NMR Laboratory 1

Place: NMR laboratory, room A28, then computer room A276
Contact: Assoc. prof. Bohumil DOLENSKY, Ph.D.
Department of Analytical Chemistry
University of Chemistry and Technology
Technicka 5, 166 28 Prague 6, building A, laboratory A28
Phone: (+420) 220 44 4110

E-mail: Bohumil.Dolensky@vscht.cz

Content of laboratory work

1. Introduction to the JEOL ECZ 500R instrument (11.73 Tesla, 500 MHz) and the measurement
of 'H and BC{*H} NMR spectra. Measurement of the *H NMR spectrum of a spirit sample
(your own sample in the amount of 0.1 mL would be welcome).

2. Processing of the measured spectra using the MestreNova program.

3. Calculations of the empirical formula and the degree of unsaturation of unknown substances using
the MS Excel spreadsheet. Evaluation of *H and 3C{*H} NMR spectra of two unknown organic
compounds. Estimation of the structures of unknown compounds. Confirmation of the correct
estimation with the help of chemical shift prediction with MestreNova, ChemDraw or SpecTool.

4. Evaluation of the *H NMR spectrum of the spirit. Assignment of ethanol, methanol and water
signals and their integration. Calculation of molar, mass and volume fractions of ethanol,
methanol and water in spirits using MS Excel spreadsheet. Assessment of the safety of spirits.

Prerequisites

1. Basic knowledge of *H and *C{*H} NMR spectra of simple compounds, i.e. number of signals,
integral intensity of signals, multiplicity of signals, chemical shifts of signals (tables are allowed).

2. Knowledge of basic analytical calculations, i.e. calculations and conversions of molar, mass and
volume fractions, calculation of molar mass and elemental analysis from molecular formula,
calculation of empirical formula from elemental analysis.

3. Knowledge of the valency of the elements listed below. Calculation of the degree of unsaturation
from the structural formula and from the molecular formula.

4. Work with MS Excel spreadsheet.
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10.

11.

Procedure for determining the structure of an unknown organic compound

Create an MS Excel spreadsheet file named YEAR-MONTH-DAY-LASTNAME. This file
will be submitted as a protocol.

Prepare in a spreadsheet the calculation of the molar mass, elemental analysis and degree
of unsaturation of compounds containing C (Ar = 12.011), H (Ar = 1.008), N (Ar = 14.007),
O (Ar = 15.999), CI (A = 35.450) and Br (Ar = 79.904).! Consider only trivalent nitrogen.
Prepare the calculation of the empirical formula from elementary analysis in a spreadsheet.
The oxygen content is usually not determined, but added up. Therefore, if the sum of the contents
of the determined elements is not approximately 100%, assign the remaining value to oxygen.
From the elemental analysis of the unknown samples, calculate the empirical formula and
calculate its degree of unsaturation.

From the information from points 3 and 4, propose a molecular formula.

Process the FID records of the *H and *C{*H} NMR experiment in the MestreNova software.
Adjust the phase for the obtained spectra, correct the baseline, use the standard or residual solvent
as a reference. Determine the number of signals in the *H NMR spectrum and their integral area,
and subsequently the signal ratio. For separated signals, calculate the values of the spin-spin
coupling constants. Determine the number of signals in the 1*C NMR spectrum.

Considering the elements present and the chemical shifts of the *H and **C nuclei, propose
the structural fragments of the molecule with the help of chemical shift tables or the MestreNova
program. Redesign the molecular formula and verify its meaningfulness by calculating the degree
of unsaturation.

Based on the multiplicity of signals in the *H NMR spectrum, refine the fragments of the
molecule; consider the possible symmetry of the molecule.

Propose the structure of an organic compound and predict the chemical shifts of *H and *C nuclei
in ChemDraw or MestreNova. Compare the predicted chemical shifts with the experimental ones.
In case of small differences, consider the structure as correct.

A small difference is considered approx. 0.3 ppm for chemical shifts of *H nuclei and approx.
2 ppm for chemical shifts of **C nuclei. If the differences are large, review the previous procedure
and propose a different structure.

Write down the proposed structure, the chemical shift values and differences of the prediction and
experiment in a spreadsheet file.

Spirit safety assessment procedure

Calculate the molar masses of ethanol, methanol, and water.

Process the FID records of the *H NMR experiment in the MestreNova program. Adjust the phase
for the obtained spectra, correct the baseline, use the standard or residual solvent as a reference.
Determine the ethanol, methanol and water signals and read their integral values; do not forget
the presence of hydroxyl groups of ethanol and methanol. Normalize the integral signal intensity
of the —OH group of methanol to a value of 10. For the separated signals, calculate the values
of the spin-spin coupling constants.

In a spreadsheet, create a calculation to determine the mole, mass, and volume fraction
of methanol, ethanol, and water. Neglect aromatic components and impurities if they are
negligible.



5. In the spreadsheet, discuss whether the analyzed alcohol is safe in terms of methanol content.
Consider 12 g of methanol per 1 L of pure ethanol as the maximum allowed amount.

6. Save the spreadsheet file to your storage media. You can edit the file further. Send the final
version to the email of the assistant by midnight.

Reference

1. For more information on molar masses, see the Commission on Isotopic Abundances and Atomic
Weights IUPAC website (CIAAW, www.ciaaw.org).
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Double bond equivalent - degree of unsaturation of molecule

The degree of unsaturation of a compound is usually expressed by double bond equivalent
(DBE, or UN, unsaturation number). The DBE value of an organic compound indicates the minimum
number of "reduction operations" necessary to convert a molecule of that compound into a saturated
and noncyclic one. If the structure of the molecule is known, the DBE can be calculated as the sum
of the number of double bonds, the number of cycles, and twice the number of triple bonds.

DBE = number of double bonds + number of cycles + 2 * number of triple bonds

Examples:
F
Br
OH o S AN o
O -
CFs NO
CsHy,0 CeHgO,  CsHgS  CsHgF3NO Cy1H1oBrNO, F CgH4F,0,
DBE =0 DBE=1 DBE=2 DBE = 4 DBE = 7 DBE = 7
0
H SO;H NO
oo b 3 N S
NO
/\/ [./)7 2 CN 0 NO,
CHgO C4HaNL0, C17H1gNO5S CsHgO4 C3HsBrN,O,
DBE = 4 DBE =5 DBE = 12 DBE = 3 DBE = 4

For structural analysis, the calculation of the degree of unsaturation from the molecular formula,
which is usually obtained from mass spectrometry or estimated from an empirical formula obtained
from elemental analysis, is essential. The calculation of DBE from the molecular formula results from
the valency of the elements that the molecule of the compound contains. Valency in this case means
the maximum number of single bonds that a given element in a given oxidation state is theoretically
able to form. In the molecules of stable organic compounds, the valency of some elements is
unambiguous (e.g. hydrogen, lithium, fluorine, chlorine, bromine and iodine are monovalent, oxygen
divalent, carbon tetravalent). However, some elements can have different valences (e.g. nitrogen is
trivalent or pentavalent, sulfur is divalent, tetravalent or hexavalent) and the DBE calculation then
leads to several possible values.



Calculation of DBE from the molecular formula

The DBE calculation from the molecular formula can be derived by considering a linear (acyclic)

and fully saturated molecule:

1.

Valency and the number of multi-bonding elements of a given formula indicate the maximum
number of bonds they can participate in. If the molecular formula C7HsFsNO is correct and
nitrogen is trivalent, then the maximum number of bonds of multivalent elements is:

4'7C+3.1N+2'10=33

In a saturated acyclic structure, all multivalent elements are linked to each other by exactly
one bond. Each of the multivalent elements is therefore part of two bonds, with the exception
of the outer elements (otherwise a monocyclic structure would result). The number of possible
bonds is thus less than twice the number of multivalent elements plus one bond of the first and
one bond of the last element of the chain:

—2-(Te+1y+1,—-1)=33-16=17

The calculation of the number of possible bonds can be simplified by combining the previous two
steps by reducing the valency of these elements by two and increasing the number by two for the
outer elements. This reduces the numbers and eliminates the divalent elements entirely:

2-7c+1-1y+0-1y+2 =17

The number of possible bonds must be further reduced by the number of singlevalent elements
that must be bound to multivalent elements. Since two elements are always involved in the
formation of a normal covalent bond, half of this difference is equal to the DBE of the compound
of the given molecular formula:

(17-9) _
> =
If the compound contains elements with multiple possible valences, it is important to consider all

the possibilities. If we consider nitrogen as pentavalent, then for the molecular formula
meantioned above the DBE = 5:

DBE = 4

DBE =
2 2



Elemental analysis

Elemental analysis - proof of the presence, or determination of individual elements. The prerequisite
for further procedures is the mineralization of the organic sample (oxidative or reductive
decomposition).

