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ABSTRACT: Green chemistry is finding its place as one of the most essential study topics
in the curriculum of future chemists and chemical engineers. Experiments that meet green
chemistry principles contribute to make the laboratory a safer working place, generate less
waste, and allow students to increase their knowledge in new environmentally friendly
chemical methodologies. The work reported here focuses on the reductive opening of
epoxides to afford the less substituted alcohols, which can be carried out at room
temperature under catalytic conditions and using water as a hydrogen atom source. The
results of this work, as well as a procedure which allows the initiation of students in the
application of green chemistry techniques through a particular example, are reported. This
laboratory practice can be used to teach organic and radical chemistry, green chemistry
principles, and product analysis (thin layer chromatography, flash chromatography, 'H

NMR spectroscopy, and IR spectroscopy).
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B INTRODUCTION

The main goal of Green Chemistry is the reduction of the use
of reagents and chemical protocols that lead to the production
of toxic or dangerous substances." The incorporation of
teaching green chemistry in the chemistry and chemical
engineering curriculum is progressively increasing and so are
the educational resources available on this subject.” Normally,
in a typical green chemistry and chemical engineering
laboratory experiment, the lecturer suggests the students to
perform a reaction that has been reported to incorporate
several green principles.”® Each experiment should illustrate
green principles and strategies, teaching students to consider
the environmental impact of their work. Students are expected
to understand how the transformation of conventional
chemical techniques into green ones is carried out.

The reductive opening of epoxides to obtain alcohols, which
has been widely included in the curriculum, is conventionally
performed using stoichiometric amounts of metal hydride
reducing agents such as NaBH, and LiAlH, and, more
recently, by selective hydroboration.” Both methodologies
originate the more substituted alcohol or mixtures of both of
them and are reactions which students seldom carry out in the
laboratory because the first procedure uses a stoichiometric
amount of highly flammable reagents and the second requires
handling diborane, which is pyrophoric in air. On the other
hand, reduction with H, under homogeneous -catalytic
conditions can represent a valuable alternative for the reductive
ring opening of epoxides.” However, this alternative also has
several issues, such as poor regioselectivity and the use of
highly flammable H,, noble metals, and expensive ligands.
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Although some efforts have been made to improve the
reductive ring opening of epoxides by homogeneous
catalysis,""™" the above-mentioned considerations offer an
opportunity for the development of a greener strategy for the
synthesis of less substituted alcohols, which is suitable for an
undergraduate laboratory. Therefore, we report herein a green,
simple, and clean synthesis of less substituted alcohols through
homolytic oxirane opening catalyzed by Cp,TiCl using water
as the hydrogen atom source.

Cp,TiCl-Catalyzed Synthesis of Less Substituted Alcohols

Among the different methodologies reported in the literature
on the ogpening of oxirane rings to form the less substituted
alcohols,” regioselective reduction of epoxides catalyzed by
Cp,TiCl, using water as hydrogen atom donor,’ is among the
safest and most environmentally friendly procedures. Recently,
Cp,TiCl has been considered as a new green chemistry reagent
able to catalyze important transformations in organic
chemistry.” This applicable version could be completed
successfully in a teaching laboratory during four sessions
over 2 weeks using epoxides as the starting material. This
chemical strategy was devised to illustrate the main concepts of
green chemistry.
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Process of Greening the Reaction

Cp,TiCl has recently been considered a green chemistry
reagent.” Therefore, the radical oxirane opening catalyzed by
Cp,TiCl, using water as hydrogen atom donor, can be used as
a good example of a green chemical process. Cp,TiCl is a
single electron transfer (SET) system generated from
“relatively inocuous materials” such as Mn and Cp,TiCl,
(Figure 1). In tetrahydrofuran (THF) solution, the reduction
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Figure 1. Preparation of the dimer of Cp,TiCl from Cp,TiCl, and its
equilibrium with monomeric species.

of Cp,TiCl, (red-orange color) gives Cp,TiCl (dark green
color), which is in an equilibrium between dinuclear and
mononuclear species (Figure 1).

Although Cp,TiCl, it is not a “renewable feedstock”,” it is
derived from titanium, one of the safest and most abundant
transition metals on Earth.” A breakthrough in the use of this
SET reagent in the reductive opening of epoxides was the
development of a reductive “catalytic” cycle. So, in order to
obtain the less substituted alcohol, the radical oxirane opening
was carried out usmg the catalytic cycle procedure described
by Gansiuer et al."’ (Figure 2), but using water as hydrogen
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Figure 2. Epoxide opening with catalytic Cp,TiCL’

atom donor. This catalytic cycle allows the regeneration of
Cp,TiCl, from the titanium(IV)-alkoxy species 1, formed after
radical cleavage of the C—O bond of the oxirane and addition
of a hydrogen atom. Collidine hydrochloride can be used to
dissociate the Ti—O bond, protonate the alkoxy product, and
regenerate Cp,TiCl,. The amount of Cp,TiCl used in these
experiments is usually 20 mol %. This catalytic cycle is shown
in Figure 2.

Therefore, this procedure for generating the less substituted
alcohols from epoxides minimizes “waste generation”, which
increases the number of chemical reactions considered as
environmentally sustainable. Although the reducing metal
(Mn) is used as an overstoichiometric reagent, the excess can
be recovered by filtration. In addition, it was reported that
2,4,6-collidine, which is also used in this catalytic reaction, can
be recovered by acid—base extraction during the reaction
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workup.'”  Another principle to be considered in green

chemistry is the use of “safer solvents”. In this context,
tetrahydrofuran, the solvent used to generate Cp,TiCl from
Cp,TiCl, and Mn, appears in the pharmaceutical industry
guidelines for solvents,'" listed as a usable solvent, because its
dangerous impact is minimal. The second area of improvement
is the use of water as the hydrogen atom source, avoiding the
use of conventional hydrogen atom donors such as Bu;SnH,
cyclohexa-1,4-diene, or tert-butylthiol, which are expensive,
toxic, and/or foul smelling. Under these conditions, the carbon
radical generated by the homolytic epoxide opening is reduced
using water as a hydrogen atom source in a process catalyzed
by Cp,TiCL®'* This reduction proceeds via hydrogen atom
transfer (HAT) from a titanocene(III) aqua complex to the
carbon radical. This HAT is possible by activation of water
with Cp,TiCl. The propensity of water to act as a HAT reagent
could be explained by the weakening of the bond dissociation
energy of the O—H bond in almost 60 kcal/mol in the
presence of Cp,TiCl. Initially, the aqua complex 2 was
proposed as a HAT reagent (pathway A, Figure 3).° However,
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2H,0 i
L ) J
2 Cp,TiCly, + Mn
[co- om, |F
P 2
Pathway B 2 /Tii . MnCI42'
4H,0 Cp OH,
3

Figure 3. Reported Cp,TiCl aqua complexes.

after more extension and refinement of theoretical calculations,
electroparamagnetic resonance techniques, and cyclic voltam-
metry studies, Gansauer et al.'”” reported that the aqua
complex 3 is the active HAT reagent (pathway B, Figure 3)."

