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Christopher M. Kane 
Vaksalagatan 55, Apt 1407, Uppsala, Sweden 75331, +46708463348 (chemist.kane@gmail.com) 
  
OBJECTIVE 

Seeking a laboratory research position in Materials Science/Synthetic Chemistry and 
characterization.  

 
HIGHLIGHTS 

§ Extensive experience in synthetic (organic/inorganic) and physical organic chemistry. 
Specifically, skill in performing a variety of reaction types (cross-couplings, 
photochemical, catalytic) in purification techniques (Recrystallization, chromatography, 
distillation), and knowledge in handling and using gases (inert, toxic, and/or flammable).  
Mastery in standard characterization techniques (NMR, IR/ATR, UV-Vis, GC-MS, EA, 
Raman). 

§ High proficiency in single crystal (SCXRD) and powder (PXRD) X-ray diffraction 
techniques. Expertise: in crystal growth, data collection, twinning, structure refinement, 
and CIF file preparation (>800 crystal structures collected, ~75 in CSD). Experience in 
general x-ray diffractometer operation (synchrotron – ALS, Diamond Light Source) and 
maintenance (APEX DUO, D8).  PXRD experience: transmission (capillary) or reflection 
(Bragg-Bentano, zero background discs). 

§ Experience in the characterization and study of materials. Specifically, thermogravimetric 
analysis (TGA/tandem TGA-MS), differential scanning calorimetry (DSC), and an 
Autosorb sorption analyzer. 

§ Proficiency with MSOffice (Word, Powerpoint, Excel), chemical drawing (Chemdraw), 
imaging (Canvas, POV-RAY) programs, X-ray crystallography software (SHELX, X-
Seed, Jade, Platon, enCIFer, Mercury, pubCIF) and databases (Cambridge Structural 
Database, FIZ/NIST Inorganic Crystal Structure Database). 

§ Experience in teaching and advising younger scientists in the laboratory (NSF-REU, ACS 
Project SEED program, MChem students), specifically in instrument operation, materials 
analysis, and safe lab practices.  Tutored and taught lab sections for general chemistry 
and organic chemistry (2 semesters each). 

§ Proficiency in developing flow chemistry syntheses towards organic intermediates and 
target compounds.  

 
EDUCATION 

§ Ph.D. in Chemistry (Synthetic Organic and Materials), Georgetown University, August 
2015 (GPA 3.5) Advisor: Professor K. Travis Holman, Thesis title: “Crystalline Organic 
Cavitands as Microcavity Materials.” 

§ M.S., Organic Chemistry, University of North Carolina at Charlotte, May 2009 (GPA 
4.0) Advisor: Professor Markus Etzkorn, Thesis title: “Glycoluril-Derived Fluorinated 
Molecular Tweezers for Host-Guest Association Studies.”  

§ B.S., Organic Chemistry, James Madison University, May 2007, Advisor: Professor Scott 
Lewis, Research Project: “The Synthesis of 1-Hexylcyclobutene for Synthetic Studies 
With Difluorocarbene.”  
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RESEARCH AND WORK EXPERIENCE 
May 2019-Present, Uppsala University (Postdoctoral Research Associate) 
§ Developed flow chemistry syntheses for the production of pyrrole from biomass for 

implementation into paper batteries. 
January 2016-April 2019, University of Liverpool (Postdoctoral Research Associate) 
§ Engineered and developed organic tectons with strong, directional extended bonding for 

crystallographic studies and fruitful materials properties (in conjunction with 
computational collaborators on Crystal Structure Prediction).   

August 2009-August 2015, Georgetown University 
§ Synthesized organic cavitand materials and characterized them using standard 

spectroscopic techniques and analyzed their materials properties for use in gas storage 
and separations applications. 

June 2007-June 2009, University of North Carolina – Charlotte 
§ Synthesized molecular tweezer derivatives for application in supramolecular chemistry; 

furnished fluorinated naphthalenes to expand the scope of Bergman cyclization reactivity. 
September 2005-May 2007, James Madison University 
§ Synthesized cyclobutene derivatives towards m-difluorinated benzenes as potential 

pathways for the synthesis and development of novel pharmaceutical compounds. 
 
AWARDS & DISTINCTIONS 

§ 2013 Ludo Frevel Crystallography Scholarship from the International Centre For 
Diffraction Data ($2,500). Topic – “Low Packing Fraction Crystalline Cavitands 
Exhibiting Molecule Sized Cavities.” The committee selected 13 of 69 applications for 
the Scholarship Program. http://www.icdd.com/resources/awards/frevelwinner.htm#2013 

§ International Research Fellowship Award (2) from the University of California – 
Santa Barbara (UCSB) [Fall 2012 ($5,000) and Fall 2010 ($2,000)]. These fellowships 
support research visits to non-US labs for graduate students and postdocs from US 
institutions. Fostered a collaboration with Dr. Len Barbour at the University of 
Stellenbosch, South Africa. http://www.icmr.ucsb.edu/programs/exchange.html 

§ 2012 Bruker AXS/MIT Symposium Poster Prize Award, Boston, MA (2012 Motto – 
Metal-Organic Frameworks). This is an annual event for chemists and crystallographers 
alike. A qualified group of judges awards one poster with the Bruker/MIT Poster Prize 
($500). http://web.mit.edu/pmueller/www/BMIT2012/content/D7C_2870_cs4_large.html 

§ 2008 Thomas D. Walsh Graduate Research Fellowship, UNC-Charlotte.  The 
Chemistry Department at UNCC presents this most prestigious fellowship to recognize 
outstanding graduate research. (RA/tuition support - $15,500).  