Subsequently, substances are determined by inorganic analysis methods.
Mineralization of the organic sample is carried out by:

* high temperature combustion
* boiling in mineral acids

The amount of oxygen is not determined experimentally, but adds up to 100%. Because combustion
creates compounds containing oxygen and it is not possible to distinguish between the oxygen in the
original unburned sample and the oxygen that comes from the air.

Example:

During the quantitative analysis, 70 mg of the substance was burned. 102.8 mg of carbon dioxide
and 41.6 mg of water were formed. During the combustion of a substance, following reactions
take place:

C+0,-CO0,
2H,+0,- 2H,0

Now, we calculate how many mg of carbon and hydrogen produced the detected amounts of
carbon dioxide and water:

from x mg of C — 102.8 mg of CO2
fromy mg of H — 41.6 mg of H20

Using the relative atomic masses M(C) = 12.01 g/mol, M(COz) = 44.01 g/mol,
M(H) = 1.01 g/mol, M(H20) = 18.02 g/mol, we calculate the mass of each element in the sample.

m(C) =28 mg
m(H) = 4.66 mg

Next, we determine the elemental composition. We calculate the mass percentage of the elements
in the Samp|e (melement/msample X 100)

X = 40 %
y = 6.66 %

The rest up to 100% is attributable to elements or impurities that were not determined. In our
case, we will consider that this entire remainder belongs to oxygen (i.e. 53.34%).



Calculation of stoichiometric and molecular formula
Stoichiometric formula

e expresses the basic composition of the compound
e indicates which elements the compounds consists of and in what proportion the atoms of
these elements are represented in the compound

Empirical formula

e indicates the type and number of atoms in a molecule of given compound
e can be identical to the stoichiometric formula or an integer multiple thereof

Example: hydrogen peroxide has stoichiometric formula HO and empirical formula H20>

The atomic ration of the elements in the sample can be found by dividing the percentage of each
element by its relative atomic mass.

The stoichiometric formula is obtained by dividing the ratio by the smallest of the numbers.

Since in a compound (in an empirical formula) the elements are in the ratio of whole numbers, we try
to achieve the the ratio of whole numbers by mathematical operations (multiplication of integers).

To verify the “correctness” of the calculated formula, the following can be used: a) back-calculation
of the elemental content; b) the DBE value, which must be an integer; ¢) NMR spectra.

Calculation of elemental content

From the empirical formula of a substance, we can calculate the elemental composition by dividing
the mass of each element (the number of moles of that element multiplied by the molar mass) by the
total mass of the molecule (1 mole x molar mass of the molecule). The number obtained must be
multiplied by 100 to give the result in %.

E.g. C12H11FsN202
12-A4,(C) - 100

A = M (CoaHn FaN,0p) 2
oy = LA 100
MT(CIZH11F3N202)
ooF = —Art) 100 o
MT(612H11F3N202)

oon = 2 At 100 0o
M,.(C1,Hy1F5N,0;)

%0 = 2 Ar(0) 100, ¢
M,.(C12Hy1F5N,0;)



Nuclear magnetic resonance (NMR)

Introduction

NMR (nuclear magnetic resonance) spectroscopy is a non-destructive method of structural
analysis. Together with infrared spectroscopy and mass spectrometry, they are the basic methods
for identifying substances.

The basic building blocks of atomic nuclei, protons and neutrons, rotate around their own axis
and therefore have a momentum p, referred to as spin. Protons and neutrons have spin quantum
number | = %. In the nuclei of isotopes with an even number of both protons and neutrons, the spins
of the particles are paired so that the resulting nucleus spin | = 0. Such nuclei (e.g. *C, 1°0) have zero
spin and do not give NMR signals. Nuclei with an odd number of protons, neutrons or both types
of particles do not have paired spins and their | > 0. Since the movement of an electrically charged
particle along a closed path is associated with the creation of a magnetic field, nuclei with 1 >0 (e.g.
1H, 13C, BN, °F, 31P) have their own magnetic moment s

u=y-p (1)
where the constant y is the gyromagnetic ratio characteristic of each isotope.

If we place a sample containing an isotope with a non-zero magnetic moment in a strong magnetic
field with the induction of a magnetic field Bo, the energy levels of its nuclear spins will be split.

The potential energy of the nucleus E is given by

E=-u-By (2)

For the component of the magnetic moment in the direction of the By field, the relation applies

m-hy

3)

21

where h is Planck's constant, m is the magnetic quantum number, which takes the valuesm =1, I - 1,
..., -1 +1, -1. The number of generated energy levels is determined by the value of the spin quantum
number | (number of states = 2 | + 1), therefore, for isotopes with | = %, such as *H and *C, the
nuclear spins occupy two energy states with magnetic quantum numbers m = +% and m = -%. Their
energy can then be calculated from the relation

1 h‘Bo.y
o= (22
+% 2 21

(4)



However, according to the laws of quantum mechanics, each nucleus can only be permanently
in one energy level, and the spin can therefore have only one of two possible orientations. Transitions
between these levels can be caused by radiation whose frequency meets the condition

AE = E_l/2 - E+1/2 =hv (5)

where AE is the energy difference between the levels. Using the relations (4) and (5) we can then
write

AE _ hB
Vg=—=—" (6)

The given relationship is known as the resonance condition, the frequency w is the so-called
Larmor frequency. However, it is often given in the form of @ = y- Bo , where wis the angular
velocity. Since the level difference AE is small, only the energy of radio frequency radiation
(with a frequency of the order of MHz) is sufficient to excite these nuclei.

On the energetically lower level there are nuclei whose projection of the nuclear magnetic
moment  is oriented in agreement with the external magnetic field Bo. This orientation corresponds
to the magnetic quantum number m = +'. Nuclei at a higher energy level have a resulting magnetic
moment oriented against the direction of the magnetic field m = -%%.

In the equilibrium state at temperature T = 300 K and magnetic field induction B =1 T, according
to Boltzman's distribution law, the ratio of the number of spins of protons at energy levels n.y
(m=+%) and n.,, (M =-%)

AE

ney _ L(57) = 1.000006 (7)

n_y,

where k is Boltzmann's constant.

The population of nuclei at a lower energy level is therefore only slightly larger than at a higher
energy level. The result of this excess is the vector sum of all nuclear spin magnetic moments —
nuclear magnetization Mo. Its size is proportional to the excess of nuclei at a lower energy level.

When measuring NMR spectra by pulse methods, the population of both energy levels is
equalized by a suitable radio frequency pulse and the magnetization Mo deviates from its equilibrium
position (from the direction of the axis of the external magnetic field Bo). Since the magnetization is
associated with the angular momentum of the nuclei, it does not immediately return to the direction
of the magnetic field after the end of the pulse, but behaves similarly to a flywheel fixed outside the
center of gravity, whose axis of rotation is inclined to the gravitational field. The result is precession,
during which the magnetization maintains its magnitude and inclination with respect to the magnetic
field and rotates around the direction of the magnetic field Bo with the Larmor frequency (Fig. 1).
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Fig. 1: Return of the magnetization vector M to the equilibrium position after deflection by the radio
frequency pulse.

In addition, the disturbed state of equilibrium is gradually restored through relaxation processes.
After a certain time, characterized by the so-called spin-lattice relaxation time Tz, the equilibrium
distribution of spins on both energy levels stabilizes again. This restores the magnetization component
in the direction of the field. The component of magnetization perpendicular to the direction of the
magnetic field, on the other hand, decreases to zero with the so-called spin-spin relaxation time Ta.

Just as a rotating magnet generates an alternating voltage in the alternator stator coils, the rotating
magnetization vector induces an alternating voltage in the receiver coil, which is wound around the
sample in the NMR spectrometer. The time course of the voltage (signal) induced by the nuclear
magnetization in the coil, which is commonly referred to as FID (free induction decay), is indicated
in Fig. 2 and can be imagined as a decaying note after pressing a piano key.

If the sample contains only one type of atoms of one isotope, e.g. CHCIs (Fig. 2a), the decrease
in the amplitude of the damped oscillations is exponential and is characterized by the spin-spin
relaxation time T2. The frequency of oscillations is the Larmor frequency. For more complex samples,
the resulting FID is an interferogram or superposition of FIDs originating from different nuclei of the
same isotope (Fig. 2b). In order to obtain the resonance frequencies of individual types of nuclei and
the intensity of their signal response, it is first necessary to convert the FID, i.e. the time dependence
of the signal to the frequency dependence of the signal, or to the NMR spectrum. This conversion
is carried out on a computer by the so-called Fourier transformation.

10
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Fig. 2: FID — dependence of signal s on time t for a) one or b) two types of nuclei, to which one or
two signals correspond in the spectrum, resp.

