Spectroscopy Beauchamp 1

General Procedure For Structure Identification

New organic compounds are most often encountered as a sequential progression of steps in a
chemical synthesis, or alternatively in natural product isolation from plants or animals or other
environmental source in nature. In a synthetic sequence, usually a known starting material is mixed
with reagents of well understood chemistry in a highly purified solvent under controlled reaction
conditions (i.e. temperature, pressure, etc.). The researchers have reasonable expectations of what
possible products could form. Usually they are confirming what they already suspect. However,
surprises are common enough and these can often lead to new directions for a research project. In
natural product isolation, the world is the limit. The nature of the extraction procedure may suggest
classes of compounds such as proteins, carbohydrates, lipids, nucleic acids, terpenoids, steroids,
alkaloids and the like. However, rarely will there be much of a clue concerning a specific structure
until one actually begins to acquire spectroscopic data. In either case, highly purified material is
desired for spectra to be useful. From this starting point, an overview of a possible strategy from
preparation or isolation of a compound to identification of its structure is presented below. You
usually learn about some of the purification techniques listed below in the organic laboratory.

Prepare a new compound
or
Isolate a new compound

Purify Compound

Chromatography (t.l.c., flash chromatography, GC, HPLC, etc.)
Distillation of liquids (simple, fractional, steam, vacuum, etc.)
Recrystallisation of solids

y Sublimation of solids

| Pure Compound |

v Elemental analysis (Combustion analysis)

| Empirical F ormulal

' Mass Spectrum

Molecular weight — Molecular Formula (Rule of 13)
(calculate degree of unsaturation & number of rings and/or pi bonds)

Spectral properties

Y
IR = functional groups and C=C substitution patterns
"HNMR = number & types of hydrogens

I3CNMR = number & types of carbons If a structure is too
2D NMR Methods = COSY, HSQC, HMBC, etc. complex, chemical
UV-VIS = pi bond information modification might

make it simpler.

If structue is

simple enough. Similar to —
known structures? Derivatives or fragments

of a compound

Identify structure.
A

\

Compare to
literature values.

y:\files\classes\spectroscopy\00 a spectroscopy basics, 318,319.doc



Spectroscopy

Beauchamp

Common Features of Electromagnetic Radiation

The following figure illustrates the usual spectroscopic divisions of the electromagnetic

spectrum.

High Energy - Low Energy
frequency v(Hz) = 10" 10'% 10" 10 10" 102 10'" 10 10° 10® 107 |V =violet
I =indigo
wavelength A(m) = 10° 108 107 10% 105 104 103 102 10! 1 10" |B=Dlue
G = green
— Y = yellow
wave number v (cm-1) = 107 10 10° 10* 10° 10> 10 110" 102 10% |0 =ornage
i A D S R =red

X-rays  Uv ' Vis : IR ' microwaves radiowaves

" VIBGYOR ™.

There are a few aspects common to the entire electromagnetic spectrum.

Electromagnetic Radiation as Enerqgy

E=hv
E=h(c/A)=hc(l/n)
E=hcv

c=VvA

Where Does the Enerqy Go?

The variables are v, A and v. Changes in these values will
change the energy of electromagnetic radiation.

v = frequency (#/sec = Hz, used in NMR)

A =wave length (in m, cm, nm, etc., nm used in UV-Vis)
v = wave number (#/distance = #/cm used in IR)

h=6.62 x 10* joul-sec
c=3.0x 10" ¢cm/sec = 3.0 x 10% m/sec

These two
are constants.

The energy of the electromagnetic radiation (light) absorbed is transferred into a
particular energy transition of the molecule with a matching (resonant) frequency. In a
molecule, this increase in energy can be electronic excitation in ultraviolet-visible light,
vibrational stretching and bending in infrared light or proton and carbon-13 nuclear spin
inversion in the presence of a magnetic field with radio waves of nuclear magnetic

resonance spectroscopy.

The figure below shows the electromagnetic spectrum with relevant energies,
frequencies, wavelengths and wavenumbers. The effects on molecules, atoms, electrons
and nuclei are listed in the appropriate regions.
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Spectroscopic Technigues

UV-Vis
(40-200 kcal/mole)

130 kcal +

120 kcal 1+ A

110 kcal+

100 kcal 1

90 kcal +

80 kcal T
| AE =hv =hc(1/A) =hcv

70 keal (typical units = nm)

60 kcal T

50 kcal T

40 kcal +

30 kcal T

20 kcal T

10 kcal T

Okcal T —— 0kcal

Energy changes
location of electrons
in bonds (bonding
to antibonding
orbitals).

Beauchamp

IR

(1-10 kcal/mole)

Microwaves
(~ 1 kcal/mole)

AE = < kcal )

mole

(typical units = cm™)

10 kecal

0 kcal
Energy causes
higher energy
vibrations
(stretching and
bending of bonds).

1 kcal
i — 0 kcal
Energy causes
higher rotation
of molecules or
changes in spin
of electrons in a
magnetic field.

NMR
(0.00001 kcal/mole)

(typical units = Hz)

The difference
in energies is too

small to see on
Qlis graph.
0 kcal

Energy causes
changes in spin
of nuclear
particles (e.g.
protons and
neutrons in a
magnetic field)

Other Ways of Looking at Energy (v = frequency, v = wave number, A = wavelength)

Parameter X-rays uv Vis
E (kcal/mole) 24,000 200 50
E (kj/mole) 100,000 800 200
E (eV/photon) 1,200 8 2
v(Hz) 3x10!7 2x101 5x10'
V(em™) 1x107 50,000 17,000
M(nm) 1 200 600
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IR Microwave Radiowaves
10 3x1073 6x107°
40 1.2x1072 2x107
0.4 1x10™ 3x1077
1x1014 3x1010 3x108
3,000 0.01
3,000 1x107 1x10°
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From the moment a molecule gets in an excited state (electronic, vibrational, rotational
or nuclear spin), it is seeking a way to get back to the lower energy ground state. This
process is called relaxation. Relaxation can occur by a number of mechanisms, which
include producing heat (radiationless heat transfer) or emitting a photon of energy
(fluorescence or phosphorescence). Our observation of the interaction of the photon
with the molecule is sometimes detected in the event of excitation (UV-Vis and IR) and
sometimes detected in the relaxation of the excited state ('H and °C NMR).

A*

E, — E, E, —
(excited (excited (excited

state) state) state)

excitation AE .
AE — > relaxation
IR and UV-Vis ! 3
detected here Hand “C NMR
detected here
A \ A

E, E, — B, —2—
(ground (ground (ground

state) state) state)

A =molecule of interest in ground state
A* = molecule of interest in excited state

E, > E, = energy states of the molecule

AE = (E2 - El)

Electron excitation occurs from
a bonding to an antibonding
orbital. Usually in pi bonds or
conjugated pi systems, but it
also can be from lone pair
electrons or weak sigma bonds.

AE = 50-100 kcal/mole UV-VIS

AE ~ 1-5 kcal/mole bending vibrations of

Excitation of stretching and
IR
functional group patterns.

Excitation corresponds to

nuclear particle spin flips

in the presence of a magnetic NMR
field: 'H isotope of hydrogen

and 13C isotope of carbon .

AE ~ 107 kcal/mole
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Spectrometers

In each spectroscopic technique there are essential elements of instrumentation. It is not possible to cover
the details of such instrumentation here and our ultimate goal is interpretation.

There are some common general features. All of the instruments have a source of electromagnetic
radiation (except mass spectrometry). This can be ultraviolet light, visible light, infrared light or radiowaves in
NMR. There is a sample holder which contains the sample to be studied and allows the radiation to pass through
the sample. This allows for any relevant interactions to occur. Any frequencies that are absorbed are converted
into energetic transitions in the sample that is irradiated.

The efficiency of energy transfer to the sample determines the strength of absorption that occurs, for a
particular frequency of radiation. A very efficient transfer will lead to a strong absorption and a less efficient
transfer will produce a weaker absorption. If a particular frequency does not interact with the sample at all, then
none of the radiation will be absorbed. Alternatively, we could say all of the electromagnetic radiation is
transmitted. Absorption and transmission are inversely related, as shown below. Some instruments record
absorption and some record transmission. Absorbance units are usually given as 2 minus the log scale value of
the percent transmission (Beer’s law).

A = absorbance
T = transmittance

A =2 -log(T)

100% transmission 0% absorption (Absorbance =2 - log(100%) = 0.00)
80% transmission  20% absorption (Absorbance =2 - 1log(80%) = 0.10)
60% transmission  40% absorption (Absorbance =2 - log(60%) = 0.21)
40% transmission  60% absorption (Absorbance =2 - log(40%) = 0.40)
20% transmission  80% absorption (Absorbance =2 - log(20%) = 0.70)

1% transmission  99% absorption (Absorbance =2 - log(1%) = 2.00)

In addition to detecting the intensity of transmission (or absorption), the instrument must also separate the
many different frequencies to be recorded (referred to as resolution). This requires a frequency analyzer of
some sort. Modern spectroscopic instruments allow extremely fine divisions to be recorded. The finer the
detail, the greater the resolution that is possible for the chemist to make distinguishing determinations. Once
the frequencies have been separated, they must be detected in a manner that also allows the intensity to be
measured. There are a variety of detectors that stir up electrons (excite them) to generate electrical signals that
can be amplified. These signals are routed to either a computer data storage area or a recording chart that can
print out the final result, which is called a spectrum. An experienced spectroscopist (soon to be you) can then
analyze the details in the spectrum to develop conclusions about structural features of the unknown sample.
This is shown in the simplistic diagram below.

Radiation -~ \/\/\/\/\/\

source Sample Frequency

W Analyzer
A radiation source produces /_\_/ The sample absorbs Separates and analyzes

a range of frequencies in the frequencies which various frequencies not
area of interest. It does this interact with matching absorbed (IR and UV-Vis)
one-by-one in a continuous energy transitions in or emited (NMR) by the
wave instrument or all at once a molecule. The other sample.

in an FT instrument. frequencies pass through.

Produces an electronic
signal proportional to
the intensity.

Fourier Transform C .
Record (FT) omputer d
- - ata storage
Spectrum transforms time data Storage of <—g Detector
into frequency data Data
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Finding a Molecular Formula and Degrees of Unsaturation

Degrees of Unsaturation — details that can help solve our structure

H H
H H H H H H \ / Actual number of bonding
| | | | | | fqrtr)n a d —C /H T T T positions with one pi bond = 2n
H—C—C—C—C—C—cC—#H P1°0" H/ Nl L ‘
| | / | | | reduces the # of single
H H H H H H H H H H bonding groups by 2

number of carbon atoms = n , )
single bonding groups = protons and halogen atoms

Maximum single bonding positions = 2n + 2
Degree of unsaturation = !M%JZH) = %

1 degree of unsaturation

H H
H H H H H H
TN '
H—C—C—C—C—C—C— orm a \ P4 Actual number of bonding
| | | | | | rlng: H_T (|.:_H positions with one ring = 2n
HoH H O HOH Ij H_/C\ /C\_H reduces the # of single
number of carbon atoms =n o /C\ u bonding groups by 2

Maximum single bonding positions = 2n + 2 i W

Degree of unsaturation = j2n_+22);(gn) - 2 degree of unsaturation

\S]

Oxygen atoms (or divalent sulfur), in any

amount, do not change the above calculation. T T T I|{ I|{ T

They merely act as spacer atoms. We just 4C's =
ignore them when calculating the degree of C— ¢ ¢S/ ¢—C—C—H
unsaturation. P|I (|) P|I I|{ C|) I|{

. . C,Hn+2S,0
Maximum bonding | | n2n2oxHy
positions on n carbon atoms = 2n + 2 H H
Every single nitrogen atom will add an extra bonding H H H H H H
position. Also, an odd number of nitrogen atoms | | | | | | o
(1,3,5...) will lead to an odd molecular weight. H—C—C—(C—(C—C—(C—H #C's=n
Maximum bonding positions on n H H /N\ H H H CaHopio+yNy
carbon atoms with nitrogen present = 2n + 2 + #N atoms H H

- ber of actual number of single Possibilities if 2
n}axllmélm (?um o F;. __| bonding atoms on a carbon degrees of unsaturation,
Smgle gn ml% 11)051 tons skeleton, includes Hs and pibonds rings
degrees of _ \On a carbon skeleton halogens ) 0
unsaturation — 5 1 1
0 2
degrees of  _ (n+2+#N) — (single bond atoms) 12 the number of carbon atoms

# N is the number of nitrogen atoms
2 single bonding atoms = H and halogens

unsaturation
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Mass Spectroscopy — can help generate a molecular formula

MS is different from the other routine spectroscopies (UV-Vis, IR, H and C NMR) in
that absorption or emission of electromagnetic radiation is not used. Rather, the
sample (molecule) is ionized by a high energy electron beam in a process referred to as
electron impact (EI). An electron is knocked out of a bonding molecular orbital (MO),
forming a radical cation. There are many other modern and important variations of
mass spectroscopy, which we won’t cover. Our present purpose in using mass
spectroscopy is limited to obtaining a molecular formula and the degrees of
unsaturation, leading to the number of pi bonds and rings.

. |e ®
high EI mass spec
R**H +  energy S—— R*—H + 2e-
e_

radical cation

The atomic weights listed in the periodic table are average masses based on the
abundance and mass of all of the isotopes. However, molecules are made of specific
isotopes, which vary by some interger multiple of atomic mass units (amu). Molecular
weights in our problems will be based on exact masses of the isotopes, not average
masses of the atoms. We need to be precise in our calculation of possible masses for
each collection of atoms. For example the atomic weight of bromine in the periodic
table is 79.9, though there is no bromine isotope with a mass of 80. The 79.9 atomic
weight is a result of an approximate 50/50 mixture of two stable isotopes of mass 78.9
and 80.9. Because of this complication we will require data on the exact masses and
the relative abundance of the common isotopes that we expect to encounter. The
elements most useful to us in organic chemistry and biochemistry are listed below with
the most abundant isotope listed as 100% and the other isotopes as a fraction of that
amount.

Element Atomic Weight Nuclide Mass Relative Abundance
hydrogen 1.00797 " 1.00783 100.0
’H (D) 2.01410 0.015
carbon 12.01115 2c 12.00000 100.0
B¢ 13.00336 1.11
nitrogen 14.0067 N 14.0031 100.0
N 15.0001 0.37
oxygen 15.9994 1°0 15.9949 100.0
70 16.9991 0.04
0] 17.9992 0.20
fluorine 18.9984 g 18.9984 100.0
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silicon 28.086 2834 27.9769 100.0
254 28.9765 5.06
g4 29.9738 3.36
phosphorous 30.974 3p 30.9738 100.0
sulfur 32.064 329 31.9721 100.0
33 32.9715 0.79
g 33.9679 4.43
chlorine 35,453 3¢l 34.9689 100.0
el 36.9659 31.98
bromine 79.909 PBr 78.9183 100.0
S1Br 80.9163 97.3
iodine 126.904 127 126.9045 100.0

In every molecular example we encounter, the highest percent isotopomer has the
lowest molecular weight mass, which we call the M+ peak. Higher mass isotopomers
with heavier isotopes can have molecular weights of M+1, M+2, M+3, M+4 and more.
An odd molecular weight is indicative of an odd number of nitrogen atoms (1, 3, 5,
etc.).

The atomic values of M+1, M+2 and M+4 in the following table are based ‘only’ on
the isotopes of each indicated atom(s). These are typical atoms one might find in an
organic structure. In a molecule, M+ is the molecular weight peak and referenced as
100% no matter what its real size is relative to the base peak (the base peak is the
largest peak in the mass spectrum) and the M+1, M+2, M+3, etc. peaks are reported as
a percent of the M+ peak and will depend on what type and how many of each isotope
there are. In most problems you will be given an exact mass (the M+ peak) and M+1,
M+2, etc. peaks to determine if and how much sulfur, chlorine and/or bromine is

present.
H C N O S F Cl Br I

M-+ 100% 100% 100% 100% 100% 100% 100% 100%  100%
M+1 0.02% 1.1% 0.38%  0.04% 0.8% 0% 0% 0% 0%

M-+2 0% 0% 0% 020% 45% 0%  32%  97% 0%

M+4 0% 0% 0% 0% 0% 0% 0% 0% 0%
(C), (Br); (Br,Cl) (S,.ChH (S.Br)

M-+ 100% 100% 100% 100% 100%

M+1 0% 0% 0% 0.7% 0.7%

M+2 64% 194% 129% 36% 102%

M+4 10% 95% 31% 1.4% 4.4%
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The relative percents of these peaks can indicate what other atoms are present and in
what amount they are present. For this to work the M+ peak must be big enough to
see, and the M+1 and higher peaks must be big enough to be significant to estimate the
relative percent of the M+ peak. We assume this is the case in our problems, even
though there are many exceptions where it is not true. There are alternative ways of
obtaining a molecular weight, such as chemical ionization, CI, that can more reliably
provide this information, but are not covered in our brief discussions.

A rough estimate of the number of carbon atoms can be obtained by dividing the M+1
percent is divided by 1.1, which is the percent abundance of the "°C isotope relative to
the '*C isotope. In a similar way, the M+2 and M+4 peaks are helpful at indicating if
and how much S, Cl and/or Br is present. Lower molecular weight sulfur compounds

are easily detected by their foul smell.

U

Chemical Formula: CsH,
Exact Mass: 72.09
M+ =72.09 (100.0%),
M+1=73.10 (5.5%)

/\)NHZ

Chemical Formula: C4H{{N
Exact Mass: 73.09
M+ =73.09 (100.0%),
M+1 =74.09 (4.7%)

OH

A~

Chemical Formula: C4H;,O
Exact Mass: 74.07
M+ =74.07 (100.0%),
M+1 = 75.08 (4.5%)

Chemical Formula: C4H;(S
Exact Mass: 90.05
M+ =90.05 (100.0%),
M+1=91.05 (5.1%),
M+2 =92.05 (4.6%)

.

Chemical Formula: C4HoCl
Exact Mass: 92.04
M+ =92.04 (100.0%),
M+1 =93.04 (4.3%)),
M+2 =94.04 (32.0%),
M+3 =95.04 (1.4%)

.

Chemical Formula: C4HoBr
Exact Mass: 135.99
M+ =135.99 (100.0%),
M+1=136.99 (4.3%),
M+2 =137.99 (97.3%),
M+3 = 138.99 (4.3%)

CsH;¢Br,
Exact Mass: 227.91

M+ =227.91 (100.0%),

M+1 =228.92 (5.4%),
M+2 =229.91 (194.6%),
M+3 =230.92 (10.7%),
M+4 =231.91 (94.6%),

M+5=232.91 (5.1%)

CsH,(Cl,

Exact Mass: 140.02
M+ =140.02 (100.0%),
M+1 =141.02 (5.5%),
M+2 =142.01 (63.9%),
M+3 =143.02 (3.5%)
M+4 =144.01 (10.2%),
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CsHloBrCI
Exact Mass: 183.97

M+ = 183.97 (77.4%),

M+1 = 184.97 (5.6%),
M+2 =185.96 (129.2%),

M+3 =186.97 (7.1%),
M+4 =187.96 (31.1%),

M+5 = 188.96 (1.7%)
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Finding a Molecular Formula

Our approach to obtaining a molecular formula will be as follows.

