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Abstract 

Total Synthesis of a [5,5] Nanotube End-cap 

Edward A. Jackson 

Dissertation Advisor: Dr. Lawrence T. Scott 

 

Carbon nanotubes are theorized to possess many extraordinary properties.  To a 

certain extent, these properties have been demonstrated using the products of current 

nanotube growth technologies; however, the specific characteristics of distinct nanotube 

topographies remain untapped on the industrial scale.  Carbon vaporization and “flame” 

methods produce mixtures of various nanotube chiralities and diameters.  Although 

progress has been made, separation techniques are limited.  Currently, organic synthesis 

and subsequent elongation of a select hydrocarbon template is the only approach that 

promises significant access to specific nanotube topographies without the need for 

separation. 

 Chapter 1: An overview, explanation, and justification for our work. 

 Chapter 2: A historical perspective on the synthesis of corannulene followed by 

an account of our contributions and improvements to its already diverse chemistry. 

 Chapter 3: Our first attempt at a [5,5] carbon nanotube end-cap via the synthesis 

of aryl-Heck type sulfonate precursors.  A novel route to indenocorannulene. 

 Chapter 4: The first total synthesis of pentaindenocorannulene by way of 

pentakis(o-chlorophenyl)corannulene.  Utilization of N-heterocyclic carbene ligands 

toward demanding Suzuki cross-couplings, and a methodological study of the aryl-Heck 



type reaction, including the successful implementation of microwaves as an alternative 

source of reaction energy.  We also present results from our attempts to obtain a [5,5] 

nanotube end-cap from the transformation of pentaindenocorannulene. 

 Chapter 5: The total synthesis of a [5,5] nanotube end-cap via the pyrolysis of 

pentakis(2,6-dichlorophenyl)corannulene.  We present various Suzuki and Negishi 

conditions for the synthesis of challenging pentakis(dichlorophenyl)corannulenes, and 

our fruitful efforts to transform these molecules into a [5,5] nanotube end-cap using flash 

vacuum pyrolysis and our previously established aryl-Heck type conditions.  The 

synthesis is followed by our work towards the characterization of this [5,5] template, 

resulting in the discovery of some interesting properties. 

 Chapter 6: Synthesis and attempted isolation of pentacorannulenylcorannulene, 

followed by our efforts to convert this species into a [10,10] nanotube end-cap.
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1.1  Introduction to Carbon Nanotubes 

 Although they had been observed and even identified as early as 1952,1 carbon 

nanotubes were popularized significantly by S. Iijima in 1991,2 six years after the 

discovery of their spherical fullerene counterparts (buckyballs) by Smally, Kroto and 

Curl in 1985.3  Carbon nanotubes exhibit a number of extraordinary and potentially 

useful mechanical and electronic properties.4  At half the density of aluminum, they have 

an astonishing tensile strength5, 6  and resilience, high thermal stability (up to 750 °C in 

air), and heat dissipation properties surpassing that of diamond.4a  Furthermore, since all 

carbon nanotube topographies are either metallic or semiconducting, they have a strong 

potential to aid in the development of new electronic devices.  Given these properties, it 

is not difficult to justify research into the synthesis of carbon nanotubes.  Moreover, it is 

likely that each different grade of carbon nanotube products, obtained by various 

methods, will be best suited to a particular technological application, based on the 

specific properties and associated cost of production. 

                                                 
1 Monthioux M.; Kuznetsov V. L. Carbon 2006, 44, 1621-1623. 
2 Iijima, S. Nature 1991, 354, 56-58. 
3 Kroto, H. W.; Heath, J. R.; O'Brien, S. C.; Curl, R. F.; Smalley, R. E. Nature 1985, 318, 162-3. 
4 a) Collins, P. G.; Avouris, P. Sci. Am. 2000, 62-69; b) Paradise M.; Goswami T. Materials and Design 
2007, 28, 1477-1489. 
5 There is evidence that carbon nanotube impregnation was responsible for the legendary quality of 
Damascus steel: Reibold, M.; Paufler, P.; Levin, A. A.; Kochmann, W.; Paetzke, N.; Meyer, D. C. Nature 
2006, 444, 286. 
6 With the discovery of carbon nanotubes, the space elevator has taken a step away from science fiction and 
toward the realm of the possible.  It is likely that a space elevator cable would use single walled nanotubes 
as opposed to multi-walled tubes due to concerns that the inner and outer shells are not coupled 
sufficiently.  While nanotubes are theoretically light enough and strong enough, their successful 
implementation will most likely rely on improved methods of production that can increase selectivity and 
dramatically decrease the incidence of defects: a) Yildirim, T.; Gulseren, O.; Kilic, C.; Ciraci, S. Physical 
Review B: Condensed Matter and Materials Physics 2000, 62, 12648-12651; b) Pugno, N. M. Journal of 
Physics: Condensed Matter 2006, 18, S1971-S1990. 
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 Current methods, such as arc discharge, chemical vapor deposition (CVD), laser 

ablation, and flame methods, make it possible to obtain carbon nanotubes in large 

quantities.4b, 7  An apparatus developed by Howard et al. for the flame synthesis of carbon 

nanotubes is depicted in Figure 1-1.  Unfortunately, these “brute force methods” produce 

carbon nanotubes as mixtures of many different diameters and chiralities. 

 

Figure 1-1.  Apparatus for the flame synthesis of carbon nanotubes7 

 

 

                                                 
7 For flame methods see Height, M. J.; Howard, J. B.; Tester, J. W.; Vander Sande, J. B. Carbon  2004,  42,  
2295-2307.  A company called Nano-C was founded on this technology.  See http://www.nano-
c.com/nanotubes.html accessed on 9/22/08. 
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1.2  Nomenclature 

 Nanotube nomenclature (diameter and chirality) is defined using a coordinate 

system with two vectors n and m, which are overlaid onto a graphite sheet as depicted in 

Figure 1-2.8  Zigzag nanotubes are defined as having (n,m) where m = 0, whereas 

armchair nanotubes have (n,m) where m = n.  These topographies are named with regard 

to the path of the carbons around the circumference of a given tube.9  When m ≠ n or 0, 

the nanotube is chiral.  Examples of each designation are included in Figure 1-3.  Note 

the highlighted circumference at the top edge of each tube. 

    

(0,0) (1,0) (2,0) (3,0) (4,0)

(5,2)

(5,3)

(5,4)

(5,1)

(5,0)

(5,5)

zigzag

armchair 

Figure 1-2.  Coordinate system for nanotube nomenclature 

                                                 
8 a) Wildoer, J. W. G.; Venema, L. C.; Rinzier, A. G.; Smalley, R. E.; Dekker, C. Nature 1998, 391, 59-62. 
b) Ormsby J. L.; King B. T. J. Org. Chem. 2004, 69, 4287-91. 
9 In other words, armchair nanotubes exhibit an armchair pattern around the circumference of the nanotube, 
whereas the carbons of zigzag nanotubes make a zigzag pattern around the circumference. 

(n,m) 
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Figure 1-3.  Examples of zigzag, armchair and chiral carbon nanotubes 

 Existing methods of carbon nanotube generation result in mixtures of varying 

diameter and chirality (and often produce nanotubes bearing a significant number of 

defects).  Currently, there is no method that can synthesize one specific nanotube 

topography in bulk quantities.  Efforts to separate nanotube mixtures have met with 

limited success.10 

                                                 
10 a) Zheng, M.; Jagota, A.; Strano, M. S.; Santos, A. P.; Barone, P.; Chou, S. G.; Diner, B. A.; 
Dresselhaus, M. S.; Mclean, R. S.; Onoa, G. B.; Samsonidze, G. G.; Semke, E. D.; Usrey, M.; Walls, D. J. 
Science 2003, 302, 1545-1548; b) Krupke, R.; Hennrich, F.; Loehneysen, H. V.; Kappes, M, M. Science 
2003, 301, 344-347; c) Chattopadhyay, D.; Galeska, I.; Papadimitrakopoulos, F. J. Am. Chem. Soc. 2003, 
125, 3370-3375. 

   

   

Zigzag Armchair Chiral 
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1.3  A Synthetic Organic Approach 

 One of the major objectives in the Scott lab is to generate macroscopic quantities 

of uniform carbon nanotubes.  We plan to accomplish this goal by synthesizing molecules 

that might act as templates for the growth of nanotubes with a specific diameter and 

chirality.  Figure 1-4 portrays two possible approaches: a hemisphere and a belt.  

Although efforts toward belts have been made in our lab,11 recent progress has been 

focused on end-cap targets.  Some current objectives in the Scott lab are displayed in 

Figure 1-5.  The work detailed herein will focus on efforts to generate the [5,5] and 

[10,10] nanotube end-caps.   

 

Figure 1-4.  Buckybowl (left) and buckybelt (right) 
                                                 
11 a) St. Martin-Davis H.  M. Ph.D. Dissertation, Boston College: Chestnut Hill, MA, 2002; b) Brooks, M. 
A. Ph.D. Dissertation, Boston College: Chestnut Hill, MA, 1998. 
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Figure 1-5.  Current nanotube end-cap targets 

It should be possible to apply preexisting nanotube growth methods such as CVD 

to our synthetic targets.  The general growth process is represented in Figure 1-6 

(acetylene is displayed as the carbon feedstock).  Work toward this goal is ongoing in our 

lab.12  If each [5,5] endcap, for example, were extended to a mere 1 mm in length, we 

would be able to grow an astonishing 1.59 kg of nanotubes, all with uniform diameter 

and chirality, from only 1 mg of this hydrocarbon template.13  This fact gives our 

approach inherent scalability.  A number of groups share our general objective: to 

                                                 
12 Unpublished work of E. Fort. 
13 Theoretical bond length value for a [5,5] nanotube (1.430 Å) taken from: Budykam, M. F.; Zyubina T. 
S.; Ryabenko, A. G.; Lin, S. H.; Mebel, A. M. Chem. Phys Lett. 2005, 407, 266-271.  From this value, and 
some simple trigonometry, the mass per length for a [5,5] nanotube is determined and used to solve for the 
theoretical yield, 1.59 kg. 

(10,10) 

(6,6) 

(5,5) 

(6,6) 
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synthesize these or comparable nanotube templates and apply them to uniform carbon 

nanotube growth.14 

This is a planar
representation of a hemispherical

[5,5] nanotube end-cap. H2 is lost during
this process to regenerate the aromaticity.

H H

H2

H2H2

H2

 

                        

Figure 1-6.  Depiction of proposed nanotube growth

                                                 
14 a) Yao, T.; Yu, H.; Vermeij, R. J.; Bodwell, G. J. Pure and Applied Chemistry 2008, 80, 533-546; b)  
Hughes, T. S. Abstracts of Papers, 236th ACS National Meeting, Philadelphia, PA, United States, August 
17-21, 2008; c) Rim, K. T.; Siaj, M.; Xiao, S.; Myers, M.; Carpentier, V. D.; Liu, L.; Su, C.; Steigerwald, 
M. L.; Hybertsen, M. S.; McBreen, P. H.; Flynn, G. W.; Nuckolls, C. Angew. Chem. Int. Ed. 2007, 46, 
7891-7895. 
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2.1  Introduction 

 Corannulene (2.1) is a natural stepping stone for much of the research conducted 

in the Scott lab (Figure 2-1). 

 Figure 2-1. Corannulene  

Retrosynthetic analysis of many of our curved polycyclic aromatic hydrocarbon (PAH) 

targets, including almost all of our carbon nanotube end-cap objectives to date, reveals 

corannulene as an invaluable building block (Figure 2-2). 

 

 

Figure 2-2.  Ubiquitous nature of the corannulene core in curved PAHs: [10,10] 
nanotube end-cap (2.2), [6,6] nanotube end-cap (2.3), and [5,5] nanotube end-cap (2.4) 
 

2.1 

2.4 2.3 2.2 
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 In order for a PAH composed of 6-membered rings to have curvature, it is 

necessary for one or more 5-membered rings to be internally incorporated.1  Additionally, 

according to the isolated pentagon rule, the lowest energy isomer of a given curved PAH 

will not have two 5-membered rings adjacent to one another.2  It is no surprise then that 

corannulene, which bears one curvature inducing, completely isolated 5-membered ring, 

will be prevalent in larger curved PAH fragments. 

2.2  A Short History of Corannulene Synthesis 

 The first total synthesis of corannulene (2.1) was reported by Barth and Lawton in 

a 1966 communication.  A full paper was published by the same group in 1971.3  This 

powerful work was followed by a pause of approximately twenty years, until 1991 when 

the Scott lab published a shortened procedure, making corannulene significantly more 

accessible.4  This protocol proceeded through the initial construction of a fluoranthene 

core, a retrosynthetic strategy that remains the most commonly used approach for the 

formation of corannulene (Scheme 2-1).5  There have been relatively few protocols 

                                                 
1 By closely inspecting the famed geodesic domes of Buckminster Fuller (from whom the classification 
“fullerene” is derived), this geometrical phenomenon can be macroscopically observed. 
2 (a) Kroto, H. W. Nature 1987, 329, 529; (b) Coulombeau, C.; Rassat. A. J. Chim. Phys. 1991, 88, 665. 
3 (a) Barth, W. E.; Lawton, R. G. J. Am. Chem. Soc. 1966, 88, 380-381; (b) Barth, W. E.; Lawton, R. G. J. 
Am. Chem. Soc. 1971, 93, 1730-1745. 
4 Scott, L. T.; Hashemi, M. M.; Meyer, D. T.; Warren H. B. J. Am. Chem. Soc. 1991, 113, 7082-7084. 
5 (a) Scott, L.T.; Hashemi, M.M.; Bratcher, M.S. J. Am. Chem. Soc. 1992, 114, 1920-1921; (b) Borchardt, 
A.; Fuchicello, A.; Kilway, K. V.; Baldridge, K. K.; Siegel, J, S. J. Am. Chem. Soc. 1992, 113, 7082-7083; 
(c) Liu, C.Z.; Rabideau, P.W. Tetrahdron Lett. 1996, 37, 3437-3440; (d) Scott, L. T.; Cheng, P.; Hashemi, 
M. M.; Bratcher, M. S.; Meyer, D. T.; Warren H. B. J. Am. Chem. Soc. 1997, 119, 10963-10968; (e) 
Knölker, H.; Braier, A.; Bröcher, D. J.; Jones, P. G.; Piotrowski, H. Tetrahedron Lett, 1999, 40, 8075-8078; 
(f) Sygula, A.; Rabideau, P. W. J. Am. Chem. Soc. 1999, 121, 7800-7803.; (g) Seiders, T. J.; Elliott, E. L.; 
Grube, G. H.; Siegel, J. S. J. Am. Chem. Soc. 1999, 121, 7804-7813; (h) Sygula, A.; Rabideau, P. W. J. Am. 
Chem. Soc. 2000, 122, 6323-6324.; (i) Sygula, A.; Xu, G.; Marcinow, Z.; Rabideau, P. W. Tetrahedron 
2001, 57, 3637-3640. 
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published since 1991 that do not follow this analysis.6  Furthermore, flash vacuum 

pyrolysis (FVP), as used in Scott’s 1991 publication, has become an established tool for 

the incorporation of curvature/strain in the synthesis of corannulene.  Only the most 

recent publications by Siegel and Rabideau et al. have bypassed this technique in favor of 

solution phase methods.5f, g, h, i 

 

R R

RR

FVP

Scheme 2-1. General Retrosynthetic Strategy for Corannulene

 

 

To our knowledge, no new route to corannulene has been published since 2001.  

This is not altogether surprising considering that corannulene was already available in 

gram quantities via multiple pathways by the turn of the century.7  Nevertheless, since 

1997,5d our group has continued in a varying capacity to explore new and improved 

strategies toward this invaluable molecule.8  One recent improvement was demonstrated 

by J. Rose, a former master’s student in the Scott group.8b  Through the appropriate use 

of a Weinreb amide intermediate (2.5), his formal total synthesis of corannulene 

circumvents the weaknesses of two protocols previously developed in our lab (Scheme 2-

2).   

                                                 
6 (a) Zimmermann, G.; Nuechter, U.; Hagen, S.; Nuechter, M. Tetrahedron. Lett. 1994, 35, 4747-4750; (b) 
Mehta, G.; Panda, G. Tetrahedron. Lett., 1997, 38, 2145-2148. 
7 Tsefrikas, V. M.; Scott, L. T. Chem. Rev. 2006, 106, 4868-4884. 
8 (a) Bancu, M. Ph.D. Dissertation, Boston College: Chestnut Hill, MA, 2004; (b) Rose, J. M.S. Thesis, 
Boston College: Chestnut Hill, MA, 2007; (c) Unpublished undergraduate work of Christopher Pavlow and 
Mikhial Silk; (d) Unpublished graduate work of Dorin Preda and Brian Steinberg; (e) Unpublished 
postdoctoral work of Dr. James Mack. 

2.1 
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Most of the work described herein was carried out using a somewhat updated 

version of the Scott group’s 1997 route.  Changes and additions to this pathway are 

detailed in the thesis of Mihail Bancu.8a  Regardless of the synthesis used, the availability  

of corannulene has permitted plenty of time and opportunity for the study of its reactivity. 

O O

O O

OOO

+ O O

OOO
O

O

O

O

O O

OOO

+

OOO
OO

3 Steps

5 Steps

2 Steps

Scott, L. T. J. Am. Chem. Soc. 1997, 119, 10963-10968.

Unpublished postdoctoral work of Dr. James Mack.

O

N

O

N OONew formal synthesis:
Master's Thesis of Jonathan Rose

88% yield over two steps

Scheme 2-2. Newly Developed Formal Total Synthesis of Corannulene

 

There is a direct correlation between corannulene’s accessibility and the 

practicality of studying its reactivity.  Although the topic is too expansive to cover here, 

many applicable protocols have now been explored in our lab9 and elsewhere.10  It has 

been necessary for me to synthesize and functionalize corannulene as a prerequisite to my 

                                                 
9 (a) Preda, D. Ph.D. Dissertation, Boston College: Chestnut Hill, MA, 2001; (b) Cheng, P. Ph.D. 
Dissertation, Boston College: Chestnut Hill, MA, 2006. 
10 For an excellent review see Wu, Y.; Siegel, J. S. Chem. Rev. 2006, 106, 4843-4867. 

2.5 
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own research objectives.  Additionally, I have had the privilege of participating in a 

number of collaborative efforts requiring corannulene and/or various functionalized 

derivatives of corannulene.11  Though my experience with corannulene functionalization 

has been mostly unoriginal, a number of noteworthy results have been obtained. 

2.3  Results and Discussion 

2.3.1  Improvements in the Efficiency of Corannulene Halogenation 

 Halogens serve as excellent handles for metal-mediated bond forming reactions 

such as Suzuki, Heck, Negishi, Stilli, Kumada, Hiyama and Ullmann cross-couplings.  

For this reason, protocols have been explored for the halogenation of corannulene.9b  

Some examples of halocorannulenes commonly prepared and employed in the Scott lab 

are displayed in Figure 2-3. 

 

Br

Br

Br

Br

Br

Cl

Cl

Cl

Cl

Cl

Figure 2-3. Commonly Employed Halogenated Corannulenes  

                                                 
11 (a) Aprahamian, I.; Eisenberg, D.; Hoffman, R. E.; Sternfeld, T.; Matsuo, Y.; Jackson, E. A.; Nakamura, 
E.; Scott, Lawrence T.; Sheradsky, T.; Rabinovitz, M. J. Am. Chem. Soc. 2005, 127, 9581-9587; (b) 
Sevryugina, Y.; Rogachev, A. Y.; Jackson, E. A.; Scott, L. T.; Petrukhina, M. A. J. Org. Chem. 2006, 71, 
6615-6618; (c) Petrukhina, M. A.; Sevryugina, Y.; Jackson, E. A.; Scott, L. T. Organometallics 2006, 25, 
5492-5495; (d) Petrukhina, M. A.; Sevryugina, Y.; Rogachev, A. Y..; Jackson, E. A.; Scott, L. T. Angew. 
Chem. Int. Ed. 2006, 118, 7366-7368; (e) Eisenberg, D.; Filatov, A.; Jackson, E. A.; Rabinovitz, M.; 
Petrukhina, M. A.; Scott, L. T.; Shenhar, R. J. Org. Chem. ASAP; (f) Unpublished work. 

2.6 2.8 2.7 
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 In order to make progress toward our synthetic goals, it has been necessary to 

generate pentachlorocorannulene (2.6) continuously using the protocol established by P. 

Cheng9b and updated by Mihail Bancu.8a  Chlorinated corannulene side-products were 

always collected from this process and saved (a good practice when in doubt about the 

value of any unanticipated or unusable product).  As this material accumulated, finding 

an efficient method for its reduction back to the parent hydrocarbon became an 

increasingly appealing objective.  With increased reaction times, we found that the 

protocol employed by Rabideau et al. to completely reduce tetrabromocorannulene (2.8) 

was adequate for reducing the chlorinated material.5i  We were able, through this method, 

to regain much of the original corannulene, effectively increasing the yield of Cheng and 

Bancu’s five-fold symmetric chlorination protocol from 37% to approximately 56% in 

only one round of recycling (reduction of chlorinated side-products followed by 

resubjection to the chlorination conditions).12  If one is to consider third and even fourth 

iterations of this oxidation/reduction process it becomes clear that 1) the increase in yield 

is significant and 2) in order to conserve time and recources, the recycling process should 

be carried out only when a large amount of chlorinated side-product is available. 

Regardless of the synthesis used to make corannulene, one will need to convert it 

to pentachlorocorannulene in order to effectively cross couple in a five-fold symmetric 

manner.  It is likely (especially in light of the work detailed in Chapters 4 and 5) that 

pentachlorocorannulene will not be replaced as a handle for further reactivity in the near 

                                                 
12 It should be noted that the author has not been able to obtain the 67% yield recorded in P. Cheng’s 
thesis9b (pg 98).  Furthermore the recorded quantity of pentachlorocorannulene obtained does not match the 
associated yield (144.8 mg 2.6 from 100 mg corannulene would be a 86% yield).  M. Bancu records a yield 
of 40% for this reaction. 
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future.  In cases where 2.6 is a synthetic intermediate, the net increase in yield can be 

considered as a significant improvement in the overall process efficiency. 

 

2.3.2  Chlorocorannulene 

Incomplete reduction of chlorinated corannulene materials results in small 

quantities of the previously unattained monochlorocorannulene (2.9) as an impurity.  In 

cases where we plan to resubmit the recycled corannulene to chlorination conditions, 

small amounts of 2.9 are of no concern.  We therefore find it reasonable to cut back on 

the length of the reaction.  Occasionally, it has been necessary to obtain analytically pure 

corannulene.  Depending on availability, it was sometimes easiest to obtain these samples 

by performing very careful separation on corannulene material containing the 

monochloro- impurity.  Careful chromatography resulted in the isolation of a small 

amount of monochlorocorannulene from the more abundant corannulene.  Samples of 2.9 

were saved in dichloromethane, and X-ray quality crystals were accidentally obtained by 

slow evaporation.  Crystal packing for 2.9 is displayed in Figure 2-4. 

 

Figure 2-4.  Monochlorocorannulene crystal packing showing 50% chlorine occupancy 
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 Like corannulene, monochlorocorannulene (2.9) does not bowl-invert inside the 

crystal lattice.13  Once it is locked in place 2.9 becomes a fully chiral molecule.  When 

considering this phenomenon we are reminded of 1,1-binaphthyl which has been found to 

crystallize in an optically pure manner (some crystals are composed of only the R-

rotational isomer, and others are composed of the S-antipode).14  To our knowledge, 

monochlorocorannulene does not seem to exhibit this very interesting phenomenon, at 

least not under the crystallization conditions used.  In Figure 2-4, one can see that the 

chlorine is evenly dispersed over two different occupancies in the crystal.  Though 

monobromocorannulene is much more common in our lab, a crystal structure of this 

compound has not been obtained.  The same is true for alkylated corannulenes such as 

monomethylcorannulene (2.21).  It would be interesting to see if either of these 

substituents, having a larger van der Waals radii than chlorine, would influence the 

packing energy enough to induce the predicted spontaneous resolution phenomenon. 

 

2.3.3  Pentaiodocorannulene: The Aromatic Finklestein Reaction 

Relative to brominated or iodinated materials, chlorinated aromatics are generally 

easier to obtain, but more resistant to chemical transformations (including the metal-

mediated cross-coupling protocols).15  The first step in the catalytic cycle of these 

                                                 
13 X-ray crystal structure of corannulene obtained by Barth and Lawton.3b  For information on corannulene 
bowl inversion see Scott, L.T.; Hashemi, M. M.; Bratcher, M. S. J. Am. Chem. Soc. 1992, 114, 1920-1921. 
14 (a) Pincock, Richard E.; Perkins, Robert R.; Ma, Alan S.; Wilson, Keith R. Science 1971, 174(4013),  
1018-1020; (b) Kuroda, R.; Mason, S. F. J. Chem. Soc., Perkin Trans. 2: Phys. Org. Chem. (1972-99) 
1981, 1, 167-170. 
15 (a) Merkushev, E. B. Synthesis 1988, 923; (b) Barluenga, J.; González, J. M.; García-Martín, M. A.; 
Campos, P. J.; Asensio, G. J. Org. Chem. 1993, 58, 2058; (c)  Littke, A. F.; Fu, G. C. Angew. Chem. Int. 
Ed. 2002, 41, 4176. 
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reactions is oxidative addition, in which the significant variability in C(sp2)-X bond 

strength becomes an influential factor (for monohalobenzenes: C-I = 67 kcal/mol, C-Br = 

84 kcal/mol, and C-Cl = 97 kcal/mol).16  Previous efforts by P. Cheng and M. Bancu 

were unsuccessful for making symmetrical pentabromocorannulene directly; however, 

the slightly less desirable symmetrical pentachlorocorannulene (2.6) was obtained in 

good quantities (Scheme 2-3).9b,8a 

 

R

R

R

R

R

A) Iodinemonochloride

B) Iodinemonobromide

A) R=Cl; 37% yield

B) R=Br; no isomer selectivity observed

Scheme 2-3. Pentabromo- and Pentachlorocorannulene

 

 Since the comparatively unreactive 2.6 was readily available, we considered the 

possibility of converting its chlorines to bromines (2.10) or iodines (2.11) using an 

aromatic Finklestein reaction.  While literature precedent has developed somewhat for the 

conversion of aromatic bromines to iodines, examples of aromatic chlorine replacement 

remain limited and low yielding.17  In order for this strategy to be useful, halogen 

exchange would have to proceed in very high yield (since the reaction must occur five 

times for each molecule).  Even if high yielding conditions could be found, the extra 

functional group manipulation step could be considered inefficient.  These considerations 

                                                 
16 Blanksby, S. J.; Ellison, G. B. Acc Chem. Res. 2003, 36, 255. 
17 (a) Klapars, A.; Buchwald, S. L. J. Am. Chem. Soc. 2002, 124, 14844-14845.; (b) Arvela, R. K.; 
Leadbeater, N. E. Synlett 2003, 8, 1145-1148. 

2.6 

2.10 
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led us to abandon the strategy after very limited preliminary attempts using 2.6 and the 

test system, 1-chlorophenanthrene (2.12) (Scheme 2-4).18  Fortunately, the chlorinated 

species (2.6) has turned out to be extremely useful owing to increasingly powerful 

catalyst/ligand systems for aryl-aryl cross-coupling reactions (Chapters 4 and 5). 

 

Cl I

10eq CuI-charcoal

NMP

>100eq CuI and KI

NMP

Cl

ClCl

Cl

Cl

I

II

I

I

Scheme 2-4. Finklestein Reaction Attempts

 

 

2.3.4  1,3,5,7,9-Pentabromo-2,4,6,8,10-pentachlorocorannulene 

Decachlorocorannulene (2.13) has been obtained by P. Cheng through 

overchlorination of corannulene followed by thermal rearomatization.9b  Subsequent to 

this result, attempts were made to synthesize decabromo- (2.14) or decaiodocorannulene 

(2.15) as well as 1,3,5,7,9-pentabromo-2,4,6,8,10-pentachlorocorannulene (2.16).8a  

Failure to obtain 2.14 and 2.15 has been attributed to high steric demand; however, 

bromination of 2.6 toward 2.16 using elemental bromine and catalytic iron trichloride in 

                                                 
18 Conditions derived from: Clark, J. H.; Jones, C. W. J. Chem. Soc., Chem. Commun. 1987, 1409-1410. 

2.6 2.11 

2.12 
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1,1,2,2-tetrachloroethane (2 days at 140 ºC) has been somewhat successful.  Although the 

complete absence of hydrogen was not confirmed, significant bromination did occur 

under these conditions as documented by M. Bancu (Scheme 2-5).8a 

Cl

Cl

Cl

Cl

ClCl

Cl

Cl

Cl

Cl Br

Br

Br

Br

BrBr

Br

Br

Br

Br I

I

I

I

II

I

I

I

I

Cl

Cl

Cl

Cl

Cl

Cl

Br

Cl

Br

ClBr

Cl

Br

Cl

Br

A) Br2, FeCl3, Cl2CHCHCl2

B) IBr, Cl2CHCHCl2

Calculated for C20Br5Cl5: C, 29.40; H, 0.00; Br, 48.90; Cl, 21.70
A) Found: C, 30.52; Br, 38.57; Cl, 22.79
B) Found: C, 31.80; H, <0.02; Br, 34.46; Cl, 24.55

Scheme 2-5. Efforts Towards the Exhaustive Halogenation of Corannulene

 

Herein, we report a second protocol for the attempted synthesis of 2.16 using 

iodine monobromide in 1,1,2,2-tetrachloroethane (3 days at 145 ºC).  Products from this 

reaction were found to have <0.02% hydrogen content (by mass) according to elemental 

analysis, which confirms the exhaustive halogenation of corannulene (Scheme 2-5).  A 

higher than expected chlorine mass is attributed to impurities in the starting material.  

Lower than expected bromine content is believed to be a result of over-chlorinated 

2.16 2.6 

2.13 2.14 2.15 
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impurities in the starting material, and partial iodination under the reaction conditions 

(see the experimental procedure (2.16) for a more detailed analysis).  As in earlier 

attempts, further characterization and purification have not been possible due to the 

insoluble nature of these materials. 

Theoretically, the alternating halogenation displayed in compound 2.16 would 

invite the possibility of selective cross-coupling while also providing a handle for further 

reactivity (Scheme 2.6).  Due to the emergence of more promising results using unaltered 

2.6, the possible synthetic benefits of this molecule have not been pursued. 

Cl

Br

Cl

Br

ClBr

Cl

Br

Cl

Br Cl

Cl

Cl

Cl

Cl

Scheme 2-6. Possible Advantage of Exhaustive, Alternating Corannulene Halogenation

 

 

2.3.5  Bromocorannulene 

 The synthesis of bromocorannulene (2.7) from corannulene (2.1) is now carried 

out using iodine monobromide purchased as a solid.  This approach is a less expensive 

and more convenient alternative to the solvated reagent previously used.   

 Under the described conditions (1.9 equivalents iodine monobromide, 1 day, 

room temperature), bromocorannulene (2.7) is obtained as a 2:1 mixture (approximate) 

with corannulene (2.1), respectively.  We generally prefer to avoid harsher conditions 

2.16 
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that would result in more than one bromination.  Chromatographic purification is 

inefficient at this point, and without purification, any polybrominated materials will be 

lost in the subsequent cross-coupling step.  In the absence of over-brominated materials, 

the mixture can be taken on without purification, and the unreacted corannulene can 

easily be reclaimed by chromatography once the bromocorannulene has been consumed.  

Corannulene resources are most efficiently used in this way. 

 

2.3.6  Attempts at Making the Grignard Reagent of Corannulene 

 Although corannulene functionalization has been studied quite extensively, 

conditions for the preparation of corannulenyl magnesium chloride (2.17) are as yet 

unknown.  Kumada couplings are quite hearty even for metal-mediated coupling 

reactions with chlorinated partners.  For this reason alone, it would be beneficial to have 

the Grignard reagent of corannulene readily available (Scheme 2-7).19 

Cl

Cl

Cl

Cl

Cl

+

MgBr

Scheme 2-7. Possible Application of Corannulene Grignard Reagent

 

                                                 
19 See Chapter 6 for more information about work toward 1,3,5,7,9-pentacorannulenylcorannulene 

2.17 2.6 
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 The curved corannulene π-system has a relatively low lying degenerate LUMO 

capable of accommodating up to four extra electrons.20  At first we were unsure what 

effect this would have on our efforts to generate the Grignard reagent of corannulene 

2.17.  We were encouraged, however, by a procedure documented by P. Cheng in which 

lithiated corannulene was generated in situ on the way to bicorannulenyl.9b 

 Thus far we have uncovered two appealing options for the generation of a 

Grignard reagent.  The first is a more traditional technique, wherein elemental 

magnesium is employed and electron transfer occurs at the surface of the solid.  A second 

electron transfer is then accompanied by magnesium metal atom insertion into the carbon 

halogen bond.21  Iodine is often used in catalytic amounts to remove metal oxides from 

the surface of the magnesium, exposing more reactive material.  On a relatively large 

scale it is likely that once the reaction is underway, the exothermic nature of the surface 

chemistry involved will promote continued reaction.  In fact, care must be taken to keep 

the reaction temperature in check; often, only initial heating is needed.  Conversely, one 

may find that it is difficult to generate Grignard reagents on a small scale using this 

method.  If the reaction volume is too small, or the reaction is too dilute, heat may be 

dissipated too quickly to ensure continued/complete conversion. 

 Although this technique is an excellent option toward generating the desired 2.17, 

many of the associated difficulties are circumvented in a more recent halogen-metal 

                                                 
20 Baumgarten, M.; Gherghel, L.; Wagner, M.; Weitz, A.; Rabinovitz, M.; Cheng, P.; Scott, L. T. J. Am. 
Chem. Soc. 1995, 117, 6254-6257. 
21 Garst, J. F.; Soriega, M. P. Coordin. Chem. Rev. 2004, 248, 623-652. 



24 
 

exchange method described by Knochel.22  This option is extremely useful in cases where 

a Grignard reagent must be generated at low temperatures due to functional group 

tolerance considerations.  Mainly, we were attracted to this approach because its efficacy 

is theoretically unaffected by reaction scale.   

 Preliminary attempts to generate 2.17 from analytically pure bromocorannulene 

(2.7) using both of these protocols were only partly successful (Scheme 2-8).  Traditional 

magnesium insertion attempts did give iodocorannulene (2.18) by mass analysis;23 

however, the reaction did not proceed to completion, and good amounts of corannulene 

(2.1) were also obtained. 

 

MgBrBr I

I2

excess

A) Mg dust
catalytic I2
THF, ref lux

B) iPrMgBr
THF, r.t.

A) Obtained corannulene, bromocorannulene
and iodocorannulene

B) Obtained corannulene, bromocorannulene
and isopropylcorannulene

Scheme 2-8. Attempts at the Synthesis of Corannulenyl Magnesium Bromide

 

 

                                                 
22 Knochel, P.; Dohle, W.; Gommermann, N.; Kneisel, F. F.; Kopp, F.; Korn, T.; Sapountzis, I.; Vu, V. A. 
Angew. Chem. Int. Ed. 2003, 42, 4302-4320. 
23 GCMS (Quadrapole EI 70 eV) 

2.7 2.17 2.18 
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 Knochel conditions were carried out at room temperature.  As previously 

mentioned, Grignard reagent formation by halogen-metal exchange at depressed 

temperatures invites increased functional group tolerance.  While corannulene does not 

bear any sensitive functional groups, at room temperature it is likely that any 2.17 formed 

would then abstract a proton from isopropyl bromide (also formed in the reaction) or 

possibly even undergo nucleophilic substitution with it.  Unfortunately, Br/Mg exchange 

is slow at depressed temperatures, especially for electron rich substrates.22  The reaction 

did not proceed to completion, and both corannulene (2.1) and isopropylcorannulene 

(2.19) were detected by mass analysis.24 

 We have also considered the possibility that a radical mechanism is taking place 

partly owing to the documented electron affinity of corannulene discussed earlier 

(Scheme 2.9).20 

 

Br
MgBr

Br
MgBr

MgBr2

Scheme 2-9. Radical Mechanism Towards Isopropylcorannulene

 

 

                                                 
24 Initially GCMS (Quadrapole EI 70 eV) was used to detect 2.18.  We eventually realized that 2.18 and 2.7 
were probably traveling at the same rate on the gas chromatograph.  It is also likely that the M+ abundance 
for 2.18 is very low relative to that of 2.7.  Indeed, iodocorannulene was originally not detected for either 
method of Grignard reagent preparation.  2.18 was detected in the products of the traditional recipe using 
the gentler ASAP ionization.   These facts taken together raise some question as to whether 2.18 was 
produced in any quantity for our Knochel attempts.  Unfortunately, the reaction mixture is no longer 
available. 

2.19 2.7 
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 Neither of these two strategies were pursued to fruition owing to the success of 

other, more straightforward methods for the coupling of multiple corannulenes to a 

central corannulene core (see product in Scheme 2-6).  This work is detailed in Chapter 6.  

