ipso |ortho | meta | para
H;C- 1 0 -3
methyl 10
CH;CH,- 1o |-
ethyl 1 3
CH3CH2CH2- 1 0 0 0 -2
propyl
(H;C),CH- -
isopropyl 20 | -2 0 ;
(H3C)5C- . 3
t-butyl 22 3 0
-CH:CH2 7 2 0 -1
alkenes
-CCH
alkynes -6 4 0 0
-CeHs -1 -1
aromatic 8 !
* X-CH,- 10 [~0 | 1 |0
benzylic X
-F - 2 | 4
fluoro 39 13
-Cl 6 2 |-
chloro 0 2
-Br -5 312 | -1
bromo
1 )
iodo -34 9 2 !
-OH 30 _ 2 _
phenol 13 !
-OR -14 -
ether 32 ! !
O R 3 7 |3
ester,oxygen side
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meta

para

ortho

ipso

S

Oc = 128 + Z(all correction factors)

X is attached to an aromatic carbon atom (ppm)

Experimental values in parentheses.
CD values by structures. Calculated
values in equations.

1211

1297 148.4

134.9

= 128 +20 = 148 (148.3)
128 -7 =121 (123.5)
128 + 1 =129 (129.4)

128 + 6 = 134 (134.7)

1pso
6ortho
8meta

6para

114.3
@) 559
129.8

160. 7

1211

Sipso = 128 +32 =160 (159.7)
Sortho = 128 - 14 =114 (114.0)
Sumeta = 128 + 1= 129 (129.5)

Spara = 128 - 7= 121 (120.7)

122.1

115.2
140. 7

1668
55.9 O

122.1

115.2
-NO, -OR

Substituent =S | ipso |ortho | meta| para
NR, 16 | -15] 1 | -10
amines
 CRNOCR -1y | 71 0 | 4
amide,nitrogen side
-NO, 20|71 |6
nitro
-NO 40 | -7 |1 7
nitroso
-SH
thiol 2 [ ] ] 3
-SR
sulfide 8 210 3
-SOR 1
sulfoxide 17 | 3 3
-SOR oo 1|5
sulfone
-CH=0
aldehyde 8 1 1 6
-CR=0 8 1o |0 | 4
ketone
-C(OH)=0
acid 2 2 0 6
-C(OR)=0
ester,carbon side 2 1 0 5
-C(NRy)=0O 5 | -1 0o | 3
amide,carbon side
-C(C1)=0
acid chloride 5 3 1 7
-CN
nitrile -16 4 1 S

*X =Cl, Br, I, OH, OR
* Chemical shift values based on ChemDraw calculations.

5, =128 +20 - 7=141(141.6)
§,= 128 - 7 +1=122(125.9)
§;=128 +1 -14=115(114.1)
5,= 128 +6+32=166(164.8)
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Experimental and ChemDraw values

a O b O C O d O
130.3 129.9 128.8
1985 172.8 129.9 191.0 166.0 136.8 199.8
' OH 129.3 1369 128.7 0/51 g 1287
129.4 H 130.2 ' 003
133.8 134.6 133.1 133.2
0o £ as - 799 h i
: = 132.3 . 115.9 114.3
1275 .., ll16s1 1295 1126 Z % OH 0. 55.9
128.9 ' NH ' 115.8 1284 130.2 129.8 N
2 122.7 158.5 160.7
132.2 1331 1285 121.4 121.1

n (@)
1225 | ®
N
116.8 \O@ 122.
141.0
HO 164.6
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Splitting patterns: H/H and H/C coupling
Zero neighbors
1.[JProton(s) with zero different nearest neighbor protons do not have any perturbations of their special B,
(AEy, f1ip) due to their surrounding environment. Equivalent chemical shift protons (homotopic and enantiotopic)
appear all together as a single peak. A special-case rule, where all the coupling constants are equal (usually

3T vicinal = 7Hz) is called the N+1 rule, where N is the number of neighbor protons and N+1 is the number of peaks
observed. With zero different neighbor protons, the N+1 rule correctly predicts there will be one peak.
Zero
neighbor : .
protons <— increasing , v. ——
—
[ YT
observed C—C
proton type | | AE,, Iﬂip proton AE (observed) = AEy, flip proton
(CH;, CH,, CH) .
ﬂ N + 1 rule (N = # neighbor protons)
#peaks=N+1=0+1=1 peak
B, e
The energy of any type of proton can be modified by . _ .
neighbor protons, which act as little magnets. In this A single peak is called a singlet = s.
example there are no neighbor protons and only a single
energy transition is observed for the observed proton(s). Lrun
—
Remember., we see this one, but S (ppm)
~ 50/50 population distribution. Some proton examples with zero proton neighbors:
E,= i i ..... 10,000..... — (ljl . : //N |(|) tricky ?
H Br H,
BE= 44 1000041 |t c e C C Br
— — .....10,000 +1..... SN
a” H/ \H ch/ \CH3 Br c -
2
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One Neighbor -

Proton(s) with one nearest neighbor proton are split into two equal populations (like flipping a coin, heads or tails). This can
be vicinal (*J=7 Hz) or geminal, when different (2J=12 Hz). With one neighbor the N+1 rule correctly predicts there will be
two equal area peaks separated by distance in Hz, called a J value or coupling constant.

one
neighbor

proton
—

The observed proton
type (CH3, CH,, CH),
H,, sees every nelghbor
proton as 50% up and ﬂ ‘
50% down.

AEto ﬂ1p proton

B

(o)

Protons in this environment have a small additional

increment added to the external magnetic field, B,, ——

and produce a higher energy transition by that tiny
amount. It is slightly more deshielded.

~— increasing 0, Vv

—C C— TQ.

:

| perturbation(s) by
neighbor proton(s)

AE, (observed)

<~y (Ho) —

(coupling constant)

___________ Like flipping coins,

@ @ —— |Hvs. T (= 50/50)

N + 1 rule (N = # neighbors)

#peaks=N+1=1+1=2 peaks
Two equal peaks are called a doublet = d.

AE, (observed)

Protons in this environment have

a small cancellization of the external
magnetic field, B, and produce a
lower energy transition by that tiny
amount. It is slightly more shielded.

-/

# of bonds
between —3y (g i

Z) Identity of
interacting ta (H2) intera?[,ing
nuclei. nuclei
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d (ppm)

AE4 fiip 1 = 300,000,000 Hz
J‘[ypical - (AE) =7Hz




A splitting tree shows the coupling pattern.
@ The ratio of these two

populations is about
+/JL\+

50/50 (or 1:1). Jis the

between these two states
M in Hz. For common sp3

vicinal coupling J = 7 Hz.

tiny energy difference
J values do not change when moving from
instrument to instrument. The Ad values in a
multiplet only depend on the neighbor atom,
as a very small magnet. Because J values are
the same on all instruments (and very small)
they are always reported in units of Hz.

Some examples with one proton neighbor:

. o H -=— neighbor
neighbor ” Br\l

C
+ C PN
H/ \CH3 Br CH3

* obs'd
obs'd
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Doublets are possible when geminal, sp> or sp? (when
diastereotopic). sp’ vicinal coupling or sp cis or trans
coupling is also possible, when heterotopic.

H Rl Ha

R////"C/ * sp’ geminal N sp? geminal
. Up~12Hz / \ 2Jp~2 Hz
H, *=chiral center R, H,
Ha Hb Ha Hb Rl Hb
| | Rl R2 Ha R2
Ry R; 5 .
sp> vicinal Sp~ c1s sp? trans
2
3y, ~ 7 Hz Jap ~ 10 Hz 2Jp~ 17 Hz
neighbor — neighbor
I|{ y N &obsd I|{ N
=z Z
B C C 74

r\c/ \C/ 5 O €

| T

neighbor
Br obt' d H =~ & obs'd
59



Two Neighbors Example
Protons with two nearest neighbor protons split into four populations (like two coin flips). The N+1 rule works when J values are
equivalent (J;, = J1p).

. ~— increasing J, v
two neighbor £9

protons A
@ }|1 ____________ b ) L“__Hi __________ N + 1 rule (N = # neighbors)
H,

- #peaks =N+ 1 =2+ 1 =3 peak
The observed proton — T peaks peaks

type (CH3, CH,, CH), |
H,, sees every neighbor AE, AE, AE;
proton as 50% up and

50% down, like flipping

AEq, flip proton Three peaks in a 1:2:1 ratio are called a triplet =t.

a coin. B )
(o]
Two lectl}lal eﬁergy The ratio of these four populations is
@ @ Two neighbor protons are like A4 POpUIAtons fiere. 1:2:1. If all J values are equal, the
—C C ;\;Vrgr?;?lufé?ﬁ%f;:iﬁgtvsggsbe IR 1) middle populations will fall on top of one
(similar to flipping a coin twice). * Y¥ ~J (Hzy>[{=~J (Hzy> another and the N+1 rule works. Jis
Like flipping coins? the tiny energy differnce between
HH ' these states in Hz. For common
HTT:TTH T vicinal coupling *J ~ 7 Hz.
5 (ppm)

Two nearest neighbor protons really produces a doublet of doublets = dd. (when J;, = J;;, we call this a triplet =t)

splitting tree The N+1 rule works when J, = J;3.

two neighbor
Q @ H, profons # peaks =N + 1 =2 + 1 = 3 peaks (= triplet)
_ L Hy o
The observed | | Vol Wy ~<J (Hz)y> m

proton Hj, The ratio of these four
W populations is about 1:2:1.
B,

I
6 (ppm) 60
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When the coupling constants are different (J;, # J;,), all four peaks will be observed as two
sets of doublets called a doublet of doublets (dd), which are approximately equivalent in size.

splitting tree

When the J values are not equal

all four peaks are observed. The
ratio of these four populations

J1, - measure peak 1 to peak 3
Jy, - measure peak 1 to peak2 ¥ J1a |

doublet of doublets = dd ﬁb .

IfHT # TH
HH
HT yuUuvu

TH |
A d (ppm)
Some examples with two proton neighbors:
CH,
n : o
2
c_ b B _~O—cH
CP ~7N C C
H™  CH, Br CHy 7 g
| LR
Br N+1 rule works
N+1 rule works 3] ab = 7 Hz N-+1 rule works

3= Jpe = 7THz
3J,.~0 Hz
(all are triplets)

3.~ 2 Hz
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is 1:1:1:1. Draw splitting trees
with the largest coupling at the
top and the smallest coupling at
the bottom. That way the lines
don't overlap.

Jla> Jlb

Br )
\/

/ N
C 7
~ N
//C C
R
H;, Hp

* = chiral center
N+1 rule does not work
assumed
Jya1p~ 12 Hz
Nap= “Tipp~ 7 Hz

Hl: H2 and H3 all
have two different
H neighbors.

)

H,

N+1 rule does not work
3J1’2 ~ 10 Hz (cis)
3J1,3 ~ 17 Hz (trans)
2J2’3 ~ 2 Hz (geminal)

61



Three Neighbors

Protons with three nearest neighbor protons split into eight populations (like three coin flips). Neighbor protons can be on the same
carbon, or two on one carbon and one on another carbon, or one each on three separate carbons. With three similar neighbors the
N+1 rule correctly predicts there will be four peaks in a 1:3:3:1 ratio.