1. Determine if >>Cl, "Br or **S are present (and how many) using the mass spec
information listed above (M+2 peaks, etc.).

2. A proton count can be determined by using the proton integration from the H NMR.
This will be given until H NMR is covered.

3. A carbon count can be estimated by dividing the M+1 mass spec peak by 1.1, since
the °C isotope is 1.1% of the '*C isotope. This can be confirmed by counting the
number of carbon peaks in the proton decoupled ?C NMR (taking into account any
symmetry features). This will be given until °C is covered. A minor complication is
that S is 0.8% of **S and two "°N is about 0.8% of '*N. Both of these possibilities
can appear as an extra carbon atom in a formula unless subtracted from the M+1
percent.

4. The total masses of any 3Cl, ”Br, **S (use the exact masses of the lower atomic mass
isotopes), plus the total mass of hydrogen (‘H) and carbon ('*C) is subtracted from the
exact mass, the M+ peak. This will leave a residual mass most likely composed of '*N
and/or '°0. Usually, how many of each element becomes clear by inspection, looking
for some combination of 14 and 16 to equal the residual mass.

5. Once all of the atoms are determined, one uses the formula to calculate the total
degrees of unsaturation, which equals the total pi bonds and rings.

6. Pibonds are estimated from the chemical shifts in the ’C NMR, looking for alkene,
alkyne, aromatic, nitrile and C=0O functionality. Certain types of pi bonds will not
show up in the "°C, such as N=0 and N=N pi bonds (nitro, nitroso, azido, etc.). Most
of these are rare for us, but the nitro (-NO,) is common enough and can be seen in the
IR spectrum (1550 cm™ and 1350 cm™). The number of pi bonds is subtracted from
the total degrees of unsaturation to find out how many rings are present.

The procedure described here is a good first step towards finding an unknown
structure. Two examples are provided below.

Having an IR and/or NMR data will give us many additional clues to help decide what
a structure is. We’ll look at those techniques after the formula examples below.
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Example 1 — finding a molecular formula and the number of pi bonds and rings
Mass spec data:

Exact Mass: 369.06

An odd mass indicates
an odd number of nitrogen
atoms.

M-+ = 369.06 (100.0%),
M-+1 = 370.06 (17.7%),
M+2 = 371.06 (99.6%),
M+3 = 372.06 (17.2%),

1. M+ =~ M+2 so bromine is present (exact mass = 79).
2. Proton count from 'H NMR = 20 (given for now, until a H NMR is provided)
3. Carbon count from MS data = (17.7)/(1.1) =16
Carbon count from '*C NMR is 16 (given for now, until a C NMR is provided)
4. Total mass of 7Br + 20 H + 16 '2C =291
5. Residual mass =369 -291=78=64+14=4x0+1xN
Molecular formula = C;4H,(,BrNO,
maximum single bonding positions =2(16) +2 + 1 =35
degrees of unsaturation = [(35) - (21)] /2 =14/ 2 =7 degrees
6. 13C NMR shows 6 x (=C) in alkene/aromatic region = 3 x (C=C)
and 1 x (C=0) for a total of 4 pi bonds. However, there are two absorptions in the IR
at 1550 and 1350 cm™', indicat that a nitro group might be present. That brings the total
pi bonds to 5. The number of rings = (total unsaturation) - (pi bonds) =7 - 5 = 2 rings
Example 2
Mass spec data:
Exact Mass: 414.13

M+ = 414.13 (100.0%), An even mass indicates
M+1 =415.13 (22.9%), no nitrogen atoms or an
M+2 = 416.12 (36.5%), even number of nitrogen
M+3 =417.13 (8.3%), atoms.

M+4 =418.12 (1.5%),

1. M+2 = (M+) x (36.5%) so Cl1 (32%) and S (4.5%) are likely present (exact mass = 35+32 = 67).
Also M+4 = 1.5%, supports this conclusion. This also adds 0.8% to M+1 peak.
2. Proton count from 'H NMR = 27 (given for now, until an H NMR is provided)
3. Carbon count from MS data = (22.9-0.8)/(1.1) = 20 (subtract 0.8 for each sulfur atom present)
Carbon count from '3C NMR is 20 (given for now, until a C NMR is provided)
4. Total mass of ¥°C1 +32S +27 H+20 '2C =334
5. Residual mass =414 -334=80=5x16=5x0
Molecular formula = C,yH,7Cl05S
maximum single bonding positions = 2(20) + 2 =42
degrees of unsaturation = [(42) - (28)] /2 =14/ 2 =7 degrees
6. 3C NMR shows 6 x (=C) in alkene/aromatic region = 3 x (C=C)
and 2 x (C=O0) for a total of 5 pi bonds. The number of rings =
(total unsaturation) - (pi bonds) =7 - 5 = 2 rings
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Infrared Spectroscopy

Vibrational bands in the IR are a result of stretching (symmetric and asymmetric)
and bending of bonds commonly found in organic and biological molecules.

In a stretching vibration the two atoms stretch away from one another or contract

towards one another.

- — — -
@ . stretch ( ) contract

average bond length stretched contracted

The frequency of this stretching vibration is simply how many times this occurs per
second (visible light = 10'¥/sec). Electromagnetic radiation with this energy can
induce a specific vibration. In IR spectra this is reported as wavenumbers (cm™).

¢ = speed of light = 3.0x10® m/sec

_ | v=frequency = # per second = Hz in NMR
v=c/h=cy A = wave length of light (various units, nm in UV-Vis)
V = wave number = # per distance (cm™' in IR)

C=VA

v=v/c

Additionally, a two atom bond can also bend. If we arbitrarily fix a carbon atom, then
the hydrogen atom can move up and down or front and back (relative to the rest of the

molecule).
\ .

front and back

Generally, stretching vibrations are more energetic than bending vibrations and require
higher energy photons for a specified pair of bonded atoms. The following examples
are some typical values, but are not always useful in determining structures.

Typical I? Stretching Wamgm})ers v Typical IR Bending Wavenumbers, v higher energy photons mean:
sp> C-H  2850-3000 cm™ sp> C-H 1380, 1450 cm™!
sp? C-H 3000-3100 cm™! sp> C-H  650-1000 cm! shorter A, (distance)
spC-H  3250-3340 cm’! spC-H  600-700 cm™! .
N-H  3100-3500 cm! N-H  1550-1640 cm’! higher v, (#/ sec)
O-H  3200-3500 cm’! O-H  1000-1300 cm’! higher v (#/ distance)

A
Usually higher in energy.
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Real organic molecules are much more complicated than simple two atom pairs. Many
atoms are present and numerous bonds can approximate a whole collection of vibrating
springs. Commonly encountered arrangements of atoms are called functional groups
and produce reasonably predictable IR wavenumbers. These IR bands can be used to
identify the presence of a functional group when detected in the IR spectrum.

alkane C-H and C-C bonsd

/ °
\ alcohol O-H
AN and C-O bonds
° ...and other groups

Nearby atoms and bonds tend to act as subgroups in concert with one another. By
increasing our atom pattern from two vibrating atoms to three, we can gain an
appreciation of the increased complexity. A simple methylene, CH, subgroup
illustrates some of the possibilities. Simultaneous stretching of the two hydrogen
atoms away from and towards the carbon is a symmetric stretching vibration, which
has a characteristic range of wave numbers. When one hydrogen stretches away and
the other hydrogen moves toward the carbon an asymmetric stretch occurs. For each
particular three atom system the asymmetric stretch is usually the higher energy

vibration.
it o, / H / H
////// / /”/,C/ /////// /
e “C
PN \§ ~N
0 0 \H
methylene group|  CH, asymmetrical stretch ~ 2930 cm™ CH, symmetrical stretch ~ 2850 cm’!

Usually the wave number of asymmetric stretch > symmetric stretch

Several bending vibrations are also IR active in a methylene subunit. These bending
modes are shown below along with their approximate resonant wavenumber.

}R }:\ H H
///////, / ///////, / //////1, / / //////,, /

C C C C
7\ 7\ s\ Y
CHj, scissoring CH, rocking CH, wagging CH, twistin?g
~1450 cm™! ~720 cm’! ~1250 cm’! ~1250 cm’™!
in the plane in the plane out of the plane  out of the plane

y:\files\classes\spectroscopy\00 a spectroscopy basics, 318,319.doc
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asymmetrical stretching

anhydride asymmetrical stretching ~ 1800 cm’!

14

symmetrical stretching

anhydride symmetrical stretching ~ 1760 cm™!

/P

— N®

NS

nitro asymmetrical stretching ~ 1550 cm’!

///O

—N®
NS

nitro symmetrical stretching ~ 1350 cm’!

"

\

N
primary amine and amide (NH,)
asymmetrical stretching ~ 3400 cm™!

a

\

Nk
primary amine and amide (NH,)
symmetrical stretching ~ 3300 cm™!

H

Y/
W

methyl asymmetrical stretching ~ 2960 cm™!

H

7
W

methyl symmetrical stretching ~ 2870 cm™!

Vibrations such as these are called fundamental vibrations because they involve a direct

transition from a low energy ground state to a higher energy excited state. The energy
(frequency/wavenumber) of the exciting electromagnetic photon matches the energy
(frequency/wavenumber) of the vibrating system. The two frequencies are said to be in

resonance.

In actuality, real life 1s more complicated than our simplistic picture. Absorptions occur
at other wavenumbers due to overtones, combination bands and difference bands. If you have
ever played a guitar (or other stringed instrument), then you have probably learned how to
tune the strings using harmonics or overtones by lightly touching the vibrating string at the
halfway point. A different note is heard due to higher frequency vibrations also occurring in
addition to the fundamental vibration. The other frequency vibrations are integer multiples of
the main vibration due to the fixed points of attachments at the end of the strings.

fundamental vibration

first overtone

2v
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A particularly intense IR absorption can produce a small, but easily detectable
vibration band at twice the frequency. For example, an intense carbonyl, C=0,
absorption band at ~ 1700 cm™ can often produce a small but observable overtone band
at~ 3400 cm™ (= 2 x 1700 cm™). This is sometimes mistaken for an O-H or N-H
absorption.

Combination bands are also possible. When two different frequencies couple
together, they may produce an IR active absorption band which is a combination of
their two frequencies, i.€. Veompo = V1 + V2. Difference bands are similar, but in the
opposite sense. Two different frequencies can act together in opposition and partially
cancel one another forming an IR active absorption band, 1.e. Vgitference = V1 - Va.

Overtones, combination bands and difference bands can make an IR spectrum
much more complicated than a simple consideration of the fundamental bands would
lead us to believe. They can hide or confuse an otherwise straight forward analysis.
On the other hand, the complicated patterns generated tend to be unique for each
arrangement of atoms. The patterns of absorption bands generated can be used in
much the same way as our fingerprints are for exact identification. The lower
wavenumber region of an IR spectrum (1500-400 cm™) is often called the finger print
region for this reason. Many of the fundamental bands of functional groups appear
above 1500 cm™ and are useful in identifying the functional groups present.
Accordingly, this region is often called the functional group region (1500-4000 cm™).

1

4000 cm-! v = wavenumber = cm’ 1500 cm’! 400 cm!
Functional : Finger
Group Region E Print Region
2.5 um A = wavelength ("um" units used many years ago) 11 pm

We will ignore the specifics of these extra absorption bands and try to identify
mainly the fundamental functional group absorption bands. However, there are some
overtone bands that are useful for identifying organic structure. One such group is the
aromatic overtones around 1660-2000 cm™ produced from C-H bending of hydrogen
atoms around the aromatic ring. Even though they can be helpful, they are usually
weak and are partially covered up when in the presence of strong carbonyl bands.

y:\files\classes\spectroscopy\00 a spectroscopy basics, 318,319.doc
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The values given in the tables that follow are typical values. I gave you a choice of
tables. Use the one that works best with your way of thinking. Specific substituents
may cause variations in absorption frequencies due to resonance, inductive and/or
steric effects. Absorption intensities may be stronger or weaker than expected, often
depending on dipole moments. In general, a stronger dipole moment means a stronger
absorption. Additional bands (combination and overtones) may confuse an
interpretation. In very symmetrical compounds there may be fewer than the expected
number of absorption bands, (it is even possible that all bands of a functional group
may disappear, i.e. a symmetrically substituted alkyne!). Infrared spectra are generally
informative about functional groups that are present, but not always. °C NMR is often
just as informative about which functional groups are present, and sometimes even
more so. IR is often helpful in the solution of a structure, but not always. Information
obtained from one spectroscopic technique should be verified or expanded by
consulting the other spectroscopic techniques.

IR - typical functional group absorptions (full range, mainly stretching bands)

4000 35|0(|)| |3O|OO| w 2500I - 20|00 | |17|OO |15|00 1300 1100 9(|)0 | 7(|)0 | 500
i_ - e alkene sp® C-H bend
ca P o c=C co — - -
Sp - , — ‘ Sp3 C-H , = m
- ) : ' mono
2 (‘;J—H thiol S-H = wm — bend ' :
SP : C:N C=N itrans -
alcilehyde C-H EC:C acyl C-O gemingl .
alcohol O-H: alkene phenol C-O b o 5
|- alkoxy C-O
carboxylic acid O-H ' aromatic aromatic sp> C-H bend
oty | :I mono;
"N H2 E E Blel’ld E orﬁqo
N o mmo e
2 NH e paa__
TTTT T T T T 1 T T T 1T T T T T T T T T T T T T T 1
4000 3500 3000 2500 2000 1700 1500 1300 1100 900 700 500

units = cm’™!

Energy of left side of spectrum
x 103 m 34 6x102 ) _ (1K lkeal | _ {y kcal
(4000} (100 e IO (66 x 107 sec) (X102 ) = 4000 (=) (a2%) = 11 mole

cm m sec mole

Energy of right side of spectrum

§ -34 23 i 1 kcal kcal
400 1000m><3X10 m><6.6X1034J_Sec><6X10 >: . < 1kj >< | >:1.1
<cm >< m sec “mole /48991 (710007 42 kj mole

This is not enough energy to break typical organic bonds.
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The only wave numbers (cm™) reported are for the specific functional group indicated.
Other functionality will be mixed in, as appropriate in a real IR.

IR - typical functional group absorptions (full range, mainly stretching bands)

4000 3500 3000 2500 2000 1700 1500 1300 1100 900 700 500
| I T Y T Y 1 - ] | ] ! 1 1 ! ] [ I ]
acids [--------- 1:---- " R il s — E -------- bt EEEEEEE LR e -
! ac:ld OH stretch E E Cc=0 stltetch ' acyl C-O E E
anhydrides|--------- dmmmmmme- dmemomemeoo--- SRR LR Foo---- i R SRR LR L SEEEEEEEEEEEREEE: REEEEEED -
! ' ' ' C=0 streich ! acyl ¢'O '
esters [---------- e R T — Tomm-mo-- — ool
) ) ' I : ' C=0 strbtch ; acyl C-O alkoxy C-O I
acid chlorides|---------- REEEEEPEE Fommmm—eeea fommm e ammm—--- - FRREEEEEEEEEEEEE o Femmm---
: ' : . C=0 stretch : . :
1° amides |--------- e P S é-s-—p:[- -------------- e PR L
1 ' : : =0 N= : :
20 amides |- oonomo _:_I_Q_H_ZS.“e_tc_h jwong) . L. Swelchbend E e i
! NH stretch {st €=0 N= :
30 amides | --------- L _C__Es_r_ofl e R LR stetgh bend SR ]
o H E i E CLO stretch. E i
nitriles [---------- bommmmeee- CREEEELEEEELE SREEEEE L REREETELEEETEEEE FRREEEEE S P FRREEEEEE
H ' ! CN stretch | ! i ! !
aldehydes |--------- s s m— SR S . . —
H i ald. CH stretch! ! C=0 sfretch . ! !
ketones |---------- fmem e ————— SREEL LR Lecoomomnnna- T EEELEEEEE L R R E L SEETTTETEREELEEE bem-----t
E ' H . C=0 sﬂretch H ! i
alcohols |--------- R iRt EEEEEEEEEEEE m s s o seeeoee- SREREEEE SRREEEEEEEED l— oo ERREEEEEE
. ialc. OH stret¢h ! ! ! H alkoxy!C-O stretch :
thiols p--c-aun-- Lememeeee- EETTEETEEY - SELTELEELEE SEEEELEE Ll R R demeenens
0. : ' SH stretch (v. weak) , : ' : :
1° amines [---------- - b P L L CTE deeeeeeas D ] EEET TR PR —-teeeee-
E NH, stretcH (weak) ' : ! N=H betd ' N=H bendl
2° amines|---------- :—---------------------%-------------:-----------:- ----- —: --------------- hERRREEEEEL e BT EEEEEEE
! NH stretch (Weak) E ' ' N=H bend E N=H bend
3° amines f--------- T REELELIEE o ACRLEELTERERE RRLECIELEEE SEERETEEE R SRR EEEEEEEEEE SEEREEELE
ethers f--------- it AUSCOETELEELE - bommennneee e S REEEEE e dee e
o s 5 L oo T
nitros [---------- R Pommmomoo- S REEEEE R qmmmmmemee To---- - - R R ERREEEEEE
H ' ! ! ' N=0 asym. N=0 sym ! !
alkanes |---------- hERR R —--- - dmmmmmmmme e demmmmmme- FEEREEEE —-- - R | _FEEEEEEES
E sp>CH stretch ! ! H sp*CH bend ! CH, rdck
alkenes (mono) t--------- S RRREEEE ——— e R LR EEEP PR i e LR EEEEE o EEEEEEE e
v sp’CH s:tretch . E C%C stretch mono, sp? CH bend E
alkenes (CiS) --------- il - ------------- E— ------------ il I - - - -l----------o--- -i -------------- —-------
' sp’CH stretch ! ! C=C stretch , ! cis, sp (jH bend
alkenes (trans) [--------- Lo - R T TR P L EEEEEEE R .*“"' --------- i
i sp’CH stretch H H C+C stretch trdns, sp> CH bend :
alkenes (gem) |---------- pesneo- R REGELE EEEEEEEEEEREY: R e L. EELEEEEE PR R R T AR R S
. voosp CH stretch : : C=C stretch ' i geminal, sp’ CH bend
alkenes (tri) {--------- R T TR [ [ - — B R L - -. --------
i sp’CH stretch E E C’::C stretch | E tri, sp?> CH bend
alkynes {---------d4--mmo___. . beeeee- -l emeeee- g R PR PR R P e
sp .bH stretch | ! CC stretch | ! H ! !
aromatics (mono) f--------- i Sy R EEEEEEE Fommmmmmmm |- mm oo dmmmmmmmemee -
) + sp’CH stretch . H C':C stretch ! mono, sp> €H bend
aromatics (ortho) t--------- 4 —- e --e-oo- fmmmmmm e P - - - --------------- frmmmmmmeeeee -
' sp*CH s:tretch E E CrC stretch ! . ortho, sp’ C'H bend
aromatics (meta) §---------- bbb il ety F el L EECECECEEREREES ik -
' sp~ CH s{retch ! ! O=C stretch ! met, sp CH benda
aromatics (para) 7----"""""" momee- A il Sty o L ERRERRRIR e il el
+ sp’CH stlretch ‘ ' Cfc str etch: . para, sp> CH bend
N e e s B B B B B [ I
4000 3500 3000 2500 2000 1700 1500 1300 1 100 900 700 500

units = cm™
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Spectroscopy

Beauchamp 18
IR Flowchart to Determine Functional Groups in a Compound (all values in cm™)
has C=0 band IR Spectrum (all values are approximate, +)
(1650-1800 em™) has a does not have
very strong triple C=0 band
bond
alkanes
itri H
aldehydes C-H stretch (two weak nitriles ‘ | o C-H
bands N
)j\/ nds) C// ——C—C——  stretch
R™H  2860-2800 PN 3000-2840
2760-2700 R
stretch bend
~— (C=0 stretch ol 2250 CH, ~1450
simplie ~ ~
R™ "H 11740-1720, saturated conpugated  ~2220 notuseful — CH; ~1370
~1700-1660, conjugated alkenes

ketones 0
)]\ ~ gtretch
R R

~1720-1710, when saturated
~1700-1660, when conjugated
~1810-1720, when in rings

esters - rule of 3 gtretch

1750-1730, saturated

/C/H
/
C/ ‘\ spC-H

/ stretch
3300

2150 bend
not present or weak 620

when symmetrical

_ /4— sp” C-H

1740-1680, conjugated
1820-1720, in rings
(0]

ot

acyl C-O alkoxy C-O
1350-1150 1200-1050
acids stretch

1730-1700, saturated
1700-1680, conjugated

(0}

PN

H
—
R 0 \ acid O-H

All IR values are approximate and have a
range of possibilities depending on the
molecular environment in which the £
unctional group resides. Resonance often
odifies a peak's position because of
electron delocalization (C=0 lower, acyl
C=0 higher, etc.). IR peaks are not 100%
reliable. Peaks tend to be stronger (more
intense) when there is a large dipole
associated with a vibration in the functional
group and weaker in less polar bonds (to the
point of disappearing in some completely
symmetrical bonds).