In addition, due to the mild reaction conditions (room
temperature and atmospheric pressure), it is also a good
example of an energy-efficient process. Finally, this reaction
incorporates the principle “less hazardous chemical synthesis”
by replacing reagents that are pyrophoric in air. The prevailing
idea is that it is always better to avoid the formation of waste
products than having to treat and eliminate them and, at the
same time, that with the use of safer chemical processes, it is
easier to minimize risks for the environment. Although the
principle “atom economy” is somewhat verified as Cp,TiCl is
used in catalytic quantities and therefore few atoms are wasted
and the rest of the reagents can be easily recovered by filtration
or simple acid—base extraction, it would be desirable to
perform a quantitative analysis of this principle, which will be
addressed in the future.

When evaluating the whole process, students should
understand that 6 of the 12 principles of green chemistry
have been taken into account. This evaluation process of the
green chemistry principles allows students to deduce that there
is no reaction that fulfills all of them. However, this fact should
be considered to be a positive reality in their educational
process, as it allows them to analyze the different features of
green chemistry before undertaking any specific reaction.
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B EXPERIMENTAL OVERVIEW

The regioselective opening of epoxides catalyzed by Cp,TiCl
to form the less substituted alcohols was tested over an
academic year by eight students (grouped in pairs) as part of
the organic chemistry laboratory course during 2 weeks of the
second term. The first session (2 h) included the concepts of
green chemistry principles and a comparison between the
standard reductive opening of epoxides using metal hydride
reducing reagents and Cp,TiCl-catalyzed regioselective reduc-
tive epoxide opening using water as the hydrogen atom donor,
with special emphasis on the verification of green chemistry
principles. In the second session, the synthesis of alcohol §
(Figure 4) was addressed from the available 2-(2-phenylethyl)-

4, 2,4,6-collidine

2,4,6-collidine hydrochloride H
H,0 OH
Cp,TiCl, + Mn
THF
5

Figure 4. Reductive opening of oxirane 4 catalyzed by Cp,TiCl/H,0.

oxirane (4), Cp,TiCl (cat.), and water. The reaction was
catalyzed by Cp,TiCl and was run using THF as solvent at
room temperature. Water is used as a hydrogen atom source,
whereas 2,4,6-collidine hydrochloride allows the regeneration
of the initial titanium complex (Cp,TiCl,). After 48 h, the
reaction was quenched in the third session (3 h). Alcohol §
was isolated by flash chromatography on silica gel. Finally, in
the fourth session (1 h), the students ran a TLC of the isolated
product, using a standard for identification purposes. The
remaining time was used for a discussion of the '"H NMR and
IR spectra of compound 5, which was handed to the students
by the lecturer.

B LEARNING OBJECTIVES

This synthetic exercise can be used as a launch pad for the
discussion of multiple aspects related to radical chemistry,
reaction mechanisms, manipulation of reagents and inert
atmosphere, green chemistry principles, and characterization of
organic compounds. The main learning objectives are listed
below:

e Describing the main procedures for the reductive

opening of epoxides.

Describing Cp,TiCl as a single electron transfer reagent

that fulfills many of the green chemistry principles.

Applying the use of a vacuum line to obtain an inert

atmosphere.

Qualitatively observing evidence of the generation of

Cp,TiCl (based on color change).

e Qualitatively interpreting the TLC.

e Applying the use of flash chromatography to the
purification of organic compounds.

e Interpreting '"H NMR and IR spectra.

B HAZARDS

A well-ventilated hood is used in all experiments. Safety
measures for students include wearing goggles and gloves. Both
the epoxide (starting material) and the alcohol (reaction
product) are flammable and can be irritants. Tetrahydrofuran
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is a flammable solvent and a potential peroxide generator.
Cp,TiCl, is toxic by inhalation and is an irritant to the skin and
mucous membranes. Mn is a flammable solid. Cp,TiCl causes
skin irritation and serious eye irritation. 2,4,6-Collidine is
flammable and harmful if swallowed, and the vapor might
cause serious eye, respiratory, and skin irritation. 2,4,6-
Collidine-HCI is harmful is swallowed. KHSO, might cause
skin burns, eye damage, and respiratory irritation. Pentane and
ethyl acetate are highly flammable liquids, which might cause
skin and eye irritation. Deuterochloroform is harmful if
swallowed; the vapor might cause serious eye, respiratory,
and skin irritation, and it is a possible carcinogen.

B EXPERIMENT

In the second session (2 h), the group of eight students was
split into pairs. Each pair of students carried out the homolytic
opening of epoxide 4 reported in Figure 4. Deoxygenated THF
(20 mL) was added to a mixture of commercial Cp,TiCl,
(49.8 mg, 0.2 mmol) and manganese dust (439.5 mg, 8 mmol)
under an argon atmosphere, and the suspension was vigorously
stirred at room temperature until the students observed the
color of the solution change from orange to dark green (after
about 15 min). Then a deoxygenated solution of epoxide 4
(148.2 mg, 1 mmol), water (144 mg, 8 mmol), 2,4,6-collidine
(484.7 mg, 4 mmol), and 2,4,6-collidine hydrochloride (630.5
mg, 4 mmol) in THF (S mL) was added under argon to the
green solution. When this suspension was added, the students
observed a color change to dark blue. The reaction was stirred
at room temperature for 48 h. In the third session (after 48 h),
the reaction was quenched with a saturated solution of KHSO,,
(3 X 20 mL) and extracted with EtOAc (3 X 15 mL). The
organic layer was washed with brine (3 X 20 mL) and dried
over anhydrous Na,SO, and the solvent removed in vacuo.
The residue was purified by flash chromatography on silica gel
using 95:5 mixture of pentane and ethyl acetate as eluent to
afford the less substituted alcohol (student report yields 40—
62%). The formation of the desired product and its purity was
confirmed running a TLC analysis using $ as a standard.

B RESULTS AND DISCUSSION

In the first session, after analyzing the most common
methodologies for the reductive opening of epoxides, students
should be able to deduce which of them (reductive opening
epoxides by metal hydride reagents or by Cp,TiCl using water
as the hydrogen atom donor) possess more principles of green
chemistry. Students are made aware of the need of the
development of environmentally sustainable chemical proce-
dures. Before starting the second session, the lecturer can guide
the students on the stability of the different radicals (primary,
secondary, and tertiary), a knowledge previously acquired in
organic chemistry courses. This comment will help students to
predict the regioselectivity of the radical opening of epoxides
generating the less substituted alcohols.

The experiment allows students to work under anhydrous
reaction conditions, becoming familiar with the operation of
the vacuum line. This experiment was performed by eight
chemical engineering students grouped in pairs. The best yield
obtained was 62% (after flash chromatography). Finally, in the
last session, the students also get the chance to interpret the 'H
NMR spectra of alcohol § and check the key resonances (see
Supporting Information) that corroborate the presence of the
OH group in the obtained product. The formation of the less
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substituted alcohol can be clearly deduced from the '"H NMR
spectra by observation of the chemical shift and multiplicity
pattern of the signal at 3.68 ppm and its integral (6 = 3.68
ppm, t, ] = 6.6 Hz, 3H). Furthermore, this functional group
(OH) can be easily identified by IR spectroscopy (see
Supporting Information), as alcohol § shows a very character-
istic O—H bond infrared absorption (~3332 cm™). The result
obtained showed this reaction to be regiospecific, producing
only the less substituted alcohol. This result is explained by the
fact that the first intermediate formed in the Ti-catalyzed
oxirane ring opening is the most substituted radical, which
subsequently suffers hydrogen transfer from water in a process
also catalyzed by Cp,TiCl, leading to intermediate 1. It has
been proven that coordination of Cp,TiCl to water produces a
weakening of the O—H bond dissociation energy and acts as a
useful hydrogen atom source.”'”