§ 2008 UNCC Graduate Research Fair, 1st Prize (Oral Presentation). Topic - “Glycoluril-
based Molecular Tweezers for Host-Guest Association Studies”.  The Graduate Research 
Fair recognizes excellent research in all graduate disciplines. ($300) 

§ 2006 Research Experience for Undergraduates (REU) awardee, James Madison 
University. The REU program supports active research participation by undergraduate 
students funded by the National Science Foundation (w/ Dr. Scott B. Lewis). 
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PATENTS 
§ Holman, K. T.; Kane, C. M. Cavitand Compositions and Methods of Use Thereof, US 

Patent Appl. 61/799,037, March 15, 2013. 
 
PUBLICATIONS 

9. Brekalo, I.; Deliz, D.; Kane, C. M.; Friščućm T.; Holman, K. T. “Exploring the Scope of 
Macrocyclic ‘Shoe-last’ Templates in the Mechanochemical Synthesis of RHO Topology 
Zeolitic Imidazolate Frameworks.” Molecules 2020, Just Accepted. 

8. Brekalo, I.; Kane, C. M.; Ley, A. N.; Ramirez, J. R.; Friščić, T.; Holman, K. T. “Use of a 
‘Shoe-last’ Solid-State Template in the Mechanochemical Synthesis of High-Porosity 
RHO-Zinc Imidazolate.” J. Am. Chem. Soc. 2018, 140, 10104-10108. 
https://pubs.acs.org/doi/pdfplus/10.1021/jacs.8b05471 

7. Pulido, A.; Chen, L.; Kaczorowski, T.; Holden, D.; Little, M. A.; Chong, S. Y.; Slater, B. 
J.; McMahon, D. P.; Bonillo, B.; Stackhouse, C. J.; Stephenson, A.; Kane, C. M.; 
Clowes, R.; Hasell, T.; Cooper, A. I.; Day. G. M. “Functional materials discovery using 
energy-structure-function maps.” Nature 2017, 543, 657-664. 
http://www.nature.com/nature/journal/vaop/ncurrent/full/nature21419.html 

6. Ramirez, J. R.; Yang, H.; Kane, C. M.; Ley, A. N.; Holman, K. T. “Reproducible 
Synthesis and High Porosity of mer-Zn(Im)2 (ZIF-10): Exploitation of an Apparent 
Double-Eight Ring Template.” J. Am. Chem. Soc. 2016, 138, 12017-12020. 
http://pubs.acs.org/doi/abs/10.1021/jacs.6b06375 

5. Kane, C. M.; Banisafar, A.; Dougherty, T. P.; Barbour, L. J.; Holman, K. T. 
“Enclathration and Confinement of Small Gases by the Intrinsically 0D Porous Molecular 
Solid, Me,H,SiMe2.” J. Am. Chem. Soc. 2016, 138, 4377-4392. 
http://pubs.acs.org/doi/abs/10.1021/jacs.5b11395 

4. Kane, C. M., Ugono, O.; Barbour, L. J.; Holman, K. T. “Many Simple Molecular 
Cavitands are Intrinsically Porous (Zero-Dimensional Pore) Materials” Chem. Mater. 
2015, 27, 7337-7354. 
http://pubs.acs.org/doi/abs/10.1021/acs.chemmater.5b02972 

3. Joseph, A. I.; Lapidus, S. H.; Kane, C. M.; Holman, K. T. “Extreme Confinement of 
Xenon by Cryptophane-111 in the Solid State.” Angew. Chem. Int. Ed. 2014, 54, 1471. 

 http://onlinelibrary.wiley.com/doi/10.1002/anie.201409415/abstract 
2. Kane, C. M.; Meyers, T. B.; Yu, X.; Gerken, M.; Etzkorn, M. “Bergman Cyclization of 

Fluorinated Benzo-Fused Enediynes to Naphthalene Derivatives: Syntheses and 
Structures.” Eur. J. Org. Chem. 2011, 2969-2980.  
http://onlinelibrary.wiley.com/doi/10.1002/ejoc.201001747/abstract 

1. Kane, C. M.; Drake, S. D.; Holman, K. T. “2-[4-(2,6-Dimethoxyphenyl)butyl]-1,3-
dimethoxybenzene” Acta Cryst. 2010, E66, o1921. 