1
‘way ~<— increasing 6, v ——— N + 1 rule (N = # neighbors)

i A 3
thregrgf(l)%lslbor f r ways # peaks=N+1=3+1=4 peaks
— H, ... B . SO N B
| y ways
'

—_ 1

The observed proton ——C—C—H,, ‘ A A iway

type (CH29 CH), IL AEto flip proton

H,, sees every neighbor c AE AE

proton as 50% up and ! 2 AE; AEy

50% down, like flipping W ‘ |

a coin. L

B, Thre? equal energi The ratio of these populations is about
~ ~ populations at eac 1:3:3:1. If all J values are equal, the

Three neighbor protons are like three of middle transitions. middle peaks will fall on togl of one

small magnets that can be arranged
eight possible ways (similar to flipping MY AW YA

a coin 3 times). WA b
Ay
@ @ Y J\‘

another and the N+1 rule works. J is
the tiny energy differnce between these
states in Hz. For common vicinal

coupling J = 7 Hz.
C—C Flipping coins? I
HHH
‘ @ HHT, HTH, THH o (ppm)
?%% THT, TTH Three peaks in a 1:3:3:1 ratio

are called a quartet = q.
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Three nearest neighbor protons to Hp.veq (Hy) really produce a doublet of doublet of doublets = ddd. Proton H; is split
into two populations because of neighbor H, and each of those populations is further split into two populations because of
Hy, and each of those populations is further split into two populations because of H,, (2 x 2 x 2 = 8 populations). The eight
peaks look like four because the coupling constants are the same and the middle peaks continue to fall on top of one another.
If it were not for the coincidence of identical coupling constants, we would be able to see all eight peaks (populations).

litting t
spiitung tree If J;, = Jip = J;. then the N+1 rule works.

three neighbor N + 1 rule (N = # neighbors)

protons Y
Q — @ }|Ia | ha | # peaks = N + 1 =3 + 1 = 4 peaks (quartet)
3

/\/
—C—C—H, V1 +|+ o ¥

The observed | | | | 1 1
proton H; H =
(CH;,CH,,CH) ‘ *mlc ALRRUP
ﬂ The ratio of these eight
[§a8a0511 Jsuun

populations is about 1:3:3:1.

B, [
. . . 6 (ppm)
Some examples with three proton neighbors and the N+1 rule works:
N2 Niz H < N=2
N3 ﬁ N7l N=3—>H, N2 H t: ¥ o CH H) |
+ C * C 3 \C/ N, C C N Br
1, B CH H, 1, B \%/ c
N+1 rule work N+1 rule work N |
rule works rule works N+1 rule works Br
J=2 Hz J~7Hz J~7Hz N+1 rule works
J=7Hz
63
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The splitting tree below shows what can happen when all of the coupling constants are different, called a doublet of doublets
of doublets (ddd). Each peak will be approximately the same size (1/8 of the total area). The splitting tree is drawn using the
largest coupling constant first and then the smaller coupling constant(s) so the lines don't overlap.

splitting tree When the J values are not equal

all eight peaks are observed. The

ratio of these eight populations
J1a - measure peak 1 to peak 5 is 1:1:1:1:1:1:1:1. Draw spltting
J1p - measure peak 1 to peak 3 i trees with the largest coupling at
J,. - measure peak 1 to peak 2 Jia the top and the smallest coupling

7 at the bottom.
R lb(L Jia” J1o > Iy,
doublete of doublet Two additional variations of 8 peaks when two of the J values

of doublets =ddd 71

JMMMJM

H, = ddd, I=17,10,6 5 (ppm)
H, = dd, J=10,2
H3: dd, J:17,2 Hla = Hlb = ddd, J:12,7,2
H4 = d, J=6 H2 = t, J=7
H, o H;=tJ]=2
o Bry -
/C\ P \C/ C//C
Hy C Hy P o N
! WA
! Hy, Hyp
N+1 rule does not work * = chiral center
3J1,2 ~ 10 Hz (cis) assumed

3J1’3 ~ 17 Hz (trans) 2J137lb ~ 12 Hz
2J2,3 ~ 2 Hz (geminal) 3J1a,2 ~ 3J1b,2 ~7Hz
3J1’4N6HZ 4J1a’3zJ1b’3z2HZ

Slide 64

are equal to each other, but not eaqual to the third J value.

triplet of doublet of
doublets = td triplets = dt

J1a= Jip > Ty, Jia> Jiv = Ty
splitting tree sphttlng tree

l

ch ch ch

M]\m MM\M

o (ppm) 5 (ppm)
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Examples where the N+1 rule works. (These are all the possibilities I can think of using typical vicinal coupling, J=7 Hz.)

@ = group without any coupled proton(s)

@ = observed proton

I = integration (number of protons)
N = number of nearest neighbors

N=0 N=1 N=2 N=3 I|{ O /.
H
S P R A ol & P m
o —o c—cC c—C —@ (|2—CH ®—C—cu, | CH—(|3—CH
L CH o
L CH e e J CH
s, J=none d,J=7 t’_J:7 ./ \. J=7 ./ \.
I=1H I=1H I i
N=0 -1 N=2 N=3
singlet doublet 1 triplet 1 quartet
& = calc or exp & = calc or exp d = calc or exp & = calc or exp

e T LD

@ —C—CH; .—(|:—CH2 —C—CH, Q—T—CH3 ‘CH_T_CH3 CH_T_CHz
CH CH CH CH, CH ‘ CH,
« o &, e e o ¢ o ¢
il T
N=5
| | | | | quintet | sextet
= calc or exp 5 = calc or exp
TP D AT e @ «
.—(|:—CH3 CH—T—CH3 H2(:—(|:—(:H2 CH—T—CH3 HZC—T—CH3
CH, / H,C CH, CH, CH,
,1=7
sep,J 7 \. ./ O(I:tle ./
N=7

N6

4 = calc or exp

septet

il [l e

4 = calc or exp
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Pascal's triangle = coefficients of variable terms in binomial expansion (x + y)",

The coefficients of the
. polynomials appear in
Pascal's triangle.

n = integer (x +y)", n = integer A
(x+y) =1
x+y) = Ix+1y
(x+y)? = Ix>+2xy + 1 y?
(x+ y)3 = 1x°+ 3X2y + 3xy2 +1 y3
etc. -

Multiplets when the N + 1 rule works (all J values are equal).

— 0
s 1 peak = 100%

s = singlet I 1peak=50%

~

Relative sizes of the peaks in

multiplets (% edge peak

S shown). As the multiplets get
larger, it gets harder to see

the edge peaks so you have

to be careful interpreting

large multiplets.

The N+1 rule works when the J
values are equal and the middle
peaks fall on top of one another.

Protons spinning up
\- and down is like

- flipping coins (H/T).

-~

d= dpublet 1 1 pa peak =25%
t= triplet 1 2 1 1 peak = 12%
1= quar.tet b3 31 Vs 1 peak = 6%
qnt = quintet 1 4 6 4 1 | peak = 3%
sex = sextet 1 5 10 10 5 1 L I peak — 1.5%
sep = septet 1 6 1520 15 6 1
oct=octet | 5 5 35 35 21 7 | & 1 peak = 0.8% _/
_____ H.Op§e~rved
“““““““ H =spin uI;\..\"'“*~
.- H . ) T = spin down “‘_T..\
JH T i
H T H e

Combinations of these are possible.

T -=— three neighbors

/

dd = doublet of doublets; ddd = doublet of doublet of doublets;

dddd = doublet of doublet of doublet of doublets;
dt = doublet of triplets, td = triplet of doublets; etc.
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Examples where the N+1 rule works and where it does not work. Coupling constants have a range of values, however these are

the only values used in our problems.
sp> geminal
H
///// /
oY

Geminal sp® protons, (twins), are on

2J~ 12 Hz

* = chiral center or
cis/trans in a ring

the same carbon, and 2J values can
range from 0 Hz when equivalent
to quite large, near 20 Hz, when
diastereotopic. When present, we
will use 2J =7J gem = 12 Hz as our
typical value.

Vicinal protons (neighbors, Latin) are
on adjacent carbons and 3J vlaues for
freely rotating neighbors are typically
around 7 Hz. In more rigid systems >J
values can range from 0 Hz to over 12
Hz. We will use 3J = I i, = 7 as our
typical value.

I|{ ‘ }|I sp> longer range
4T~ 0Hz

We can usually ignore 4 bond coupling
(and higher) because any coupling is so
small we can't see it. However, when
special conformations are rigidly held
(e.g. W coupling) there may be small J
values of 1-2 Hz (very rarely can be as
high as 7 Hz).

R,
Ha
| 3Ja(cis) = 10 Hz R, Ha 35, (ortho) ~*Jyc(ortho) 3 4(ortho) ~ 9 Hz
C H
P T 4 N We assume these are zero
R (lj Jac(trans) ~ 17 Hz Jac(meta) ~ 0 Hz } in our problems, though
2 2 T A H 5 ~0H small meta and para
H, Joe(sp” geminal) ~ 2 Hz Hy b Tag(para) ~ 0 Hz couplings are possible.
HC
0 OH, NH and SH usually exchange too fast to couple
0 H, . ,
|| || | to neighbor protons and appear as broad singlets.
C CR, 0
/C Hb Ha/ \C/ P C/CRZ 0 R/ \H 0) R
2 ’ C/ ” alcohols ” ’
Hy Ha/ /C phenols /C - /N\H
3 ~ :
Jab ~2Hz Jbcab & 6 Hz Jab ~2Hz carboxyhc R/S\H amldes amines
. . . acid : (1° & 2°) (1° & 29
Consult the following table (p.67) for typical coupling constants (J values). thiols —
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H . Ha Hb
“m,, , " Range Typical | | Range Typical 0 = dihedral Range Typical
C H, H, 1
/ AN —C—C— angic H
Hy, 0-30Hz 12Hz 6-8Hz 7Hz é_é 0-12Hz 7Hz
. . vicinal coupling
Geminal protons can have different Vicinal prtons are on adjacent | | depends on dihedral
chemical shifts and split one atoms, when freely rotating H angle, see plot of
another if they are diastereotopic. coupling averages out to about 7 Hz. Karplus equation, p 41
Ha Hb H Ha Hb
| | | Range Typical \ / a \ _ /
—C—C—C—— c=—C Range Typical c—C Range  Typical
| | | 0-7Hz  OHz / / \
H, 0-3 Hz 2 Hz , 5-11Hz 10Hz
Protons rarely couple through 4 sp* cis (acylic) coupling
chemical bonds unless in a special, sp? geminal coupling (always less than the
rigid shape (i.e. W coupling) trans isomer)
N/ e moe |\ e v | = .
C:C/ Range  Typical = C/ Range Typical C—C Range Typical
/ \ 11-19Hz 17 Hz \__u H/ \C/Hb 0-3Hz 1H
H, /c/ b 4.10Hz 7Hz a pd N 2z z
sp? trans coupling (always sp? / sp3 Vicinal>u lin cis / allylic coupling, notice
larger than the cis alkene) P~/ SP ping through 4 bonds (not used
in our simulated spectra)
H, C C H
\_/ \ . L
c=—C Range Typical \_ Range  Typical A Range Typical
\ — —C—C
/ i /N
c—Ho 9-13Hz 10Hz | \ )
P \ 0-3Hz 1Hz H H \O 1-3Hz 2Hz
trans / allylic coupling, notice through 4 sp? vicinal coupling (differen pi bonds) |sp? vicinal aldehyde coupling
bonds(not used in our simulated spectra)
H, H H
H, Hy R Typical | ' | b R T
- —=C— ange ical _ ange
\C— C/ Range Typical c C=C—mH, =Mt pEE —C—C=C—C— ~anee
- 2-3 H 3H
C// \\O S8l 6 / - 23Hz 2Hz z z
sp / propargylic coupling, . . .
3 . . notice through 4 bonds bis-propargylic coupling,
sp” vicinal aldehyde coupling notice through 5 bonds(not
used in our simulated spectra)
ortho,metaand —> H Range Typical

para coupling to H
this proton, N

only ortho coupling
is used in our
simulated spectra Hpara

° ortho 6-10Hz 9 Hz
meta 2-3 Hz 2 Hz
Hpeta para 0-1Hz  O0Hz

When J values are less than 1 Hz it is often difficult to resolve
the peaks and a peak may merely appear wider and shorter.
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Exchangeable protons appear as broad singlets (OH, NH and SH). H, and Hy, below, see both R,
and R, faster than the NMR sees each proton. R; and R, do not have time to couple with the
exchangeable protons, so the signal is a blur of up and down spins, which appears as a broad singlet.