NMR spectrometer

The NMR spectrometer can be divided into three basic parts: the magnet (Fig. 3), the electronics
of the spectrometer and the computing system with peripherals. The basis of an NMR spectrometer
is a superconducting magnet, which is formed by a solenoid coil made of superconducting material.
This is placed in a container with liquid helium at a temperature of 4 K. At this temperature, the
material of the coil exhibits superconductivity. Outside the container with liquid helium, there is still
a container with liquid nitrogen at a temperature of 77 K, and the rest of the cryostat space
is evacuated. The cryostat as such has the shape of a hollow cylinder.

The sample of the measured substance, which is in a glass cuvette, is placed inside the cavity of
the cryostat, i.e. in a space surrounded by a superconducting coil. In this space, where there is a
laboratory temperature, there is also a so-called measuring probe. The main part of the probe are the
electrical circuits that serve to deliver energy into the sample via a radio frequency pulse during
excitation, and to detect the frequencies emitted by the sample during relaxation.

Superconducting correction coils placed in the cryostat and so-called warm correction coils
outside the cryostat serve to achieve homogeneity of the magnetic field.
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Fig. 3: Schematic illustration of a superconducting magnet.

Interpretation of the NMR spectrum

The relationship between the frequency of the absorbed radiation and the magnetic induction Bo
is expressed in the resonance condition (6). According to the stated condition, the resonance
frequency should be constant for all nuclei of the same isotope. In a molecule, however, the individual
nuclei are bound into groups and are thus influenced by a different electronic environment. The
electron environment changes ("shields") the magnetic field at the location of the nucleus Bioc, S0 that
at the location of the nucleus the magnetic induction is given by relation:

By = Bo(1 —0) (8)

where ois the shielding constant. Both *H and *3C nuclei are always shielded in the molecule, so the
values of the shielding constant are always positive.
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Determining the shielding constant is experimentally demanding, which is why in practice
relative values are given relative to the standard. Tetramethylsilane — TMS is used as a standard,
which is directly added to the measured sample as a so-called internal standard. The distance of the
resonance signals from the TMS signal is measured in hertz (Hz). Since this value is dependent on
Bo, the chemical shift 6 has been defined as a quantity that is independent of the induction of the
magnetic field:

§ =12 106 [ppm] (9)

Vstd

where vand g are the frequencies of the measured nucleus and standard. Chemical shift is expressed
in ppm (parts per million). The TMS chemical shift value is equal to 0 ppm according to relation (9).

Example: In the *H NMR spectrum there is a signal with a frequency of 300002020 Hz. What is its
chemical shift given that the TMS frequency is 300000300 Hz? Substituting into relation (9) we
obtain:

_ 300002020-300000300
- 300000300

5 0% = 5.73 ppm

'H NMR spectroscopy

From the *H NMR spectrum, the following data can be determined for each signal:

*  chemical shift
* integral intensity
«  multiplicity

Chemical shift

The range of chemical shifts in *H NMR spectra is most often in the range of 0-20 ppm. Table |
(see Appendix) lists the proton chemical shifts by which the proton signal can be assigned to a
particular structural grouping. If the protons are bound in the same way, and thus have the same
"surroundings”, they show the same resonance frequency. Such nuclei are called magnetically
equivalent and are also always chemically equivalent (but not vice versa). Thus, for example, in
benzene or cyclohexane, due to symmetry, all protons are equivalent and will provide only a single
signal in the *H NMR spectrum. Similarly, in the —~CHj3 group, due to the free rotation around the
single bond, all three protons are equivalent, and only one signal will correspond to them in the
spectrum. Also, the compounds tetramethylsilane —Si(CHz)4 and symmetrically substituted ethane
X—-CH2>—CH2—X (both free rotation around the single bond and symmetry of the molecule are applied
here) will give only a single signal in the *H NMR spectrum, corresponding to twelve (in the case of
tetramethylsilane) and four (in the case of ethane) equivalent protons.

13



Chemical shift is influenced by a number of factors (electronegativity of substituents, magnetic
anisotropy, steric effects, temperature, concentration, solvent, etc.). The most important of them is
the electronegativity of the substituents. As the electronegativity of neighboring atoms or groups
increases, shielding decreases and the value of the chemical shift & increases. Temperature,
concentration and solvent significantly affect the value of the chemical shift of protons bound to
heteroatoms (—OH, -NH—, —SH).

Figure 4 shows the 'H NMR spectrum of ethyl formate. There are three signals (1.3 ppm,
4.2 ppm and 8.0 ppm) in the spectrum, corresponding to the three groups of protons contained in ethyl
formate, i.e. -CH3, —CH>— and H-CO-. These differ in their chemical shifts, which are consistent
with the values shown in Table I. The signal with a chemical shift of 7.26 ppm, also found in the
spectrum, corresponds to the residual signal of CHCIs, which was used as a solvent in this case.

Fig. 4: 'H NMR spectrum of ethyl formate

Note: Solvents used in NMR spectroscopy are not 100% deuterated, and therefore signals
of non-deuterated solvents are always found in *H NMR spectra.

Integral intensity

In *H NMR spectra, the areas of resonance signals are proportional to the number of protons in
the molecule. For this purpose, an integral record is taken, which usually has a waveform over the
individual signals. The height of the integral wave corresponds to the areas of the individual signals,
and the values of these areas are located below the scale of chemical shifts. In order to obtain the
number of protons contained in the individual signals, the ratio of the area sizes must be adjusted to
a ratio of small integers.

Thus, for example, in the case of ethyl formate (Fig. 4), the area (wave height) under the signal
at 1.3 ppm must be considered as equivalent to three protons. In this region, only the signals of —-CH3
groups are practically always present. So we can easily figure out how much area corresponds to one
proton, divide the other areas by that value, and then round the numbers off. In the spectrum of ethyl
formate in Fig. 4, this ratio after rounding from right to left is 3:2:1. From this ratio, it follows that
the signal with relative intensity 3 corresponds to the —CHs group, the signal with relative intensity 2
corresponds to the —CH,— group and the last signal with relative intensity 1 corresponds to the
H-CO- group. The signal at 7.2 ppm is from CHCI3, which is always present together with CDCla.
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Multiplicity

In the *H NMR spectrum of ethyl formate, the signals differ not only by the different position,
given by the different chemical shift of the individual groups in the molecule, by the different
intensity, given by the number of protons in the individual groups of the molecule, but also by the
fine structure (splitting, multiplicity) of the signals. The cause of this splitting is the mutual interaction
of the spins of individual protons - spin-spin coupling. It is an interaction that is transmitted by
bonding electrons (not through space). It is therefore usually most significant for the closest
neighboring groups. The spin-spin coupling is mutual, i.e. if the A proton signal is split by the protons
corresponding to the B signal, the B proton signal must also be split by the protons corresponding to
the A signal.

The spin-spin coupling is characterized by the value of the spin-spin coupling constant J. Its
value is expressed in Hz and does not depend on the induction of the external magnetic field. From
the spectra, the value of J can be calculated as the difference in the frequencies of the individual lines
of the multiplets. The positions of the multiplet lines in Hz are indicated above these multiplets. The
values of some spin-spin coupling constants are shown in Fig. 5. Assuming that the interpreted
spectrum is a so-called 15t-order spectrum, this means that the condition Av / J > 6 is fulfilled, where
Av is the difference of resonant frequencies of mutually interacting nuclei, we can calculate the
coupling constants as the difference of the line frequencies of individual multiplets.

gem He 4,
TN 8 Hz Karol
H"a, /H . Jyom = 12 Hz arplus
R,c\c R vic curve
J ," Jvic =7 Hz
H 2
0
" J,=8Hz 0 torsion angle H-C-C-H 180
J,=2Hz
H  J,=0,5Hz 11 Rz
H 12 Hz
H H Jyom=1Hz > Rz
J— 6 Hz
\_<H J[t‘mﬂs= IZHZ
J, =8 Hz

cis

Fig. 5: Coupling constants (J) in different functional groups.

For protons and, in general, for nuclei with spin quantum number I = %4, simple rules apply to the
shape of the multiplet in the 1%*-order spectra:
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1. If in the neighborhood of the observed nucleus there are groups with nuclei having a different
coupling constant with the observed nucleus, the signal of the observed nucleus is split into a
maximum of (n1+1)-(n2+ 1) components, where ny or ny are the numbers of nuclei of
neighboring groups with coupling constant Ji or J>. However, if J1 = Jz, then the signal is split
into (n + 1) components, where n is the number of nuclei of the adjacent group or groups with
the same mutual coupling constant.

2. The relative intensities of the lines of the multiplet, formed by the interaction with a group of n
magnetically equivalent nuclei, are in the ratios of the binomial development coefficients
(a+b)", which can be determined from Pascal's triangle, i.e. doublet 1:1, triplet 1:2:1, quartet
1:3:3:1, etc. Splitting options for one to three coupling constants are shown in Fig. 6.