In Preparation 
§ Kane, C. M.; Ley, A. N.; Barbour, L. J.; Holman, K. T. “Rare Gas Permselectivity as 

Monitored by in situ Diffraction Analysis of a Dynamically 0D Porous Molecular 
Crystal.” 

§ Kane, C. M.; Banisafar, A.; Dougherty, T. P.; Holman, K. T. “A 0D Porous Cavitand 
Exhibits High CH3Cl:CH3OCH3 Enclathration Selectivity.” 

§ Kane, C. M.; Tammela, P.; Lindh, J. “Flow Chemistry Synthesis of Pyrrole from 
Biomass-Derived Furfural”. 
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PRESENTATIONS 
§ C. M. Kane, Pulido, A.; Little, M. A.; McMahon, D. P.; Day, G.; Cooper, A. I. “Using 

Energy-Structure-Function Maps to Predict Low-Density Solids.” (Oral Presentation), 
MOF2018 – Auckland, New Zealand – December 2018 

§ C. M. Kane, K. Travis Holman “Crystalline Organic Cavitands As Microcavity 
Materials.” (Poster), 2014 ACS Midwest Regional Meeting, University of Missouri - 
Columbia – November 2014 

§ C. M. Kane, K. Travis Holman “Crystalline Organic Cavitands Towards Microcavity 
Materials.” (Selected Student Oral Presentation), Northeast Corridor Zeolite Association, 
Philadelphia, PA – December 2012 

§ C. M. Kane, A. Banisafar, T. P. Dougherty, K. Travis Holman “Guest-Free Cavitands: 
Low Packing-Fraction Materials.” (1st Place Poster), 2012 Bruker AXS/MIT 
Symposium  Meeting, Boston, MA – February 2012 

§ C. M. Kane, A. Banisafar, T. P. Dougherty, L. J. Barbour, K. T. Holman: “Guest-Free 
Cavitands: Low Packing-Fraction Materials.” (Poster), 243rd ACS National Meeting, 
San Diego, CA – March 2012 

§ C. M. Kane, K. T. Holman: “Guest-Free Cavitands: Low Packing-Fraction Materials.” 
(Oral Presentation), 2011 ACA Meeting, New Orleans, LA – June 2011 (Travel Award) 

§ C. M. Kane, M. Etzkorn: “Glycoluril-based Molecular Tweezers for Host-Guest 
Association Studies” (Oral Presentation), 2008 Graduate Research Fair, UNCC (1st place) 

§ C. M. Kane, D. T. Nguyen, M. Etzkorn: “Glycoluril-based Fluorinated Molecular 
Tweezers – Toward Extended Pincer Units” (Poster), 235th ACS National Meeting, New 
Orleans, LA – April 2008 

§ C. M. Kane, S. B. Lewis: “The synthesis of 1-hexylcyclobutene for synthetic studies with 
difluorocarbene” (Oral Presentation), 21st National Conference For Undergraduate 
Research, San Rafael, CA - April 2007  

§ C. M. Kane, S. B. Lewis: “The synthesis of 1-hexylcyclobutene for synthetic studies with 
difluorocarbene” (Poster), 233rd ACS National Meeting, Chicago, IL – March 2007 
 

REFERENCES 
§ Dr. Jonas Lindh, Uppsala University, +46 18 471 3073, Jonas.lindh@angstrom.uu.se 
§ Dr. K. Travis Holman, Georgetown University, +1 202 687 4027, kth7@georgetown.edu  
§ Dr. Len Barbour, University of Stellenbosch, +27 21 808 3355, ljb@sun.ac.za 
§ Dr. Markus Etzkorn, UNC-Charlotte, +1 704 687 1468, metzkorn@uncc.edu 
§ Dr. Marc Little, University of Liverpool, +44 151 795 7139, M.A.Little@liverpool.ac.uk 
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PUBLICATION HIGHLIGHTS 
 
Brekalo, I.; Kane, C. M.; Ley, A. N.; Ramirez, J. R.; Friščić, T.; Holman, K. T. “Use of a ‘Shoe-
last’ Solid-State Template in the Mechanochemical Synthesis of High-Porosity RHO-Zinc 
Imidazolate.” J. Am. Chem. Soc. 2018, 140, 10104-10108. 

 
Abstract: We report the first use of a 
nonionic solid (NIS) as a template in 
mechanosynthesis of a metal–organic 
framework. Through eight intermolecular 
C–H···O hydrogen bonds, the 
macrocyclic MeMeCH2 template 
predictably functions as a “shoe-last” for the 
assembly of double-eight rings in the liquid-
assisted reaction of ZnO and imidazole 
(ImH). The resulting new form of 
ZnIm2 (namely xMeMeCH2@RHO-
Zn16Im32) is available in multigram 
amounts, highly porous, and thermally 
stable. 