If 2.17 ever becomes a synthetic necessity, it is important to note two distinct procedural 

enhancements that may be extremely useful, one for each strategy (traditional insertion 

and halogen metal exchange).  The first, for traditional insertion, would be the use of 

Rieke techniques.25  Rieke magnesium, generated in situ, is extremely active due to the 

high purity and tremendous surface area associated with the reagent.  The second, for 

halogen-metal exchange, would be to follow a newer protocol by Knochel in which 

lithium chloride is utilized as a catalyst for the exchange, expanding the usefulness of this 

technique to less electron deficient substrates such as 1-bromophenanthrene.26 

 

2.3.7  New Synthesis of Bicorannulenyl  

 A new method for the preparation of bicorannulenyl (2.20) has been demonstrated 

using a palladium-catalyzed Ullmann-type homocoupling protocol (Scheme 2-10) 

described by Rawal.27  This procedure has already been successful for the homocoupling 

of monobrominated dibenzocorannulene.28  It should be noted that a method for the 

preparation of 2.20 has been previously established by P. Cheng.9b  Bicorannulenyl was 

synthesized for a collaborative effort in which the interesting stereochemistry of 2.20 was 

investigated.11e 

                                                 
25 Rieke, R. D. Science 1989, 246, 1260-1264. 
26 Krasovskiy, A.; Knochel, P. Angew. Chem. Int. Ed. 2004, 43, 3333-3336. 
27 Hennings, D. D.; Iwama, T.; Rawal, V. H. Org. Lett. 1999, 1, 1205-1208. 
28 Tsefrikas, V. M. Ph.D. Dissertation, Boston College: Chestnut Hill, MA, 2007. 
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Br

OHHO

Pd(OAc)2
P(o-tolyl)3

CsCO3, DMAc

Scheme 2-10. Bicorannulenyl through the Homocoupling of Bromocorannulene

 

 

2.3.8  Synthesis of Methylcorannulene 

 Methylcorannulene (2.21) has been observed previously by GCMS.9b  This work 

was a simple proof of principal for the alkylation of bromocorannulene by a metal-

mediated Kumada cross-coupling reaction.  The reaction was repeated (Scheme 2-11) for 

the purpose of a collaborative effort in which 2.21 was used as a probe for determining 

the position of corannulene coordination on a pentamethylated-C60.11a  Further 

characterization was obtained. 

 

MeMgBr
NiCl2(dppp)

THF

Br

Scheme 2-11. Methylcorannulene
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2.4  Conclusions 

 Over a relatively short period of time, corannulene has made the transition from a 

scarce curiosity into a readily available feedstock thanks to the constantly evolving 

synthetic strategies of a number of research groups, including our own.  Improved 

availability has led to the exploration of its reactivity, and its use as an essential building 

block for continued discovery.  It is hard to believe that our understanding of and ability 

to use this molecule has progressed so far, owing to a mere twenty five years of research.  

As my time in the Scott lab nears an end, I am excited by the fact that preliminary 

accomplishments, such as the first corannulene synthesis, can herald the coming of 

extraordinary progress in such a short period of time. 
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2.5  Experimental Procedures 

2.5.1  General Experimental 

 

 All chemicals were commercially available and were used without any 

purification unless specified.  All solvents were reagent grade unless otherwise specified.  

Anhydrous solvents were either used as purchased or obtained from a solvent purification 

system constructed by Contour Glass, which dispensed tetrahydrofuran, dichloromethane, 

carbon disulfide, dimethylacetamide, toluene, and o-dichlorobenzene unless otherwise 

specified.  Proton and carbon NMR spectra were obtained using a Varian 400 or 500 

MHz NMR spectrometer.  Chemical shifts are reported in ppm downfield from 

tetramethylsilane with chloroform-d (δH = 7.26 ppm, δC = 77.16 ppm), dichloromethane-

d2 (δH = 5.32 ppm, δC = 53.8 ppm) or 1,1,2,2-tetrachloroethane-d2 (δH = 5.91 ppm, δC = 

74.2 ppm) as the standard reference.  For carbon NMR, a relaxation delay (d1) of up to 

ten seconds was used as needed for internal sp2 carbon detection.  Thin layer 

chromatography was performed on Sorbent Tech Silica G TLC plates.  For preparative 

column chromatography, 32-63 μm silica gel was used.  Initial mass analyses were 

performed using a Thermo Electron Corporation Finnigan Trace GC Ultra gas 

chromatograph unit connected to a Thermo Electron Corporation Finnigan Trace DSQ 

mass spectrometer with direct insertion capability.  High resolution mass analyses were 

carried out using time of flight mass spectrometers.  Both positive and negative ion 

detection have been used; however, negative ion TOF has been found to be far more 

effective, especially for large PAHs.  Ionization methods included APPI, DART, and 
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LDI.  Melting points are uncorrected.  Elemental analysis was carried out under optimum 

combustion conditions by Robertson Microlit Laboratories, Inc.  HPLC analysis and 

purification were performed using a Waters 600 instrument with a Supelco analytical 

Supelcosil LC-PAH 25 cm × 4.6 mm, 5μm HPLC column and a Supelco preparative 

Supelcosil LC-PAH 25 cm × 21.2 mm, 5μm HPLC column, both connected to a Waters 

2996 Photodiode Array Detector.  Infrared analysis was carried out using an Avatar 360 

FTIR unit.  UV analysis was done using a Hewlett Packard model 8452A Diode Array 

Spectrophotometer. 
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2.5.2  1,3,5,7,9-Pentachlorocorannulene (2.6)A 

Cl

ClCl

Cl

Cl

ICl, CH2Cl2

 
 

Into an oven-dried 100 mL round bottom flask was added 1.60 g (6.39 mmol) 

corannulene (2.1).  The flask was sealed, and the atmosphere was replaced with nitrogen 

through nitrogen/vacuum alternation (4×).  A syringe was used to add 80.0 mL of a 1M 

solution of iodinemonochloride in dichloromethane (80.0 mmol).B  The reaction was kept 

under a nitrogen overpressure (nitrogen balloon) and set to stir at room temperature for 

two days.  Upon completion, the crude reaction mixture was diluted with approximately 

10 mL dichloromethane and filtered using a Büchner funnel.C  The filtrand was washed 

once with dichloromethane and transferred back into the original reaction vessel.D  This 

crude product was recrystallized using 80 mL diphenylether twice to give 1.00 g (37%)E 

product (2.6) of synthetically adequate purity.F  The spectroscopic properties of this 

                                                 
A Cheng, P. Ph.D. Dissertation, Boston College: Chestnut Hill, MA, 2006. 
B Poor reagent (very old ICl solution) quality may result in depressed yields at these equivalencies. 
C Filtration of the crude reaction mixture can be a difficult task.  It is best to use a Büchner funnel large 
enough to accommodate your entire reaction volume as filtration will proceed slowly.  If filtration slows 
significantly it may be helpful to back off on vacuum strength as the process has a tendency to freeze up. 
D After filtering the crude reaction mixture significant amounts of iodine will remain in the filtrand.  This 
will be removed during the first recrystallizations in diphenylether. 
E If we assume that the α and peri positions (on corannulene), relative to a preexisting chlorine functionality 
will be blocked, sheer statistics predicts a 32.4% yield of symmetrical pentachlorocorannulene. Our yield 
slightly exceeds this number, possibly suggesting electronic directing effects. 
F Temperatures up to 185 ºC were needed to fully solublize the pentachlorocorannulene during 
recrystallization.  After recrystallization it is useful to add approximately 1 mL of dichloromethane to the 
diphenylether as it approaches room temperature to prevent the diphenylether from freezing during 
filtration. 

2.1 2.6 
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material are consistent with those reported previously: 1H NMR (400 MHz, CDCl3) δ 

7.98 (s, 5H); Elemental Analysis calculated for C20H5Cl5: C, 56.85; H, 1.19; Cl, 41.95, 

found C, 51.96; H, 0.82; Cl, 45.99.G, H, I 

                                                 
G To recover the other polychlorocorannulenes (2.22), the initial filtrate (in dichloromethane from the 
original reaction mixture) was washed once with aqueous sodium thiosulfate (purple color dissipates 
completely) and once with water, dried with magnesium sulfate, filtered, and concentrated under reduced 
pressure.  Significant amounts of acetone were added to the accumulated diphenylether filtrates in order to 
precipitate any remaining chlorinated corannulene material (2.22).  This material was obtained by filtration.  
Chlorinated corannulene materials (2.22) recovered from this reaction were pooled together and subjected 
directly to the reduction conditions (described below) in order to reclaim the synthetically invaluable parent 
hydrocarbon corannulene (2.1).   
H Obtaining adequate chromatographic separation has been one of the most difficult parts of many of our 
five-fold coupling reactions using pentachlorocorannulene (2.6) (described in Chapters 4 and 5).  If the 
quality of the symmetrical 2.6 is low (ie. significant quantities of tetrachlorocorannulene are present), this 
obstacle will most likely be exacerbated. 
I Pentachlorocorannulene (2.6), being relatively insoluble in chloroform, may show impurities (which are 
more soluble) preferentially in NMR.  It is therefore difficult to quantify the purity of 2.6 by NMR analysis.  
The appended spectra include minor impurity signals indicative of what can be expected. 
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2.5.3  Corannulene (2.1) 

 

Zn Dust, KI

EtOH, HCl

Cln  
 

To an oven-dried 2 L round bottom flask were added 79.2 g (1.21 mol) zinc dust, 28.4 g 

(0.171 mol) potassium iodide, and 4.5 g (molar quantity unknown) of differentially 

chlorinated corannulene derivatives (2.22) (starting material obtained as side-product 

from synthesis of pentachlorocorannulene).  Reagent grade absolute ethanol (1.323 L) 

was poured into the flask and an oven-dried condenser was fitted to it.  The flask was 

lowered into a preheated silicon oil bath at 100 ºC and stirred.A  Once the temperature 

had equilibrated, 66.2 mL of a 1.8 M solution of HCl was added slowly to the reaction 

mixture.  Additional HCl solution was added daily, and the reaction progress was 

monitored against pure corannulene by TLC until forward progress was no longer 

observed.B  Upon completion (2-4 days), the ethanol was removed from the crude 

reaction mixture under reduced pressure.  Water (0.5 L) and dichloromethane (0.5 L) 

were added to the mixture which was then agitated thoroughly and filtered through a very 

large Büchner funnel.C  The filtrate was added to a separatory funnel, and the 

dichloromethane layer was washed with water two additional times, dried with 

                                                 
A Use of a hearty stir bar was necessary as the zinc dust was found to coagulate during HCl addition.  After 
significant time and effort stopping and restarting the stirring mechanism, proper agitation was regained. 
B Solution appearance hours after HCl addition varied as follows: grey uniform particulate solution; clear 
pale green solution with grey coral like formations on the inside of the flask; clear pale green solution with 
small shiny metallic spheres at the bottom of the flask. 
C Remaining filtrand may be washed with additional dichloromethane and even pulverized to ensure that all 
corannulene has been extracted. 

2.1 2.22 
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magnesium sulfate, and filtered through a pad of silica.  Removal of the solvent under 

reduced pressure gave 2.21g (exact yield unknown) of corannulene (2.1) as a light yellow 

crystalline solid.  Higher purity may be obtained by performing a chromatographic 

separation (silica gel and cyclohexane).  The spectroscopic properties of this material are 

consistent with those reported previously: 1H NMR (400 MHz, CDCl3) δ 7.82 (s, 10H). 
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2.5.4  Chlorocorannulene (2.9) 

Cl

 
 

Incomplete reduction of differentially chlorinated corannulene derivatives have been 

found to result in small amounts of monochlorocorannulene (2.9) as a minor sideproduct.  

The presence of this impurity is of little consequence if the products will be used to 

synthesize additional pentachlorocorannulene (2.6).  Monochlorocorannulene (2.9) was 

found to move slightly faster than corannulene on silica gel with cyclohexane as eluant.  

Characterization of this side-product has been realized.  Crystals suitable for X-ray 

analysis were obtained by slow evaporation of dichloromethane.  1H NMR (500 MHz, 

CDCl3) δ 8.00 (d, J=9.0 Hz, 1H), 7.88 (d, J=9.0 Hz, 1H), 7.83 (d, J=8.5 Hz, 1H), 7.813 

(d, J=8.5 Hz, 1H), 7.812 (s, 1H), 7.803 (d, J=8.5 Hz, 1H), 7.801 (d, J=8.5 Hz, 1H), 7.78 

(d, J=8.5 Hz, 1H), 7.72 (d, J=8.5 Hz, 1H); 13C NMR (125 MHz, CDCl3) δ 136.16, 

136.04, 135.85, 135.21, 134.54, 132.02, 131.67, 131.24, 131.20, 130.94, 128.99, 128.08, 

127.90, 127.89, 127.38, 127.35, 127.20, 126.38, 126.17, 124.89; HRMS DART (m/z) 

[M+H]+ calculated for C20H10Cl: 285.0471, found 285.0476. 

2.9 
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Monochlorocorannulene (2.9) X-ray crystal structure data 
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Crystal data and structure refinement for monochlorocorannulene (2.9) 
 
Table 1. 
Identification code  ej04 
Empirical formula  C20 H9 Cl 
Formula weight  284.72 
Temperature  193(2) K 
Wavelength  0.71073 Å 
Crystal system  Orthorhombic 
Space group  Pnma 
Unit cell dimensions a = 7.3640(15) Å α = 90°. 
 b = 18.073(4) Å β = 90°. 
 c = 9.523(2) Å γ = 90°. 
Volume 1267.4(5) Å3 
Z 4 
Density (calculated) 1.492 Mg/m3 
Absorption coefficient 0.288 mm-1 
F(000) 584 
Crystal size 0.14 x 0.06 x 0.02 mm3 
Theta range for data collection 2.42 to 24.99°. 
Index ranges -8<=h<=5, -21<=k<=21, -11<=l<=10 
Reflections collected 6556 
Independent reflections 1156 [R(int) = 0.0412] 
Completeness to theta = 24.99° 99.8 %  
Absorption correction None 
Max. and min. transmission 0.9943 and 0.9607 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 1156 / 0 / 103 
Goodness-of-fit on F2 1.124 
Final R indices [I>2sigma(I)] R1 = 0.0748, wR2 = 0.1870 
R indices (all data) R1 = 0.0852, wR2 = 0.1956 
Largest diff. peak and hole 0.512 and -0.251 e.Å-3 
 
 
Table 2.  Atomic coordinates  ( x 104) and equivalent  isotropic displacement parameters (Å2x 103) 
for ej04.  U(eq) is defined as one third of  the trace of the orthogonalized Uij tensor. 
________________________________________________________________________________  
 x y z U(eq) 
________________________________________________________________________________   
Cl(1) 600(2) 5484(1) 5783(2) 82(1) 
C(9) -632(3) 7109(2) 8185(3) 51(1) 
C(10) -256(4) 6694(3) 7002(3) 65(1) 
C(7) -3(5) 7500 10383(4) 49(1) 
C(3) 562(4) 6198(2) 9858(4) 58(1) 
C(6) 1069(6) 7500 11610(4) 50(1) 
C(8) -241(3) 6880(2) 9566(3) 47(1) 
C(2) 703(4) 5723(2) 8662(4) 67(1) 
C(1) 313(4) 5954(3) 7313(4) 71(1) 
C(5) 1647(4) 6786(2) 12028(3) 56(1) 
C(11) -146(4) 7110(3) 5738(3) 77(1) 
C(4) 1399(4) 6162(2) 11203(4) 59(1) 
________________________________________________________________________________  
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Table 3.   Bond lengths [Å] and angles [°] for ej04. 
_____________________________________________________  
Cl(1)-C(1)  1.700(4) 
Cl(1)-Cl(1)#1  2.463(4) 
Cl(1)-H(9A)  0.7789 
C(9)-C(10)  1.382(4) 
C(9)-C(8)  1.408(4) 
C(9)-C(9)#2  1.413(7) 
C(10)-C(11)  1.422(6) 
C(10)-C(1)  1.432(6) 
C(7)-C(8)#2  1.376(4) 
C(7)-C(8)  1.376(4) 
C(7)-C(6)  1.410(6) 
C(3)-C(8)  1.395(5) 
C(3)-C(4)  1.422(5) 
C(3)-C(2)  1.430(5) 
C(6)-C(5)#2  1.415(4) 
C(6)-C(5)  1.415(4) 
C(2)-C(1)  1.381(5) 
C(2)-H(1)  0.9500 
C(1)-H(9A)  0.9599 
C(5)-C(4)  1.388(5) 
C(5)-H(3)  0.9500 
C(11)-C(11)#2  1.410(9) 
C(11)-H(4)  0.9500 
C(4)-H(2)  0.9500 
 
C(1)-Cl(1)-Cl(1)#1 146.0(2) 
C(1)-Cl(1)-H(9A) 13.5 
Cl(1)#1-Cl(1)-H(9A) 135.7 
C(10)-C(9)-C(8) 124.1(3) 
C(10)-C(9)-C(9)#2 122.9(2) 
C(8)-C(9)-C(9)#2 107.1(2) 
C(9)-C(10)-C(11) 114.5(4) 
C(9)-C(10)-C(1) 113.4(3) 
C(11)-C(10)-C(1) 130.7(3) 
C(8)#2-C(7)-C(8) 109.1(4) 
C(8)#2-C(7)-C(6) 122.7(2) 
C(8)-C(7)-C(6) 122.7(2) 
C(8)-C(3)-C(4) 113.8(3) 
C(8)-C(3)-C(2) 113.7(3) 
C(4)-C(3)-C(2) 131.1(4) 
C(7)-C(6)-C(5)#2 113.7(2) 
C(7)-C(6)-C(5) 113.7(2) 
C(5)#2-C(6)-C(5) 131.4(4) 
C(7)-C(8)-C(3) 123.5(3) 
C(7)-C(8)-C(9) 108.3(3) 
C(3)-C(8)-C(9) 122.2(3) 
C(1)-C(2)-C(3) 123.0(4) 
C(1)-C(2)-H(1) 118.5 
C(3)-C(2)-H(1) 118.5 
C(2)-C(1)-C(10) 122.4(4) 
C(2)-C(1)-Cl(1) 128.4(4) 
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C(10)-C(1)-Cl(1) 109.0(3) 
C(2)-C(1)-H(9A) 118.9 
C(10)-C(1)-H(9A) 118.7 
Cl(1)-C(1)-H(9A) 10.9 
C(4)-C(5)-C(6) 122.9(3) 
C(4)-C(5)-H(3) 118.6 
C(6)-C(5)-H(3) 118.6 
C(11)#2-C(11)-C(10) 121.9(2) 
C(11)#2-C(11)-H(4) 119.0 
C(10)-C(11)-H(4) 119.0 
C(5)-C(4)-C(3) 122.0(3) 
C(5)-C(4)-H(2) 119.0 
C(3)-C(4)-H(2) 119.0 
_____________________________________________________________  
Symmetry transformations used to generate equivalent atoms:  
#1 -x,-y+1,-z+1    #2 x,-y+3/2,z       
 
 
 
Table 4.   Anisotropic displacement parameters  (Å2x 103) for ej04.  The anisotropic 
displacement factor exponent takes the form:  -2p2[ h2 a*2U11 + ...  + 2 h k a* b* U12 ] 
______________________________________________________________________________  
 U11 U22  U33 U23 U13 U12 
______________________________________________________________________________  
Cl(1) 45(1)  91(2) 111(2)  -45(1) -7(1)  8(1) 
C(9) 14(1)  85(2) 55(2)  -13(2) 2(1)  -9(1) 
C(10) 22(1)  116(3) 58(2)  -25(2) -1(1)  -14(2) 
C(7) 23(2)  76(3) 47(2)  0 9(2)  0 
C(3) 33(2)  74(2) 67(2)  0(2) 10(1)  -21(2) 
C(6) 29(2)  79(3) 42(2)  0 10(2)  0 
C(8) 20(1)  68(2) 53(2)  6(2) 6(1)  -4(1) 
C(2) 35(2)  72(2) 95(3)  -17(2) 8(2)  -19(2) 
C(1) 31(2)  101(3) 81(3)  -30(2) 4(2)  -20(2) 
C(5) 31(2)  89(3) 47(2)  12(2) 3(1)  -6(2) 
C(11) 25(2)  158(4) 48(2)  -18(2) -6(1)  -7(2) 
C(4) 35(2)  76(2) 68(2)  17(2) 5(2)  -9(2) 
______________________________________________________________________________  
 
 
 
Table 5.   Hydrogen coordinates ( x 104) and isotropic  displacement parameters (Å2x 103) 
for ej04. 
________________________________________________________________________________  
 x  y  z  U(eq) 
________________________________________________________________________________  
  
H(1) 1081 5226 8802 81 
H(9A) 427 5607 6555 85 
H(3) 2231 6733 12912 67 
H(4) -71 6855 4868 92 
H(2) 1801 5696 11546 71 
________________________________________________________________________________  
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Table 6.  Torsion angles [°] for ej04. 
________________________________________________________________  
C(8)-C(9)-C(10)-C(11) -158.7(3) 
C(9)#2-C(9)-C(10)-C(11) -9.3(3) 
C(8)-C(9)-C(10)-C(1) 9.3(4) 
C(9)#2-C(9)-C(10)-C(1) 158.70(18) 
C(8)#2-C(7)-C(6)-C(5)#2 8.7(5) 
C(8)-C(7)-C(6)-C(5)#2 159.7(3) 
C(8)#2-C(7)-C(6)-C(5) -159.7(3) 
C(8)-C(7)-C(6)-C(5) -8.7(5) 
C(8)#2-C(7)-C(8)-C(3) 153.7(2) 
C(6)-C(7)-C(8)-C(3) -0.8(5) 
C(8)#2-C(7)-C(8)-C(9) 0.4(4) 
C(6)-C(7)-C(8)-C(9) -154.0(3) 
C(4)-C(3)-C(8)-C(7) 10.2(4) 
C(2)-C(3)-C(8)-C(7) -158.1(3) 
C(4)-C(3)-C(8)-C(9) 159.9(3) 
C(2)-C(3)-C(8)-C(9) -8.4(4) 
C(10)-C(9)-C(8)-C(7) 153.2(3) 
C(9)#2-C(9)-C(8)-C(7) -0.2(2) 
C(10)-C(9)-C(8)-C(3) -0.5(4) 
C(9)#2-C(9)-C(8)-C(3) -153.9(2) 
C(8)-C(3)-C(2)-C(1) 8.5(4) 
C(4)-C(3)-C(2)-C(1) -157.3(3) 
C(3)-C(2)-C(1)-C(10) 0.4(5) 
C(3)-C(2)-C(1)-Cl(1) 173.8(3) 
C(9)-C(10)-C(1)-C(2) -9.1(4) 
C(11)-C(10)-C(1)-C(2) 156.4(3) 
C(9)-C(10)-C(1)-Cl(1) 176.3(2) 
C(11)-C(10)-C(1)-Cl(1) -18.1(4) 
Cl(1)#1-Cl(1)-C(1)-C(2) 77.8(5) 
Cl(1)#1-Cl(1)-C(1)-C(10) -108.1(4) 
C(7)-C(6)-C(5)-C(4) 8.6(5) 
C(5)#2-C(6)-C(5)-C(4) -157.3(3) 
C(9)-C(10)-C(11)-C(11)#2 9.2(3) 
C(1)-C(10)-C(11)-C(11)#2 -156.2(3) 
C(6)-C(5)-C(4)-C(3) 0.9(5) 
C(8)-C(3)-C(4)-C(5) -10.2(4) 
C(2)-C(3)-C(4)-C(5) 155.6(3) 
________________________________________________________________  
Symmetry transformations used to generate equivalent atoms:  
#1 -x,-y+1,-z+1    #2 x,-y+3/2,z 
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2.5.5  Attempted Synthesis of 1,3,5,7,9-Pentaiodocorannulene (2.11)A 

CuI, KI

NMP

Cl

ClCl

Cl

Cl

I

II

I

I

 
 

To an oven-dried 50 mL round bottom flask were added 10.3 mg (0.0244 mmol) of 

pentachlorocorannulene (2.6), 0.499 g (2.62 mmol) of copper iodide, and 0.427 g (2.57 

mmol) of potassium iodide.  The flask was sealed, and the atmosphere was replaced with 

argon.  A syringe was used to add 25 mL of N-methylpyrrolidone, and the round bottom 

was lowered into a preheated wax bath at 155 ºC.  After the reaction mixture had been 

stirred for 3 days, excess dichloromethane was added, and the mixture was then extracted 

with a 0.633 M solution of sodium thiosulfate (2×) and water (3×).  The organic layer 

was dried with magnesium sulfate, filtered, and the solvent was removed under reduced 

pressure.  Analysis by 1H NMR and mass spectra confirmed the presence of only starting 

material. 

 

 

 

 

 

                                                 
A Conditions derived from Clark, J. H.; Jones, C. W. J. Chem. Soc., Chem. Commun. 1987, 1409-1410. 
 

2.6 2.11 
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2.5.6  Attempted Synthesis of 1,3,5,7,9-Pentabromo-2,4,6,8,10-pentachlorocorannulene 

(2.16) 

Cl

ClCl

Cl

Cl

Cl

ClCl

Cl

Cl

Br

Br Br

Br

Br

IBr

1,1,2,2-Tetrachloroethane

 
 

To an oven-dried 15 mL pressure vessel were added 20 mg (0.0473 mmol) 1,3,5,7,9-

pentachlorocorannulene (2.6) and 4.9 g (23.7 mmol) iodine monobromide.  A syringe 

was used to add 3 mL anhydrous 1,1,2,2-tetrachloroethane, and the pressure vessel was 

sealed.  After 3 days of stirring at 145 ºC the reaction mixture was cooled, diluted with 10 

mL dichloromethane and allowed to stir for 10 min.  The reaction mixture was filtered, 

rinsed with dichloromethane and dried to give 25 mg (51.7%) of a light green solid: mp 

material begins to darken in color at 200 °C, decomposition and sublimation occur 

simultaneously at >400 °C and clear, light yellow three dimensional crystals observed;  

Elemental Analysis calculated for C20Br5Cl5: C, 29.40; H, 0.00; Br, 48.90; Cl, 21.70, 

found C, 31.80; H, <0.02; Br, 34.46; Cl, 24.55.A, B 

 

 

 
                                                 
A Elemental analysis for C20Br4Cl5H would be: C, 32.54; H, 0.14; Br, 43.30; Cl, 24.02 
B Less than 100% of mass was accounted for by elemental analysis.  Low bromine and slightly high 
chlorine are probably a result of two things: 1) Some iodine addition may be occuring (C20Br4Cl5I1: C, 
27.80; Br, 36.99; Cl, 20.52; I, 14.69) and 2) The pentachlorocorannulene starting material is not 
analytically pure (calculated: C, 56.85; H, 1.19; Cl, 41.95, found: C, 51.96; H, 0.82; Cl, 45.99) 

2.6 2.16 



47 
 

2.5.7  Bromocorannulene (2.7)A 

Br

IBr solid, CH2Cl2

 

 

To an oven dried 50 mL round bottom flask were added 0.400 g (1.60 mmol) 

corannulene (2.1), and 0.629 g (3.04 mmol) iodine monobromide.B  The flask was sealed, 

purged with nitrogen, and fitted with a nitrogen balloon.  Anhydrous dichloromethane 

(29.2 mL) was added to this solid mixture, and the reaction was stirred at room 

temperature for 1 day.  Upon completion the reaction mixture was diluted with ~100 mL 

reagent grade dichloromethane, washed once with aqueous sodium thiosulfate (purple 

color dissipates completely), and twice with water.  The solution was then dried using 

magnesium sulfate, filtered, and the solvent was removed under reduced pressure to give 

a solid mixture of corannulene and bromocorannulene.  The material was generally used 

without further purification for various coupling protocols, after which unreacted 

corannulene was always collected and recycled.  When bromocorannulene (2.7) was 

required in high purity, careful chromatographic separation was carried out using silica 

gel and cyclohexane as eluant.  Bromocorannulene was found to move slightly faster than 

corannulene under these conditions.  In this case, 48 mg of corannulene, a remaining 189 

                                                 
A Bromocorannulene (2.7) has been synthesized previously by both M. Bancu and P. Cheng: (a) Cheng, P. 
Ph.D. Dissertation, Boston College: Chestnut Hill, MA, 2006.; (b) Bancu, M. Ph.D. Dissertation, Boston 
College: Chestnut Hill, MA, 2004. 
B This reaction has been carried out using the protocol detailed in the thesis of M. Bancu on a 1.5 g scale 
with a nearly quantitative yield.  Note that the difference here is simply that solid IBr is used instead of a 
solution. 

2.7 2.1 
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mg of unseparated material, and 250 mg 2.7 (as a white solid) were obtained:  1H NMR 

(400 MHz, CDCl3) δ 8.03 (s, 1H), 7.94 (d, J = 8.8 Hz, 1H), 7.88 (d, J = 8.8 Hz, 1H), 7.84 

(d, J = 8.8 Hz, 1H), 7.811 (d, J = 8.8 Hz, 1H), 7.812 (d, J = 8.8 Hz, 1H), 7.80 (d, J = 8.8 

Hz, 1H), 7.78 (d, J = 8.8 Hz, 1H), 7.72 (d, J = 8.4 Hz, 1H). 
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2.5.8  Bicorannulenyl (2.20) A, B 

Br

OHHO

Pd(OAc)2
P(o-tolyl)3

CsCO3, DMAc

 
 

To an oven-dried 10 mL Schlenk flask were added 0.600 g (1.82 mmol) 

bromocorannulene (2.7),C 0.100 g (0.912 mmol) hydroquinone, and 0.594 g (1.82 mmol) 

cesium carbonate.  This flask was purged with nitrogen.  Into a heat dried 5 mL cone 

bottom flask were added 22.2 mg (0.0729 mmol) tri-o-tolylphosphine and 16.4 mg 

(0.0729 mmol) palladium acetate. This flask was also purged with nitrogen.  To each 

flask was added 1.95 mL of dimethylacetamide.  Both flasks were allowed to stir briefly 

before the catalyst solution was transferred to the Schlenk flask by syringe.  The 

combined mixture was lowered into a preheated silicon oil bath at 100 °C and allowed to 

stir for 1 day under nitrogen atmosphere.  After this time the reaction mixture was cooled 

to room temperature and run through a plug of silica with excess dichloromethane and 

washed once with a 10% HCl solution.  The organic layer was dried with magnesium 

sulfate, and filtered.  Solvent was removed under reduced pressure, and the crude 

products were purified on a column of silica using 5% dichloromethane in cyclohexane 

as the solvent system to give 97 mg (21%)D of bicorannulenyl (2.20) as a pale yellow to 

                                                 
A Original synthesis by P. Cheng: Cheng, P. Ph.D. Dissertation, Boston College: Chestnut Hill, MA, 2006. 
B Conditions described by Rawal: Hennings, D. D.; Iwama, T.; Rawal, V. H. Org. Lett. 1999, 1, 1205-1208. 
C There is generally a significant amount of corannulene in the starting material (up to 1:2 ratio 
corannulene:bromocorannulene). 
D Low yield is partially due to significant amounts of corannulene in the starting material.  Additionally a 
higher catalyst loading may improve yields, especially since unreacted bromocorannulene is reclaimed. 

2.7 2.20 
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white solid depending upon purity.  Significant amounts of bromocorannulene (2.7) and 

corannulene (2.1) are recovered from this reaction as a mixture during chromatography.  

Extremely high purity may be obtained by recrystallization from dichloromethane.E  The 

spectroscopic properties of this material are consistent with those reported previously:   

1H NMR (400 MHz, CDCl3) δ 8.12 (br s, 2H), 7.93 (d, J = 8.8 Hz, 2H), 7.90 (d, J = 8.8 

Hz, 2H), 7.89 (d, J = 8.8 Hz, 2H), 7.864 (d, J = 8.8 Hz, 2H), 7.860 (d, J = 8.8 Hz, 2H), 

7.81 (d, J = 8.8 Hz, 2H), 7.72 (br m, 4H). 

                                                 
E Increased purity will significantly lower solubility. 
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2.5.9  Methylcorannulene (2.21) A 

MeMgBr
NiCl2(dppp)

THF

Br

 
 

To an oven-dried 25 mL round bottom flask were added 120 mg (0.365 mmol) of 

bromocorannulene (2.7)B (up to 1:2 ratio, corannulene:bromocorannulene) and 39.5 mg 

(0.0729 mmol) of [1,3-bis(diphenylphosphino)propane]dichloro nickel.  The flask was 

fitted with a heat dried condenser, purged with nitrogen and set to stir.  To this solid 

mixture were added 15 mL anhydrous tetrahydrofuran and 0.61 mL of a 3.0 M solution 

(1.83 mmol) of methylmagnesium bromide in tetrahydrofuran by syringe.  The 

methylmagnesium bromide solution was added dropwise via the condenser, and an 

additional 2 mL of dry tetrahydrofuran was used for rinsing.   The reaction vessel was 

lowered into a preheated silicon bath at 75 °C, and the solution was left to reflux 

overnight.  Upon completion, the reaction mixture was quenched with 50 mL of 10% HCl 

solution and extracted with dichloromethane (3×).  The collective organic phases were 

washed with 10% HCl solution (1×) and brine (1×), dried with magnesium sulfate, and 

filtered.  Removing the solvent under reduced pressure gave an off white solid.  Silica gel 

chromatography using 5% dichloromethane in hexane gave 60.9 mg of a white solid 

(63%): mp 153-155 °C; 1H NMR (500 MHz, CDCl3) δ 7.92 (d, J=9.0 Hz, 1H), 7.84 (d, 

                                                 
A P. Cheng confirmed methylcorannulene by GCMS: Cheng, P. Ph.D. Dissertation, Boston College: 
Chestnut Hill, MA, 2006. 
B There is generally a significant amount of corannulene in the starting material (up to 1:2 ratio 
corannulene:bromocorannulene). 

2.7 2.21 
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J=8.5 Hz, 1H), 7.81 (s, 2H), 7.79 (d, J=8.5 Hz 1H), 7.78 (d, J=8.5 Hz, 1H), 7.77 (d, J=8.5 

Hz, 1H), 7.73 (d, J=9.0 Hz, 1H), 7.57 (q, J=1.2 Hz, 1H), 2.84 (d, J=1.5 Hz, 3H); 13C 

NMR (125 MHz, CDCl3) δ 136.93, 136.09, 136.03, 135.81, 135.71, 134.88, 131.62, 

131.07, 131.00, 130.64, 130.52, 127.20, 127.183, 127.177, 127.12, 126.99, 126.82, 

126.74, 125.87, 124.99, 19.02; HRMS DART (m/z) [M+H]+ calculated for C21H13: 

265.1017, found 265.1018. 
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Chapter 3 

Development of Methodology for the Total Organic Synthesis of a [5,5] 

Carbon Nanotube:  A New Route to Indenocorannulene 
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3.1  Introduction 

 Prior to my arrival in the Scott lab, significant efforts had been undertaken by M. 

Bancu toward the total synthesis of pentaindenocorannulene (3.1), an intuitive [5,5] 

nanotube end-cap antecedent.1  Perhaps his most promising result was the synthesis of an 

o-halogenated aryl-Heck precursor (3.2) of 3.1, achieved using Negishi conditions 

established by Fu et al. (Scheme 3-1).2  Unfortunately, this success became somewhat 

difficult to reproduce for reasons that are still not well understood.  Given the situation, it 

was decided that my first project would involve a more indirect pathway to 3.1, meant to 

circumvent the apparent difficulties associated with metal-mediated cross-couplings 

involving C(sp2)-Cl bonds.3 

Cl

Cl

Cl

Cl

Cl

Cl

Cl

Cl

Cl
Cl

Pd[P(t -Bu)3]2
NMP

ZnI

Cl

24% reported

Scheme 3-1. Past Progress Towards Pentaindenocorannulene

Trace

Pd(PCy3)2Cl2

DBU
DMAc

 

 

 Our retrosynthesis of pentaindenocorannulene, shown in Scheme 3-2, begins with 

the use of a previously established Kumada protocol to effect a five-fold phenylation of 

                                                 
1 Bancu, M. Ph.D. dissertation, Boston College: Chestnut Hill, MA, 2004. 
2 Dai, C.; Fu, G. C. J. Am. Chem. Soc. 2001, 123, 2719-2724. 
3 See section 2.3.3 for more detail concerning the less optimal nature of C(sp2)-Cl bonds for metal 
mediated cross-coupling reactions 

3.2 3.1 3.3 
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pentachlorocorannulene (3.3).1, 4  In this step, the commercially available Grignard 

reagent, o-methoxyphenylmagnesium chloride (3.4), is used to afford penta(o-

methoxyphenyl)corannulene (3.5).  Unfortunately, o-halogenated Grignard reagents are 

not viable (for the synthesis of 3.2, for instance), since they immediately eliminate to 

benzyne and magnesium salt upon inception.  From 3.5, we planned to carry out an 

exhaustive demethylation (3.6) followed by a five-fold activation of the resultant 

hydroxyl groups (3.7).  Finally, we envisioned using the trifluoromethanesulfonates as 

leaving groups for a five-fold aryl-Heck type annulation step resulting in 3.1. 

Cl

Cl

Cl

Cl

Cl

O

O

O
O

O

OH

HO

HO
HO

OH

OTf

TfO

TfO
TfO

OTf

MgBr

O

Scheme 3-2. Retrosynthetic Pathway Towards Pentaindenocorannulene

 

  
                                                 
4 (a) Huang, J.; Nolan, S. P. J. Am. Chem. Soc. 1999, 121, 9889-9890.; (b) Böhm, V. P. W.; Weskamp, T.; 
Gstöttmayr, C. W. K.; Herrmann, W. A. Angew. Chem. Int. Ed. 2000, 39, 1602-1604. 

3.3 

3.4 

3.7 3.1 

3.6 3.5 
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 The retrosynthetic pathway in Scheme 3-2 was explored previously by M. 

Bancu.1  In his work, boron tribromide was used as a demethylating agent.  The project 

was abandoned due a side reaction resulting from this approach in which electrophilic 

aromatic substitution occured after boronation of o-methoxyphenylcorannulene (3.8) to 

give 3.9 instead of the desired o-hydroxyphenylcorannulene (3.10) as displayed in 

Scheme 3-3.1  Continuation of this project was based on the projected success of a 

different set of conditions for the demethylation step, namely, the in situ generation of 

trimethylsilyliodide publicized by Olah et al.5 

Scheme 3-3. Previous Attempt at Demethylation

O
B

OHO
BBr3

HCl, H2O

0% 100%

OH

 

 

3.2  Results and Discussion 

3.2.1  Using o-Methoxyphenylnaphthanlene as a Test Case 

 Concomitant with having undertaken this project, we had recently set out to 

become experienced in the synthesis and halogenation of corannulene.  With corannulene 

in low supply, we aimed to gain some initial dealkylation experience using a more 

                                                 
5 Olah, G. A.; Narang, B. G.; Gupta, B.; Malhotra, R. J. Org. Chem. 1979, 44, 1247-1251. 

3.10 3.9 3.8 
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abundant substrate (Scheme 3-4).  o-Methoxyphenylnaphthalene (3.11) was prepared 

under generic Kumada coupling conditions starting from commercially available 1-

bromonaphthalene and 1-bromoanisole.  Magnesium dust and catalytic iodine were used 

to generate o-methoxyphenylmagnesium bromide, which was then added to the solution 

of 1-bromonaphthlene and catalytic 1,3-diphenylphosphinopropane nickel(II) chloride.  