R; H, Hy b 2 R,
3.53 2.65 Exact Mass: 75.07
2H,t 2H _
J=7 J=’7t 21|:|,7ql:r1t M+ = 75.07 (100.0%),
J=7 M+1 = 76.07 (3.8%)
2.0
_ 3H, brd s
M
H2N 1.74 OH
2.0 2.0

2
PPM
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The N+1 rule works for C-H bonds when fully or partially coupled, but there is a more modern way to see the same
information (called DEPT = distortionless enhancement by polarization transfer).

0 proton neighbors
carbon peak = singlet
(quaternary carbons)

1 proton neighbor
carbon peak = doublet
(methine carbons)

singlet = s doublet=d

No Jcy coupling Jcy =~ small when

R i

1 2 proton neighbors © 3 proton neighbors
E carbon peak = triplet 1 carbon peak = quartet
i (methylene carbons) ! (methyl carbons)

quartet = q

triplet =t

Jcy = small when 1Ty = small when

off resonance H - off resonance ! fo resolnzcllnce

R decoupled / : decoupled : ecouple
R—(|:—R — | \R 5 :
\ —— R—C—H E E
R X R : :
/ \C_R O_C/ L / /H / \ E ——CH, i
T O_C\ O—C C—H E E
R R — ;
R : :
X=0,N,CLS: : ;

-CHj; example

ey (full) ~ 140 Hz ey (off resonance) ~ 10 Hz ey (decoupled) ~ 0 Hz

] Il |
6C 6C 8C
3C NMR "HNMR 3¢ NMR MR 3¢ NMR VR
C and H couple, no coupling

N+1 rule works C and H couple,

N-+1 rule still works

f

C and H coupling is
reduced when irradiated
near the proton region.

C and H are decoupled when

the proton region is irradiated.)
All carbons appear as singlets.



DEPT = distortionless enhancement by polarization transfer (all protonated Cs appear as single peaks)

p-butylbenzaldehyde diethyl acetal

DEPT-135 shows CH and CH; carbon atoms up and CH, carbon atoms down.

I I ] ! | I i I I I I ||I
150 140 130 120 110 100 90 80 70 lgy 50 40 1130

ppm
DEPT-90 shows CH carbon atoms up .

off
resonance

data

143.0, s
136.4, s
128.2,d
126.5,d
101.7,d
61.0, t
354,t
33.6,t
22.3,t
15.2,q
13.9,q

I | I I I I I I I I I I I I I
150 140 130 120 110 100 90 80 70 . 50 40 30 20 10

ppm
13C NMR shows a peak for each type of carbon. (4° carbon peaks tend to be smaller.)
3 4 6 10
5 78 9 11

1 2 solvent | | | |

I | | I I I I I I I I I |
150 140 130 120 110 100 90 8 70 60 50 40 30 20 10

ppm

C 1 5H2402

— OOV WN K WN—
| O | B T
(@)

—

(e

— —
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Predict a proton NMR (chemical shifts, integrations and multiplicities).

Slide 72

1

H

O

11 @)
7
4
1 2 3 4 5 6 7
8 9 10 11 12 13 14
15 14 16 17 18 19




Predict a proton NMR (chemical shifts, integrations and multiplicities).

L H Q : 3 0
\ 6 Ov\
H N 8 13
| 7a,b 17 19
2
3 4 H
15
Uotnad |2 wmdd [P Hdd |4 |5 gy, |6 RS |7a ldg CaoHy NO
J=17,2 J=10,2 J=17,10 brd s J:’7 “ ”_ ”> Exact Mass: 389.22
11/ |
[ I I [ ] ~ | |I1 .5I| " M+ = 389.22 (100.0%),
- ’ ' M+1 = 390.22 (24.4%),
5.2 5.2 52 0.9 2.0 0.4 B
10 05 13 0.4 o1 0.5 M+2 =391.23 (3.9%),
6.2 5.7 6.5 o~ 5-8 13 3.6 2.1
7b 1H,dq |g 2H,t 9a 1H,dd | 9b 1H,dd |10 1H,oct |11 3Hd 12a 1H,dd
J=12,7 =7 J=12,7 J=12,7 J=7 J=7 J=12,7
|||| |||| ||| |||| |||| I||||||| || ||||
1.2 1.2 1.5 0.9 1.2
2.1 0.1 2.9 4.2 0.4 0.1 1.4
-0.3 1.1 0.1 -0.3 0.3 0.1 0.1
1.8 ES 42 3.9 22 T1 2.7
12b 1H,dd |13 1H.d 14 1H,t 15 1Hd 16 1H,s 17 2Ht |18 2H,sex [19 3H.t
J=12,7 =9 =9 J=9 | =7 J= =7
1] | i | il TR 1!
73 7.3 7.3 7.3
2.7 0.6 0.1 0.2 0.6 1.2 1.2 0.9
03 -0.4 -0.1 -0.5 -0.5 2.7 0.6 0.1
2.4 7.5 7.3 7.0 7.4 3.9 I.8 [.0
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0.96

1.75

<
©
™

6.17 H

7.23

© T~

eI © =~

=™ I Il
N ommD

2.25
2Ht

J

2.38
1H,dd
J=12,7

oN
<3S
N
WL
SN i
So
o STy "~
s =
A”H,_W_ ...................
©S5
- L0 T o)
Do BHF
- o
NEL ST
o0 ™~
4H.. |||||||||||||||||||
N~ 5|G..9 \\\\
STl
N
n
o2
o=
I
=
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Predict a carbon NMR (calculate chemical shifts where possible and estimate when not)

H O

P possible
starting points

b C d e f g 14 25

\/\

25 14
25

25
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Predict a carbon NMR (calculate chemical shifts where possible and estimate when not)

@

\
H a ¢
b
H
® peer| © pEpT pept| ¢ pepr|®  peer|!  DEPT|®  DEPT NN
123 77 | 123 L L L 25 T | ¥ T 25 14
B T e e R R TR T
I L I TN eI e R I R O o
b pepr|'  DpEpT) DEPT DEPT DEPT peer|™  DEPT| 25 25
_las ] as L] 25 | 25 128 16
8~ 170+ | Sl L 6 ? e 3% 5o~ 200+ 513 RN
R T e N R 8 16
1 1 1 il e L L
°  peerlP  pepr|d DEPT|T  DEPT|S  pEprlt  pgprlY DEPT|Y  DEPT
1281|128 L s | 128 — | g L 6 T 16 T e e
0 4 0 0
7 1 1 1 -14 1 32 -14 | 58 7 — | 6 —
122 29 | |TI8 ) |Te0 | | T | |A | B |0 |
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1731 721 46.7 137.4
* *

120.4
* = quaternary carbons (4°)

Top spectrum = DEPT-135 '3C NMR - CH; and CH appear (up) and CH, appears (down)

I | I | I | I | | | | | I I | |
200 190 180 170 160 150 140 130 120 110 100 90 80 70 60

Middle spectrum = DEPT-90 '*C NMR - only C-H appears (up)

| | [ I | | [ | T 1 I | | | |
200 190 180 170 160 150 140 130 120 110 100 90 80 70 60

Bottom spectrum = proton decoupled *C NMR spectrum - shows all types of carbon
solvent

200 190 180 170 160 150 140 130 120 110 100 90 80 70 60
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*200.1
*173.1
*166.4
*157.4
*137.4
131.1
129.3
129.0
120.4
118.8
113.1
72.1
71.1
46.7
43.6
32.8
28.5
28.1
22.7
20.8

16.7
10.4
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Interpretation of H and C NMR

Exact Mass: 60.06

3.53 0.96
2A. 304 M-+ = 60.06 (100.0%),
B N+1 M+1=61.06 (3.4%)
rule works
2.0
(except exchangeable 1.52
proton) /\/OH
1.52
- 2H sex 0.96 3.53
J=7
2.0 25.3
1H,brd s /\/OH
| 3 2 1
PPM
DEPT-135 (CH;, CH = up)(CH, = down)
[ I I [ I I I I [ [ I I [ I I I I I I I I
200 190 180 170 160 150 140 130 139 110 100 90 80 70 60 50 40 30 20 10 0
DEPT-90 (CH = up)
I I I [ I I I I [ I I I I I I I I I I I I
200 190 180 170 160 150 140 130 130 110 100 90 80 70 60 S0 40 30 20 10 O
13
c solvent 65.1
I | o1
10.1
I I I I I I [ I I [ I I I I I [ I I [ I [
200 190 180 170 160 150 140 130 10 110 100 90 80 70 60 50 40 3 20 10 O 78
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Interpretation of H and C NMR

Exact Mass: 121.97

1.74
6H,d M+=121.97 (100.0%),
_ Nt J=7 M+1=122.98 (3.3%),
1 K M+2 =123.97 (97.3%),
Tule works M+3 = 124.97 (3.2%)
Br
3.78
378 1.74 1.74
1H,sep Br
- J=7
M 445
L
3 0
pBM 29.0 29.0
DEPT-135 (CH3, CH = up)(CH, = down)
I I I I I I I [ [ I I I I I I I I I I I
200 190 180 170 160 150 140 130 120 110 100 80 70 60 50 40 30 20 10 O
DEPT-90 (CH = up)
I I I I I I I I [ I I I I I I I I I | I
200 190 180 170 160 150 140 130 120 110 100 80 70 60 50 40 30 20 10 O
13
C solvent 44.5
29.0
Il
I I I I I I I [ [ I I I I I I I I I I I
200 190 180 170 160 150 140 130 120 110 100 80 70 60 50 40 30 20 10 0 /9
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Interpretation of H and C NMR