 
 
 
Pulido, A.; Chen, L.; Kaczorowski, T.; Holden, D.; Little, M. A.; Chong, S. Y.; Slater, B. J.; 
McMahon, D. P.; Bonillo, B.; Stackhouse, C. J.; Stephenson, A.; Kane, C. M.; Clowes, R.; 
Hasell, T.; Cooper, A. I.; Day. G. M. “Functional materials discovery using energy-structure-
function maps.” Nature 2017, 543, 657-664. 
 

Abstract: Molecular crystals cannot be 
designed in the same manner as macroscopic 
objects, because they do not assemble 
according to simple, intuitive rules. Their 
structures result from the balance of many 
weak interactions, rather than from the strong 
and predictable bonding patterns found in 
metal–organic frameworks and covalent 
organic frameworks. Hence, design strategies 
that assume a topology or other structural 
blueprint will often fail. Here we combine 
computational crystal structure prediction and 
property prediction to build energy–structure–
function maps that describe the possible 
structures and properties that are available to a 
candidate molecule. Using these maps, we 
identify a highly porous solid, which has the 

lowest density reported for a molecular crystal so far. Both the structure of the crystal and its physical properties, 
such as methane storage capacity and guest-molecule selectivity, are predicted using the molecular structure as the 
only . input. More generally, energy–structure–function maps could be used to guide the experimental discovery of 
materials with any target function that can be calculated from predicted crystal structures, such as electronic 
structure or mechanical properties. 
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qualitative indication of the likely experimental stability of interesting, 
low-density forms.

We also probed the influence of solvent on the T2 energy landscape 
to understand why porous polymorphs are formed instead of the dense 
and non-porous predicted global-minimum structure. Solvent stabili-
zation calculations were performed on the four observed polymorphs, 
T2-α , T2-β , T2-γ  and T2-δ , plus two other leading-edge structures, 
using Monte Carlo and lattice-energy-minimization methods (Fig. 5c, 
Supplementary Figs 25, 26). Simulations with both DMSO and DMAc 
show that the four observed polymorphs are energetically favoured over 
the global-minimum predicted structure when the channels are fully 
solvated, explaining why porous networks crystallize from solution in 
preference to a dense, non-porous phase.

ESF maps predict an ultra-low-density solid
The existence of T2-γ  and the electrostatic stabilization that we calcu-
lated for this material (Supplementary Figs 5, 6) suggests the possibility 
of designing molecular crystals with even higher porosity levels. The 
energy landscape for the extended pentiptycene molecule, P2, did not 
predict the existence of any competitive structures with densities lower 
than that of T2-γ . For example, P2-A (Fig. 2d) has a higher predicted 
density (0.559 g cm−3) than T2-γ . We therefore calculated the crystal- 
energy landscape for a hypothetical extended form of T2, T2E (Fig. 6a). 
This landscape again contains distinct low-energy spikes, as for T2 and 
P2, and a leading-edge structure was identified (T2E-α , Fig. 6b) that 
has a predicted density of just 0.303 g cm−3 and hexagonal pore chan-
nels with diameters of 2.83 nm. T2E-α  is isostructural to T2-γ  (Fig. 6c) 
and it is located 44.7 kJ mol−1 above the predicted global-minimum 
structure (T2E-B). Comparison with T2-γ , which lies 47.8 kJ mol−1 
above its predicted global minimum, suggested that T2E-α  might also 
be stabilized by solvent inclusion. We therefore devised a synthetic route 
to T2E (Supplementary Information, Supplementary Fig. 27) and grew 
crystals of this material from DMF/acetone and DMSO/CHCl3, yield-
ing the predicted T2E-α  phase as a solvate (Fig. 6d). Preliminary stud-
ies suggest that T2E-α  can be prepared as a bulk, phase-pure solvate  
(Supplementary Fig. 27) with 2.8-nm hexagonal pore channels. This is 
the largest pore size observed for any molecular organic crystal so far, 
including intrinsically mesoporous organic cages33. We predict that 
T2E-α  will have remarkable properties, if scaled up and successfully 

desolvated in the bulk; for example, it should have high volumetric 
and gravimetric deliverable capacities for hydrogen (43.8 kg m−3 and 
14.5 wt%, respectively) assuming gas storage at 100 bar and 77 K and 
gas delivery at 5 bar and 160 K. Unlike all of the other molecules studied 
here, T2E has a predicted global-minimum structure, T2E-B (Fig. 6b, c),  
that is predicted to be highly porous (1,141 m2 g−1). We therefore 
anticipate that T2E might be resistant to loss of porosity, so long as it 
remains crystalline, which is not obvious from the molecular structure 
in isolation.