¢ stretch
/ \ \ 3100-3000
bend
1660-1600 1000-650
not present or weak (see table)
when symmetrical
aromatics stretch

3100-3000
bend
H 900-690

-
Z |(|: (see table)
~ stretch
1600-1470

overtone patterns (weak)
between 2000-1660

acyl C-O 3400-2500
1320-1150 very broad

1680-1630, always
conjugated with
nitrogen lone pair,
higher in small rings
(4 atom = 1745)

amides
O
)]\<—
IiI/

~3350 & ~3180, 2 bands for 1°
amides, 3300, one band for 2° amidesj
stronger than in amines, sometimes
an extra overtone ~3200, no bands
for 3° amides

H

I 1°
Ney

| 0
NG

IL ~1640-1550, N-H bend, strong in
< "H amides with polar resonance form

acid chlorides stretch (very high)

0 -« 1810-1770, when saturated
1780-1760, when conjugated

Alkene sp? C-H bending patterns
monosubstituted alkene (985-1000, 900-920)
trans disubstituted (960-990)

cis disubstituted (670-730)

gem disubstituted (880-900)

trisubstituted (790-840)

tetrasubstituted (none, no sp> C-H)

alcohols R H
\O/\

C-O stretch O-H stretch

1200-1050
~ 3600-3650,
phenyl > 3°>2°> 1% gharp when no H bonding

~ 3400-3300,
broad with H bonding

thiols R\ /H

N\

S-H stretch

stretch
~2550, weak

R Cl
730-550 not real useful
C-Cl
when many peaks
are present
anhydrides 1830-1800

O (o 1770-1740,

A

R® O” R

1300-900

acyl C-O strong

Aromatic sp? C-H bending patterns

monosubstituted (730-770,690-710)

ortho disubstituted (730-770)

meta disubstituted (880-900, sometimes
750-810, 680-730)

para disubstituted (790-840)

There are also weak overtone bands between
1660 and 2000, but are not shown here. You
can consult pictures of typical patterns in
other reference books. If there is a strong
C=0 band, they may be partially covered up.

amines
He
/N‘H

| 5
NG

stretch
3500 & 3300, two bands for 1° amines,

one band for 2° amines, weaker than in
amides, sometimes an extra overtone
about 3100 due to N-H bend, no N-H
bands for 3° amines

| 1640-1550, N-H bend, weaker in

- N\H amines 800 N-H bend
ethers
C-O stretch
R _~R  aliphatic 1120 (variable)

0" w_— aromatic #1250

nitro compounds
(does not show in H or C NMR,
look for nitro in the IR)

9 1500-1600,
/N% asymmetric stretch, strong
1300-1390,
symmetric stretch, medium

X = halogen variable bands, usually mixed
in among other bands, not real
—C—x useful(sp’ = 500-1000 range)

| (sp® = 1000-1250 range)
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For convenience, photoreduce pages 19 and 20 to a single page for a good overview of IR peaks.

Infrared Tables (short summary of common absorption frequencies)

Bonds to Carbon (stretching bands)
sp® C-X single bonds

\ \_
/T\ /T\

/C_To

spZ C-X single bonds

\ SN N NS
//T\//T\

/]

not useful ~1000-1350  ~1050-1150 not useful ~1250  ~1100-1300
sp2 C-X double bonds \ sp C-X triple bonds
N_/ \N_/ =
— =V /) —o=c— o=
/ T \ / T ~ 1640-1810 T T
expanded table
~ 1600-1680 ~ 1640-1690 below ~ 2100-2250 ~ 2230-2260

Stronger dipoles produce more intense IR bands and weaker dipoles produce less intense IR bands. When a

dipole completely disappears, the IR band may also disappear.

Bonds to Hydrogen (stretching and bending bands)

e -
K //j

sp> C-H
stretch ~ 3000-3100

stretch ~ 2850-3000
bend =~ 600-1000

expanded table on next page
(alkenes and aromatics)

bend ~ 1370-1460

—C==C—H

| ]

aldehyde C-H
sp C-H (two bands, weak)
stretch ~ 3300

2700-2760

bend = 600-650 2800-2860

N /
C—N

—C— —C—N R—O—H
\
stretch ~ 3300-3500 alcohol O-H

primary NH,
k(two bands)

secondary N-H

(one band) ) stretch ~ 3200-3400

amides = strong, amines = weak bend =~ not as useful

bend = 1640-1500 & 800 (varies)

\\C—O—H R H

acid O-H
stretch ~ 2500-3300

thiol S-H
stretch =~ 2560 (weak)

bend ~ not used
bend =~ 930 (varies) enanotuse
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Carbonyl Highlights (stretching bands, approximate values in cm™, usually very strong)

Aldehydes
(0]
I
R/ ™~ H

saturated = 1725
conjugated = 1690
aromatic = 1700

Ketones

||<—
/

saturated = 1715

conjugated = 1680
aromatic = 1690

6 atom ring = 1715
5 atom ring = 1745
4 atom ring = 1780
3 atom ring = 1850

Esters

O

| ~—

c R
N

saturated = 1735
conjugated = 1720
aromatic = 1720
6 atom ring = 1735
5 atom ring = 1775
4 atom ring = 1840

Acids
O
| ~—

C H
R/ \O/
saturated = 1715

conjugated = 1690
aromatic = 1690

Amides
(@]

| ~—

C R
= N

R
saturated = 1650
conjugated = 1660
aromatic = 1660
6 atom ring = 1670
5 atom ring = 1700
4 atom ring = 1745
3 atom ring = 1850

Anhydrides
(0]

)L<_

ﬁ

C
R/ \O

R

saturated = 1760, 1820
conjugated = 1725, 1785
aromatic = 1725, 1785
6 atom ring = 1750, 1800
5 atom ring = 1785, 1865

2 bands

(symmetric and
asymmetric)

Acid Chlorides
(@]

| -—

C
R/ \CI

saturated = 1800
conjugated = 1770
aromatic = 1770

Alkene Substitution Patterns (C-H bending frequencies)

H

R
\N__/

VAR
H H
monosubstituted

985-1000
900-920

/N N_/"
H R H R
cis disubstituted geminal disubstituted trans disubstituted
675-730 880-900 960-990
(broad)

R R R R
\N__/ \N__/

SN SN
R H R R
trisubstituted tetrasubstituted

790-840 none

Aromatic Substitution Patterns (C-H bending frequencies)

& o O

QX

monosubstituted

690-710
730-770

ortho disubstituted

735-770

meta disubstituted

680-725
750-810

880-900 (sometimes)

X para disubstituted
790-840

(Characteristic weak overtone patterns often show between 1650-2000, not used in this book)
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IR Problem — Match the structures with the spectra that follow.

0 0 0 0 0 0
H
P Joo o e e P
R 0) R 0) R R o R Cl R NH,
carboxylic acid anhydride ester acid chloride 1° amide
O
)k (0] N o O
R N R N ~
H R
2° amide 3° amide nitrile aldehyde simple ketone
O
OH S S
H ~
R R
R hiol Ifid
Ik thio sulliae
aromatic ketone 3° alcohol atkane
- H R NH,
N N N R O\R
PN
R nm R R R R R
1° amine 2° amine 3° amine para-aromatic 1° amine ether
H
O- R NO, /
NO
s Z R/\
R
aromatic ether nitroalkane nitrobenzene terminal alkyne monoail(lgggtuted
R R R
/\/ R R N
R
R
monosubstituted trans sllll(bstltuted para substituted cis substituted ortho substituted
aromatic alkene aromatic alkene aromatic
R R R
. /K
meta substituted geminal substituted
aromatic alkene
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A. _
100 7YY/ “V
3410 2860
2720 1390
%T 50— 1120
1470
2960-2850 1730
0 rrrrprrrrrrrrrrrrrrr oo oo 11 rrl
4000 3500 3000 2500 2000 1500 1000 500
v = wavenumber = cm™!
B 100
3680
%T 50— 1380
1470
2940-2860 1800
0 rrreqprrrrrrrrrrrrrerr oo o1l
4000 3500 3000 2500 2000 1500 1000 500
v = wavenumber = cm™!
C. 100~ V\/N\/\/\/\/\/\/V\/VJ\/
%T 50— 1380
1420
3640 334, 2200-2860 1660 1630
O=rrrrryrrrrrrrrrrir 11 1 117 1T 1T 17 T 11 1 1 T T 1
4000 3500 3000 2500 2000 1500 1000 500
v = wavenumber = cm’!
SpUaUaUaUaiaBaUauauau]
D. 100
1360
%T 50— 1020
1450 1080
2960-2850 1740 1190
0 rrrrrrrrrrerervrtrrere T
4000 3500 3000 2500 2000 1500 1000 500

Vv = wavenumber = cm’!

22
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E. 1007 WaWa Ve VaVa¥a¥y!
3300-2500
%T 50 —
1410 1290 940
2860
2970 1710
(T T Y Y Y T I B
4000 3500 3000 2500 2000 1500 1000 500
v = wavenumber = cm™!
F.  %T
JII'\J‘:;;'(\).\A/ u\//\l\f\/V’\J\/\,n
3290
1620
1380
50 —
1470 810
2960-2850
LU I T T O Y Y I IO
4000 3500 3000 2500 2000 1500 1000 500
v = wavenumber = cm™!
G. 100
%T 50—
2960-2850 650
O=rTrrrgrIrrrrrrrrrrrr 1T 1 11 1T T 1T T 11 11111
4000 3500 3000 2500 2000 1500 1000 500

V = wavenumber = cm’!

H.  100vvvvvvuuu ‘L/v\/'mf\/
%T 50— 29?\/ 1380

2920

3090 2250 1470
3030
740 695
O TTTIIrII I IrI It T 1 1 T T 17 T 17 1 1 1T T 11
4000 3500 3000 2500 2000 1500 1000 500

V = wavenumber = cm’!
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L %T
100— \[V\/v\[\/m:\/w\/vm
1380
50 —
1550 1470 1240 690
3300
3080 2960-2860
(overtone) 1650
0 rrrrrrrrerrreerrrt T oo 11 TT
4000 3500 3000 2500 2000 1500 1000 500
V = wavenumber = cm™!
A
100" V'V [V "V’
3390 1660-2000
3060
3030
50 —
2960-2850 1690 1220 750 690
O=rTrIrrrrrrrrrrrrorrrrrr 11 11 1T 1T 17 1T 1.1 1 1 T.T1
4000 3500 3000 2500 2000 1500 1000 500
v = wavenumber = cm™'
K. %T
3410 2860
2720 1390
1120
50 —
1470 730
2960-2850 1730
0 rrroprrrrrrrrerrrrre o oo Tl
4000 3500 3000 2500 2000 1500 1000 500
v = wavenumber = cm’!
L. %T
3650 \/
(possibly
50— wet)
1370
2970-2860 1650 1430
0 rrrrerrrrrrrrrrrrtre o1t rrrorrrrd
4000 3500 3000 2500 2000 1500 1000 500
1

v = wavenumber = cm’
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M %T
100
3290
50 1380
1470
725
2960-2850
0 rrroprrrerrrrvrrrrrrer o oo rrl
4000 3500 3000 2500 2000 1500 1000 500
v = wavenumber = cm’!
N. %T
50 — ¢
3430 3020 2960-2860 1270
3360 1620 1520 820
0 I T T T N B
4000 3500 3000 2500 2000 1500 1000 500
v = wavenumber = cm’!
0. %T
50 — 1380
1470
More complicated
2960-2850 than simple alkane.
O=rTrrrrrrrrrrrrrrrrrrr 1 117 1T T 1 T 11 1 1 T T1
4000 3500 3000 2500 2000 1500 1000 500
v = wavenumber = cm!
P %T
100

50 —
2980-2890

1820 1760 1040

O rTTrrqrIrr I 1 11 1T 1T 1T 1T 1.1 1T 1 1T T 1
4000 3500 3000 2500 2000 1500 1000 500
1

v = wavenumber = cm’
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%T

Q.
10()__LanJinjxf\r\rLr\/ juwn
3060
3040
50 —
2960-2850 1370

1050 765 690

1600 1500 1245
O TTTTITI I TITIrI T I I T T T 1 11 1T T 17 T 1T 1 1T 1 T 11
4000 3500 3000 2500 2000 1500 1000 500
v = wavenumber = cm’!
R. %T
640
1380
50 3380
2960-2850 1460 1155
LU T T Y I I
4000 3500 3000 2500 2000 1500 1000 500
v = wavenumber = cm’!
S. %T
100_UUUUUUUUUUU vuvuvuvuvvuuun
1380
50 —
2960-2850 1460 1120
O TTTTIITII T I I T T 1 1 1 1T 1T 1T T 1T 1T 1T 1T T T 1
4000 3500 3000 2500 2000 1500 1000 500
v = wavenumber = cm’!
T. %T
720
1370
50 —
2960-2850 1450
L I Y Y O N
4000 3500 3000 2500 2000 1500 1000 500

v = wavenumber = cm™!
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U %T
SaUAUAUAU VAUV VT
1007
2660
1380
720

50 —

compound is

2960-2860 1470 really stinky

O TTTI I IrrrrrrrrTr 1 1 1 1 1T T 1 T 1 1 1 1 T T 1

4000 3500 3000 2500 2000 1500 1000 500

V = wavenumber = cm’!

Vv
100—vvuruuuuny wvuwwuu’\/ b\/
%T 2860
50 —
3080 1620
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What does NMR tell us?

'H-NMR
Provides information on:

1.

The types of protons present (6 = 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 6 = 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 are immediately adjacent to a specific center.

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).

BC-NMR
Provides information on:

1.

The types of carbon atoms present (& = chemical shift is given in parts per million,
the usual range 6 = 0-250 ppm). Carbons are more dispersed than protons (have a
wider range of chemical shifts, so there is less overlap of peaks).

The number of distinct kinds of carbon atoms present equals the number of peaks in a
proton decoupled "°C spectra. All carbon peaks appear as singlets when decoupled
from the protons.

. Reveals how many protons are on each carbon.

a. DEPT experiment (Distortionless Enhancement by Polarization Transfer) is a
series of three °C experiments with different mixing of proton coupling to
display CH, CH, or CHj3’s as distinct patterns. Carbons without hydrogen do
not show up and are determined by comparison with a normal proton
decoupled "°C spectrum.

b. Off resonance experiment reveals coupling between protons and carbons which
shows up in the multiplicity of a *C peak as follows: a singlet = C (quaternary
carbon), doublet = CH (methine carbon), triplet = CH, (methylene carbon) or
quartet = CHj (methyl carbon). This is an older method that is seldom used
anymore.

2D Methods of NMR that we will consider

l.

2.

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

HETCOR or HSQC: Indicates what protons are on what carbon atoms via direct one
bond coupling ('Jep).

HMBC: Indicates what protons are two or three bonds away from a carbon atom
(Jem, Jen). It is especially helpful for connecting spin systems through quaternary
carbon centers and heteroatoms.
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Observing the Signal

The energy changes in NMR occur when magnetically active nuclear particles (protons
and/or neutrons) alter their orientation in a magnetic field. This is a quantum mechanical
event that can partly be explained pictorially with a vector model. Quantized magnetic energy
states are represented with vector pictures to represent different “magnetic” possibilities.
When there are only two magnetic quantum states, which is true for both 'H and "°C, we can
simplistically think of these spin states as the two poles of a magnet (north and south).

In the absence of a magnetic field the two magnetic spin states have the same energy
(chemists say they have degenerate energy states). However, just as two little magnets pointed
in opposite directions would have different energy states if a large third magnet were brought
close to them, the spinning nuclei have different energies if placed in a large magnetic field.
This creates the possibility of seeing transitions between these energy states when we apply
the proper radiowave frequency (E=hv) to stimulate transitions (using the resonant frequency
=v). In NMR this is called the Larmor frequency.

The spinning electrical charge generates an oscillating magnetic field which precesses (rotates) at
the Larmor frequency, v, dependent on the nucleus, y;, and the external magnetic field, B,,.