In the spectrum of ethyl formate (Fig. 4) we find two multiplets, a triplet with a chemical shift
of 1.3 ppm and a quartet with a chemical shift of 4.2 ppm. The triplet corresponds to the —CHz group
because this group is directly adjacent to the two equivalent protons of the -CH.— group. The quartet,
on the other hand, corresponds to the —CH>— group, because the methylene group is directly adjacent
to the three equivalent protons of the -CHs group. The proton in the H-CO- group has no proton
directly next to it, therefore the signal with a chemical shift of 8.0 ppm corresponding to this group is
a singlet in the spectrum of ethyl formate.

J1 Ji1=J Ji1>J2 J1=3=| I1>=3 | J1=1> Ji1>J2> 33
I JJ_L Ui 1 | _IJ_I_L|_L _I_IJ_|_LI_ i
let of
. doublet of doublet of | tripletof | dCuPleto
doublet triplet quartet . doublets of
doublets triplets doublets
doublets
d t dd q dt td ddd

Fig. 6: Splitting options.

The value of the spin-spin coupling constant in *H NMR spectra decreases with the number of
bonds between the interacting nuclei. That is why we distinguish geminal coupling constants, denoted
2] (H-C—H), vicinal 3J (H-C—C—H), and long-range coupling constants J to °J. The peculiarity of
aromatic protons should be emphasized. In a substituted aromatic ring, the hydrogen atoms are not
equivalent. Depending on the nature of the substituent present, the condition for a 1%-order spectrum
is often not met (differences in chemical shifts are often small), and spectrometers with a lower
operating frequency cannot distinguish these hydrogen atoms. In the spectrum, we find a series of
signals with a fine structure in the region of 6-9 ppm. Since these signals can be confused with double
bond signals (chemical shift ranges overlap), the relative intensities of the multiplets and the values
of the spin-spin coupling constants (Fig. 5), which are smaller compared to the double bond, must
also be considered when analyzing the spectrum.

Note: In the case of multiple multiplets, the outer, weakest, signals of the multiplet may be obscured
by noise (e.g. for nonet, the theoretical ratio between the weakest and strongest signal of the multiplet
according to Pascal's triangle is 1:70).
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13C NMR spectroscopy

Since the isotope 2C is not magnetically active, only the isotope *3C, whose spin quantum number
is the same as that of protons, i.e. | = ', can be measured in the case of carbons.

Compared to *H NMR spectra, 3C NMR spectra have a number of differences:
1. The range of chemical shifts, in contrast to *H NMR spectra, is approximately 300 ppm.

However, usually the signals of carbon atoms of organic compounds occur in the interval
0-220 ppm. This improves clarity and facilitates the interpretation of these spectra, as there is not
as much signal overlap as in the case of proton spectra. The chemical shift of carbons is related
to TMS as is the case for protons. Even in this case, the chemical shift is influenced by a number
of factors. Its value depends primarily on the hybridization of the carbon atoms, with the
chemical shift decreasing in the following order:

sp” > sp > sp®

2. However, the quaternary and carbonyl carbon atoms have the largest chemical shifts.
Furthermore, the chemical shift is influenced by the inductive effect of substituents.
Electron-withdrawing substituents cause the C. and Cg carbons to shift to lower field, i.e. to
higher chemical shifts, while for C, the effect is the opposite and usually negligibly small for Cs.
Steric, conjugation, and other effects also affect chemical shift. A basic overview of *3C chemical
shifts is summarized in Table I1.

3. The intensity A of the signals of *3C nuclei depends on the gyromagnetic ratio, the spin quantum
number | and the natural occurrence of the nucleus n (in %) according to the relation:

A=y3n-1(I+1) (10)

Due to the natural occurrence of *C nuclei, which is only 1.11%, and due to the four times
smaller gyromagnetic ratio compared to the *H nucleus, the relative sensitivity of carbons is
approximately 5700 times lower than that of protons. Therefore, **C NMR spectroscopy became
a common method only after the introduction of pulsed FT NMR spectrometers, which allow
rapid accumulation of spectra. Since the signal-to-noise ratio increases with the square root of
the number of accumulations (scans), in order to obtain high-quality carbon spectra, hundreds to
several tens of thousands of accumulations must be performed, depending on the structure of the
molecule and the concentration of the sample.

In comparison to proton spectra, the intensities in 3C NMR spectra are not always
proportional to the number of corresponding carbon nuclei. This makes it difficult to use
13C NMR spectroscopy for quantitative purposes and sometimes also to interpret the spectra. The
reason is the unequal relaxation times of different carbon nuclei, which depend on the
surroundings of the atoms in question. It is useful to know that signals from quaternary carbons
give weaker signals than carbons to which hydrogen atoms are attached. In addition, the intensity
of the signals in the *C NMR spectra depends on how (according to the pulse sequence used)
the spectrum was obtained.
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4. Unlike proton spectra, 2*C-13C interactions practically do not appear in carbon spectra due to the
low probability of two *3C isotope nuclei in one molecule in close proximity.

On the contrary, the spin-spin interaction tH-13C is prominent in the carbon spectra. The most
significant are the direct 1Jcn coupling constants, which depend on the hybridization of the
carbon atom and whose value varies in the following order: sp® (120-150 Hz), sp? (150-250 Hz),
and sp (250-320 Hz). This fact makes it easier to assign the signals of the carbons of the molecule,
but on the other hand, it worsens the clarity of the spectra if there is a small difference in the
chemical shifts of the individual carbons. Therefore, a method called decoupling is used.
13C NMR spectra are measured with simultaneous irradiation of all protons in the molecule. This
will eliminate all splitting caused by the spin-spin carbon-proton interaction. In addition, there
will also be an increase in the intensity of the signals of carbon atoms in the spectrum, because
all the intensity is then concentrated in a single singlet signal peak.

This is documented in Fig. 7, where the non-decoupled and decoupled spectrum of butan-2-ol
measured in CDClz is shown (the signal at 77 ppm is from CHCI3, which is always present
together with CDCls). In the non-decoupled spectrum (Fig. 7a), two quartets corresponding to
two —CH3 groups, a triplet corresponding to —CH2>— group and a doublet corresponding to —-CH-
group can be observed. The quartet with a higher chemical shift belongs to the methyl group,
which is closer to the —OH group. In the decoupled spectrum (Fig. 7b), there are only four unsplit
signals characterized by different chemical shifts and corresponding to four types of carbon
atoms in the butan-2-ol molecule.
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Fig. 7: a) 3C NMR spectrum (without decoupling) and b) *C{*H} NMR spectrum (with decoupling)
of butan-2-ol.
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Example of 'H NMR spectrum interpretation

Interpretation of the NMR spectrum means evaluation of all parameters, i.e. chemical shift,
integral intensity and spin-spin coupling constant. In practice, when determining the structure of an
unknown substance, the conclusions from the NMR spectrum are then compared with other
physicochemical data of the substance and with the results of other spectral methods, especially mass,
infrared and ultraviolet spectroscopy, or with the results of X-ray structural analysis.

Let us now show how to interpret the spectrum of an unknown sample. In Fig. 8 is the *H NMR
spectrum of a substance that was measured as a solution in CDCls.

600.79

—- 365.50

\
_J,—JT?.G"J
=

_ y
,,,,, N | S
T T T T T I T T T T T
4.0 35 3.0 2.9 2.0 1.5 PPM 1.0
e [— [
40.2 61.3 61.%

Fig. 8: 'H NMR spectrum of an unknown compound.

From the results of elemental analysis, the general formula C4sHsO was determined. First,
we calculate the DBE (double bond equivalent) according to the relation:

DBE =n(C) — Yan(H) + % n(N) + 1 (12)

where n(C) is the number of carbon atoms (generally tetravalent atoms), n(H) is the number of
hydrogen atoms (generally monovalent atoms, i.e. also halogens) and n(N) is the number of nitrogen
atoms (generally trivalent atoms). Double-bonded atoms (e.g. oxygen) do not affect the DBE.

The DBE indicates how many multiple bonds or cycles a structure with a given general formula
must contain in order to comply with the basic rules about the bonding of atoms. For the general
formula C4HgO, DBE = 1 results and this means that this substance contains either one double bond
or one ring. Similarly, for UN = 2 there are four variants: the substance contains a) two double bonds,
b) one triple bond, c) two rings, or d) a ring and one double bond. Conversely, for the benzene core,
the double bond equivalent must be DBE = 4, since benzene represents three double bonds and one
ring.
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There are three signals in the spectrum (from right to left, a triplet with a chemical shift
of 1.22 ppm, a singlet with a chemical shift of 2.00 ppm, and a quartet with a chemical shift
of 4.08 ppm). From the chemical shift table (Table I, Appendix), the signal at 1.22 ppm can be
assigned to the H3C—C— group, the signal at 2.00 ppm to the H3C—CO- or H3C-C=C- group, and the
signal with a chemical shift of 4.08 ppm to the —-CH>—O- or —CH>—X group.