We then subjected 3.11 to conditions described by Olah et al. in order to get o-

hydroxyphenylnaphthalene (3.12).5  After some optimization, we found that the best 

results were obtained in a pressure vessel (as the boiling point of TMSCl is only 57 ºC), 

using many equivalents of both precursors (TMSCl and NaI) to the very reactive, in situ 

generated iodotrimethylsilane.  These conditions proved more successful than those 

previously attempted (see section 3.1).1  The remaining steps in our synthetic pathway 

were detailed by Rice et al.6 

O OH OTf

Scheme 3-4. Fluoranthene Test Case

Conditions: (a) 0.1 g scale, Pressure Vessel, TMSCl 20 eq, NaI 20 eq, CH3CN 7 mL, 2 days, 82 ºC,
quantitative yield; (b) 0.1 g scale, TfOTf 10 eq, Pyridine 30 eq, DCM 50 mL (anhydrous), rt, 3 hrs,
under N2, 70% yield; (c) conditions described by Rice et al.

a b c

 

                                                 
6 (a) Rice, J. E.; Cai, Z. Tetrahedron Letters 1992, 33, 1675-1678. (b) Rice, J. E.; Cai, Z. J. Org. Chem. 
1993, 58, 1415-1424. 

3.11 3.12 3.13 3.14 
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 By this time we had accumulated good amounts of corannulene.  Although the 

activation of 3.12 to the trifluoromethanesulfonate, 3.13, was carried out in one attempt 

using the standard conditions shown, we did not optimize this reaction, nor did we carry 

out the aryl-Heck closure conditions described by Rice to produce fluoranthene (3.14) at 

this time.  With our resources now improved, we reasoned that it might be more efficient 

to optimize conditions for the aryl-Heck closure onto corannulene directly.  It should be 

noted, however, that we eventually did try to close this system.  Our results and reasoning 

for returning to this substrate will be presented in Section 3.2.2. 

 

3.2.2  Using o-Methoxyphenylcorannulene as a Test Case 

 In light of our progress toward fluoranthene, and considering the well documented 

nature of intramolecular arene-triflate couplings by Rice et al.,6 we expected to optimize 

all three steps for the monophenylcorannulene test case (Scheme 3.5) and quickly move 

on to the five-fold corannulene system. 

Scheme 3-5. Indenocorannulene Test Case

Conditions: (a) 0.4 g scale, Pressure Vessel, TMSCl 40 eq, NaI 40 eq, CH3CN 40 mL, 2 days, 45 ºC,
97% yield; (b) 0.2 g scale, TfOTf 5 eq, Pyridine 20 eq, DCM 90 mL (anhydrous), rt, 3 hrs, under N2,
97% yield; (c) conditions described by Rice et al.

a b cO OH OTf

 

3.8 3.10 3.15 3.17 
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 As mentioned in section 3.1, the synthesis of penta(o-methoxyphenyl)corannulene 

(3.5) had already been established.1  The first reaction that required optimization on the 

monophenylcorannulene test system was therefore demethylation of                        

o-methoxyphenylcorannulene (3.8).  Owing again to M. Bancu, simple Suzuki coupling 

conditions for the preparation of 3.8 from bromocorannulene and                                   o-

methoxyphenylboronic acid in good yields had already been recorded.1   

 The conditions for demethylation of 3.11 (82 ºC, 20 eq TMSCl and NaI) were 

again effective for converting 3.8 to o-hydroxyphenylcorannulene (3.10).  We did note, 

however, that our crude product mixture was not as clean as we had anticipated.  Upon 

activation of 3.10 to produce 2-corannulenylphenyl trifluoromethanesulfonate (3.15), 

using conditions similar to those described for activating the naphthalene system (3.12),7 

the presence of one side-product became apparent.  Column chromatography of a crude 

sample of 3.15 using silica gel and 9:1 cyclohexane:dichloromethane resulted in one 

fraction containing what appeared to be 2-corannulenyl-4-ethylphenyl 

trifluoromethanesulfonate (3.16).  The 1H NMR spectrum of this compound is displayed 

in Figure 3-1. 

 Our consideration regarding the origin of this side-product lead us back to the 

unoptimized demethylation step.  Although efforts to isolate the alkylated version of 3.10 

have not been entirely fruitful, we did (as mentioned above) note the presence of other 

material in the aromatic region of the crude 1H NMR.  Additionally, we observed an ethyl 

                                                 
7 The equivalencies of trifluoromethanesulfonic anhydride and pyridine were reduced for the corannulene 
system. 
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quartet and triplet at approximately 2.69 and 1.28 ppm.  These upfield signals are 

analogous to the quartet and triplet shown in Figure 3-1 (signals “f and g”). 

ppm (f1)
0.05.010.0

ppm (f1)
7.307.407.507.607.707.80

 

Figure 3-1.  2-Corannulenyl-4-ethylphenyl trifluoromethanesulfonate 

 We next considered the mechanistic origin of 3.16.  Our proposed pathway 

involves the activation of acetonitrile followed by electrophilic aromatic substitution 

(Scheme 3-6).  Reduction of the two carbon substituent to an ethyl group is presumably 

effected by HI.8  Having uncovered this problem, we sought to optimize the 

demethylation step on 3.8.  We quickly found that increasing to forty equivalents of 

trimethylsilyl chloride and sodium iodide and lowering the reaction temperature to 45 ºC 

effectively prevented the side reaction while giving 3.10 in excellent yield and purity.  

                                                 
8 a) Harvey, R. G. Synthesis 1970, 161; b) Konieczny, M.; Harvey, R. G. J. Org. Chem. 1979, 44, 4813; c) 
Konieczny, M.; Harvey, R. G. Org. Syn. 1990, Coll. Vol. III, 18. 

TfO
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Material obtained using these optimized conditions was then activated to provide crude 

3.15, which was found to be completely devoid of 3.16 by 1H NMR. 

R
O OTMS

Scheme 3-6. Proposed Ethyl Substitution Mechanism

R

R = Corannulene

TMS IN

N TMS
I

TMS I

OTMS
R

N
TMS

HI
OH

R

 

 Having achieved 3.15 with superb efficiency, we finally began to explore the 

intramolecular arene-triflate coupling conditions published by Rice et al.6  Although 

indenocorannulene (3.17) was obtained, we quickly found that under the described 

reaction conditions, significant deprotection was occurring even though the reaction did 

not go to completion (Scheme 3-7).  An attempt was made to optimize this reaction by 

varying many parameters including time, temperature, water content, solvent (type and 

amount), base (type, presence, and amount), salt (presence and amount) and catalyst 

(type, presence, and amount) without a significant or reproducible improvement. 

Scheme 3-7. Intramolecular Arene-Trif late Coupling Results

OHOTf

Pd(PCy3)2Cl3

LiCl, DBU, DMF

OTf

minor minormajor
 

3.16 3.8 

3.10 3.15 3.17 3.15 
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 In addition to these attempts, we also tried changing the nature of the sulfonate 

leaving group.  The competitive base-promoted nucleophilic cleavage of triflates is 

documented as a common problem in metal-mediated cross-coupling reactions.  One 

alternative is to use nonaflates, which are shown to be more stable to hydrolysis.9  Using 

conditions described by Buchwald et al., 3.10 was activated to obtain 2-

corannulenylphenyl nonafluorobutanesulfonate (3.18).  Although a significant 

improvement was observed, this remedy was far from optimal (Scheme 3-8). 

Scheme 3-8. Intramolecular Arene-Nonaf late Coupling Results

OHONf

Pd(PCy3)2Cl3

LiCl, DBU, DMF

ONf

minor majorminor
 

 As one would expect, the rate of intermolecular closure for 3.18 remained 

unchanged as compared to 3.15 while hydrolysis was slowed significantly.  Figure 3-2 

displays 1H NMR spectra of the crude product mixtures from two otherwise identical 

reactions.  Although this was a major improvement, the ratio of hydrolysis to product 

formation was still inadequate for the effective execution of our ultimate goal, especially 

considering that we are seeing incomplete reaction under these conditions.  Integration 

                                                 
9 (a) Anderson, K. W.; Mendez-Perez, M.; Priego, J.; Buchwald, S. L. J. Org. Chem. 2003, 68, 9563-9573.; 
(b) Denmark, S. E.; Sweis, R. F. Org. Lett. 2002, 4, 3771-3774. 

3.10 3.18 3.17 3.18 
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puts the ratio of phenol 3.10 to product 3.17 at approximately 6:1 for the triflate 3.15 and 

1.2:1 for nonaflate 3.18. 

  

Figure 3-2. 1H NMR comparison of crude products from intramolecular cyclization 

 Difficulties with this reaction eventually led us back to the system described by 

Rice et al.6  We wanted to know if our struggle was substrate-specific.  As in the case of 

2-corannulenylphenyl trifluoromethanesulfonate (3.15), 2-(naphthalenyl)phenyl 

trifluoromethanesulfonate (3.13) was prone to significant base-promoted deprotection 

when subjected to the same aryl-Heck-type closure conditions.  3.12 and 3.14 were 

confirmed by 1H NMR and mass analysis10 (~1:1.5 ratio respectively) along with 

significant amounts of starting material (3.13). 

                                                 
10 GCMS (Quadrapole EI 70eV) 

3.18 

3.10 3.17 3.10 

3.15 
3.10 3.17 3.10 

CHCl3 

CHCl3 Nonaflate 

Triflate 
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OTf

Scheme 3-9. Intramolecular Arene-Trif late Coupling Results Towards Fluoranthene

Pd(PPh3)2Cl3

LiCl, DBU, DMF

OTfOH

 

 

3.3  Conclusions 

 Although this work yielded some noteworthy results, including a novel route to 

indenocorannulene (3.17), it was ultimately abandoned for three reasons: 1) a five-fold 

aryl-Heck-type cyclization of the five-fold activated 3.7 would require that each 

cyclization proceed in good yields (a goal we had not attained even with the mono-

substituted species), 2) our preliminary attempts to reproduce the previously established 

synthesis of penta(o-methoxyphenyl)corannulene (3.5) were not fruitful,11 and 3) 

significant success toward a more efficient pentaindenocorannulene (3.1) precursor had 

been realized as part of a new project.12 

 

 

 

 

                                                 
11 Although we were able to synthesize this molecule using different conditions (see Chapter 4) 
12 See Chapter 4 

3.13 3.14 3.12 3.13 
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3.4  Experimental Procedures 

3.4.1  General Experimental 

 

 All chemicals were commercially available and were used without any 

purification unless specified.  All solvents were reagent grade unless otherwise specified.  

Anhydrous solvents were either used as purchased or obtained from a solvent purification 

system constructed by Contour Glass, which dispensed tetrahydrofuran, dichloromethane, 

carbon disulfide, dimethylacetamide, toluene, and o-dichlorobenzene unless otherwise 

specified.  Proton and carbon NMR spectra were obtained using a Varian 400 or 500 

MHz NMR spectrometer.  Chemical shifts are reported in ppm downfield from 

tetramethylsilane with chloroform-d (δH = 7.26 ppm, δC = 77.16 ppm), dichloromethane-

d2 (δH = 5.32 ppm, δC = 53.8 ppm) or 1,1,2,2-tetrachloroethane-d2 (δH = 5.91 ppm, δC = 

74.2 ppm) as the standard reference.  For carbon NMR, a relaxation delay (d1) of up to 

ten seconds was used as needed for internal sp2 carbon detection.  Thin layer 

chromatography was performed on Sorbent Tech Silica G TLC plates.  For preparative 

column chromatography, 32-63 μm silica gel was used.  Initial mass analyses were 

performed using a Thermo Electron Corporation Finnigan Trace GC Ultra gas 

chromatograph unit connected to a Thermo Electron Corporation Finnigan Trace DSQ 

mass spectrometer with direct insertion capability.  High resolution mass analyses were 

carried out using time of flight mass spectrometers.  Both positive and negative ion 

detection have been used; however, negative ion TOF has been found to be far more 

effective, especially for large PAHs.  Ionization methods included APPI, DART, and 
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LDI.  Melting points are uncorrected.  Elemental analysis was carried out under optimum 

combustion conditions by Robertson Microlit Laboratories, Inc.  HPLC analysis and 

purification were performed using a Waters 600 instrument with a Supelco analytical 

Supelcosil LC-PAH 25 cm × 4.6 mm, 5μm HPLC column and a Supelco preparative 

Supelcosil LC-PAH 25 cm × 21.2 mm, 5μm HPLC column, both connected to a Waters 

2996 Photodiode Array Detector.  Infrared analysis was carried out using an Avatar 360 

FTIR unit.  UV analysis was done using a Hewlett Packard model 8452A Diode Array 

Spectrophotometer. 
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3.4.2  2-Corannulenylphenol (3.10) 

O OH

TMSCl
NaI

CH3CN

 
 

To an oven-dried 150 mL pressure vessel were added 0.400 g (1.12 mmol) o-

methoxyphenylcorannulene (3.8),A 6.73 g (44.9 mmol) sodium iodide, 40 mL anhydrous 

acetonitrile, and 5.70 mL (44.9 mmol) trimethylsilyl chloride.  The capped pressure 

vessel was dropped into a preheated silicon oil bath at 45 °C, and the reaction was stirred 

for 2 days.B  Upon completion, the reaction mixture was quenched with water and 

extracted with ether.  The ether layer was washed with sodium thiosulfate, dried with 

magnesium sulfate, and filtered.  Removing the solvent under reduced pressure gave 

373.5 mg (97%) of a white solid (3.10): mp 132 °C (amorphous solid), 150 °C (dec.); 1H 

NMR (500 MHz, CDCl3) δ 7.88 (d, J=9.0 Hz, 1H), 7.87 (s, 1H), 7.850 (d, J=8.5 Hz, 1H), 

7.847 (d, J=8.5 Hz, 1H), 7.847 (s, 2H), 7.81 (d, J=8.5 Hz, 1H), 7.79 (d, J=9.0 Hz, 1H), 

7.62 (d, J=9.0 Hz, 1H), 7.40 (t, J=7.8 Hz, 1H), 7.39 (br d, 1H), 7.13 (d, J=8.5 Hz, 1H), 

7.09 (t, J=7.5 Hz, 1H), 5.33 (br s, 1H); 13C NMR (125 MHz, CDCl3) δ 153.38, 136.43, 

136.25, 135.98, 135.80, 135.782, 135.775, 131.74, 131.25, 131.174, 131.165, 130.86, 

130.09, 129.96, 127.93, 127.81, 127.73, 127.65, 127.49, 127.32, 127.21, 127.12, 126.57, 

125.73, 120.96, 116.10; HRMS (m/z) [M]+ calculated for C26H14O: 342.1045, found 

342.1046. 
                                                 
A Conditions for synthesis of 3.8 described by M. Bancu (See reference 1) 
B Elevated temperatures promote the formation of side product 2-corannulenyl-4-ethylphenol (see text) 

3.8 3.10 
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3.4.3  2-Corannulenylphenyl Trifluoromethanesulfonate (3.15) 

OH OTf

TfOTf
pyridine

CH2Cl2
 

 

To an oven-dried 250 mL round bottom flask were added 0.200 g (0.58 mmol) of 2-

corannulenylphenol (3.10), 90 mL anhydrous dichloromethane, 0.95 mL (12 mmol) 

pyridine, and 0.49 mL (2.9 mmol) trifluoromethanesulfonic anhydride.  The solution was 

allowed to stir at room temperature under an atmosphere of nitrogen for 3 h.  Upon 

completion, the reaction mixture was washed twice with 2M HCl and once with saturated 

sodium chloride solution, dried with magnesium sulfate, and filtered.  The crude product 

was purified by column chromatography (silica gel) using cyclohexane and 

dichloromethane (4:1) as eluant to give 269.7 mg of a white solid (97%) (3.15): mp 59 °C 

(amorphous solid), 190 °C (dec.); 1H NMR (500 MHz, CDCl3) δ 7.87 (s, 1H), 7.86 (d, 

J=8.5 Hz, 1H), 7.84 (d, J=9.0 Hz, 1H), 7.837 (s, 2H), 7.836 (d, J=8.5 Hz, 1H), 7.80 (d, 

J=8.5 Hz, 1H), 7.76 (d, J=9.0 Hz, 1H), 7.58-7.55 (m, 2H), 7.52-7.49 (m, 2H), 7.50 (d, 

J=8.5 Hz, 1H); 13C NMR (125 MHz, CDCl3) δ 147.66, 136.38, 135.94, 135.88, 135.74, 

135.70, 134.39, 133.48, 133.46, 131.26, 131.15, 130.93, 130.26, 129.87, 129.77, 128.66 

(d, J=0.9 Hz), 128.55, 127.65, 127.62, 127.51, 127.49, 127.32, 127.15, 127.12, 126.05, 

122.28, 118.47 (q, J=319 Hz); Elemental Analysis calculated for C27H13F3O3S: C, 68.35; 

H, 2.76; S, 6.76, found C, 68.36; H, 2.86; S, 6.42. 

3.10 3.15 
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3.4.4 2-Corannulenylphenyl Nonafluorobutane-1-sulfonate (3.18) 

OH ONf
NfF, iPr2NEt

DMAP, CH2Cl2

 
 

To an oven-dried 25 mL round bottom flask were added 1.78 mg (0.0146 mmol) 4-

dimethylaminopyridine and 63.6 mg (0.186 mmol) o-hydroxyphenylcorannulene (3.10).A  

The vessel was fitted with a septum and purged with nitrogen.  A syringe was used to add 

5 mL anhydrous dichloromethane and 0.061 mL (0.350 mmol) diisopropylethylamine.  

The solution was cooled to 0 ºC in an ice bath while stirring for a short period of time.  

Once cooled, a syringe was again used to add 0.0985 mL (0.321 mmol) 

nonafluorobutanesulfonic fluoride dropwise.  The reaction mixture was allowed to warm 

to room temperature and stir overnight.  Water was added to quench the reaction, which 

was extracted with dichloromethane, washed with water (1×) and brine (1×), dried with 

magnesium sulfate, filtered, and concentrated to dryness under reduced pressure.  

Purification of the crude reaction mixture by silica gel chromatography using 4:1 

cyclohexane:dichloromethane as eluent gave 78.1 mg (67.3%) product (3.18) as an off- 

white solid: mp 137-140 °C; 1H NMR (500 MHz, CDCl3) δ 7.86 (s, 1H), 7.85 (s, 2H, 

should be reported as an AB quartet; however, the short wings of the doublets could not 

be adequately located), 7.831 (s, 2H), 7.831 (d, J=9.0 Hz, 1H), 7.80 (d, J=9.0 Hz, 1H), 

7.76 (d, J=8.5 Hz, 1H), 7.58-7.51 (m, 4H), 7.50 (d, J=9.0 Hz, 1H); 13C NMR (125 MHz, 
                                                 
A Following the procedure described by Buchwald et al., we intended to start with 100 mg of 3.10.  Only 
63.6 mg of 3.10 were available at the time (See reference 7a). 

3.10 3.18 
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CDCl3) δ 147.93, 136.38, 135.94, 135.88, 135.79, 135.72, 134.43, 133.64, 133.54, 

131.27, 131.15, 130.95, 130.28, 129.86, 129.80, 128.61, 128.58, 127.62, 127.58, 127.47, 

127.46, 127.30, 127.12, 127.11, 126.04, 122.24, (signals for C4F9 chain not apparent); 

Elemental Analysis calculated for C30H13F9O3S: C, 57.70; H, 2.10; S, 5.13, found C, 

57.47; H, 2.33; S, 4.80. 
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3.4.5  Indenocorannulene (3.17) (from 2-corannulenylphenyl trifluoromethanesulfonate) 

OTf

Pd(PCy3)2Cl2

DBU, LiCl, DMF

 
 

The atmosphere of an oven-dried 13 mL borosilicate test tube was replaced with nitrogen 

through nitrogen/vacuum alternation.  A syringe was used to add a solution of 21.1 mg 

(0.0445 mmol) 2-corannulenylphenyl trifluoromethanesulfonate (3.15) in 1.0 mL 

anhydrous dichloromethane.  The solvent was removed under reduced pressure using a 

rotary evaporator, and the reaction tube was kept under high vacuum for one additional 

hour.  To this tube was added 3.1 mg (0.00445 mmol) trans-

dichlorobis(triphenylphosphine)palladium (II) and 5.7 mg (0.1335 mmol) lithium 

chloride.A  Subsequent to the addition of solid reactants, parafilm was used to create a 

better seal between the tube and the septum.  The atmosphere was again replaced by 

nitrogen/vacuum alternation and 0.445 mL of dimethylformamide were added by syringe, 

followed by 0.0081 mL (0.0534 mmol) 1,8-diazabicyclo[5.4.0]undec-7-ene.  The reaction 

mixture was stirred at 140 °C for 18 hrs.  After this time, dichloromethane was added to 

the reaction mixture and subsequently extracted twice with water, dried with magnesium 

sulfate, and filtered.  Removal of the solvent under reduced pressure gave a milky 

white/yellow amorphous solid material.  1H NMR analysis of the crude products revealed 

                                                 
A Reagent is hydroscopic 

3.17 3.15 
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a mixture composed of 2-corannulenylphenol (3.10), 2-corannulenylphenyl 

trifluoromethanesulfonate (starting material, 3.15) and the desired indenocorannulene 

(3.17).  The ratio of phenol to product was approximately 6 to 1.B  A good handle could 

not be found for integration of the starting material. 

                                                 
B Compare to results of intramolecular arene-nonaflate coupling 
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3.4.6  Indenocorannulene (3.17) 

(from 2-corannulenylphenyl nonafluorobutane-1-sulfonate) 

ONf

Pd(PCy3)2Cl2

DBU, LiCl, DMF

 
 

The atmosphere of an oven-dried 13 mL borosilicate test tube was replaced with nitrogen 

through nitrogen/vacuum alternation.  A syringe was used to add a solution of 27.8 mg 

(0.0445 mmol) 2-corannulenylphenyl nonafluorobutane-1-sulfonate (3.18) in 1.0 mL 

anhydrous dichloromethane.  The solvent was removed under reduced pressure using a 

rotary evaporator, and the reaction tube was kept under high vacuum for one additional 

hour.  To this tube was added 3.1 mg (0.00445 mmol) trans-

dichlorobis(triphenylphosphine)palladium (II) and 5.7 mg (0.1335 mmol) lithium 

chloride.A  Subsequent to the addition of solid reactants, parafilm was used to create a 

better seal between the tube and the septum.  The atmosphere was again replaced by 

nitrogen/vacuum alternation and 0.445 mL of dimethylformamide were added by syringe, 

followed by 0.0081 mL (0.0534 mmol) 1,8-diazabicyclo[5.4.0]undec-7-ene.  The reaction 

mixture was stirred at 140 °C for 18 hrs.  After this time, dichloromethane was added to 

the reaction mixture and subsequently extracted twice with water, dried with magnesium 

sulfate, and filtered.  Removal of the solvent under reduced pressure gave a milky 

                                                 
A Reagent is hydroscopic 

3.17 3.18 
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white/yellow amorphous solid material.  1H NMR analysis of the crude products revealed 

a mixture composed of 2-corannulenylphenol (3.10), 2-corannulenylphenyl 

nonafluorobutane-1-sulfonate (starting material, 3.18) and the desired indenocorannulene 

(3.17).  The ratio of phenol to product was approximately 1.2 to 1.B  A good handle could 

not be found for integration of the starting material. 

                                                 
B Compare to results of intramolecular arene-triflate coupling 
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Chapter 4 

Progress Toward the Total Organic Synthesis of a [5,5] Carbon 

Nanotube Template:  Total Synthesis of Pentaindenocorannulene 
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4.1  Introduction 

4.1.1  Retrosynthetic Analysis Toward the [5,5] Nanotube End-cap 

 The majority of my time in the Scott lab has been spent pursuing synthetic routes 

toward the [5,5] nanotube end-cap (4.1), which necessitates a synthesis of the penultimate 

pentaindenocorannulene (4.2).  Scheme 4-1 details this approach, in which we hoped to 

implement a five-fold cross-coupling reaction with pentachlorocorannulene (4.3) to 

install five phenyl units, each bearing o-halogenation (4.4), in anticipation of a 

subsequent five-fold aryl-Heck type transformation.1  In this chapter we will present a 

body of work resulting in the total synthesis and isolation of pentaindenocorannulene 

(4.2) and our efforts to transform 4.2 into a nanotube template, specifically 4.1. 

Cl

Cl

Cl

Cl

Cl

X

X

X

X
X

Y

X

Scheme 4-1. Retrosynthetic Analysis f or the [5,5] Nanotube Endcap

Y = ZnCl, B(OH)2, etc.
X = Halogen

 

 
                                                 
1 The synthetic strategy explored in Chapter 3 shares the same retrosynthetic analysis excepting that the 
mentioned o-functionality is not a halogen.  The approach in Chapter 3 requires significant functional 
group manipulation and might therefore be considered as inefficient, relative to the analysis presented here. 

4.2 

4.1 

4.4 4.3 



89 
 

4.1.2  Previous Work 

 Prior to my own efforts, M. Bancu had explored a number of approaches toward 

nanotube end-cap 4.1, many of which relied on the synthesis and cyclodehydrogenation 

of pentaindenocorannulene (4.2).2  The retrosynthetic analysis presented in Scheme 4-1 

represents perhaps the most salient example of his progress toward this goal.  As was 

noted in the introduction of Chapter 3, he developed a synthesis of 1,3,5,7,9-pentakis(o-

chlorophenyl)corannulene (4.5), using Negishi conditions established by Fu et al. 

(Scheme 4-2).3  Previous to the time of my arrival in the Scott lab, however, this success 

became somewhat difficult to reproduce for reasons that are still not well understood.  On 

at least two occasions 4.5, obtained this way, was subjected to aryl-Heck closure 

conditions to give trace amounts of an incompletely purified material having the 

spectroscopic properties expected for 4.2 (Scheme 4-2).  Unfortunately, the emergence of 

difficulties in the production of 4.5 prevented further attempts at the synthesis, isolation 

and further characterization of pentaindenocorannulene (4.2). 

Cl

Cl

Cl

Cl

Cl

Cl

Cl

Cl

Cl
Cl

Pd[P(t -Bu)3]2
NMP

ZnI

Cl

24% reported

Scheme 4-2. Past Progress Towards Pentaindenocorannulene

Not
Isolated

Pd(PCy3)2Cl2

DBU
DMAc

 

                                                 
2 Bancu, M. Ph.D. dissertation, Boston College: Chestnut Hill, MA, 2004. 
3 Dai, C.; Fu, G. C. J. Am. Chem. Soc. 2001, 123, 2719-2724. 

4.3 4.5 4.2 
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4.2  Results and Discussion 

4.2.1  Synthesis and Characterization of 1,3,5,7,9-Pentakis(o-chlorophenyl)corannulene 

 While we were experiencing difficulties using trifluoromethanesulfonates as 

leaving groups for five-fold aryl-Heck type annulations,4 we decided to begin a new 

project.  We set out to construct 1,3,5,7,9-pentacorannulenylcorannulene from 

pentachlorocorannulene and some corannulene cross-coupling partner.5  After some 

unsuccessful efforts toward the generation of a corannulene Grignard reagent,6 a fresh 

literature search led us to some very rewarding Suzuki coupling conditions defined by 

Nolan et al.7  Encouraged by this success, we decided to use the same protocol in an 

attempt to synthesize the elusive 1,3,5,7,9-pentakis(o-chlorophenyl)corannulene (4.5).  

The result is shown in Scheme 4-3. 

                                                 
4 See Chapter 3 
5 See Chapter 6 
6 See Chapter 2 
7 Zhang, C.; Huang, J.; Trudell, M. L.; Nolan, S. P. J. Org. Chem. 1999, 64, 3804-3805; Grasa, G. A.; 
Viciu, M. S.; Huang, J.; Zhang, C.; Trudell, M. L.; Nolan, S. P. Organometallics 2002, 21, 2866-2873; 
Viciu, M. S.; Germaneau, R. F.; Navarro-Fernandez, O.; Stevens, E. D.; Nolan, S. P. Organometallics 
2002, 21, 5470-5472. 



91 
 

Cl

ClCl

Cl

Cl

Cl

ClCl

Cl

Cl

N N

Cl

Pd2(dba)3
CsCO3
dioxane

Cl

B(OH)2

Scheme 4-3. 1,3,5,7,9-pentakis(o-chlorophenyl)corannulene

48%  

 

 There are a number of hurdles to effecting this transformation.  In Chapter 2 

(section 2.3.3), we mentioned that C(sp2)-Cl bonds are much stronger than their C(sp2)-

Br or C(sp2)-I counterparts.  This has a significant impact on the oxidative insertion rate 

of the metal.  Assuming we could find a catalyst/ligand system capable of overcoming 

the activation barrier needed for oxidative insertion into a C(sp2)-Cl bond, we would then 

have to worry about the reactivity of the C(sp2)-Cl bonds in our desired product.  

Moreover, since the reaction must occur five times on each molecule of starting material, 

any weak points in the catalytic cycle, resulting in side-products or an incomplete 

reaction, would be significantly amplified. 

 The chosen imidazolium ligand (in situ generated N-heterocyclic carbene), 

popularized by Nolan et al., was advertised as providing a more electron rich palladium 

species (facilitates the oxidative addition step) while increasing the steric bulk as 

compared to more traditional phosphine ligands (facilitates reductive elimination).  

Nolan’s results clearly demonstrate that this catalyst is superior for Suzuki couplings 

involving C(sp2)-Cl bonds.  Our system is no exception.  Fortunately, significant 

4.3 4.5 
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reactivity of the product was not observed due, we believe, to considerable steric 

congestion around the chlorines in the product as compared to those of the starting 

material.  The 48% yield obtained after chromatographic separation represents an 86% 

yield per bond formed.  We were understandably overjoyed with this result.  Although 

modest procedural modifications were passively explored (time, scale, equivalents of 

boronic acid), the efficiency of this reaction was never improved significantly as 

compared to that of the original conditions. 

 As one might expect, the NMR spectrum of 1,3,5,7,9-pentakis(o-

chlorophenyl)corannulene (4.5) is not well defined at room temperature due to the 

relatively slow interconversion of rotational isomers.  This effect is even more 

pronounced in 1,2,5,6-tetrakis(o-chlorophenyl)corannulene prepared by M. Bancu.1  

When the temperature is raised significantly we begin to see the individual hydrogen 

signals resolve (Figure 4-1).  At 120 ºC we can clearly see that the NMR spectrum is 

representative of 4.5 and that the product is free of impurities. 
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Figure 4-1.  As temperature increases, the rotational isomers of 1,3,5,7,9-pentakis(o-
chlorophenyl)corannulene resolve, and the resolved spectrum becomes apparent. 
 

 We were also fortunate enough to obtain a crystal structure of 4.5 (Figure 4-2).  

One can see from the chlorine occupancy (bright green arrow) that there is more than one 

rotational isomer in the crystal. 

21 ºC 
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Figure 4-2. X-ray crystal structure of 1,3,5,7,9-pentakis(o-chlorophenyl)corannulene 

 For our purposes, 4.5 was the most useful molecule that we could imagine 

obtaining by way of Nolan’s Suzuki conditions.7  It is important to remember, however, 

that the utility of this procedure extends far beyond this project in that it is generally 

applicable to the cross-coupling of more readily accessible chloroaryl precursors (see 

Section 2.3.3).  This synthetic tool might also be relevant to the construction of other 

curved PAH’s including many other 1,3,5,7,9-pentaphenylcorannulene derivatives. 
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4.2.2  Synthesis of 1,3,5,7,9-Pentakis(o-methoxyphenyl)corannulene 

 Having successfully applied Nolan’s carbene ligand to the preparation of 4.5, we 

could not help but attempt to use the same conditions toward a former target, 1,3,5,7,9-

pentakis(o-methoxyphenyl)corannulene (4.6) (Scheme 4-4).  In an earlier project, we had 

planned to exhaustively demethylate 4.6 and then activate the resultant hydroxyl groups 

to give an aryl-Heck precursor not unlike 4.5.  We had abandoned this strategy for a few 

reasons, including difficulties reproducing a preexisting synthesis of 4.6.8   

Cl

ClCl

Cl

Cl

O

OO

O

O

N N

Cl

Pd2(dba)3
CsCO3
dioxane

O

B(OH)2

Scheme 4-4. 1,3,5,7,9-pentakis(o-methoxyphenyl)corannulene

73%  

 

 This transformation was our second successful experience using N-heterocyclic 

carbine ligands, popularized by Nolan et al., for a Suzuki transformation involving a 

chloro-aryl coupling partner.  Although 4.6 was now once again readily accessible, we 

chose to pursue the more direct five-fold cyclization of 1,3,5,7,9-pentakis(o-

chlorophenyl)corannulene (4.5). 

 

 

                                                 
8 See Chapter 3 for more details 

4.3 4.6 
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4.2.3  Aryl-Heck Type Transformations 

 We use the language “aryl-Heck type” to signify two points of interest.  First, 

although the resulting transformation is no different from a traditional Heck reaction, it 

does, by our understanding, proceed through a somewhat different mechanism.  

Secondly, the Heck type reaction precursors that we intend to employ bear aromatic 

double bonds instead of traditional olefinic double bonds.  In a sense, the two points are 

the same since work by Echavarren has shown that intramolecular arylations rely on 

sigma bond metathesis (C-H activation) (4.7) instead of electrophilic aromatic 

substitution (not shown) or the more traditional olefin migratory insertion mechanism 

(4.8) (Scheme 4-5).9    In other words, the mechanistic distinction trivializes the nature of 

the olefin, while the relatively unreactive aryl double bond is most likely responsible for 

the altered mechanistic pathway.  We should also note that the migratory insertion 

mechanism would require a 1,5-hydrogen shift for β-hydride elimination to occur. 

Y

Y = Pd(L)nX
H

PdX
Pd

X
H

Scheme 4-5. Sigma Bond Metathesis vs. Migratory Insertion

or

 

 

4.2.4  Early Attempts at the Synthesis of Pentaindenocorannulene10 

 Initially, we reasoned that the advantages of N-heterocyclic carbene ligands, 

namely higher palladium electron density (facilitates oxidative addition) and relatively 
                                                 
9 García-Cuadrado, D.; Braga, A. A. C.; Maseras, F.; Echavarren, A. M. J. Am. Chem. Soc. 2006, 128, 
1066-1067. 
10 See Chapter 5 for results pertaining to the direct pyrolysis of (4.5) 

4.7 4.8 
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high steric bulk (facilitates reductive elimination), might be applicable to aryl-Heck type 

couplings, especially since we were again limited to the use of C(sp2)-Cl bonds.  After 

all, the documented utility of metal catalysts bearing various imidazolium ligands is not 

restricted to the Suzuki transformation.7  For example, Herrmann et al. used these types 

of ligands in nickel-catalyzed Kumada cross-couplings with aryl chlorides.11  At one 

point, these particular findings were employed by our very own M. Bancu to generate 

1,3,5,7,9-pentakis(o-methoxyphenyl)corannulene.1 

 It was possible, given higher reaction temperatures, that we might accomplish a 

five-fold Suzuki cross-coupling followed by a five-fold aryl-Heck type reaction to 

generate pentaindenocorannulene (4.2) in one pot.  As a control experiment, pure 

1,3,5,7,9-pentakis(o-chlorophenyl)corannulene (4.5) was subjected to the conditions 

presented in Scheme 4.6, which are identical to those used to prepare 4.5, excepting that 

the o-chlorophenylboronic acid was not added and the reaction was run at 160 ºC.  The 

desired product was not obtained from this attempt.  It is possible that steric congestion of 

the starting material and the relatively bulky carbene ligand are mismatched even at 

elevated temperatures.   Strangely enough, mass analysis12 of the crude products revealed 

a very dominant signal suggesting 1,3,5,7,9-pentakis(o-chlorohydroxyphenyl)-

corannulene (4.9) (Figure 4-3).  Based on this somewhat unexpected result, we decided 

not to further explore the tandem Suzuki-Heck-type reaction. 

                                                 
11 Böhm, V. P. W.; Weskamp, T.; Gstöttmayr, C. W. K.; Herrmann, W. A. Angew. Chem. Int. Ed. 2000, 39, 
1602-1604. 
12 LDI TOF 
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Pd2(dba)3
carbene ligand

CsCO3
dioxane
80 ºC

Cl

B(OH)2

Scheme 4-6. Efforts Toward the Proposed Tandem Suzuki-Heck-type Tranformation

48%

Cl

Cl

Cl

Cl

Cl

Cl

Cl
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Cl
Cl Pd2(dba)3

carbene ligand
CsCO3

dioxane
160 ºC

pressure vessel

?
tandem reaction not attempted

 

 

  

 

Figure 4-3.  1,3,5,7,9-pentakis(o-chlorohydroxyphenyl)corannulene 
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 We then considered using o-bromophenylboronic acid as a Suzuki coupling 

partner in hopes that the aforementioned tandem Suzuki-Heck-type reaction might occur, 

owing to the increased reactivity of the C(sp2)-Br bond (Scheme 4-7).  An anticipated 

drawback of this approach was that the representative 1,3,5,7,9-pentakis(o-

bromophenyl)corannulene (4.10) intermediate would also be more likely to overcome 

increased sterics and participate in additional Suzuki couplings.  Competitive o-

bromophenylboronic acid polymerization was identified as another possible obstacle. 

Pd2(dba)3
carbene ligand

CsCO3
dioxane
80 ºC

Br

B(OH)2

Scheme 4-7. Efforts Toward the Proposed Tandem Suzuki-Heck-type Tranformation

Cl

Cl

Cl

Cl

Cl

Br

Br

Br

Br
Br

 

 

 Not surprisingly, the major product of this reaction was triphenylene.  Attempts to 

isolate other components from the reaction mixture met with little success; however, 

mass analysis of a few semi-purified chromatography fractions revealed some potentially 

exciting data.12  In Figure 4-4, one can clearly see 614 m/z, which might represent the 

formation and partial cyclodehydrogenation of pentaindenocoranulene (4.2) (620 m/z).  