Z axis Z axis

. — B=-12
The A E between the energy
states depends on two magnets:

1. the external field = B,
AE = hv (This is what you buy when

external A =1 purchasing the instrument.)
Nuclear spin states, often shown . magnetic e 13
up and down, are degenerate (equal) . field, By 2.0the nuclear magnet= 1 ( 'H, ~C,..),
in energy in the absence of a magnetic ™. (This is the nucleus observed when a

field. For our purposes we can think sample is placed in the instrument.)

of these as the "north" and "south" .

poles of a magnets in the absence — a=+1/2

of an external magnetic field.
In the presence of a magnetic field these two magnetic quantum states are
different in energy. The spin aligned with the external field, B,, is lower in
energy than the spin aligned against the field. An input of energy with the
exact frequency of this energy difference (AE = hv) will stimulate a
transition of the energy levels and invert the population levels. NMR
actually detects the transition in relaxation back to the ground state energy.
o is used to represent the lower energy state and 3 is used to represent the
higher energy state.
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Proton (*H) and carbon (**C) ""magnets"

“I”” represents the angular momentum (spin) quantum number. The spin quantum
number is related to the number of spin states (energy states) of a particular nucleus in a
magnetic field. Values of I can vary by units of £1/2 (0, £1/2, +1, £3/2, etc.).

Number of Spin States = 2(1) + 1

Nuclei with I = 1/2 are the most useful spin states and the most commonly used.
Both 'H and °C are in this group. Other commonly used nuclei include "N, *'P and
F. These are especially useful in biochemistry and pharmaceutical chemistry, but we
won’t study them here.

Number of spin states = 2(1/2) + 1 = 2 spin states for both 'H and "°C nuclei
[=1/2=1H Bc. 5N 9. 3p
(these are all observable on a typical broadband NMR)

Relative Boltzman Energy Populations (for protons in a magnetic field)

Because AE is very small in NMR transitions, there is not much of a difference in
the populations between the two energy states; it is very close to a 50/50 mixture. This
fact will become very important when explaining multiplicities of peaks. Evenso, there
is a very slight excess in the lower energy state (more stable, parallel spin state). How
much excess depends on AE in the Boltzman energy expression (shown below). While
the difference in populations is very small, it is very important because it is that tiny
excess that we observe in the NMR experiment. A larger B, creates a larger AE and a
greater relative difference in the two populations, making the NMR experiment more
sensitive. This makes it easier to detect the signals we want to measure. All it takes to
get a larger B, is money (...and someone to take care of the instrument).

V1= 300 MH?z

Boltzman _ (3&) _ ( 0.028 cal / mole > _ (0.99995
distribution = —2 = exp \RT = ex (1.98 cal / mol-K) (298 K) 1.00000
N p
N; = number of nuclei in a particular energy state. \
"R B A difference of 1 out of about
E,= - & — — — 9,999....covene

20,000 because of AE, though

A / the populations levels are still

_ b
e L R A 9.999 + 1.0, about 50/50.
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We can stimulate energy transitions between these two energy states via an input
of radio waves with matching energy (having the resonant frequency). The size of an
NMR instrument is specified by the frequency of the proton transition in Mega hertz
(Mega = 1,000,000 = 10° Hz). For any NMR instrument, the frequency of the carbon
transition is % of the proton value (because the size of the carbon magnet is about " the

size of the proton magnet).

Nuclei that have an even number of protons and neutrons in their nucleus only
have one spin state (I=0) and are not magnetically active. In a sense, we are fortunate
that most of carbon is isotope '°C (~ 99%) and most of oxygen is isotope '°O (> 99%)
because it simplifies our interpretation of routine 'H and °C NMR spectra. Both '°O
and '°C have an even number of protons and neutrons ('’C: p=n= 6 and '°0O: p=n = 8)

and are magnetically invisible.

The size of AE depends on:

1. the size of the external magnetic field, B,, and
2. the size of the nuclear magnet, y; (yy or Y¢)
(y; 1s called the gyromagnetic ratio)

-
-
-

-
-
-

S~
S~
~

AE=0
(degenerate)

B,=0

Gauss =0
Tesla=0

vy (MHz) =0

~
~ o
-~
~
~
~a
-

~
-~
~
~~
-~

Size of external

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

Tesla=2.4

vc (MHz) = 25*

Original Largest
commercial solid core
mstrument electromagnet

* assumes a proton nucleus
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vy 1s the Larmor frequency

Gauss = 23,500 Gauss = 70,500
Tesla=7.1

vy (MHz) = 100* vy (MHz) =300*
vc (MHz) = 75%*

-
-
-

-
-
-

-

AE3 = hV3 AE4 = hV4
B,
external
el magnetic
* — field

~a
~
~
~
~o
~
~<
~

Gauss = 141,500
Tesla=14.2

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

Current Very large field
_ routine magnet, very
instruments expensive
range from
300-400 MHz
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The NMR Radio Dial

The energy of a 300 MHz NMR instrument (based on the energy differences of
protons) is in the radio wave region of the electromagnetic spectrum and is determined by
the size of the external magnetic field, B,. Think of the other nuclei as appearing at
different positions on your radio dial and each magnetogyric ratio, y;, as the number you
tune into on your radio. The parameter y; is a ratio of a particle’s dipole moment and its
nuclear angular momentum, something we won’t emphasize. We focus mainly on the
interpretation of proton and carbon NMR data.

AE =hv {2—117‘) (Yi) <B0> = (constants) x (type of nucleus) x (external magnetic field)

15N 2981 31P 19F lH

A

A

- > These regions show _,/_ 3 9090 Hz
18,000 Hz N all nuclei are not the 0 = ppm = 0-10 ppm

6 = ppm = 0-230 ppm same. The spread is due 0 = TMS (reference)

0 = TMS (reference) to nonhomogeneous
magnetic environments,
due mainly to electron
distribution in the bonds.

Yy = 26,751 radians/(sec-gauss)
Yr19 = 25,166 radians/(sec-gauss) | y. = magnetogyric ratio
vp31 = 10,829 radians/(sec-gauss) . .
Yc13 = 6,726 radians/(sec-gauss) (Think of this as the
vp = 4,106 radians/(sec-gauss) nuiggier g?a%/;)ur
YN15 = 2,712 radians/(sec-gauss) © ik




Spectroscopy Beauchamp 35

Why are there differences in chemical shifts? — Two main reasons for us.

Almost all of the proton chemical shifts in organic chemistry come in a very narrow range
of the full AE to excite a proton. On a 300,000,000 Hz instrument, the full range of proton
differences in energy of excitation is about 3,000 Hz. One millionth of the full AE is 300 Hz,
so the full range of chemical shifts is about 10 parts per million (ppm). Rather than report the
frequency differences in Hertz which would change with the size of the instrument, NMR
spectroscopists report the differences in ppm, which is the same value on all instruments.
Tetramethylsilane (TMS) has an exceptional frequency in H and C NMR spectra on the right
side and is used to reference zero ppm. A chemical shift that lies 2 ppm to the left of TMS
would be 200 Hz away on a 100 MHz instrument, 600 Hz away on a 300 MHz instrument and
1200 Hz away on a 600 MHz instrument. A bigger magnet produces a proportionately bigger
energy difference between the spin states of the nuclei, in hertz, but not as ppm of the energy
field. Chemical shift in ppm, is a unitless parameter that is the same for each type of hydrogen
atom (or carbon atom), no matter what size instrument the spectrum is acquired on.

1 ppm in Hz depends on B, (size of the external magnetic field: 1/1,000,000 of AE of v in Hz).

B, 1.0 ppm (= Hz)
60 Hz = 1 On a 300 MHz instrument the range of differences in
1(6)8 Mg; 100 Hi -1 ggﬁ chemical shifts is about 3000 Hz. This is only a small
300 MHz 300 Hz= 1 ppm portion of the total energy to cause a proton to flip
600 MHz 600 Hz= 1 ppm (about 300,000,000 Hz = 300 MHz).

tilt this 10 —
sideways ="
10 ppm = 3,000 Hz = *—“—
H NMR Spectrum 0=TMS —°
A
amplitude AE = 300,000,000 Hz
- frequency
Y
109876543210 MS=0ppm L
O (ppm) = chemical shifts
(shows a range of values)
F(illt this similar situation for 13C,
C NMR Spectrum sideways except AE =75 MHz and
A the range is about 200+ ppm
amplitude 220 =,
- frequency 220 ppm = 17,000 Hz = >
Y =.
TMS = 0=TMS — AE = 75,000,000 H
200+ 100 o| TMS = O'ppm | ‘

O (ppm) = chemical shifts
(shows a range of values)
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1. Electronegativity Effects

Electrons moving in chemical bonds create their own small opposition magnetic field to
the external magnetic field. This is called shielding. The more electron density there is, the
stronger is this opposition field (the shielding effect). Any nearby electron withdrawing
groups can steal some of this electron density away from sigma C-H bonds and change the net
magnetic field each proton experiences, which then changes the chemical shift, o, where a
proton is excited.

Shielding region of
the small magnetic

- field generated by
m m NMR spectrum

the sigma bond

electrons in shielding—
opposition to B, side
deshielding
- .
side

109 876543210
0 (ppm) = chemical shift

deshielding o
region, desh1§ld1ng
adds to B, ) ggflt(())né
o

The total field, B,, is reduced by

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

" shielding region
7" (subtracts from B,)

B, = external
magnetic field
Bnet = BO - BG
AE = hv = (h/21)(v;)(B,)(1-0)

Some typical proton chemical shifts for methyl groups attached to different atoms are
shown below. Clearly there is some sort of electronegativity effect working here.
Electronegative atoms reduce electron density in the sigma bond and cause deshielding effects
(6 moves to the left = downfield). Electropositive atoms (Si) increase electron density in the
sigma bond and cause shielding effects (6 moves to the right = upfield).

CHs-F CH;-OR  CH;-Cl  CH;-Br CHyI  CHy-H (CH;)Si=TMS

Phomical 4 ] A } y ] f

shift () = 427ppm 339ppm  3.06 ppm 2.69ppm 2.16 ppm 0.23 ppm 0.0 ppm

TMS is zero by definition
= relative reference point

for both protons and
shielding direction ——— carbons in NMR.

-<—— deshielding direction
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AE;cual = Bpet = (1-0) B, (B, is reduced a little by a 6giagmagnetic Shielding term)

These protons are least shielded because of the These protons are most shielded
inductive pull of fluorine (deshielded) because of the inductive push of silicon.
F RS
Adyax = 0-3000 Hz \\ ) 3 1\\
hugely exaggerated H.C—H CH;ClI CH;3Br CH;l CH;H v
2 H\\\\\\‘C
E, — — —_ —_ _ —_
\3\2 4“[ B, E, J_BG TFBG v B, B H
66 55 64 83 A 28_“_ Y
N e T AN Sae-0k E2
AE to flip a proton's (by definitign)
spin,here = _ |
E| E, - E - g — E, —— E, —— E, ——
o= 427 ppm  3.06 ppm 2.69 ppm 2.16 ppm 0.23 ppm 0.0 ppm
Hz (600 MHz) 2562 Hz 1836 Hz 614 Hz 1296 Hz 138 Hz 0 Hz
Hz (300 MHz) 1281 Hz 918 Hz 807 Hz 648 Hz 69 Hz 0 Hz
Hz (60 MHz) 256 Hz 184 Hz 161 Hz 130 Hz 14 Hz 0 Hz
more shielded :i
- larger frequency shift from the TMS reference

AE =300,000,000 Hz (energy to flip proton spin)
AS =0-3,000 Hz = 0-10 ppm (the scale is greatly exaggerated above), we can measure & to about 0.1 Hz out of
300,000,000 Hz, that's about 1 part out of 3 billion!

We are assuming a constant magnetic field strength of B, (=70,500 gauss here) and variable frequencies, v's,
detected all at once and converted by Fourier transformation NMR.

Similar information for *3C shifts on a 300 MHz NMR (**C = 75 MHz)

This carbon is This carbon is
least shielded. most shielded.
AS o = 0-17,000 Hz
hugely exaggerated RCH,F  RCH,CI RCH,Br RCH,I RCHH Hy;C——Si(CH;),
E, — E, — - _ —_1 -
A I B
\ | W E2Jﬂ_ B E, j“EBG E "BG E2_‘£G Bs
2V
Ref=0 % O N WL N B Y .
Srms =0
AE to flip a carbon's (by deffinition)
spin,here =
75,000,000 Hz AE = hv6 AE = hVS AE = hV4 AE = hV3 AE 5 hV2 AE = hVTMS
E2 - E2 — E2 —_— E2 —_— E2 —_— E2 - E2 —_—
o= 86 ppm 47 ppm 36 ppm 9 ppm 14 ppm 0.0 ppm
Hz (75 MHz) 6450 Hz 3525 Hz 3375 Hz 675 Hz 1050 Hz 0 Hz
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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.
shielding .
benzylic
shielding P
cone

allylic
protons

o deshielding deshielding
deshielding region, region,
ﬁ’.egﬁoné higher & higher &
igher values values
values

Bshield

shielding
cone

B

(3]
typical &
v};liues = agini};rggr)lrlls typical o aromat(ic protons
values = S =6-9 ppm

Protons to the side of an alkene pi bond are
deshielded and shifted to a larger chemical

shift =98. Allylic protons are shifted in a similar
direction but by a smaller amount because they
are farther away from the pi bond.

Ring current in aromatics has a larger effect than a single
pi bond in a typical alkene. Aromatic protons usually
have a larger chemical shift than alkene protons.
Benzylic protons are shifted in a similar direction but by
a smaller amount because they are farther away from

the pi bonds.

B, = induced magnetic field due to pi bond electrons
a. Bgpie1q Opposes B, in shielding cone; B, is effectively made smaller and a smaller § is the result
b. Beshicided @dds to B, in the deshielding region; B, is effectively made larger and a larger 0 is the result.

— 1' 1 8 = 1.08
o 13{ H (more shielded
over pi bond)

0 =-1.8 ppm, highly
shielded region
inside of the ring

5=0.95 W H
(more shielded H
6 = 8.9 ppm, highly ’\v to side of 6 bond)
deshielded region H
outside of the ring H
[18]-annulene s§=161 H 5=2.84
(aromatic) ) 5=5.99

norbornylene
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Electronegativity and Resonance Effect — Experimental Data
Electronegative substituent and distance from protons
cl Cl Cl
“ H, \ H, H
CH HQC_CH3 HzC_C _CH3 HzC_C —C _CH3 R_CH3
3
o a B a B Y a B v 5 T
} } ! }
3.0 1.3 1.0 0.9 0.9
36 15 13 13 09
R ] Voo " ¢ reference values
\ H, H, H, H o CH; 0.9 ppm
O—Cz—Cz—CZ—CZ—CHg, falls off with distance CH, 1.2 ppm
~=— deshielded - electronegativity CH 1.5 ppm
Multiple substituents (often each additional substituent has a smaller effect)
~— (deshielded - greater electronegativity
CC+14 <= A=? > CHCl; =— A=19 > Ci{zclz - A=)23 — CI;I3C1 < A=28 —> CH,
? (oops, no protons) 72 53 3.0 02
Alkene substituents - pi bond anisotropy, resonance and inductive effects
H H|09 14 20 K AR
\ / 0: 23 0.0
_ H;C—C H H;C—C, Hs.8
/ \ c—cC 3 \f\ / \\ _
H H C—(C == c—C deshielded
5.2 = reference 58 H Hyo / \ deshiclded / ® \ resonance
value deshielded shielded H H inductive 6.1 H H 6.4
‘e b = resonance competition
HyC H,C 10 PN, o shilded
\ PR @ \\ (\ \\ resonance
H2C—0\°7 /H HyC—0Q H 4.2 c—o:/ " n c—0o® H 4.9
c—(C > 37 \ c—-°c: shielded | o C/ \C:C/ a 2.2 / \\ /
/ \ . ‘© resonance| 3 ~—> H,;C C—C'o
H \ o deshiclded / / U\ deshielded
i ti H H 4.0 H H
inductive H 6.5 inductive 1 7.3 H 4.6

Aromatics - pi bond anisotropy, resonance

7.3 = reference
H  value

H H

Pi bond anisotropy produces
deshielding effect on
aromatic protons.

NH2
H

and inductive effects

® NH,

fi

® NH,

iﬁ:

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

Withdrawal of electron density via resonance and an mductlve effect produces
deshielding effect on aromatic protons, especially at the ortho and para positions
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Recoagnizing different types of protons and carbons

Replace each proton being compared with "X", as a different group, and evaluate the
new structures obtained with X at each position according to the following guidelines.
The same is true for carbon atoms, but mostly shown for protons below.

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 "X" and compare. X switched for H produces the same molecule

\s CH C CH, C C
- \C P X/ N C/ 7N - \C -
H, H, H, H,
propane —— 1X-propane

IIII/m

CH,

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

X switched for H
H H
\ F | x H H X |
s \ :\ :\
e C\ — C 2X-propane \ s
propane HsC CH; H;C CH,

2. heterotopic 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 "X" and compare to replacing methyl proton with "X".

| i |
CH H X switched for H CH X
SN \ LH - _H we N
H3C % H3C % 3 H2
propane 2 2X-propane 2 1 X-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. enantiotopic groups — Do the switches produce different molecules, as
enantiomers? 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 "X" 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.

X switched for H
& R W
C CH, C CH, C CH,
ne” N — e N ne” N
H, 2 H,
butane 2X-butane

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

CH) CH,) .
Qs Sl H
CHs) CH;)

y:\files\classes\spectroscopy\00 a spectroscopy basics, 318,319.doc



Spectroscopy Beauchamp 42

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.

2-bromopentane * = chiral center
Replace the C3 methylene

protons with "X" and compare. X switched for H
Br E H? |Br\l{ H H Br §|H\§
G ¥ c X X
P AT N
HiC™ o °C7 4 “CH; me” * ¢ cw H3C/* > \CH3
l o 3 l . 3 l 3
1 z 5 Z Z
H H x H H X
This 3D stereoisomer is 2R-bromopentane. — 3X,2R-bromopentane

Because of the chiral center at C2, switching H for X 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.

TH3 H, CH,4
*T = (]
\ IL

* = chiral center

Br

T—O—T

X

The CH, protons are diastereotopic because of the chiral benzylic center. SW1tch1ng each of these
protons with X produces a pair of diastereomers. These protons would likely have different chemical
shifts and split one another and split the neighboring benzylic proton differently. (You can substitute
"split" for "interact with" until we explain what "coupling" means.

These two methyl groups are

diastereotopic because of the
CH3 .
chiral alcohol carbon. They

anlll g g e would likely have different
/\ proton and carbon chemical
shifts.
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11 simple (?) examples: How many different protons and carbons are in each of the
CsH;, 1somers and CsH;;Br isomers?