Exact Mass: 137.97

1.79
3Hd M+ = 137.97 (100.0%),
J=7 M+1 = 138.97 (3.4%),
M+2 = 139.97 (97.5%),
B Nt M-+3 = 140.97 (3.3%)
N+ 1 rule rule works Br
does not work
2.0
—_— 3.69 OH
412 3.87 3.69
- 1Hdd e 1 sex 179  4.12:3.87
J=12,7 e -
1H,brds Br
Jb 52.7 OH
4 3 2 1 0 22.8 71.2
PPM
DEPT-135 (CH;, CH = up)(CH, = down)
I I I I I I I [ [ [ I I [ I I I I I I I I
200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 O
DEPT-90 (CH = up)
I I I | I | [ I [ I I I [ I I ] I I I I [
200 190 180 170 160 150 140 130 130 110 100 90 80 70 60 50 40 30 20 10 0
13C
71.2
solvent 557
Il 22.8
I I I I I I I [ I [ I I I I I I I I I I I
200 190 180 170 160 150 140 130 1p09 110 100 90 80 70 60 50 40 30 20 10 080
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Interpretation of H and C NMR

Exact Mass: 100.05

1.30
3H 7t M+ = 100.05 (100.0%),
= — [
N 1 e M+1 = 101.06 (5.6%)
does not work N+1 6.43
- A 4.19 rule works H o
e N 2H,q 4.19
6.05 =7 R VNN
J=17,10  5.80 H
6.43 V7
. ! 1H,dd 6.05
1H,dd o
=172 ¢ 97102 H O
61.4
130.2 A 0665
M “ J H o
128.3 14.2
| 6 5 4 3 2 | ] 0 H
PPM

DEPT-135 (CH;, CH = up)(CH, = down)

I I I I I I I I I I I I I I I I I I I I I
200 190 180 170 160 150 140 130 10 110 100 90 80 70 60 50 40 30 20 10 0

DEPT-90 (CH = up)

[ | | | | [ | [ | | | | | | | | | | | | |
200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 O

13C 166.5
solvent 130.2

128.3
||||

| 61.4
| | | | | | | | | | | | | | | | | | | | ’

4.2
id 200 190 180 170 160 150 140 130 10 110 100 9o 80 70 60 50 40 30 20 10 0 8k
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Exact Mass: 100.05

N+l N+1
rule works rule works
297 M+ =100.05 (100.0%),
1H,oct e M+1=101.06 (5.6%)
J=7 ;
J=7
_ : (@)
N+ 1 rule E 2.38
does not work : 2.13 (@)
N+ 1 rule ' N+ 1 rule 9 27
439 414 does not work + does not work : 4.39
- 1H,dd 1H,dd 238 | 2.13 1.06 4.14
J=12,7 J=12,7 1Hdd : 1H.dd O
J=12,7 ! J=12,7
176.1
40.1 0
B 23.0
77.3
4 3 2 0 22.0
PPM
DEPT-135 (CH3, CH = up)(CH, = down)
| | I I | I I | | I | I I I I | | I [ I [
200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0
DEPT-90 (CH = up)
| | | I | | I [ [ I | | I | I | | | I [ [
200 190 180 170 160 150 140 130 yp0 110 100 99 80 70 60 50 40 30 20 100 4564
77.3
3¢ 40.1
23.0
| solvent | | | || 22.0
| | I | | I I [ | I | I ] I | | [T [ |
200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 052
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Interpretation of H and C NMR

N+1 Exact Mass: 88.01
rule works
M+ = 88.01 (100.0%),
355 N+ 1 rule N+1 M+1 = 89.01 (4.4%),
2H.t does notwork  rule works M+2 =90.01 (32.0%),
J=7 2.31 1.82 M+3 =91.01 (1.4%)
2H,td 1H t
J=7,2 J=2 2.31
- ‘ Cl
‘ 4 3.55
H
1.82
22.8
I 86.1 Cl
L 69.7 % e
3 2 1 0 H
PPM

DEPT-135 (CH3, CH = up)(CH, = down)

I | I [ I | [ I [ I I I I I I [ I I I | I
200 190 180 170 160 150 140 130 1309 110 100 99 80 70 60 50 40 30 20 10 0

DEPT-90 (CH = up)

I I I I I | I I | I I I I I I I I I I I I
200 190 180 170 160 150 140 130 10 110 100 90 80 70 60 50 40 30 20 10 0

86.1
69.7
‘ | 425

22.8
I | I I | | I I I I | | | | I I | | I | I
200 190 180 170 160 150 140 130 1p9 110 100 90 80 70 60 50 40 30 20 10 0 83
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Interpretation of H and C NMR

Exact Mass: 130.05

N+1
rule
N+ 1 M+ = 130.05 (100.0%),
N+ e | orks M-+1 = 131.05 (6.6%),
- rule Wg;ks does not gﬁ? M+2 = 132.04 (4.5%)
1. Kk :
2H,qgnt VIO; J=7 @] H 6.91
v 1H,brd s
rule works N+ 1 rule N+1 " . H =
968 does not work rule works 068 323 (96
~ 1Hd — M 2 N '
J=6 691  6.14 %-_“3] o H 6.14 SH 15
1H,dd  1H.dd J=7 ]
J=17,7 J=17,6 !
o & 7 6 T b
PPM
DEPT-135 (CH3, CH = up)(CH, = down)
[ I I I I I I [ | I I I I I I [ I I [ I [
200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 O
DEPT-90 (CH = up)
[ I I I I i I I | I I I I I I I I I [ I I
200 190 180 170 160 150 140 130 120 110 100 99 80 70 60 50 40 30 20 10 0 1911
152.5
13C 132.5
solvent 395
Il | | | 549
1 | | ] 1 | ] | ] | | 1 1 |841°-6
200 190 180 170 160 150 140 130 10 110 100 90 8 70 60 50 40 30 20 10 0



~ Interpretation of H and C NMR

Exact Mass: 166.06

Nt 2.74
2H,t _
rule works 3.72 =7 M+ =166.06 (100.0%),
2H,t M+1 = 167.07 (10.0%),
(except exchangeable J=7 ‘ M+2 =168.07 (1.1%)
6.90 protons)
%Hét o) OH 2.0
- 6.8 7.72
_ H .81 6.90
;i 274 272
7.72 727 1 J=9
1H,d 1Ht .
J=9 J=9 50 20
M 1H,brd s 1H,brd s
7 6 5 4 3 2 1 0
PPM 115.8
DEPT-135 (CH;, CH = up)(CH, = down)
| | I I I | | I I I I I I I I | I I I I |
200 190 180 170 160 150 140 130 129 110 100 90 80 70 60 50 40 30 20 10 0
DEPT-90 (CH = up)
200.1
160.7
I I I I I I I [ T 1 I I I I I | I I I [ 134.6
200 190 180 170 160 150 140 130 yp0 110 100 90 8 70 6 50 40 30 20 10 O ng
3¢ 121.3
115.8
| solvent 6.8
I I | |l , 435
I I I I I I I [ I I I I I I I I I I I I I
200 19 180 170 160 150 140 130 10 110 100 90 80 70 60 50 40 30 20 10 0
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1.3(t,3H), 2.4(s,6H), 3.2(s,2H), 4.2(q,2H) "
2.1(s,3H), 2.3(s,6H), 2.6(t,2H), 4.2(t,2H)
2.2(s,6H), 2.5(t,2H), 2.6(t,2H), 3.7(s,3H)
1.7(2H,q), 1.8(2H,q), 2.0(3H,brd s), 2.4(2H,td,J=7,2), 2.6(1H,qnt), 3.5(2H,t), 9.7(1H,d,J=2)
1.1(t,3), 1.8(qnt,2H), 2.0(brd s,2H), 2.3(q,2H), 2.6(t,2H), 4.1(t,2H)

a. 1.1(t,3H), 2.3(q,2H), 3.7(s,3H)
b. 1.0(t,3H), 1.7(sex,2H), 2.3(t,2H), 11.5(s,1H)

ex = exchangeable = OH or NH2

o

o o0

c. 1.3(t,3H), 2.0(s,3H), 4.1(q,2H)
d. 2.1(s,3H), 3.4(s,3H), 4.0(s,2H)
2.2(s,3H), 2.7(t,2H), 3.4(s,1H,ex), 3.8(t,2H)

2.4(s,1H,ex), 3.8(m,4H), 4.0(dd, 1H), 4.2(dd,1H), 6.5(dd,1H)

1.5(s,9H), 2.0(s,3H)

1.3(s,6H), 2.2(s,3H), 2.6(s,2H), 3.8(s,1H,ex)
1.2(t,3H), 2.2(s,3H), 2.7(t,2H), 3.5(q,2H), 3.7(t,2H)
1.0(t,6H), 1.6(m,4H), 2.2(qnt,1H), 11.7(s,1H,ex)

[1CoH, (0

3.

4,

a. 1.2(t3H), 3.0(q,2H), 7.3-7,7 (m,3H), 7.9(m,2H)

b. 2.0(s,1H,ex), 4.3(d,2H), 6.4(m,1H), 6.6(d, 1H,J=17), 7.3-7.7(m,5H)
C.

d.

c.

f

e
f.

a.
b.
C

d

2.8(m,2H), 2.9(t,2H), 7.2(m,5H), 9.8(t,1H)
2.4(s,3H), 2.6(s,3H), 7.2(d,1H), 7.3(d,1H), 7.6(s,1H), 10.2(s,1H)
1.3(t,3H), 2.7(q,2H), 7.3(d,2H), 7.8(d,2H), 10.0(s,1H)

2.5(s,3H), 2.5(s,3H), 7.2(m, 1H), 7.2(m, 1H), 7.3(t,1H), 7.7(d,1H)

a. 1.2(d,6H), 2.0(s,3H), 5.0(sep,1H)

b. 1.2(3H,d), 2.0(1H,brd s), 2.1(3H,s), 2.5(1H,dd,J=12,7), 2.7(1H,dd,J=12,7), 3.6(1H,sex)
c. 2.2(s,3H), 2.7(t,2H), 3.3(s,3H), 3.6(t,2H)

d. 3.3(s,6H), 4.8(d,1H,J=7)), 5.3(dd,1H,J=10,2), 5.4(dd,1H,16,2), 5.8(ddd,1H,J=16,10,7)

6.DC10H1202

a. 2.0(s,3H), 2.9(t,2H), 4.3(t,2H), 7.1-7.4(s,5H)
b. 1.2(t,3H), 2.3(s,3H), 2.5(q,2H), 7.0(d, 1 H), 7.2(m,2H), 7.3(d,1H)
c. 1.2(3H,d), 2.6(1H,dd,J=12,7), 2.9(1H,dd, J=12,7), 2.9+(1H,sex), 7.1-7.2(5H,m), 11.0(1H,brd s)
e s6 d. 1.3(t,3H), 2.6(s,3H), 4.0(q,2H), 6.9(d,2H), 7.8(d,2H)
1de
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Use the molecular formulas along with the '3C chemical shifts and multiplicities to determine
a reasonable structure for the following molecules (There may be more than one reasonable
possibility.) The multiplicities are s = singlet, d = doublet, t = triplet, ¢ = quartet. The degree
of unsaturation can help determine the possible number of rings and/or bonds. Draw an
approximate sketch of each spectrum. Use arrows drawn from each type of carbon pointing to
the appropriate chemical shift to indicate the correct correspondence.