Other prominent masses observed as a result of this reaction, include 616 m/z (two 

cyclodehydrogenations of 4.2) and 609/611/613 m/z (three, four, and five 

cyclodehydrogenations of 4.2, assuming that the detector calibration was off by one mass 

4.3 4.10 4.2 
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unit, a problem we have observed in the past).  Pentaindenocorannulene (4.2) itself was 

never detected.  Unfortunately, we were unable to isolate any of these very desirable 

products or even achieve further characterization.  Identification by NMR was thwarted 

by inseparable byproducts, both identified (triphenylene) and unidentified.  Attempts at 

further purification routinely resulted in permanent loss of material. 

 

Figure 4-4.  Evidence for formation and cyclodehydrogenation of pentaindenocoranulene 

 

614 m/z
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4.2.5  Test System – The Efficient Synthesis of Indenocorannulene 

 Established literature precedents, representing the type of intramolecular arylation 

featured in Scheme 4-8, were few and far between.  Our desire was to effect five of these 

transformations on one molecule, namely 1,3,5,7,9-pentakis(o-chlorophenyl)corannulene 

(4.5).  Given the level of uncertainty in this project, we decided to carry out an 

optimization on o-chlorophenylcorannulene (4.11) instead of the more complicated and 

less readily obtainable 4.5. 

Cl

Scheme 4-8. 5-Membered Ring Forming Aryl-Heck Type Intramolecular Arylation via Chlorine

 

 Prior to my arrival in the Scott lab, M. Bancu had already reported the conversion 

of o-chlorophenylcorannulene (4.11) to indenocorannulene (4.12) in excellent yield 

(Scheme 4-9).1  To achieve this success, he employed aryl-Heck type closure conditions 

described by Shevlin et al.13 

Pd(PCy3)2Cl2

DMAc, DBU
160 ºC

Cl

Scheme 4-9. Conditions for the Preparation of Indenocorannulene

 

                                                 
13 Wang, L.; Shevlin, P. B. Tet. Lett. 2000, 41, 285-288; Wang, L.; Shevlin, P. B. Org. Lett. 2000, 23, 
3703-3705. 

4.11 4.12 
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 Unfortunately, we did not enjoy the same success.  Although these conditions 

were found to produce 4.12, the reproducibility of the reaction was exceedingly poor 

such that identical attempts, run in new vessels, at the same time, on the same day, in the 

same silicon oil bath, on the same hot plate, and using the exact same reagents, would 

give radically different conversion by NMR analysis.  Our frustration with this result was 

compounded by the cleanliness of the transformation.  Contrary to the findings of M. 

Bancu, we did not observe significant dehalogenation even when the reaction was run at 

160 ºC to predominantly give starting material (meaning that 4.11 was present for the 

entire reaction without significant halogen loss).1  Generally the reaction would result in 

4.11 and 4.12 exclusively, in seemingly random and wildly varied ratios.   

 It would have been best to approach this problem with a more diverse set of 

solutions.  Admittedly, it was difficult to abandon this specific procedure as it did prove 

somewhat effective for the desired transformation.  Our viewpoint at the time assumed 

the existence of some overlooked variable which, once accounted for, would give this 

reaction a much needed dimension of reliability.  Under this set of assumptions the 

project quickly derailed and transformed into an ultimately fruitless and time consuming 

study, in which we varied every reaction parameter available from the usual temperature, 

time and reactant equivalencies, all the way up to and including the source of the 

reactants (especially the catalyst), water content, composition of the reaction vessel 

(borosilicate vs. lime glass), and the condition of the stir bar (palladium contaminated or 

new).  Since we inevitably failed to duplicate the results, desirable or undesirable, of any 

optimization attempt, the obtained data were ultimately rejected. 
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 This wild goose chase eventually ended when we reluctantly resigned our hopes 

of optimizing the specific conditions described by Shevlin et al.13  We instead began to 

search the literature for possible solutions that could be described as being more varied 

and original.  Our first prospect was based on the aromatic Finkelstein reaction, a 

transformation we had attempted to exploit in the past for similar purposes.6  Bozell et al. 

have demonstrated the use of bimetallic systems to enhance the value of chloroarenes, 

bearing relatively inert C(sp2)-Cl bonds, for Heck reactions.14  Higher conversions are 

reported as a result of in-situ halogen exchange (Finklestein reaction) prior to the desired 

Heck transformation.  As is dictated by Le Chatelier’s principal, favored consumption of 

the brominated or iodinated species would serve to drive the halogen exchange 

equilibrium.  Although we did see some very clean conversion, our attempts to take 

advantage of this work did not produce results that were clearly superior to those 

previously obtained (Scheme 4-10).  It is difficult to identify an improvement in an 

irreproducible reaction. 

A) NaI (3.3 eq) and NiBr (0.6 eq)
Stir 5 hours at 150 ºC in DMAc (3 mL)

and then add
Pd(PCy3)2Cl2 (0.2 eq) and DBU (25 eq)

and stir for another 2 days at 150 ºC

B) CuI (3.3 eq)
Stir 5 hours at 150 ºC in DMAc (3 mL)

and then add
Pd(PCy3)2Cl2 (0.2 eq) and DBU (25 eq)

and stir for another 2 days at 150 ºC

Cl

Scheme 4-10. Bimetallic Catalyst Systems for the Preparation of Indenocorannulene

20 mg

By NMR:
A) ~1:1.4 ratio SM:Prod
B) ~1:0.7 ratio SM:Prod

 

 

                                                 
14 Bozell, J. J.; Vogt, C. E. J. Am. Chem. Soc. 1988, 110, 2655-2657. 

4.11 4.12 
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 Our next endeavor was to employ a new source of reaction energy.  Microwave 

irradiation is an effective method for providing the thermal energy needed to effect many 

different chemical transformations, often in higher yields, shorter reaction times, and with 

a greater degree of reproducibility.  Metal-mediated coupling reactions, including the 

Heck reaction, are no exception.15  Attempts to explore this avenue were initially 

thwarted by the absence of a microwave reactor.  Thankfully, CEM Corporation was 

willing to provide us with a basic Discover unit so that we might examine the effects of 

microwave heating on the very troublesome chlorine utilizing aryl-Heck type reaction. 

 Upon receiving the demonstration unit, we quickly determined (and rigorously 

confirmed) that microwave heating does have a very significant, positive effect on the 

yield and reproducibility of this reaction.  Still more impressive was the reduction in 

reaction time from approximately 2 days to only 30 minutes (Scheme 4-11).  With this 

result, it was not difficult to make a case for the microwave as an invaluable tool.  The 

very same demo model has been a permanent fixture in our lab now for more than two 

years. 

 

Pd(PCy3)2Cl2
DMAc, DBU

microwave irradiation
170 ºC, 30 minutes

Cl

Scheme 4-11. Conditions for the Preparation of Indenocorannulene

quantitative  

                                                 
15 a) Kappe, C. O. Angew. Chem. Int. Ed. 2004, 43, 6250-6284; b) Larhed, M.; Moberg, C.; Hallberg, A.; 
Acc. Chem. Res. 2002, 35, 717-727; c) Efskind, J.; Undheim, K. Tet. Lett. 2003, 44, 2837-2839 

4.11 4.12 
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 As happy as we were to completely and reproducibly convert o-

chlorophenylcorannulene (4.11) to indenocorannulene (4.12) in quantitative yield, and to 

produce this material for collaborative purposes,16 the question remained: why is 

microwave heating having such a dramatic effect?  Although this is a topic of some 

debate, far too broad to be covered here in a comprehensive manner, some points can and 

should be made. 

 Microwave radiation is too weak to break bonds directly.  It acts by exciting 

molecules via dipolar polarization and ionic conduction.15  Therefore, if the reaction takes 

place in a solvent that has a dipole, the mixture will heat up very quickly.  As is the case 

with conventional heating, one can rely on the solvent to collide with the reactants, 

thereby transferring the kinetic energy needed to overcome an activation barrier and 

allow a reaction to take place.  Microwave irradiation generally allows for heating that is 

very rapid, uniform, and precise as compared to conventional techniques.  When an 

explanation is sought for the observed benefits of microwave irradiation on a given 

chemical transformation, this added degree of efficiency and precision should not be 

overlooked. 

 Microwave radiation will also excite dipolar substrates and reactants directly.  

Even if our solvent does not have a dipole (benzene for example), it is likely that the 

reactants will still receive the energy necessary to effect a chemical transformation.  In 

our case we might imagine a dipolar substrate containing a C(sp2)-Cl bond, interacting 

with our zero valent palladium catalyst in solution.  Energy transfer from the solvent may 

                                                 
16 Filatov, A.; Petrukhina, M. A. Unpublished work; X-ray crystal structure obtained. 
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not provide enough energy (perhaps depending on the solvent) to allow oxidative 

insertion, whereas direct activation through the absorption of a wave packet may 

vibrationally excite our relatively inert substrate so that oxidative insertion can occur. 

 The mechanism of microwave heating produces in a temperature gradient having 

an inverse relationship to that of conventional thermal heating (Figure 4-5).15a  This 

inverse temperature gradient, resulting from the direct vibrational excitation of solvent 

and reactants, might also be used to explain the new-found reproducibility of our chlorine 

utilizing aryl-Heck type reaction.   We believe that it is likely to have an inhibitory effect 

on catalyst decomposition.   

 

Figure 4-5.  Inverse temperature gradient.15a Microwave (left) and conventional (right) 

 While carrying out reactions using conventional heating, we made an empirical 

observation.  Experiments which proceeded to completion by NMR generally appeared to 

be uniformly black and completely opaque for a significantly long period of time.  When 
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the reaction did not proceed to completion, or did not proceed at all, the solution 

appeared to become relatively translucent early on.  The transition from a solidly opaque 

reaction mixture to a more translucent one was always accompanied either by the 

appearance of a shiny metallic surface (plating of the palladium on the interior surface of 

the reaction vessel), or rather noticeable particles of a dull, solid black material 

(precipitation of palladium metal either loose or adhering to the interior surface of the 

vessel). 

 Reaction mixtures subjected to microwave synthesis all exhibited a uniformly 

pitch-black opaque solution upon removal from the microwave reactor unit.  

Accordingly, quantitative yields of indenocoranulene (4.12) were obtained with strong 

reproducibility.  From these observations we hypothesize that erratic and uncontrollable 

palladium catalyst death, by way of palladium [0] aggregation/plating/seeding/nucleation, 

may have been the source of the observed irreproducibility under conventional 

conditions.  With conventional heating, a thermally unstable catalyst may be expected to 

deteriorate more quickly at the relatively hot vessel walls, facilitating seed formation.  

Since kinetic energy flows from the solution to the vessel in microwave heating (inverse 

temperature gradient), “wall effects” are eliminated.15  It is also possible that direct 

excitation of the solvated palladium catalyst may directly inhibit or break up palladium 

metal nucleation and even promote catalyst efficiency.  While conventional conditions 

that enhance the longevity of the catalyst may exist, it is unlikely that we will find a way 

to surpass the inherent benefits of microwave irradiation. 



108 
 

 As we were now satisfied with the efficiency and reproducibility of the 

transformation, efforts to improve the synthesis of indenocorannulene were discontinued.  

We were ready to test our conditions on substrates requiring multiple annulations per 

molecule.  Had we found microwave irradiation to be an ineffective solution, we did have 

a number of other possible remedies at the ready including photocyclization,17 potassium 

hydroxide in quinoline,18 and the alternative metal-mediated conditions of Dehaen,19 

Choudary,20 Fagnou,21 Herrmann,22 and Beller.23 

 

4.2.6  Diindenocorannulene 

 We were both nervous and excited about applying our new microwave heating 

conditions to the transformation of 1,3,5,7,9-pentakis(o-chlorophenyl)corannulene (4.5) 

into pentaindenocorannulene (4.2).  Since we had some di(o-chlorophenyl)corannulene 

(4.13) at the ready, we decided to use the microwave reactor to make a mixture of the 

diindenocorannulene isomers (4.14) (Scheme 4-12).  Chromatographic analysis revealed 

that the reaction had proceeded to completion.  NMR spectroscopy was used to confirm 

                                                 
17 a) Henderson, W. A.; Jr., Zweig, A.; J. Am. Chem. Soc. 1967, 89, 6778-6779; b) Henderson, W. A.; Jr., 
Lopresti, R.; Zweig, A. J. Am. Chem. Soc. 1969, 91, 6049-6057. 
18 Smet, M.; Shukla, R.; Fülöp, L.; Dehaen, W. Eur. J. Org. Chem. 1998, 2769-2773. 
19 Smet, M.; Dijk, J. V.; Dehaen, W. Synlett 1999, 4, 495-497. 
20 Choudary, B. M.; Madhi, S.; Chowdari, N. S.; Kantam, M. L.; Sreedhar, B. J. Am. Chem. Soc. 2002, 124, 
14127-14136. 
21 Campeau, L.; Thansandote, P.; Fagnou, K. Org. Lett. 2005, 7, 1857-1860. 
22 a) Herrmann, W. A.; Brossmer, C.; Öfele, K.; Reisinger, C.; Priermeier, T.; Beller, M.; Fischer, H. 
Angew. Chem. Int. Ed. Engl. 1995, 34, 1844-1848; b) Herrmann, W. A.; Elison, M.; Fischer, J.; Köcher, C.; 
Artus, G. R. J. Angew. Chem. Int. Ed. Engl. 1995, 34, 2371-2374; c) Böhm, V. P. W.; Herrmann, W. A. 
Chem. Eur. J. 2000, 6, 1017-1025; d) Herrmann, W. A.; Böhm, V. P. W.; Gstöttmayr, C. W. K.; Grosche, 
M.; Reisinger, C.; Weskamp, T. J. Organomet. Chem. 2001, 617-618, 616-628; e) Herrmann, W. A.; Öfele, 
K.; Preysing, D. V.; Schneider, S. K. J. Organomet. Chem. 2003, 687, 229-248. 
23 a) Riermeier, T. H.; Zapf, A.; Beller, M. Topics in Catalysis 1997, 4, 301-309; b) Zapf, A.; Beller, M. 
Chem. Eur. J. 2001, 7, 2908-2915. 
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the presence of both isomers in the crude product mixture with a ratio of approximately 

one to one.  As we were eager to move on to 1,3,5,7,9-pentakis(o-

chlorophenyl)corannulene (4.5), a yield was not determined.24  Spectroscopic data for the 

diindenocorannulene isomers have been documented previously by M. Bancu.1  These 

data will be reported a second time, along with the corresponding X-ray crystal 

structures, by B. Steinberg, who has been able to use the same general microwave 

conditions to generate and isolate more of the diindenocorannulenes.25 The original 

material described above was provided to B. Steinberg for use in a related project 

objective. 

 

Pd(PCy3)2Cl2
DMAc, DBU

microwave irradiation
170 ºC, 30 minutesCl

Cl

+

Scheme 4-12. Diindenocorannulene Preparation

100% conversion  

 

 

4.2.7  The Total Synthesis of Pentaindenocorannulene 

 Initial efforts to apply microwave conditions to the synthesis of 

pentaindenocorannulene (4.2) were almost immediately successful.  With some very light 

                                                 
24 The material was donated to Scott group member, B. Steinberg. 
25 Unpublished work of B. Steinberg. 

4.13 4.14a 4.14b 
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optimization (a slightly longer reaction time and appropriately elevated reaction 

equivalences) we were able to reproducibly achieve a 35% yield (81% per bond) 

(Scheme 4-13).  The only challenge existed in adjusting our work-up to accommodate the 

poor solubility of 4.2.   

 

Scheme 4-13. Pentaindenocorannulene Preparation

Cl

Cl
Cl

Cl

Cl

Pd(PCy3)2Cl2
DMAc, DBU

microwave irradiation
180 ºC, 45 minutes

35%
 

 

 Our underlying motive in synthesizing pentaindenocorannulene (4.2) was to then 

convert this molecule into the end cap, 4.1.  Upon acquiring this interesting molecule, 

however, we were content to enjoy our accomplishment and study 4.2 and its synthesis 

on the basis of their own merit.  We saw fit to explore a number of matters, including 

further optimization and scale up, and to reassess the value of conventional heating 

techniques.  We will also elaborate upon one unexpected snag that we encountered while 

using this reaction, some acquired side-products, and some very successful efforts toward 

the characterization of pentaindenocorannulene (4.2). 

 One of the problems with microwave synthesis is scale.  The standard reaction 

vessel for our Discover unit can not hold much more than 6-7 mL.  While the vessel has a 

4.5 4.2 
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volume of 10 mL, it is important to leave generous head space if the reaction will be run 

above the boiling point of the solvent.  In order to increase throughput, we aimed to 

reduce the reaction time.   

 The data in Table 4-1 suggest that it is possible to reduce the reaction time and 

preserve reaction efficiency by increasing the temperature appropriately.  For example, 

running this reaction at 190 ºC for 10 minutes gives the same basic results as running the 

reaction at 180 ºC for 45 minutes.  We did not pursue this study to its logical conclusion; 

however, one can see that 200 ºC for 5 minutes or even 210 ºC for perhaps 2 minutes 

might prove to be excellent conditions. 

Table 4-1. Pentaindenocorannulene: Attempt at Time Optimization (40 mg Scale)  

Time (minutes) Temperature 
(ºC) 

Mass Return 
(mg) Yield (%) Observations 26

35 180 5.8 18.8 Slightly 
Underdone 

35 190 2.0 6.5 Overdone 
25 190 3.3 10.7 Overdone 

15 190 7.5 24.3 Slightly 
Overdone 

10 190 11.0 35.6 Perfect 
5 190 No product 0 Underdone 

10 200 6.9 22.3 Slightly 
Overdone 

10 210 No Product 0 Overdone 
5 210 1.0 3.2 Overdone 

 

                                                 
26 All observations pertain to the appearance of the solution after initial removal of palladium by washing 
through a plug of silica.  The reaction is observed to be “overdone” when we perceive a very dark, but 
translucent, rich red solution.  We believe this observation to be associated with the formation and 
subsequent decomposition of the desired product (4.2) under the described reaction conditions.  The 
reaction is observed to be “underdone” when we perceive a light orange to light yellow translucent 
solution, associated with incomplete reaction of the starting material.  These observations are generally 
coupled with low or nonexistent yields.  A successful reaction is likely to have a deep orange opaque 
appearance. 
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 Considering previous difficulties with irreproducibility, the self consistency of the 

results in Table 4-1 should not be overlooked.  We should also note that the expected 

efficacy of this reaction was confirmed for our normal conditions (180 °C, 45 minutes, 

~35% yield) immediately prior to beginning this study.  It should be possible to fine tune 

this transformation so that comparable or even superior yields are obtained in very short 

periods of time.  We envision running many reactions in the first half of one day, and 

then working them up simultaneously to give ample quantities of 

pentaindenocorannulene (4.2).   

 An alternative method for increasing throughput would be to use a large scale 

microwave vessel.  As our dependency on the microwave increased we saw fit to 

purchase large scale add-ons for our CEM Discover unit.  This modification included an 

80 mL manual pressure vessel (50 mL maximum working volume) for the single mode 

Discover reactor.  The 80 mL vessel required a cover assembly including a large bore 

attenuator and a locking screw-on pressure cap with fittings for pressure monitoring, fiber 

optic temperature monitoring (if desired), and atmosphere replacement.  Unfortunately, 

there was no way to prepare the reaction under an inert atmosphere using the large scale 

vessel.  In this setup, a remote pressure module (switchbox) was used to replace the 

atmosphere before the reaction.  It was also responsible for transmitting pressure data to 

the Discover unit’s display during the run.  In order for the microwave to register 

pressure readings from the remote pressure module, as opposed to the normal 10 mL 

IntelliVent LabMate pressure measurement device (cylindrical clamp), it was necessary 

to set the switch on the module from “Standard” (10 mL vessel) to “80 mL”. 
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 At first we had some difficulty with the large scale setup simply because of a 

malfunction in the stirring mechanism.  Interestingly enough, the failed run resulted in a 

6.7% yield after only seven minutes (approximate).  The lack of uniform mixing probably 

lead to the formation of local hot zones, resulting in an accelerated but inefficient 

reaction.  Once the stirring mechanism was replaced (the failed mechanical device was 

exchanged for an electromagnetic one), we were able to properly test the efficacy of the 

large scale unit.27  Results from our attempts are displayed in Table 4-2.  One can see that 

the yields are consistently lower than those obtained on small scale.  This is likely to be a 

result of slower and less even heating.  We expect that reaction volumes higher than 18 

mL will result in a more pronounced reduction of yield.  Again, the consistency of the 

results in Table 4-2 should not be overlooked, and we should note that the expected 

efficiency was confirmed for our normal scale and conditions (40 mg, 180 °C, 45 

minutes, ~35% yield) immediately prior to beginning this study. 

Table 4-2.  Attempts at Producing 4.2 on a Large Scale (120 mg/18 mL) 

Time (minutes) Temperature 
(ºC) 

Mass Return 
(mg) Yield (%) Observations 26

~7 180 28 6.2 6.7 Sharp Rise in 
Pressure 

45 180 18.2 19.6 Slightly 
Overdone 

45 175 21.3 23.0 - 
45 170 20.2 21.8 - 

 

 On large scale and under our normal conditions (180 °C and 45 minutes), we 

noted that the crude reaction mixture appeared to be “slightly overdone”.  We can only 

                                                 
27 We found it best to use an octagonal type stir bar of approximate dimensions 1 × 1 × 1.5 cm. 
28 Localized temperatures were likely to be far higher than programmed temperature setting 
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speculate that the thicker glass of the 80 mL reaction vessel (~0.6 cm vs. ~0.4 cm for the 

10 mL vessel) results in a larger temperature gradient from the edge of the reaction 

mixture to the outer surface of the glass.  If the larger gradient causes the IR sensor to 

read a lower temperature, the microwave will compensate by increasing the actual 

solution temperature for our large scale reaction. 

 There are logistical difficulties associated with significant increases in scale for 

high temperature reactions.  For both microwave heating and conventional heating, 

reaction temperatures will climb less rapidly and heat gradients will become more 

problematic such that reaction efficiency and reproducibility may be compromised.  

Suppliers, including CEM, are beginning to offer automated and continuous flow 

microwave reactors to circumvent this issue.  This technology would most likely 

maximize the throughput of pentaindenocorannulene (4.2) production far beyond its 

current demand. 

 However, our continued exploration of this reaction was not limited to the 

microwave.  In spite of the virtues of microwave heating, discussed in section 4.3.5, we 

realized that our successful conditions involved a pressure vessel and significantly 

elevated temperatures; conditions that we had not previously seen fit to employ.  For the 

sake of completeness, we returned to conventional heating and set up a few reactions in 

an attempt to mimic the microwave conditions.  If we could find conditions of 

comparable efficiency using conventional heating, we might be able to scale the reaction 

more easily.   
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 The results displayed in Table 4-3 certainly seem to suggest a microwave effect.  

Even when given 15 minutes to reach 180 °C, 45 minutes of conventional heating is 

barely able to start the reaction.29  Running the reaction for 1 day, at 180 °C, results in 

complete consumption of the starting material and no product.  We can only assume that 

any product that is formed is then decomposing over time under the reaction conditions.  

Our last effort was to run the reaction for 6 hours.  Interestingly enough, we obtained an 

8.1% yield of 4.2.  As the reaction was not repeated, we can not comment on the 

reproducibility of the result.  It is possible that a lower reaction time (perhaps 4 hours) 

may give a higher yield, however given these results, we doubt that any conventional 

heating conditions will be able to achieve the yields obtained in the microwave.  The data 

show two things quite clearly: 1) that conventional heating results in slower conversion 

and 2) that subsequent to its formation, pentaindenocorannulene (4.2) is destroyed at a 

significant rate (at 180 °C).  The microwave seems to enhance the rate of product 

formation without significantly increasing its rate of decomposition. 

Table 4-3.  Control Experiments with Conventional Heating of 4.5 (40 mg scale) 

Time Temperature 
(ºC) 

Mass Return 
(mg) Yield (%) Observations 26

45 minutes 30 180 0 0 
Starting 
Material 

Reclaimed 

6 hours 180 2.5 8.1 Slightly 
Overdone 

1 day 180 0 0 Overdone 
 

                                                 
29 Mass analysis (Quadrapole direct exposure probe EI 70 eV) shows less than one closure per molecule 
30 Allowed 15 minutes for the reaction to heat up (reaction time was 1 hour total) 
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 There has been only one instance where the reproducibility of our microwave- 

assisted, pentaindenocorannulene synthesis was called into question.  Some time in the 

winter months of 2006, our conditions inexplicably ceased to produce any of product 4.2.  

On no substrate (including indenocorannulene 4.12) and in no capacity did the chlorine 

utilizing aryl-Heck reaction retain its previous efficiency.  Having struggled with this 

transformation for so long, we were confused and aggravated by this absurdly 

inconsistent turn of events.  After some fruitless attempts at reoptimization, based mostly 

on temperature and maximum wattage settings, we identified humidity as the only 

variable that had recently changed (this was the time of year for painful chapped lips and 

dry skin). 

 In our past attempts at optimization using conventional heating, we found that 

significant amounts of water (up to 50 equivalents!) did not necessarily have a deleterious 

effect on our efforts toward indenocoranulene (4.12).  Since we were never able to 

reproducibly increase the yield of the aryl-Heck type reaction by adding a precise amount 

of water, we accepted this result as interesting, but not altogether useful, and moved on to 

the next variable. 

 Amazingly enough, the addition of water to our microwave assisted aryl-Heck 

reaction of 1,3,5,7,9-pentakis(o-chlorophenyl)corannulene (4.5) via the base, DBU 

(diazabicycloundecene), during the dry winter months, restored a significant amount of 

reaction efficiency.  As far as we can tell the reaction does require at least trace amounts 

of water; however we also found that too much water has a negative effect.  Addition of a 

DBU/water mixture in a 39:1 ratio restored reaction efficiency almost completely 
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compared to our reported yield (31.4% vs. 35%), whereas addition of a 4:1 mixture 

resulted in yields ranging from 43.0%31 to 4.9%.  Yields from all attempted ratios of 

DBU/water addition are presented chronologically in Table 4-4. 

 As spring moved in, we found, with continued optimization, that there was no 

longer a need for artificial water addition.  Generally, the synthesis of 

pentaindenocorannulene (4.2) from 1,3,5,7,9-pentakis(o-chlorophenyl)corannulene (4.5) 

can be carried out without the purposeful addition of water during most of the year; 

moisture contamination from the atmosphere during preparation seems to be sufficient.  

The exact mechanistic role of the water in the aryl-Heck reaction is as yet unknown.  

Although it is difficult to quantify these results (due to the variable contribution of 

atmospheric moisture over the time of our study), two facts remain: 1) water does not 

necessarily have an adverse effect on the aryl-Heck reaction and 2) the addition of small 

amounts of water to the reaction during the dry winter months resulted in the sharp and 

consistent improvement in the effectiveness of the aforementioned reaction conditions 

(180 °C, 45 minutes, microwave heating). 

 

 

 

 

 

 

                                                 
31 This result is an outlier.  Yield may be inflated due to ligand contamination in the filtered product. 
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Table 4-4.  Effect of Water on the Aryl-Heck Reaction of 4.5 
(40 mg, 45 minutes, 180 °C) 32 

DBU:water ratio / 
water equivalents Mass Return (mg) Yield (%) Observations 26 

No water added 0 0 Underdone 
4:1 / 61.8 13.3 43.0 31 Slightly Overdone 
4:1 / 61.8 5.8 18.8 Slightly Overdone 
4:1 / 61.8 1.5 4.9 - 
4:1 / 61.8 4.8 15.5 - 
9:1 / 31.2 6.2 20.1 - 
7:3 / 93.6 5.0 16.2 - 
9:1 / 31.2 6.7 21.7 - 
19:1 / 15.6 7.4 23.9 - 
39:1 / 7.8 10.6 34.3 - 

No water added 11.1 35.9 - 
 

 Before our discussion on pentaindenocorannulene production concludes, it is 

important to acknowledge that changes in the effective yield for this reaction are an 

exaggeration of changes in the per-bond yield (see Table 4-5).  For example, a 75% 

decrease in the actual yield from 40% to 10% represents only a 24.2% drop in the per-

bond yield.  In other words, the variability we see for the yield of this reaction is 

exaggerated regardless of cause. 

Table 4-5.  Actual Yield vs. Per-Bond Yield for the Production of 4.2 

Actual Yield (%) Per-Bond Yield (%) 
10 63.1 
20 72.5 
30 78.6 
40 83.3 

  

                                                 
32 Although it appears as though water is having a negative effect on the reaction, it is important to note that 
this data was obtained during the dry winter months when the aryl-Heck type reaction had ceased to 
produce pentaindenocorannulene.  The addition of water resulted in a significant restoration of reaction 
efficiency during this time. 
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 Concomitant with our exploring and optimizing the production of 

pentaindenocorannulene (4.2), we were pleased to carry out a thorough characterization 

of it.  We were able to obtain mass (including high resolution),33 UV, and 1H NMR 

spectra along with melting point data for 4.2 with relative ease.  The 1H NMR spectrum 

of 4.2 agrees with calculations (GIAO B3LYP/6-31G**) to within 0.1 ppm (Table 4-6). 34 

Table 4-6.  1H NMR shifts: Calculated vs. Observed34 

Experimental (ppm) Calculated (ppm) 
8.096 8.002 
7.374 7.292 

 

 The most challenging obstacle to the further characterization of 4.2 was its poor 

solubility.  We were able to obtain a 13C NMR spectrum of acceptable quality only when 

using bromoform-d (CDBr3) as the NMR solvent (even on a 500 MHz NMR instrument 

overnight).  We chose bromoform because it has a relatively high refractive index 

(1.6005) which has been shown to correlate with polarizability, and therefore capacity for 

solvating large PAHs.35  The 13C NMR spectrum of 4.2 was also purposefully obtained 

with somewhat impure material, in order to increase solubility.  Contaminants may have 

included phosphine ligand (PCy3) from the reaction and perhaps small amounts of 

polycyclic aromatic hydrocarbon (PAH) side-products.   

 Considerable time and effort were required in order to find adequate conditions 

for crystal growth.  In addition to the low solubility problems, efforts to grow an X-ray 
                                                 
33 FAB 
34 Structure was constructed in Spartan, minimized with AM1, and transferred to Gaussian.  Values were 
obtained using density functional theory (B3LYP/6-31G**) (Job: NMR, GIAO method). 
35 The polarizability of a liquid is directly proportional to its index of refraction: CRC Handbook of 
Chemistry and Physics; 75th ed.; Lide, D. R., Ed.; CRC Press: Boca Raton, 1994, section 10; Ruoff, R. S.; 
Tse, D. S.; Malhotra, R.; Lorents D. C. J. Phys. Chem. 1993, 97, 3379-3383. 
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quality crystal were complicated by the tendency of 4.2 to grow very thin needles.  

Acceptable crystals were achieved by the very slow cooling of a toluene and 

dichloromethane solution (95:5 by volume respectively).  We were fortunate to have 

access to top notch facilities as well as the talent and experience of Dr. Atsushi 

Wakamiya.36  The X-ray crystal packing for pentaindenocorannulene (4.2) is displayed in 

Figure 4-6. 

 As far as we can discern, 4.2 is currently the largest PAH to be represented by an 

X-ray crystal structure.  Furthermore, the crystal structure reveals the largest p-orbital 

axis vector (POAV) angle for an unprotected sp2 carbon.37  Previously observed POAV 

angles for corannulene, C60 fullerene, and circumtrindene come in at 8.3°, 11.6°, and 

12.15° respectively.38  The interior carbons of 4.2 each bear a POAV angle of 12.6° 

which is in good agreement with 12.4°, a value obtained by en silico calculation using 

density functional theory (B3LYP/6-31G**).  As POAV angle is a measure of strain, 

pentaindenocorannulene sets a new upper limit for the strain that can be incorporated into 

a curved PAH. 

                                                 
36 The X-ray crystal structure was obtained at Nagoya University.  Ultimately, the crystal structure of 4.2 
was determined on a crystal of dimensions 0.20 × 0.01 × 0.01 mm. 
37 For literature on the POAV angle measurement see: (a) Haddon, R. C.; Scott, L. T. Pure Appl. Chem. 
1986, 58, 137. (b) Haddon, R. C. J. Am. Chem. Soc. 1987, 109, 1676. (c) Haddon, R. C. J. Am. Chem. Soc. 
1990, 112, 3385. 
38 Ansems, R. B. M.; Scott, L. T. J. Am. Chem. Soc. 2000, 122, 2719-2724. 
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Figure 4-6.  X-ray crystal packing for pentaindenocorannulene (4.2) 

 The synthesis and characterization of pentaindenocorannulene has now been 

published.39  We should note that our full characterization of pentaindenocorannulene 

confirms that M. Bancu did indeed achieve trace amounts of 4.2, even if this success was 

somewhat fleeting (see section 4.2.1).1  The general microwave conditions described 

herein have now been replicated by B. Steinberg to generate all seven indeno-annulated 

corannulenes (Figure 4-7).25  Owing heavily to his hard work, the complete set of crystal 

structures will be published in the near future. 

                                                 
39 Jackson, E. A.; Steinberg, B. D.; Bancu, M.; Wakamiya, A.; Scott, L. T. J. Am. Chem. Soc. 2007, 129, 
484-485. 
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Figure 4-7. Complete set of indeno-annulated corannulenes
 

 

4.2.8  Sideproducts of Pentaindenocorannulene Synthesis 

 As one might imagine, the reaction to make pentaindenocorannulene has been 

carried out by the author a great number of times.  Being that we were in the habit of 

collecting and saving unidentified byproducts, we quickly accumulated a very large 

number of reaction vials.  Eventually we pooled all of these side-products together and 

subjected the entire lot to large scale silica chromatography using 13:7 

cyclohexane:dichloromethane as eluant, in the belief that we might find some very 

interesting molecules.  Although we suspected a low solubility for the compounds that we 

might find, we knew from past experience that insolubility is enhanced significantly by 

purity.  We expected to see major side-products present themselves by precipitating out 

of solution subsequent to leaving the column.  This prediction proved valid as we were 
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able to isolate two orange compounds of low solubility by simply concentrating and 

filtering particular fractions. 

 Mass analysis of the first unknown revealed the same mass as for 4.2 (both 620 

m/z).40  A high resolution mass spectrum confirmed the elemental composition,41 and a 

very clean but unsymmetrical 1H NMR spectrum suggested that the molecule was an 

isomer of 4.2.  Our tentative assignment is displayed in Figure 4-8. 

Figure 4-8. Pentaindenocorannulene isomer  

   In order to test our hypothesis, calculations were carried out to predict the 1H 

NMR spectrum of 4.15.34   One can see in Table 4-7 that the calculated and experimental 

values are in close agreement.  All signals are close to or below 0.1 ppm error, and all 

multiplicity is in agreement with calculated peak placement.  Above all, we feel confident 

in our assignment because the very distinct downfield signals at 8.59 and 8.95 ppm were 

predicted by the calculations.  So far, efforts at obtaining a crystal structure of 4.15 have 

not been fruitful. 

 

                                                 
40 Quadrapole direct exposure probe EI 70eV 
41 DART 

4.15 
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Table 4-7. Experimental vs. Calculated Values for the 1H NMR spectrum of 4.15. 34, 42 

 Experimental (ppm) Calculated (ppm) Error 
1 8.056 8.10125 -0.045 
2 7.5595 7.45318 0.1063 
3 7.181 7.11222 0.069 
4 7.226 7.12654 0.099 
5 7.943 7.82537 0.118 
6 8.075-8.000 7.89304  
7 7.347 7.23325 0.114 
8 7.347 7.24496 0.102 
9 8.075-8.000 7.94249  
10 8.075-8.000 7.97502  
11 7.377 7.26708 0.110 
12 7.427 7.29181 0.135 
13 8.075-8.000 7.90345  
14 8.075-8.000 7.96851  
15 7.517 7.48311 0.034 
16 8.156 8.09865 0.057 
17 8.588 8.58796 0.000 
18 7.732 7.73427 -0.002 
19 7.842 7.81365 0.028 
20 8.9505 8.85604 0.0945 
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 Mass analysis of the second unknown gave a value two mass units higher than 

that of 4.2 and 4.15 (622 vs. 620 m/z).40  A high resolution mass spectrum confirmed the 

elemental composition to be C50H22.41  The 1H NMR spectrum of this compound 
                                                 
42 Values in bold are difficult to discern on the 1H NMR spectrum 

4.15 
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displayed some broad signals in the aromatic region.  These two observations led us to 

conclude that the structure of the second unknown was the result of one halogen loss 

during the five fold aryl-Heck type synthesis of 4.2.  The proposed structure (4.16) is 

displayed in Figure 4-9.  Although small cubic crystals have been obtained (slow 

evaporation of dichloromethane), we have been unable to solve the X-ray structure and 

confirm 4.16. 

 Figure 4-9. Tetraindenomonophenylcorannulene  

 Assuming that our assignments are correct in both cases, the isolation of these two 

compounds leads us to two very important conclusions: 1) that it is possible for 

annulations to occur on a preexisting indeno-group instead of on the corannulene unit and 

2) that although it is a minor side reaction, metal-mediated halogen loss is occurring.  The 

first of the two conclusions will become pertinent in Chapter 5. 

 

4.2.9  Attempts to Convert Pentaindenocorannulene to the [5,5] Nanotube End-cap 

 Our primary intention in making pentaindenocorannulene (4.2) was always to 

then convert it into our ultimate goal, a nanotube end cap (4.1).  As our lab has been 

4.16 
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pursuing 4.2 for many years, a number of possible conditions for the conversion of 4.2 to 

4.1 have accumulated.  Unfortunately, none of these conditions were as successful as we 

had originally hoped.  Still, some interesting and encouraging results were obtained. 