B ASSESSMENT

In the first session, students were introduced to the 12
principles of green chemistry, which provided them the
necessary background to evaluate the preparation of alcohol
S. Students were prompted to specify in their lab reports the
green chemistry principles that were particularly verified in this
chemical process, stating their reasons (see Supporting
Information). All students correctly detected that the
principles of catalysis and energy efficiency were verified in
this synthesis, as substoichiometric amounts of titanocene(III)
were used, and the reaction proceeded at room temperature.
The use of safer solvent and less hazardous chemical synthesis
was also addressed by most of them, but only a few were able
to mention that this synthesis minimizes waste generation, as
excess manganese could be recovered by simple filtration, and
the collidine used in the reaction could be recovered in the
reaction workup by simple acid—base extraction. The atom
economy principle was also mentioned, although some of them
had a bit of confusion between this concept and the reaction
yield or the amounts of reagents and reactants. The students
were also asked about general concepts, both experimental and
theoretical, of radical chemistry mediated by Cp,TiCl (see
Supporting Information). Most students were able to respond
successfully based on the concepts developed during the first
session.

In the fourth session, "H NMR and IR spectra of epoxide 4
and alcohol § were handed to the students in order to assign
the signals due to each hydrogen and the absorption bands.
Comparison between the 'H NMR and IR spectra of 4 with
the spectra of alcohol § to distinguish the characteristic signals
of the synthesized alcohol 5 was suggested. Students were
prompted to fill in a data sheet with the spectroscopic
properties of alcohol 5 and committed to assign all of the
proton signals in "H NMR spectra and absorption bands in the
IR spectra (see Supporting Information). Most of them had no
problem with this assignment, as all of them were already
familiar with those techniques.

B CONCLUSIONS

The radical opening of epoxides catalyzed by Cp,TiCl and
using water as a H atom donor is a good reaction to illustrate
the principles of green chemistry. Also, the chemistry
laboratory experiment described herein allowed the students
an opportunity to carry out a reaction under an anhydrous
atmosphere and assess the regiochemistry of the radical
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opening of epoxides using Cp,TiCl and water as the H atom
donor. The students addressed the regiochemistry of the
reaction based on electronic and steric mechanistic inter-
pretations.

B ASSOCIATED CONTENT
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The Supporting Information is available at https://pubs.ac-
s.org/doi/10.1021/acs.jchemed.2c00409.

Temporal development of the practice, prelaboratory
assignment, instructor’s note, and student handout
(PDF)

B AUTHOR INFORMATION
Corresponding Author

Antonio Rosales Martinez — Department of Chemical
Engineering, Escuela Politécnica Superior, University of
Sevilla, 41011 Sevilla, Spain; ® orcid.org/0000-0003-0182-
0548; Email: arosales@us.es

Authors

Ignacio Rodriguez-Garcia — Organic Chemistry, ceiA3,
CIAIMBITAL, University of Almeria, 04120 Almeria,
Spain; ©® orcid.org/0000-0002-2985-8567

Josefa L. Lopez-Martinez — Organic Chemistry, ceiA3,
CIAIMBITAL, University of Almeria, 04120 Almeria,
Spain; © orcid.org/0000-0003-2598-1573

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.jchemed.2c00409

Notes

The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

ARM. acknowledges the University of the Sevilla for his
position as professor and for financial support (Projects 2020/
00001014, 2021/00000422: Ayudas a Consolidacién de
Grupos de la Junta de Andalucia and Project: Politec-Biomat:
Red de Biomateriales en la Universidad de Sevilla). We would
also like to thank the students from Engineering Chemistry at
the University of Sevilla from 2019 for testing this experiment
as a course project. LR.-G. thanks the University of Almeria
(Project PPUENTE 2020/010) and Fondo Europeo de
Desarrollo Regional (FEDER), Consejerfa de Economia,
Conocimiento, Empresas y Universidad de la Junta de
Andalucia (CTEICU) (Project UAL2020-FQM-B1989) for
financial support.

B REFERENCES

(1) Anastas, P. T.; Warner, J. C. Green Chemistry: Theory and
Practice; Oxford University Press: Oxford, UK., 1998.

(2) (a) Collins, T. J. Introducing green chemistry in teaching and
research. . Chem. Educ. 1995, 72, 965—966. (b) Cann, M. C. Bringing
state-of-the-art, applied, novel, green chemistry to the classroom by
employing the presidential green chemistry challenge awards. J. Chem.
Educ. 1999, 76, 1639—1641. (c) Reed, S. M.; Hutchison, J. E. Green
chemistry in the organic teaching laboratory: An environmentally
benign synthesis of adipic acid. J. Chem. Educ. 2000, 77, 1627—1629.
(d) Hjeresen, D. L.; Schutt, D. L.; Boese, J. M. Green chemistry and
education. J. Chem. Educ. 2000, 77, 1543—1547. (e) Heinhorst, S.;
Cannon, G. Nature: “green” chemistry, natural antioxidants, and a
DNA-fueled machine. J. Chem. Educ. 2001, 78, 150—1S1.

https://doi.org/10.1021/acs.jchemed.2c00409
J. Chem. Educ. 2022, 99, 2710-2714


https://pubs.acs.org/doi/suppl/10.1021/acs.jchemed.2c00409/suppl_file/ed2c00409_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jchemed.2c00409/suppl_file/ed2c00409_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jchemed.2c00409/suppl_file/ed2c00409_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jchemed.2c00409/suppl_file/ed2c00409_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jchemed.2c00409/suppl_file/ed2c00409_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jchemed.2c00409?goto=supporting-info
https://pubs.acs.org/doi/10.1021/acs.jchemed.2c00409?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.jchemed.2c00409/suppl_file/ed2c00409_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Antonio+Rosales+Marti%CC%81nez"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-0182-0548
https://orcid.org/0000-0003-0182-0548
mailto:arosales@us.es
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ignacio+Rodri%CC%81guez-Garci%CC%81a"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-2985-8567
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Josefa+L.+Lo%CC%81pez-Marti%CC%81nez"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-2598-1573
https://pubs.acs.org/doi/10.1021/acs.jchemed.2c00409?ref=pdf
https://doi.org/10.1021/ed072p965?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ed072p965?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ed076p1639?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ed076p1639?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ed076p1639?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ed077p1627?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ed077p1627?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ed077p1627?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ed077p1543?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ed077p1543?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ed078p150?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ed078p150?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/jchemeduc?ref=pdf
https://doi.org/10.1021/acs.jchemed.2c00409?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of Chemical Education