O 00 3 O Lt K W N~

[\ T NS T NG T NS T NG I e e e e e
A W N —= O 0O 031N Wn B WN R~ O

. CgH,g - 24.9d, 25.5q, 30.2q, 31.2s, 53.4t

. CsH,,Cl - 22.0q, 25.7d, 41.6t, 43.1t

. C4Hg0, - 14.4q, 20.9q, 60.4t, 170.7s

. C4H,Br - 17.5q, 32.9t, 127.8d, 131.0d

. C¢HgO - 18.7q, 130.2d, 130.4d, 141.6d, 153.3d, 193.0d

. CoH,5 - 21.2q, 127.2d, 137.5s

. C¢H,sNO - 27.0t, 27.9t, 34.2t, 34.9t, 43.2t, 62.9t

. CoH,40 - 8.2, 31.6t, 128.0d, 128.6d, 132.8d, 137.2s, 200.0s

. CsHgO, - 14.4q, 60.4t, 129.3t, 130.0d, 166.0s

. CoH,0; - 56.0q, 56.1q, 109.4d, 110.7d, 126.5d, 130.3s, 149.8s, 154.6s, 190.7d
. C,H,,0, - 14.2q, 61.5t, 129.0d, 131.1d, 132.7s, 167.5s

. CoHgOs - 115.4d, 115.9d, 125.4s, 130.0d, 144.2d, 159.7s, 168.1s

. CgH; N - 13.0q, 23.9t, 115.4d, 118.6d, 126.8d, 128.0s, 128.4d, 144.3s
. C;1H,,40 - 14q, 23t, 26t, 38t, 128d, 129d, 132d, 136s, 201s

. C,H, N - 13q, 44q, 52t

. C4HgO - 14q, 16t, 45t, 202d

. CsH,,0 - 22q, 24t, 42d, 62t

. C,oHoNO, - 15q, 62t, 116s, 118s, 129d, 132d, 134s, 165s

. CoHyCIO - 39t, 41t, 127d, 1284, 133d, 136s, 196s

. C13HyoN,0, - 12q(x2), 46t(x2), 51t, 63t, 114d, 120s, 131d, 151s, 166s
. C; H 40 - 27q, 44s, 127d, 127.5d, 131d, 138s, 209s

. C3H,Br,0, - 28.8t, 40.4d, 173.6s

. C;HsBr - 32.6t, 118.8t, 134.2d

. C3HCp, - 22.4q, 49.5¢, 55.8d

87



2D NMR experiements will help us solve complex structures

These experiements work via coupling between the atoms. Three examples for us:
HMBC (?J¢y and 3Jcp).

COSY (H/H, iy,

HETCOR/HSQC (1Jcp)

COSY - uses H/H couplings

geminal coupling
when protons are

vicinal coupling
when protons are

diastereotopic. neighbors.

H H Hao i
N2 1 1
2], ~ 12 Hz 31, ~ 7 Hz

diagonal peaks correlates each proton with itself
(locates protons of interest)

cross peaks correlate protons with any coupled H
partners

COSY = correlation spectroscopy (proton-proton)

Slide 88

'HNMR
109876543210
° "'
/\\y ® oc'e
cross peak ° oo
o o
i
diagonal peak \V
)

S U RN N PO RN U

= O o0
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This problem would be challenging using only the H NMR and a few extra hints.

Formula = C,sH,,BrOs , Possibly helpful IR bands: 1740, 1730, 1250, 1230, 1100, 1070, 1040
cm’! (assume that sp® CH peaks are in all IR spectra). Hint: Ether linkage across 3.42 and 3.37.

e Exact Mass: 366.1 2.01
3H,s
- M+=1366.10 (100.0%), 3.67
M+1=367.11 (16.7%), SH.s
1 M+2=368.10 (97.3%),
M+3 =369.11 (16.5%), 1.40
- 3H,d
J=7
i 1.42
Ha o1
3H37t 2.09 = 3iig 06
| 3.42 =7 1H.dd J=7 13'j7t
412 374 YA =127 79
- 1qunt 1H,g ' /! 2.70 234 \ 2H gnt ‘
J=7 J=7 : 1H,sex 1 dd ‘\‘ J=7
: = =127 UL
1 . JU
4 3 2 1
PPM
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"H NMR interpretation (Can we solve the structure from these?)

0.96 1.21 1.40 1.42 1.79
3H,t 3H.d 3H,d 2Hq 2H,gnt
J=7 J=7 J=7 J=7 J=7
2.01 2.09 2.70 3.37 3.42
3H,s 1H,dd 1H,sex 2H.t 1H,gnt
J=12,7 J=7 J=7 J=7
2.34
1H,dd
J=12,7
3.67 3.74 4.12
3H,s 1H,q 1H,gnt
J=7 J=7
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"H NMR interpretation (Can we solve the structure from these?)

R 121 1.40 1.42 1.79
g 3H,d 3. 2Ha oH,qnt
3;7 H =l H J=7 H, J=7 H,
Y H, | Y \ —C — —
H,c—C — | BC—C HyC—C— N=3 N=4
\ ' CH3 CH3/CH
CH2/CH CH2/CH2
2.09 2.70 3.42
2.01 1H,dd 1H,sex 3.37 1H,gnt
3Hs O 2.34 J=12,7 J=7 %'j; . J=7
Hdd H H \ ' ) H, \ Y
Y & =127 | —C — C—H
He™ T H—C—C— | C—H N=2 /
: | / N=s CH2 N=4
. ! CH3/CH2 CH/CH CH3/CH
= chiral center CH2/CH2/CH CH2/CH?2
§£7 3.74 4.12
,S 1H,9 1H,gnt
+ Br 3=7 =7 N\p
+ O—C——
H;C—O0—— 1 / |
/ N=3 N=4
CH3 CH3/CH
CH2/CH CH2/CH2




Possibly helpful IR bands: 1740, 1730, 1250, 1230, 1100, 1070, 1040 cm’! (assume that sp3 CH
peaks are in all IR spectra). 15 carbons in '3C NMR. Hint: Ether linkage across 3.42 and 3.37.

- Exact Mass: 366.1 2.01
3H,s
— M+=366.10 (100.0%), 3.67
M+1=367.11 (16.7%), 3H.s
- M+2=368.10(97.3%),
M+3 =369.11 (16.5%),
- 3.37
2Ht
_ 3.42 J=7
412 374 (MHant s
_ 1H,gnt 1H,q J_7, K
=T =7 :
4 ‘ 5 ‘ 2 i 0
. PPM
COSY: H-H correlations Trace out Spin Systems. Start at end positions, if possible.
374 342 2.09 1.42
412 367 "5 270 234 201179 140 1.210.96
5.0 4.5 4.0 35 7 3.0 2.5 2.0 1.5 1.0 0.5 0.0
| | | | o
)
® 1* =
d A
° 3
[ ) [ ) I d _
® 9 ® -
/ i -8
o oo
1.42
° ® e 0 [ ] -
. I
;" O
i 42 -
¥ ®
X ]
A 1@ @ -
&
G =1
] [ ] ®
1.40
»
>
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Formula calculations:
1xBr, 15xC, 27xH = 286
366 - 286 = 80

80/16 =5x0

formula = C15H27BI'05

Degrees of unsaturation

2x15+2=32
(32-28)/2=4/2=2°
(looks like 2 C=0 in IR)

Spin systems from COSY
X 142 2.34:2.09
0.96 3.74| H, H,
H;C CH_342_0. 337 C 270_C 0
> en” T en”T ¢ cw,
15192 é H, C| (! 3.67
: H; H
o 1.21 Y/4.12\CH3
|| 1.40
_C - Br Look at a values in

chemical shift table

Br

@)
3.42

121

2.01

The actual structure:

1.42

2.34;2.09

L
N




'HNMR
HETCOR (HSQC) - uses one bond C/H couplings 109876543210

0
One bond C/H coupling constants o ® 8#? EH
are approximately 140 Hz. ° ST
¢ 50 HooH
N S
D G correlates directly attached etc.
protons and carbon atoms o ® 100
Jen = 140 Hz .o “CNMR
o’ 150
°
HETCOR = heteronuclear correlation spectroscopy
HSQC - heteronuclear single quantum correlations o
200
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1.11

3.53

7.25

HETCOR correlations

0.96
1.0

1.61

2.0

3.0

3.28 2.98

4.08
4

4.65

7.07  6.67

7.54

0.96

1.61

22.0

%
<
<

3.53;3.28

7.07

H 7.54

—

i
=~

7.9
10403
2.0
34.0
50 509
66.8

60
70
80
90

Cy7H,,BrOs
Exact Mass: 352.07

'H

13(:
200.4

110

94

354.07 (99.5%),
355.07 (18.2%),
356.07 (2.2%)

352.07 (100.0%),

M+1 = 353.07 (18.7%),

M+ =

M+2 =

M+3 =
M-+4

168.8
142.9
138.7

7.9

132.4
127.7
126.9
125.8
66.8
50.9
39.4
34.0
22.0
10.3

168.8

160
170
180
190
210
220

30
e 40394

T ] W [11)

R Rt CEEE T T EE TP M (]

'

'

'

'

'
.

'

'

'

'

'
/S AP |

... 00 __

.

dmmmmmmmmeeeat— 150
emmmcemeeeeofe 200 2004

S
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HMBC - uses C/H couplings

Two and three bond C/H coupling constants are approximately 10 Hz. This experiment allows
quaternary carbon atoms to see neighbor protons and carbons attached to N or O to see across

the heteroatom.

2Jen s Jep = 7-10 Hz X = nitrogen, oxygen
or sulfur atom

HMBC - heteronuclear multiple bond correlations

Slice 95

'H NMR
109876543210
® o 79

"""""" o0 ¢ |35
"""._."._ ________________ 137 quaternary
-------------------------- carbons

o0 ® 156
""" ¢ o |97

HMBC looks for correlations that answer
questions about which way spin systems
are connected to the quaternary centers and

across heteroatoms. There can be many
possibilities.



HMBC example - selected carbons

O 593
~

74.3

3.91;3.66

@)

C1gH2505
Exact Mass: 324.19

—
Q
—

7.88

1.06

M+ = 324.19 (100.0%),
1.44 1.01

M+1 = 325.20 (20.0%),
M+2 = 326.20 (2.9%)

methoxy methyl can see across the

protons 2 and 3 bonds away and
ether oxygen atom.

Quaternary carbon atoms can see

2.16
24220

16.9
27.1
OH

o
©
—

36.2
60.4
3.78 324

391 353
4.0
|

29.2
17.9
4.03 3.66

77.5
4.27

114.8

1.01
1.44
OH 2.0
3.53
6.93
7.35 6.88
7.0

O 4.27
2.16
1.06
7.88

4.03;3.78

6.88

6.93
7.35

I
0 quaternary

carbons

113.3
158.0

protonated
59.3

166.0
carbons

1.0

2.0
I

3.0

5.0

6.0
|

8.0

- - - —
1
1
1
e cccc s ceccc et cccccc e caa
1
1
1
1

U i

96
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Data worksheet

13C

DEPT
structural
unit

HETCOR

COSY

HMBC, NOE, other

Slice 97

There is too much information to remember everything.
You need to organize the information in a manner that
allows you to consider a variety of "What if ?"
questions. This 1 page worksheet will do that for you.
Suggested approach to solve problems:

1. Use MS data to decide if CI, Br or S is present
(look at M+2 peak). Subtract the exact mass of any
of those atoms from the MW.