Let's have a look at what the integral intensity of the individual signals is. The signal
with a chemical shift of 1.22 ppm according to the chemical shift tables most likely corresponds to the
—CHs group. In that case, the area indicated under this signal corresponds to three protons, and with
a simple mathematical adjustment we find that the areas of the individual signals are (from right
to left) in the ratio 3:3:2. This is also in agreement with the results obtained from chemical shifts.

The signal with a chemical shift of 1.22 ppm is a triplet. This means that it is adjacent to a group
containing two protons, i.e. —-CHz— group. In the spectrum, the —CH,— group corresponds to a signal
with a chemical shift of 4.08 ppm. The latter, if —-CH>— group is attached to the —CH3z group and
assuming that it is attached to oxygen or halogen from the other side (as follows from Table 1), must
be split into a quartet. Such a signal is found in the spectrum. The variant that the —CH2>— group
is attached to the halogen can be ruled out due to the results of the elemental analysis. The compound
must therefore contain an ethyl group bound to an oxygen atom (—-O—CH>—CHzs). A signal with a
chemical shift of 2.00 ppm is a singlet. It therefore corresponds to the —CHs group, which is not
directly attached to a group containing a proton. According to Table I, this group is attached to
a carbonyl group or to a group with a double bond. We can rule out the second possibility, because if
a proton were bound to the double bond, such a signal would have to be found in the spectrum. If
only carbon or other atoms were attached to the double bond, it would not agree with the general
formula of the compound.

The compound thus contains H3C—CO- and —O—CH>—CHz groups. This is also consistent with
the DBE (there is a double bond in the C=0 group in the compound). Since other signals are not
found in the spectrum, and due to the general formula, we can combine these two groups.
The 'H NMR spectrum in Fig. 8 is therefore the spectrum of ethyl acetate.
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Example of 3C NMR spectrum interpretation

In Fig. 9 are the 3C NMR and *C{*H} NMR spectra of a substance that was measured as a
solution in CDCla.
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Fig. 9: a) 3C NMR spectrum (without decoupling) and b) *C{*H} NMR spectrum (with decoupling)
of an unknown compound.

The general formula CgH1o was determined from the elemental analysis. Substituting into relation
(10) for the double bond equivalent, we calculate DBE = 4. In both carbon spectra (Fig. 9), a signal
with a chemical shift of 77 ppm can be observed, corresponding to the signal of the solvent. The
multiplicity of this signal is caused by the spin-spin interaction of carbon (*3C) with deuterium (D).
Since deuterium has a spin quantum number | = 1, according to the general rule, the signal will be
2-n-1+1, split into 2-n + 1 components, i.e. a triplet (n is the number of nuclei, in our case
deuterium).

In the spectrum in Fig. 9, in addition to the solvent signal, there are a total of 6 signals with a
chemical shifts: 16.2; 29.5; 126.2; 128.5; 128.9 and 144.9 ppm. The first signal, with a chemical shift
of 16.2 ppm, has a multiplicity of 4, i.e. a quartet, in the non-decoupled spectrum. The latter belongs
to the —CHz group. The second signal is a triplet, i.e. it corresponds to the —CH,— group. The last
signal on the left is a singlet. Due to its high chemical shift value (144.9 ppm) and low intensity, it
can be concluded that it is a quaternary carbon atom. According to the general formula, however, the
compound contains 10 carbon atoms. The molecule must therefore contain an element of symmetry,
or two pairs of equivalent carbons. Considering the number of unsaturation and the presence of
signals in the range of 125-130 ppm, it can be concluded that the molecule contains an aromatic core.
Since there is only one quaternary carbon in the spectrum, it is likely to be a monosubstituted aromatic
core. The monosubstituted aromatic core also has the already predicted two pairs of equivalent
carbons. Since we determined the remaining two carbons as —CH>— and —CHz3 groups, the conclusion
is clear. The 3C NMR spectrum in Fig. 9 is the spectrum of ethylbenzene.
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10.

11.

12.
13.

Control questions:

Which isotopes give NMR signals?

What quantities are shown on the x and y axes in the NMR spectrum?

Which basic parameters are obtained from the NMR spectrum?

What is a chemical shift and what affects its value?

What is the unsaturation number and how is it determined?

What is the unsaturation number of hexane, cyclohexane, cyclohexene, and benzene?

How many signals are there in the *H NMR spectrum of compounds containing the groups
CH30-, CH3CH>O—, or CH3CH2CH20-? (In the case of multiple signals, also determine
their relative intensities.)

What controls the intensity of multiplet lines?

What is the multiplicity of the groups listed in question 6?

What signals are there in the 'H NMR spectrum of compounds containing symmetrically
or asymmetrically p-substituted aromatic core?

How does the presence of an electronegative element (e.g. oxygen) affect the value of the
chemical shift of the adjacent carbon?

What is decoupling and why is it used?

How do the *H NMR spectra of trans-but-2-ene and cis-but-2-ene differ?
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Appendix

Example of interpretation of *H NMR and *C NMR spectra of an unknown
compound

In the Fig. 10a,b is the *H NMR spectrum of an unknown compound and in the Fig. 11a,b is its
decoupled and undecoupled 3C NMR spectrum.
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Fig. 10a: *H NMR spectrum of an unknown compound.
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Fig. 10b: *H NMR spectrum of an unknown compound (zoomed).
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a) non decoupled
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Fig. 11: 3C NMR spectra of an unknown compound.

The molecular formula of the compound C1oH140 is deduced from the results of the elemental
analysis. Substituting n(C) = 10 and n(H) = 14 into formula (10), we calculate UN = 4. This implies
that the molecule contains four double bonds or two triple bonds or four rings, or some combination
of these possibilities, e.g., an aromatic core.

Eight resonance signals can be found in the *H NMR spectrum (the signal on the left with
a chemical shift of 7.26 ppm belongs to CHCIs, which is contained in CDCl3). We will not consider
the signal of CHCIs further. Now we determine the chemical shift and multiplicity of each signal.
From right to left: triplet (0.81 ppm), doublet (1.21 ppm), quintet (1.57 ppm), sextet (2.55 ppm),
singlet (4.77 ppm), doublet (6.78 ppm) and doublet (7.06 ppm).

In the decoupled *C NMR spectrum (Fig. 11a), there are a total of 8 signals with chemical shifts
of 12.89, 22.65, 32.00, 41.51, 115.92, 128.80, 140.83 and 153.73 ppm, in addition to the solvent
signal with a chemical shift of 77 ppm. The first two signals (12.89 and 22.65 ppm) occur as quartets
in the undecoupled spectrum and thus correspond to methyl groups. The third signal with chemical
shift of 32.00 ppm corresponds to a triplet in undecoupled spectrum, thus it is a methylene group. The
signals with chemical shifts of 41.51, 115.92 and 128.80 ppm correspond to doublets in the
undecoupled spectrum and are therefore —CH- groups. The last two signals belong to either
quaternary carbons or carbonyls, because they are observed as singlets in the undecoupled spectrum.
If we compare the number of signals in the decoupled spectrum with the number of carbons in the
molecular formula, we find that there are two less signals in the spectrum. This suggests that the
molecule contains an element of symmetry.

Next, we find the relative intensity values of the individual signals from the *H NMR spectrum.
In the spectrum, the area sizes of the individual integrated regions are given below the x axis.
Supposing that the triplet with the chemical shift of 0.81 ppm corresponds to the —CHzs group (i.e.,
three protons), a simple calculation from the area sizes listed below the individual signals and
rounding integral values to whole number can provide a ratio (from left to right again) of
3:3:2:1:1:2:2.
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Note: If the division does not provide numbers, that can be easily rounded, the signal of some other
group should be used for this calculation. Particular attention should be paid to the integral intensity
of broad signals, which may be distorted by error, and it is not correct to relate the other intensities to
this one. Usually, these are signals of protons on heteroatoms (O, S, N), which may contain a signal
of water corresponding to the moisture content in the sample. In addition, the chemical shift of these
signals is highly dependent on temperature.

Now we try to assign groups or the individual groups to the individual signals in the *H NMR
spectrum. From Table I of the chemical shifts results that the first two signals with relative intensity 3
probably correspond to two non-equivalent —CHz groups (due to differences in multiplicity and
chemical shift) which are bound to the carbon chain. A signal of relative intensity 2 with chemical
shift 1.57 ppm could correspond to the —CH>—, but also to the -\NH>. As a result of quadrupole moment
of the isotope *N, the signals of protons in the -NH— and —NH.- are broad and do not show fine
structure. The —CH.— group is also already confirmed from *3C NMR spectrum. The signal with a
chemical shift of 2.55 ppm fits the -C—CH-Ar group according to Table I. The signal with a relative
intensity 1 and chemical shift of 4.77 ppm probably corresponds to the —OH or —NH- group.
Considering the results of the elemental analysis, the —~NH— group can be excluded. The last two
signals with relative intensity 2 occur in the aromatic proton region. The signals of conjugated alkenes
also occur in this region. However, in this case these can be excluded considering the multiplicity of
signals. In contrast, the multiplicity is characteristic for para-disubstituted aromatic core. The
aromatic system also corresponds to UN = 4.