There are three CsH, isomers

CH
2 3 3 H)C CH
ok b e DL
3
H3C/ \C/ \CH3 H3C/ \C/ H3C/ \CH3
HZ H2
#H = #H = #H =
#C = #C = #C =
There are eight CsH{Br isomers
Br CH Br
5 6 3
) & & gz CH 82 32 ! | |
C C s CH CH
H3C/ e \CH2 H3C/ e e, H3C/ e \CH3 me” 7
2 H, H,
Br Br
#H = #H = #H = #H =
#C = #C = #C = 4O =
CH
8 CH 9 CH; 10 3 11 Hc CH
| 3 | C|H CH 3 \C/ 3
C CH; 3
PN H3C/ \c/ H2C/ \C/ H3C/ \CH2
H,;C CH H, , |
| Br |
Br Br
Br
#H = #H = #H = HH =
#C = #C = #C = 4O =
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Calculating Proton Chemical Shifts (alkane, alkene and aromatic protons)

Just below are tables of parameters to modify given starting values for sp’ C-H
(start at 0.9 ppm for CHs, 1.2 ppm for CH, and 1.5 ppm for CH), alkene sp” C-H (start
at 5.2 ppm) and aromatic sp> C-H (start at 7.3 ppm). Most common organic
functionality can be found in the tables. The effect of each substituent falls off with
distance away from the proton whose chemical shift is being calculated. The a column
is used when the proton shift we are calculating and the substituent are on the same
carbon. The B column is used if the proton and substituent are on adjacent carbon
atoms (vicinal), and the y column is used when the proton and substituent have a 1,3
substitution pattern. The estimated chemical shifts are very close to experimental
values for a single substituent, but become progressively poorer as more substituents
are included. Usually the chemical shift is overestimated a little with multiple
substituents.

Any substituent directly attached to a methyl has a unique value. There are no
additional bonds to consider further. Almost any common methyl pattern and chemical
shift adjustment can be found directly in the list below using the a parameters and
adding 0.9 ppm as in the equation below.

Scyz = 0.9 + o CH;-X (There is only one possibility for each X.)

If a methyl is part of a longer chain with an additional substituent (or several
substituents) at a 3 or y position (or both positions), use the 0.9 ppm chemical shift for
a simple methyl as a starting point and add the appropriate parameters for any number
of substituents within three carbons as shown. In a similar manner we can calculate
chemical shifts for methylene hydrogen atoms (CH,) and a methine hydrogen atom
(CH) using the following formulas.

¥ is the summation symbol for all substituents used to estimate sp> proton chemical shifts (6).
‘ H H
| | many VaI:IatIOI’lS | | many variations | | | many variations
are possible for are possible for are possible
B Y methyl methylene for methine
8CH3:0'9+Z(B+Y) 8CH2—1.2+Z(OC+B+'Y) SCH—1.5+Z((X+B+'Y)
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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 for protons within 3 Cs of consideration.

Relative position of calculated proton and substituent(s)
o = hydrogen and substituent are attached to the same carbon e
B = hydrogen and substituent are on adjacent (vicinal) carbons
v = hydrogen and substituent have a 1,3 substitution pattern

X = substituent o B Y | !
substituent atom is a carbon X X X
R- (alkyl substituent) 0.0 0.0 0.0 Substituent's positions
R,C=CR- (alkene) 0.8 0.2 0.1 relative to calculated
RCC- (alkyne) 0.9 0.3 0.1 proton chemical shift.
Ar- (aromatic) 1.4 0.4 0.1 X = substituent from
substituent atom is a halogen table.
F- 3.2 0.5 0.2
Cl- 29 0.5 0.2 In general, multiple substituents
Br- 21 07 02 do not add their entire values.
L 20 0.9 0.1 Each additional substituent adds
_ _ a smaller portion of its listed
substituent atom is an oxygen increment. Even so, the calculated
HO- (alcohol) 2.3 0.3 0.1 values are typically close to the
RO- (simple ether) 2.1 0.3 0.1 experimental values.
R,C=CRO- (enol ether) 2.5 0.4 0.2
ArO- (aromatic ether) 2.8 0.5 0.3 0O
epoxide 1.5 0.4 0.1 i )i
RCO,- (simple ester, oxygen side) 2.8 0.5 0.1
ArCO,- (aromatic ester, oxygen side) 3.1 0.5 0.2 H
ArSO;- (sulfonate, oxygen side) 2.8 0.4 0.0 epoxide
substituent atom is a nitrogen
R,N- (amine, R = H or C) 1.5 0.2 0.1 9 0
ArRN- (aromatic amine, R = H or C) 1.9 0.1 0.1 _C..~ —N®
R'CONR- (amide, nitrogen side) 2.1 0.3 0.1 R \O@
ArCONR— (aromatic amide, nitrogen side) 2.1 0.3 0.1 amide nitro
O,N- (nitro) 3.2 0.8 0.1
substituent atom is a sulfur
HS- (thiol) 1.3 0.4 0.1
RS- (sulfide) 1.3 0.4 0.1 0
ArS- (aromatic sulfide) 1.4 0.4 0.1 (|? R—g—
RSO- (sulfoxide) 1.6 0.5 0.2 R—§— 1
ArSO- (aromatic sulfoxide)* 1.7 0.5 0.1 ;
RSO,- (sulfone) 1.9 0.3 0p  Sutfexidesulfone
ArSO,- (aromatic sulfone)* 2.2 0.6 0.1
substituent atom is a carbonyl group or nitrile o
OHC- (aldehyde) 1.1 0.4 0.1 I
RCO- (ketone) 1.2 0.3 0.0 PN
ArCO- (aromatic ketone) 1.7 0.3 0.1 These substituents have
HO,C- (carboxylic acid) 1.1 0.3 0.1 this except for the nitrile
RO,C- (ester, carbon side) 1.1 0.3 0.1 —C=N
R,NOC- (amide carbon side) 1.0 0.3 0.1 o
CIOC- (acid chloride) 18 0.4 0.1 nitrile
NC- (nitrile) 1.1 0.4 0.2

* value from ChemDraw
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The calculated chemical shifts are often quite close to the experimental values, but
can vary as much as 0.5 ppm with multiple substituents. A few examples are provided
to show how to do the calculations. We are only calculating sp’ C-H at this point.
When calculating 6 for diastereotopic CH, protons next to a chiral center, use the
regular calculated value for the first proton, H,, and use (3, — 0.3 ppm) for the second
proton, Hy. Alkene and aromatic sp> C-H will be considered after this problem.

Problem 3 — Use the above table to estimate the chemical shifts of each type of sp’ C-H in the
structures below.

a.experimental 8 values (ppm) Only sp> C-H calculations shown here.
53 H H 5.9 a b c
c=—c a b c 1.2 1.2 0.9
H, lulated oo? 0.8(c) 0.1(H) 0.0(-) alkene
52 H HC—0—C —cHy o 0 P _21@ 21@ 03 () ether"0"
40 35 12 -H & values (ppm) =74, ) }
b. 3 .
experimental & values (ppm) Onlyasp C-H cslculatlor;s shown hjre.
O b C d O
a || 9 H H || 0.9 1.2 1.2 (1).3() et
2 2 2 1.2(a) 12(a) 0.3 .0 (y) ketone
H,C—C—C —C —C —C—OH calculated sp® 0.0 5_)) 0.1 Ey)) 0.3 gg% 1.1 (o) acid
2.1 26 19 24 11.0 C-H & values (ppm) = 2.1 2.5 1.8 2.3
c. . .
mdla:tte re(l)l‘cp pllc CPtIZ Only sp® C-H calculations shown here.
next to chiral center | ) 3a 3b 4
0.9 1.2 1.2 1.2 (1)%( it
0.8 3.2 0.8(B) 0.8(B) .1 (y) nitro
calculated sp* 0.0 ((E )) 0.1 ((:05) 0.4 (B@) 0.4 (p) _Ll(a) aldehyde
C-H & values (ppm) = 1.7 45 2.4 2.4 2.4
=03
2.1
d. 1 diastereotopic CH, Only sp® C-H calculations shown here. A
next to chiral center 1 2 3a 3b
0.9 1.2 1.2 1.2 1.2 '
0.4 14 (o) 04(B) 04(B) 0.1(y) aromatic
Ph 2 3 4 OH calculated sp3 0.0 EE% 0.1 gy)) 0.3 (B) 03(B) 23(x) alcohol
Ph = phenyl = aromatic C-H & values (ppm) = 1.3 2.7 1.9 }) .g 3.6
1.6
e.
O Only sp? C-H calculations shown here.
1 2 3 4
1 4 cl 0.9 1.2 1.2 1.2 .
0.4 12(a) 12(a) 0.4(B) ketone
2 3 calculated sp* 0.0 gE % 0.0 E_)) 0.4 FB)) 1.8 (o) acid chloride
C-H 6 values (ppm) = 1.3 2.4 2.8 3.4
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d diastereotopic CH,
’ /, next to chiral center
0 Only sp* C-H calculations shown here.

1 2 3a 3b 4a 4b 5 6
0.9 1.5 1.2 12 12 1.2 1.5 1.2 N
02(B) 0.8(a) 0.2 02(B) 0.1(y) 0.1() 00(-) 0.0(-) alkene
1 calculated sp’ 0.0(-) 0.0(2) 0.1 55))) 0.1(y) 04(@B) 04() _(_)5 o) _LS5(a) epoxide
C-H & values (ppm) = 1.1 2.3 1.5 1.5 1.7 1.7 2.7
-0.3 -0.3
1.2 1.4

Additional Problems - chemical shifts are calculated Values from ChemDraw

4.16* 3.45*
H N 391 3.20 3.37 .
2 /\1 20 6 /v

2.67 |2 4| 258 1.50
4 1.06
2.90
* dlasterotoplc protons
¢ 3.45¢ 234 "
: : 4.49* *
3.24 3.20 2.09 1.30 4.24 225232)3 2.48
N 4 NG : : PANEL
o~ 2 6 oN~ 1 3 Y87 4
3|262 5 2 2(1.9 5
71106 @ 611.06
* diasterotopic protons * diasterotopic protons
J- k.
2.35* , ,
2.10 1.59 Not gll dlastereotoplc.protons next to
718 3.7 a chiral center have different chemical
/ 2 4 shifts. In example 'h' both protons at
1.80 / 3 1.62 have the same chemical shift,
: while on the other side of the chiral
7.08 Cl center there are different chemical
e 1 shifts.
~* diasterotopic protons * diasterotopic protons

Similar tables are presented for calculating alkene and aromatic sp® C-H chemical
shifts (just below). Alkene chemical shift calculations will start at 5.2 ppm and make
adjustments if substituents are germinal, cis or trans. Aromatic chemical shift
calculations will start at 7.3 ppm and make adjustments if substituents are ortho, meta or
para. A few example calculations are presented with the tables. Any other C-H
chemical shift values will be estimated from our generic table of chemical shift values
(presented after shift calculations on page 50, protons and carbons).
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Estimated Chemical Shifts for Protons on Alkene sp? Carbon Atoms

X = substituent geminal

cis

trans

H- 0.0
hydrogen

0.0

0.0

R- 0.5
alkyl

-0.2

-0.3

C¢HsCH,- 1.0
benzyl

-0.3

-0.3

X-CH,- 0.7
halomethyl (X = F,Cl1,Br.I)

0.1

0.0

(H)/ROCH,- 0.6
hydroxy/alkoxy methyl

0.0

0.0

(H,)/R,NCH,- 0.6
aminomethyl

-0.1

-0.1

RCOCH,- 0.7
carbonyl methyl

NCCH,- 0.7
cyanomethyl

R,C=CR- 1.0
alkenyl

RCC- 0.5
alkynyl

CeHs- 1.4
phenyl

F- 1.5
fluoro

-1.0

Cl- 1.1
chloro

0.2

0.1

Br- 1.1
bromo

0.4

0.6

I- 1.1
iodo

0.8

0.9

RO- 1.2
alkoxy

-1.1

RCO,- 2.1
ester,oxygen side

R,N- 0.8
amino

RCONH- 2.1
amide,nitrogen side

O,N- 1.9
nitro

RS- 1.1
sulfide

RSO- 1.3
sulfoxide

0.7

0.4

RSO,- 1.6
sulfone

1.2

0.9

OHC- 1.0
aldehyde

1.0

1.2

ROC- 1.1
ketone

1.1

0.9

HO,C- 1.0
carboxylic acid

1.4

0.7

RO,C- 0.8
ester,carbon side

1.2

0.6

H,NOC- 1.4
amide,carbon side

1.0

0.5

CIOC- 0.3
acid chloride

0.8

0.6

NC- 0.5
nitrile

1.0

0.9

48
Examples
Rcis\ /H‘""é>
/C:C\
Rtrans Rgeminal
S(ppm) = 5.2 + gem + cis + trans
gem cis trans
R,N H, 8,=52+0.0+(-1.3)+(-0.3)=3.6
C—C,
HyC Hy 8,=52+0.0+(-02)+(-1.2)=38
gem cis trans
H3CO\ H, 8,=52+0.0+(-1.1)+0.0=4.1
c—=cC
/ \ gem cis trans
H, Hy 8,=52+0.0+0.0+(-1.2)=4.0

gem cis trans

§,=52+12+0.0+0.0=64

(0]
H gem cis trans
8§=52+1.1+1.0+(-0.3)=7.0
Csy
gem cis trans
§=52+1.1+04+(-1.2)=55
H
/
C=C
(H3C)2N Br
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Estimated chemical shifts for protons at aromatic sp? carbon atoms

X = substituent ortho meta para
H- 0.0 0.0 0.0
hydrogen

R- -0.1 -0.1 -0.2
alkyl

XCH,- 0.3 0.1 -0.1
halomethyl (X = F.C1.Br.I)

(H)/ROCH5- -0.1 -0.1 -0.1
hydroxy/alkoxy methyl

R,C=CR- 0.0 0.0 -0.2
alkenyl

RCC- 0.5 0.4 -0.1
alkynyl

CgHs- 0.2 0.0 0.0
phenyl

F- -0.3 0.0 -0.2
fluoro

Cl- 0.0 -0.1 -0.1
chloro

Br- 0.2 -0.1 -0.1
bromo

I- 04 -0.2 0.0
iodo

RO- -0.5 -0.1 -0.4
alkoxy

HO- -0.5 -0.2 -04
hydroxy

RCO,- -0.2 0.0 -0.2
ester,oxygen side

(H,N)R,N- -0.8 -0.2 -0.7
amino

RCONH- 0.4 0.0 -0.3
amide,nitrogen side

ON- 0.6 0.3 0.4
nitroso

O,N- 0.9 0.3 04
nitro

RS-/HS- -0.1 -0.2 -0.2
sulfide / thiol

XO0,S- 0.7 0.3 0.4
sulfonyl X (R,HO,RO,H;N)

OHC- 0.6 0.2 0.4
aldehyde

ROC- 0.6 0.1 0.2
ketone

HO,C- 0.9 0.2 0.3
carboxylic acid

RO,C- 0.7 0.1 0.2
ester,carbon side

H,NOC- 0.7 0.2 0.2
amide,carbon side

ClOC- 0.8 0.2 0.4
acid chloride
NC- 0.3 0.2 0.3
nitrile
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Examples ortho  meta

H H -<---- ‘>
para
Substituent H
S(ppm) = 7.3 + ortho + meta + para

8o=7.3+ (-0.5)=6.8
8, =73+ (-02)=7.1

1 H, 8,=7.3+ (-0.4)=6.9
Hy  NO, §,=73+02+1.0=8.5
8,=73+02+04=79
H; H,; ?
6;=73+(-0.1)+03="7.5
H, Br 04=73+10+0.0=83

6, =73+(-08)+02=6.7
H,N C=N
8,=73+(-02)+04=175

H, NO, 8,=73+(-0.1)+0.0+03=75

Cl CH;,
8,=73+0.0+(-0.1)+04="7.6
5;=73+00+1.0+(-0.1)=8.2
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Typical 'H and '*C NMR chemical shift values.

50

shielding side
more electron rich

(inductive & resonance)
typical proton chemical shifts amine N-H
Carbon and/or heteroatoms without hydrogen do not 2 1
appear here, but the influence on any nearby protons alcohol—O—H
may be seen in the chemical shifts of the protons. 5 1
amide N-H
6 e 1
thiols, sulfides
2.5 20
N-C—H
amines
X—C—H 3. 2.3
X=F>Cl~Br~I allylic C-H
5 3 25 1.5
benzylic C-H thiol
boxvli alkene C-H carbor%/]l alpha C-H ﬁ
carboxylic -
acid O-H 7" 4 3 2 1513
—10 epoxide C-H
13 10°
i alcohols 3.5 2.5 . .

) —0-C— ethers simple sp” C-H
aldehyde C-H aromatic C-H [ esters =C—H CH>CH, > CHj,
100 9 8" 6 5 33 3 2 2 0.5

T 1T 1T 11T T 1T 1T T T T T T T 1
10 9 8 7 PPM 6 5 4 3 2 1 0
typical carbon-13 chemical shifts | F~ 80-95
halogen—C- Cl= 45-70
o with & without H Do 340>
[
R/c\R 95 N_C|:_ 15
[
ketones amines, amides
no H with & without H
220" 180 ﬁ? 0 50 30
R~ x AN
carboxylic acids . ep0x1'des
anhydrides —C=C— with & without H
esters N=C—  with & without H ¢ 40 |
amides no H + _ S-C—
acid chlorides - | 70 ) [
no H 125 110 PN thiols, sulfides
alcohols, with & without H
0180 160 ethers, esters 4 20
& VAR N/ with & without H
R TH — /C=C\ 20" simple sp> carbon
aldehydes — C>CH>CH, > CH;
with H with & without H with & without H
210 180 160" 100 60" 0
71 t t t t t t t 1 1 t 1T T T T T T T T 1
200 180 160 140 ppp 120 100 80 60 40 20 0
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Proton Coupling / Splitting Patterns / Multiplicities - Perturbations by nearby neighbor protons

Very often there is more than one peak associated with a certain type of proton (called splitting).
This makes the NMR spectrum more complicated, but it also makes it much more useful. The
splitting pattern of a ‘type’ of proton can tell us which other protons are neighbors and how many
neighbors there are. Recognizing these features provides a way of linking together separate parts of
our structure into a more complete structure. There is an even better way called COSY (2D
correlation spectroscopy), but we will discuss that later.

An important distinction must be understood between an observed proton and its neighbor
protons. When discussing the observed proton we are looking at the tiny excess that has spin aligned
with the field (1 out of 20,000). However, each neighbor proton is like a tiny magnet that alters the
very large external magnetic field, B, experienced by the observed proton. Remember that the
population of higher energy protons (oriented against B, or subtracting from B,)) and lower energy
protons (oriented with B, or adding to B,) is about 50/50.

You could flip of a ‘fair’ coin to decide if the neighbor proton magnet was up or down, and
that’s the way we will look at it. These little neighbor proton magnets will create perturbations that
divide the ‘observed’ proton into various populations based on probabilities of a coin flip when the
protons are close enough to influence one another (usually 2-3 bonds apart) and that will produce
multiple peaks, where one was expected. One proton neighbor equals two equal possibilities (with or
against the external fields = heads or tails in coin flips). More extensive examples are provided, just
below.