 The first protocol we considered was the Scholl reaction, which has resulted in 

some amazing transformations.  For example, Mullen et al. have used the Scholl reaction 

to generate 54 C-C bonds in one step (Scheme 4-14).43 

-108 H

AlCl3
Cu(OTf )2

in CS2

Scheme 4-14. Cyclodehyrogenation to Make 54 Intramolecular C-C Bonds

 

 Unfortunately, this type of transformation can be somewhat misleading.  

Although the Scholl reaction has proven very useful for generating large and interesting 

graphene fragments, King et al. have shown that there are some fundamental difficulties 

preventing widespread implementation of this methodology. 44  Unlike more popularly 

used methods of aryl-aryl cross-coupling (i.e., the Kumada, Stille, Negishi, and Suzuki 

                                                 
43 a) Iyer, V. S.; Wehmeier, M.; Brand, J. D.; Keegstra, M. A.; Müllen, K. Angew. Chem Int Ed. 1997, 36, 
1604-1607; b) Berresheim, A. J.; Müller, M.; Müllen, K. Chem. Rev. 1999, 99, 1747-1785. 
44 a) King, B. T; Kroulík, J.; Robertson, C. R.; Rempala, P.; Hilton C. L.; Korinek J. D.; Gortari L. M. J. 
Org. Chem. 2007, 72, 2279-2288; b) Rempala, P.; Kroulík, J.; King, B. T. J. Org. Chem. 2006, 71, 5067-
5081. 
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reactions), the Scholl reaction does not require aryl precursors to be functionalized.  This 

gives the reaction a greater potential for efficiency and atom economy, but also results in 

low selectivity.  The conversion of o-terphenyl to triphenylene was published by King et 

al. and is displayed in Scheme 4-15.44  We can see that a number of unwanted 

intermolecular couplings occur. 

Higher Oligomers

Scheme 4-15. Example Illustrating the Poor Selectivity of the Scholl Reaction

MoCl5
CH2Cl2

r.t.

 

 It appears as though the reaction will continue until the products become too 

insoluble to remain in solution.  Unless the desired product is very insoluble, as in 

Scheme 4-14, unwanted intermolecular couplings are likely to occur.  We believe that our 

attempts to effect the conversion of 4.2 to 4.1 via the Scholl reaction (Scheme 4-16) were 

unsuccessful owing to this same reasoning.  The intended product (4.1) is likely to be 

somewhat more soluble than the starting material (4.2), especially since 

pentaindenocorannulene is already known to be very sparingly soluble.  Conditions that 
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have previously been successful with other systems in our lab were attempted with 

absolutely no success.45 

A) FeCl3, CH3NO2, CH2Cl2

B) MoCl5, CH2Cl2

Scheme 4-16. Attempt to Use the Scholl Reaction on Pentaindenocorannulene

 

 

 Cyclodehydrogenation was not observed; however, in some cases we did observe 

the formation of a completely insoluble black material.  We think this material is a direct 

result of pentaindenocorannulene polymerization.  It is not surprising that intermolecular 

couplings would occur at a higher rate than intramolecular couplings.  Since the adjacent 

carbons of the indeno-groups are rigidly pinned back in the resting geometry of 

pentaindenocorannulene, the cyclodehydrogenation of 4.2 should be a strain 

incorporating transformation.  Even when the black precipitate was observed to form, 

trace amounts of 4.2 could sometimes be detected in the soluble portion of the crude 

products.  At no point was cyclodehydrogenation ever detected.  We attempted to 

optimize the reaction by elevating the temperature (up to 195 °C using tetrachloroethane 

as a solvent), significantly diluting the starting material (as low as 0.121 mM in an 

                                                 
45 a) Unpublished work of Jennifer Quimby; b) Tsefrikas, V. Ph.D. dissertation, Boston College: Chestnut 
Hill, MA, 2007. 

4.2 4.1 
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attempt to discourage intermolecular couplings), and using microwave heating.  None of 

these efforts were found to have a positive effect on our results.  We should note that the 

same difficulties would likely apply in an attempt to completely cyclodehydrogenate 

1,3,5,7,9-pentaphenylcorannulene using the Scholl reaction. 

 Next, we attempted to synthesize the [5,5] nanotube end-cap (4.1) from 4.2 by 

way of a Mallory-Wood photocyclization.  We originally became acquainted with this 

reaction because it was used in a synthesis carried out by T. Hill, another former graduate 

student of the Scott lab.46  This reaction is generally effective for the 

cyclodehydrogenation of molecules containing a stilbene substructure.  We were 

interested to know if the photocyclization would still be effective in cases where the 

adjacent carbon vertices are held somewhat further apart.  The literature revealed that the 

photocyclization may or may not be prevented when the distance between the carbon 

atoms involved in the cyclization is fixed at a relatively large value (Scheme 4-17).47 

 This methodology was unsuccessful for the synthesis of 4.1 from 4.2 (Scheme 4-

18).  The starting material appeared by TLC to be consumed after 8.5 hours.  A hint of 

cyclodehydrogenation was detected in one fraction by mass analysis after the crude 

material was separated using silica gel chromatography (1:1 

cyclohexane:dichloromethane) (Figure 4-10).40  The [5,5] nanotube end-cap (610 m/z) 

was not apparent.  1H NMR analyses of the products provided little useful information 

and mostly suggested the decomposition of the 4.2. 

                                                 
46 a) Hill, T. Ph.D. dissertation, Boston College: Chestnut Hill, MA, 2007; b) Conditions described in the 
following reference are generally used in our lab: Liu, L.; Yang, B.; Katz, T. J.; Poindexter, M. K. J. Org. 
Chem. 1991, 56, 3769-3775. 
47 Laarhoven, W. H. Recl. Trav. Chim. Pays-Bas 1983, 102, 185-204 (see pages 203-204). 
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Scheme 4-17. Effect of C-C Distance on the Photocyclization Reaction

 

 

propylene oxide

I2, benzene, hv

Scheme 4-18. Attempted Mallory-Wood Photocyclization of Pentaindenocoranulene

 

 

 

Figure 4-10.  Most promising result from the Mallory-Wood photocyclization of 4.2 

4.2 4.1 
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 Our third and final solution phase option for the complete cyclodehydrogenation 

of pentaindenocorannulene was a reductive method, commonly induced by the early 

alkali metals.48  For our attempts, we were fortunate to have access to A. Belanger, yet 

another member of the Scott lab whose aim was to better understand and improve upon 

the reductive cyclodehydrogenation reaction.49  Work with this reaction in our lab was 

originally sparked by the observed dimerization of indenocoranulene (4.12) under strong 

reductive conditions.50 

 Both microwave and conventional heating conditions (Scheme 4-19) were 

provided by A. Belanger.  Once again we did not see our desired product (4.1) by mass 

analysis from any attempt.  Starting material and possibly one cyclodehydrogenation (618 

m/z) was observed (Figure 4-11).40  Here too, our investigation predominantly suggests 

the decomposition of 4.2. 

potassium naphthalenide

THF
(microwave or

conventional heating)

Scheme 4-19. Attempted Reductive Cyclodehydrogenation of Pentaindenocoranulene

 

 

                                                 
48 a) Michel, P.; Moradpour, A. Synthesis 1988, 11, 894-896; b) Ayalon, A.; Rabinovitz, M. Tet. Lett. 1992, 
33, 2395-2398; c) Tamarkin, D.; Cohen, Y.; Rabinovitz, M. Synthesis 1987, 2, 196-197; d) Eshdat, L.; 
Ayalon, A.; Beust, R.; Shenhar, R.; Rabinovitz, M. J. Am. Chem. Soc. 2000, 122, 12637-12645. 
49 Unpublished work of Anthony Belanger. 
50 Aprahamian, I.; Hoffman, R. E.; Sheradsky, T.; Preda, D. V.; Bancu, M.; Scott, L. T.; Rabinovitz, M. 
Angew. Chem. Int. Ed. 2002, 41, 1712-1715. 

4.2 4.1 
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Figure 4-11.  Most promising result from the reductive cyclodehydrogenation of 4.2 

 Flash vacuum pyrolysis (FVP) was our final approach to the cyclodehydration of 

4.2.  It is a time-honored technique in the Scott lab, one that is not likely to be replaced 

any time soon.51  We will present results from the traditional FVP of 

pentaindenocorannulene (4.2), following an account of our attempts to effect this type of 

transformation using a relatively new and related method called graphite sensitized 

microwave flash pyrolysis (GSMFP). 

 There is good precedent for work involving the use of graphite as a catalyst for 

organic reactions in solution by way of microwave heating.52  Graphite is known to heat 

up very rapidly when subjected to microwave irradiation.  In an oscillating 

electromagnetic field (microwave radiation), graphite, which is a semi-metallic material, 

will have a large induced electric current.  Resistance, coupled with the low density and 

low specific heat of graphite, results in localized but extreme temperatures, which are 

believed to promote some successful transformations where conventional methods have 

                                                 
51Tsefrikas, V. M.; Scott, L. T. Chemical Reviews 2006, 106(12), 4868-4884. 
52 Loupy, A. Ed. Microwaves in Organic Chemistry; Wiley-VCH Verlag GmbH, 2002; Chapter 7 
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failed.  It is believed that organic compounds will insert between graphite layers, further 

enhancing the rate of reaction by increasing local pressures, while also decreasing 

problems with volatility.  Additionally, additives such as Fe3O4 which are inherent to 

certain qualities of graphite, have been shown to increase the effectiveness of graphite for 

certain organic reactions.  For example, Fe3O4 is thought to generate FeCl3 in situ and 

catalyze certain difficult Friedel-Crafts acylation reactions that would not otherwise 

proceed.  Graphite of higher purity has been shown to lack such benefits. 

 Dr. Johnson, at the University of New Hampshire, has found a new application for 

graphite in reactions involving microwave heating.53  In graphite sensitized microwave 

flash pyrolysis (GSMFP) a solid mixture of graphite and a pyrolysis precursor are 

irradiated for short periods of time.  Under an inert atmosphere, graphite layers act as 

extremely high temperature surfaces which transfer the energy necessary to overcome 

large activation barriers.  For example, Johnson et al. have achieved the 50% conversion 

of azulene to naphthalene in 3 minutes via the microwave irradiation of a dry 

graphite/azulene mixture. 

 In our lab, X. Xue has experimented with these conditions.54  One can see from a 

comparison of 4 and 5-helicene that the yield suffers if the reaction necessitates the 

incorporation of strain (Scheme 4-20).  Furthermore, the fact that 4-helicene can be 

cyclized more efficiently by conventional pyrolysis techniques leads us to believe that the 

microwave irradiated graphite does not reach the same temperatures we commonly 

                                                 
53 Unpublished results of Hee Yeon Cho 
54 Xue, X. Ph.D. dissertation, Boston College: Chestnut Hill, MA, 2008. 
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employ in FVP (>1000 ºC).  This suggests that GSMFP is unlikely to be more useful than 

FVP for our purposes. 

 

GSMFP
GSMFP

Scheme 4-20. GSMFP of 5- and 4-helicene

20% Trace  

 In spite of our doubts, an attempt was made to convert 4.2 into 4.1 using GSMFP 

(Scheme 4-21).  A basic illustration of the GSMFP setup is included in Figure 4-12.  In 

our attempts at this reaction we noted two difficulties: 1) the starting material has a 

tendency to sublime out of the graphite and 2) there is significant and irreversible 

material loss.  We might attribute the second problem to a reaction with the graphite or 

irreversible intercalation in between the graphite layers. 

GSMFP

Scheme 4-21. GSMFP of Pentaindenocorannulene

 

 4.2 4.1 
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 Mass analysis did not reveal the presence of any cyclodehydrogenated material.55  

1H NMR analysis of the resulting products showed predominantly starting material along 

with what appears to be a small amount of the pentaindenocoranulene isomer (4.15), 

identified by two characteristic doublets between 8.5 and 9.0 ppm (Figure 4-13).  This 

compound (4.15) has been shown to sublime rather readily and only appears in the first 

graphite extraction.  Since the starting material is contaminated with 4.15, the reaction 

process may simply serve to enrich it.  It is also possible that 4.2 is undergoing a 

rearrangement to 4.15.  Scheme 4-22 outlines one plausible mechanism for such a 

transformation. 

   

Figure 4-12.  Diagram of the GSMFP setup (cross section) 

 

                                                 
55 APPI TOF 
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Figure 4-13.  1H NMR analysis of the GSMFP products (first extraction) 

GSMFP

rotate and
close

H

-H

+H
(several timing alternatives)

Scheme 4-22. Plausible mechanism for the conversion of pentaindenocorannlene
to its isomer by GSMFP

 

 

4.2 

4.15 
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 The final and most successful option we explored was the flash vacuum pyrolysis 

(FVP) of 4.2.  A diagram of the apparatus is displayed in Figure 4-14.  Past experience 

has shown that the cyclodehydrogenation of an appropriate hydrocarbon precursor is 

possible at very high temperatures (Scheme 4-23).38 

 

 

 

Figure 4-14.  Flash vacuum pyrolysis (FVP) apparatus56 

FVP 1-2 torr

A) 1100 ºC
B) 1200-1300 ºC

A) No Product Observed
B) 0.6% Yield

Scheme 4-23. FVP of Decacyclene to Afford Circumtrindene

 

 We have now shown that pentaindenocorannulene (4.2) follows this trend 

(Scheme 4-24).  One can see from mass analysis of the crude pyrolysates that our [5,5] 

nanotube end-cap is being formed at 1250 ºC (Figure 4-15).55  

                                                 
56 Illustration created by Scott lab alumnus, Thomas J. Hill. 
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FVP 0.5 torr

A) 1100 ºC
B) 1250 ºC

Scheme 4-24. Flash Vacuum Pyrolysis of Pentaindenocorannulene

A) 620, 618, 616 m/z
B) 620, 618, 616, 614, 612, 610 m/ z  

 

 

          

Figure 4-15.  Mass analysis for the FVP of 4.2 at 1100 and 1250 ºC 

1100 ºC 1250 ºC 

4.2 4.1 

620 m/z 610 m/z 
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 Whereas decacyclene, the FVP precursor to circumtrindene (Scheme 4-23), can 

be purchased by the kilogram, penaindenocorannulene is currently synthesized in our lab 

in 10 mg quantities.  It is very difficult to achieve good amounts of material from 

pyrolysis since our supply of pentaindenocorannulene is so limited.  For a time we 

considered the possibility of enhancing the pyrolysis of 4.2 by first functionalizing it with 

halogens.  We abandoned this idea because it was unlikely that the extra synthetic step 

would help our cause.  Although the presence of the [5,5] nanotube end-cap (4.1) has 

been confirmed by high resolution mass analysis, we have not been able to achieve more 

than trace amounts of the crude pyrolysate.  The possibility of further characterization 

and eventual elongation of this nanotube template would depend on the developement of 

a more efficient synthesis.57  Nevertheless, we were very pleased with this result.  This is 

the first time there has ever been substantial evidence for the formation of a [5,5] 

nanotube end-cap (4.1). 

4.3  Conclusions 

 The majority of my time in the Scott lab has been spent pursuing the [5,5] 

nanotube end-cap (4.1) via pentaindenocorannulene (4.2), a retrosynthetic analysis that 

has culminated in some modest success.  Perhaps the major triumph of this work has been 

the successful synthesis of pentaindenocorannulene (4.2), which is independently 

interesting and unique.  It is the largest curved PAH to be characterized by an X-ray 

crystal structure, and the observed POAV angle of 12.6º is the largest ever recorded for 

                                                 
57 See Chapter 5 for work toward a more efficient synthesis of the [5,5] nanotube end-cap 
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an unprotected sp2 carbon atom.  The author is delighted to wonder if this very strained, 

symmetrical and uniquely beautiful molecule has ever existed in any tangible quantity 

anywhere in the universe before our synthesis. 

 Both 1,3,5,7,9-pentakis(o-chlorophenyl)corannulene (4.5) and 

pentaindenocorannulene (4.2) showcase the power of modern conditions for the Suzuki 

and Heck reactions.  Most importantly, we have found that microwave irradiation can 

provide an added degree of reproducibility to the aryl-Heck type reaction.  Experience we 

have gained with the utilization of C(sp2)-Cl bonds has already made an impact beyond 

the scope of this work. 
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4.4  Experimental Procedures 

4.4.1  General Experimental 

 

 All chemicals were commercially available and were used without any 

purification unless specified.  All solvents were reagent grade unless otherwise specified.  

Anhydrous solvents were either used as purchased or obtained from a solvent purification 

system constructed by Contour Glass, which dispensed tetrahydrofuran, dichloromethane, 

carbon disulfide, dimethylacetamide, toluene, and o-dichlorobenzene, unless otherwise 

specified.  Proton and carbon NMR spectra were obtained using a Varian 400 or 500 

MHz NMR spectrometer.  Chemical shifts are reported in ppm downfield from 

tetramethylsilane with chloroform-d (δH = 7.26 ppm, δC = 77.16 ppm), dichloromethane-

d2 (δH = 5.32 ppm, δC = 53.8 ppm) or 1,1,2,2-tetrachloroethane-d2 (δH = 5.91 ppm, δC = 

74.2 ppm) as the standard reference.  For carbon NMR, a relaxation delay (d1) of up to 

ten seconds was used as needed for internal sp2 carbon detection.  Thin layer 

chromatography was performed on Sorbent Tech Silica G TLC plates.  For preparative 

column chromatography, 32-63 μm silica gel was used.  Initial mass analyses were 

performed using a Thermo Electron Corporation Finnigan Trace GC Ultra gas 

chromatograph unit connected to a Thermo Electron Corporation Finnigan Trace DSQ 

mass spectrometer with direct insertion capability.  High resolution mass analyses were 

carried out using time of flight mass spectrometers.  Both positive and negative ion 

detection have been used; however, negative ion TOF has been found to be far more 
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effective, especially for large PAHs.  Ionization methods included APPI, DART, and 

LDI.  Melting points are uncorrected.  Elemental analysis was carried out under optimum 

combustion conditions by Robertson Microlit Laboratories, Inc.  HPLC analysis and 

purification were performed using a Waters 600 instrument with a Supelco analytical 

Supelcosil LC-PAH 25 cm × 4.6 mm, 5μm HPLC column and a Supelco preparative 

Supelcosil LC-PAH 25 cm × 21.2 mm, 5μm HPLC column, both connected to a Waters 

2996 Photodiode Array Detector.  Infrared analysis was carried out using an Avatar 360 

FTIR unit.  UV analysis was done using a Hewlett Packard model 8452A Diode Array 

Spectrophotometer. 
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4.4.2  1,3,5,7,9-Pentakis(o-chlorophenyl)corannulene (4.5)A 

Cl

ClCl

Cl

Cl

Cl

ClCl

Cl

Cl

N N

Cl

Pd2(dba)3
CsCO3
dioxane

Cl

B(OH)2

 
 

To an oven-dried 100 mL round bottom flask (containing a robust stir bar) were added 

0.600 g (1.42 mmol) of 1,3,5,7,9-pentachlorocorannulene, 4.44 g (28.4 mmol) of o-

chlorophenylboronic acid, 18.5 g (56.8 mmol) of cesium carbonate, 0.363 g (0.854 

mmol) of 1,3-bis(2,6-di-i-propylphenyl)imidazolium chloride,7 and 0.390 g (0.426 mmol) 

of tris(dibenzylideneacetone)dipalladium.  The flask was sealed with a rubber septum and 

purged repeatedly with nitrogen.  Anhydrous dioxane (30 mL) was added to this solid 

mixture, and the flask was lowered into a silicon oil bath that had been preheated to 80 

°C.  After being stirred for 2 days, the reaction mixture was cooled to room temperature 

and poured through a small silica gel plug, which was washed with excess 

dichloromethane.  The organic solution was extracted three times with water, dried with 

magnesium sulfate, and filtered.  Removal of the solvent under reduced pressure gave an 

amber oil, which was purified on silica gel with 9:1 cyclohexane/dichloromethane as 

eluant to give 546 mg (48%) of a pale yellow, nearly colorless solid (mixture of rotational 

                                                 
A See the thesis of M. Bancu for previous work.1  We should note that the spectra on page 86 of M. Bancu’s 
thesis represents 1,3,5,7,9-pentakis(o-chlorophenyl)corannulene obtained using this procedure. 

4.3 4.5 
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isomers).  Yields up to 60% have been obtained on 250 mg scale.  Crystals suitable for 

X-ray analysis were obtained through very slow vapor exchange of benzene (containing 

high purity 1,3,5,7,9-pentakis(o-chlorophenyl)corannulene) and ethanol in a closed 

system at reduced temperatures.  The spectroscopic properties of this material are 

consistent with those reported previously: mp (capillary sealed at ~5 Torr) 460-468 °C; 

1H NMR (500 MHz, 21 °C, C2D2Cl4) δ 7.9-7.0 (br-m, 25H); 1H NMR (500 MHz, 120 °C, 

CD2Cl4) δ 7.51 (br-d, 5H), 7.45 (s, 5H), 7.40 (br-d, 5H), 7.31 (br-m, 10H); 13C NMR (125 

MHz, 90 °C, C2D2Cl4): δ 139.14, 138.55, 135.47, 134.19, 132.75, 130.19, 129.91, 

129.42, 127.69, 126.97; HRMS FAB (m/z) [M]+ calculated for C50H25Cl5: 800.0399, 

found 800.0408; UV λmax (CH2Cl2) nm (log ε): 340 (sh, 4.16) 308 (4.82) 270 (4.83) 242 

(4.82); Elemental Analysis calculated for C50H25Cl5: C, 74.79; H, 3.14; Cl, 22.08, found: 

C, 74.60; H, 3.37; Cl, 22.33. 
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Crystal data and structure refinement for 1,3,5,7,9-Pentakis(o-chlorophenyl)corannulene (4.5) 
 
Table 1. 
Identification code  ej01t 
Empirical formula  C50 H25 Cl5 
Formula weight  791.95 
Temperature  193(2) K 
Wavelength  0.71073 Å 
Crystal system  Triclinic 
Space group  P-1 
Unit cell dimensions a = 11.137(2) Å α = 92.226(4)°. 
 b = 11.465(2) Å β = 98.132(4)°. 
 c = 14.799(3) Å γ = 96.156(4)°. 
Volume 1857.1(6) Å3 
Z 2 
Density (calculated) 1.416 Mg/m3 
Absorption coefficient 0.428 mm-1 
F(000) 810 
Crystal size 0.10 x 0.05 x 0.01 mm3 
Theta range for data collection 1.79 to 22.50°. 
Index ranges -11<=h<=10, -12<=k<=12, -15<=l<=15 
Reflections collected 6838 
Independent reflections 3926 [R(int) = 0.0527] 
Completeness to theta = 22.50° 80.8 %  
Absorption correction Empirical 
Max. and min. transmission 0.9957 and 0.9585 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 3926 / 362 / 456 
Goodness-of-fit on F2 1.014 
Final R indices [I>2sigma(I)] R1 = 0.1206, wR2 = 0.3096 
R indices (all data) R1 = 0.1859, wR2 = 0.3475 
Largest diff. peak and hole 1.428 and -0.731 e.Å-3 
 
 
Table 2.  Atomic coordinates  ( x 104) and equivalent  isotropic displacement parameters (Å2x 103) 
for ej01t.  U(eq) is defined as one third of  the trace of the orthogonalized Uij tensor. 
________________________________________________________________________________  
 x y z U(eq) 
________________________________________________________________________________   
Cl(1) -4006(3) 6231(3) 3686(2) 56(1) 
Cl(2) 2410(4) 2021(4) 1894(3) 79(1) 
Cl(3) 3186(4) 7047(3) 4671(3) 81(1) 
Cl(4) 3317(4) 8031(4) 377(3) 68(1) 
Cl(4B) 4558(19) 3879(11) 1820(14) 68(1) 
Cl(5) -574(4) 1344(5) 3414(4) 92(2) 
Cl(5B) -4786(14) 2486(14) 1766(14) 92(2) 
C(1) 1928(9) 4545(9) 745(7) 35(2) 
C(2) 706(9) 4048(9) 880(7) 34(2) 
C(3) 195(10) 2854(9) 859(7) 39(2) 
C(4) -786(9) 2513(9) 1303(7) 37(2) 
C(5) -1341(9) 3330(9) 1808(7) 38(2) 
C(6) -2050(10) 3133(9) 2553(7) 42(2) 
C(7) -2140(9) 4040(9) 3161(7) 37(2) 
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C(8) -1589(9) 5208(9) 3129(7) 35(2) 
C(9) -1246(9) 6139(9) 3843(7) 36(2) 
C(10) -296(9) 7029(9) 3806(7) 36(2) 
C(11) 378(9) 7105(8) 3030(7) 35(2) 
C(12) 1574(9) 7673(9) 2974(7) 40(2) 
C(13) 2241(10) 7317(9) 2314(7) 38(2) 
C(14) 1776(9) 6356(9) 1631(7) 36(2) 
C(15) 2444(9) 5638(9) 1117(7) 39(2) 
C(16) 580(9) 5966(8) 1619(7) 34(2) 
C(17) 47(9) 4853(9) 1263(7) 34(2) 
C(18) -942(9) 4515(9) 1710(7) 35(2) 
C(19) -1077(9) 5414(8) 2342(7) 33(2) 
C(20) -123(9) 6306(8) 2288(7) 35(2) 
C(21) 787(10) 1949(9) 392(8) 44(2) 
C(22) 1816(11) 1587(10) 780(8) 50(2) 
C(23) 2438(12) 776(10) 301(9) 53(2) 
C(24) 2009(11) 425(10) -547(8) 50(2) 
C(25) 989(11) 788(10) -985(9) 51(2) 
C(26) 351(11) 1545(9) -551(8) 47(2) 
C(27) -2641(8) 1834(6) 2630(7) 57(2) 
C(28) -1961(7) 956(9) 2969(7) 57(3) 
C(29) -2519(9) -186(7) 2985(7) 69(3) 
C(30) -3756(9) -450(6) 2661(6) 78(3) 
C(31) -4436(7) 428(8) 2322(7) 79(3) 
C(32) -3878(8) 1570(7) 2307(6) 67(3) 
C(33) -1808(5) 6072(6) 4717(4) 39(2) 
C(34) -1066(4) 5972(6) 5542(4) 44(2) 
C(35) -1575(6) 5878(6) 6345(4) 48(2) 
C(36) -2827(6) 5884(6) 6322(4) 48(2) 
C(37) -3568(4) 5984(6) 5497(4) 42(2) 
C(38) -3059(5) 6078(6) 4695(3) 39(2) 
C(39) 2144(7) 8662(5) 3649(5) 48(2) 
C(40) 2921(7) 8449(4) 4432(5) 54(2) 
C(41) 3465(7) 9378(6) 5035(5) 60(2) 
C(42) 3231(8) 10520(5) 4856(5) 64(2) 
C(43) 2454(8) 10733(4) 4074(5) 66(2) 
C(44) 1911(7) 9804(6) 3471(5) 57(2) 
C(45) 3783(5) 5977(6) 1046(5) 47(2) 
C(46) 4212(6) 7056(6) 746(5) 55(2) 
C(47) 5454(7) 7338(6) 731(5) 62(2) 
C(48) 6267(5) 6540(7) 1015(5) 66(2) 
C(49) 5837(6) 5460(7) 1314(5) 65(2) 
C(50) 4595(7) 5179(5) 1330(5) 57(2) 
________________________________________________________________________________  
 
 
Table 3.   Bond lengths [Å] and angles [°] for  ej01t. 
_____________________________________________________  
Cl(1)-C(38)  1.727(6) 
Cl(2)-C(22)  1.721(12) 
Cl(3)-C(40)  1.708(6) 
Cl(4)-C(46)  1.636(8) 
Cl(4)-H(46A)  0.6800 
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Cl(4B)-C(50)  1.682(5) 
Cl(4B)-Cl(5B)#1  1.83(2) 
Cl(4B)-H(50A)  0.8305 
Cl(5)-C(28)  1.600(9) 
Cl(5)-H(28A)  0.6506 
Cl(5B)-C(32)  1.683(5) 
Cl(5B)-Cl(4B)#2  1.83(2) 
Cl(5B)-H(32A)  0.7477 
C(1)-C(15)  1.381(14) 
C(1)-C(2)  1.462(14) 
C(1)-H(1A)  0.9500 
C(2)-C(17)  1.390(14) 
C(2)-C(3)  1.422(14) 
C(3)-C(4)  1.382(15) 
C(3)-C(21)  1.486(15) 
C(4)-C(5)  1.421(14) 
C(4)-H(4A)  0.9500 
C(5)-C(18)  1.403(15) 
C(5)-C(6)  1.455(15) 
C(6)-C(7)  1.371(14) 
C(6)-C(27)  1.577(12) 
C(7)-C(8)  1.417(15) 
C(7)-H(7A)  0.9500 
C(8)-C(19)  1.386(14) 
C(8)-C(9)  1.453(13) 
C(9)-C(10)  1.398(14) 
C(9)-C(33)  1.516(11) 
C(10)-C(11)  1.460(15) 
C(10)-H(10A)  0.9500 
C(11)-C(20)  1.413(13) 
C(11)-C(12)  1.433(14) 
C(12)-C(13)  1.382(15) 
C(12)-C(39)  1.507(10) 
C(13)-C(14)  1.465(14) 
C(13)-H(13A)  0.9500 
C(14)-C(16)  1.357(13) 
C(14)-C(15)  1.432(14) 
C(15)-C(45)  1.519(11) 
C(16)-C(17)  1.398(13) 
C(16)-C(20)  1.414(14) 
C(17)-C(18)  1.391(14) 
C(18)-C(19)  1.399(13) 
C(19)-C(20)  1.406(14) 
C(21)-C(22)  1.323(18) 
C(21)-C(26)  1.453(15) 
C(22)-C(23)  1.439(16) 
C(23)-C(24)  1.310(16) 
C(23)-H(23A)  0.9500 
C(24)-C(25)  1.341(18) 
C(24)-H(24A)  0.9500 
C(25)-C(26)  1.375(15) 
C(25)-H(25A)  0.9500 
C(26)-H(26A)  0.9500 
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C(27)-C(28)  1.3900 
C(27)-C(32)  1.3900 
C(28)-C(29)  1.3900 
C(28)-H(28A)  0.9600 
C(29)-C(30)  1.3900 
C(29)-H(29A)  0.9500 
C(30)-C(31)  1.3900 
C(30)-H(30A)  0.9500 
C(31)-C(32)  1.3900 
C(31)-H(31A)  0.9500 
C(32)-H(32A)  0.9600 
C(33)-C(34)  1.3900 
C(33)-C(38)  1.3900 
C(34)-C(35)  1.3900 
C(34)-H(34A)  0.9500 
C(35)-C(36)  1.3900 
C(35)-H(35A)  0.9500 
C(36)-C(37)  1.3900 
C(36)-H(36A)  0.9500 
C(37)-C(38)  1.3900 
C(37)-H(37A)  0.9500 
C(39)-C(40)  1.3900 
C(39)-C(44)  1.3900 
C(40)-C(41)  1.3900 
C(41)-C(42)  1.3900 
C(41)-H(41A)  0.9500 
C(42)-C(43)  1.3900 
C(42)-H(42A)  0.9500 
C(43)-C(44)  1.3900 
C(43)-H(43A)  0.9500 
C(44)-H(44A)  0.9500 
C(45)-C(46)  1.3900 
C(45)-C(50)  1.3900 
C(46)-C(47)  1.3900 
C(46)-H(46A)  0.9600 
C(47)-C(48)  1.3900 
C(47)-H(47A)  0.9500 
C(48)-C(49)  1.3900 
C(48)-H(48A)  0.9500 
C(49)-C(50)  1.3900 
C(49)-H(49A)  0.9500 
C(50)-H(50A)  0.9600 
 
C(46)-Cl(4)-H(46A) 4.9 
C(50)-Cl(4B)-Cl(5B)#1 140.3(14) 
C(50)-Cl(4B)-H(50A) 21.6 
Cl(5B)#1-Cl(4B)-H(50A) 147.1 
C(28)-Cl(5)-H(28A) 8.1 
C(32)-Cl(5B)-Cl(4B)#2 147.0(15) 
C(32)-Cl(5B)-H(32A) 11.0 
Cl(4B)#2-Cl(5B)-H(32A) 136.1 
C(15)-C(1)-C(2) 122.2(9) 
C(15)-C(1)-H(1A) 118.9 
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C(2)-C(1)-H(1A) 118.9 
C(17)-C(2)-C(3) 115.2(9) 
C(17)-C(2)-C(1) 113.5(8) 
C(3)-C(2)-C(1) 129.9(9) 
C(4)-C(3)-C(2) 121.7(9) 
C(4)-C(3)-C(21) 119.6(9) 
C(2)-C(3)-C(21) 118.6(9) 
C(3)-C(4)-C(5) 122.1(9) 
C(3)-C(4)-H(4A) 118.9 
C(5)-C(4)-H(4A) 118.9 
C(18)-C(5)-C(4) 115.0(9) 
C(18)-C(5)-C(6) 114.2(9) 
C(4)-C(5)-C(6) 129.3(10) 
C(7)-C(6)-C(5) 120.1(9) 
C(7)-C(6)-C(27) 123.4(9) 
C(5)-C(6)-C(27) 116.5(8) 
C(6)-C(7)-C(8) 124.9(9) 
C(6)-C(7)-H(7A) 117.5 
C(8)-C(7)-H(7A) 117.5 
C(19)-C(8)-C(7) 113.7(8) 
C(19)-C(8)-C(9) 114.0(9) 
C(7)-C(8)-C(9) 130.9(10) 
C(10)-C(9)-C(8) 122.1(9) 
C(10)-C(9)-C(33) 117.6(8) 
C(8)-C(9)-C(33) 119.8(8) 
C(9)-C(10)-C(11) 121.9(8) 
C(9)-C(10)-H(10A) 119.1 
C(11)-C(10)-H(10A) 119.1 
C(20)-C(11)-C(12) 115.0(9) 
C(20)-C(11)-C(10) 113.7(8) 
C(12)-C(11)-C(10) 129.9(9) 
C(13)-C(12)-C(11) 121.2(9) 
C(13)-C(12)-C(39) 118.4(9) 
C(11)-C(12)-C(39) 120.4(9) 
C(12)-C(13)-C(14) 122.7(9) 
C(12)-C(13)-H(13A) 118.6 
C(14)-C(13)-H(13A) 118.6 
C(16)-C(14)-C(15) 115.8(8) 
C(16)-C(14)-C(13) 114.0(9) 
C(15)-C(14)-C(13) 128.9(9) 
C(1)-C(15)-C(14) 120.9(9) 
C(1)-C(15)-C(45) 116.9(9) 
C(14)-C(15)-C(45) 121.9(8) 
C(14)-C(16)-C(17) 123.5(9) 
C(14)-C(16)-C(20) 124.0(9) 
C(17)-C(16)-C(20) 106.3(8) 
C(2)-C(17)-C(18) 122.7(9) 
C(2)-C(17)-C(16) 122.5(9) 
C(18)-C(17)-C(16) 108.7(9) 
C(17)-C(18)-C(19) 109.4(8) 
C(17)-C(18)-C(5) 122.0(9) 
C(19)-C(18)-C(5) 122.9(10) 
C(8)-C(19)-C(18) 122.9(9) 
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C(8)-C(19)-C(20) 123.7(9) 
C(18)-C(19)-C(20) 106.0(8) 
C(19)-C(20)-C(11) 122.9(9) 
C(19)-C(20)-C(16) 109.6(8) 
C(11)-C(20)-C(16) 121.8(9) 
C(22)-C(21)-C(26) 117.1(10) 
C(22)-C(21)-C(3) 121.2(10) 
C(26)-C(21)-C(3) 121.2(10) 
C(21)-C(22)-C(23) 121.2(11) 
C(21)-C(22)-Cl(2) 120.6(9) 
C(23)-C(22)-Cl(2) 118.0(10) 
C(24)-C(23)-C(22) 119.7(12) 
C(24)-C(23)-H(23A) 120.2 
C(22)-C(23)-H(23A) 120.2 
C(23)-C(24)-C(25) 121.8(11) 
C(23)-C(24)-H(24A) 119.1 
C(25)-C(24)-H(24A) 119.1 
C(24)-C(25)-C(26) 120.6(11) 
C(24)-C(25)-H(25A) 119.7 
C(26)-C(25)-H(25A) 119.7 
C(25)-C(26)-C(21) 119.4(11) 
C(25)-C(26)-H(26A) 120.3 
C(21)-C(26)-H(26A) 120.3 
C(28)-C(27)-C(32) 120.0 
C(28)-C(27)-C(6) 122.4(7) 
C(32)-C(27)-C(6) 117.5(7) 
C(27)-C(28)-C(29) 120.0 
C(27)-C(28)-Cl(5) 117.3(6) 
C(29)-C(28)-Cl(5) 122.5(6) 
C(27)-C(28)-H(28A) 120.0 
C(29)-C(28)-H(28A) 120.0 
Cl(5)-C(28)-H(28A) 5.5 
C(30)-C(29)-C(28) 120.0 
C(30)-C(29)-H(29A) 120.0 
C(28)-C(29)-H(29A) 120.0 
C(29)-C(30)-C(31) 120.0 
C(29)-C(30)-H(30A) 120.0 
C(31)-C(30)-H(30A) 120.0 
C(30)-C(31)-C(32) 120.0 
C(30)-C(31)-H(31A) 120.0 
C(32)-C(31)-H(31A) 120.0 
C(31)-C(32)-C(27) 120.0 
C(31)-C(32)-Cl(5B) 113.8(8) 
C(27)-C(32)-Cl(5B) 125.8(8) 
C(31)-C(32)-H(32A) 120.0 
C(27)-C(32)-H(32A) 120.0 
Cl(5B)-C(32)-H(32A) 8.6 
C(34)-C(33)-C(38) 120.0 
C(34)-C(33)-C(9) 119.5(6) 
C(38)-C(33)-C(9) 120.5(6) 
C(33)-C(34)-C(35) 120.0 
C(33)-C(34)-H(34A) 120.0 
C(35)-C(34)-H(34A) 120.0 
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C(36)-C(35)-C(34) 120.0 
C(36)-C(35)-H(35A) 120.0 
C(34)-C(35)-H(35A) 120.0 
C(37)-C(36)-C(35) 120.0 
C(37)-C(36)-H(36A) 120.0 
C(35)-C(36)-H(36A) 120.0 
C(36)-C(37)-C(38) 120.0 
C(36)-C(37)-H(37A) 120.0 
C(38)-C(37)-H(37A) 120.0 
C(37)-C(38)-C(33) 120.0 
C(37)-C(38)-Cl(1) 118.7(4) 
C(33)-C(38)-Cl(1) 121.3(4) 
C(40)-C(39)-C(44) 120.0 
C(40)-C(39)-C(12) 120.8(6) 
C(44)-C(39)-C(12) 119.1(6) 
C(39)-C(40)-C(41) 120.0 
C(39)-C(40)-Cl(3) 120.4(4) 
C(41)-C(40)-Cl(3) 119.6(4) 
C(42)-C(41)-C(40) 120.0 
C(42)-C(41)-H(41A) 120.0 
C(40)-C(41)-H(41A) 120.0 
C(41)-C(42)-C(43) 120.0 
C(41)-C(42)-H(42A) 120.0 
C(43)-C(42)-H(42A) 120.0 
C(44)-C(43)-C(42) 120.0 
C(44)-C(43)-H(43A) 120.0 
C(42)-C(43)-H(43A) 120.0 
C(43)-C(44)-C(39) 120.0 
C(43)-C(44)-H(44A) 120.0 
C(39)-C(44)-H(44A) 120.0 
C(46)-C(45)-C(50) 120.0 
C(46)-C(45)-C(15) 122.5(6) 
C(50)-C(45)-C(15) 117.5(6) 
C(45)-C(46)-C(47) 120.0 
C(45)-C(46)-Cl(4) 123.2(5) 
C(47)-C(46)-Cl(4) 116.8(5) 
C(45)-C(46)-H(46A) 120.0 
C(47)-C(46)-H(46A) 120.0 
Cl(4)-C(46)-H(46A) 3.5 
C(48)-C(47)-C(46) 120.0 
C(48)-C(47)-H(47A) 120.0 
C(46)-C(47)-H(47A) 120.0 
C(47)-C(48)-C(49) 120.0 
C(47)-C(48)-H(48A) 120.0 
C(49)-C(48)-H(48A) 120.0 
C(50)-C(49)-C(48) 120.0 
C(50)-C(49)-H(49A) 120.0 
C(48)-C(49)-H(49A) 120.0 
C(49)-C(50)-C(45) 120.0 
C(49)-C(50)-Cl(4B) 102.0(8) 
C(45)-C(50)-Cl(4B) 137.7(8) 
C(49)-C(50)-H(50A) 120.0 
C(45)-C(50)-H(50A) 120.0 
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Cl(4B)-C(50)-H(50A) 18.6 
_____________________________________________________________  
Symmetry transformations used to generate equivalent atoms:  
#1 x+1,y,z    #2 x-1,y,z       
 