The presence of signals in the region around 120 ppm in ¥*C NMR spectra also proves the
presence of an aromatic system (Table I1). Since this is a para-disubstituted aromatic core, only two
signals are present and correspond to a pair of equivalent —-CH= carbon atoms of the aromatic ring.
The last two signals with chemical shift 140.83 and 153.73 ppm correspond to quaternary carbon
atoms of the aromatic ring. The presence of carbonyl can now be excluded due to the unsaturation
number.

Thus, we can summarize the partial results: the organic compound contains two non-equivalent
—CHs groups, -CH>—, -CH— and —OH group and para-disubstituted aromatic ring. A total of 7
possible structures of the unknown molecule can be proposed (Fig. 12).

550000

Vil

Fig. 12: Proposed structures of an unknown substance.

Now we use the multiplicity of the signals in the *H NMR spectrum to select a single correct
structure. Let us try to propose theoretical spectra for each structure. Assume that these are the
1%-order spectra.
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Structures I and V11 contain —CH— (CHz)2 group, where there are two equivalent —CHs groups.
These would give a single signal, a doublet (interaction with the neighbouring —CH— group) with a
relative intensity 6. There is no such signal in our spectrum, so we can exclude these two structures.

Structure 1V contains an ethyl group attached directly to the aromatic core. This group would
give two signals: triplet and quartet in 3:2 ratio. Since this pair of signals is also not present in the
spectrum, we can exclude structure 1V.

In structures 111, IV and V there is a methyl group bound to the aromatic core, which would give
a singlet with chemical shift in range 2-3 ppm and relative intensity 3. Again, this signal is not present
in the spectrum, so we can also exclude these three structures. Thus, structure Il remains.

Now we try to propose the multiplicity of individual signals for structure Il in the 'H NMR
spectrum. The —CHs group next to the —CH»— group must provide a triplet. The other —CHs group
bound to the —CH- group must provide a doublet. The —CH>— group which is between the -CH- and
—CHs has a total of 4 protons in its immediate neighbourhood and according to the n + 1 rule should
give a quintet. Finally, the —.CH- group has a total of five protons in the immediate neighbourhood
and by the same rule should give a sextet. All four signals with the corresponding relative intensities
and multiplicities can be found in the spectrum. Thus, *H NMR (Fig. 10 a,b) and $3C NMR (Fig. 11)
spectra belong to p-(2-butyl)phenol (structure I1).

MestreNova (MNova) Software
Procedure for evaluation of measured 1D NMR spectra in Mnova software:

1. Open the measured NMR spectra in Mnova (or you can drag them into the open software).
2. Increasing/decreasing the intensity of signals in measured spectra using the mouse wheel.
3. Adjust the spectrum using the window function “W” — setting the Exponential to 0.3 and

Gaussian to 1.0 (or similar values depending on the resolution and quality of the measure

spectra).
Apodization along t1 2
Average T2* = 0.862 s, Line Width = 0.369 Hz
Integral-to-noise effect = 3.940 s Reference
Functions
Basic Advanced
¥!| Exponential 0.30 v Hz
V| Gaussian 1.00 $ 68 [Hz] v
Sine Bell
Sine Square
Sine Bell I 0 % %
Sine Square II 0
First Point
| Interactive
oK || cancel |
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4. Solvent signal reference: “L” — select the signal of dimethyl sulfoxide (DMSO, the
selected signal is highlighted in red) and click on it. A table appears, click the “Solvents”
button and select the solvent and the chemical shift of its signal.

Tab_sivia
single_pulse
Q Reference along f1 x
Ol Shift:
New Shift: 2,500 ppm %] | Range Width:
Annotation:  DMSO-d6 o
Name Shift (ppm) Multiplicity =
2130
Benzene-db 1160 1
0.400
Chloroform-d 7260 1 I
1.560 | |
Cyclohexane-d12 1.380 1 f ||
Deuterium Oxide 4790 1 I || |
Dimethyl Sulfoxide-d6 AL
3330 1 |
Ethanol-dé 5.290 / 4
3.560
1110 m =
4 »

Solvents <<

5. Spectrum phasing: “Shift+P” — table and pivot will appear. Move the pivot to the centre
of one of the outermost signals. Phase this signal so that its baseline is in the plane.
Phasing procedure: in the pop-up table, left-click in the purple box and drag the mouse to
one side or the other. When the signal below the pivot is aligned, phase the other side of
the spectrum by right-clicking in the purple box and dragging to either side. For a finer
phasing step, hold down “Ctrl” along with the mouse button.

Tab_sivia

single_pulse
Q Reference along f1 x
=1 | Range Width
o
Name Shift (ppm) Multiplicity =
2130
Benzene-db 1160 1
0.400
Chloroform-d 7260 1 f
1.560 | |
Cyclohexane-d12 1.380 1 f ||
Deuterium Onide 4.790 1 " || |
Dimethyl Sulfoxide-d6 AL
3330 1 |
Ethanol-d6 5.290 / 4
3.560
1110 m =
4 L]

Solvents <<

6. Baseline correction: “B” — select the Polynomial Fit method in the pop-up window. If
you need to fine-tune the baseline accuracy, you can change the Filter value or the
Polynomial Order value in the Parameters window (the Autodetect box must be
unchecked).
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@ Baseline Correction alo... ? X

Method =
Polynomial Fit — Cancel
[® Extract
Parameters
Fiter (49.40Hz) 345 * Autodetect
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Polynomial Order: |3 -

Ll |

7. Peak area integration: “I”” — use the mouse to select the entire peak area from its start to
the end. The first integral area of the peak has normalized value of 1, all other integral
area values are proportional to the first area. The normalized integral value of the peak
areas can then be edited in the “Integral Manager” panel, which can be displayed via
“View” — “Tables” — and select the “Integral Manager” checkbox. You can set the
number of displayed decimals by right-clicking on the spectrum — “Properties” —
“Integrals”.

8. Cropping (removing) the part of the spectrum without signals: “X” — use the mouse to
select the area to be cut from the spectrum. You will find it easier to work with the
spectrum. If you want to view the cut out areas of the spectrum, press “V” —to view the
area, select the area of the spectrum with the mouse. Or click on “View” — “Cuts” —

“Restore All” to see the original spectrum.
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9. Peak picking: “Ctrl+K” — use this tool to select the signals for which you want to know
the chemical shift value. In this mode, the cursor selects only the peaks of well-separated
signals. For finer manipulation press “Shift” — in this mode you can mark any point of the
spectrum.

28



10. Setting the display of chemical shift values: right-click on the spectrum — select
“Properties” — “Peaks” — here you can switch between displaying in Hertz and ppm units
and also change the number of displayed decimals.
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11. Zoom in on the spectrum: “Z” and select the area with the mouse
12. Full spectrum display: “F”
13. You can exit any function by pressing “ESc”

Classic toolbar display in Mnova

Description of the most commonly used tools in Mnova and their keyboard shortcuts

o File Edit View Processing Analysis Advanced Stack MassAnalysis Predict Scripts Documents Help

5l 2]+ -m- L A2 em

1@ R b T TR
Copy Decreasing spectrum
Increasing spectrum intensity
e intensity Mouse wheel
Zoom out Mouse wheel
Cut Shift+Z
Ctri+X Full spectrum Manual shift of the whole
display spectrum
F (up, down, sideways)
P

Manual zoom
from-to [ppm]

o File Edit View Processing Analysis Advanced Stack MassAnalysis Predict Scripts Documents Help

] LB = B 2 EntrePage v S | 2 |
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Phase correction
Shift+P :
ki Peak picking Crosshair
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Baseline correction c
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Reference X
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Description of the most commonly used tools in Mnova

Working with spectra copied into one
B ~——> Move the selected spectrum forward/backward
|as ¥ —————> Alignment of selected spectra over each other
W v—————>  Alignment of selected spectra side by side

Working with multiple spectra/ spectra in an array
|li[*|————> Change the type of spectra display in the array

———————  Alignment of multiple spetra on top of each other (create an array)

! ————> Alignment of multiple spectra over each other
Working with spectra in array

Multiplying the intensity of the selected spectrum

Dividing the intensity of the selected spectrum

Swapping the order of spetra in the array

Modern toolbar display in Mnova

Setting the position/intensity of the selected spectrum relative to the others
The intensity of the signals is compared to the same level (accroding to the most intense signal)