When the two protons are on the same carbon atom they are called germinal (twins). If there is a
nearby chiral center, they will be diasterotopic. If they are cis/trans in a ring or part of a pi bond, they
can also have different chemical shifts. When the geminal chemical shifts are different they will each
split the other into two peaks. The separation between the peaks is their J value (discussed just
below), and written as ’J because they are two bonds apart. Typical alkane sp3 Joeminal has a range of
values from about 0-20 Hz, but we will use 12 Hz in our problems when diastereotopic splitting is
present. Typical alkene sp2 Jgeminat Values will be 2 Hz in our problems. The numerical value of J (in
Hz) is called a coupling constant.

The most common pattern of coupling is vicinal interaction (neighbors) between nonequivalent
protons on adjacent carbon atoms. Vicinal protons are always three bonds apart, and vicinal coupling
is usually shown as 3T or Jyieinal. Vicinal coupling constants are typically about 7 Hz. This is the value
we will use in our problems later. Real Jyicinal coupling can appear over a range from about 0-12 Hz.
When protons are over three bonds apart, the coupling is commonly too small to see and we will
consider such patterns to have zero coupling, e.g. "J = 0 Hz (n > 4). However, there are some special
exceptions that we will show in a summary table of coupling constants, but rarely use in our problems.
—(|3—C—(|3— ‘T~ 0 Hz

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).

H  sp’ geminal

/////III'C/ )
H

vicinal

3J~7Hz

]
I

Vicinal protons (neighbors, Latin)
are on adjacent carbons and °J
values 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 = Jieina = 7 s our typical
value.

Geminal protons, (twins), are on
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 = Jgem = 12 Hz as our
typical value.
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1.

Coupling and multiplicity may be the most difficult aspect of NMR for beginning
students. A few examples should help clarify the common patterns. If you don’t get it
the first time then read it again (...and again). A simplistic N+1 rule is often invoked to
interpret NMR spectra, but a deeper understanding is necessary to appreciate the many
exceptions to the N+1 rule. Simply stated, the N+1 rule says there will be 1 more peak
than there are coupled neighbors (# of peaks = N+1, where N = # of neighbor protons).

Zero neighbors

Proton(s) with zero nearest neighbor protons do not have any perturbation of B,,.

They appear all together as a single peak. A special-case rule, where all the coupling
constants are equal (usually °J = 7Hz) is called the N+1 rule, where N is the number of
neighbor protons. With zero neighbors the N+1 rule correctly predicts there will be
one peak.

Q zero neighbor ~— increasing §, v————
protons
—
® | T
observed —(‘Z—T—

(CIZIiII‘OthII_Ityng) AE,, flip proton AE| (observed) = AEy, flip proton
S W N + 1 rule (N = # neighbors)
#peaks=N-+1=0+1=1 peak

B, el

There is no perturbation of the external magnetic field,
B,, and only a single energy transition is observed for A single peak is called a singlet = s.
the observed proton(s), without any proton neighbors.

Havavaval
S
S (ppm)
Some proton examples with zero proton neighbors: Cl
N C/H
= 0 AN
H\C/I Br\C/C/ I Cl
~ C
H 7N
H H/ \H H,C CH;
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One Neighbor — There are several examples of coupling on page 60.

Proton(s) with one nearest neighbor proton are split into two populations (like flipping a
coin, heads or tails). This can be vicinal (*J=7 Hz) or geminal, when different (*J=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.

u N + 1 rule (N = # neighbors)

#peaks=N-+1=1+1=2 peaks

one neighbor ~——— increasing J, v
. proton T
ORI S
—C—(C— | peﬁurbation(s) by
The observed proton ‘ ‘ AEqq fip proton neighbor proton(s)

type (CH33 CH25 CH))
H,, sees every neighbor
proton as 50% up and

Two equal peaks are called a doublet = d.

AE; (observed) AE, (observed)

50% down. S R S A
" T
C—C —C—C Protons in this environment have
Protons in this environment have ‘ ‘ a small cancellization of the external
a small additional increment added ‘ ‘ magnetic field, B,, and produce a
to the external magnetic field, B, lower energy transition by that tiny
and produce a higher energy amount. It is slightly more shielded.
transition by that tiny amount. It is -~ J(Hzy—>
slightly more deshielded.  \ -—
uuun

I
S (ppm)
Doublets are possible with
geminal (when diastereotopic)
or vicinal coupling.

@

VoI,

A splitting tree shows the coupling pattern. H
, ", /% geminal
The ratio of these two 'C )
populations is about “\ J~12Hz
50/50 (or 1:1). Jis the Hy
tiny energy differnce
between these two states \ /Ha .
Hz. For common c=¢ geminal
vicinal coupling J = 7 Hz. / \ 2]~ 2 Hz
H,

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 (and very small)
they are always reported in units of Hz.
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3. Protons with two nearest neighbor protons split into four populations (like two coin
flips). Both neighbor protons can be on the same carbon or one each on separate
neighbor carbons. With two neighbors the N+1 rule correctly predicts there will be
three peaks in a 1:2:1 ratio, since the middle two populations are equal in energy.

two neighbor

The observed proton C—C—H,

type (CHs, CH,, CH), | | AE4, flip proton
H;, sees every neighbor

proton as 50% up and

50% down, like flipping

a coin. B,

PY

C C two small magnets that can be Y

arraonged four possible ways

Two neighbor protons are like { v
(similar to flipping a coin twice).

Al ~J (Hzy>||=T (Hz)~ A

~— increasing d, v

<(} @ g S 1 8 R

N + 1 rule (N = # neighbors)
# peaks =N+ 1=2+ 1 = 3 peaks

Three peaks in a 1:2:1 ratio are called a triplet =t.

Two equal energy

L The ratio of these four populations is
populations here.

1:2:1. Ifall J values are equal, the
middle peaks will fall on top of one
another and the N+1 rule works. J is
the tiny energy differnce between
these states in Hz. For common

When two nearest neighbor protons are next to (vicinal) to Hopserved =

T vicinal coupling 3J ~ 7 Hz.
8 (ppm)

H, (above) it

really produces a doublet of doublets = dd. 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, (2 x 2 =4 populations). The four peaks look like three
because the coupling constants are same and the middle two peaks fall on top of one
another. If it were not for the coincidence of identical coupling constants, we would
be able to see all four peaks (populations).

two neighbor splitting tree The N+1 rule works when J;, = J1y,.
— @ H, protons # peaks =N+ 1=2+ 1 =3 peaks
b ol AN <>
The observed | | TSI T <] (Hzp=||=J (Hzy
proton Hy, The ratio of these four

|

populations is about 1:2:1.

I
o (ppm)
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Neighbors with different coupling constants:

When the coupling constants are different (J;, # Jy), all four peaks will be
observed as two sets of doublets called a doublet of doublets (dd). Each peak will be
approximately the same size. The coupling constant of the larger difference (J;, below)
can be measured from the first to the third peaks (or second to the fourth peaks) and the
coupling constant of the smaller difference (J;, below) can be measured from the first to
the second peaks (or the third to the fourth peaks). The splitting pattern (splitting tree)
is drawn using the largest coupling constant first and then the smaller coupling
constant(s) so there is no crossing of lines.

splitting tree
When the J values are not equal
all four peaks are observed. The

ratio of these four populations

J,, - measure peak 1 to peak 3 is 1:1:1:1. Draw splitting trees
J,, - measure peak 1 to peak 2 with the largest coupling at the

top and the smallest coupling at
@’ (Hg’ the bottom.
doublet of doublets =dd ¥, e J1a> J1b

1

e

d (ppm)
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Three Neighbors

4. 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 and one on
another or one each on three separate carbons. With three neighbors the N+1 rule

correctly predicts there will be four peaks in a 1:3:3:1 ratio.

1

increasing o, v N+ 1 rule (N = # neighbors)

way 3
thre;rgteérgllslbor i 1* ways #peaks =N+ 1 =3 + 1 =4 peaks
- H, el ) . S W S Three peaks in a 1:3:3:1 ratio
| y ways 1 are called a quartet = q.
The observed proton ——C—C—H, " way
type (CH,, CH), I!I AEq, flip proton
H;, sees every neighbor c AE AE
proton as 50% up and ! 2 AE; AE4
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 to;?o Fone

small magnets that can be arranged
eight possible ways (similar to flipping MY A 14

a coin thrice). WA VN Ay
Ay

_? qCD Yy
é 3 (llapm)

Three nearest neighbor protons to Hgpservea (H1) 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 H, and each
of those populations is further split into two populations because of H. (2 x2x2 =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).

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.

splitting tree N + 1 rule (N = # neighbors), this rule works
when the coupling constants are very similar

three neighbor #peaks =N+ 1 =3+ 1 =4 peaks
protons
<<> — @ H, Ja 3 3
| 1

—C—C—H
The observed T ? b
° @b
ﬂ vl uon
[
B /Jbﬁlc e W Jie 8 (ppm)
(0]

proton H;
(CH;3,CH,,CH)

The ratio of these eight
populations is about 1:3:3:1.
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Neighbors with different coupling constants:

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. The splitting tree is drawn using the largest coupling
constant first and then the smaller coupling constant(s).

J1a - measure peak 1 to peak 5

splitting tree

When the J values are not equal
all eight peaks are observed. The
ratio of these eight populations

] K1t K3 J ha is 1:1:1:1:1:1:1:1. Draw spltting
1p - Measure peax 1 1o pea trees with the largest coupling at
Jj¢ - measure peak 1 to peak 2 the top and the smallest coupling
T J1b at the bottom.
Jia” b > Iy
doublete of doublet
of doublets=ddd  ¥; ¥ f5¥ Ty Vi

JLILILLL,

If two of the three coupling constants happen to be equal, then different splitting
patterns will be observed. In the first splitting tree below J,, = J;, > J;c producing a
triplet of doublets and in the second splitting tree J,, > J;, = J;. producing a doublet of
triplets. In all cases there are eight populations resulting from three neighbors.

splitting tree

AJM

triplet of
doublets = td

MJ\JL

d (ppm)

splitting tree

Ji
J1a> Jip = T, )

J1

doublet of
triplets =dt Yy, J J1¥71,)

N

0 (ppm)
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Four Neighbors

Four nearest neighbor protons to Hopservea (H1) really produce a doublet of doublet of
doublet of doublets = dddd. 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,
and each of those doublets is further split into two populations because of Hq (2 x 2 x 2
x 2 =16 populations). The 16 peaks look like five because the coupling constants are
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 sixteen peaks
(populations), as shown on the next page.

splitting tree N + 1 rule (N = # neighbors), this rule works
four neighbor when the coupling constants are very similar
t
Q _’@ I|_Ia PrOTORS #peaks=N+1=4+1=15peak
The observed | |
protonH; __-C H;
(CH,CH) ./ \
Hy
i .
B, 0 (ppm)

The ratio of these sixteen populations is about 1:4:6:4:1.
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Four Neighbors with different coupling constants:

The splitting tree below shows what can happen when all of the coupling constants are
different, called a doublet of doublet of doublet of doublets (dddd). Each peak should be
approximately the same size. The splitting pattern (splitting tree) is drawn using the largest
coupling constant first and then the smaller coupling constant(s) to prevent overlap.
Sometimes the coupling constants are close, but not exactly the same. Partial multiplets can
be observed and the number of peaks is less than 16. There are several variations in
appearance of these 16 peaks if some of the coupling constants are equal to one another, but
we won’t draw any. I hope you get the idea how this works by now. If not, go back and
reread this section on coupling again.

When the J values are not equal

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

is 1 for all peaks.

J1a” J1p > 11> g
doublete of doublet of %
doublets of doublets = dddd I
ld

MMMMMMMM

5 (ppm)
'"H NMR patterns having protons following the N+1 rule are shown on the next page.

Exchangeable Protons on Heteroatoms (O-H and N-H)

It is possible for O-H (and N-H) protons to exchange with one another (via acid/base
reactions) randomizing the spin up or spin down next to any H on an adjacent carbon. If this
occurs on the NMR time scale (thousands per second) or faster, any coupling (observable
interaction) that might have been present before exchange is lost in the exchange and these
peaks often appear as broad singlets (reported as #H,brd s). If D,0O is added to the mixture,
deuterium can substitute in and the O-H or N-H can completely disappear from the NMR
spectrum.

Ver%ﬁi{ H, very fast

on S) on NMR

: O--\/_\ --O-.\ time scale ./ / @ /\ -'O'-\ time scale +5* ‘o
Rl/ H, Hb/\s R, == R; / H, "R, = Rl/ \Hb Ha/ ~
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Here are some of the more common splitting patterns that we will encounter using the
N+1 rule. Pascal’s triangle at the bottom shows the relative size of peaks in the

multiplets. Only 3T ieinal are shown.

@ = group without any coupled proton(s)

@ = observed proton

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

N=1

N=0 N=2 N=3 @)
H |
| o——d & T »
o—C—¢ | C—C—@ .—C—C —@ 0—(|: CH |@—C—CH; | CH—T—CH\.
CH
CH e e CH
s, J=none (%:JI:I-Z tI:J1: }Z ./ \. q, J=7 ./ \.
o N=1 N=2 oy
singlet doublet | | triplet | | quartet
4 = calc or exp § = calc or exp = calc or exp 8 = calc or exp
© » \ L N « 9 ? A
®—(C—CH, ._T cH, CH—C—CHz .—T—CHa ‘CH_T_CH3 CH—C—CH,
./CH CH, CH ./CHz ./CH\. ./CH2
\. ./qnt, J=7 o e sex, J=7
I=1H I=1H
N=4 N=5
| | | | | quintet | | ’ ‘ || sextet
8 = calc or exp 8 = calc or exp
B AR W (P W o B "
.—T—CH3 CH—T—CH3 HZC—(|3—CH2 CH—T—CH3 H,C—C—CH,
CH; H,C CH, z CH; CH,
oct, J=7
sep, J= \. ./ I=1H ./
I=1H N=7
N=6
‘ octet
||| || septet ||| ‘|||
5 — calc or exp 8 = calc or exp

Pascal's triangle = coefficients of variable terms in binomial expansion (x +y)", n =

integer

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

H2C_C_CH3

CH; s = singlet
d= doublet
non, J=7 .
I lH t= triplet
q = quartet
nonet .
’ gnt = quintet 1
| | | | [ sex = sextet s
&= calcore or exp sep = septet 1 6
0= octet 17 21

o 1 peak = 100% R

I 1peak=50%
11

Relative sizes of the
peaks in multiplets

4 L peak=25% (% edge peak shown).

L2 - 1 peak=12% As the multiplets get
303 1 I peak = 6% > larger, it gets harder
4 6 Ve to see the edge peaks
4 1 1 peak = 3% so you have to be
10 10 5 1 1 peak = 1.5% careful interpreting

1520 15 6 1/

35 35 21 7

large multiplets.
4 1peak=0.8% /

Combinations of these are possible.
dd = doublet of doublets;
= doublet of triplets, td = triplet of doublets;

etc.

ddd = doublet of doublet of doublets;

dddd = doublet of doublet of doublet of doublets;
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Typical Coupling Constants (used in the problems in this book)

m, M Range  Typical

C
v \ 0-30Hz 12Hz
H,

Geminal protons can have different chemical shifts
and split one another if they are diastereotopic.

\ / Range  Typical
CcC—cC
H/ /\C/Hb 0-3 Hz 1 Hz
a
AN

cis / allylic coupling, notice through 4 bonds
(not used in our simulated spectra)

H, Range  Typical
\_/

| | Range  Typical
¢ 0-3Hz 1H
—C—C—— z z
‘ 6-8Hz 7Hz \C/Hb
~ AN
Vicinal prtons are on adjacent atoms, when freely . . .
rotating coupling averages out to about 7 Hz. trans / allylic coupling, notice through 4 bonds
(not used in our simulated spectra)
H, H, ° :a‘ilﬂglfedr‘;ll Range  Typical C C Range  Typical
_é_é_ 0-12 Hz 7Hz \\C—C// 9-13 Hz 10 Hz
vicinal coupling / \
‘ ‘ depends on dihedral H H
H angle, see plot of _ . . .
Karplus equation, p 41 sp” vicinal coupling (differen pi bonds)
H H, .
I’ ‘ K Range  Typical T s Range  Typical
—C—C—C—— —C—¢C
‘ 0-1Hz OHz \\ 1-3Hz 2Hz
Y
Protons rarely couple through 4 chemical bonds N .
unless in a special, rigid shape (i.e. W coupling) sp” vicinal aldehyde coupling
\ /Ha Range  Typical H, \ /Hb Range Typical
/C:C\ 0-3Hz 2Hz //C_C\\ 5-8Hz 6Hz
H, C O
sp? geminal coupling sp° vicinal aldehyde coupling
H, \ /Hb Range  Typical H, Range  Typical
==« 511Hz 10 Hz - —
/ \ - C—C=C—H, 2-3Hz 2Hz
sp? cis (acylic) coupling (always
less than the trans isomer) sp / propargylic coupling, notice through 4 bonds
Hy, Range Typical i
\ V, Range  Typical H, H, Range  Typical
/C_C\ 11-19Hz 17 Hz | S | 23Hz 3 Hz
H; ‘
2 .
Sp” trans °°“p““f‘5 (always bis-propargylic coupling, notice through 5 bonds
larger than the cis alkene) (not used in our simulated spectra)
H .
\ / a Range  Typical ortho,metaand —> H Range  Typical
N para coupling to H
c—«C this proton ortho
/ \ 4-10 Hz 7 Hz p ’ ortho 6-10 Hz 9 Hz
C/Hb | h i meta 2-3 Hz 2 Hz
/ only ortho coupling Hireta para 0-1 Hz 0 Hz

sp® / sp’ vicinal coupling

is used in our

simulated spectra Hpara

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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The following spectra show examples where the N+1 rule is followed and where there are deviations
of the N+1 rule. There are examples of nonequivalent germinal protons that have different coupling
constants combined with the usual expected vicinal coupling constants. The sp> germinal coupling
from one neighbor leads to a doublet, (J=12 Hz) and the vicinal coupling from a second neighbor also
leads to a doublet (J=7 Hz). Overall each germinal proton in the bottom example appears as a doublet
of doublets (J=12,7 Hz). All other couplings are vicinal, following the N+1 rule with J=7 Hz. On the
following page are alkene examples. The coupling in alkenes (protons on sp” carbons) is different
(Jirans = 17 Hz, Jis = 10 Hz and Jgem = 2 Hz). In any aromatic examples, we only use Jorno coupling (=
9 Hz), ignoring possible Jyew (= 0-3 Hz) and Jpara (= 0-1 Hz).