 
Table 4.   Anisotropic displacement parameters  (Å2x 103) for ej01t.  The anisotropic 
displacement factor exponent takes the form:  -2π2[ h2 a*2U11 + ...  + 2 h k a* b* U12 ] 
______________________________________________________________________________  
 U11 U22  U33 U23 U13 U12 
______________________________________________________________________________  
Cl(1) 40(2)  84(2) 45(2)  -6(2) 6(1)  10(2) 
Cl(2) 89(3)  82(3) 61(2)  -14(2) -8(2)  18(2) 
Cl(3) 115(3)  58(2) 67(2)  2(2) -4(2)  20(2) 
Cl(4) 63(3)  66(3) 78(3)  18(2) 16(2)  5(2) 
Cl(4B) 63(3)  66(3) 78(3)  18(2) 16(2)  5(2) 
Cl(5) 63(3)  95(4) 115(4)  18(3) 1(3)  6(2) 
Cl(5B) 63(3)  95(4) 115(4)  18(3) 1(3)  6(2) 
C(1) 34(3)  35(3) 35(4)  -5(3) 9(3)  -1(3) 
C(2) 34(3)  35(3) 33(3)  -7(3) 5(3)  -1(3) 
C(3) 40(3)  37(3) 38(3)  -9(3) 5(3)  -1(3) 
C(4) 40(4)  34(4) 34(4)  -10(3) 5(3)  -3(3) 
C(5) 37(3)  37(3) 36(3)  -5(3) 2(3)  -4(3) 
C(6) 46(3)  40(3) 39(3)  -2(3) 12(3)  -9(3) 
C(7) 36(4)  38(4) 35(4)  -3(3) 10(3)  -3(3) 
C(8) 32(3)  38(3) 34(3)  -6(3) 7(3)  2(3) 
C(9) 36(3)  35(3) 39(3)  -5(3) 10(3)  4(3) 
C(10) 37(4)  31(3) 40(4)  -8(3) 6(3)  9(3) 
C(11) 35(3)  29(3) 40(3)  -3(3) 6(3)  4(3) 
C(12) 42(3)  32(3) 45(3)  -5(3) 9(3)  -1(3) 
C(13) 38(4)  32(3) 45(4)  -3(3) 11(3)  0(3) 
C(14) 34(3)  32(3) 40(3)  -1(3) 9(3)  -1(3) 
C(15) 36(3)  41(3) 40(3)  -4(3) 12(3)  -4(3) 
C(16) 33(3)  31(3) 36(3)  0(3) 4(3)  1(3) 
C(17) 33(3)  33(3) 33(3)  -2(3) 2(3)  2(3) 
C(18) 32(3)  34(3) 35(3)  -2(3) 3(3)  -2(3) 
C(19) 31(3)  32(3) 34(3)  -4(3) 6(3)  2(3) 
C(20) 34(3)  32(3) 37(3)  -5(3) 4(3)  2(3) 
C(21) 48(4)  34(3) 48(3)  -8(3) 10(3)  -2(3) 
C(22) 53(4)  39(4) 56(4)  -5(4) 6(4)  -1(3) 
C(23) 57(4)  42(4) 61(4)  -4(4) 13(4)  -1(4) 
C(24) 56(4)  37(4) 59(4)  -13(4) 19(4)  0(4) 
C(25) 60(4)  39(4) 55(4)  -11(4) 15(4)  3(4) 
C(26) 55(4)  35(4) 53(4)  -10(4) 13(4)  4(3) 
C(27) 70(4)  52(4) 45(4)  -10(4) 24(4)  -21(3) 
C(28) 76(5)  52(5) 42(5)  -9(5) 28(5)  -13(5) 
C(29) 93(5)  62(5) 51(5)  -5(4) 26(5)  -7(5) 
C(30) 103(5)  66(5) 62(5)  -7(5) 25(5)  -17(5) 
C(31) 97(5)  67(5) 64(5)  -5(4) 21(5)  -30(4) 
C(32) 84(5)  54(5) 57(5)  -9(4) 26(4)  -36(4) 
C(33) 42(3)  34(3) 39(3)  -8(3) 9(3)  0(3) 
C(34) 51(4)  39(4) 41(4)  -8(4) 7(3)  7(3) 
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C(35) 58(4)  41(4) 44(4)  -7(4) 6(4)  8(4) 
C(36) 59(4)  41(4) 44(4)  -7(4) 12(4)  2(4) 
C(37) 47(4)  36(4) 42(4)  -7(4) 12(3)  -1(3) 
C(38) 43(4)  34(4) 39(4)  -7(3) 10(3)  1(3) 
C(39) 53(4)  36(3) 53(4)  -6(3) 12(3)  -2(3) 
C(40) 59(4)  44(4) 55(4)  -7(4) 11(4)  -4(4) 
C(41) 68(5)  50(4) 57(5)  -11(4) 7(4)  -3(4) 
C(42) 74(5)  49(4) 63(5)  -9(4) 6(4)  -10(4) 
C(43) 79(5)  48(4) 66(5)  -7(4) 3(4)  -5(4) 
C(44) 68(5)  39(4) 60(4)  -6(4) 6(4)  -3(4) 
C(45) 41(3)  53(4) 45(4)  -15(3) 15(3)  -5(3) 
C(46) 52(4)  58(4) 54(4)  -14(4) 18(4)  -13(4) 
C(47) 56(4)  66(5) 57(5)  -17(4) 16(4)  -18(4) 
C(48) 56(4)  80(5) 57(5)  -22(4) 13(4)  -9(4) 
C(49) 53(4)  81(5) 57(5)  -23(4) 7(4)  1(4) 
C(50) 46(4)  73(5) 50(4)  -20(4) 6(4)  -1(4) 
______________________________________________________________________________  
 
 
Table 5.   Hydrogen coordinates ( x 104) and isotropic  displacement parameters (Å2x 103) 
for ej01t. 
________________________________________________________________________________  
 x  y  z  U(eq) 
________________________________________________________________________________  
  
H(1A) 2382 4101 389 42 
H(4A) -1099 1706 1270 44 
H(7A) -2608 3874 3639 44 
H(10A) -82 7601 4301 43 
H(13A) 3033 7712 2303 46 
H(23A) 3157 498 599 64 
H(24A) 2433 -100 -860 60 
H(25A) 704 518 -1601 61 
H(26A) -369 1803 -866 57 
H(28A) -1107 1139 3193 68 
H(29A) -2054 -785 3217 82 
H(30A) -4137 -1230 2672 94 
H(31A) -5281 247 2101 94 
H(32A) -4347 2176 2073 80 
H(34A) -211 5968 5557 52 
H(35A) -1068 5810 6908 58 
H(36A) -3175 5820 6871 58 
H(37A) -4424 5988 5482 50 
H(41A) 3996 9233 5569 72 
H(42A) 3602 11155 5268 76 
H(43A) 2295 11513 3952 79 
H(44A) 1380 9950 2936 68 
H(46A) 3651 7607 550 66 
H(47A) 5747 8075 526 74 
H(48A) 7116 6732 1004 79 
H(49A) 6393 4915 1508 78 
H(50A) 4299 4433 1536 69 
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________________________________________________________________________________  
 
 
Table 6.  Torsion angles [°] for ej01t. 
________________________________________________________________  
C(15)-C(1)-C(2)-C(17) 11.2(16) 
C(15)-C(1)-C(2)-C(3) -154.4(12) 
C(17)-C(2)-C(3)-C(4) -8.7(16) 
C(1)-C(2)-C(3)-C(4) 156.7(11) 
C(17)-C(2)-C(3)-C(21) 175.0(10) 
C(1)-C(2)-C(3)-C(21) -19.6(18) 
C(2)-C(3)-C(4)-C(5) -0.2(18) 
C(21)-C(3)-C(4)-C(5) 176.1(10) 
C(3)-C(4)-C(5)-C(18) 9.0(16) 
C(3)-C(4)-C(5)-C(6) -156.1(11) 
C(18)-C(5)-C(6)-C(7) -8.6(16) 
C(4)-C(5)-C(6)-C(7) 156.6(11) 
C(18)-C(5)-C(6)-C(27) 173.7(10) 
C(4)-C(5)-C(6)-C(27) -21.0(17) 
C(5)-C(6)-C(7)-C(8) 0.4(18) 
C(27)-C(6)-C(7)-C(8) 177.9(10) 
C(6)-C(7)-C(8)-C(19) 8.8(17) 
C(6)-C(7)-C(8)-C(9) -156.4(11) 
C(19)-C(8)-C(9)-C(10) -12.6(15) 
C(7)-C(8)-C(9)-C(10) 152.6(12) 
C(19)-C(8)-C(9)-C(33) 175.8(9) 
C(7)-C(8)-C(9)-C(33) -19.0(17) 
C(8)-C(9)-C(10)-C(11) 2.6(17) 
C(33)-C(9)-C(10)-C(11) 174.4(9) 
C(9)-C(10)-C(11)-C(20) 7.9(15) 
C(9)-C(10)-C(11)-C(12) -157.7(11) 
C(20)-C(11)-C(12)-C(13) -9.5(16) 
C(10)-C(11)-C(12)-C(13) 156.0(11) 
C(20)-C(11)-C(12)-C(39) 171.6(9) 
C(10)-C(11)-C(12)-C(39) -22.9(17) 
C(11)-C(12)-C(13)-C(14) 0.5(18) 
C(39)-C(12)-C(13)-C(14) 179.4(10) 
C(12)-C(13)-C(14)-C(16) 9.1(16) 
C(12)-C(13)-C(14)-C(15) -157.3(12) 
C(2)-C(1)-C(15)-C(14) -2.2(17) 
C(2)-C(1)-C(15)-C(45) 171.2(9) 
C(16)-C(14)-C(15)-C(1) -8.5(16) 
C(13)-C(14)-C(15)-C(1) 157.7(11) 
C(16)-C(14)-C(15)-C(45) 178.4(10) 
C(13)-C(14)-C(15)-C(45) -15.4(18) 
C(15)-C(14)-C(16)-C(17) 10.1(16) 
C(13)-C(14)-C(16)-C(17) -158.2(11) 
C(15)-C(14)-C(16)-C(20) 158.6(11) 
C(13)-C(14)-C(16)-C(20) -9.7(15) 
C(3)-C(2)-C(17)-C(18) 8.7(15) 
C(1)-C(2)-C(17)-C(18) -159.2(10) 
C(3)-C(2)-C(17)-C(16) 157.9(10) 
C(1)-C(2)-C(17)-C(16) -9.9(15) 
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C(14)-C(16)-C(17)-C(2) -0.6(17) 
C(20)-C(16)-C(17)-C(2) -153.8(10) 
C(14)-C(16)-C(17)-C(18) 152.4(11) 
C(20)-C(16)-C(17)-C(18) -0.8(12) 
C(2)-C(17)-C(18)-C(19) 154.3(10) 
C(16)-C(17)-C(18)-C(19) 1.4(13) 
C(2)-C(17)-C(18)-C(5) 0.3(16) 
C(16)-C(17)-C(18)-C(5) -152.6(10) 
C(4)-C(5)-C(18)-C(17) -9.1(15) 
C(6)-C(5)-C(18)-C(17) 158.3(10) 
C(4)-C(5)-C(18)-C(19) -159.6(10) 
C(6)-C(5)-C(18)-C(19) 7.9(16) 
C(7)-C(8)-C(19)-C(18) -9.7(16) 
C(9)-C(8)-C(19)-C(18) 158.1(10) 
C(7)-C(8)-C(19)-C(20) -155.4(11) 
C(9)-C(8)-C(19)-C(20) 12.4(15) 
C(17)-C(18)-C(19)-C(8) -152.2(10) 
C(5)-C(18)-C(19)-C(8) 1.5(17) 
C(17)-C(18)-C(19)-C(20) -1.4(13) 
C(5)-C(18)-C(19)-C(20) 152.3(11) 
C(8)-C(19)-C(20)-C(11) -2.1(17) 
C(18)-C(19)-C(20)-C(11) -152.6(10) 
C(8)-C(19)-C(20)-C(16) 151.4(11) 
C(18)-C(19)-C(20)-C(16) 0.9(13) 
C(12)-C(11)-C(20)-C(19) 159.5(10) 
C(10)-C(11)-C(20)-C(19) -8.4(15) 
C(12)-C(11)-C(20)-C(16) 9.1(15) 
C(10)-C(11)-C(20)-C(16) -158.7(10) 
C(14)-C(16)-C(20)-C(19) -153.1(10) 
C(17)-C(16)-C(20)-C(19) -0.1(13) 
C(14)-C(16)-C(20)-C(11) 0.7(17) 
C(17)-C(16)-C(20)-C(11) 153.7(10) 
C(4)-C(3)-C(21)-C(22) -100.3(14) 
C(2)-C(3)-C(21)-C(22) 76.0(16) 
C(4)-C(3)-C(21)-C(26) 88.0(14) 
C(2)-C(3)-C(21)-C(26) -95.6(13) 
C(26)-C(21)-C(22)-C(23) -3.3(17) 
C(3)-C(21)-C(22)-C(23) -175.3(10) 
C(26)-C(21)-C(22)-Cl(2) 179.7(8) 
C(3)-C(21)-C(22)-Cl(2) 7.8(17) 
C(21)-C(22)-C(23)-C(24) 2.8(18) 
Cl(2)-C(22)-C(23)-C(24) 179.9(9) 
C(22)-C(23)-C(24)-C(25) -0.9(18) 
C(23)-C(24)-C(25)-C(26) -0.2(19) 
C(24)-C(25)-C(26)-C(21) -0.4(17) 
C(22)-C(21)-C(26)-C(25) 2.1(16) 
C(3)-C(21)-C(26)-C(25) 174.1(11) 
C(7)-C(6)-C(27)-C(28) -102.0(11) 
C(5)-C(6)-C(27)-C(28) 75.5(11) 
C(7)-C(6)-C(27)-C(32) 80.8(13) 
C(5)-C(6)-C(27)-C(32) -101.6(10) 
C(32)-C(27)-C(28)-C(29) 0.0 
C(6)-C(27)-C(28)-C(29) -177.1(9) 
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C(32)-C(27)-C(28)-Cl(5) -174.6(9) 
C(6)-C(27)-C(28)-Cl(5) 8.3(9) 
C(27)-C(28)-C(29)-C(30) 0.0 
Cl(5)-C(28)-C(29)-C(30) 174.3(9) 
C(28)-C(29)-C(30)-C(31) 0.0 
C(29)-C(30)-C(31)-C(32) 0.0 
C(30)-C(31)-C(32)-C(27) 0.0 
C(30)-C(31)-C(32)-Cl(5B) 173.3(11) 
C(28)-C(27)-C(32)-C(31) 0.0 
C(6)-C(27)-C(32)-C(31) 177.3(8) 
C(28)-C(27)-C(32)-Cl(5B) -172.4(12) 
C(6)-C(27)-C(32)-Cl(5B) 4.8(13) 
Cl(4B)#2-Cl(5B)-C(32)-C(31) 127(2) 
Cl(4B)#2-Cl(5B)-C(32)-C(27) -60(3) 
C(10)-C(9)-C(33)-C(34) -56.2(11) 
C(8)-C(9)-C(33)-C(34) 115.8(9) 
C(10)-C(9)-C(33)-C(38) 125.5(8) 
C(8)-C(9)-C(33)-C(38) -62.4(11) 
C(38)-C(33)-C(34)-C(35) 0.0 
C(9)-C(33)-C(34)-C(35) -178.2(7) 
C(33)-C(34)-C(35)-C(36) 0.0 
C(34)-C(35)-C(36)-C(37) 0.0 
C(35)-C(36)-C(37)-C(38) 0.0 
C(36)-C(37)-C(38)-C(33) 0.0 
C(36)-C(37)-C(38)-Cl(1) -178.7(5) 
C(34)-C(33)-C(38)-C(37) 0.0 
C(9)-C(33)-C(38)-C(37) 178.2(7) 
C(34)-C(33)-C(38)-Cl(1) 178.7(5) 
C(9)-C(33)-C(38)-Cl(1) -3.1(7) 
C(13)-C(12)-C(39)-C(40) -84.3(11) 
C(11)-C(12)-C(39)-C(40) 94.6(11) 
C(13)-C(12)-C(39)-C(44) 94.0(11) 
C(11)-C(12)-C(39)-C(44) -87.1(11) 
C(44)-C(39)-C(40)-C(41) 0.0 
C(12)-C(39)-C(40)-C(41) 178.3(8) 
C(44)-C(39)-C(40)-Cl(3) 178.5(7) 
C(12)-C(39)-C(40)-Cl(3) -3.3(8) 
C(39)-C(40)-C(41)-C(42) 0.0 
Cl(3)-C(40)-C(41)-C(42) -178.5(7) 
C(40)-C(41)-C(42)-C(43) 0.0 
C(41)-C(42)-C(43)-C(44) 0.0 
C(42)-C(43)-C(44)-C(39) 0.0 
C(40)-C(39)-C(44)-C(43) 0.0 
C(12)-C(39)-C(44)-C(43) -178.3(8) 
C(1)-C(15)-C(45)-C(46) 132.1(9) 
C(14)-C(15)-C(45)-C(46) -54.5(12) 
C(1)-C(15)-C(45)-C(50) -50.5(11) 
C(14)-C(15)-C(45)-C(50) 122.9(9) 
C(50)-C(45)-C(46)-C(47) 0.0 
C(15)-C(45)-C(46)-C(47) 177.3(8) 
C(50)-C(45)-C(46)-Cl(4) 178.4(6) 
C(15)-C(45)-C(46)-Cl(4) -4.2(8) 
C(45)-C(46)-C(47)-C(48) 0.0 
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Cl(4)-C(46)-C(47)-C(48) -178.5(6) 
C(46)-C(47)-C(48)-C(49) 0.0 
C(47)-C(48)-C(49)-C(50) 0.0 
C(48)-C(49)-C(50)-C(45) 0.0 
C(48)-C(49)-C(50)-Cl(4B) -175.1(9) 
C(46)-C(45)-C(50)-C(49) 0.0 
C(15)-C(45)-C(50)-C(49) -177.5(7) 
C(46)-C(45)-C(50)-Cl(4B) 172.9(13) 
C(15)-C(45)-C(50)-Cl(4B) -4.6(14) 
Cl(5B)#1-Cl(4B)-C(50)-C(49) -45(2) 
Cl(5B)#1-Cl(4B)-C(50)-C(45) 141.7(16) 
________________________________________________________________  
Symmetry transformations used to generate equivalent atoms:  
#1 x+1,y,z    #2 x-1,y,z 
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4.4.3  1,3,5,7,9-Pentakis(o-methoxyphenyl)corannulene (4.6)A  

Cl

ClCl

Cl

Cl

O

OO

O

O

N N

Cl

Pd2(dba)3
CsCO3
dioxane

O

B(OH)2

 
 

To an oven-dried 25 mL Schlenk flask were added 20 mg (0.0473 mmol) of 1,3,5,7,9-

pentachlorocorannulene, 0.144 g (0.947 mmol) of o-methoxyphenylboronic acid, 0.617 g 

(1.89 mmol) of cesium carbonate, 12.1 mg (0.0284 mmol) of 1,3-bis(2,6-di-i-

propylphenyl)imidazolium chloride,7 and 13.0 mg (0.0142 mmol) of 

tris(dibenzylideneacetone)dipalladium.  The flask was sealed with a rubber septum and 

purged repeatedly with nitrogen.  Anhydrous dioxane (1 mL) was added to this solid 

mixture, and the flask was lowered into a silicon oil bath that had been preheated to 80 

°C.  After being stirred for 2 days, the reaction mixture was cooled to room temperature 

and poured through a small silica gel plug, which was washed with excess 

dichloromethane.  The organic solution was extracted three times with water, dried with 

magnesium sulfate, filtered and concentrated under reduced pressure.   Purification on 

silica gel using 3:2 dichloromethane:cyclohexane solvent system gave 26.8 mg (72.5% 

yield) of an off-white solid.  Recrystallization of this material by rotary evaporation of a 

dichloromethane/acetone solvent system gave 9.80 mg (26.5% yield) of a pristine white 

                                                 
A See the thesis of M. Bancu for previous work.1 

4.6 4.3 
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solid in very high purity.  The spectroscopic properties of this material are consistent with 

those reported previously: 1H NMR (400 MHz, CD2Cl2) δ 7.41 (s, 5H), 7.38 (ddd, J=7.9 

Hz, J=7.9 Hz, J=1.8 Hz 5H), 7.20 (d-br, 5H), 7.05 (d, J=8.0 Hz, 5H), 6.99 (dd, J=7.4 Hz, 

J=7.4 Hz, 5H), 3.80 (s, 15H); 13C NMR (100 MHz, C2D2Cl2): δ 157.57, 138.56, 135.36, 

132.25, 131.05, 129.51, 129.18, 127.36, 120.89, 111.35, 55.90. 
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4.4.4  Attempted Synthesis of Pentaindenocorannulene - Tandem Suzuki-Heck (4.2) 

Cl

ClCl

Cl

Cl
N N

Cl

Pd2(dba)3
CsCO3
dioxane

Br

B(OH)2

 
 

To an oven-dried 50 mL Schlenk flask were added 0.100 g (0.237 mmol) of 1,3,5,7,9-

pentachlorocorannulene, 0.951 g (4.73 mmol) of o-bromophenylboronic acid, 3.08 g 

(9.47 mmol) of cesium carbonate, 60.4 mg (0.142 mmol) of 1,3-bis(2,6-di-i-

propylphenyl)imidazolium chloride, and 65.0 mg (0.0710 mmol) of 

tris(dibenzylideneacetone)dipalladium.  The flask was sealed with a rubber septum and 

purged repeatedly with nitrogen.  Anhydrous dioxane (5 mL) was added to this solid 

mixture, and the flask was lowered into a silicon oil bath that had been preheated to 80 

°C.  After being stirred for 2 days, the reaction mixture was cooled to room temperature 

and poured through a small silica gel plug, which was washed with excess 

dichloromethane. The organic solution was extracted three times with water, dried with 

magnesium sulfate, filtered, and the solvent was removed under reduced pressure.  

Analysis of the crude product by mass spectrometry showed unconfirmed evidence for 

cyclodehydrogenation products with masses lower than that of pentaindenocoranulene 

(620 m/z) (see text).A 

                                                 
A LDI TOF 

4.3 4.2 
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4.4.5  Indenocorannulene (4.12)A 

Pd(PCy3)2Cl2

DMAc, DBU
microwave irradiation

Cl

 
 

To an oven-dried 10 mL glass reaction vial (pressure-rated up to 35 Bar (~515 PSI)), 

equipped with a 3 by 10 mm Teflon coated magnetic stirring bar, were added 50 mg 

(0.139 mmol) of o-chlorophenylcorannuleneB and 20.5 mg (0.0277 mmol) of trans-

dichlorobis(tricyclohexylphosphine)palladium (II).C  The vial was sealed with a PTFE-

Silicon septum in an Intellivent Cap and purged repeatedly with nitrogen.  Anhydrous 

dimethylacetamide (3 mL) and 1,8-diazabicyclo[5.4.0]undec-7-ene (0.208 mL, 1.39 

mmol) were added to this solid mixture, and the vessel was irradiated in a CEM Discover 

Microwave Unit at 170 °C for 30 min with a 150 W power max and high stirring using a 

standard method.D  Upon completion, the reaction mixture was poured through a small 

silica gel plug, which was washed with excess dichloromethane.  The organic solution 

was extracted six times with water, dried with magnesium sulfate, and filtered.  Removal 

of the solvent under reduced pressure and purification on silica gel using 19:1 

cyclohexane:dichloromethane gave 44 mg product as a yellow solid in quantitative yield.  
                                                 
A See the thesis of M. Bancu for previous work.1 
B Starting material obtained as described by M. Bancu.1 
C Catalyst was synthesized by the author using the conditions described in the following reference: 
Grushin, V. V.; Bensimon, C.; Alper, H. Inorg. Chem. 1994, 33, 4804-4806. 
D Standard Method: Microwave will use maximum wattage during the “run time” to reach the programmed 
temperature.  When the intended temperature is achieved, microwave will start the “hold time” countdown, 
and apply wattage and cooling to maintain the set temperature. 

4.11 4.12 
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The spectroscopic properties of this material are consistent with those reported 

previously: 1H NMR (500 MHz, CDCl3) δ 7.639 (AA’ of AA’BB’, 2H), 7.638 (d, J=8.5 

Hz, 2H), 7.636 (s, 2H), 7.57 (d, J=8.5 Hz, 2H), 7.52 (s, 2H), 7.20 (BB’ of AA’BB’, 2H); 

13C NMR (125 MHz, CDCl3) δ 144.77, 141.43, 139.90, 139.79, 138.64, 137.92, 137.74, 

130.19, 128.57, 128.44, 127.26, 127.04, 122.15, 121.89. 



170 
 

 pp
m

 (f
1)

0.
0

5.
0

10
.0

pp
m

 (f
1)

7.
20

7.
30

7.
40

7.
50

7.
60

4.
12

 

1 H
 N

M
R

 (5
00

 M
H

z,
 C

D
C

l 3)
 o

f I
nd

en
oc

or
an

nu
le

ne
 (4

.1
2)

 



171 
 

 pp
m

 (f
1)

0
50

10
0

15
0

20
0

pp
m

 (f
1)

12
5.

0
13

0.
0

13
5.

0
14

0.
0

14
5.

0

4.
12

 

13
C

 N
M

R
 (1

25
 M

H
z,

 C
D

C
l 3)

 o
f I

nd
en

oc
or

an
nu

le
ne

 (4
.1

2)
 



172 
 

4.4.6  Diindenocorannulene (4.14)A 

Pd(PCy3)2Cl2

DMAc, DBU
microwave irradiationCl

Cl

+

 
 

To an oven-dried 10 mL glass reaction vial (pressure-rated up to 35 Bar (~515 PSI)), 

equipped with a 3 by 10 mm Teflon coated magnetic stirring bar, were added 25 mg 

(0.0530 mmol) of bis(o-chlorophenyl)corannuleneB and 15.7 mg (0.0213 mmol) of trans-

dichloro-bis(tricyclohexylphosphine)palladium (II).C  The vial was sealed with a PTFE-

Silicon septum in an Intellivent Cap and purged repeatedly with nitrogen.  Anhydrous 

dimethylacetamide (3 mL) and 1,8-diazabicyclo[5.4.0]undec-7-ene (0.200 mL, 1.34 

mmol) were added to this solid mixture, and the vessel was irradiated in a CEM Discover 

Microwave Unit at 170 °C for 30 min with a 150 W power max and high stirring using a 

standard method.D  Upon completion, the reaction mixture was poured through a small 

silica gel plug, which was washed with excess dichloromethane.  The organic solution 

was extracted six times with water, dried with magnesium sulfate, and filtered.  Removal 

                                                 
A See the thesis of M. Bancu for previous work.1 
B Starting material obtained as described mby M. Bancu.1 
C Catalyst was synthesized by the author using the conditions described in the following reference: 
Grushin, V. V.; Bensimon, C.; Alper, H. Inorg. Chem. 1994, 33, 4804-4806. 
D Standard Method: Microwave will use maximum wattage during the “run time” to reach the programmed 
temperature.  When the intended temperature is achieved, microwave will start the “hold time” countdown, 
and apply wattage and cooling to maintain the set temperature. 

4.13 4.14b 4.14a 
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of the solvent under reduced pressure and purification on silica gel using 9:1 

cyclohexane:dichloromethane gave a mixture of isomers as a yellow solid.  NMR 

analysis of the crude product mixture confirmed the presence of both isomers.  The ratio 

of products was approximately 1:1.  A yield was not obtained, although thin layer 

chromatography revealed that the reaction had proceeded to completion.E 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                                 
E This reaction was carried out as a proof of principle to demonstrate the efficacy of microwave synthesis 
on this specific system, which had given us trouble in the past.  The crude material was donated to a related 
project. 
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4.4.7  Pentaindenocorannulene - Microwave Heating (4.2)A 

Cl

Cl
Cl

Cl

Cl

Pd(PCy3)2Cl2

DMAc, DBU
microwave irradiation

 
 

To an oven-dried 10 mL glass reaction vial (pressure-rated up to 35 Bar (~515 PSI)), 

equipped with a 3 by 10 mm Teflon coated magnetic stirring bar, were added 40 mgB 

(0.0498 mmol) of 1,3,5,7,9-pentakis(o-chlorophenyl)corannulene and 33.3 mg (0.0451 

mmol) of trans-dichlorobis(tricyclohexylphosphine)palladium (II).C  The vial was sealed 

with a PTFE-Silicon septum in an Intellivent Cap and purged repeatedly with nitrogen.  

Anhydrous dimethylacetamide (6 mL) and 1,8-diazabicyclo[5.4.0]undec-7-ene (0.280 

mL, 1.87 mmol) were added to this solid mixture, and the vessel was irradiated in a CEM 

Discover Microwave Unit at 180 °C for 45 minD with a 150 W power max and high 

stirring using a standard method.E  Upon completion, the reaction mixture was poured 

through a small silica gel plug, which was washed with excess dichloromethane.   The 

organic solution was extracted six times with water, dried with magnesium sulfate, and 

                                                 
A See pages 87-90 in the thesis of M. Bancu.1 
B Reaction also carried out on 120 mg scale (see text). 
C Catalyst was synthesized by the author using the conditions described in the following reference: 
Grushin, V. V.; Bensimon, C.; Alper, H. Inorg. Chem. 1994, 33, 4804-4806. 
D Reaction proceeds at 190°C and 10 min with the same efficiency (see text). 
E Standard Method: Microwave will use maximum wattage during the “run time” to reach the programmed 
temperature.  When the intended temperature is achieved, microwave will start the “hold time” countdown, 
and apply wattage and cooling to maintain the set temperature. 

4.5 4.2 
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filtered.  Removal of the solvent under reduced pressure gave a red film from which a 

suspension was created in 2 mL of dichloromethane.  This suspension was filtered to give 

10.7 mg (35%)F of an orange solid: mp (in capillary at 5 Torr) slow decomposition above 

300 °C, rapid decomposition above 400 °C.  Crystals suitable for X-ray analysis were 

obtained by very slow recrystallization from a solution of toluene and dichloromethane 

(95:5 solution by volume, respectively); 1H NMR (500 MHz, CDCl3) δ 8.10 (AA’ of 

AA’BB’, 10H), 7.37 (BB’ of AA’BB’, 10H); 13C NMR (125 MHz, CDBr3) δ 144.65, 

136.97, 136.86, 136.35, 126.65, 123.25; HRMS FAB (m/z) [M]+ calculated for C50H20: 

620.1565, found 620.1564;  UV λmax (CH2Cl2) nm (log ε): 471 (sh, 3.71) 426 (sh, 3.92) 

374 (4.72) 366 (4.71) 296 (sh, 4.81) 288 (4.84). 