Outlook
In summary, we have demonstrated the power of ESF maps for the 
computationally led discovery of new materials, in this case guiding 
us to three new porous polymorphs of a known molecule, T2, each of 
which has different physical properties, plus an ultra-low-density form 
of a new molecule, T2E-α . It is challenging for computers to gener-
ate abstract chemical design hypotheses or rules of thumb that might 
be intuitive to chemists, such as the principle that an equal number of 
hydrogen-bond donors and acceptors makes imidazolones better than 
imides for open-framework generation. ESF maps therefore open the 
door to more autonomous computer-aided materials design schemes in 
the future, for example, in which a computational algorithm evolves a set 
of candidate molecules, perhaps chosen initially using human knowl-
edge, and selects for energetically favourable candidates with superior 
function that emerge from the resulting dynamic molecular library. This 
mapping approach is not limited to porous materials, but could find 
wider use in the discovery of functional solids, particularly as we expand 
our ability to calculate other physical properties from structure.

Online Content Methods, along with any additional Extended Data display items and 
Source Data, are available in the online version of the paper; references unique to 
these sections appear only in the online paper.

Received 3 June 2016; accepted 20 January 2017. 
Published online 22 March 2017.

1. Lewis, D. W., Willock, D. J., Catlow, C. R. A., Thomas, J. M. & Hutchings, G. J.  
De novo design of structure-directing agents for the synthesis of microporous 
solids. Nature 382, 604–606 (1996).

2. Oganov, A. R. et al. Ionic high-pressure form of elemental boron. Nature 457, 
863–867 (2009).
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Figure 6 | Predicted and experimental structures and properties for 
T2E. a, Extended benzimidazolone analogue of T2, T2E. b, CSP energy–
density plot. c, Selected structures for T2E, drawn from the leading edge 

of the energy–density landscape: T2E-α , T2E-A and the global-minimum 
structure, T2E-B. d, Overlay of predicted (red) and experimental (blue) 
structures for T2E-α . ESF maps for T2E are shown in Supplementary Fig. 28.

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.
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Ramirez, J. R.; Yang, H.; Kane, C. M.; Ley, A. N.; Holman, K. T. “Reproducible Synthesis and 
High Porosity of mer-Zn(Im)2 (ZIF-10): Exploitation of an Apparent Double-Eight Ring 
Template.” J. Am. Chem. Soc. 2016, 138, 12017-12020. 
 
Abstract: Reproducible synthesis of the 
elusive merlinoite (mer) topology of zinc 
imidazolate (mer-Zn(Im)2, or ZIF-10) has 
been achieved by employing a simple 
macrocyclic solute—MeMeCH2—as a 
kinetic template. The corresponding phase-
pure material, mer-MeMeCH2@Zn16(Im)32, 
is confirmed to be porous and exhibits one of 
the highest experimental surface areas (1893 
m2/g, BET) yet reported for any ZIF. The X-
ray single crystal structure of mer-
MeMeCH2@Zn16(Im)32·xsolvent reveals the 
role of the macrocyle as an 8-fold hydrogen 
bond acceptor in templating the requisite 
double-eight rings (d8r) of the mer framework. 
 
 
Kane, C. M.; Banisafar, A.; Dougherty, T. P.; Barbour, L. J.; Holman, K. T. “Enclathration and 
Confinement of Small Gases by the Intrinsically 0D Porous Molecular Solid, Me,H,SiMe2.” J. 
Am. Chem. Soc. 2016, 138, 4377-4392. 
 
Abstract: The stable, guest-free crystal form 
of the simple molecular cavitand, 
Me,H,SiMe2, is shown to be intrinsically 
porous, possessing discrete, zero-
dimensional (0D) pores/microcavities of 
about 28 Å3. The incollapsible 0D pores of 
Me,H,SiMe2 have been exploited for the 
enclathration and room temperature (and 
higher) confinement of a wide range of small 
gases. Over 20 isostructural 
x(gas/guest)@Me,H,SiMe2 (x ≤ 1) clathrates 
(guest = H2O, N2, Ar, CH4, Kr, Xe, C2H4, 
C2H6, CH3F, CO2, H2S, CH3Cl, CH3OCH3, CH2Br, CH2SH, CH3CH2Cl, CH2Cl2, CH3I, CH3OH, BrCH2Cl, 
CH3CH2OH, CH3CN, CH3NO2, I2), and a propyne clathrate (CH3CCH@Me,H,SiMe2·2CHCl3), have been prepared 
and characterized, and their single crystal structures determined. Gas enclathration is found to be highly selective for 
gases that can be accommodated by the predefined, though slightly flexible 0D pore. The structure determinations 
provide valuable insight, at subangstrom resolution, into the factors that govern inclusion selectivity, gas 
accommodation, and the kinetic stability of the clathrates, which has been probed by thermal gravimetric analysis. 
The activation (emptying) of several clathrates (guest = H2O, N2, CO2, Kr, CH3F) is shown to occur in a single-
crystal-to-single-crystal (SC → SC) fashion, often requiring elevated temperatures. Akin to open pore materials, 
water vapor and CO2 gas are shown to be taken up by single crystals of empty Me,H,SiMe2 at room temperature, 
but sorption rates are slow, occurring over weeks to months. Thus, Me,H,SiMe2 exhibits very low, but measurable, 
gas permeability, despite there being no obvious dynamic mechanism to facilitate gas uptake. The unusually slow 
exchange kinetics has allowed the rates of gas (water vapor and CO2) sorption to be quantified by single crystal X-
ray diffraction. The data are well fit to a simple three-dimensional diffusion model. 
 
