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ABSTRACT: 2D NMR spectroscopy techniques are introduced to second-year e
undergraduate organic chemistry students using a 3 h classroom activity. By first b d| c opm
studying simple organic molecules, students are able to build up to solve more P v

complex structures. This classroom activity first utilizes an instructor-guided — ¢ -
problem-solving session focused on simple organic molecules (N,N’-dimethyl- ' L
ethylene diamine, N,N-dimethylethylene diamine, and 3-(dimethylamino)-1-propyl-
amine). Students then work together in teams to assign a more structurally complex
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molecule (2,4-dimethylphenol or 2,4-di-tert-butylphenol) using both 1D ('H, “C, a bde|]®
and DEPT-135) and 2D (COSY, HSQC, and HMBC) NMR spectra. By teaching a1~ NN o
second-year undergraduate students 2D NMR spectroscopy, the techniques are

easily revisited in advanced undergraduate courses. 28 26 24 22 20 18 16 14 ppm
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With the increasing availability of high-field NMR (bisphenolate) ligand using a Mannich reaction during

spectrometers at undergraduate institutions, it is useful second-year organic chemistry. The ligand is then metalated
to develop approachable activities that allow undergraduate the following year in an introductory inorganic course.” This
students to explore advanced techniques such as 2D NMR 2D NMR activity was developed as a stand-alone exercise, and
spectroscopy.” The activity reported herein focuses on may easily be carried out without the laboratory experiment.
introducing 2D NMR spectroscopy to second-year under- The presentation given by an instructor and the NMR analysis
graduate students nearing the end of their second semester in done by students focus on complete NMR characterization of
organic chemistry. The exercise starts by presenting students the Mannich reaction starting materials (Figure 1). This forces
with NMR spectra for simple organic molecules; ultimately,
they build up to solving more complex NMR spectra on their / NH, OH OH
own.” Many articles published in this Journal have incorporated HN Fe
2D NMR spectroscopy into laboratory experiments;® however, 2 2
few have focused on how to introduce the topic to NH /N— N—
undergraduate students using guided classroom activities.” / /
Due to the increased complexity of 2D NMR spectroscopy, 1 5 3 4 5
there is not a clear consensus on when this concept should be
introduced to undergraduate students.** We have found that Figure 1. Compounds analyzed using 1D and 2D NMR spectroscopy.
second-year students with a prior knowledge of basic 1D NMR
spectroscopy can begin solving 2D NMR spectra. Exposing students to analyze and interpret NMR spectra of their starting
students to a sin}ple 2D NMR spectroscopy exercise materials prior to carrying out a laboratory experiment, as well
incogg)oratlng H-'H _ correlation spectroscopy (COSY), as providing them with simple molecules to begin their
H—""C heteronuclear single quantum coherence spectroscopy interpretation of 2D NMR spectra.
(HSQC), and '"H—"3C heteronuclear multiple bond coherence The starting materials analyzed in this exercise are ideal for
spectroscopy (HMBC) during their second year allows the an introductory discussion of 2D NMR spectroscopy. The
concept to be easily revisited and utilized in advanced courses. amine compounds (1—3) presented by an instructor exhibit

simple 'H and "*C NMR spectra that are easy to interpret for

B ORGANIZATION any student still mastering organic chemistry, which makes

The 2D NMR classroom exercise described herein is carried them an ideal starting point for the discussion of 2D NMR

out over one 3 h period; however, the activity could be

modified easily to fit into three 1 h lecture periods. The exercise Received: September 10, 2015
was designed to complement an interdisciplinary laboratory Revised:  January 12, 2016
experiment that focuses on the synthesis of an amine- Published: January 29, 2016
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Figure 2. COSY NMR spectra of (a) 1, N,N’-dimethylethylene diamine; (b) 2, N,N-dimethylethylene diamine; and (c) 3, 3-(dimethylamino)-1-

propylamine.

spectroscopy. Since 1—3 are relatively simple molecules,
students can focus on the structural features that result in the
signals observed in the 2D NMR spectra rather than getting
confused in the process of assigning complicated 'H and "*C
NMR spectra. Once a background in 2D NMR spectroscopy is
established, students move on to analyze both the 1D and 2D
NMR spectra for one of two phenol molecules (4, 5). It is not
possible to assign the 'H and *C NMR spectra of these
phenols fully without the use of 2D NMR spectroscopy, which
highlights the utility of 2D NMR techniques.