pubs.acs.org/jchemeduc

Laboratory Experiment

(f) McKenzie, L. C.; Huffman, L. M.; Hutchison, J. E. The evolution
of a green chemistry laboratory experiment: greener brominations of
stilbene. J. Chem. Educ. 2005, 82, 306—310. (g) Van Arnum, S. D. An
approach towards teaching green chemistry fundamentals. J. Chem.
Educ. 2005, 82, 1689—1692. (h) Yadav, U,; Mande, H.; Ghalsasi, P.
Nitration of phenols using Cu(NO,),: Green chemistry laboratory
experiment. J. Chem. Educ. 2012, 89, 268—270. (i) Sharma, R. K;
Gulati, S.; Mehta, S. Preparation of gold nanoparticles using tea: a
green chemistry experiment. J. Chem. Educ. 2012, 89, 1316—1318.
(j) Morsch, L. A; Deak, L.; Tiburzi, D.; Schuster, H.; Meyer, B.
Green Aqueous Wittig Reaction: Teaching green chemistry in organic
teaching laboratories. J. Chem. Educ. 2014, 91, 611—614. (k) Graham,
K. J; Jones, T. N; Schaller, C. P.; Mclntee, E. J. Implementing a
student-designed green chemistry laboratory project in organic
chemistry. J. Chem. Educ. 2014, 91, 1895—1900. (1) Kennedy, S. A.
Design of a dynamic undergraduate green chemistry course. J. Chem.
Educ. 2016, 93, 645—649. (m) Barcena, H.; Tuachi, A,; Zhang, Y.
Teaching green chemistry with epoxidized soy bean oil. J. Chem. Educ.
2017, 94, 1314—1318. (n) Timmer, B. J. J; Schaufelberger, F.;
Hammarberg, D.; Franzén, L.; Ramstrém, O.; Dinér, P. Simple and
effective integration of green chemistry and sustainability education
into an existing organic chemistry course. J. Chem. Educ. 2018, 95,
1301—-1306. (o) Bouldin, R. M.; Folchman-Wagner, Z. Chemistry of
sustainable products: filling the business void in green-chemistry
curricula. J. Chem. Educ. 2019, 96, 647—651. (p) Rosales Martinez, A.
Cp,TiCl is a useful reagent to teach multidisciplinary chemistry.
Educacion Quimica 2021, 32, 198—207.

(3) Magre, M,; Paffenholz, E.; Maity, B.; Cavallo, L.; Rueping, M.
Regiodivergent hydroboratibe ring opening of epoxides via selective
C-O bond activation. J. Am. Chem. Soc. 2020, 142, 14286—14294.

(4) (a) Pujitsu, H.; Shirahama, S.; Matsumura, E.; Takeshita, K;
Mochida, I. Catalytic hydrogenation of styrene oxide with cationic
rhodium complexes. J. Org. Chem. 1981, 46, 2287—2290. (b) Murruy,
S.; Nicholas, K. M.; Srivastava, R. S. Ruthenium (II) sulfoxidescata-
lyzed hydrogenolysis of glycols and epoxides. J. Mol Catal. A: Chem.
2012, 363—364. (c) Wylie, W. N. O.; Lough, A. J.; Morris, R. H. The
hydrogenation of molecules with polar bonds catalyzed by a
ruthenium(II) complex bearing a chelating N-heterocyclic carbene
with a primary amine donor. Chem. Commun. 2009, 46, 8240—8242.
(d) Yao, C.; Dahmen, T.; Gansiuer, A.; Norton, J. Anti-Markovnikov
alcohols via epoxide hydrogenation through cooperative catalysis.
Science 2019, 364, 764—767. (e) Liu, W.; Li, W.; Spannenberg, A.;
Junge, K.; Beller, M. Ironcatalysed regioselective hydrogenation of
terminal epoxides to alcohols under mild conditions. Nat. Catal. 2019,
2, 523—528. (f) Tadiello, L.; Gandini, T.; Stadler, B. H.; Tin, S.; Jiao,
H.; de Vries, J. G.; Pignataro, L.; Gennari, C. Regiodivergent reductive
opening of epoxides by catalytic hydrogenation promoted by a
(cyclopentadienone)iron complex. ACS Catal. 2022, 12, 235—246.

(5) For the synthesis of the less substituted alcohols, see reference
4d and references cited therein.

(6) Cuerva, J. M.; Campana, A. G.; Justicia, J.; Rosales, A.; oller-
Lépez, J. L.; Robles, R.; Cérdenas, D. J.; Bufiuel, E; Oltra, J. E. Water:
the ideal hydrogen-atom source in free-radical chemistry mediated by
Ti'" and other single-electron transfer metals? Angew. Chem., Int. Ed.
2006, 45, 5522—5526.

(7) (a) Rosales Martinez, A; Castro Rodriguez, M.; Rodriguez-
Garcia, L; Pozo Morales, L.; Rodriguez Maecker, R. N. Titanocene
dichloride: a new green reagent in organic chemistry. Chin. J. Catal.
2017, 38, 1659—1663. (b) Castro Rodriguez, M.; Rodriguez Garcia,
1; Rodriguez Maecker, R. N.; Pozo Morales, L.; Oltra, J. E.; Rosales
Martinez, A. Cp,TiCl: an ideal reagent for green chemistry? Org.
Process Res. Dev. 2017, 21, 911—923. (c) Rosales Martinez, A.; Pozo
Morales, L.; Diaz Ojeda, E.; Castro Rodriguez, M.; Rodriguez-Garcia,
L. The proven versatility of Cp,TiCl. . Org. Chem. 2021, 86, 1311—
1329.

(8) (a) Nugent, W. A; RajanBabu, T. V. Transition-metal-centered
radicals in organic synthesis. Titanium(III)-induced cyclization of
epoxy olefins. J. Am. Chem. Soc. 1988, 110, 8561—8562.
(b) RajanBabu, T. V.; Nugent, W. A. Intermolecular addition of

2714

epoxides to activated olefins: a new reaction. J. Am. Chem. Soc. 1989,
111, 4525—4527. (c) RajanBabu, T. V.; Nugent, W. A. Selective
Generation of Free Radicals from Epoxides Using a Transition-Metal
Radical. A Powerful New Tool for Organic Synthesis. J. Am. Chem.
Soc. 1994, 116, 986—997. (d) RajanBabu, T. V.; Nugent, W. A;
Beattie, M. S. Free radical-mediated reduction and deoxygenation of
epoxides. J. Am. Chem. Soc. 1990, 112, 6408—6409.

(9) Ramén, D. J.; Yus, M. In the arena of enantioselective synthesis
titanium complexes sear the laurel wreath. Chem. Rev. 2006, 106,
2126—2208.

(10) (a) Gansiuer, A.; Pierobon, M.; Bluhm, H. B. Catalytic, highly
regio- and chemoselective generation of radicals from epoxides:
titanocene dichloride as an electron transfer catalyst in transition
metal catalyzed radical reactions. Angew. Chem., Int. Ed. 1998, 37,
101—103. (b) Gansiuer, A.; Bluhm, H.; Pierobon, M. Emergence of a
novel catalytic radical reaction: titanocene-catalyzed reductive open-
ing of epoxides. J. Am. Chem. Soc. 1998, 120, 12849—12859.

(11) Q3C: Tables and List Guidance for Industry; U.S. Department
of Health and Human Services, FDA, 2017; https://www.fda.gov/
media/71737/download (accessed 2022-01-26).