2. An odd MW means an odd number of N atoms.

3. Add up all the H in the H NMR and subtract from
the MW.

4. Count all the C in the C NMR (or estimate by
dividing the % M+1 peak by 1.1%) and subtract C
mass from the MW.

5. Any residual mass is most likely nitrogen (14)
and/or oxygen (16). This should provide a formula.

6. Figure out degrees of unsaturation. Count the
number of pi bonds in the '*C NMR. Look for any
N=0 (nitro) in the IR. (Rings = total - pi)

7. Tabulate the carbon shifts in the data table from
highest to lowest chemical shifts.

8. Match the DEPT information with each carbon
9. Pair up each H and C using the 2D HETCOR.

10. Map out spin systems using the 2D COSY. If
possible, start at end positions, e.g. CHj3, etc.

11. Use the 2D HMBC to connect spin systems to
quaternary carbons (4°) or across heteroatoms. 97



Example problem 1 - Predict a reasonable structure from the spectral information provided below. As much
as possible match the spectral information to the part of the structure that it explains. Show all of your work.

MW and IR Spectrum: Interpret as fully as possible from structure. Not every peak is interpretable. (units = cm™)

mass spec data
(exact mass)

MW =384.1

M+ =100%

M+1=19.9%
M+2 =97.3%
M+3 =18.9%

e

3030

I

T

"

1630 | 1380
890
1050
2960-2850 750
T T T T T T T T T T T T T T ] ] T 1 T 1
4000 3500 3000 2500 2000 1500 1000 500
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Solve for a molecular formula and degrees of unsaturation.

M+ and M+2 peaks are approximately equal so there is one Br present.

The M+1 peak divided by 1.1 =19.9/1.1 = 18 = approximate number of carbon atoms.

The proton NMR shows 25 protons and the '3C NMR shows 18 carbon atoms (confirms MS data).
This all totals to 79 + 25 + 216 = 320 grams

Residual mass = (total mass) - (320) = 384 - 320 = 64.

This indicates four oxygen atoms so the formula is C;gH,5sBrO4 2 points

Degrees of unsaturation = [(2x18 +2) - (26)] /2= 12/2=6

Examination of the 13C NMR shows six =C carbons (3 C=C bonds) and two C=0 bonds (total of
5 p1 bonds), so the number of rings = (total degrees of unsaturation) - (pi bonds) =6 - 5 =1 ring

IR data: 2 points
3030 = sp2 CH stretch, 1630 =(C=C), 890, 750, 690 possible meta substituted aromatic ring
2960-2850 = sp3 CH stretch, 1470, 1380 CH bend

1735 = probable ester C=0, 1695 = conjugated ketone 1250 =acyl C-O 1050 = alkoxy C-O
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Proton NMR: interpret data (calculate chemical shifts to confirm they match actual values, N = # neighbors)

1.35
) 6H,d
2.84 =7
1H.dd |
- J=12,7
2.88 ' 1.43 0.96
1H,dd ! 3H.d 3H t
) J=12,7 J=7 3=7
313 . ;
1H,dd \
B L_zlg J=12,7 \ '
1t ! ‘\ ! .
HE s gm 4L 2 Al
s s 4.60 1Hsep1Hsex Vo 1H,dd J=7
_7.45 . = lant J=7 J=7 . v J=12.7 |
1H,d , :
= M JML MMM u!
T J] é Jl ‘ 6
4
PPM
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'"H NMR interpretation (4 points)

0.96 1.43 1.71 2.84 2.59
3He 1.35 3H.d 2H.ant 1H,dd  1H,dd
J=7 6H,d J=7 J=7 J=12,7  J=12,7
J=7
3.13 2.88 3.86 4.31 4.60 6.95
1H,dd 1H,dd 1H,sex 1H,sep 1H,gnt 1H,d
J=12,7 J=12,7 J=7 J=7 J=7 J=9
7.23 7.45
1Mt 39 1H,d
J=9 ’ J=9
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'"H NMR interpretation (4 points)

0.96 1.43 171 2.59
3H,t 5> 3H,d 2H,gnt 1H.dd
J=7 =Y = =T N 284 7027
+ &~ N + H, 1H,dd N H H
H, H,c—C—CH; | et ¢ 2 ||
HyC—C ; N=4 "N H—C—C
' CH3/CH | *
CH2/CH2
* = chiral center
2.88 460 _p 6.95
1H,dd 1&-86 4.31 1H,gnt i 1H,d
3 13‘]:1217 ‘J,_S7ex_> H 1H1Sep J:? | | J=9
. = =7 —>H _C—
irige I|{ P|I 0 (lj CH | T \H
J=12,7 — C—CH; | X
X H—C—C / I HsC—C\i—CHs b \(|3
% H,C y |
| SN o— CH3/CH __C
* = chiral center CH2/CH2 H
7.23 7.45
1Ht 749 1H,d
H =9 | ’ I J=9
| N X
N Cxe SN
| ] |
C C C
= ~q 2 Z ~q




13C and DEPT NMR: As much as possible match the *C peaks to carbons in your structure.

Top spectrum = DEPT-135 '*C NMR - CH; and CH appear (up) and CH, appears (down)

13C
200.1

173.1
157.4

N R B L L 1 1 1 T T I
210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10

Middle spectrum = DEPT-90 '3C NMR - only C-H appears (up)

| 137.4

0129.3

120.4
118.8
1131

74.8

T T 1 1 1 T° T T T 1 1 1 1 T T I
210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10

Bottom spectrum = proton decoupled '*C NMR spectrum - shows all types of carbon

solvent
| L ul | I |

| 69.5
0 470
41.9
31.4
30.1
23.9x2

| |
1 I I | | | T Y | | | | | | | o ™
210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10
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13C and DEPT NMR: As much as possible match the 13C peaks to carbons in your structure.

Top spectrum = DEPT-135 '3C NMR - CH; and CH appear (up) and CH, appears (down) Br-CH 13c

| ” | | | | || | 200.1 c=0
| | 173.1 0-C=0
CH, “CH, -CH, 157.4 =C-0
I I I I [ I I [ I I I [ | | | | I I I | | | 137.4 =
210 200 190 180 170 160 150 140 130 120 110 100 90 8 70 60 50 40 30 20 10 01293 -—cH
Middle spectrum = DEPT-90 '3C NMR - only C-H appears (up) ﬁgg i
-O-CHx 2 -6 =CH
113.1 =cH
L] || | 74.8 -o-cn
I I I I [ | | [ | | | | | | | | | | | | | | 695 _ocH

210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 ﬂ-g -CH,
9 _CH,

Bottom spectrum = proton decoupled *C NMR spectrum - shows all types of carbon 2x-CHy géi BrCit
=CHx 4 'CH3 -CH . - HZ
=0 0-C=-0  =C-0 =C solvent 3
L ol | L1 | 23.9%2 2 x-CH;

I | | I
I R B T T 1 1 1 T 17 o1 1 71 1 221 «cn

210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 ¢ 9 i

104
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HETCOR correlations 7.45
7.40

7.23 6.95

2.88
4.60 2.84 1.71 1.35
431 386 3.13 259 1.43 0.96
6.0 5.0 4.0 3.0 2.0 1.0

--------------------------------------------------------------------------------------------------------------------------------------

— 50

— 90

— 100

- 110

— 120

— 130

I— 140

— 150

— 160

— 170

— 180

— 190

- 200

— 210

- 220

7.9

22.1
23.9

— 3030.1
31.4

4041 9
47.0

| 70695
74.8

113.1
118.8
120.4

129.3
137.4

157.4

173.1

200.1

Match C with H
200.1
173.1
157.4
137.4
129.3
120.4
118.8
113.1
74.8
69.5
47.0
41.9
31.4
30.1
23.9
22.1
7.9
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HETCOR correlations 7.45 2.88

7.40 4.60 2.84 1.71 1.35
7.236.95 431 3.86 3.13 259 1.43 0.96
10.0 9.0 8.0 7.0 6.0 5.0 4|.0 3].0 2|.0 1|,0 °
| | | | ; | | |
: § : i i i P L . e 070 Match C with H
T A L : i § : i i 200.1  none
é“'"""""""é """"""""" 'E """"""""" E""""""'E’""""""E""—"—"—"J: """"""""" é'—"—"—"—"‘;"—"—_.__"_J; _____________ — 20221 1731 none
: ! H ! ' ; H ' o 23.9 157.4 none
' 5 : | . bl L S S L L 3030.1
: ____________ -:_—__—__—__—__:__—__—__—__—_: _____________ : _____ : . -E : : : 31.4 137'4 none
: : ; E E i : 5 : ; 1293 723
SN W SO S S SUUU . S R frmmmeeanood — 40419 1204 745
: ’ 47.0 1188 695
0 1131 7.40
: 60 748 386
: : ! 69.5 431
‘ : ! | 70695 47.0 3.13,2.88
748 419 2.842.59
%0 314 460
301 171
L 90 239 135
2.1 143
— 100 79 096
L 110
113.1
118.8
— 1209204
| 1301293
137.4
| 140
L 150
157.4
L 160
L 170
173.1
L 180
L 190
L 200 200.1

— 210

106
220
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COSY: H-H correlations 7.45 2.88
7.40 4.60 X7 LB

7.236.95 431 386 3.13 259 171 (.96

10.0 9.0 80 7060 5.0 40 3.0 2.0 1.0 0.0
| | | |

0'¢

.~

0'¢

o o0 @
LY
°

0°¢

09

0L

oele
Po _

08

06

107

001
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Spin Systems from COSY

096 —— 171 — 386 — 1.43
O
7.40
=N
none none
6.95 7.45
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SN T