The students who participated in this activity were chemistry
majors in the second semester of a year-long organic chemistry
course. The students were all enrolled in a laboratory section
designed specifically for chemistry majors that meets for a total
of 6 h a week. The students are introduced to 'H and *C NMR
spectroscopy during their first semester of organic chemistry.
By the time the students participate in this exercise, they have
been working with NMR spectra for three to four months. The
students already have a background in determining splitting
patterns, calculating coupling constants, assigning 'H NMR
spectra, utilizing DEPT spectra, and assigning *C NMR
spectra. Therefore, this activity focuses on introducing the
students to 2D NMR spectroscopy.

B MATERIALS AND METHODS

The exercise has been carried out two times with groups of 12
and 15 students. Compounds 1—5 and CDCI; were purchased
from Sigma-Aldrich and used without further purification. The
compounds were characterized by 'H and "“C{'H} NMR
spectroscopy using CDCl; as the solvent, with peak assign-
ments assisted by the use of DEPT-135, 'H-'H COSY,
'"H-"C HSQC, and 'H-"C HMBC experiments. NMR
spectra were recorded on a 400 MHz NMR spectrometer
operating at 400.1325 MHz ('H) or 100.6208 MHz (**C).
Chemical shifts are reported in ppm downfield of SiMe, and
referenced using the solvent residual peak. NMR samples were
prepared using one to three drops of liquid reagents or ~10 to
20 mg of solid reagents in 0.7 mL of CDCl;. All NMR spectra
are included in the accompanying Supporting Information.

B HAZARDS

Gloves and goggles should be worn at all times during the
preparation of NMR samples. All organic amines (N,N'-
dimethylethylene diamine, CAS 110-70-3; N,N-dimethylethy-
lene diamine, CAS 108-00-9; and 3-(dimethylamino)-1-propyl-
amine), CAS 109-55-7), phenols (2,4-dimethylphenol, CAS
105-67-9; and 2,4-di-tert-butylphenol, CAS 96-76-4), and
CDCI; (CAS 865-49-6) should be treated as flammable and
harmful if inhaled, swallowed, or absorbed through the skin.
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CDCl; is a carcinogen and should only be handled in a
ventilated fume hood.

B INTRODUCTORY 2D NMR SPECTROSCOPY

DISCUSSION

The exercise begins with a 45 min presentation by an instructor
to explain 2D NMR techniques, including COSY, HSQC, and
HMBC. The lecture first focuses on the COSY experiment,
which is a method to observe 'H—'H correlations. Initially,
students view a 1D '"H NMR spectrum of 1 (Supporting
Information) that is easy to assign using chemical shift and
integration values. A COSY spectrum of 1 is presented, and
students observe only peaks on the diagonal (Figure 2a), which
provides an opportunity to discuss the nature of the diagonal
peaks in the absence of '"H—'H coupling. Subsequently, 2 is
presented and the increased complexity in both the 'H and
COSY spectra is observed. After discussing the 'H NMR
spectrum of 2, the COSY spectrum (Figure 2b) is presented,
and students observe off-diagonal peaks consistent with
coupling between the methylene hydrogens. Finally, the 'H
and COSY spectra of 3 (Figure 2c) are presented, and students
learn how multiple off-diagonal correlations may be observed
when a proton is coupling to more than one type of
neighboring hydrogen atom. Starting from the simple COSY
of 1, students build up to the more complex COSY spectra of 2
and 3, making it possible for them to see the relationship
between the diagonal and off-diagonal peaks.