(12) (a) Gansduer, A; Shi, L; Otte, M,; Huth, L; Rosales, A.;
Sancho-Sanz, I; Padial, N. M,; Oltra, J. E. Hydrogen atom donors:
recent developments. Top. Curr. Chem. 2011, 320, 93—120.
(b) Gansiuer, A.; Behlendorf, M.; Cangéniil, A.; Kube, C.; Cuerva,
J. M.; Friedrich, J.; van Gastel, M. H,O activation for hydrogen-atom
transfer: correct structures and revised mechanisms. Angew. Chem.,
Int. Ed. 2012, 51, 3266—3270.

[0 Recommended by ACS

Students’ Strategies, Struggles, and Successes with
Mechanism Problem Solving in Organic Chemistry: A
Scoping Review of the Research Literature

Amber J. Dood and Field M. Watts
NOVEMBER 15, 2022

JOURNAL OF CHEMICAL EDUCATION READ &

Priority and Selectivity Rules To Help Students Predict
Organic Reaction Mechanisms

David K. Smith.
FEBRUARY 06, 2023

JOURNAL OF CHEMICAL EDUCATION READ &

Integrating Authentic Research, Peer Learning, and High-
Impact Project Work into the General Chemistry Laboratory

Chelsea A. Barr, Destin W. Heilman, et al.
AUGUST 10, 2022

JOURNAL OF CHEMICAL EDUCATION READ &

Open Synthesis Network Research in an Undergraduate
Laboratory: Development of Benzoxazole Amide Derivatives
against Leishmania Parasite