The most commonly used tools and their keyboard shortcuts

Home tab

» TP = s Vi
¥ = = NMR MestReNova
File m View Molecule Prediction Tools Processing Analysis Assignments
AW Sl = » Avial |12 -|a-~ He
-.. I < |Arrange BZ Ulx, X EE A AL X Insert
R : = : Object
Clipboard Drawing Editing Text Insert
; v New page Ctrl+M
Function Cut Ctrl+X, Copy Ctrl+C, Paste Ctrl+V pag
View tab
Y = ol E NMR MestReNova
Home Molecule Prediction Tools Processing Analysis Assignments
+ N i G g~ @ v| Pages Well Plates Parameters e« Spectrum Toolbar Entire Page 2 I@]
S o j“ = Shy 7) —:— ”, Page Notes Rulers Data Browser ;' Shortcuts e
Zoom Previous t . ables s 23| o Layout
In Al M v Zoom oy . > Full View Full Screen Cursor Info v 5, Audit Trail Templatesw
Spectrum Show/Hide Page Zoom Templates

Full spectrum shift P

Crosshair (chemical shift indicator

Spectrum cut-out X according to mouse position) C

Function Zoom in Z, Zoom out Shift+Z
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Processing tab

Phase correction P Baseline correction B

Analysis tab

S KB oAl -

Auto Multiplet Lind Clean Data ™ More
Analysis I v Integration x v Fitting=  Analysis  Analysise Spectrume Tools =

Peaks Multiplets Integrals Fitting Advanced

Peak picking Ctrl+K Integration /

Reference L

Prediction of NMR spectra of molecules

Molecule tab

rediction ols oCessing Analysis Atsign
B gzl L ; QAR < + 3 + - . N B @
) A~ & & @+ L e W o © i \Y a8
Draw  Draw Stereo  Molecule Delete Move Rotate Rotate Increment Decrement -
Chain Bondi~= Template~ 30 Charge Charge
Draw Move Atoms View Name Tools

\ Tools for molecular structure design

Prediction tab

» m s
File Home View Molecule Prediction Data Analysis
=) —_— [ e .
E | C“ E'E ke @ 5] ‘Ii ‘ OO rﬁ O information
o . ) 1 |
:;, <’ P 1 S ﬁj, Search *
1H — 13C HsQC N Spin Predict & fict Browse
Spectrum |*& |Spectrum E} Spectrum redict rﬂ‘ i Simulation Highlight, & Verif
MR Prediction NMR Simulation NMR Predict & Compare Modgraph Prediction DB

\ ~ 13C NMR spectra prediction

TH NMR spectra prediction

ChemDraw Software

This software is used for drawing structural formulas. Creating formulas in this software is very
intuitive. In the Tools window, the desired cycle or bond can be selected and the mouse is used to
create the structure. You can link the bond/cycle to any carbon or if you click on the middle of the
bond you create multiple bond/multiple cyclic substances. Any carbon in the created structure can be
replaced by any element. In the Tools window, select the symbol A (text) and select the carbon with
the mouse, instead of which we enter the tag of the desired element.
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The advantage of this software is that it can predict 1D NMR spectra of both hydrogen and carbon.
For prediction you need to select the desired structure (Tools Marquee window and select the
structure with mouse).

@ ChemDraw Professional - [Untitled D: -1%]
©j File Edit View Object Structure Text Curves Colors Search Window Help

BaoH=0rxXhi™ Jaqe I I BIUwmxx N

9/ 608
Oeewd>» QA

..........................

77

\

g OO0
R OO

On the Structure tab, you can select Predict tH-NMR Shift or Predict $*C-NMR Shift.

0ChemDraw" fessional - [Untitled D -1
@ File Edit View Object [Structure] Tet Curves Colors Search Window Help
. a@H o 0 Atom Properties... ﬁ 0 ANEEE= B I g E" X2 xz ..
Bond Properties...
Bracket Properties...
feok = Check Structure
p ﬁ Clean Up Structure Shift+Ctrl+K
= Clean Up Reacti Shift+ Ctrl+ X
@ ‘L‘ Clean Up Reaction Shift+ Ctrl >
& Clean Up Biopolymer
Expand Label
N A Contract Label
Q Expand Generic Structure
2, > Add Multi-Center Attachment o
0, 8 Add Variable Attachment <]
& R-Logic Query..
\ D Add 3D Property >
N [l Enhanced Stereochemistry » /\/
N+, Map Reaction Atoms \/\/
n, AsA Clear Reaction Map
- Analyze Stoichiometry
® El Autonumber Reaction
“ & Clear Reaction Numbers
> 0O Predict *H-NMR Shifts
OO0 Predict *'C-NMR Shifts X
00 Make Spectrum-Structure Assignment
A7 Add Structure to Dictionary... G
Define Nickname.
Q O Convert Name to Structure Shift+Ctri«N
Convert Structure to Name Alt+Ctri+N
T

The structure with chemical shifts and the predicted spectrum is displayed. Below the spectrum
there is a table with the chemical shifts of each group and comments where applicable. The structure
with predicted chemical shifts and the predicted spectrum can be saved as individual images.
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ChemNMR "H Estimation

1.61;1.36 3.50:3.25

0.80 3,50:3.25

Estimation quality is indicated by color: good, medium, rough

PPM

1D-NMR Processor Software

After starting the 1D-NMR processor program, select the tab file — open — 1 form 1D NMR
directory and select the folder containing the files you want to open.

¥ ACO/Specanager: Processce Window. - R T T M, ;@) %
Ele Yew Optoes Tcoh Windows ACD/Labs Help
el DMRMos  DNRMse | 0 & &S

i Open o

Lockin i NMR Laberky -0 o E
Folder. [T \Lvwa\Seonpave Deekdes Wik WAIR Laboky -
Name 5 Date mosfied Type
(FGeram 1 Cispans W75 Feejoide |

Unoviny FI0M6I5T5  Flefoider

pectekedy HIXTINE  Fefolder

Preview rck avadatie

Farame 0 Comd]

Flesdape | ACD Spachanager Promct {sme) = =
oo

Fress 7310 cpmn a fieh)
1-ChomSketch | 2-Frocessar

On the last line, it is necessary to select the file type any file in order to be able to open the given
files. At this moment, it is possible to select one or (using the shift key) several files to open.
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An interferogram is displayed, i.e. the dependence of the signal on time. The time record (FID)
can be converted into a frequency record using the Fourier transform. In the case of NMR, the
frequency record is expressed in terms of chemical shifts. We perform the conversion from the
interferogram using the Fourier. Tr. button.

P O et P WG S e R 1 i 53 Totwi 0L 2501 = T -
Efe [dt Yoew Process Jeok Jenes QOptiom \fmdows ACO/Labs Help
S0 Den Taa~ a . By & &ley) @

Shortot | ZeroFlling FID St LinoerPred WFunctons | Founer Tr. | Apodizesion
Process. ProcessiPrt
uk_01_0154 uk_01_02.6d
i _01, 02 10

.33

k-

,|I| WMWWJ HIIIIT R

Mormakzed Irtenty

d4488848-49993333

( ’i' Wl

] o 02 5 04 o3 o6 07 o8 0% 10 " 12 13 e by e 7 Vs " 20
"

01 0204 FID TH N A e pts

1-ChemSkeich 2-Svuctire | 3-Processor

The result of the Fourier transform is a spectrum that needs to be phased.

i ACD/SpecManager: Processor Window - [CAUSers\SKoupave\Deskiop\yuka MR 1 - CH spektra\2015 Sl (o S
File Edt Yiew Brocess Apslysis Jools Senes Dstabase Options Windows ACD/Labs Help

A Do dRral Q & i : 2REES v e & & a
Shortcut  Phase Corr. Baseline icking PeakFiting R Multipl far tfcet

Organizer. Process ProcessiPint
W uCotorhe wconozae

uk_01_02 60

© o
) -

o
»

7
—

b

Normakzed intensty
& 5 S S| S| &
< o ) - | )

5
o)

4

o

WS 110 105 {00 95 90 &5 80 75 70 &5 60 S5 S0 45 40 35 30 25 20 15 10 05 0 05 10 -8
Chemical Shift (ppm)
&k 01.025d SPECTRUM 1H §=1007ppm N A lppm iz ps

1-ChemSketch 2-Structure 3-Processor

Any negative peaks must be avoided. The Phase Corr. button is used for this purpose. Clicking
on this button will bring up a table, but phasing by entering numbers into it is relatively tedious. It is
possible to use the auto simple button, but it does not give satisfactory results for all spectra. Mouse
phasing appears practical. So we click on the Mouse Ph. button.
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B8 ACD/SpecManager: Processor Window - (G WNLR 1- CH [S=mroR x|
Fle Edt View Process Apslysis Tools Series Databsse Options Windows ACD/Labs udp

S8 060 daaa a a ki ; 2REES . ) & & -
v’ K AutoSimple AstoBLOpt AutoSymm. |Mouse Ph | Fine Tuning Options -
Organizer Process  ProcessdPrrt

B oiotss wkorozne T
k_01_02
e

pr
| Phasing Parameters

P 0 : [
Phl 0 + Fox SmPhuo

Equal Phates

)

5|

Nomakzed Intensty

NE) |

2 R i PR S R A S Y S A R YA VR S S R R | SR S Y ] oS | a0 s
Chemcal Shift (ppm)

uk 01 02fid PHASE CORRECTION 1H &« 1135ppm N A gem| Hz s

1-ChemSketch 2-Structure ' 3-Processor

If the program does not automatically place the lead of the mouse, we will place it on one of the
outermost peaks (this location can be moved using the left mouse button). Hold down the left mouse
button and move the mouse left or right as needed. Till achieving the best result.