3.13

288 — 4.60 — 230
Br
/\ /\
1.35 — 4.31 —— 1.35
O




0.96
1.0

171 135

2.88
2.84

7.45
7.40

HMBC correlations

4.60

3.86 3.13 2.59 1.43
4.0 3.0 2.0

4.31

7.23 6.95
8.0 7.0 6.0 5.0

9.0

10.0

< <t — —
~ ™ o
5 o ~ S
— — i N
_ | | _ |
H p 1 ] ]
i f 1 1 1
' ' 1 1 1
' ' 1 1 1
' ' 1 1 1
N 1 1 1 1
N 1 1 1 1
1 1 [ 1 [
1 1 [ 1 [
' 1 ' ' '
i f 1 1 1
i f 1 1 1
' ' 1 1 1
=== ] pe===-- [ s ————— -
' ' 1 1 1
N 1 1 1 1
N 1 1 1 1
1 1 [ 1 [
1 1 [ 1 [
1 f 1 1 1
i f 1 1 1
i f 1 1 1
' ' 1 1 1
' ' 1 1 1
' ' 1 1 1
N 1 1 1 1
—_—t - = ———— e == P === = == - 1
1 1 [ 1 [
1 1 [ 1 [
' 1 ' ' '
i f 1 1 1
i f 1 1 1
' ' 1 1 1
' ' 1 1 1
' ' . 1 1 1
] 1 ) 1 )
] 1 . ) 1 )
] 1 L) 1 )
. ] 1 L) . 1 )
— - A - - - - dem e - | S - [ - 4
1 ' ] 1 1
i f 1 1 1
. 1 ' 1 . 1 1
' ' 1 1 1
' ' 1 1 1
N 1 1 1 1
N 1 1 1 1
1 1 [ 1 [
1 1 [ 1 [
' 1 ' ' '
i f 1 1 1
i . f 1 1 1
' ' 1 1 1
—--"--=5-"----7------ Pl - 1
' ' 1 1 1
N 1 1 1 1
N 1 [ [ [
1 1 . [ 1 [
1 1 [ 1 [
i 7 1 1 1
i f 1 1 1
1 I . [ . 1 1
' ' 1 1 1
' ' 1 1 1
1 ' 1 1 1
N 1 1 1 1
——— - - ————— P m———— - ————— -
1 1 [ 1 [
1 1 [ 1 [
i f 1 1 1
i f 1 1 1
i f 1 1 1
' ' 1 1 1
' ' 1 1 1
1 ' 1 1 1
N 1 1 1 1
N 1 [ [ [
1 1 [ 1 [
1 1 1 1 1
—_— .- - | I | !
i | ] [ [
i f 1 1 1
' ' 1 1 1
' ' 1 1 1
1 ' 1 1 1
N 1 1 1 1
N 1 [ 1 [
1 1 [ 1 [
1 1 [ 1 [
i f 1 1 1
i f 1 1 1
1
_ . @ ! : ! :
||||||| i Sl Sl bt
1 ' 1 1 1
. N . 1 1 1 1
N . 1 [ 1 [
1 1 [ 1 [
1 1 [ 1 [
“ i f 1 “ 1 1
i f 1 1 1
i ' 1 1 1
' ' 1 1 1
' ' 1 1 1
1 ' 1 1 1
N 1 1 1 1
—_t == - ———-- e m=———- re=====- === 1
1 1 [ 1 [
1 1 [ 1 [
i f 1 1 1
i f 1 1 1
i ' 1 1 1
' ' 1 1 1
' ' 1 1 1
N 1 1 1 1
N 1 1 1 1
N 1 [ 1 [
1 1 [ 1 [
' ' ' 1 '
I R —— S dem e == | I —— | J R —
1 | ] [ [
i ' 1 1 1
' ' 1 1 1
' ' 1 1 1
N 1 1 1 1
N 1 1 1 1
N 1 [ 1 [
1 1 [ 1 [
1 1 [ [ [
i f 1 1 1
i f 1 1 1
' ' 1 1 1
¥ ' 1 1 1
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HMBC data
protons within 2-3 bonds from quaternary carbons

6.95 3.13:2.88 3.13;2.88 4.31
7.40 7.45 4.60 2.84:2.59
7.23 7.40 7.45 4.60
3.86 7.23 7.40

Protons within 2-3 bonds from quaternary carbons. Connects spin systems from COSY.

COSY
096 — 171 — 386 — 1.43 COSY COSY 1.35
_ 7.40 3 1,;/_\1 /)
2.84
O - — none/ none/ ‘ —~— / 288 4. |60 559 7 \O— 4., 3®COSY
4.31

6.95 | 3.13:2.88

7.40 | 745 31 3,2.88 Br 2.84;2.59 1.35
. e 7.45

3.86 t_, 7.23 ,_) 7.23 40

COSY

110
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Solve for a molecular formula and degrees of unsaturation.
M+ and M+2 peaks are approximately equal so there is one Br present.

The M+1 peak divided by 1.1 =19.9/1.1 = 18 = approximate number of carbon atoms.

The proton NMR shows 25 protons and the '*C NMR shows 18 carbon atoms (confirms MS data).
This all totals to 79 + 25 + 216 = 320 grams

Residual mass = (total mass) - (320) = 384 - 320 = 64.

This indicates four oxygen atoms so the formula is C;gH,5BrO4
Degrees of unsaturation = [(2x18 +2) - (26)] /2= 12/2=6
Examination of the '3C NMR shows six =C carbons (3 C=C bonds) and two C=0 bonds (total of
5 pi bonds), so the number of rings = (total degrees of unsaturation) - (pi bonds) =6 - 5 =1 ring

2 points

IR data:

3030 = sp> CH stretch,
2960-2850 = sp® CH stretch,
1735 = probable ester C=0, 1695 = conjugated ketone

1630 = (C=C),
1470, 1380 CH bend

2 points

890, 750, 690 possible meta substituted aromatic ring

1250 = acyl C-O

1050 = alkoxy C-O

Tabulated 2D NMR Information

111

e DEPT HETCOR | COSY HMBC
200.1 Cc=0 none none 745 740 4.60 3.13,2.88
173.1 0-C=0 none none 4.60 4.31 2.84,2.59
157.4 =C-0 none none 7.40 7.23 6.95 3.86
137.4 =C- none none 745 740 7.23 4.60 3.13,2.88
129.3 =C-H 7.23 7.45 6.95
120.4 =C-H 7.45 7.23
118.8 =C-H 6.95 7.23
113.1 =C-H 7.40 none
74.8 O-CH 3.86 1.71 143
69.5 O-CH 431 1.35
47.0 CH2 3.13,2.88 | 4.60, gem
41.9 CH2 2.84,2.59 4.60, gem
314 Br-CH 4.60 3.13,2.88 2.84,2.59
30.1 CH2 1.71 3.86 0.96
23.9 CH3 1.35 431
22.1 CH3 1.43 3.86
7.9 CH3 0.96 1.71
2 points 2 points 2 points 2 points



The actual structure is: o

Br (@] 1.35
(@]

1.71 o
0.96 3.86 3.13;2.88 2.84;2.59 1.35
143 CygHpsBrO,
6.95 7.45 Exact Mass: 384.09

7.23 M-+ =384.09 (100.0%),

M+1 = 385.10 (19.9%),

M+2 =386.09 (97.3%),

23.9 M-+3 =387.09 (18.9%),

69.5
correct structure
239 4 points
Total = 20 points
129.3
Draw it this way too, to show all of the proton and carbon chemical shifts. H 13
71 7.40 H \ —H
H 3.86 H @) Br
0.96 P|I | | H 431
o g @@ o O~ /0
H
H

Slide 112
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Example problem 2 - Predict a reasonable structure from the spectral information provided below. As much
as possible match the spectral information to the part of the structure that it explains. Show all of your work.

MW and IR Spectrum: Interpret as fully as possible from structure. Not every peak is interpretable. (units = cm™)

mass spec data IR “N\

(exact mass) \/

MW =497.2 3030 2850

3750 1610]( 1380
M+ =100%
M+1 =31.9%, 1060 840
— 0
VR T L S
M+4 = 1.6% o 6901 670 1470 300
Frrrprrrerrerrrrreeet et 1 bl
4000 3500 3000 2500 2000 1500 1000 500

113
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Solve for a molecular formula and degrees of unsaturation.

M+ is odd indicating an odd number of nitrogen atoms

M+ and M+2 peaks are approximately a 3/1 ratio so there is one Cl present.

The M+1 peak divided by 1.1 =31.9/1.1 =29 = approximate number of carbon atoms.

The proton NMR shows 36 protons and the '3C NMR shows 29 carbon atoms (confirms MS data).
This all totals to 35 + 36 + 348 =419 grams

Residual mass = (total mass) - (419) =497 - 419 = 78.
residual mass 78 - 14 =64=4x O
This indicates four oxygen atoms so the formula is C,qgH3,CINO, 2 points

Degrees of unsaturation = [(2x29 +2 + 1) - (37)] /2= 24/2=12

Examination of the *C NMR shows 14 =C carbons (7 C=C bonds) and 3 C=0 bonds (total of
10 p1 bonds), so the number of rings = (total degrees of unsaturation) - (pi bonds) = 12 - 10 = 2 rings

IR data: 2 points

3030 =sp? CH stretch, 1630 =(C=C), 840 and 800 possible para substituted aromatic ring,
possible trisubstituted alkene

2960-2850 = sp3 CH stretch, 1470, 1380 CH bend,

aldehyde C-H stretch, 2850 and 2750

3 x C=0, 1715 1690, 1670, 2 are conjugated, 1 is aldehyde 1200 =sp2 C-O 1060 = alkoxy C-O

at least 1 nitrogen, but no nitrile or primary NH2 or secondary NH or nitro; maybe a tertiary amine
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# neighbors)

Proton NMR: interpret data (calculate chemical shifts to confirm they match actual values, N
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'"H NMR interpretation (4 points)

0.96 1.20 1.05 1.52 1.81
3H,t 3H,d 6H,d 2H,sex 2H’qnt
=7 J=7 =7 3=7 357
2.36 2.55 2.97 3.48 3.66
2Ht 2H,t 1H,sep 1H,qnt 2H,d
J=7 J=7 J=7 J=7 J=2
3.94 6.65 6.95 7.23 7.89
2H,t 2H,d 2Hd 1H,d 2H,d
J=7 J=9 J=9 J=7 J=9
8.08 9.72
2H,d 1H,t
J=9 J=2
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"H NMR interpretation (4 points)

1.81
0.96 1.20 1.05
3H,t 3H,d 6H,d 2&[52 2I3|,:q7nt
J=7 J=7 J=7 AL 1SEX
H H;C J=7 AL
y Y \ ~ o
H | H — C—
_ H;,C——C—— 2
H;C—C — H;C—C 3 H,C—C —CH, N=4
\ ' CH3/CH
H CH2/CH2
2.36 2.55 3.48 0
il e | ||
= J=7 =1 N
~a H, ~a H, H, /C\ e
—C — —C — H;C—C—— —C — |H C
N=2 N=2 2.97 | N=4 H, -
CH2 CH2 1H,sep — H CH3/CH 3.6
CH/CH CH/CH = CH2/CH2 1=2
3.94 6.65 6.95 7.23 7.89
2H,t 2H.d 2H,d 1H,d 2H,d
=7 D\ H, H/ J=9 H/ 3=9 ¥ J=7 - ¥ 1=9
- H
C— I\ \ \ \
N=2 c—c\ c—c\ c—c\ C—C\\
CH 7 Ne_g 7 Ny 7 Ne—q 7 Ne—n
CH/CH L L L L
8.08 19.72
2H,d | 1H,t
¥ J9 [J3=2 O
H
\_o .
7 N\ 0 N
C—H H,




13C and DEPT NMR: As much as possible match the >C peaks to carbons in your structure.