Scott C. Faville, Andrea J. Vernall, et al.
MARCH 03, 2022

JOURNAL OF CHEMICAL EDUCATION READ &

Get More Suggestions >

https://doi.org/10.1021/acs.jchemed.2c00409
J. Chem. Educ. 2022, 99, 2710-2714


https://doi.org/10.1021/ed082p306?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ed082p306?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ed082p306?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ed082p1689?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ed082p1689?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ed100957v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ed100957v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ed2002175?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ed2002175?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ed400408k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ed400408k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ed5000394?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ed5000394?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ed5000394?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jchemed.5b00432?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jchemed.6b00672?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jchemed.7b00720?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jchemed.7b00720?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jchemed.7b00720?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jchemed.8b00619?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jchemed.8b00619?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jchemed.8b00619?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c05917?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c05917?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo00324a016?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo00324a016?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/c0cc02664f
https://doi.org/10.1039/c0cc02664f
https://doi.org/10.1039/c0cc02664f
https://doi.org/10.1039/c0cc02664f
https://doi.org/10.1126/science.aaw3913
https://doi.org/10.1126/science.aaw3913
https://doi.org/10.1038/s41929-019-0286-7
https://doi.org/10.1038/s41929-019-0286-7
https://doi.org/10.1021/acscatal.1c03549?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.1c03549?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.1c03549?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.200600831
https://doi.org/10.1002/anie.200600831
https://doi.org/10.1002/anie.200600831
https://doi.org/10.1016/S1872-2067(17)62894-8
https://doi.org/10.1016/S1872-2067(17)62894-8
https://doi.org/10.1021/acs.oprd.7b00098?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.0c01233?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00233a051?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00233a051?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00233a051?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00194a073?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00194a073?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00082a021?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00082a021?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00082a021?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00173a045?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00173a045?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr040698p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr040698p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/(SICI)1521-3773(19980202)37:1/2<101::AID-ANIE101>3.0.CO;2-W
https://doi.org/10.1002/(SICI)1521-3773(19980202)37:1/2<101::AID-ANIE101>3.0.CO;2-W
https://doi.org/10.1002/(SICI)1521-3773(19980202)37:1/2<101::AID-ANIE101>3.0.CO;2-W
https://doi.org/10.1002/(SICI)1521-3773(19980202)37:1/2<101::AID-ANIE101>3.0.CO;2-W
https://doi.org/10.1021/ja981635p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja981635p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja981635p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.fda.gov/media/71737/download
https://www.fda.gov/media/71737/download
https://doi.org/10.1007/128_2011_124
https://doi.org/10.1007/128_2011_124
https://doi.org/10.1002/anie.201107556
https://doi.org/10.1002/anie.201107556
pubs.acs.org/jchemeduc?ref=pdf
https://doi.org/10.1021/acs.jchemed.2c00409?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
http://pubs.acs.org/doi/10.1021/acs.jchemed.2c00572?utm_campaign=RRCC_jceda8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717509934&referrer_DOI=10.1021%2Facs.jchemed.2c00409
http://pubs.acs.org/doi/10.1021/acs.jchemed.2c00572?utm_campaign=RRCC_jceda8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717509934&referrer_DOI=10.1021%2Facs.jchemed.2c00409
http://pubs.acs.org/doi/10.1021/acs.jchemed.2c00572?utm_campaign=RRCC_jceda8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717509934&referrer_DOI=10.1021%2Facs.jchemed.2c00409
http://pubs.acs.org/doi/10.1021/acs.jchemed.2c00572?utm_campaign=RRCC_jceda8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717509934&referrer_DOI=10.1021%2Facs.jchemed.2c00409
http://pubs.acs.org/doi/10.1021/acs.jchemed.2c00572?utm_campaign=RRCC_jceda8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717509934&referrer_DOI=10.1021%2Facs.jchemed.2c00409
http://pubs.acs.org/doi/10.1021/acs.jchemed.2c00572?utm_campaign=RRCC_jceda8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717509934&referrer_DOI=10.1021%2Facs.jchemed.2c00409
http://pubs.acs.org/doi/10.1021/acs.jchemed.2c00572?utm_campaign=RRCC_jceda8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717509934&referrer_DOI=10.1021%2Facs.jchemed.2c00409
http://pubs.acs.org/doi/10.1021/acs.jchemed.2c00572?utm_campaign=RRCC_jceda8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717509934&referrer_DOI=10.1021%2Facs.jchemed.2c00409
http://pubs.acs.org/doi/10.1021/acs.jchemed.2c00572?utm_campaign=RRCC_jceda8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717509934&referrer_DOI=10.1021%2Facs.jchemed.2c00409
http://pubs.acs.org/doi/10.1021/acs.jchemed.2c00572?utm_campaign=RRCC_jceda8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717509934&referrer_DOI=10.1021%2Facs.jchemed.2c00409
http://pubs.acs.org/doi/10.1021/acs.jchemed.2c00572?utm_campaign=RRCC_jceda8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717509934&referrer_DOI=10.1021%2Facs.jchemed.2c00409
http://pubs.acs.org/doi/10.1021/acs.jchemed.2c00572?utm_campaign=RRCC_jceda8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717509934&referrer_DOI=10.1021%2Facs.jchemed.2c00409
http://pubs.acs.org/doi/10.1021/acs.jchemed.2c00572?utm_campaign=RRCC_jceda8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717509934&referrer_DOI=10.1021%2Facs.jchemed.2c00409
http://pubs.acs.org/doi/10.1021/acs.jchemed.2c00572?utm_campaign=RRCC_jceda8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717509934&referrer_DOI=10.1021%2Facs.jchemed.2c00409
http://pubs.acs.org/doi/10.1021/acs.jchemed.2c00572?utm_campaign=RRCC_jceda8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717509934&referrer_DOI=10.1021%2Facs.jchemed.2c00409
http://pubs.acs.org/doi/10.1021/acs.jchemed.2c00572?utm_campaign=RRCC_jceda8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717509934&referrer_DOI=10.1021%2Facs.jchemed.2c00409
http://pubs.acs.org/doi/10.1021/acs.jchemed.2c00572?utm_campaign=RRCC_jceda8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717509934&referrer_DOI=10.1021%2Facs.jchemed.2c00409
http://pubs.acs.org/doi/10.1021/acs.jchemed.2c00572?utm_campaign=RRCC_jceda8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717509934&referrer_DOI=10.1021%2Facs.jchemed.2c00409
http://pubs.acs.org/doi/10.1021/acs.jchemed.2c00572?utm_campaign=RRCC_jceda8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717509934&referrer_DOI=10.1021%2Facs.jchemed.2c00409
http://pubs.acs.org/doi/10.1021/acs.jchemed.2c00572?utm_campaign=RRCC_jceda8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717509934&referrer_DOI=10.1021%2Facs.jchemed.2c00409
http://pubs.acs.org/doi/10.1021/acs.jchemed.2c00572?utm_campaign=RRCC_jceda8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717509934&referrer_DOI=10.1021%2Facs.jchemed.2c00409
http://pubs.acs.org/doi/10.1021/acs.jchemed.2c00572?utm_campaign=RRCC_jceda8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717509934&referrer_DOI=10.1021%2Facs.jchemed.2c00409
http://pubs.acs.org/doi/10.1021/acs.jchemed.2c00572?utm_campaign=RRCC_jceda8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717509934&referrer_DOI=10.1021%2Facs.jchemed.2c00409
http://pubs.acs.org/doi/10.1021/acs.jchemed.2c00572?utm_campaign=RRCC_jceda8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717509934&referrer_DOI=10.1021%2Facs.jchemed.2c00409
