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ABSTRACT: Laboratory experiments that demonstrate the effect of
paramagnetic complexes on chemical shifts and relaxation times of
protons are a useful way to introduce magnetic resonance spectroscopy
(MRS) probes or magnetic resonance imaging (MRI) contrast agents. In
this undergraduate inorganic chemistry experiment, a paramagnetic
Co(II) cage complex is prepared by reduction of a classical Co(III) cage
complex. The Co(II) cage behaves as a paramagnetic shift agent
(paraSHIFT) and produces relatively sharp and highly dispersed proton
resonances. Comparison of the proton NMR spectra of the diamagnetic
and paramagnetic cage complexes provides opportunities for students to
consider coordination complex symmetry and the effect of unpaired
electrons on the chemical shifts of proton resonances. Oxidation and
spin state changes of transition metal complexes, Co(III)/Co(II), are
also illustrated in this experiment.
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The application of magnetic resonance imaging (MRI)
contrast agents in biomedical diagnostics is familiar to

most students. Many students, however, may not be aware that
these contrast agents contain paramagnetic metal ions. A search
of this Journal for examples of MRI contrast agents yields a
single article on Gd(III) complexes and measurements of T1
relaxivity.1 The lack of examples is surprising given the
emphasis on paramagnetic states of metal ions in undergraduate
inorganic chemistry courses. Notably, there are several articles
in this Journal on magnetic susceptibility measurements2−5 and
EPR spectroscopy6 that lay the foundation for paramagnetic
metal ion interactions with ligands. Further, paramagnetic
cobalt complexes have been studied before in this Journal.7

Paramagnetic shifts are reported, as part of the characterization
of a complex or a metalloenzyme, but not with an emphasis on
imaging.6,7 The undergraduate laboratory experiment described
here is designed to give students an appreciation for
paramagnetic metal ions and their effect on 1H NMR
resonances including changes in shift and relaxation time
constants. The experiment focuses on the synthesis of a
paramagnetic metal ion complex that produces highly shifted
proton resonances. NMR spectra of the paramagnetic complex
may be taken with short (millisecond) delay times to
demonstrate the rapid collection of data for chemical shift
imaging applications.8

Undergraduate students may be under the impression that
paramagnetic metal ion complexes do not produce useful 1H
NMR spectra. In fact, certain paramagnetic metal ions give

beautifully sharp and highly shifted 1H NMR spectra.9,10 Metal
ions with rapid electron spin relaxation rate constants (1011 to
1012 s−1) do not efficiently relax neighboring protons so that
resonances are not severely broadened. For example, para-
magnetic NMR spectra with proton resonances spread out over
the range of several hundred parts per million (ppm) with line
widths as narrow as 50−200 Hz for macrocyclic ethylene
protons have been reported in our laboratory for complexes of
Fe(II), Co(II), and Ni(II).8,11−13 These large changes in
chemical shifts of protons induced by the paramagnetic center
are known as hyperfine shifts.14 There are two primary
components of the paramagnetic effect, including (1) the
through bond or contact shift which corresponds to the amount
of unpaired electron spin density at the nucleus and, (2) the
dipolar or pseudocontact contribution which involves a
through-space interaction between paramagnetic metal ion
center and proton nucleus which is related to the geometry of
the complex.15 Further reading on this topic is summarized in
two early articles in this Journal14,16 and is given in a brief
description in the student handout as Supporting Information.
Co(II) complexes are studied here to capitalize on their

excellent properties as NMR shift agents. The useful para-
magnetic properties of this ion are demonstrated in Co(II)
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substituted metalloenzymes.9,17 Co(II) complexes have also
been used as paraCEST (paramagnetic chemical exchange
saturation transfer) MRI contrast agents.12,18 Co(II) paraCEST
agents produce negative MRI contrast that can be switched on
or off via a presaturation pulse.12 More recently, paramagnetic
lanthanide(III), Fe(II), and Co(II) complexes have been
developed as paramagnetic probes for chemical shift imaging
(paraSHIFT).8,19,20 In particular, the narrow proton resonances
of the Co(II) complexes are shifted far outside of the range of
diamagnetic compounds in tissue, making these complexes
useful for magnetic resonance spectroscopy (MRS) as shown in
this experiment.8 The large temperature dependence of the
hyperfine-shifted proton resonances of paraSHIFT agents leads
to their applications in monitoring tissue temperature.20,21