Next, the HSQC experiment, which is a type of 'H-"C
correlation spectroscopy resulting from one-bond couplings, is
presented. Using the '"H NMR assignments obtained above,
students are shown how the *C NMR spectra may be assigned
using the "H—"C correlations from the HSQC spectra. Using 2
as an example, the indicated hydrogen (Figure 3) has a
resonance at 2.32 ppm in the "H NMR spectrum and shows a
correlation to the carbon directly bound to it, which exhibits a
BC NMR resonance at 62.8 ppm. It should be noted for
molecules 2 and 3 that the 'H NMR spectra cannot be
unambiguously assigned until the HMBC spectra are analyzed.
Therefore, students are given all of the 'H NMR assignments
obtained from the HMBC spectra to assist in the interpretation
of the HSQC NMR spectra. Using this approach allows the
more complicated HMBC spectra to be solved last. Students
typically find both the COSY and HSQC experiments to be
very approachable following this introductory analysis.

Finally, students are introduced to the HMBC experiment,
which is a type of "H—"3C correlation spectroscopy that detects
two-bond and three-bond couplings. For both the HSQC and
HMBC experiments, the lowest complexity molecule (1) is
presented first and the material builds up to the molecule of
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Figure 3. HSQC NMR spectrum of 2 in CDCl;. The one-bond
correlation between the 'H NMR resonance at 2.32 ppm (black
arrow) and *C NMR resonance at 62.8 ppm (red diamond) is

highlighted.
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Figure 4. HMBC NMR spectrum of 2 in CDCl,. The two-bond (blue
circles) and three-bond correlations (green circles) between the 'H
NMR resonance at 2.32 ppm (black arrow) and *C NMR resonances
at 39.9 ppm (blue circle) and 45.7 ppm (green circles) are highlighted.
Two C satellite peaks are visible at (2.36 ppm, 45.7 ppm and 2.04

ppm, 45.7 ppm).

highest complexity (3). Using 2 as an example, the indicated
hydrogen (Figure 4) has a resonance in the '"H NMR spectrum
at 2.32 ppm and exhibits correlations to carbons that are two
(*3C NMR = 39.9 ppm) and three bonds (**C NMR = 45.7
ppm) away. This advanced 2D NMR technique may be a little
challenging for second-year organic students to comprehend;
however, working together in groups, second-year under-
graduate students have been able to solve the HMBC spectra of
4 and S with minimal assistance.

B STUDENT EXPLORATION OF 2D NMR
SPECTROSCOPY
Following the introductory lecture, students assign the 'H, "*C,

DEPT-135, COSY, and HSQC NMR spectra for one of two
phenol starting materials. Due to the moderate increase in

Figure 5. 'H and ®C NMR reference labels for all C and H atoms in
2,4-dimethylphenol (4).
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difficulty level associated with assigning the spectra of the
phenols, students work together in groups of three or four to
complete the exercise. With the exception of the HMBC
spectra, the students are given all of the spectral data at the start
of the exercise, and it typically takes students about an hour to
assign the spectra. Students begin by analyzing the '"H NMR
spectrum of their assigned phenol. The analysis of 2,4-
dimethylphenol (4) is discussed; however, a very similar
analysis procedure would be employed for 2,4-di-tert-
butylphenol (5). The labeled structure of compound 4 is
given in Figure S, and the 'H NMR assignments that are
possible using either 'H, COSY, or HSQC NMR techniques
are listed in Table 1. The meta coupling between hydrogens f

Table 1. Hydrogen Assignments for Compound 4 using 1D
and 2D NMR Spectroscopy

ppm 'H NMR COSY HMBC
6.94 f f f
6.88 c/d d d
6.67 c/d c c
4.55 a a a
226 h/i h/i i
222 h/i h/i h

and d (Figure S) is not observed in the "H NMR spectrum,
making it difficult to assign the aromatic region completely. To
address this, students analyze the COSY spectrum and observe
that hydrogen d correlates with both hydrogens f and ¢, making
it possible to assign all of the aromatic hydrogens. At this point,
students cannot distinguish the methyl groups (h and i) since
no coupling is observed in either the 'H NMR or COSY
spectrum. Using only the 'H NMR spectrum, students assign
two of the six types of hydrogens, whereas using the COSY
spectrum will allow them to assign four of the six types of
hydrogens (Table 1).