Further improvement can be achieved using the right mouse button. Hold the right button and
move the mouse up or down. By combining these two methods, we try to achieve the best possible
result. When we are satisfied with the result, it is necessary to accept the changes using the "green
check mark™ in the upper left corner. Otherwise, we can simply cancel all modifications with a red
Cross.

File ;dn yew E:xm Agnym looh kms mem Qabom Windows ACD/Labs Help

@ 00 Rl Q & ki : REEED s B & & e El
v’ K  AutoSimple AutoBLOpt AutoSymm. |Mouse Ph | Fine Tuning Optons
Orgarizer Process  ProcessdPrt

| ITXCEETICUEE

Jun.m_cz w |
1
s
| Phasing Parameters
Pl 2910774 le=sBeJ
Phl 175 + Fe '§m§,~,'
Equal Phases
(33
:
%ow
(3
g
70 9 68 61 66 65 @64 63 62 61 60 59 58 57 S6 55 5S4 S3 52 S1 SO 49 48 &7 4B 45 44 43 42 41 40
Coemscal Shet (pom)
uk 01 02fd PHASECORRECTION 1H &=691ppm N A pem| Mz pts

1-ChemSketch 2-Structure v}Ptocessor
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Integration: If necessary, before the actual integration, we first correct the baseline (baseline button).
With the baseline aligned, we can start integrating. We select the integration button and choose
manual integration. Using the mouse, click on the beginning of the band (it is recommended to zoom
in on the given band) and drag the mouse with the left button pressed to the end of the band. The
value of the integral will be displayed below this band. If we need to increase the number of decimal
places, we select the options tab, where we select preferences. In the window that pops up, select the
integrals tab and increase the number of decimal places.

Spectool Software

Spectool is a software that contains data, spectra, and mathematical apparatus for interpreting
molecular spectra. Information from mass spectroscopy (MS), *H and ¥C NMR spectroscopy
(HNMR, CNMR), infrared spectroscopy (IR) and spectroscopy in the ultraviolet and visible region
(UV/IVIS) is covered. Since this tutorial will be used in NMR laboratory work, the use of this software
will be explained particularly for this task.

After starting the software by clicking the icon labelled Spectool, four windows labelled
Manager, Go, Swt and Grp will open.

Manager with the subtitle Top Page (Fig. 13): This window is used to select spectral method and
additional information, which are labelled as Data (tabulated values), Tools (where you can select
tools e.g. for calculating chemical shifts, spin-spin coupling constants etc.), Ranges (ranges of
chemical shifts), Spectra (spectra of some compounds) and SpecLib (spectra of different types of
compounds).

Top Page

Implemented types
of information

Data: . i ‘ :
mmmmm | mplemented spectro- | mmmmwms
Tools: m : sci-: ekhods
Ranges: m ;
Spectra: Click at these buttons to ' :
get the desired information B s
SpecLib: : B ’ :

Fig. 13: Top Page window.

By selecting the type of information and the appropriate spectral method, we can progressively
get the information about a specific molecule (Fig. 14). To go back can be accessed by using the Go
button (Fig. 15) — by using the buttons marked as arrows. The Top button is always used to get to the
starting position. Swt window (Switch — Fig. 16) and Grp (Group) are used to change the group or to
select a different structural group, respectively.

36



Manager Pages

4 Click at these buttons to switch
er spectroscopic methods.

Click at these buttons to
select a chemical group

Fig. 14: Manager window.

Navigation: Palette Go

The menu Go has almost the same functionality as this palette.

The palette Go [to make Go up one logical level
visible select "Go" in the menu

Goto Top Page

Go to Previous Page

‘(}: e Go to next page

Faot| <
CallHelp
I Go back I

Click/Shift on this button will
memorize the current page.
Clicking again (without shift) will
bring you back to the
memorized page.

Fig. 15: Go window.

Navigation: Topics and Methods

The functionalities of the menu and the palette are identical.

The menu Switch (The current method The palette Switch [to make visible
and topic are indicated by a checkmark select "Switch" in the menu "'Palzttes”
Data

Tools

Spec"_a The spectroscopic Methods

SpecLib

MS Mass Spectrometry

C-NMR

H-NMR

IR TH-NMR

Uy

| Infrared I

UltraviolettVisible I

Fig. 16: Swt window.
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Example of determination of tH NMR chemical shifts of toluene

In the Manager window, select Data HNMR. In the new window select aromatic compounds
(shown as benzene molecule), then select Monosubstituted Benzenes and in the displayed table you
can read the chemical shifts of aromatic protons for different substituents, i.e. also for the —CHj3 group.
If we click on the right arrow below the table three times, the chemical shifts of some substituted
benzenes will display, with toluene at the first place.

There is another option that is suitable for more complex molecules but let us stick with toluene.
Using the Top button in the Go window we will get to the starting position. Select Tools HNMR and
in the next window choose 'H Shift Estimation and then choose Draw. This will launch the
ChemWindow software to draw the molecule (click on the aromatic ring and click again to place the
aromatic ring on the drawing area. Click on the single bond and then create a methyl group by
dragging from the selected carbon atom of the aromatic ring with the left button of the mouse). Thus,
the toluene molecule is drawn. Now click on the arrow in the ChemWindow toolbar and mark the
molecule by dragging around the drawn molecule with the left button of the mouse. Next you need to
place it in the clipboard with Ctrl + C and click the Estimate button in the window where the Draw
button was clicked. This will calculate chemical shifts and the drawn molecule will appear in a new
window with the calculated chemical shifts. A similar procedure can be used to obtain the 3C NMR
chemical shifts.
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Table |

Chemical shifts of protons *H (values are relative to TMS; concentration or temperature dependent
shifts are marked with a cross).

CH3'CR3 Methyl protons *
CH,-X F N 1
CH 3~0- =
CH,-N{
CH, ~C=Cg -
CH =C=0
| CF3 '@ e
-CHE---(T:R3 Methylene protons ]
=CH, X r 1
~CH, ~0- -
~CH, =N .
-CH,3C=C< [
-CH, =C=0 )
<1,<0) C)
\CH'CR Methine protons .
>CH=X - F
~CH-0- ﬁ
SCH-N (]
ZCH=C=0_ .
By ]
~c3C-H Alkynes —
=C=C-H Alkenes, unconiug;ateci _
I Alkenes, conjugated _
I @-H Aromatic comp. *
Heteroaromatic comp.
R=-CHO Aldehydes _ very dilute solution
R-OH Alcohols* mol. fraction0.1-0.9 IS ad]
R-COOH Carboxylicacids, dimer”
R=-S0 3H Sulfonic acids
R-SH Thiols* m
: @-SH Thiophenols™® !-
B.--NH.2 Amines* mol. fraction 0.1 - 0 9 L]
R-NH=R ' Amines” Imol.tfrac’:cion(] 1-0.9 ' ]
B @W@ ) . Aromatic ﬂlflin8§+ h
&, ppm 12 10 8 6 4 2 0
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Table 11

Chemical shifts of carbons *C (values are relative to TMS).

CH 3 -C< Primary carbons

CH3 -X

CH3-C--

CH3 =N{

CI—I3 =S=

-CHa-C :—": Secondary carbons

~CH, =X

~CH,,=NS

~CH, -S-

_CH=CZ  Tertiary carbons

SCH-X

~CH=0-

ZCH-NZ

~CH=S-

- C«=C= Quaternary carbons

(=CO )QNR, ~CONHR Imides, amides

SC~X C1 L
=C=0- -

=C-NT .
2C-s- —
=C-C= Alkanes S

=C=C= Alkynes

~c=Cl Alkenes
_© : Aromatic comp. ﬁ
_;G-CEH o leanates i

=S=C=N Thiocyanates -

~CzN Nitriles [

>C=N- Azomethipes F

(=€0),0 Anhydrides *

=COOR Esters *

-

~COOH,, =COC1 —— Acids, acid chlorides
—CHO Aldehydes —
~C=0 Ketones

S! ppm

200

160

40

120

80

40

=40