The procedure detailed here demonstrates the synthesis and
subsequent reduction of a diamagnetic Co(III) cage complex,
1,8-dinitro-3,6,10,13,16,19-hexaazabicyclo-(6,6,6)eicosane (also
called dinitrosarcophagine or “diNOSar”)22 to form a Co(II)
cage complex. The Co(III) center of the [Co(diNOSar)]3+

cage23 (Scheme 1) is reduced by sodium dithionite, while the
nitro groups can be reduced under more stringent conditions
involving excess dithionite.24 The experiment here takes
advantage of this early work and uses less than an equivalent
of dithionite to produce the paramagnetically shifted proton
resonances of the Co(II) complex. Cage complexes are chosen
here to capitalize on the bicyclic scaffold, which encapsulates
either Co(III) or Co(II) cation and, thus, imparts a large degree
of kinetic inertness toward competing ligands and subsequent
release of the metal ion.25 Preparation of cage complexes
proceeds by using a template synthesis based on a metal
complex as one of the reagents. The metal ion is encapsulated
by reaction with formaldehyde in the presence of base, which
forms the connecting carbon fragment of the cage through a
condensation reaction (Scheme 1).22 Previously reported
undergraduate experiments on diamagnetic Co(III) cage
complexes feature characterization of the complexes by using
electronic spectroscopy, cyclic voltammetry, and NMR spec-
troscopy.22,26,27 Notably, the cage is prepared from relatively
common and inexpensive chemicals.
In addition to paramagnetic 1H NMR spectroscopy, this

experiment gives hands on experience in important concepts in
inorganic coordination chemistry including redox and proper-
ties of high spin/low spin transition metal ion complexes.
Students gain experience in the characterization of coordination
complexes by several spectroscopic techniques, including 1H
NMR and 13C NMR spectroscopy, and mass spectrometry
(Figures S1−S4).

■ LEARNING GOALS

In this laboratory experiment students learn that

1. Transition metal ion complexes with different oxidation
states have distinct magnetic and spectroscopic proper-
ties as well as reactivity. This experiment has two redox
steps including the preparation of Co(III) complexes
from Co(II) precursors and the reduction of the
diamagnetic Co(III) cage to the paramagnetic Co(II)
cage.

2. The number of observed 1H and 13C NMR resonances
corresponds to the symmetry of the complex. The simple
1H NMR spectra of both diamagnetic and paramagnetic
cobalt cages are a result of the high symmetry of the
complexes.

3. The 1H NMR spectra of certain paramagnetic transition
metal complexes are readily observed. Paramagnetically
shifted proton resonances can be used in magnetic
resonance spectroscopy.

■ EXPERIMENTAL OVERVIEW
Synthesis of the individual compounds in the lab takes
approximately 1 day each (3 h period), and the analysis of
the paramagnetic cage is done on the final day. In total, the
experiment is scheduled for three afternoons. The first two
steps in the synthetic procedure are shown in Scheme 1. The
first day the students prepare a Co(III) tris(ethylenediamine)
complex from CoCl2 and ethylenediamine also using HCl and
hydrogen peroxide.28 The yellow to yellow-orange product is
isolated by chilling the solution in an ice bath or by letting the
solution stand overnight in a freezer. The next day in the
laboratory is used to convert the tris(ethylenediamine)Co(III)
chloride ([Co(en)3]Cl3) to the Co(III) cage complex ([Co-
(diNOSar)]Cl3) by using nitromethane, formaldehyde and
base.29 An indication that the synthesis will be successful is the
change of the solution to a deep violet color when the base is
added. If the color does not change, more formaldehyde and
base may be added as described in the Supporting Information,
instructor notes. After isolating the complex as a solid, the
material is confirmed by electrospray ionization mass
spectrometry (ESI MS, Figure S1) prior to preparing NMR
samples (Figure S2). Students further analyze their product by
1H NMR spectroscopy and are typically given the 13C NMR
spectrum (Figure S3). This two-step procedure is fairly
straightforward and students are generally successful in
obtaining product in two afternoons.
The final day in the laboratory is used to prepare the