http://pubs.acs.org/doi/10.1021/acs.jchemed.2c00572?utm_campaign=RRCC_jceda8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717509934&referrer_DOI=10.1021%2Facs.jchemed.2c00409
http://pubs.acs.org/doi/10.1021/acs.jchemed.2c00572?utm_campaign=RRCC_jceda8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717509934&referrer_DOI=10.1021%2Facs.jchemed.2c00409
http://pubs.acs.org/doi/10.1021/acs.jchemed.2c00572?utm_campaign=RRCC_jceda8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717509934&referrer_DOI=10.1021%2Facs.jchemed.2c00409
http://pubs.acs.org/doi/10.1021/acs.jchemed.2c00572?utm_campaign=RRCC_jceda8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717509934&referrer_DOI=10.1021%2Facs.jchemed.2c00409
http://pubs.acs.org/doi/10.1021/acs.jchemed.2c00572?utm_campaign=RRCC_jceda8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717509934&referrer_DOI=10.1021%2Facs.jchemed.2c00409
http://pubs.acs.org/doi/10.1021/acs.jchemed.2c00572?utm_campaign=RRCC_jceda8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717509934&referrer_DOI=10.1021%2Facs.jchemed.2c00409
http://pubs.acs.org/doi/10.1021/acs.jchemed.2c00572?utm_campaign=RRCC_jceda8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717509934&referrer_DOI=10.1021%2Facs.jchemed.2c00409
http://pubs.acs.org/doi/10.1021/acs.jchemed.2c00572?utm_campaign=RRCC_jceda8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717509934&referrer_DOI=10.1021%2Facs.jchemed.2c00409
http://pubs.acs.org/doi/10.1021/acs.jchemed.2c00572?utm_campaign=RRCC_jceda8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717509934&referrer_DOI=10.1021%2Facs.jchemed.2c00409
http://pubs.acs.org/doi/10.1021/acs.jchemed.2c00572?utm_campaign=RRCC_jceda8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717509934&referrer_DOI=10.1021%2Facs.jchemed.2c00409
http://pubs.acs.org/doi/10.1021/acs.jchemed.2c00572?utm_campaign=RRCC_jceda8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717509934&referrer_DOI=10.1021%2Facs.jchemed.2c00409
http://pubs.acs.org/doi/10.1021/acs.jchemed.2c00572?utm_campaign=RRCC_jceda8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717509934&referrer_DOI=10.1021%2Facs.jchemed.2c00409
http://pubs.acs.org/doi/10.1021/acs.jchemed.2c00572?utm_campaign=RRCC_jceda8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717509934&referrer_DOI=10.1021%2Facs.jchemed.2c00409
http://pubs.acs.org/doi/10.1021/acs.jchemed.2c00950?utm_campaign=RRCC_jceda8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717509934&referrer_DOI=10.1021%2Facs.jchemed.2c00409
http://pubs.acs.org/doi/10.1021/acs.jchemed.2c00950?utm_campaign=RRCC_jceda8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717509934&referrer_DOI=10.1021%2Facs.jchemed.2c00409
http://pubs.acs.org/doi/10.1021/acs.jchemed.2c00950?utm_campaign=RRCC_jceda8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717509934&referrer_DOI=10.1021%2Facs.jchemed.2c00409
http://pubs.acs.org/doi/10.1021/acs.jchemed.2c00950?utm_campaign=RRCC_jceda8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717509934&referrer_DOI=10.1021%2Facs.jchemed.2c00409
http://pubs.acs.org/doi/10.1021/acs.jchemed.2c00950?utm_campaign=RRCC_jceda8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717509934&referrer_DOI=10.1021%2Facs.jchemed.2c00409
http://pubs.acs.org/doi/10.1021/acs.jchemed.2c00950?utm_campaign=RRCC_jceda8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717509934&referrer_DOI=10.1021%2Facs.jchemed.2c00409
http://pubs.acs.org/doi/10.1021/acs.jchemed.2c00950?utm_campaign=RRCC_jceda8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717509934&referrer_DOI=10.1021%2Facs.jchemed.2c00409
http://pubs.acs.org/doi/10.1021/acs.jchemed.2c00950?utm_campaign=RRCC_jceda8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717509934&referrer_DOI=10.1021%2Facs.jchemed.2c00409
http://pubs.acs.org/doi/10.1021/acs.jchemed.2c00950?utm_campaign=RRCC_jceda8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717509934&referrer_DOI=10.1021%2Facs.jchemed.2c00409
http://pubs.acs.org/doi/10.1021/acs.jchemed.2c00950?utm_campaign=RRCC_jceda8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717509934&referrer_DOI=10.1021%2Facs.jchemed.2c00409
http://pubs.acs.org/doi/10.1021/acs.jchemed.2c00950?utm_campaign=RRCC_jceda8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717509934&referrer_DOI=10.1021%2Facs.jchemed.2c00409
http://pubs.acs.org/doi/10.1021/acs.jchemed.2c00950?utm_campaign=RRCC_jceda8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717509934&referrer_DOI=10.1021%2Facs.jchemed.2c00409
http://pubs.acs.org/doi/10.1021/acs.jchemed.2c00950?utm_campaign=RRCC_jceda8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717509934&referrer_DOI=10.1021%2Facs.jchemed.2c00409
http://pubs.acs.org/doi/10.1021/acs.jchemed.2c00950?utm_campaign=RRCC_jceda8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717509934&referrer_DOI=10.1021%2Facs.jchemed.2c00409
http://pubs.acs.org/doi/10.1021/acs.jchemed.2c00950?utm_campaign=RRCC_jceda8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717509934&referrer_DOI=10.1021%2Facs.jchemed.2c00409
http://pubs.acs.org/doi/10.1021/acs.jchemed.2c00950?utm_campaign=RRCC_jceda8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717509934&referrer_DOI=10.1021%2Facs.jchemed.2c00409
http://pubs.acs.org/doi/10.1021/acs.jchemed.2c00950?utm_campaign=RRCC_jceda8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717509934&referrer_DOI=10.1021%2Facs.jchemed.2c00409
http://pubs.acs.org/doi/10.1021/acs.jchemed.2c00950?utm_campaign=RRCC_jceda8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717509934&referrer_DOI=10.1021%2Facs.jchemed.2c00409
http://pubs.acs.org/doi/10.1021/acs.jchemed.2c00950?utm_campaign=RRCC_jceda8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717509934&referrer_DOI=10.1021%2Facs.jchemed.2c00409
http://pubs.acs.org/doi/10.1021/acs.jchemed.2c00950?utm_campaign=RRCC_jceda8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717509934&referrer_DOI=10.1021%2Facs.jchemed.2c00409
http://pubs.acs.org/doi/10.1021/acs.jchemed.2c00950?utm_campaign=RRCC_jceda8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717509934&referrer_DOI=10.1021%2Facs.jchemed.2c00409
http://pubs.acs.org/doi/10.1021/acs.jchemed.2c00950?utm_campaign=RRCC_jceda8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717509934&referrer_DOI=10.1021%2Facs.jchemed.2c00409
http://pubs.acs.org/doi/10.1021/acs.jchemed.2c00346?utm_campaign=RRCC_jceda8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717509934&referrer_DOI=10.1021%2Facs.jchemed.2c00409
http://pubs.acs.org/doi/10.1021/acs.jchemed.2c00346?utm_campaign=RRCC_jceda8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717509934&referrer_DOI=10.1021%2Facs.jchemed.2c00409
http://pubs.acs.org/doi/10.1021/acs.jchemed.2c00346?utm_campaign=RRCC_jceda8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717509934&referrer_DOI=10.1021%2Facs.jchemed.2c00409
http://pubs.acs.org/doi/10.1021/acs.jchemed.2c00346?utm_campaign=RRCC_jceda8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717509934&referrer_DOI=10.1021%2Facs.jchemed.2c00409
http://pubs.acs.org/doi/10.1021/acs.jchemed.2c00346?utm_campaign=RRCC_jceda8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717509934&referrer_DOI=10.1021%2Facs.jchemed.2c00409
http://pubs.acs.org/doi/10.1021/acs.jchemed.2c00346?utm_campaign=RRCC_jceda8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717509934&referrer_DOI=10.1021%2Facs.jchemed.2c00409
http://pubs.acs.org/doi/10.1021/acs.jchemed.2c00346?utm_campaign=RRCC_jceda8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717509934&referrer_DOI=10.1021%2Facs.jchemed.2c00409
http://pubs.acs.org/doi/10.1021/acs.jchemed.2c00346?utm_campaign=RRCC_jceda8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717509934&referrer_DOI=10.1021%2Facs.jchemed.2c00409
http://pubs.acs.org/doi/10.1021/acs.jchemed.2c00346?utm_campaign=RRCC_jceda8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717509934&referrer_DOI=10.1021%2Facs.jchemed.2c00409
http://pubs.acs.org/doi/10.1021/acs.jchemed.2c00346?utm_campaign=RRCC_jceda8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717509934&referrer_DOI=10.1021%2Facs.jchemed.2c00409
http://pubs.acs.org/doi/10.1021/acs.jchemed.2c00346?utm_campaign=RRCC_jceda8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717509934&referrer_DOI=10.1021%2Facs.jchemed.2c00409
http://pubs.acs.org/doi/10.1021/acs.jchemed.2c00346?utm_campaign=RRCC_jceda8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717509934&referrer_DOI=10.1021%2Facs.jchemed.2c00409
http://pubs.acs.org/doi/10.1021/acs.jchemed.2c00346?utm_campaign=RRCC_jceda8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717509934&referrer_DOI=10.1021%2Facs.jchemed.2c00409
http://pubs.acs.org/doi/10.1021/acs.jchemed.2c00346?utm_campaign=RRCC_jceda8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717509934&referrer_DOI=10.1021%2Facs.jchemed.2c00409