 



Page 7 of 8 

Kane, C. M.; Ugono, O.; Barbour, L. J.; Holman, K. T. “Many Simple Molecular Cavitands Are 
Intrinsically Porous (Zero-Dimensional Pore) Materials.” Chem. Mater. 2015, 27, 7337-7354. 

  
Abstract: Guest-free crystal structures of eight related small molecule cavitands (Scheme 1; simplified 
nomenclature: R,R’,Y) are reported.  The compounds are studied as candidate discrete molecule microcavity 
materials (DMMMs) under the hypothesis that, due to their rigid bowl-like molecular structures, many cavitands 
ought to be incapable of efficient crystal packing in pure form.  Emphasis is placed on the engineering of structures 
that exhibit uniform microcavities that are large enough to potentially accommodate small molecules of interest 
(e.g., gases or volatile organic compounds) without necessitating a change in host crystal packing.  The guest-free 
structures of several cavitands—namely, H,H,CH2, H,Me,CH2, a-Me,H,CH2, Me,Me,CH2, b-Br,Me,CH2, 
Me,Et,CH2, Me,Et,SiMe2 , and Me,i-Bu,CH2—appear to be as-close-packed-as-possible, yet exhibit relatively 
large microcavities (or, zero-dimensional pores) in the range of 27-115 Å3.  Except for Me,Et,CH2, the 
microcavities generally involve the intrinsic cavitand molecular cavity, yet the ultimate size and shape of cavities are 
also strongly influenced by crystal packing.  It is suggested that these DMMMs may be particularly suited to the 
formation of stable gas clathrates and may find application in small molecule separations and/or gas storage.  It is 
demonstrated that some cavitand solvates, namely CH2Cl2@H,Me,CH2, xH2O@Me,Et,SiMe2 , and CH2Cl2@Me,i-
Bu,CH2  (84:16 rccc:rcct) maintain host packings that are more or less identical to their empty, intrinsically porous 
host phases.  Crystals of x(H2O)@Me,Et,SiMe2 are dehydrated in a single-crystal-to-single-crystal fashion and are 
therefore permeable to water.  The structures and thermal properties of several other new cavitand solvates are also 
reported.   
 
Joseph, A. I.; Lapidus, S. H.; Kane, C. M.; Holman, K. T. “Extreme Confinement of Xenon by 
Cryptophane-111 in the Solid State.” Angew. Chem. Int. Ed. 2015, 54, 1471-1475. 
 

 
Abstract: Solids that sorb, capture and/or store the heavier noble gases are of interest because of their potential for 
transformative rare gas separation/production, storage, or recovery technologies. Herein, we report the isolation, 
crystal structures, and thermal stabilities of a series of xenon and krypton clathrates of (±)-cryptophane-111 (111). 
One trigonal crystal form, Xe@111·y(solvent) (1,2-dichloroethane), is exceptionally stable, retaining xenon at 
temperatures of up to about 300°C (above). The high kinetic stability is attributable not only to the high xenon 
affinity and cage-like nature of the host, but also to the crystal packing of the clathrate, wherein each window of the 
molecular container is blocked by the bridges of adjacent containers, effectively imprisoning the noble gas in the 
solid state. The results highlight the potential of discrete molecule materials exhibiting intrinsic microcavities or 
zero-dimensional pores.  
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C. M. Kane, T. B. Meyers, X. Yu, M. Gerken, M. EtzkornFULL PAPER

Figure 5. Thermal ellipsoid plot of 6f; thermal ellipsoids are drawn
at the 50% probability level.

has not yet been applied to fluorinated benzo-enediyne pre-
cursors, although a few reports by Alabugin et al. provide
calculated data on the ortho-effect of fluorine substituents
on the Bergman cyclization[26] of selected substrates, includ-
ing fluoro-diethynylbenzene.[27] Furthermore, the cycliza-
tion of tetrafluoro-o-diethynyl benzene to the correspond-
ing p-benzyne intermediate was discussed in the context of
a rehybridization model, establishing a mechanistic rela-
tionship between the Bergman cyclization and the Cope re-
arrangement.[27]

An initial comparison of the thermal reactivities of the
ten crystalline fluorinated benzo-enediynes 6a, 6c–f, 7a, and
7c–f by differential scanning calorimetry (DSC) is rather
inconclusive: All compounds display a sharp endothermic
peak for the melting transition at temperatures below
130 °C, but differ in their behaviour at higher temperatures.
Only compounds 6c, 6d, 6f, 7c and 7d display exothermic
peaks, whereas all other derivatives show endothermic
events. A possible explanation for compounds 6d and 6f is
that only diols can complete the naphthalene formation as
the corresponding p-benzyne intermediate abstracts two hy-
drogen atoms from the hydroxy groups.