                                                 
F Yields above 40% have been observed. 
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Crystal data and structure refinement for penta(indeno)corannulene (4.2) 

 
Table 1. 
Identification code  pi-cora2 
Empirical formula  C53.50 H24 
Formula weight  666.73 
Temperature  90(2) K 
Wavelength  0.71070 Å 
Crystal system  orthorhombic 
Space group  Cmc21 
Unit cell dimensions a = 16.190(5) Å α = 90°. 
 b = 27.376(8) Å β = 90°. 
 c = 14.093(4) Å γ = 90°. 
Volume 6246(3) Å3 
Z 8 
Density (calculated) 1.418 Mg/m3 
Absorption coefficient 0.081 mm-1 
F(000) 2760 
Crystal size 0.20 x 0.02 x 0.01 mm3 
Theta range for data collection 2.98 to 25.00°. 
Index ranges -19<=h<=19, -32<=k<=22, -16<=l<=16 
Reflections collected 20810 
Independent reflections 5693 [R(int) = 0.1070] 
Completeness to theta = 25.00° 99.6 %  
Max. and min. transmission 0.9992 and 0.9840 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 5693 / 1 / 500 
Goodness-of-fit on F2 1.049 
Final R indices [I>2sigma(I)] R1 = 0.0944, wR2 = 0.2344 
R indices (all data) R1 = 0.1133, wR2 = 0.2542 
Absolute structure parameter 0.00 
Largest diff. peak and hole 0.776 and -0.420 e.Å-3 
 
 
Table 2.  Atomic coordinates  ( x 104) and equivalent  isotropic displacement parameters (Å2x 103) 
for pi-cora2.  U(eq) is defined as one third of  the trace of the orthogonalized Uij tensor. 
________________________________________________________________________________  
 x y z U(eq) 
________________________________________________________________________________   
C(1) 10000 6538(3) 7230(5) 32(2) 
C(2) 9281(3) 6799(2) 6949(4) 30(1) 
C(3) 9556(3) 7245(2) 6479(4) 30(1) 
C(4) 10000 6035(2) 7121(5) 30(2) 
C(5) 9265(3) 5764(2) 6880(3) 32(1) 
C(6) 8565(3) 6025(2) 6606(3) 30(1) 
C(7) 8626(3) 6554(2) 6582(3) 32(1) 
C(8) 8106(3) 6757(2) 5837(4) 32(1) 
C(9) 8374(3) 7188(2) 5392(4) 30(1) 
C(10) 9145(3) 7397(2) 5694(4) 30(1) 
C(11) 9562(3) 7639(2) 4908(3) 32(1) 
C(12) 8923(3) 7676(2) 4161(3) 28(1) 
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C(13) 8201(3) 7413(2) 4443(4) 30(1) 
C(14) 7520(3) 7379(2) 3854(4) 35(1) 
C(15) 7532(4) 7629(2) 2983(4) 36(1) 
C(16) 8220(4) 7897(2) 2704(4) 37(1) 
C(17) 8920(3) 7918(2) 3286(4) 33(1) 
C(18) 7527(4) 6355(2) 5583(4) 36(1) 
C(19) 7806(3) 5913(2) 6049(4) 33(1) 
C(20) 7370(3) 5487(2) 5923(4) 34(1) 
C(21) 6680(4) 5481(2) 5337(4) 42(1) 
C(22) 6412(4) 5903(2) 4911(5) 44(1) 
C(23) 6828(3) 6335(2) 5042(4) 39(1) 
C(24) 9559(3) 5257(2) 6723(3) 30(1) 
C(25) 9140(4) 4821(2) 6603(4) 34(1) 
C(26) 9571(4) 4391(2) 6458(4) 33(1) 
C(27) 10000 3427(2) 8697(5) 28(2) 
C(28) 9284(3) 3693(2) 8994(3) 27(1) 
C(29) 9553(3) 4120(2) 9485(3) 28(1) 
C(30) 10000 3211(2) 7812(5) 29(2) 
C(31) 9270(3) 3184(2) 7234(4) 26(1) 
C(32) 8544(3) 3441(2) 7545(4) 27(1) 
C(33) 8611(3) 3724(2) 8402(3) 26(1) 
C(34) 8109(3) 4155(2) 8359(4) 26(1) 
C(35) 8369(3) 4578(2) 8853(4) 28(1) 
C(36) 9147(3) 4554(2) 9349(3) 29(1) 
C(37) 9561(3) 5017(2) 9346(3) 28(1) 
C(38) 8894(3) 5374(2) 9108(3) 28(1) 
C(39) 8192(3) 5109(2) 8801(4) 26(1) 
C(40) 7480(3) 5358(2) 8576(4) 33(1) 
C(41) 7453(3) 5873(2) 8645(4) 33(1) 
C(42) 8150(3) 6127(2) 8930(4) 31(1) 
C(43) 8881(3) 5879(2) 9177(3) 30(1) 
C(44) 7535(3) 4064(2) 7550(4) 30(1) 
C(45) 7793(3) 3627(2) 7077(3) 29(1) 
C(46) 7333(3) 3450(2) 6306(4) 35(1) 
C(47) 6645(4) 3707(2) 6021(4) 42(1) 
C(48) 6417(4) 4137(2) 6467(4) 42(1) 
C(49) 6843(3) 4311(2) 7243(4) 35(1) 
C(50) 9562(3) 3018(2) 6293(4) 30(1) 
C(51) 9142(4) 2889(2) 5471(4) 35(1) 
C(52) 9564(3) 2773(2) 4653(4) 38(1) 
C(53) 10000 9298(3) 2593(7) 52(2) 
C(54) 10000 9157(3) 3590(8) 63(3) 
C(55) 10000 9484(4) 4257(10) 78(3) 
C(56) 10000 9978(4) 4037(9) 69(3) 
C(57) 10000 10126(4) 3118(9) 62(3) 
C(58) 10000 9794(3) 2380(8) 54(2) 
C(59) 10000 8922(4) 1803(9) 99(5) 
________________________________________________________________________________  
 
 
 
 
 



182 
 

Table 3.   Bond lengths [Å] and angles [°] for  pi-cora2. 
_____________________________________________________  
C(1)-C(4)  1.384(10) 
C(1)-C(2)  1.423(6) 
C(1)-C(2)#1  1.423(6) 
C(2)-C(7)  1.357(7) 
C(2)-C(3)  1.458(7) 
C(3)-C(10)  1.356(7) 
C(3)-C(3)#1  1.436(11) 
C(4)-C(5)  1.444(6) 
C(4)-C(5)#1  1.444(6) 
C(5)-C(6)  1.395(7) 
C(5)-C(24)  1.482(7) 
C(6)-C(7)  1.452(7) 
C(6)-C(19)  1.491(8) 
C(7)-C(8)  1.456(8) 
C(8)-C(9)  1.403(7) 
C(8)-C(18)  1.491(7) 
C(9)-C(10)  1.438(8) 
C(9)-C(13)  1.499(7) 
C(10)-C(11)  1.457(7) 
C(11)-C(11)#1  1.419(10) 
C(11)-C(12)  1.480(7) 
C(12)-C(17)  1.399(7) 
C(12)-C(13)  1.429(7) 
C(13)-C(14)  1.383(7) 
C(14)-C(15)  1.406(7) 
C(15)-C(16)  1.390(8) 
C(16)-C(17)  1.400(8) 
C(18)-C(23)  1.366(8) 
C(18)-C(19)  1.448(7) 
C(19)-C(20)  1.374(7) 
C(20)-C(21)  1.389(8) 
C(21)-C(22)  1.371(8) 
C(22)-C(23)  1.375(8) 
C(24)-C(25)  1.382(7) 
C(24)-C(24)#1  1.429(10) 
C(25)-C(26)  1.384(7) 
C(26)-C(26)#1  1.389(12) 
C(27)-C(30)  1.381(10) 
C(27)-C(28)#1  1.430(6) 
C(27)-C(28)  1.430(6) 
C(28)-C(33)  1.375(7) 
C(28)-C(29)  1.427(7) 
C(29)-C(36)  1.371(7) 
C(29)-C(29)#1  1.446(10) 
C(30)-C(31)  1.437(6) 
C(30)-C(31)#1  1.437(6) 
C(31)-C(32)  1.438(7) 
C(31)-C(50)  1.478(7) 
C(32)-C(33)  1.439(7) 
C(32)-C(45)  1.474(7) 
C(33)-C(34)  1.433(6) 
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C(34)-C(35)  1.415(7) 
C(34)-C(44)  1.492(7) 
C(35)-C(36)  1.443(7) 
C(35)-C(39)  1.483(6) 
C(36)-C(37)  1.435(7) 
C(37)-C(37)#1  1.422(10) 
C(37)-C(38)  1.493(7) 
C(38)-C(43)  1.386(7) 
C(38)-C(39)  1.416(7) 
C(39)-C(40)  1.377(7) 
C(40)-C(41)  1.412(7) 
C(41)-C(42)  1.385(7) 
C(42)-C(43)  1.409(7) 
C(44)-C(49)  1.378(7) 
C(44)-C(45)  1.432(7) 
C(45)-C(46)  1.404(7) 
C(46)-C(47)  1.378(8) 
C(47)-C(48)  1.384(8) 
C(48)-C(49)  1.376(8) 
C(50)-C(51)  1.389(7) 
C(50)-C(50)#1  1.418(11) 
C(51)-C(52)  1.378(7) 
C(52)-C(52)#1  1.410(11) 
C(53)-C(58)  1.391(12) 
C(53)-C(54)  1.457(15) 
C(53)-C(59)  1.516(15) 
C(54)-C(55)  1.297(16) 
C(55)-C(56)  1.387(16) 
C(56)-C(57)  1.357(16) 
C(57)-C(58)  1.381(15) 
 
C(4)-C(1)-C(2) 118.0(4) 
C(4)-C(1)-C(2)#1 118.0(4) 
C(2)-C(1)-C(2)#1 109.8(6) 
C(7)-C(2)-C(1) 119.8(5) 
C(7)-C(2)-C(3) 118.6(5) 
C(1)-C(2)-C(3) 107.3(5) 
C(10)-C(3)-C(3)#1 119.4(3) 
C(10)-C(3)-C(2) 118.5(5) 
C(3)#1-C(3)-C(2) 107.8(3) 
C(1)-C(4)-C(5) 122.6(3) 
C(1)-C(4)-C(5)#1 122.6(3) 
C(5)-C(4)-C(5)#1 111.0(6) 
C(6)-C(5)-C(4) 118.0(5) 
C(6)-C(5)-C(24) 134.4(5) 
C(4)-C(5)-C(24) 104.6(5) 
C(5)-C(6)-C(7) 117.6(5) 
C(5)-C(6)-C(19) 135.2(4) 
C(7)-C(6)-C(19) 104.4(4) 
C(2)-C(7)-C(6) 122.5(5) 
C(2)-C(7)-C(8) 122.6(5) 
C(6)-C(7)-C(8) 111.0(4) 
C(9)-C(8)-C(7) 117.6(5) 
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C(9)-C(8)-C(18) 135.1(5) 
C(7)-C(8)-C(18) 104.8(4) 
C(8)-C(9)-C(10) 118.1(5) 
C(8)-C(9)-C(13) 133.4(5) 
C(10)-C(9)-C(13) 105.2(4) 
C(3)-C(10)-C(9) 123.0(5) 
C(3)-C(10)-C(11) 122.2(5) 
C(9)-C(10)-C(11) 111.0(4) 
C(11)#1-C(11)-C(10) 117.6(3) 
C(11)#1-C(11)-C(12) 134.4(3) 
C(10)-C(11)-C(12) 104.4(4) 
C(17)-C(12)-C(13) 118.7(5) 
C(17)-C(12)-C(11) 131.4(5) 
C(13)-C(12)-C(11) 109.8(4) 
C(14)-C(13)-C(12) 121.3(5) 
C(14)-C(13)-C(9) 131.0(5) 
C(12)-C(13)-C(9) 107.6(4) 
C(13)-C(14)-C(15) 118.7(5) 
C(16)-C(15)-C(14) 121.0(5) 
C(15)-C(16)-C(17) 120.3(5) 
C(12)-C(17)-C(16) 120.0(5) 
C(23)-C(18)-C(19) 118.6(5) 
C(23)-C(18)-C(8) 133.1(5) 
C(19)-C(18)-C(8) 108.2(5) 
C(20)-C(19)-C(18) 119.3(5) 
C(20)-C(19)-C(6) 131.8(5) 
C(18)-C(19)-C(6) 108.9(4) 
C(19)-C(20)-C(21) 120.0(5) 
C(22)-C(21)-C(20) 120.3(6) 
C(21)-C(22)-C(23) 120.8(6) 
C(18)-C(23)-C(22) 120.9(5) 
C(25)-C(24)-C(24)#1 119.3(3) 
C(25)-C(24)-C(5) 132.0(5) 
C(24)#1-C(24)-C(5) 108.7(3) 
C(24)-C(25)-C(26) 120.4(6) 
C(25)-C(26)-C(26)#1 120.2(3) 
C(30)-C(27)-C(28)#1 118.8(4) 
C(30)-C(27)-C(28) 118.8(4) 
C(28)#1-C(27)-C(28) 108.2(6) 
C(33)-C(28)-C(29) 119.0(4) 
C(33)-C(28)-C(27) 119.8(4) 
C(29)-C(28)-C(27) 108.1(4) 
C(36)-C(29)-C(28) 119.6(5) 
C(36)-C(29)-C(29)#1 118.7(3) 
C(28)-C(29)-C(29)#1 107.8(3) 
C(27)-C(30)-C(31) 122.3(3) 
C(27)-C(30)-C(31)#1 122.3(3) 
C(31)-C(30)-C(31)#1 110.6(6) 
C(32)-C(31)-C(30) 118.3(5) 
C(32)-C(31)-C(50) 133.2(4) 
C(30)-C(31)-C(50) 105.1(4) 
C(31)-C(32)-C(33) 117.3(4) 
C(31)-C(32)-C(45) 135.0(5) 
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C(33)-C(32)-C(45) 104.5(4) 
C(28)-C(33)-C(34) 121.8(4) 
C(28)-C(33)-C(32) 122.3(4) 
C(34)-C(33)-C(32) 111.4(4) 
C(35)-C(34)-C(33) 118.9(4) 
C(35)-C(34)-C(44) 134.2(4) 
C(33)-C(34)-C(44) 104.4(4) 
C(34)-C(35)-C(36) 117.4(4) 
C(34)-C(35)-C(39) 136.1(5) 
C(36)-C(35)-C(39) 103.8(4) 
C(29)-C(36)-C(37) 122.8(5) 
C(29)-C(36)-C(35) 121.8(5) 
C(37)-C(36)-C(35) 111.4(4) 
C(37)#1-C(37)-C(36) 117.8(3) 
C(37)#1-C(37)-C(38) 136.3(3) 
C(36)-C(37)-C(38) 103.9(4) 
C(43)-C(38)-C(39) 121.3(5) 
C(43)-C(38)-C(37) 130.3(5) 
C(39)-C(38)-C(37) 108.3(4) 
C(40)-C(39)-C(38) 119.2(4) 
C(40)-C(39)-C(35) 131.2(5) 
C(38)-C(39)-C(35) 109.4(4) 
C(39)-C(40)-C(41) 120.3(5) 
C(42)-C(41)-C(40) 119.8(5) 
C(41)-C(42)-C(43) 120.8(5) 
C(38)-C(43)-C(42) 118.5(5) 
C(49)-C(44)-C(45) 120.0(5) 
C(49)-C(44)-C(34) 131.7(5) 
C(45)-C(44)-C(34) 108.2(4) 
C(46)-C(45)-C(44) 119.5(5) 
C(46)-C(45)-C(32) 131.7(5) 
C(44)-C(45)-C(32) 108.8(4) 
C(47)-C(46)-C(45) 118.6(5) 
C(46)-C(47)-C(48) 121.1(6) 
C(49)-C(48)-C(47) 121.4(6) 
C(48)-C(49)-C(44) 119.2(5) 
C(51)-C(50)-C(50)#1 119.3(3) 
C(51)-C(50)-C(31) 132.0(5) 
C(50)#1-C(50)-C(31) 108.6(3) 
C(52)-C(51)-C(50) 120.9(5) 
C(51)-C(52)-C(52)#1 119.8(3) 
C(58)-C(53)-C(54) 117.7(9) 
C(58)-C(53)-C(59) 120.3(9) 
C(54)-C(53)-C(59) 122.0(8) 
C(55)-C(54)-C(53) 121.2(9) 
C(54)-C(55)-C(56) 120.6(12) 
C(57)-C(56)-C(55) 120.4(11) 
C(56)-C(57)-C(58) 121.4(9) 
C(57)-C(58)-C(53) 118.8(10) 
_____________________________________________________________  
Symmetry transformations used to generate equivalent atoms:  
#1 -x+2,y,z       
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Table 4.   Anisotropic displacement parameters  (Å2x 103) for pi-cora2.  The anisotropic 
displacement factor exponent takes the form:  -2π2[ h2 a*2U11 + ...  + 2 h k a* b* U12 ] 
______________________________________________________________________________  
 U11 U22  U33 U23 U13 U12 
______________________________________________________________________________  
C(1) 44(4)  36(4) 15(3)  5(3) 0  0 
C(2) 39(3)  30(2) 22(2)  -4(2) 8(2)  4(2) 
C(3) 41(3)  28(2) 20(2)  -1(2) 1(2)  3(2) 
C(4) 42(4)  28(3) 20(3)  -3(3) 0  0 
C(5) 43(3)  38(3) 13(2)  4(2) 5(2)  -5(2) 
C(6) 40(3)  28(2) 21(3)  2(2) 6(2)  9(2) 
C(7) 48(3)  31(2) 17(2)  -5(2) 8(2)  -9(2) 
C(8) 35(3)  34(3) 26(3)  -6(2) 9(2)  -1(2) 
C(9) 38(3)  29(2) 24(3)  -3(2) 6(2)  8(2) 
C(10) 43(3)  25(2) 21(3)  -5(2) 0(2)  -2(2) 
C(11) 43(3)  30(2) 23(2)  0(2) 0(2)  1(2) 
C(12) 32(3)  31(2) 22(3)  -2(2) -3(2)  5(2) 
C(13) 36(3)  30(2) 23(3)  -5(2) 5(2)  3(2) 
C(14) 39(3)  33(3) 33(3)  2(2) -1(3)  5(2) 
C(15) 50(3)  34(3) 24(3)  2(2) 0(3)  10(2) 
C(16) 51(3)  30(2) 29(3)  7(2) 3(3)  4(2) 
C(17) 38(3)  35(3) 26(3)  2(2) -3(2)  -3(2) 
C(18) 46(3)  37(3) 24(3)  1(2) -1(2)  -1(2) 
C(19) 37(3)  35(3) 27(3)  -1(2) 3(2)  -2(2) 
C(20) 35(3)  34(3) 34(3)  -1(2) 9(2)  3(2) 
C(21) 42(3)  47(3) 36(3)  -1(3) -4(3)  -4(3) 
C(22) 44(3)  45(3) 43(4)  10(3) -1(3)  -2(3) 
C(23) 43(3)  36(3) 37(3)  2(2) 2(3)  -1(2) 
C(24) 42(3)  32(2) 17(2)  2(2) 1(2)  -10(2) 
C(25) 50(3)  30(3) 21(3)  6(2) -1(2)  -4(2) 
C(26) 47(3)  28(2) 22(2)  3(2) -2(2)  2(2) 
C(27) 38(4)  25(3) 21(3)  5(3) 0  0 
C(28) 34(3)  21(2) 27(3)  0(2) 1(2)  -6(2) 
C(29) 37(3)  28(2) 19(2)  2(2) 2(2)  1(2) 
C(30) 41(4)  24(3) 20(3)  6(3) 0  0 
C(31) 29(3)  23(2) 25(2)  2(2) -5(2)  -3(2) 
C(32) 34(3)  27(2) 20(2)  1(2) 2(2)  -8(2) 
C(33) 32(3)  27(2) 19(2)  -1(2) 4(2)  2(2) 
C(34) 29(2)  26(2) 22(2)  5(2) 3(2)  1(2) 
C(35) 41(3)  24(2) 18(2)  1(2) 4(2)  -1(2) 
C(36) 39(3)  28(2) 19(2)  1(2) 2(2)  5(2) 
C(37) 41(3)  26(2) 18(2)  0(2) 3(2)  1(2) 
C(38) 35(3)  26(2) 23(2)  0(2) 5(2)  1(2) 
C(39) 33(3)  23(2) 21(2)  -1(2) 1(2)  -1(2) 
C(40) 42(3)  32(3) 27(3)  -3(2) 1(2)  2(2) 
C(41) 39(3)  30(3) 31(3)  0(2) -1(2)  1(2) 
C(42) 43(3)  25(2) 25(3)  1(2) 4(2)  2(2) 
C(43) 43(3)  28(2) 17(2)  0(2) 0(2)  0(2) 
C(44) 31(3)  30(2) 29(3)  0(2) -6(2)  1(2) 
C(45) 32(3)  31(2) 24(3)  5(2) 2(2)  -7(2) 
C(46) 47(3)  31(3) 27(3)  -1(2) -3(3)  -3(2) 
C(47) 50(3)  36(3) 41(3)  -4(2) -11(3)  4(2) 
C(48) 47(3)  39(3) 40(3)  -5(3) -8(3)  3(3) 
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C(49) 37(3)  32(3) 37(3)  -3(2) -6(3)  6(2) 
C(50) 41(3)  26(2) 23(2)  -2(2) 2(2)  -8(2) 
C(51) 45(3)  36(3) 25(3)  -7(2) -1(3)  2(2) 
C(52) 40(3)  46(3) 27(3)  -3(2) 4(3)  -5(2) 
C(53) 59(6)  53(5) 43(5)  9(4) 0  0 
C(54) 83(7)  27(4) 78(8)  -8(5) 0  0 
C(55) 89(8)  79(8) 67(8)  16(6) 0  0 
C(56) 79(7)  48(5) 81(8)  -9(6) 0  0 
C(57) 58(6)  52(6) 77(8)  17(5) 0  0 
C(58) 55(6)  50(5) 58(6)  1(4) 0  0 
C(59) 183(15)  65(7) 47(7)  -2(6) 0  0 
______________________________________________________________________________  
 
 
Table 5.   Hydrogen coordinates ( x 104) and isotropic  displacement parameters (Å2x 10 3) 
for pi-cora2. 
________________________________________________________________________________  
 x  y  z  U(eq) 
________________________________________________________________________________  
  
H(1) 7053 7190 4034 42 
H(2) 7062 7616 2580 43 
H(3) 8216 8066 2115 44 
H(4) 9392 8096 3087 39 
H(5) 7540 5197 6237 41 
H(6) 6393 5183 5230 50 
H(7) 5934 5895 4521 53 
H(8) 6625 6625 4752 46 
H(9) 8554 4817 6619 40 
H(10) 9279 4094 6359 39 
H(11) 7005 5184 8374 40 
H(12) 6959 6043 8497 40 
H(13) 8134 6474 8960 38 
H(14) 9354 6053 9385 35 
H(15) 7493 3160 5987 42 
H(16) 6321 3588 5509 51 
H(17) 5958 4316 6233 50 
H(18) 6661 4596 7563 42 
H(19) 8555 2880 5473 43 
H(20) 9270 2693 4091 45 
H(21) 10000 8821 3755 75 
H(22) 10000 9384 4903 94 
H(23) 10000 10213 4531 83 
H(24) 10000 10466 2979 75 
H(25) 10000 9902 1740 65 
H(26) 10267 8622 2025 148 
H(27) 10303 9051 1256 148 
H(28) 9430 8850 1616 148 
________________________________________________________________________________  
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4.4.8  Monophenyltetraindenocorannulene and Pentaindenocorannulene Isomer 

(4.16 and 4.15) 

  
 

Once it precipitates from solution, pentaindenocorannulene is generally quite insoluble. 

We used this property to our advantage and filtered off the orange solid, even on what is 

a relatively small scale, to obtain this molecule quickly and cleanly from the crude 

reaction mixture.  The filtrands from this workup were always collected and saved.  After 

having carried out this Heck-type reaction many times, we began to accumulate a great 

number of filtrand vials.  We began to wonder what interesting side-products might be 

hiding in these collected remainders.  Large scale chromatographic analysis of these 

samples (13:7 cyclohexane:dichloromethane solvent system), pooled into a whole, lead to 

the isolation of two interesting products that we have assigned as 4.15 and 4.16.  These 

molecules were isolated in the same way as pentaindenocorannulene.  Once they have 

been enriched by chromatographic separation, they display a notable lack of solubility. 

 

 

 

4.16 4.15 
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Pentaindenocorannulene Isomer (4.15): 

Material is observed to be orange in color; mp (in capillary at 5 Torr) sublimation  

detected above 400 °C, sublimation complete at 470 °C, a very small amount of black 

decomposed material remains in the hot zone; 1H NMR (400 MHz, CD2Cl2) δ 8.97 (d, 

J=7.6 Hz, 1H), 8.61 (d, J=8.0 Hz, 1H), 8.18 (d, J=8.0 Hz, 1H), 8.12-8.00 (m, 6H), 7.96 

(d, J=8.0 Hz, 1H), 7.86 (t, J=7.8 Hz, 1H), 7.75 (t, J=7.8 Hz, 1H), 7.58 (d, J=7.6 Hz, 1H), 

7.54 (t, J=7.6 Hz, 1H), 7.45 (t, J=7.4 Hz, 1H), 7.43-7.32 (m, 3H), 7.25 (t, J=7.2 Hz, 1H), 

7.20 (t, J=7.6 Hz, 1H); HRMS DART (m/z) [M+H]+ calculated for C50H21: 621.1643, 

found 621.1657. 

 

Monophenyltetraindenocorannulene (4.16): 

Material is observed to be orange in color; mp (in capillary at 5 Torr) slow decomposition 

above 300 °C, rapid decomposition above 400 °C (material transitions from a red powder 

to black sludge; some sublimation is observed); 1H NMR (400 MHz, CD2Cl2) δ 8.18-8.14 

(m, 2H), 8.10-8.06 (m, 2H), 8.01 (t, J=8.6 Hz, 2H), 7.80 (br, 1H), 7.69 (br, 1H), 7.51 (t, 

J=7.6 Hz, 1H), 7.46 (d, J=7.2 Hz, 1H), 7.44-7.38 (m, 4H), 7.29 (t, J=8.0 Hz, 1H), 7.28 

(br, 1H), 7.22 (t, J=7.6 Hz, 2H), 7.05 (s, 1H), 6.96 (t, J=7.7 Hz, 1H), 6.66 (br, 1H), 6.52 

(d, J=7.2 Hz, 1H); HRMS DART (m/z) [M+H]+ calculated for C50H23: 623.1788, found 

623.1800. 
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4.4.9  Pentaindenocorannulene - Conventional Heating (4.2)A, B 

Cl

Cl
Cl

Cl

Cl

Pd(PCy3)2Cl2

DMAc, DBU
conventional heating

 
 

To an oven-dried 25 mL pressure vessel were added 40 mg (0.050 mmol) of 1,3,5,7,9-

pentakis(o-chlorophenyl)corannulene and 33.3 mg (0.0451 mmol) of trans-

dichlorobis(tricyclohexylphosphine)palladium (II).C  The pressure vessel was fitted with 

a septum and purged repeatedly with nitrogen.  Anhydrous dimethylacetamide (6 mL) 

and 1,8-diazabicyclo[5.4.0]undec-7-ene (0.280 mL, 1.87 mmol) were added to this solid 

mixture, and the cap was screwed onto the pressure vessel.  The vessel was lowered into 

a silicon oil bath at 180 °C.  The mixture was stirred for 15 min (in order to reach 180 °C) 

and then for an additional 6 h.  After this time the reaction mixture was poured through a 

small silica gel plug, which was washed with excess dichloromethane.  The organic 

solution was extracted six times with water, dried with magnesium sulfate, and filtered.  

Removal of the solvent under reduced pressure gave a deep red film from which a 

suspension was created in 2 mL of dichloromethane.  This suspension was filtered to give 

                                                 
A See page 87-90 in the thesis of M. Bancu.1 
B Reaction carried out far more efficiently using microwave irradiation. 
C Catalyst was synthesized by the author using the conditions described in the following reference: 
Grushin, V. V.; Bensimon, C.; Alper, H. Inorg. Chem. 1994, 33, 4804-4806. 

4.5 4.2 
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2.5 mg (8%) of an orange solid having the same properties as penta(indeno)corannulene:  

1H NMR (400 MHz, CDCl3) δ 8.09 (AA’ of AA’BB’, 10H), 7.37 (BB’ of AA’BB’, 10H). 
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4.4.10  Attempted Synthesis of C50H10 - Scholl Conditions (4.1) 

FeCl3, CH3NO2

CH2Cl2

 

 

To an oven-dried 250 mL round bottom flask was added 10 mg (0.0161 mmol) 

pentaindenocorannulene.  The flask was stoppered and charged with 133 mL anhydrous 

dichloromethane by syringe and set to stir while degassing with nitrogen.  A solution of 

iron chloride (0.430 M) in nitromethane (1.13 mL)A was prepared and slowly added by 

syringe.  The reaction continued to stir and degas at room temperature for 1 day,B after 

which time it was quenched with methanol, extracted with water (3×) and filtered to 

sequester solid materials.  No product was detected by mass analysis of the solid.C  The 

filtrand was concentrated under reduced pressure to give an orange solid, which was also 

subjected to mass analysis and found to be predominantly starting material.  Some 

chlorination was detected.D, E, F 

 

 
                                                 
A Nitromethane is used to enhance the solubility of iron chloride. 
B Aliquots were taken at 5 and 30 min, and 1, 2, 4, 8 and 24 h to monitor the progress of the reaction. 
C Quadrapole direct exposure probe EI 70eV 
D Reaction was also attempted using MoCl5 (see text). 
E Reaction was also attempted with high dilution of the starting material (see text). 
F Reaction also run at high temperature using 1,1,2,2-tetrachloroethane as solvent (made anhydrous by 
stirring in calcium hydride overnight) (see text). 

4.2 4.1 
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4.4.11  Attempted Synthesis of C50H10 - Mallory-Wood Photocyclization (4.1) 

propylene oxide

I2, benzene, hv

 

 

To an oven-dried 0.7 L quartz vessel were added 20 mg (0.032 mmol) 

pentaindenocorannulene and 0.5 L of reagent grade benzene.  The vessel was manually 

agitated until all solids had dissolved.  To this solution was added 81.8 mg (0.322 mmol) 

iodine and 5.64 mL (80.6 mmol) propylene oxide.  Again, the vessel was manually 

agitated until all iodine had dissolved.  After degassing with nitrogen for 10 min, the 

flask was fitted with a condenser and irradiated for 8.5 h (starting material consumed by 

TLC)A using a Rayonet photochemical apparatus equipped with fifteen 35 watt mercury 

lamps (254 nm).  The reaction mixture was evaporated to dryness at a reduced pressure, 

resolvated in dichloromethane, extracted with sodium thiosulfate solution (1×) and water 

(2×), dried with magnesium sulfate, filtered and again concentrated under vacuum.  

Subjection of the crude and chromatographed reaction products to both massB and 1H 

NMR analysis indicated a trace amount of starting material and very little evidence of 

desired cyclodehydrogenations. 

                                                 
A An aliquot was taken for TLC purposes before the reaction was started and the reaction progress was 
monitored by TLC at 3, 6, and 8.5 h. 
B Quadrapole direct exposure probe EI 70eV 

4.2 4.1 
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4.4.12  Attempted Synthesis of C50H10 - Reductive Cyclodehydrogenation (4.1)A 

potassium naphthalenide

THF

 

 

Method A: 

To an oven-dried 25 mL round bottom flask were added 156 mg (1.22 mmol) 

naphthalene, 10 mL tetrahydrofuran and excess potassium metal (rinsed in hexane).B  The 

flask was fitted with a reflux condenser and heated while stirring at the boiling point for 1 

h.  To a second oven-dried 25 mL round bottom flask was added 3 mg 

pentaindenocorannulene.  The atmosphere was replaced with nitrogen, and 5.0 mL (0.66 

mmol) of the prepared potassium naphthalenideC solution was injected by syringe.  The 

25 mL round bottom flask was fitted with a reflux condenser, and the reaction mixture 

was heated with stirring overnight at 65 ºC.  To prevent concentration of the reaction 

mixture overnight, the condenser was fitted with a nitrogen balloon to provide a closed 

system with a slight nitrogen overpressure while the flask/condenser joint was sealed 

using Teflon and an appropriate Keck clamp.  The reaction mixture was transferred using 

hexane and quenched in air simply by stirring.  Dichloromethane was added and the 

                                                 
A Procedures provided by A. Belanger (see text). 
B The clear solution was observed to turn dark green with the formation of potassium naphthalenide. 
C Molar quantity of potassium naphthalide based on 100% naphthalene reduction. 

4.2 4.1 
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solution was extracted with water (2×), dried with magnesium sulfate, filtered and 

concentrated to dryness under reduced pressure.  Analysis by mass spectrometry showed 

the presence of starting material and some evidence for one cyclodehydrogenation to 

C50H18.D 

 

Method B: 

To an oven-dried 25 mL round bottom flask were added 156 mg (1.22 mmol) 

naphthalene, 10 mL tetrahydrofuran and excess potassium metal (rinsed in hexane).E  The 

flask was fitted with a reflux condenser and heated while stirring at the boiling point for 1 

h.  To an oven-dried 10 mL glass reaction vial (pressure-rated up to 35 Bar (~515 PSI)) 

equipped with a 3 by 10 mm Teflon coated magnetic stirring bar and sealed with a PTFE-

Silicon septum in an Intellivent Cap, was added 3 mg pentaindenocorannulene.  The 

atmosphere was replaced with nitrogen, and 5.0 mL (0.66 mmol) of the prepared 

potassium naphthalenideF solution was injected by syringe.  The 10 mL glass reaction 

vial was inserted into a CEM Discover Microwave Unit and irradiated at 90 °C for 30 

min with a 150 W power max and high stirring using a standard method.G  The reaction 

mixture was transferred using hexane and quenched in air simply by stirring.  

Dichloromethane was added and the solution was extracted with water (2×), dried with 

magnesium sulfate, filtered and concentrated to dryness under reduced pressure.  

                                                 
D Quadrapole direct exposure probe EI 70eV. 
E The clear solution was observed to turn dark green with the formation of potassium naphthalenide. 
F Molar quantity of potassium naphthalide based on 100% naphthalene reduction. 
G Standard Method: Microwave will use maximum wattage during the “run time” to reach the programmed 
temperature.  When the intended temperature is achieved, microwave will start the “hold time” countdown, 
and apply wattage and cooling to maintain the set temperature. 
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Analysis by mass spectrometry showed the presence of starting material and some 

evidence for one cyclodehydrogenation to C50H18.D  
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4.4.13  Attempted Synthesis of C50H10 - 

Graphite Sensitized Microwave Flash Pyrolysis (GSMFP) (4.1) 

GSMFP

 

 

To an oven-dried 73/4 inch by 15/16 inch (25/32 inch ID) quartz vial was added a solid 

mixture of 5 mg (0.008 mmol) pentaindenocorannulene in 50 mg Sigma-Aldrich brand 

synthetic graphite powder (< 20 micron).  This mixture had been pulverized using a 

mortar and pestle.  The vessel was fitted with a rubber septum and flushed repeatedly by 

alternating between nitrogen and vacuum.  With the septum in place, the tube was 

provided with a slight overpressure of nitrogen using a syringe fitted nitrogen balloon.A  

Using the ring stand feature of a Discover model CEM microwave reactor (model 

number 908005) with the large attenuator accessory (open vessel module) in place, the 

vial was clamped in position so that its bottom was held approximately 3/8 of an inch 

above the spacer.B  The microwave was set to open vessel mode, and a Discover SPS 

method was created that calls for five, one minute phases as follows:  10 Watts, 0 Watts, 

                                                 
A It is important to make sure that there is no oxygen in the tube.  Oxygen will cause arcing and generally 
violent reactivity during irradiation. 
B The “spacer” is a circular white accessory with a sizable notch in the side and a hole in the center.  It is 
generally used for open vessel reactions so that the vessel does not get close to the plastic lens of the cavity 
liner. See the Discover manual pages 10 and 42. 

4.2 4.1 
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30 Watts, 0 Watts, 150 Watts.  The cooling was set to “on” for all phases (~30 psi), the 

stirring was consistently set to “off”, and the temperature was set to 300 ºC (the 

maximum).  Upon removing the tube from the microwave, a visibly significant amount of 

material was observed to have sublimed away from the bulk of the graphite and onto the 

adjacent quartz walls.  The solid reaction mixture was extracted using sonication, filtered 

with dichloromethane (process repeated until dichloromethane extract was colorless) and 

concentrated under reduced pressure.  NMR analysis of the resulting products showed 

predominantly starting material along with what appeared to be a small amount of 

pentaindenocoranulene isomer (4.15) identified by its very characteristic doublets 

between 8.5 and 9.0 ppm.  No cyclodehydrogenation was detected by mass analysis.C 

 

 

 

 

 

 

 

 

 

 

 

                                                 
C APPI TOF 
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4.4.14  Attempted Synthesis of C50H10 - FVP of Pentaindenocoranulene (1100 °C) (4.1) 

FVP

1100°C

 

 

Flash vacuum pyrolysis was performed on 10.0 mg (0.0161 mmol) of 

pentaindenocorannulene at 1100 ºC and 0.50 torr. The starting material was placed in a 

quartz tube in the center of a supplemental heating oven in a quartz boat.  The 

supplemental oven was incrementally heated to 230 ºC over the course of ~10 h.  Initial 

sublimation was observed at ~210 ºC.  In addition to temperature, the rate of sublimation 

was regulated by adjusting the proximity of the boat to the 1100 ºC oven.  Toward this 

end, a strong stir bar had been prepositioned inside the quartz tube, behind the boat, for 

later use as a manually controlled magnetic prodding mechanism.  In this case, 

sublimation was achieved only as the boat approached the aperture of the second oven.  

The sublimed material was carried unidirectionally by a small, high purity nitrogen bleed, 

and pyrolysis materials were sequestered in redundant traps cooled by liquid nitrogen.  

Upon complete sublimation of the starting material (no material remaining in the boat; no 

evidence of decomposition observed), the ovens were shut off and the liquid nitrogen 

traps were removed.  After allowing some time for the apparatus to approach equilibrium, 

4.2 4.1 
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the system was opened to the atmosphere.A  The crude product was rinsed and sonicated 

from the trap and tube end with dichloromethane, concentrated, and chromatographed on 

a silica gel preparative plate using 7:3 cyclohexane:dichloromethane. Attempts to isolate 

individual products from the crude pyrolysate have been unsuccessful.  Mass analysis of 

the crude reaction mixture and partially separated fractions revealed the 

pentaindenocorannulene starting material as well as masses indicative of one and 

possibly two cyclodehydrogenations by APPI. 

 

 

 

 

 
                                                 
A Opening the system to the atmosphere before warming the liquid nitrogen traps may cause hazardous 
liquid oxygen to condense. 
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4.4.15  C50H10 - FVP of Pentaindenocoranulene (1250 °C) (4.1) 

FVP

1250°C

 

 

Flash vacuum pyrolysis was performed on 10.0 mg (0.0161 mmol) of 

pentaindenocorannulene at 1250 ºC and ~1.0 torr. The starting material was placed in a 

quartz tube via a quartz boat.  Efforts were made to regulate the rate of sublimation by 

adjusting the proximity of the boat to the 1250 ºC oven.  Toward this end, a strong stir 

bar had been prepositioned inside the quartz tube, behind the boat, for later use as a 

manually controlled magnetic prodding mechanism.  It was found, however, that the 

steep temperature gradient at the edge of the 1250 ºC oven and the slightly increased 

internal pressure of this less modern apparatus were incompatible with this approach.  

Smooth sublimation of the starting material was not realized and instead the beginnings 

of decomposition were observed.  To prevent further decomposition, the boat was thrust 

into the 1250 ºC oven (using the aforementioned stir bar) so that the entire sample would 

be flash sublimed.  Material was carried unidirectionally by a small, high purity nitrogen 

bleed, and pyrolysis materials were sequestered in redundant traps cooled by liquid 

nitrogen.  Upon complete sublimation of the starting material (some black material 

remaining in the boat; some evidence for decomposition observed), the ovens were shut 

4.2 4.1 
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off and the liquid nitrogen traps were removed.  After allowing some time for the 

apparatus to approach equilibrium, the system was opened to the atmosphere.A  The crude 

product was rinsed and sonicated from the trap and tube end with dichloromethane, 

concentrated, and chromatographed. Only a trace amount of material was recovered from 

this reaction.  Mass analysis of the crude reaction mixture revealed the presence of 

C50H10 bowl by APPI: HRMS APPI (m/z) [M]+ calculated for C50H10: 610.0782, found 

610.0778. 

                                                 
A Opening the system to the atmosphere before warming the liquid nitrogen traps may cause hazardous 
liquid oxygen to condense. 



 

 

 

 

 

 

 

 

 

Chapter 5 

First Total Synthesis of a Carbon Nanotube Template: 

Synthesis of a [5,5] Nanotube End-Cap 
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5.1  Introduction 

 In Chapter 4, our [5,5] nanotube end-cap (5.1) retrosynthesis proceeded through 

pentaindenocorannulene (5.2) (Figure 5-1).  Once pentaindenocorannulene was obtained, 

we explored various methods for the conversion of 5.2 to 5.1, and observed some modest 

success.1 

Figure 5-1. Pentaindenocorannulene and the [5,5] nanotube end-cap  

 Our further efforts toward 5.1 were based on circumventing 

pentaindenocorannulene altogether.  Using some of the knowledge we had gained from 

our previous efforts, we adopted a revised retrosynthesis (Scheme 5-1).  We planned to 

use Suzuki or Negishi cross-coupling protocols on 1,3,5,7,9-pentachlorocoranulene (5.3) 

to generate chlorinated 1,3,5,7,9-pentaphenylcorannulene derivatives (5.4) (5 or 10 

halogens in total).  We would then attempt to cyclize these derivatives directly using 

either flash vacuum pyrolysis (FVP) or our newly demonstrated microwave-assisted aryl-

Heck type procedure.1 

                                                 
1 See Chapter 4 

5.2 5.1 
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5.2  Results and Discussion 

5.2.1  The Flash Vacuum Pyrolysis of 1,3,5,7,9-Pentakis(o-chlorophenyl)corannulene 

 In 2002, the Scott lab produced the first rational synthesis of C60 fullerene 

(Scheme 5-2).2  This landmark achievement represents some very fundamental 

knowledge pertaining to the effective usage of flash vacuum pyrolysis (FVP) for 

polycyclic aromatic hydrocarbon precursors:  

1) “Cyclization reactions initiated by specifically generated aryl radicals are invariably 

superior, often by two orders of magnitude or more in yield, to those based on undirected 

thermal cyclodehydrogenations.” 