paramagnetic Co(II) cage complex. This step involves the
reduction of the diamagnetic cage by sodium dithionite under
inert atmosphere using argon-purged solutions (Figure 1).
Students prepare the sample and the 1H NMR spectrum of the
Co(II) complex is taken within an hour of preparation to
prevent reversible oxidation to Co(III) cage. Tips for taking
and phasing paramagnetic 1H NMR spectra are given in the

Scheme 1. Synthesis of Co(III) Cage Complex
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Supporting Information (Figure S4). It is most efficient if 1H
NMR spectra of the paramagnetic cages are collected with short
pulse delay times. This allows for rapid collection of many
transients over a period of 5−10 min depending on
concentration. The experimental delay times are limited by
longitudinal relaxation times (T1) of individual proton
resonances of paramagnetic Co(II) complex as listed in Figure
S5. Notably, the resolution of the paramagnetically shifted
proton resonances will be adequate regardless of magnetic field
strength, whereas the proton resonances of the diamagnetic
Co(III) cage complex may be poorly resolved at magnetic fields
which are lower than those used here.

■ HAZARDS
These reactions involve the use of hydrochloric acid, a strong
acid that should be handled with care. The synthesis of the
ethylenediamine precursor requires hydrogen peroxide, a
strong oxidant. Synthesis of the cage complex requires
formaldehyde and nitromethane, both volatile organic reagents,
and sodium hydroxide, a strong base. It is important for the
students to know that these materials are all irritants and should
be properly washed off if they get any on their skin. The
reduction of the complex uses sodium dithionite, a powder that
is poisonous if ingested and must be handled with care. The
two Co(III) complexes that are synthesized are inert solids with
unknown toxicity. The Co(II) cage is formed in aqueous
solution and is not isolated or handled, but is disposed of in a
standard glass waste container after characterization by NMR
spectroscopy. Compressed argon should be used with care and
an appropriate gas manifold should be used. Further
information is given in Table S1.

■ DISCUSSION
The formation of the Co(III) cage complex was monitored by
ESI mass spectrometry to illustrate methods that are commonly
used to monitor the synthesis of coordination complexes
(Figure S1).29 The visible color of the Co(III) cage product
was also an important indicator of whether the complex was
successfully prepared as described in notes to the instructor.

Both the diamagnetic and paramagnetic cobalt cages are
characterized by using NMR spectroscopy.
The 1H NMR and 13C NMR spectra of the Co(III) cage

complex are remarkably simple due to the high degree of
symmetry of the complex (Figures S2 and S3). The 13C NMR
of [Co(diNOSar)]3+ shows three resonances, one for six
equivalent ethylene carbons, one for six equivalent methylene
carbons and a 3-fold lower intensity resonance for two
equivalent cap carbon atoms. The 1H NMR spectrum shows
1H−1H coupling in the ethylene and methylene groups for the
diamagnetic Co(III) cage complex as analyzed previously.29

Interactive exercises for identification of magnetically inequiva-
lent protons in the diamagnetic cage complex have recently
been published.27

The 1H NMR of the paramagnetic Co(II) cage shows four
proton resonances that range from 350 to −120 ppm. The
1H−1H coupling is no longer detected due to broadening of the
resonances. While the proton resonances cannot be assigned to
specific protons, the pattern corresponds to the high symmetry
of the cage and the large chemical shifts demonstrate that the
unpaired electrons of the Co(II) influence proton chemical
shifts (Figure 2). Each of the four sets of proton resonances