The cyclization reactions were carried out safely in a
Biotage Initiator microwave reactor on a 100-mg scale, as
reaction temperature and pressure were continuously moni-
tored throughout each run. Typically, ortho-dichloroben-
zene was employed as a solvent, although the diol sub-
strates (6c, 6d, 7c, 7d) required a co-solvent (ethanol). As a
hydrogen atom source 1,4-cyclohexadiene was used in a
100-fold excess, typically leading to pressures between 10–
12 atm within the reaction vial at the target temperature.
As discussed in a previous communication on a microwave-
assisted Bergman cyclization,[28] and as now accepted for
microwave-assisted reactions in general,[29] no “special
microwave effects” could be observed.

The methyl- and hydroxymethyl-substituted benzo-en-
ediynes 6a, 6d, 7a and 7d delivered the corresponding fluo-
rinated naphthalene target compounds 11a, 11d, 12a and
12d in good yields, whereas the sterically more demanding
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propyl-terminated substrates 6b and 7b proceed more
slowly to yield rather complex, product-containing mixtures
(GC/MS) (Table 3). The enediynes 6c, 6e, 7c and 7e with
bulky alkyne termini did – expectedly – not yield any naph-
thalene products and showed only marginal conversion to
other, unidentified products or complete conversion to
complex product mixtures (NMR, GC/MS). In either case,
we could neither isolate products forming through alterna-
tive cyclization pathways, such as the Schmittel cyclization,
nor find unequivocal spectroscopic evidence for any of the
latter. Although the short terminal alkyne distance d2 of 7e
in the solid state might suggest a facile Bergman cyclization,
we want to emphasize that the corresponding structure in
solution will most likely differ and, furthermore, that steric
hindrance of two bulky substituents in the adjacent 6- and
7-position of the naphthalene 12f prevents the cyclization.
Although this latter argument certainly applies to enediyne
precursors 6c and 7c it is quite noteworthy that Zaleski et
al. demonstrated the feasibility of a Bergman cyclization for
an isopropyl-terminated benzo-enediyne substructure in a
porphyrin derivative, though at low conversion rates.[30]

Conversely, the diphenyl substrates 6f and 7f displayed only
5–10 % conversion to complex mixtures that did not reveal
the desired naphthalene target compounds. This observa-
tion is in accordance with an earlier report on the Bergman
cyclization of the non-fluorinated parent compound, o-bis-
(phenylethynyl)benzene, yielding only small amounts of the
corresponding naphthalene products with a 2,3-, 2,4- and
4,4-diphenyl substitution pattern.[31]

Table 3. Fluorinated naphthalene derivatives from benzo-enediyne
precursors by Bergman cyclization.

M. p. DSC onset temp. Conv. Product (yield)
[°C][a] [°C][b] [%][c] [%][d]

6a 50–52 146 (endothermic) 50 11a (85)
6b oil 140 (endothermic) 90 11b[e]

6d[f] 116–118 157 (exothermic) 100 11d (87)
7a 102–103 124 (endothermic) 30 12a (90)
7b oil 118 (endothermic) 70 12b[e]

7d[f] 117–118 185 (exothermic) 100 12d (82)

[a] Uncorrected melting points. [b] DSC data were determined in
an aluminium pan without addition of a hydrogen atom donor;
DSC onset temperatures for 6c, 6e, 6f, 7c, 7e and 7f are reported
in the experimental section; see also Table S2 and S3. [c] To avoid
an increase in tarry materials the reactions were not always driven
to completion. [d] The reported yields refer to isolated products
and are based on the converted starting materials. [e] The naphtha-
lene derivatives could not be purified from these reaction mixtures,
though GC/MS and NMR spectra of the crude products clearly
demonstrated their formation. [f] Ethanol was required as a co-
solvent.
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Table 1. Synthesis of fluorinated benzo-enediynes.

Entry Arene Alkyne Enediyne Yield [%]

1[a] 1 3a 6a 82
2[a] 1 3b 6b 71
3[a] 1 3c 6c 78
4[a] 1 3d 6d 62[b]

5[a] 1 3e 6e 55[b]

6[a] 1 3f 6f 84
7 2 3a 7a 88
8 2 3b 7b 75
9 2 3c 7c 85
10 2 3d 7d 67[b]

11 2 3e 7e 60[b]

12 2 3f 7f 89

[a] PPh3 added. [b] Significant amount of the homocoupling prod-
uct observed.

derivatives 3a–f were optimized along typical protocols[18]

and delivered the target compounds in moderate to good
yields. The reaction was monitored by 19F NMR spec-
troscopy and the intermediate mono-coupling products 4
(5) were typically not isolated, but identified by 19F NMR
spectroscopy (see Table S1 in the Supporting Information).

Table 2. Crystallographic and selected structural data for fluorinated benzo-enediynes, 6d, 6f, 7a, 7d, 7e, and 7f.