Students then move on to analyze the *C and DEPT-135
NMR spectra (Table 2), which allows them to identify the

Table 2. Carbon Assignments for Compound 4 using 1D and
2D NMR Spectroscopy

ppm 3C and DEPT HSQC HMBC
151.6 b/g/e b/g/e b
131.8 c/d/f f f
130.0 b/g/e b/g/e e
127.6 c/d/f d d
123.5 b/g/e b/g/e g
1149 c/d/f c c
20.6 h/i h/i i
15.8 h/i h/i h

aromatic methine (c, d, f), quaternary aromatic (b, e, g), and
methyl (h, i) carbons. Since no distinction between carbons of
a similar class can be made, students cannot definitively assign
the eight carbons present in the molecule. To clarify the
assignments using only '*C and DEPT-135 NMR spectra,
students would have to base predictions on proximity to the
electron withdrawing group, which is not always a reliable
method, or use an NMR prediction software package. Here is
another point where the utility of 2D NMR spectroscopy may
be highlighted. Using the partially assigned "H NMR spectrum
from the analysis above and the HSQC spectrum, students
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assign the aromatic methine carbons based on experimental
data. When the HSQC experiment is utilized, students
definitively assign three of the eight carbon resonances
(Table 2).

At this point, students will have realized that, using the
experiments listed above, they cannot unambiguously assign the
quaternary carbons (b, e, g), methyl carbons (h, i), and methyl
hydrogens (h, i) present in the molecule. This incomplete
assignment has been a factor to motivate students to tackle the
tougher HMBC spectra. Instructors not wishing to discuss
HMBC correlations would still be able to have students assign a
significant number of peaks in the 'H and '*C NMR spectra, as
well as illustrate the utility of 2D NMR spectroscopy. Handing
out the HMBC spectra after completion of the other NMR
exercises allows the instructor to check the accuracy of the
assignments before the students to move on to the more
challenging HMBC activity. The HMBC portion of the exercise
typically takes about an hour to complete and is ideally carried
out with an instructor present to field questions and to guide
students in the appropriate direction. Using the HMBC spectra,
second-year undergraduate students have fully assigned all of
the resonances in both the 'H and *C NMR spectra for 4 and
S.

Students have generally been very successful at this exercise
with all students receiving grades of 80—100% on the
assignment. The most common stumbling point in the exercise
is the assignment of the aromatic methine protons using the
COSY spectrum. This is easily addressed by the instructor
circulating during the activity to answer questions and check
assignments. Students typically quickly grasp the HSQC
exercise, and there are usually few questions for the instructor.
The HMBC activity can be challenging for some students. This
may be addressed by the instructor guiding the students to
useful starting resonances for their analysis. Assisting the
students in solving one of the resonances typically points them
in the right direction for the rest of the analysis. The
Supporting Information provides a detailed assessment of the
resonances for each phenol molecule as well as more
information about common stumbling points. In general,
working in groups has allowed students to completely assign
the 'H and *C NMR spectra of the phenol molecules.

Since the students are largely successful carrying out this
exercise when the instructor is present to field questions, we
wanted to learn more about their ability to utilize 2D NMR
techniques on their own. During our second year running this
exercise, we taught the students how to acquire their own 2D
NMR spectra and started requiring the use of 2D NMR
spectroscopy in the characterization of an amine(bisphenolate)
ligand® and in the structure determination of an unknown
organic molecule. For the structure determination assignment,
the students are assigned an unknown organic molecule and
they must obtain all of the necessary spectral data to prove the
structure of their molecule. Each student is required to carry
out COSY and HSQC experiments on their unknown organic
molecule. Since we view HMBC as a more advanced 2D NMR
technique, we have not required this characterization method.
We found that 11 of 14 students successfully acquired and
analyzed both the HSQC and COSY spectra for their unknown
organic molecules. From this we concluded that our
introductory exercise successfully taught the students basic
2D NMR spectroscopy.
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B CONCLUSION

The exercise utilized simple organic molecules to teach second-
year undergraduate students about 2D NMR spectroscopy
techniques. Students who participated in this exercise used
these techniques in an organic chemistry lab for the
characterization of an amine(bisphenolate) ligand, as well as
in the determination of unknown organic molecules. By
building up their NMR assignments from the simpler 1D
NMR spectra to the more complicated 2D NMR spectra,
students were able to assign the structure of small organic
molecules definitively, as well as appreciate the utility of 2D
NMR spectroscopy in structure determination.
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