Top spectrum = DEPT-135 13C NMR - CHj; and CH appear (up) and CH, appears (down)

13C
200.3
199.2
187.0
156.4
142.6
141.9

135.2
132.7

I I I I [ I I I I I I | |
210 200 190 180 170 160 150 140 130 120 110 100 90

Middle spectrum = DEPT-90 '*C NMR - only C-H appears (up)

| | | I I I |
80 70 60 50 40 30 20

|
10

| 130.6x2
0 129.8x2
128.7x2
127.3
114.9x2
66.6
51.4

L]
I I I I I I I I K I | I [
210 200 190 180 170 160 150 140 130 120 110 100 90

solvent

[ | | o [ [ |
80 70 60 50 40 30 20

Bottom spectrum = proton decoupled 13T NMR s[pectrum - shows all types of carbon
I

| i
1 | |

|
10

| 50.3
49.1

0 45.8

41.0

28.5

22.0x2

19.9

| | | | | I | |
210 200 190 180 170 160 150 140 130 120 110 100 90
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13C and DEPT NMR: As much as possible match the '3C peaks to carbons in your structure. B¢
2003 C=0
199.2 g.c=0

Top spectrum = DEPT-135 3C NMR - CHj; and CH appear (up) and CH, appears (down) 12291 EEO

| il | I I vy
| 1] | 1352 =C-H

132.7 =C-Cl

| | | | [ [ [ [ [ [ [ [ | | | | [ [ I | | | 130.6x2 =C-H
128.7x2 =C-H

Middle spectrum = DEPT-90 '3C NMR - only C-H appears (up) 127.3  =C-
66.6 O-CH2

| | 514 CH

210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 o 41 cH
45.8 N-CH2

28,5 CH2

solvent 1| || B 22.0x2 CH3

I | L I

210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 (l298x2=CH
114.9x2 =C-H

| 1 | | | | | ||||| | | | | | | | | | I | | | 503 CH2

Bottom spectrum = proton decoupled 13T NMR srectrum - shows all types of carbon 41.0 CH2

|1| B 0 | | “I |||"I T 1 |”I I 174 SES

210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 136 CH3

119
Slide 119



o
©
®
8°2
A
“8
-
o
0
o
©
-
<
9
[{e]
™
mn N
0
o~
~
o
N
o]
<
@ M
©
o™
<
®
™
<
N
Yol
©
©
[Tl
]
637
N
~
()]
@
s
=] o2}
wn ©
=
S
=
=
<
=
@
b=
S
)
9
Q
T
T

N
~
S g
—

13.6
17.4
19.9
22.0
285
41.0
45.8
50.3
51.4
66.6
129.8
130.6
132.7
135.2
141.9
142.6
156.4
187.0
199.2
114.9 2003

45.8

51.4

127.3

130.6

135.2 132.7
141.9
142.6

150

156.4

180

187.0

199.2
200.3

200

120

SR B 1)

o
ot ag v
n~oON
o 3V
S
ST
' !
! :
' :
: :
: _
: :
' :
: :
: _
: :
A '
' e
*
f :
' :
:
o :
! :
: :
'
!

g P

4

R A X

49.1
SRR BT
el 13012981287

4

|

S |

L]

S s

S N R

. B L(0)

[

210
ceee 1220

Slide 120



121

N =
0| No | ~|w
o ) O™ ©
1111229.64%5 O oo|
Qe e cX wlom
BRI R M R
o<lo o 6n7mm0m7.n
B_/.Q. [ o 0 28lo 2
112815 m < © Ioe)
N < < %MG 7N8.6729
© W_.ZNO.ZS.LRNAOZE
o SRR EREEEE
5 o © 1111890
@0 y 00— J2
N -5 o ~ o~
©Ood © -
IS IO o o
- 2 g ot 8 o ] 9
: I
| M 2 N = 3 MRON RO
2HRes
! | | e g g S o " R]8S 9o <
! ' T | | =) = = = 011 33 ©
H | H . t — N o 0 o
© : : ' : . 1 | | — s T o - N ~ ™
i 1 ' , : : . ' | — g} 0 © =]
n ° H ; 1 ; ' 1 ! ' — O =) = > S
8°2 : : ; : ; ; _ ; " . | 8 B 8 ¥§ SR
LOll i ' i ' ' ' H H H i T __ _ — w K m -
51 H ' : ' : ' ' ' ' ! o
o S A P N - S & & A
o S : : ; _ : : : : " : " _ | | Q
o o : ; A ; : ; ; : : " : " : : : :
b : ' ' ' : : : ' : ' ! : : : ' : |
o . : . : : . ' : ; : ; ; ; ' ! '
=) H : H | H R ' 1 ' ; ' ! ! '
~ : : : : : ! : , ' : : ' : :
: : . ' . ! LI : : : : : ' _
© RO : , : : 1 ' [ ' : ' ' ;
3 eenee- A : ' : : ' A : : : '
g H RREEE I H i : 1 I, ; ! :
d : : e e : ! : . ' oo '
o H , 1 Am = H H : : ' ! - '
.
H I : e it H : , ' '
5o : : ; : g : : " " _
N en : ; : ; : : s b m “
. : : : I " “
) S it SR ; :
o ' ' - HEEEEEEE
© H 1 , ] : ! .-
%) ' . 1 1 H
AEER RN
3o : ; ‘e I
e 4 i ' b ' [
= : ! I A
' ' i ' e
heeneedeeeees : " :
: , L : .
: : : ; !
' : , ' '
: : , : :
. : , : :
o ' ' ' '
:
bl H : H .
:
: 1 ,
i : :
H :
————
.
:
=) !
S :
....... : ;
e :
: oo
o . : HS I
8 P I S S
%6 : : , : -
2 9 : " P
ot : : P
N - . : . :
A . : i :
e ; : :
i L. ' '
: \ dooas :
' ' ' l
o . : :
@ H i H
~ l ' '
%M| H : ,
- © H i 1
2 P :
S H [ \
= ' 1----o-
= : .
— ' "
[ ' '
S ] '
5 2 : :
S o ' '
=4 : .
=) :
:
&} f
N
= :
m o2 !
= < '
,
:
:
;
:

Slide 121



COSY: H-H correlations 1.20

8.08 6.95 3.66 255 181 1.05
972 7.80 723  6.65 394 348 297 236 152 096

10.0 9.0 8.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0 0.0
| | | | o
o =
° 1 =
. S

» P »

| ,i' ® -
° o | ® o
K =)

o | e

K | ® -
1 e - g

° » ° -

° 'y

(187

0's

09

")
"Ry
0L

[ ]
oo
08

06

' ° 122

001
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Spin Systems from COSY

¥ O ¥ O\
3-T4— 1.81 — 236
5 \
| PN
(;6.65
N el e
9.72  3.66 | ||
none 6.65
AN -
6.95

Slide 123

N T

1.05 — 2.97 — 1.05

8.08 none
none 7.89
\ /
8.08

¥ N ¥ 2\

1.20 — 3.48 — 7.23

/N\

VN SN

255 — 1.52 — 0.96

/N\



1.20

HMBC correlations

9.72

10.0

1.05
0.96
1.0

2.55
2.36 1.81 1.52
2.0

2.97
3.0

3.66
3.94 3.48

4.0

5.0

6.0

7.0

7.23 6.95 6.65

0
|

8.08 7.89
8

9.0

127.3

132.7

141.9

142.6

156.4

187.0

200.3

U

e

U

124
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HMBC data

9.72 6.95 7.23 7.23 7.89 7.89 8.08
3.66 6.65 3.48 7.89 8.08 8.08 2.55
6.95 3.94 1.52
6.65

Protons within 2-3 bonds from quaternary carbons. Connects spin systems from COSY.

/\ /—\
6.95 1.05 — 2.97 —— 1.05
COSY '
6.65
(* 6.65 COSY
// 394 N
695 ”0\39{\_181/\_ PN

9.72 3.66 <«— 1.20 T
@ 6 65 7.23
3.48
COSY 9.72 6.95{)
3.66 COSY
6.95 7.23 _
6.65 7.89 @ —O0

5 55 COSY
1.52 125
Slide 125



Slide 126

Solve for a molecular formula and degrees of unsaturation. 2 points
M+ is odd indicating an odd number of nitrogen atoms
M-+ and M+2 peaks are approximately a 3/1 ratio so there is one Cl present.
The M+1 peak divided by 1.1 =31.9/1.1 = 29 = approximate number of carbon atoms.
The proton NMR shows 36 protons and the '*C NMR shows 29 carbon atoms (confirms MS data).
This all totals to 35 + 36 + 348 =419 grams

Residual mass = (total mass) - (419) =497 - 419 =78.

residual mass 78 - 14=64=4x O

This indicates four oxygen atoms so the formula is CygH34CINO,

Degrees of unsaturation = [(2x29 + 2+ 1) - (37)] /2= 24/2=12

Examination of the '>*C NMR shows 14 =C carbons (7 C=C bonds) and 3 C=0 bonds (total of

10 pi bonds), so the number of rings = (total degrees of unsaturation) - (pi bonds) = 12 - 10 =2 rings

IR data: 2 points
3030 = sp? CH stretch, 1630 =(C=C), 840 and 800 possible para substituted aromatic ring, and

possible trisubstituted alkene, 2960-2850 = sp3 CH stretch, 1470, 1380 CH bend, aldehyde C-H
stretch, 2850 and 2750, 3 x C=0, 1715 1690, 1670, 2 are conjugated, 1 is aldehyde, 1200 = sp2 C-O,
1060 = alkoxy C-O, at least 1 nitrogen, but no nitrile or primary NH2 or secondary NH or nitro;
maybe a tertiary amine

Tabulated 2D NMR Information

B¢ DEPT HETCOR | COSY HMBC

200.3 C=0 none none 8.08 2.55 1.52

199.2 H-C=0 9.72 3.66

187.0 Cc=0 none none 7.89 7.23

156.4 =C- none none 6.95 6.65 3.94

142.6 =C- none none 8.08 7.89 2.55

141.9 =C- none none 8.08 7.89

135.2 =C-H 7.23 3.48

132.7 =C-Cl none none 7.23 3.48

130.6x2 =C-H 6.95 6.65

129.8x2 =C-H 7.89 8.08

128.7x2 =C-H 8.08 7.89

127.3 =C- none none 9.72 6.95 6.65 3.66

114.9x2 =C-H 6.65 6.95

66.6 0O-CH2 3.94 1.81

51.4 CH 3.48 7.23 1.20

50.3 CH2 3.66 9.72

49.1 CH 2.97 1.05

458 CH2 2.36 1.81

41.0 CH2 2.55 1.52

28.5 CH2 1.81 3.94 2.36

22.0x2 CH3 1.05 2.97

19.9 CH3 1.20 3.48

17.4 CH2 1.52 2.55 0.96

13.6 CH3 0.96 1.52 (Prob 84)
2 points 2 points 2 points 2 points
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1.05 1.05 0.96
1.05
1.20
1.52
1.81
2.36
2.55
2.97
3.48
3.66
3.94
6.65
7.23
O 6.95

7.89

94 366 348 297 255 236 181 152 120 1.05 0.96 8.08

t 2Hd 1Hgnt 1H,sep 2H.t 2Ht 2H,gnt 2H,sex 3H,d 6H,d 3H,t
7 J=2 =7 J=7 J=1 J3=7 J=7 J=7 J=7 J=7 J=7 9.72

6.65

6.95

9.72 3.66 6.95

Exact Mass: 497.23 13C

M+ = 497.23 (100.0%), 200.3
M+1 = 498.24 (31.9%), igg.g
M+2 = 499.23 (37.9%), 187.0
M+3 = 500.23 (10.2%), 1864
M+4 = 501.24 (1.6%) 1428
135.2
132.7
22.0 22.0 Z]I.-ggg;((%
128.7x2
H 0 127.3
114.9x2
66.6
51.4
128.7 50.3
49.1
41.0 136 538
28.5
22.0x2
19.9

147.4
O 13.6

142.6

17.4
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Draw it this way too, to show all of the proton and carbon chemical shifts. Exact Mass: 497.23
1.05
1“;{5 q M+ = 497.23 (100.0%),
H Ry H Y H M+1 = 498.24 (31.9%),
2.97 / M+2 =499.23 (37.9%),
H M+3 = 500.23 (10.2%),
M+4 = 501.24 (1.6%)
181 7.23 7.89
H H
H @ 3.48 0
/ H |

8.08 1.52
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