http://pubs.acs.org/doi/10.1021/acs.jchemed.2c00346?utm_campaign=RRCC_jceda8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717509934&referrer_DOI=10.1021%2Facs.jchemed.2c00409
http://pubs.acs.org/doi/10.1021/acs.jchemed.2c00346?utm_campaign=RRCC_jceda8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717509934&referrer_DOI=10.1021%2Facs.jchemed.2c00409
http://pubs.acs.org/doi/10.1021/acs.jchemed.2c00346?utm_campaign=RRCC_jceda8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717509934&referrer_DOI=10.1021%2Facs.jchemed.2c00409
http://pubs.acs.org/doi/10.1021/acs.jchemed.2c00346?utm_campaign=RRCC_jceda8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717509934&referrer_DOI=10.1021%2Facs.jchemed.2c00409
http://pubs.acs.org/doi/10.1021/acs.jchemed.2c00346?utm_campaign=RRCC_jceda8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717509934&referrer_DOI=10.1021%2Facs.jchemed.2c00409
http://pubs.acs.org/doi/10.1021/acs.jchemed.2c00346?utm_campaign=RRCC_jceda8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717509934&referrer_DOI=10.1021%2Facs.jchemed.2c00409
http://pubs.acs.org/doi/10.1021/acs.jchemed.2c00346?utm_campaign=RRCC_jceda8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717509934&referrer_DOI=10.1021%2Facs.jchemed.2c00409
http://pubs.acs.org/doi/10.1021/acs.jchemed.2c00346?utm_campaign=RRCC_jceda8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717509934&referrer_DOI=10.1021%2Facs.jchemed.2c00409
http://pubs.acs.org/doi/10.1021/acs.jchemed.2c00346?utm_campaign=RRCC_jceda8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717509934&referrer_DOI=10.1021%2Facs.jchemed.2c00409
http://pubs.acs.org/doi/10.1021/acs.jchemed.2c00346?utm_campaign=RRCC_jceda8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717509934&referrer_DOI=10.1021%2Facs.jchemed.2c00409
http://pubs.acs.org/doi/10.1021/acs.jchemed.2c00346?utm_campaign=RRCC_jceda8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717509934&referrer_DOI=10.1021%2Facs.jchemed.2c00409
http://pubs.acs.org/doi/10.1021/acs.jchemed.2c00346?utm_campaign=RRCC_jceda8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717509934&referrer_DOI=10.1021%2Facs.jchemed.2c00409
http://pubs.acs.org/doi/10.1021/acs.jchemed.2c00346?utm_campaign=RRCC_jceda8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717509934&referrer_DOI=10.1021%2Facs.jchemed.2c00409
http://pubs.acs.org/doi/10.1021/acs.jchemed.2c00346?utm_campaign=RRCC_jceda8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717509934&referrer_DOI=10.1021%2Facs.jchemed.2c00409
http://pubs.acs.org/doi/10.1021/acs.jchemed.2c00346?utm_campaign=RRCC_jceda8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717509934&referrer_DOI=10.1021%2Facs.jchemed.2c00409
http://pubs.acs.org/doi/10.1021/acs.jchemed.2c00346?utm_campaign=RRCC_jceda8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717509934&referrer_DOI=10.1021%2Facs.jchemed.2c00409
http://pubs.acs.org/doi/10.1021/acs.jchemed.2c00346?utm_campaign=RRCC_jceda8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717509934&referrer_DOI=10.1021%2Facs.jchemed.2c00409
http://pubs.acs.org/doi/10.1021/acs.jchemed.1c01213?utm_campaign=RRCC_jceda8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717509934&referrer_DOI=10.1021%2Facs.jchemed.2c00409
http://pubs.acs.org/doi/10.1021/acs.jchemed.1c01213?utm_campaign=RRCC_jceda8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717509934&referrer_DOI=10.1021%2Facs.jchemed.2c00409
http://pubs.acs.org/doi/10.1021/acs.jchemed.1c01213?utm_campaign=RRCC_jceda8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717509934&referrer_DOI=10.1021%2Facs.jchemed.2c00409
http://pubs.acs.org/doi/10.1021/acs.jchemed.1c01213?utm_campaign=RRCC_jceda8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717509934&referrer_DOI=10.1021%2Facs.jchemed.2c00409
http://pubs.acs.org/doi/10.1021/acs.jchemed.1c01213?utm_campaign=RRCC_jceda8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717509934&referrer_DOI=10.1021%2Facs.jchemed.2c00409
http://pubs.acs.org/doi/10.1021/acs.jchemed.1c01213?utm_campaign=RRCC_jceda8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717509934&referrer_DOI=10.1021%2Facs.jchemed.2c00409
http://pubs.acs.org/doi/10.1021/acs.jchemed.1c01213?utm_campaign=RRCC_jceda8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717509934&referrer_DOI=10.1021%2Facs.jchemed.2c00409
http://pubs.acs.org/doi/10.1021/acs.jchemed.1c01213?utm_campaign=RRCC_jceda8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717509934&referrer_DOI=10.1021%2Facs.jchemed.2c00409
http://pubs.acs.org/doi/10.1021/acs.jchemed.1c01213?utm_campaign=RRCC_jceda8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717509934&referrer_DOI=10.1021%2Facs.jchemed.2c00409
http://pubs.acs.org/doi/10.1021/acs.jchemed.1c01213?utm_campaign=RRCC_jceda8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717509934&referrer_DOI=10.1021%2Facs.jchemed.2c00409
http://pubs.acs.org/doi/10.1021/acs.jchemed.1c01213?utm_campaign=RRCC_jceda8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717509934&referrer_DOI=10.1021%2Facs.jchemed.2c00409
http://pubs.acs.org/doi/10.1021/acs.jchemed.1c01213?utm_campaign=RRCC_jceda8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717509934&referrer_DOI=10.1021%2Facs.jchemed.2c00409
http://pubs.acs.org/doi/10.1021/acs.jchemed.1c01213?utm_campaign=RRCC_jceda8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717509934&referrer_DOI=10.1021%2Facs.jchemed.2c00409
http://pubs.acs.org/doi/10.1021/acs.jchemed.1c01213?utm_campaign=RRCC_jceda8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717509934&referrer_DOI=10.1021%2Facs.jchemed.2c00409
http://pubs.acs.org/doi/10.1021/acs.jchemed.1c01213?utm_campaign=RRCC_jceda8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717509934&referrer_DOI=10.1021%2Facs.jchemed.2c00409
http://pubs.acs.org/doi/10.1021/acs.jchemed.1c01213?utm_campaign=RRCC_jceda8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717509934&referrer_DOI=10.1021%2Facs.jchemed.2c00409
http://pubs.acs.org/doi/10.1021/acs.jchemed.1c01213?utm_campaign=RRCC_jceda8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717509934&referrer_DOI=10.1021%2Facs.jchemed.2c00409
http://pubs.acs.org/doi/10.1021/acs.jchemed.1c01213?utm_campaign=RRCC_jceda8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717509934&referrer_DOI=10.1021%2Facs.jchemed.2c00409
http://pubs.acs.org/doi/10.1021/acs.jchemed.1c01213?utm_campaign=RRCC_jceda8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717509934&referrer_DOI=10.1021%2Facs.jchemed.2c00409
http://pubs.acs.org/doi/10.1021/acs.jchemed.1c01213?utm_campaign=RRCC_jceda8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717509934&referrer_DOI=10.1021%2Facs.jchemed.2c00409
http://pubs.acs.org/doi/10.1021/acs.jchemed.1c01213?utm_campaign=RRCC_jceda8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717509934&referrer_DOI=10.1021%2Facs.jchemed.2c00409
http://pubs.acs.org/doi/10.1021/acs.jchemed.1c01213?utm_campaign=RRCC_jceda8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717509934&referrer_DOI=10.1021%2Facs.jchemed.2c00409
http://pubs.acs.org/doi/10.1021/acs.jchemed.1c01213?utm_campaign=RRCC_jceda8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717509934&referrer_DOI=10.1021%2Facs.jchemed.2c00409
http://pubs.acs.org/doi/10.1021/acs.jchemed.1c01213?utm_campaign=RRCC_jceda8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717509934&referrer_DOI=10.1021%2Facs.jchemed.2c00409
http://pubs.acs.org/doi/10.1021/acs.jchemed.1c01213?utm_campaign=RRCC_jceda8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717509934&referrer_DOI=10.1021%2Facs.jchemed.2c00409
http://pubs.acs.org/doi/10.1021/acs.jchemed.1c01213?utm_campaign=RRCC_jceda8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717509934&referrer_DOI=10.1021%2Facs.jchemed.2c00409
http://pubs.acs.org/doi/10.1021/acs.jchemed.1c01213?utm_campaign=RRCC_jceda8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717509934&referrer_DOI=10.1021%2Facs.jchemed.2c00409
http://pubs.acs.org/doi/10.1021/acs.jchemed.1c01213?utm_campaign=RRCC_jceda8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717509934&referrer_DOI=10.1021%2Facs.jchemed.2c00409
http://pubs.acs.org/doi/10.1021/acs.jchemed.1c01213?utm_campaign=RRCC_jceda8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717509934&referrer_DOI=10.1021%2Facs.jchemed.2c00409
http://pubs.acs.org/doi/10.1021/acs.jchemed.1c01213?utm_campaign=RRCC_jceda8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717509934&referrer_DOI=10.1021%2Facs.jchemed.2c00409
http://pubs.acs.org/doi/10.1021/acs.jchemed.1c01213?utm_campaign=RRCC_jceda8&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717509934&referrer_DOI=10.1021%2Facs.jchemed.2c00409
https://preferences.acs.org/ai_alert?follow=1