3.53 96
2H,t 3H,t
| J=7 J=7 1.52 2.0
N+1 OH
rule works /\/
0.96 3.53
(except exchangeable
proton)
1.52
2H,sex 25.3
J=7 /\/OH
2.0 65.1
1H,brd s AML 101
‘ 5 ‘ i 0
PPM
| 1.74
6H,d Br
J=7
N+1 3.78
rule works
B 1.74 1.74
Br
* 445
3.78
| 1H,sep
107 29.0 29.0
‘ 3 1 0
PPM
1.79
6H,d
J=7 Br
3.69 2.0
b N+1 . OH
N+ 1 rule rule works —
does not work / 1.79 4.12;3.87
f_)%
3.87 3.69 Br
1‘I1-.|ldzd 1Hdd  1H,sex
, -1 J=7 52.7
J=12.7 J=12,7 ® OH
e 2.0
1H,brd s 22.8 71.2
‘ ) ‘ 3 ‘ 2 ‘ ] ‘ 0

PPM
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1.09
N+1 3H,t ) H 728
rule works = 1-u /S/H
| (¢] 456
N+ 1 rule 2.27 227
does not work 2H, H
j\ J=7 4.88
1 7.28 488 456 o H
1H,dd 1Hdd  1Hdd @]\ 124
J=17,10 J=17,2  J=10,2 0.5 o
27.7 97.4
T 3 5 3 P 0
PPM
1 1.30 6.43
i W0
N+ 1 rule 4.19
does not work N+1 H N O/\
T RN 4.19 rule works 5.80 1.30
2H,q H
6.05 J=7 6.05
1H,dd
J=17,10 5.80
| 843 T 1H,dd H O
Had =102 614
J=17,2 L ST 166.5 .
. 13|0-i2 N O
128.3 14.2
J H
_ L
‘ 5 5 4 3 ) ‘ !
PPM
3H,t
' 0 H
N+1 J=7 3.97
rule works 1‘09\)J\
B O Br
2.27 227
N+1 3.97 2H,q H
rule works N+ 1 rule 2H,d J=7 5.62
does not work J=7
1 7.32 5.62 o) H
1H,d :
=17 Farcy’ @J\ 1306 o1t
9.5 O Br
27.7 107.5
H
7 6 5 4 3 2 !
PPM
1.09
3H,t (0] H 7.14
N+1 J=7 1.09
m rule works H
o) 5.30
2.27 227
N+1 N+ 1 rule ;_?’Zj ZJH:$
rule works does not work 3=7 397 Br
. 7.32 5.62 o H
1H,d 1H,dt 171.2 139.6
J=10 J=10,7 H
05 77 © 107.5
25.1
M Br
7 ' 4 3 P ]
PPM
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Example : Heptan-3-one shows a simple example of two common problems in H NMR spectra,
similar multiplets that look alike and overlapping multiplets that make it hard to interpret what they
really are.

On you own, can you analyze the chemical shifts, multiplets, Int. = 3H Formula: C;H,,0
J values and integration to solve this structure?

Int. = 4H Int. = 3H

Int. =2H

| 2 1 0
PPM
Adding in the details helps our analysis.
1.06 C7H14O
2H,t 0.96 Exact Mass: 114.1
=7 3Ht  M+=114.10 (100.0%),
J=7 M+1=115.11 (7.8%)
0
2.45
2.49 ﬁt'} 1.06 157 096
=l
2'3';‘17”‘ i 2.49 2.45 133
Just below, we are going to
learn a new powerful approach
t for solving structures like this.
J L
| 2 1 0
PPM

A 2D COSY NMR experiment (H/H correlation spectrum) on the next page shows how both of
these disadvantages can be overcome. The equivalent of a 1D proton spectrum lies along each axis.
There are diagonal peaks that serve as place holders for what we already know about the locations of
multiplets in our 1D NMR (the intersection of equivalent protons shifts). The nondiagonal peaks are
called cross peaks and appear wherever protons are coupled. This valuable information allows us to
trace out coupled spin systems. When possible, it is helpful to start a COSY analysis at an end position
of a spin system. The two methyl groups work well here at 0.96 ppm and 1.06 ppm. Trace vertically or
horizontally from a diagonal peak to find a cross peak. Only one is expected because they are methyls.
Trace in a perpendicular direction back towards the diagonal to find the coupled partner on the diagonal.
Continue in this manner until there are no other cross peaks. If a diagonal type of proton is next to two
or three neighbors you may have to trace out more than one path. It is less obvious, but the two CH,
groups next to the carbonyl group could also serve as starting points since there is only one open bond.
However, because they partially over lap one another, neither is as good a starting point as the two
methyl groups.
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first spin system missing carbonyl second spin system
H H
H There's only
one way to
put this together. 0
1.06 157 0.96
COSY correlations 2.49 2.45 133
2.49 2.45 1.57 1.33 106 096
25 225 2.0 | 1.75 | 1.5 1.25 1.0 0.75 0.5 0.25 00 ®
| | |
-2
- = 0.25
0.5
~t - 0.75
° o
4 - 10
@< --fe- Shiid RERES EERSS EEREE EEERE REEES -® | !
5 = V - 1.5
i o I B R L ®
E S 13
@ OF @
: . : - 175
: K : 2.0
: iE 5 2.25
: — Y
;.'4 ------------------------------ -®
o 2.5
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2D Methods of NMR that we will consider: 2D NMR experiments work because of
coupling between interacting neighbors.

1. COSY (correlation spectroscopy): Proton-proton correlation spectroscopy provides
proton connectivity patterns using proton spin systems based on coupling between
interacting protons. A COSY spectrum typically shows which protons are close to

one another (within 2-3 bonds).
N "2

Ha") H, H, H, ‘ H,
Jgeminat = 3
geminal Vyicinal =J 4] is usually too
2 bond coupling only 3 bond coupling is small to see
occurs when the protons very common when (but not always)
are diasterotopic H, and Hy, are different.

2. HETCOR (heteronuclear correlation spectroscopy) or HSQC (heteronuclear single
quantum correlation): Indicates what protons are on what carbon atoms via direct one
bond C-H coupling (Jcn).

¥\ 1J coupling shows
T_H what Hs are on

what Cs.

13

ey =~ 140 Hz

3. HMBC (heteronuclear multiple bond correlation): Indicates what protons are two or
three bonds away from a carbon atom (*Jcy ,*Jen). It is especially helpful for
connecting spin systems through quaternary carbon centers (which do not have any
attached protons) and across heteroatoms (N and O).

v H X = nitrogen, oxygen
13 I I 13 I or sulfur atom

| | | | | 2Jen» Jep= 7-10 Hz
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BC NMR

Probability of finding a '>C at any different position = 0.989
Probability of finding a '*C at any different position = 0.011

R IR (IR T
0 A N A AN O 8
ST T T

(0.989)(0.989)(0.989) ~ 0.967 Y

(0.989)(0.989)(0.011) ~ 0.011

This isoto;:)omer represents Each of these isotopomers represent about 1% of the molecules and
about 96.7% of the molecules produce the observable carbons in the '3C NMR spectrum. Each signal
and doe.s not l;gwe any observable comes from a different isotopomer. Compound B has 3C at C;,
carbon in the “C NMR spectrum. compound C has '3C at C,, and compound D has '3C at C;.

Structure "A" H H H

is invisible |

in the 1*C NMR Br @ @ @ H
|
H H H

8 =35.8 ppm 8=26.4 ppm 8=13.0 ppm
(from B) (from C) (from D)

‘ ‘ T™MS

| | ! |
40 30 20 10

O (chemical shift) in ppm

o ——

E

H H H The odds of two '3C atoms in the same molecule are (0.011)?> = 0.00012 or
| | | about 1 out of 8300 structures. We will assume that this is not observable
H—*C—1Cc—13C—Br =—— jja typical 13C NMR spectrum. However, it is the basis for a rarely used
| | | INADEQUATE NMR experiment which can map out a carbon skeleton in a
H H H similar way to how a COSY shows proton correlations. However, space does
not permit a discussion of INADEQUATE NMR.
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sp® Carbon Chemical Shift Calculations from scratch

Calculations of the individual "°C shifts of any alkane can be estimated starting
from the chemical shift of methane (approximately -2 ppm). Using a simplified
approach, I converted all the numerical corrections to integer values. Correction factors
are included for every directly attached carbon atom (C, = +9), every once removed
carbon atom (Cg = +9) and every twice removed carbon atom (C, = -2). There are even
some corrections for Cs carbons, but they are generally smaller than the uncertainties in
our estimations so I ignore those. Steric corrections are also necessary, which I also
simplified to integer values.

tc.
%C There can be 0 to 4 branches
| o /—_“ on any carbon atom.
etc. C(x_C_COL_CB_Cy_CB
Ca

etc.

The simplified equation for calculating a chemical shift for an sp> carbon looks as
follows.

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

Simplified steric corrections:

The attached C, carbons are:
(make a correction for each attached carbon)

The calculated A
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

I calculated all of the estimated values for the C; = C; molecules on the next page
using the simplified equation, supplemented by the simplified steric table of corrections
(in parentheses). You can see that most estimated values are close to the experimental
values provided (no parentheses).
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sp® Carbon Chemical Shift Calculations 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 "*C shifts in ppm). Estimated values
using the simplified formula provided above are listed in parentheses for comparisons.

C, skeleton | C, skeleton | C5 skeleton C4 skeletons

254
16.3 25.0
CH, e (16) 25 25) | 250
2.3 5.9 158~ | 33N (25)
(-2) (7 (16) (14) a b

Cs skeletons

a 22.6 b 300 118 © 30
23) 223 Goy (12 ) 29.7
14.1 7N 23) (30)

(14) 34.4 31.9
(34) (32)

Cg skeletons

a 229 b 227 ¢ 18.8
(23) (23) |79 206 (20)
N 28 @D
14.1 32.9 363 115
41.5 293 (12)
(14) (32) i éf:; G35 (30,
d 29.0 .
@8) 1304 89 19.5
3 (10 1)
33.9
6 6
C; skeletons b . o
a 229 293 97 2 s
29.9 141 114 (20
W (23) 30y (14 (12 @D
141 321 8.1 34.4
39.0 23.1 29.7 39.2 14.5
(14) (32) (28) (40) %) 30) (33) (39) )

d ¢ 150 12.0 f 48.9
18 . .
181 318 (18) (12) %225 (48)
304 17.9
205 (30) 47.0 (19 15.1 . 25.0
(29) (44) (14) (26)
g 26.2 h i NA
27 11.0 @D |na NA
(12)
328 8.4 423

n 33.8 (10) 252 4¢
(34) (33) %) (40)
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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 (o > 3 > 7).
With only a couple of exceptions, the a and 3 corrections are deshielding (positive)
and the y 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.

Py 2 5 B B 5
a i o Y
X = a substituent
X X
0 values are assumed to be zero.
terminal Substituent intemal Substituent
X is attached to a terminal carbon atom (ppm) | X is attached to an internal carbon atom (ppm)
Substituent = X Cy correction | Cg correction | C, correction | C,, correction |Cyg correction | C, correction
-CH=CH, 20 6 -1 15 5 -1
alkenes
-CCH -4
alkynes > 5 -4 2 6
-CeHs 23 9 2 17 7 -2
aromatic
-OH 10 -6
alcohol 48 44 7 -4
-OR 60 7 -6 57 5 -6
ether
“0,CR . 51 6 -6 49 5 -6
ester,oxygen side
-NH,
R 24 8 -5
1° amine 28 10 5
-NRH
- 32 5 -4
2° amine 38 8 >
-NR
0 2. 45 5 -5 37 3 4
3° amine
-RNOCR
) ) . 7 - R
amide,nitrogen side 26 5 21 3 3
NO, 62 5 -5 58 2 5
nitro
_F ) i
fluoro 70 8 7 67 5 7
-Cl ) 5
chloro 31 10 > 36 8




Spectroscopy

X is attached to a terminal carbon atom (ppm) X is attached to

Beauchamp

an internal carb

71

on atom (ppm)

Substituent = X C,, correction Cg correction C, correction C,, correction Cg correction C, correction
-Br 20 4 _4
bromo 10 28 10
I _
iodo -7 11 -2 7 11 2

-CH=0
- 24 -1 _
aldehyde 30 0 3 3
-CR=0 31 I 3 26 0 3
ketone
-C.(OH):O ” ) 3 8 1 3
acid
-C(OR)=0 20 5 3 o ; _3
ester,carbon side
-C(NR,)=0 ] 1 5 _
amide,carbon side 25 3 3 9 3
-CN
nitrile 3 3 3 3 3 3
-C(C1)=0 ’ 3 30 5 ]
acid chloride 33 3
-SH 3 12 )
thiol 1 10 8 3
-SR 3
sulfide 22 8 -3 20 6

Here are some possible starting values for C, cycloalkanes (ppm). Use the internal
correction factors from the table when calculating rings with substituents.

-2.3

21.6

26.0

27.1

2

8.5
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Three examples are provided, starting from scratch, with a substituent at an end position
and an internal position. Remember too, generic "°C shifts are provided on page 50.

dc = (-2) + (OHC,, +#Cpg) + (#C, )(-2) + (simplified steric corrections) ppm

cl C2 3 €4 c5 Co6 7

OH / 6 start = 2 2 2 2 2 2 2
6 a+p= 18 36 45 63 45 36 27

y= D 2 6 2 -4 2 4

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

1 3 5 N6 subst.= 48 10 6 0 0 0 0
2 4 cale. 5= 62 40 23 49 28 29 20

exp.d=  61.0 424 260 51.5 31.1 30.0 22.7

cCl C2 3 ¢4 ¢5 Co c71 C8

start = -2 22 -2 2 2022 -2
a+f= 27 36 45 36 36 36 27 18
v= -2 2 2 -6 -4 2002 -2
steric = -1 4 22 0 0 0 0 0
subst. = -4 7 44 7 -4 0 0 0
calc. 5= 18 35 83 35 26 32 23 14

exp. 0= 172 33.6 76.8 343 259 32.1 228 14.1

[\

27.1 ppm exp.d= 70.1 355 244 256

OH
Cl C2 C3 C4
1 start= 27 27 27 27
2 subst. = 44 7 4 0
steric = 0 0 0 0
calc. 6= 71 34 23 27
3
4

Problem — Estimate the sp> carbon chemical shifts of the following molecules. If real values are
known, they are listed next to the appropriate carbon atom (experimental), otherwise estimated values
are from ChemDraw (estimated).

. |16.6 b NH,
23.5
44.1 11.0
44 4 232 : 182
23.5 11.0 SH
experimental estimated experimental estimated
225 1 O 19.2
208.5 | 24.6 ' /
173.9 1673 177.3 252 213
528 225 92 . HO
28.0 21.9 17.5 288 14.0 42.9 31.1 84.6

experimental experimental estimated estimated
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Calculating Alkene *C 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.

Correction factors for sp? alkene shifts

alkene starting point = ethene
H,C=——=CH,

1233

/

X

Oc = 123 + correction factor(s)

/ C,, = carbon with the substituent

Cp=— Ca\ Cg = carbon away from the substituent

X is attached to the alkene
carbon atom (ppm)

X is attached to the alkene

carbon atom (ppm)

Substituent = X |C, correction Cg correction|  Substituent = X | C,, correction | Cy correction
H;C- -OR
methyl 13 7 ether 29 -38
CH;CHS,- i -O,CR
ethyl 17 10 ester,oxygen side 18 -25
CH;CH,CH,- 9 -NR,
propyl 17 enamine 28 -32
(H3C),CH- -NO,
isopropyl 23 -12 nitro 22 1
(H3C)5C- -SR
t-butyl 26 1 sulfide 14 13
-CH=CH, -CH=0
alkenes 14 7 aldehyde 15 14
-CCH -CR=0
alkynes o 6 ketone 14 S
-CeHs 11 -C(OH)=0 5
aromatic 12 acid 10
" X-CHy- ~14 ~ -7 -C(OR)=0 6 ;
allylic X ester,carbon side
F 25 34 -C(NR2)=0 6 5
fluoro amide,carbon side
-Cl -C(CH=0
chloro 3 6 acid chloride 8 14
-Br 9 1 -CN
bromo nitrile -6 14
-1
iodo -38 7

*X = Cl, Br, I, OH, OR
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Calculating Aromatic **C Chemical Shifts (ppm),

To calculate aromatic carbon chemical shifts, there are four types of substituent corrections
depending on a carbons location in an aromatic ring relative to a substituent. Ipso values are used
when a substitutent is directly attached to the carbon, ortho values are used when the calculated carbon
and substituent carbon are adjacent to one another, meta values used when the calculated carbon is the
second carbon over from the substituent carbon, and para values are used when the substituent carbon
and calculated carbon are on opposite sides of the aromatic ring. Since there are six bonding positions
in any aromatic ring it, is possible that 1-6 corrections might be needed for each carbon of the
aromatic ring. Generally, the more corrections that are made, the less reliable is the estimated
chemical shift.

Correction factors for sp? aromatic shifts

. . . meta ortho
aromatic starting point = benzene
ipso
para X
128.5
d¢ = 128 + X(all correction factors)
X is attached to an aromatic carbon atom (ppm)
Substituent =X |ipso |ortho | meta | para Substituent = X | ipso |ortho | meta| para
H;C- 9 | 1 |0 |3 NR, 16 | -15| 1 | -10
methyl amines
CH3CH2- -1 0 3 -RNOCR -
ethyl 12 amide,nitrogen side 10 80 4
CH3CH2CH2- 10 0 0 3 -NOz 20 -5 1 6
propyl nitro
(H;C)CH- | 5 | -2 0o | -3 -NO 371 -8 | 1 7
isopropyl nitroso
(H3C)3C- -3 . -SH 4 1 0 |
t-butyl 19 0 3 thiol 3
-CH=CH _ -SR
alkenes ’ 9 2 0 ! sulfide 8 4 0 0
-CCH -SOR _ 1
alkynes -6 4 0 0 sulfoxide 18 > 2
“Colls g | -1 | o |- -SO,R 2] -1]1]s
aromatic sulfone
* X-CHz- ~10 ~-1 0 -1 -CH=0
allylic X aldehyde S tjo] e
_F ) -CR=0 9 0 0 4
fluoro 3113 ) 2 4 ketone
-Cl 5 1 - COM=0| » | 5
chloro 0 2 acid 0
R -C(OR)=0O
brc]?r;o -5 3 2 -1 ester,carbon side 2 1 0 4
-C(NR,)=0 -
1 2 5 1 0 3
iodo 31109 2 |-l amide,carbon side
-OH i 2 -C(CH=0
phenol 29 13 -7 acid chloride 5 3 0 7
-OR
34 | -14 | 1 -8 -CN )
ether nitrile 161 4 11 4
OCR | 7o |3
ester,oxygen side *X =Cl, Br, I, OH, OR
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Problem — Calculate the alkene carbon chemical shifts in the following structures. If you don't find an
exact match for a particular substituent, look for a close analog to use in place of the actual
substituent. The chemical shifts provided are experimental or come from ChemDraw estimates.