have similar integrated intensity consistent with the D3-
symmetry of the Co(II) cage. Two sets of distinct protons
for the methylene groups and two for the ethylene groups are
expected as described in the Supporting Information. The more
rapid relaxation of the proton in the presence of the
paramagnetic Co(II) center (decreasing the T1 time constant)
is utilized by collecting data with short delay times to increase
the number of transients collected and decrease the time
required for data collection. In general, it is best to use delay
times that are no shorter than the 4× of the longest T1 value
(Figure S5). Short (200−400 ms) delay times give more
pronounced paramagnetic spectra in the presence of
diamagnetic species such as unreduced cage complex and
water (solvent). An example of the 1H NMR spectrum of the
Co(II) cage in the presence of albumin is given in Figure S6.
This shows that the paramagnetic cage proton resonances are
clearly not obscured by the presence of a biological
macromolecule. An example of variable temperature proton
NMR studies is given in the Supporting Information to
demonstrate how paraSHIFT agents may be used to measure
temperature by using calibration lines for the temperature
dependences of individual proton resonances (Figure S7).

Figure 1. (A) Reduction of cage complex. (B) Aqueous solutions of
Co(diNOsar) before (orange) and after (yellow) addition of 0.5 equiv
of sodium dithionite solution. Solution of Co(II) cage complex is
purged and stored under argon.

Figure 2. 1H NMR spectrum of [Co(diNOSar)]2+ showing four
paramagnetically shifted proton resonances (reference is the solvent
peak labeled “S” in the diamagnetic region).

Journal of Chemical Education Laboratory Experiment

DOI: 10.1021/acs.jchemed.5b00818
J. Chem. Educ. 2016, 93, 1115−1119

1117

http://pubs.acs.org/doi/suppl/10.1021/acs.jchemed.5b00818/suppl_file/ed5b00818_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jchemed.5b00818/suppl_file/ed5b00818_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jchemed.5b00818/suppl_file/ed5b00818_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jchemed.5b00818/suppl_file/ed5b00818_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jchemed.5b00818/suppl_file/ed5b00818_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jchemed.5b00818/suppl_file/ed5b00818_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jchemed.5b00818/suppl_file/ed5b00818_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jchemed.5b00818/suppl_file/ed5b00818_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jchemed.5b00818/suppl_file/ed5b00818_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jchemed.5b00818/suppl_file/ed5b00818_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jchemed.5b00818/suppl_file/ed5b00818_si_001.pdf
http://dx.doi.org/10.1021/acs.jchemed.5b00818


These latter two experiments are presented to the students in
lecture.
The theory of paramagnetic induced proton shifts and their

temperature dependence may be discussed if there is a lecture
that accompanies the laboratory, or alternatively, the students
may be directed to the discussion presented in Drago’s articles
in this Journal.14,16 A brief discussion is also given in the
Supporting Information in the student handout. Discussions in
class may also cover the effect of paramagnetic centers on the
proton relaxivity for common MRI agents such as Gd(III)
complexes that act through increased relaxation of neighboring
water protons. Other topics that may be included for discussion
are crystal field splitting for Co(II) versus Co(III), and the
corresponding formation of high-spin or low-spin complexes.
Suggested postlaboratory questions for students are given in the
student handout as Supporting Information.

■ SUMMARY
This experiment was first carried out by second and third-year
undergraduate research students several times over two
semesters, and then implemented in an undergraduate
laboratory/lecture course which is offered as a second semester
of inorganic chemistry. An average of 26 third and fourth-year
students take the course each semester, and the experiment has
been incorporated into the laboratory for two semesters. Each
undergraduate student prepared and characterized their own
complexes. Typically, three 3-h laboratory periods are required;
however, four periods were used by students who had to repeat
the second step of the cage synthesis.
Students’ answers to the questions in their lab writeup and

on a course final exam showed that the majority of them
(>75%) could describe certain aspects of the interaction of
unpaired electrons with ligand protons. For example, they could
describe ways in which unpaired electrons on the metal
complex produce a shift in proton resonances, including
through space and through bond interactions. Nearly all
students (>85%) appreciated how differences in oxidation state
affected the magnitude of the crystal field. However, most of
the students (>60%) had difficulty in giving a rationale for the
requirement of Co(II) in the synthesis of the cage. This
demonstrated a lack of appreciation of the differences in
reaction kinetics of Co(II) versus Co(III) complexes. Students
were able to rationalize the number of observed proton
resonances in diamagnetic and paramagnetic cage complexes.
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