6e 6f 7a 7d 7e 7f

Empirical formula C16H16F2O2 C22H12F2 C12H6F4 C12H6F4O2 C16H14F4O2 C22H10F4
Formula weight 278.29 314.32 226.17 258.17 314.27 350.30
Temperature [K] 153 153 153 153 153 153
Color colorless colorless colorless pale yellow colorless colorless
Crystal size [mm3] 0.37!0.24!0.18 0.52!0.21!0.13 0.74!0.35!0.23 0.40!0.24!0.16 0.45!0.26!0.22 0.37!0.34!0.18
Crystal system, space
group monoclinic, P21/n triclinic P1̄ monoclinic, P21/n monoclinic, P21/c monoclinic, P21/n monoclinic, P21/n
a [Å] 10.5054(9) 10.8565(8) 4.8440(14) 13.2228(13) 8.1949(8) 5.8800(4)
b [Å] 34.005(3) 11.6626(9) 15.649(5) 4.7997(5) 16.3693(16) 26.2507(18)
c [Å] 38.611(3) 14.0043(11) 13.196(4) 17.8967(18) 11.2676(11) 10.6188(7)
α [°] 90 82.1400(10) 90 90 90 90
β [°] 96.7930(10) 75.6010(10) 90.645(3) 109.9190(10) 100.5770(10) 99.2450(10)
γ [°] 90 69.9130(10) 90 90 90 90
Volume [Å3] 13696(2) 1610.4(2) 1000.2(5) 1067.87(19) 1485.8(3) 1617.76(19)
Z 36 4 4 4 4 4
ρcalcd [mgm–3] 1.215 1.296 1.502 1.606 1.405 1.438
R1

[a] [I"2σ(I)] 0.0588 0.0376 0.0605 0.0299 0.0334 0.0365
R1

[a] (all) 0.1171 0.0533 0.0784 0.0348 0.0406 0.0414
wR2

[b] [I"2σ(I)] 0.1385 0.0943 0.1967 0.0830 0.0971 0.0978
wR2

[b] (all) 0.1652 0.1035 0.2119 0.0864 0.0910 0.1014
Largest diff. peak/ 0.55/–0.52 0.20/–0.19 0.35/–0.31 0.25/–0.19 0.28/–0.17 0.27/–0.19
hole [eÅ–3]
d1

[c] [Å] 2.785(3) to 2.8446(18)/ 2.921(3) 2.9192(16) 2.8153(16) 2.8909(17)
2.899(3) 2.8519(18)

d2
[c] [Å] 3.665(3) to 3.9871(19)/ 4.281(4) 4.2298(17) 3.6822(16) 4.1491(18)

4.211(3) 3.9967(19)
|φ|[d] [°] 0.1(3) to 2.4(3) 1.72(17)/4.78(16) 1.4(4) 3.69(16) 3.04(13) 4.26(16)

[a] R1 is defined as Σ||Fo| – |Fc||/Σ|Fo|. [b] wR2 is defined as [Σ[w(Fo
2 – Fc

2)2]/Σw(Fo
2)2]1/2. [c] The distances d1 and d2 are defined in Table 1. [d]

The dihedral angle φ is defined as the angle between the four acetylenic carbon atoms.
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The homo-coupling of alkyne 3 to the corresponding diyne,
though observed, did only diminish the yields of the alcohol
derivatives 6d,e (7d,e). The eight benzo-enediynes 6a–f and
7a–f were isolated by column chromatography, and all com-
pounds, with the exception of the two oily products 6b and
7b, were further purified by recrystallization and obtained
as colorless or slightly beige crystals, typically as long need-
les.

The 1H, 13C, and 19F NMR spectroscopic data of the
fluorinated benzo-enediynes 6 and 7 in CDCl3 solutions re-
flect the C2v symmetry of the di- and tetrafluorobenzo-en-
ediyne subunit in solution. The 1H NMR spectra of 6a–f
show apparent triplets for the arene units, and the expected
signals for the groups in the terminal acetylene position;
compounds 7a–f display only the latter. The 13C{1H} NMR
spectra contain coupling information to 19F for all aromatic
carbon atoms. The 19F NMR spectra show apparent triplets
for 6a–f and the expected AA#XX# multiplet patterns for
the tetrafluoro derivatives 7a–f.

The UV/Vis spectra of compounds 6a–e and the tetra-
fluoro derivatives 7a–e display the same electronic transi-
tions (see Figures S7 and S8 in the Supporting Infor-
mation), showing a strong absorption at 230 nm with a
shoulder or an additional peak at shorter wavelengths, two
transitions at 260 and 270 nm, as well as a broad absorption
with poorly resolved vibrational fine-structure at approxi-
mately 300 nm. The UV/Vis spectra of both diphenylethynyl
derivatives 6f and 7f (see Figures S7 and S8 in the Support-
ing Information) are nearly identical with that of the non-
fluorinated parent compound, 1,2-bis(phenylethynyl)ben-
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