0 ° ¢ d e
128.7 S 208 i i 136.8 N
: 122.4 :
N 166'5/ x° 1|\|1 ® 1377 191.1 v/
o~ 520 s oo | X ~© AN ) 117.0
130.1 :
y 1426 138.6 107.3
£ o ¢ h 128.7
128.0
126.4
127-9\ 197.7 63.6 151.9
86.3
135.2
0
136.5 28.9 145 1143\ 128.7

551  163.2 149 5 1237
/\)Jg7 14.0 170.6 137.9 11672

121.1 253 1238 20.8

Problem — Calculate the aromatic proton chemical shifts in the following structures. If you don't find
and exact match for a particular substituent, look for a close analog to use in place of the actual
substituent The chemical shifts provided are experimental or come from ChemDraW estimates

130.3
172.8 129.9
128.5 136.9 191.0
129.4

OH 129.3 128.7

129.9
166. 0 136 8 199.8
128.7
130.2 O 51.5

133.8 134.6 133.1 133.2
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C-H Coupling

13C atoms can fully couple with their proton neighbors, following the N+1 rule. They
can also be partially decoupled (still follow the N+1 rule) or be completely decoupled
from their proton neighbors (only single peaks). One bond C-H coupling, 'Jcy, is large
(typically 120-165 Hz, but 140 Hz is used as a compromise value). Two and three bond
coupling, *Jcy and *Jcy, constants are smaller and similar (about 7-10 Hz). These
differences in coupling constants are also the basis of some important C/H correlation
experiments using 'Joi (HETCOR or HSQC) and *J¢y and *Jey (HMBC) to be discussed

later.

methyl methylene methine quaternary
13I 13I i carbon

l
H

I MAMM WL L

cn = 140 Hz (compromise value) 1 JCH 140 Hz Jep ~ 140 Hz no 'Jcy coupling
"Jcn ~ 140 Hz (compromise value Each of these peaks can be further split by protons 2-3 bonds away
to cover sp> and sp” carbons) (J=7-10 Hz). We won't consider that complicating factor here.
Iy %) 3J Uen “Ien Ien H
sp’ C-HJvalues =120 =7-10 =7-10 /\ N |(\| ; |
sp> C-H Jvalues =165 27-10 27-10 — —Cummp  C——— C o ——

sp C-HJ values =~ 240 - - | | | | | |

1 bond coupling 2 bond coupling 3 bond coupling
(1=120-240Hz)  (*J=7-10 Hz) G =7-10 Hz)

Full 1Je coupling of a -CHj is very large.

n JCH ~ 140 Hz 1JCH ~ 140 Hz JCH ~ 140 Hz
[ | | | |

|
240 Hz 180 Hz 120 Hz 60 Hz O Hz 60 Hz 120 Hz 180 Hz 240 Hz
1
Off resoance coupling is much smaller than Ton z 7 Hz
fully coupled C-H bonds and there is less —~— : All carbon atoms appear as singlets in
chal?ce quegks ?Vc;rltapplntgtl(l)ne anotther N m" completely decoupled '*C NMR spectra.
Jaxing 1t casier 1o MICrpret the spectrum, It is easier to distinguish each carbon from

however real experiments can produce less

than perfect results. the other carbons, but all proton coupling
P -—

information is lost. Also, peaks are larger

b than expected because of an NOE effect,
which we do not discuss.
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The following table shows the common proton substituted carbon patterns you are
likely to encounter in a structure problem. The multiplets are what you would see if an
off resonance spectrum was acquired. However, DEPT experiments have almost
completely supplanted off resonance spectra and show only singlets, though
occasionally carbon peaks are still identified with s, d, t and q to indicate the number
peaks expected according to the number of attached protons (N+1 rule). You will also
encounter this terminology in the older literature.

The N+1 rule works perfectly for C-H bonds when fully or partially decoupled.

0 proton neighbors 1 proton neighbor 2 proton neighbors
carbon peak = singlet carbon peak = doublet
(quaternary carbons) (methine carbons)

) , 3 proton neighbors
carbon peak = triplet: carbon peak = quartet
(methylene carbons) : (methy! carbons)

quartet = q

triplet =t

singlet = s doublet=d

ey ~ small when & ']y ~ small when

No Jcy coupling Yy ~ small when

E off resonance i off resonance i off resonance
l|{ R ' decoupled i decoupled : decoupled
R—¢—R _—C/ : T i :
N / s
=—C—R N=C—R| R R —ocn, |
R H 5 :
/ \C—R o:c/ , O— =C—H! :
— \R : R :
\ \ Ny :
O N— !
/ / : —
0=C, 0=—C :
\ |
R R !
Cl :
0=—(
R
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To determine how many protons are on each carbon atom, chemists have almost
completely switched to the DEPT experiment (distortionless enhancement by
polarization transfer), where all the carbon peaks remain as easy to read singlets. To
explain what we see in a DEPT, we need two additional "°C spectra obtained with
different pulse sequences, which we will call DEPT-90 and DEPT-135. The normal
decoupled °C spectrum shows all the carbon atoms as single peaks. Often the
quaternary carbons are smaller because of slow relaxation. The DEPT-90 spectrum
only shows methine carbons (CH) as positive peaks. The DEPT-135 spectrum shows
both methyl (CH3) and methine (CH) carbons as positive peaks and methylene (CH,)
carbons as negative peaks. The quaternary carbons are easy to assign because they do
not appear in either of the extra DEPT experiments. The methine carbons are easy to
assign because they are the only peaks in the DEPT-90. The methylene carbons are
easy to assign because they are the negative peaks in the DEPT-135 and finally the
methyl carbons are assigned because they appear in the DEPT-135 but not the DEPT-
90.

p-butylbenzaldehyde diethyl acetal

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

150 1490 130 120 110 100 90 80 70 60 50 40 30 20 10 0
ppm
DEPT-90 shows CH carbon atoms up .
1 T T t 1 T T T T T T T T T 1/CsHu0
150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 ppm
ppm
13C NMR shows a peak for each type of carbon. 6 10 é ; Igég
3 4 3=1282
4=126.5
5 7 8 9 11 5=101.7
6= 61.0
1 2 7= 354
| | 8= 33.6
1 ; 9= 223
I | I I [ I [ [ I I I | I I I H10= 152
150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 ol11= 13.9

ppm
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HETCOR and HSQC - greater carbon dispersion, a carbon advantage transferred
to protons

HETCOR or HSQC experiments take advantage of the large carbon dispersion by
transfering the wide carbon chemical shift differences to the protons narrow range. There
is a good chance that some proton chemical shifts may lay on top of one another, making
interpretation difficult. If we can connect the carbons with the protons, we can use the
wider dispersion of "°C peaks to spread out the proton peaks so there is less chance of
overlap of NMR signals than is found in 'H NMR.

-— NMR Radio Dial —

wider narrower
IST 13C spectrum 3p “F  'H spectrum
220 ppm 0 10 ppm O
sweep width = 18,000 Hz sweep width ~ 3,000 Hz
.when Ve 75 MHz when v = 300 MHz
chemical shift range = 220 ppm chemical shift range ~ 10 ppm

B, = 70,500 gauss for both values (size of external magnetic field)

HETCOR (heteronuclear correlation spectroscopy) and HSQC (heteronuclear single
quantum correlation) are two versions of C/H correlation NMR experiments that will
show peaks resulting from one bond C-H connections. Like the COSY they are 2D NMR
experiments. Both experiments correlate each type of proton to the carbon it is attached
to via their one bond coupling interactions, 'Jcy. Proton chemical shifts are plotted along
one axis and carbon chemical shifts along the other, with correlations between protons
and carbons appearing as NMR peaks. There is no diagonal line in a HETCOR or HSQC
because the axes are completely different. Both axes use ppm,

'H =10 ppm and ">C =220 ppm. Where ever a peak appears there is one bond coupling
between that carbon atom and its attached protons. With this extra information, the
COSY does much more than reveal couplings between protons in a spin system. Now,
we will be connecting their carbon atoms at the same time. Except for quaternary
carbons, that have no protons, we will be able to construct the carbon skeleton (including
the protons) of all the spin systems.
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Simple Example of HETCOR/HSQC information: 2,4,5-trimethylheptane

Proton peaks overlap, while carbon peaks are far apart. In a HETCOR or HSQC the
carbon axis helps to separate out the overlapping proton signals. HETCOR and HSQC
spectra pull the overlapping proton shifts far apart through their correlation with the
carbon peaks.

7 'HNMR

1.01 1.06

2 ] 0

PPM
HETCOR / HSQC 120 1.06

1.83 1.64 1.21 1.010.96
3 2.5 2 1.5 1

'H NMR
0.5 0

4 i 23.5x2

° i E : — 26,0
. . i 5 — 283

--------------- T L

S A e PO R S S — 45 45.0
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HMBC

Our final 2D correlation experiment is called HMBC (heteronuclear multiple bond
correlation). It looks at two and three bond correlations between carbon and hydrogen,
*Jen and *Jo. HMBC will help us complete the construction of the carbon skeleton by
connecting the spin systems to the quaternary centers and across heteroatoms. HMBC
will put us well on our way to being able to solve complex organic structures (except
for stereochemistry considerations). The types of interactions we are looking for are
shown in the following figure.

Typical Strategy for connecting spin systems to quaternary atoms and across heteroatoms
using 2J ¢y and YJoy.

We are looking for correlations
that answer questions about

which way spin systems are
connected to the quaternary centers
and across heteroatoms. There can
be many possibilities.

Recall that there were large 'Jeyy values (140 Hz) and smaller *J¢yy and *Jcy, values (7-10
Hz) that were similar. It turns out that the small two and three bond C-H couplings are
the key to solving this problem. One simple example shows some of the potential value
of an HMBC experiment to finish the connectivity of a structure.
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HMBC example — selected carbons
. @)
o 3.91;3.66 \3.24
7.88 CigHy505
1.01 Exact Mass: 324.19
6.93
4.27
© M+ = 324.19 (100.0%),
M+1=325.20 (20.0%),
735 o 1.01 M+2 =326.20 (2.9%)
6.88 144 0 114.8 36.2
OH OH
4.03;3.78 Ye3 715 Quaternary carbon atoms can see
216 : 292 604 protons 2 and 3 bonds away and
1.06 179 methoxy methyl can see across the
ether oxygen atom.
4.03  3.66
6.93 391 353 2.16 1.06 l
788 735 688 427 378  3.24 24220 1.441.01
10.0 9.0 3.0 7.0 6.0 5.0 4.0 3.0 20 1.0 0 quaternary
.l '| ! | | | | | ! ! carbons
: ' Ve o0 : 133
‘e e e i o« E E 158.0
..................................................... O S T SRR I
‘e : o ! : E 166.0
------------------------------------------------------------------------------------------ ST T T T T T T T T T T protonated
S — SR RS S AR SRR SR S S | carbons
3t %° ; : 59.3
"""""""""""""" ﬂ""""“"""""“""'I’"“"""""‘""'""“'E"""““"'Er"-“""""§““"""“'I""""“"'—
..................................................................... USSR N SO M —
S S S S S S S R SO S o

It is finally time for an actual problem. An organizing table is provided to summarize
all of the spectral information on one page. This way you can rapidly check “What
if...?” speculations that run through you head as you work toward a solution to the
structure, instead of flipping back and forth among different spectra. The columns are
listed in an order you might find useful. First tabulate all of the carbon shifts and then
solve their substructure using the DEPT. Use the HETCOR/HSQC to connect the
protons with their carbon atoms and then complete all of the spin systems using the
COSY, splicing together the protons and carbons at the same time. The final step
connects the spin systems through quaternary centers and across heteroatoms using the
HMBC. There are still important questions left unanswered, such as stereochemical

features and 3D spatial proximity of uncoupled protons. Experiments like NOESY and

ROESY can answer these, but are beyond our simplistic, simulated approach. There’s
always something more to learn.

In actual structure problems, the spectral information is arranged as follows: MS
information to help decide a molecular formula and the degrees of unsaturation, an IR
spectrum to provide hints about which functional groups are present and the NMR data
H NMR, “C/DEPT, COSY, HETCOR and HMBC to fully solve the structures.
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Data worksheet

DEPT
3¢ structural
unit

HETCOR

Beauchamp

COSY

HMBC, NOE, other

83

'H fragments
from 'H NMR
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Example problem - 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™)

IR v,
mass spec data
(exact mass) \ﬁ \N_V‘N‘
MW = 384.1 3030 163011 1380
M+ =100% 1050 0
M+1=19.9% 750
M+2 = 97.3% 2960-2850
43 = 0,
M+3 =18.9% 17351695 1470 1250 690
rrrrrperrrrrrerrtrrrerer oo ot o1l
4000 3500 3000 2500 2000 1500 1000 500
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
1Hdd 3H,d gg?
i J=12,7 H J=7 J_'7
3.13 . '
1H,dd H
. a3 =127
. L 6.95 oy 1.71
fits =0 Tid 460 (001 386 A 259 oHgnt
745 /39 gt GRS S =
{148 lant 9= 9=7 N =127
J=9 JL
7 6 5 4 3 2 0

PPM

13C and DEPT NMR: As much as possible match the "*C peaks to carbons in your structure.
Top spectrum = DEPT-135 3C NMR - CHj; and CH appear (up) and CH, appears (down)

L1 || | 1l | 2001

L L
1
| I [ I I [ o I o I T

73.1
57.4
37.4

210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 01293

Middle spectrum = DEPT-90 '3C NMR - only C-H appears (up) 1

1
|l | ||

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

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

lvent
| I I | | || | o III| | | | || , |
1 I I [ [ [ [ [ [ [ [ | | | [ [ [ I I [

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

120.4

18.8
13.1
74.8
69.5
47.0
41.9
314
30.1
23.9
221

7.9
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COSY: H-H correlations 7.45 2.88
7.40 4.60 2.84 1'411335
7.236.95 431 386 313 259 171 o6
10.0 9.0 8.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0 0.0
| | | | | | | =]
P =
° o _-
L’ (e]
° .o'
. °
. D
P <
° o,p' -
$ o|f°® _w
° ole <
1.43 -
X ) e (0 N
~ -5
B %5 B
'p o 000
.', _ W
e o
/', 'Ch
I,' O
[ J ,0" _;
o9le
P _
'/ o]
=
o"' D
I' 'o
O," 5
[w)
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HETCOR correlations 7.45 2.88
7.40 4.60 1.71 1.35

2.84
7.236.95 431 386 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

E E : E S E E ; 5 ‘e 7.9
foe e Rt SUORILEELLEEY foesnneneees benmeneeee bomenneneeed oo e Proemeeeeees dommmeneees drmmnneeeees — 10

CrTTTT CTTTTTT F ' """"""" T o‘ """""""" B 2022.1
| | a = | = s s s 239
S T TR PRI R Feengreeeee T S Aremmeeneeood —3030.1
; : : : : : : E : ; 313
T ee : ; I 419
L) ! H 47.0

: : 0

T — I I I T N N— S — s

S— e A S I | 70695
| | : | | | . | | 748
R A T S i S — 80

S A — — — A N A A L 90

SN SO RN S SN W S S U S—
U U U SN SO SOOI S SRR AR SR L 110
= = e z z s : s | 113.1

: : ; o : i E ; i : 118.8
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Don’t look at the answer until you try to solve the structure. An ideal answer would
look as follows.

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,sBrO,4

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

2 points

Examination of the '*C 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

IR data:

3030 = sp> CH stretch,

2960-2850 = sp> CH stretch,
1735 = probable ester C=0,

1630 = (C=0C),
1470, 1380 CH bend
1250 = acyl C-O

890, 750, 690 possible meta substituted aromatic ring

1050 = alkoxy C-O

2 points

Tabulated 2D NMR Information

B3c DEPT HETCOR | COSY HMBC
200.1 C=0 none none 745 7.40 4.60 3.13,2.88
173.1 O-C=0 none none 4,60 4.31 2.84,2.59
157.4 =C-0 none none 740 7.23 695 3.86
137.4 =C- none none 7.45 7.40 723 4.60 3.13,2.88
129.3 =C-H 7.23 745 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 4.31 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 4.31
22.1 CH3 1.43 3.86
7.9 CH3 0.96 1.71
2 points 2 points 2 points 2 points
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Connect proton spin systems using the COSY, which also connects the carbon atoms
they are attached to from the HETCOR/HSQC. (2 points)

spin system 1 spin system 2
1.71 3.86 431
H H H H
| 1.35 H
O O O I O R Ot
0.96
H H H
O —(
1.35
H 1.43 u
spin system 3 spin system 4 6.95 H The high shift
4.60 indicates
: attachement
284 H H H géé 7.23 @ t0+0xygen -
2.59 . H / (0]

(3 () h®
H }ir H 7.45 @ @

The low carbon shift H @ H
and high proton shift 7.40

indicate the Br is here.

The high ortho proton chemical shifts
indicate probably C=0 at this position.

Use the HMBC to see what protons (and their spin systems) are close to any quaternary
carbons. (2 points)

695 H
7.40 . o
7.23 All protons in aromatic ring
7.23 / R 695 | exceptthe para position.
H / 3.86 = spin system 1

9) O

7.45 @ @ R @
u R Q) -~ R R

" (=)
4.60] = spin system 3 on the side = spin system 4 on the
7.40 2.84,2.59} closest to 2.84 and 2.59 [ 4° } fmmgﬁc ring

7.40
4.31 = spin system 2 4.60 | =spin system 3 on the side
R 7.45 } All prOtOnS in aromatic ring 3.13,2.88 closest to 3.13 and 2.88
7.40 o
705 | except the para position.
spin system 3 on the side
3.132. 38} closest to 3.13 and 2.88
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Interpretation of Proton NMR Data (4 points)

- 3.86
H, @ H, H H, §H H
H;C—C —C—O0—Ar H,C—C —C—0—Ar —C —C—O0—Ar —C—O0—Ar
0.96 1.71
T ? CH; CH; =— 1.43
1.5
N=5=sex 0.9 o
0.9 o 1.2 4 2.8 N=2=d
103 N=2= triplet 405 N=4=qnt +4'3 +(l)i
1.2 1.7 :
4.60
~
Ar—C—C —C—C'—C—0—R  Ar—(—C —(—C —C—0—R Ar—ﬂ—cz—g—cz—ﬂ—o—R
313 | | | 284
: Br Br Br 2.59
o e, A5 i
12 37 N=1gem oz AT fa o Hy
+1.7 -03  and 1 vicinal = dd 0.3 12 31 N=1gem
0.7 34 42 +L1 03 and 1 vicinal = dd
0.1 07 238
37 0.1
3.1
CH; O CH; 7.40
[ | | | o H, N=0=s
R— C—0—C—CH; R—C—O0—C—CH, Ha Hb Hc Hd
| 1.35 O 73 73 73 13
H H T R R 0.6 0.6 0.1 02 ketone
431 4.31 0.9 -(7)2 -9‘51 -0.1 -(7)(5) ether
T s N=1=d 4 7573 7.
1.4 H Hy 6.95
1.5 o b a 6
12 N=6=sep 7.45 N=1=d
4.3 N=1=d He
7.23
N=2=t
The actual structure is:
O Br O 1.35
1.71 7.40
0 431
0.96 3.86 3.13;2.88 2.84:2.59 1.35
143 C1gH,sBrOy
' 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%),
30.3
69.5
correct structure
79 74.8 23.9 4 points
22.1
129.3 Total = 24 points
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