2) “Once curvature has been locked in, cyclodehydrogenation reactions become more 

favorable for subsequent ring closures.” 

                                                 
2 Scott L. T.; Boorum, M. M.; McMahon, B. J.; Hagen, S.; Mack, J.; Blank, J.; Wegner, H.; de Meijere, A. 
Science 2002, 295, 1500- 1502. 

5.3 5.1 5.4 
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X

X

X

C60
FVP

Scheme 5-2. First Rational Synthesis of C60

 

 1,3,5,7,9-pentakis(o-chlorophenyl)corannulene (5.5) fulfills both of these 

requirements.  It incorporates significant and directed radical initiation and comes 

equipped with the curvature of corannulene.  With access to 5.5 came the very real 

possibility that we might obtain the fully formed [5,5] nanotube end-cap (5.1) by 

pyrolysis (Scheme 5-3).  Unfortunately, we found that the curvature and radical initiators 

were not enough to fully cyclize this substrate.  Pyrolysis at 1100 ºC gave a distribution 

of products by mass analysis including 5.2 (620 m/z) and 5.2 minus two mass units (one 

cyclodehydrogenation) (618 m/z) (Figure 5-2).3, 4, 5  The spectrum also shows phenyl loss 

and dehalogenation as significant side reactions. 

                                                 
3 LDI TOF 
4 These results can also be considered as an attempt to generate pentaindenocorannulene (5.2).  We can see 
in Figure 5-2 that 5.2 is formed.  Unfortunately, the crude pyrolysate proved to be an intractable mixture.  
Various combinations of cyclodehydrohalogenation, cyclodehydrogenation, and phenyl loss gave way to a 
large number of products.  Our very efficient solution phase synthesis of 5.2, covered in Chapter 4, leads us 
to consider this result as being obsolete. 
5 These conditions were attempted by M. Bancu and neither 5.1 or 5.2 were observed in any capacity: 
Bancu, M. Ph.D. dissertation, Boston College: Chestnut Hill, MA, 2004. 
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Scheme 5-3. FVP of 1,3,5,7,9-pentakis(o-chlorophenyl)corannulene

FVP

A) 1100 ºC
B) 1250 ºC

A) 618 observed
B) NA

610 m/ z

 

 

Figure 5-2.  FVP of 5.2 at 1100 ºC 
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 At 1250 ºC, pyrolysis of 5.5 does not seem to produce any products at all.  We ran 

the reaction twice but were not able to collect more than trace amounts of soluble 

material from the pyrolysis traps.  When the starting material is sublimed through the 

pyrolysis oven slowly and cleanly, the traps collect absolutely nothing.  A rapid flash 

sublimation of the starting material results in the collection of good amounts of insoluble 

soot.  We have been unable to find any other pyrolysis attempts at ~1250 ºC on molecules 

bearing radical generators, successful or otherwise.  Higher temperatures, coupled with 

the reactivity of halogen-bearing precursors, might lead to complete decomposition in 

these cases.  We should also note that the hot zone path length of our pyrolysis oven, with 

the highest thermal capacity, is significantly longer than that of the smaller 1100 ºC 

ovens.  Higher temperatures may turn out to be effective when used with a short path 

length.  Likewise, lower temperatures might be more effective with a longer path length. 

 

5.2.2  Synthesis of  Decachlorinated [5,5] Nanotube Endcap Precursors 

 In Chapter 4, since our microwave assisted aryl-Heck type reaction was found to 

produce small amounts of side-product 5.6 (Figure 5-3), we concluded that it was 

possible for annulations to occur on a preexisting indeno-group instead of on the 

corannulene core.1  These findings led us to apply our Suzuki coupling experience to 

precursors that could conceivably undergo ten aryl-Heck type transformations to give 5.1 

in only one step.  1,3,5,7,9-pentakis(2,6-dichlorophenyl)corannulene (5.7) and 1,3,5,7,9-

pentakis(2,3-dichlorophenyl)corannulene (5.8) were the targets of choice (Figure 5-3).  

We attempted to generate these molecules using the same conditions that efficiently gave 
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us 1,3,5,7,9-pentakis(o-chlorophenyl)corannulene1 but were well aware of a few likely 

pitfalls.   

Cl

ClCl

Cl

Cl
Cl

Cl

Cl

Cl

Cl

Cl

ClCl

Cl

Cl

Cl

Cl

Cl

Cl
Cl

Figure 5-3. Indenoannulation and [5,5] nanotube end-cap precursors
  

 We were able to obtain 1,3,5,7,9-pentakis(2,3-dichlorophenyl)corannulene (5.8) 

in a 17% yield, down from 48% for 1,3,5,7,9-pentakis(o-chlorophenyl)corannulene.  The 

relatively low efficiency is thought to be a result of unhindered, and therefore more 

reactive, chlorines at the three positions on the phenyl groups.  This effect was amplified 

when we tried to produce 1,3,5,7,9-pentakis(2,5-dichlorophenyl)corannulene (5.9).  Mass 

analysis3 of the crude product mixture clearly indicates excessive coupling (Figure 5-4).  

We were unable to isolate 5.9 from the crude reaction mixture. 

5.6 5.7 5.8 
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Figure 5-4.  1,3,5,7,9-pentakis(2,5-dichlorophenyl)corannulene (5.10) 

 In the case of 1,3,5,7,9-pentakis(2,6-dichlorophenyl)corannulene (5.7), we 

correctly anticipated that the catalytic cycle of the Suzuki reaction would shut down 

altogether.  Attempts to make 5.7 using Nolan’s Suzuki conditions1 were completely 

ineffective.   Unlike the magnesium and zinc reagents used as coupling partners in the 

Kumada and Negishi protocols, base-activated boronic acid reagents used in the Suzuki 

reaction are relatively weak nucleophiles.  The doubly stabilized charge density of 5.10 is 

inadequate for the desired transformation (Figure 5-5).  A synopsis of our findings is 
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presented in Scheme 5-4.  Since Nolan’s Suzuki conditions1 were ineffective for the 

synthesis of 5.7 we would turn to the Negishi coupling reaction.6 
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B
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Figure 5-5.  Suzuki Precursor 
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Scheme 5-4. Suzuki Reaction Eff iciency for Various Mono- and Dichloro Substrates

 

 Both 5.8 and 5.7 have been synthesized previously by M. Bancu using the Negishi 

conditions established by Fu et al.6a, 7  Prior to the time of my arrival in the Scott lab, 

however, this success became somewhat difficult to reproduce for reasons that are still 

                                                 
6 For other examples where a 2,6-dichlorophenyl functionality was installed by way of the Negishi 
coupling see: a) Bancu, M. Ph.D. dissertation, Boston College: Chestnut Hill, MA, 2004; b) Peng L. Ph.D. 
dissertation, Boston College: Chestnut Hill, MA, 2006. 
7 Dai, C.; Fu, G. C. J. Am. Chem. Soc. 2001, 123, 2719-2724. 
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not well understood.  Our desire to obtain 5.7 led us to apply three different sets of 

Negishi conditions, including those described by M. Bancu.  A fresh evaluation of the 

available literature on Negishi conditions that might be effective for the cross-coupling of 

aryl-chlorides led us to the catalyst systems described by Siegel8 (modified Nolan 

conditions) and Buchwald (Scheme 5-5).9 

Cl
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Cl

Cl

Cl

Cl

Cl

Cl

Cl
ClZnCl

Cl

Cl

Cl

Cl
Cl

Cl

Cl

A) Product not obtained
B) 7.0%
C) 16.4%

Scheme 5-5. Application of Three Dif ferent Sets of Negishi Conditions

A) Fu conditions:
Pd[P(tBu)3]2, NMP
B) Siegel conditions:
Pd(OAc)2, IPr, THF
C) Buchwald conditions:
Pd2(dba)3, RuPhos, THF, NMP

N N

Cl

P(Cy)2
OiPriPrOIPr = RuPhos =

 

 Although our previous conditions6a continued to be ineffective, the other two 

attempts were both successful.  The catalyst system developed by Buchwald gave the best 

result, and we were fortunate enough to obtain an X-ray crystal structure of this 

compound (Figure 5-6). 

                                                 
8 Hayama, T.; Baldridge, K. K.; Wu, Y.; Linden, A.; Siegel, J. S. J. Am. Chem. Soc. 2008, 130(5), 1583-
1591. 
9 a) Milne, J. E.; Buchwald, S. L. J. Am. Chem. Soc. 2004, 126, 13028-13032; b) Walker, S. D.; Barder, T. 
E.; Martinelli, J. R.; Buchwald, S. L. Angew. Chem. Int. Ed. 2004, 43, 1871-1876. 

5.3 5.7 
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Figure 5-6.  X-ray crystal structure and crystal packing for 1,3,5,7,9-Pentakis(2,6-
dichlorophenyl)corannulene 
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 We made no attempt to optimize the production of 5.7.  Our primary objective at 

the time was to simply gain access to 5.7 and 5.810 so that we could explore possible 

cyclization conditions toward 5.1.  Fortunately, the Scott lab has enjoyed a more than two 

fold improvement in the yield of this reaction owing to the optimization efforts of B. 

Steinberg, who has successfully applied new palladium precatalyst technologies recently 

published by the Buchwald group.11 

 

5.2.3  Subjecting Decachlorinated [5,5] Nanotube Endcap Precursors to the Microwave 

Assisted Aryl-Heck Type Reaction and Flash Vacuum Pyrolysis (FVP) 

 We set out to apply our microwave assisted aryl-Heck type conditions to 5.8 and 

5.7 in the hopes of effecting ten cyclizations in one pot to generate the [5,5] nanotube 

end-cap (5.1).12, 13  As a control, 5.5 was converted to pentaindenocorannulene (5.2) with 

the usual efficiency just prior to each reaction.  Unfortunately, we failed to detect 5.1 by 

mass analysis14 of the products from any attempt, before or after chromatography 

(Scheme 5-6).  Mass analysis14, 15  of the crude products from each transformation 

suggested significant metal-mediated dehalogenation of the starting material.  The 

reaction of 5.7 at 180 ºC for 45 min also revealed pentaindenocorannulene (5.2) (620 m/z) 

(Figure 5-7). 

                                                 
10 Yield of 5.8 may or may not be improved using the Negishi conditions described for 5.7. 
11 Unpublished work of Brian Steinberg. 
12 The microwave assisted aryl-Heck type reaction was not attempted on 5.9 because 1) five out of the ten 
chlorines are not in the correct positions and 2) we were unable to isolate this material. 
13 M. Bancu attempted the 10-fold aryl-Heck type cyclization of 5.7 and 5.8 using conventional heating.  
5.1 was not observed: Bancu, M. Ph.D. dissertation, Boston College: Chestnut Hill, MA, 2004. 
14 Quadrapole direct exposure probe EI 70eV (negative ion mode) 
15 APPI TOF 
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X = Cl, Y = H, 180 ºC, 45 min - Dehalogenation
X = H, Y = Cl, 180 ºC, 45 min - Dehalogenation and 620 m/ z
X = H, Y = Cl, 190 ºC, 10 min - Dehalogenation

Scheme 5-6. Aryl-Heck type reaction of deca-chlorinated [5,5] nanotube end-cap precursors

 

 

 

Figure 5-7.  Mass spectrum15 of products from the aryl-Heck reaction of 5.7 

5.7 and 5.8 5.1 

5.8 
5.7 
5.7 
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 The appearance of masses representing halogen loss suggest that the steric 

congestion of 5.8 and 5.7 (compared to 5.5) increases the rate of metal-mediated 

dehalogenation.  Although the author is hesitant to rule out the possibility of sample 

contamination, the mass of 5.2 (620 m/z) could imply that it is possible for cyclization to 

occur normally once enough halogen loss has occurred.  If the endcap were to form under 

these conditions, palladium may or may not facilitate the destruction of highly strained 

bonds.6b  These anticlimactic results left us with only one option to explore. 

 Our final approach would be to pyrolyze 1,3,5,7,9-pentakis(2,6-

dichlorophenyl)corannulene (5.7) and/or 1,3,5,7,9-pentakis(2,3-

dichlorophenyl)corannulene (5.8) toward the isolation of [5,5] nanotube end-cap template 

5.1.  Unlike 5.5, both 5.7 and 5.8 possess ten radical generators instead of five.  With one 

correctly positioned halogen for each new bond in the desired product, these FVP 

precursors were about as promising as we could imagine.  Pyrolysis of 5.7 at 1100 ºC 

furnished a ~2.7 % yield of 5.1 (Scheme 5-7).16  After over five years of effort toward 

this goal, we were finally able to synthesize 5.1 in isolable quantities and carry out 

significant characterization.17 

                                                 
16 The described pyrolysis was carried out on five separate occasions, and product (5.1) was obtained from 
each attempt.  The yield was difficult to determine and is based on the average of recorded measurements. 
17 M. Bancu attempted to pyrolyse 5.7 and 5.1 was not observed: Bancu, M. Ph.D. dissertation, Boston 
College: Chestnut Hill, MA, 2004. 
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Cl

ClCl

Cl

Cl

Cl

Cl
Cl

Cl

Cl

FVP

1100°C

2.7%

Scheme 5-7. FVP of 1,3,5,7,9-pentakis(2,6-dichlorophenyl)corannulene

 

 

5.2.4  [5,5] Carbon Nanotube Endcap: Properties and Characterization 

 As we were not quite sure what properties to expect for end-cap 5.1, the process 

of isolating this template proved to be fairly lengthy.  Nevertheless, with the slow 

accumulation of evidence, our baseline of habitual skepticism eroded into a considerable 

measure of excitement.  Mass analysis14 of the crude pyrolysate revealed [5,5] nanotube 

template 5.1 (610 m/z) as (nearly) the most abundant signal among many other expected 

cyclodehydrohalogenation and dephenylation products (Figure 5-8). 

 

5.7 5.1 
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Figure 5-8.  DE EI (70 eV) mass spectrum (negative ion mode) of crude products from 
the 1100 °C pyrolysis of 5.714 
 
 We were able to isolate 5.1 from this mixture after two separations using 

preparative silica-gel chromatography (preparative plates).  The first purification, carried 

out using 9:1 cyclohexane:dichloromethane as eluant, was effective for the removal of 

more mobile impurities.  As we would expect, and do observe, most of the material from 

the crude pyrolysis travels with a higher Rf than the end-cap.  We would expect 5.1 to 

travel more slowly than most side-products predicted by mass analysis of the crude 

reaction mixture (Figure 5-8) since it is symmetrical and lacks freely rotating moieties.  

Our second purification was carried out on the same phase using 7:3 

cyclohexane:dichloromethane.  In this system, the end-cap displays ample mobility.  

Careful separation at this point allows us to obtain material having the correct mass (610 

m/z) and high purity according to two separate mass analysis techniques.14, 15  One such 

spectrum is displayed in Figure 5-9.  We should also note that the isotope ratio is in good 

Cl

Cl

Cl

Cl
Cl

Cl

Cl

Cl
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agreement with theory, and the elemental composition has been confirmed by high 

resolution mass analysis.15 

 

Figure 5-9. Mass spectrum and HRMS (both APPI negative ion mode) of [5,5] nanotube 
end-cap after purification 
 
 Pentaindenocoranulene (5.2), which is flattened compared to 5.1, is relatively 

insoluble in all solvents tested, owing to more favorable stacking interactions leading to 

the formation of one-dimensional crystals.  We therefore take the increased solubility of 

C50H10 M+ Theoretical: 610.0782 m/z 
C50H10 M+ Experimental: 610.0775 m/z 
Mass Difference: -1.23 ppm  

610 m/z

610.08 (100.0%)  
611.08 (54.2%)  
612.08 (14.3%)  
613.09 (2.5%)  

5.1 
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5.1 (or purified materials we have identified as having a mass of 610 m/z) as additional 

evidence that quantities of our [5,5] nanotube endcap have been synthesized and isolated. 

 Mass spectra of 5.1 are usually taken in negative ion mode because we observe a 

more intense signal.  It is interesting to note, however, that electron impact mass 

analysis14 of 5.1 in positive ion mode reveals a very strong signal for the doubly charged 

species (Figure 5-10).  Since there is a strong literature precedent for the formation of 

multiply charged fullerene and fullerene fragment ions in the electron impact (EI) mass 

spectrum of C60, we take this observation as further evidence for our assignment.18 

 

Figure 5-10.  Electron impact (EI, 70 eV) mass spectrum of 5.1 in positive ion mode 

  Despite some initial confusion, our efforts to obtain NMR data for 5.1 eventually 

revealed a very interesting and distinctive property.  From highly purified material 

corresponding to Figure 5-9, we observed a singlet at 7.637 ppm in dichloromethane (d2-

DCM), representing the ten environmentally identical hydrogens of [5,5] nanotube end-

                                                 
18 Scheier, P.;  Dünser, B.; Wörgötter, R.; Lezius, M.; Robl, R.; Märk, T.D. International Journal of Mass 
Spectrometry and Ion Processes 1994, 138, 77-93. 

C50H10 M 1+ 

C50H10 M 2+ 
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cap 5.1 (Figure 5-11).  Density functional calculations for this molecule predict a singlet 

at 7.788 ppm.19  The 0.151 ppm discrepancy is a bit higher than we would have liked.20  

We also noted that the peak was relatively broad and appeared downfield from a much 

more subtle signal nearly one full ppm in width.  Although great labors had already been 

taken to isolate 5.1 from any other FVP products, we initially assumed that the broad 

hump was the result of one or more impurities.  Further chromatographic efforts were 

ineffective to diminish the very diffuse signal at ~7.4 ppm. 

 

Figure 5-11.  1H NMR spectrum of 5.1 in dichloromethane-d2 (d2-DCM) 

                                                 
19 Structure was constructed in Spartan, minimized with AM1, and transferred to Gaussian.  Values were 
obtained using density functional theory (B3LYP/6-31G**) (Job: NMR, GIAO method). 
20 Less than 0.1 ppm error is considered to be an acceptable error. 
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 The relative broadness of our singlet (at 7.637 ppm), somewhat high discrepancy 

between the experimental and calculated 1H NMR value, and mysteriously wide but 

uniform signal at ~7.4 were troublesome until we considered that the dipole for 5.1 is 

likely to be tremendous.  Since each hydrogen on the end-cap is pointing in almost the 

same direction, we were not surprised to find that DFT calculations (B3LYP/6-31G**) 

predict a dipole moment of 5.59 Debye.21  Given these clues, we hypothesized that the 

molecules of 5.1 might be stacking in solution.  The protons on the “occupied” end-caps 

would most likely be shielded by the π-system of the adjacent end-cap, resulting in an up-

field shift relative to the signal for the unshielded terminal endcap in the 1H NMR (Figure 

5-12).  We theorized that oligomerization was responsible for the very diffuse signal at 

~7.4 ppm.  Since the distance and position of protons relative to the π-system of adjacent 

end-caps is variable, we might expect the signal for the shielded hydrogens to be quite 

broad. 

 

Figure 5-12.  Depiction of proposed stacking 

 To test our hypothesis, we ran some simple experiments.  First, we looked at the 

effect of reduced temperatures on our spectrum.  If the relatively sharp singlet represents 

                                                 
21 This level of theory correctly predicts the experimentally determined dipole moment of corannulene (2.1 
D): Lovas, F. J.; McMahon, R. J.; Grabow, J.; Schnell, M.; Mack, J.;  Scott, L. T.; Kuczkowski, R. L. J. 
Am. Chem. Soc. 2005, 127, 4345-4349 
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the bowl at the open end of the stack, and the broad hump represents the remaining end-

caps, we should see an entropic effect as the temperature of the NMR solvent is reduced, 

increasing the average stack length.  Indeed, a strong effect is observed as the singlet 

shifts up-field, broadens and diminishes in intensity (Figure 5-13).22  Spectra were 

recorded at room temperature before and after cooling to -40 °C. 

 

 

Figure 5-13.  Effects of temperature reduction on the 1H NMR of 5.1 in d2-DCM22 

 By the same principle, increasing the temperature should diminish the area of the 

broad hump at ~7.4 and cause the singlet, representing the terminal end-cap, to intensify.  

We chose to use tetrachloroethane-d2 (d2-TCE) as a higher boiling solvent for our 

temperature study.  We were surprised to find that the new NMR solvent seems to favor 

aggregation.  The 1H NMR temperature study was carried out in the d2-TCE despite this 

observation and is presented in Figure 5-14.  Sharpening, intensifying, and downfield 

                                                 
22 This experiment was run on material of slightly lesser purity than that of Figure 5-11.  Still, the entropic 
effect is clearly illustrated.  We note that the impurities appear to be unaffected by the difference in 
temperature. 

-40 °C 
7.562 ppm 

25 °C (after) 
Singlet =7.662 ppm 

25 °C (before) 
Singlet = 7.666 ppm 

* * 

* 

* 
* 

* 

* = impurities
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shifting of the signal was detected, despite the aforementioned difficulties. After the 

experiment, d2-TCE was evaporated, and another 1H NMR spectrum was taken of the 

same material, once again in d2-DCM, to reveal a spectrum nearly identical to the one 

displayed in Figure 5-11.  In some other NMR solvents, our singlet was again very small 

and broad (tetrahydrofuran and chloroform).  The diffuse signal that we attributed to 

oligomerization was always present and mostly unchanged.  The NMR spectrum of 

toluene overlaps with that of 5.1.  Low solubility was observed in acetone, cyclohexane 

and acetonitrile.    No matter what NMR solvent we tried, our singlet was always 

recovered in d2-DCM. 

 

 

Figure 5-14.  1H NMR temperature study of 5.1 in tetrachloroethane (d2-TCE) 

 It was A. Amick, a graduate student in our lab, who suggested taking a 1H NMR 

of 5.1 in a mixture of carbon disulfide (CS2) and d2-DCM.  He pointed out that CS2, 

which has no dipole but is higher boiling than dichloromethane, has been found to break 

up stacking interactions, presumably owing to its high polarizability.  This advice proved 

very useful.  When we used a 3:1 mixture of CS2 and d2-DCM as the 1H NMR solvent, 

21 °C 
7.418 ppm 

60 °C 
7.523 ppm 

50 °C 
7.500 ppm 

40 °C 
7.475 ppm 

30 °C 
7.447 ppm 
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the singlet sharpened, intensified significantly, and moved somewhat downfield to 7.708 

ppm (now well within a 0.1 ppm error vs. the calculated value mentioned above) (Figure 

5-15).  Gratifyingly, the diffuse oligomer signal was diminished such that one must 

widen the baseline to observe it clearly. 

 

Figure 5-15.  1H NMR spectrum of 5.1 in a 3:1 mixture of CS2 and d2-DCM 

 Despite significant efforts, we were unable to obtain a 13C NMR spectrum of 5.1 

even in a 3:1 mixture of CS2 and d2-DCM (48 h; 125 MHz).  Possibly contributing to this 

misfortune was the slow relaxation time of the internal carbons, the lack of material, and 

the diminishment of signal due to stacking. We attempted to employ Shigami NMR tubes 

to increase the concentration of the bowl in the coil region of the NMR probe, however, 

5.1 



229 
 

no 13C NMR was recorded since we were unable to achieve even a 1H NMR spectrum 

with quality or intensity superior to that of Figure 5-15.  It was very difficult to obtain a 

good shim using the specialty NMR tubes.  We also tried to saturate the NMR solvent 

with hydrogen gas in the hopes that hydrogen would complex with the end-cap and 

completely prevent oligomerization.  Though we were able to detect significant hydrogen 

in the NMR solvent, we did not observe complexed hydrogen, and there was no change 

in the NMR of 5.1.  Efforts to obtain a crystal of 5.1 by the slow diffusion of acetonitrile 

into benzene were not successful. 

 Given the current level of characterization, we are fairly certain that the total 

synthesis and isolation of [5,5] nanotube end-cap template 5.1 has been achieved.  The 

findings presented herein justify continued efforts toward the synthesis and 

characterization of 5.1.  Accordingly, we have been pleased to witness the rapid and 

straightforward reproduction of this work by B. Steinberg, a very capable graduate 

student in the Scott lab.  He has already applied HPLC techniques to the isolation of 5.1 

and is currently working to accumulate quantities of end-cap sufficient for further 

attempts at crystal growth.   

5.3  Conclusions 

 We were able to generate deca-chlorinated 1,3,5,7,9-pentaphenylcorannulene 

derivatives 1,3,5,7,9-pentakis(2,3-dichlorophenyl)corannulene (5.8) and 1,3,5,7,9-

pentakis(2,6-dichlorophenyl)corannulene (5.7) using new catalyst systems for the Suzuki 

and Negishi cross-coupling reaction.  Attempts were made to exhaustively cyclize 5.8, 
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5.7, and 1,3,5,7,9-pentakis(o-chlorophenyl)corannulene (5.5) directly using either flash 

vacuum pyrolysis (FVP) or our newly demonstrated microwave-assisted aryl-Heck type 

procedure toward [5,5] nanotube end-cap 5.1.  The successful synthesis of 5.1 was 

realized via the pyrolysis of 5.7 at 1100 °C.  The nanotube end-cap was then isolated and 

characterized by mass spectrometry and 1H NMR spectroscopy to reveal interesting 

properties, including the doubly charged end-cap species and stacking interactions in 

solution.  

 As in the case of corannulene,23 we expect that our synthesis of the [5,5] nanotube 

template (5.1) will see significant improvements over time.  This achievement is a major 

step toward to the total synthesis of uniform [5,5] carbon nanotubes in commercially 

useful quantities.  Even now, research pertaining to the iterative growth of π-systems is 

ongoing in our lab.24 

                                                 
23 See Chapter 2 
24 Unpublished work of E. Fort. 
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5.4  Experimental Procedures 

5.4.1  General Experimental 

 

 All chemicals were commercially available and were used without any 

purification unless specified.  All solvents were reagent grade unless otherwise specified.  

Anhydrous solvents were either used as purchased or obtained from a solvent purification 

system constructed by Contour Glass, which dispensed tetrahydrofuran, dichloromethane, 

carbon disulfide, dimethylacetamide, toluene, and o-dichlorobenzene unless otherwise 

specified.  Proton and carbon NMR spectra were obtained using a Varian 400 or 500 

MHz NMR spectrometer.  Chemical shifts are reported in ppm downfield from 

tetramethylsilane with chloroform-d (δH = 7.26 ppm, δC = 77.16 ppm), dichloromethane-

d2 (δH = 5.32 ppm, δC = 53.8 ppm) or 1,1,2,2-tetrachloroethane-d2 (δH = 5.91 ppm, δC = 

74.2 ppm) as the standard reference.  For carbon NMR, a relaxation delay (d1) of up to 

ten seconds was used as needed for internal sp2 carbon detection.  Thin layer 

chromatography was performed on Sorbent Tech Silica G TLC plates.  For preparative 

column chromatography, 32-63 μm silica gel was used.  Initial mass analyses were 

performed using a Thermo Electron Corporation Finnigan Trace GC Ultra gas 

chromatograph unit connected to a Thermo Electron Corporation Finnigan Trace DSQ 

mass spectrometer with direct insertion capability.  High resolution mass analyses were 

carried out using time of flight mass spectrometers.  Both positive and negative ion 

detection have been used; however, negative ion TOF has been found to be far more 
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effective especially, for large PAHs.  Ionization methods included APPI, DART, and 

LDI.  Melting points are uncorrected.  Elemental analysis was carried out under optimum 

combustion conditions by Robertson Microlit Laboratories, Inc.  HPLC analysis and 

purification were performed using a Waters 600 instrument with a Supelco analytical 

Supelcosil LC-PAH 25 cm × 4.6 mm, 5μm HPLC column and a Supelco preparative 

Supelcosil LC-PAH 25 cm × 21.2 mm, 5μm HPLC column, both connected to a Waters 

2996 Photodiode Array Detector.  Infrared analysis was carried out using an Avatar 360 

FTIR unit.  UV analysis was done using a Hewlett Packard model 8452A Diode Array 

Spectrophotometer. 
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5.4.2  Attempted Synthesis of C50H10 (5.1)A 

(FVP of 1,3,5,7,9-Pentakis(o-chlorophenyl)corannulene at 1100 °C) 

Cl

Cl
Cl

Cl

Cl

FVP

1100°C

 

 

Flash vacuum pyrolysis was performed on 187.5 mg (0.233 mmol) of 1,3,5,7,9-

pentakis(ortho-chlorophenyl)corannulene at 1100 ºC and 0.54 torr. The starting material 

was placed in a quartz boat, inside of a quartz tube, in the center of a supplemental 

heating oven.  The supplemental oven was incrementally heated to 280 ºC over the course 

of ~10 h.  Initial sublimation was observed at ~175 ºC.  In addition to temperature, the 

rate of sublimation was regulated by adjusting the proximity of the boat to the 1100 ºC 

oven.  Toward this end, a strong stir bar had been prepositioned inside of the quartz tube 

behind the boat for later use as a manually controlled magnetic prodding mechanism.  

The sublimed material was carried unidirectionally by a small high purity nitrogen bleed, 

and pyrolysis materials were sequestered in redundant traps cooled by liquid nitrogen.  

Upon complete sublimation of the starting material,B the ovens were shut off, and the 

liquid nitrogen traps were removed.  After allowing some time for the apparatus to 
                                                 
A For a previous attempt at this transformation see: Bancu, M. Ph.D. dissertation, Boston College: Chestnut 
Hill, MA, 2004. 
B There was no material left in the boat.  Complete sublimation occurred. 

5.5 5.1 
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approach equilibrium, the system was opened to the atmosphere.C  The crude product was 

rinsed and sonicated from the trap and tube end with dichloromethane, concentrated, and 

chromatographed on a silica gel preparative plate using 7:3 cyclohexane:dichloromethane  

as eluant to give a total mass balance of 9.8 mg. Attempts to isolate individual products 

from the crude pyrolysate were unsuccessful.  Mass analysisD of the crude reaction 

mixture and partially separated fractions revealed the expected pentaindenocorannulene 

as well as masses indicative of successive phenyl loss.E 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                                 
C Opening the system to the atmosphere before warming the liquid nitrogen traps may cause hazardous 
liquid oxygen to condense. 
D LDI TOF 
E See text 
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5.4.3  Attempted Synthesis of C50H10 (5.1)A 

(FVP of 1,3,5,7,9-Pentakis(o-chlorophenyl)corannulene at 1250 °C) 

Cl

Cl
Cl

Cl

Cl

FVP

1250°C

 

 

Flash vacuum pyrolysis was performed on 100 mg (0.125 mmol) of 1,3,5,7,9-

pentakis(ortho-chlorophenyl)corannulene at 1250 ºC and ~1.0 torr.  The starting material 

was placed in a quartz boat inside of a quartz tube.  Efforts were made to regulate the rate 

of sublimation by adjusting the proximity of the boat to the 1250 ºC oven.  Toward this 

end, a strong stir bar had been prepositioned inside of the quartz tube, behind the boat, for 

later use as a manually controlled magnetic prodding mechanism.  Smooth sublimation of 

the starting material was realized.  Material was carried unidirectionally by a small high 

purity nitrogen bleed.  Pyrolysis products were sequestered in redundant traps cooled by 

liquid nitrogen.  Upon complete sublimation of the starting material, the ovens were shut 

off, and the liquid nitrogen traps were removed.B  After allowing some time for the 

                                                 
A For a previous attempt at the pyrolysis of 5.5 see: Bancu, M. Ph.D. dissertation, Boston College: 
Chestnut Hill, MA, 2004. 
B There was no material left in the boat.  Complete sublimation occurred. 

5.5 5.1 
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apparatus to approach equilibrium, the system was opened to the atmosphere.C  Rinsing 

and sonication of the trap and tube end with dichloromethane followed by concentration 

revealed the nearly complete absence of a crude product mixture. Only trace amounts of 

material were recovered.  Mass analysisD of this material did not reveal any masses of 

interest.  In protest, the pyrolysis was carried out a second time.  Steady sublimation 

conditions were again achieved, and again the traps did not appear to be collecting 

material.  At this point the boat was thrust into the 1250 ºC oven so that the entire sample 

would be flash sublimed.B  With this, a large amount of black material did collect in the 

trap.  The great majority of this material was later confirmed to be soot with only the 

smallest quantities of soluble material.  Again, mass analysisD did not reveal any masses 

of interest.E 

 

 

 

 

 

 

 

 

 
                                                 
C Opening the system to the atmosphere before warming the liquid nitrogen traps may cause hazardous 
liquid oxygen to condense. 
D Quadrapole direct exposure probe EI 70eV 
E Higher temperatures may turn out to be effective when used with a short path length.  Likewise, lower 
temperatures might be more effective with a longer path length. 
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5.4.4  1,3,5,7,9-Pentakis(2,3-dichlorophenyl)corannulene (5.8)A, B 

Cl

ClCl

Cl

Cl

Cl

ClCl

Cl

Cl

N N

Cl

Pd2(dba)3
CsCO3
dioxane

Cl

Cl

Cl

Cl

Cl

Cl
Cl

B(OH)2

 

 

To an oven-dried 25 mL Schlenk flask were added 50.0 mg (1.18 mmol) 

pentachlorocorannulene, 452 mg (2.37 mmol) 2,3-dichlorophenylboronic acid, 1.54 g 

(4.73 mmol) cesium carbonate, 30.2 mg (0.0710 mmol) 1,3-bis(2,6-di-i-

propylphenyl)imidazolium chloride, and 32.5 mg (0.0355 mmol) 

tris(dibenzylideneacetone)dipalladium.  The flask was sealed with a rubber septum and 

purged repeatedly with nitrogen.  Anhydrous dioxane (2.5 mL) was added to this solid 

mixture, and the flask was lowered into a silicon oil bath that had been preheated to 80 

°C.  After being stirred for 2 days, the reaction mixture was cooled to room temperature 

and poured through a small silica gel plug, which was washed with excess 

dichloromethane.  The organic solution was extracted three times with water, dried with 

magnesium sulfate, filtered, and concentrated to dryness at a reduced pressure.  The crude 

products were purified on silica gel with 9:1 cyclohexane:dichloromethane as eluant to 

                                                 
A For a previous synthesis of this molecule see: Bancu, M. Ph.D. dissertation, Boston College: Chestnut 
Hill, MA, 2004. 
B Yield may or may not be improved using the Negishi conditions described for the synthesis of 5.7. 

5.3 5.8 
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give 19.6 mg (17.0%) of a pale yellow, nearly colorless solid of good purity (mixture of 

rotational isomers): 1H NMR (500 MHz, 21 °C, C2D2Cl4) δ 7.8-6.8 (br-m, 20H); 1H 

NMR (500 MHz, 90 °C, CD2Cl4) δ 7.51 (d, J=4.8 Hz, 5H), 7.39 (s, 5H), 7.24 (br-dd, 5H), 

last signal lost in baseline (mixture of rotational isomers not completely resolved); 

HRMS DART (m/z) [M+H]+ calculated for C50H21Cl10: 970.8529, found 970.8534. 
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5.4.5  1,3,5,7,9-Pentakis(2,5-dichlorophenyl)corannulene (5.9) 

Cl

ClCl

Cl

Cl

Cl

ClCl

Cl

Cl

N N

Cl

Pd2(dba)3
CsCO3
dioxane

Cl

Cl

Cl

Cl

Cl

Cl

Cl

B(OH)2

 

 

To an oven-dried 25 mL Schlenk flask were added 20.0 mg (0.0473 mmol) 

pentachlorocorannulene, 180 mg (0.943 mmol) 2,5-dichlorophenylboronic acid, 0.614 g 

(1.88 mmol) cesium carbonate, 12.0 mg (0.0282 mmol) 1,3-bis(2,6-di-i-

propylphenyl)imidazolium chloride, and 13.0 mg (0.0142 mmol) 

tris(dibenzylideneacetone)dipalladium.  The flask was sealed with a rubber septum and 

purged repeatedly with nitrogen.  Anhydrous dioxane (1 mL) was added to this solid 

mixture, and the flask was lowered into a silicon oil bath that had been preheated to 80 

°C.  After being stirred for 2 days,A the reaction mixture was cooled to room temperature 

and poured through a small silica gel plug, which was washed with excess 

dichloromethane.  The organic solution was extracted with water (4×) and brine (1×), 

dried with magnesium sulfate, filtered, and concentrated to dryness at a reduced pressure.  

The crude products were purified on silica gel with 9:1 cyclohexane:dichloromethane as 

                                                 
A A lower reaction time may inhibit polymerization and increase the yield 

5.3 5.9 
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eluant to give a mixture of coupling products by mass analysis,B including the desired 

1,3,5,7,9-pentakis(2,5-dichlorophenyl)corannulene: HRMS DART (m/z) [M+H]+ 

calculated for C50H21Cl10: 970.8529, found 970.8540. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                                 
B LDI TOF; see text. 
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5.4.6  1,3,5,7,9-Pentakis(2,6-dichlorophenyl)corannulene (5.7)A (Buchwald Method)B 

Cl

ClCl

Cl

Cl

Cl

ClCl

Cl

Cl

Pd2(dba)3
THF
NMP

Cl

ZnCl

Cl

Cl
Cl

Cl

Cl

P(Cy)2
OiPriPrO

Cl
 

 

2,6-dichlorophenylzinc chloride preparation:C, D 

The atmosphere of a stoppered, oven-dried 100 mL round bottom flask was replaced by 

alternating between nitrogen and vacuum.  To this flask were added 1.14 mL (10.0 

mmol) 1,3-dichlorobenzene and 25 mL anhydrous tetrahydrofuran.  The solution was 

allowed to stir under a slight nitrogen overpressure in a well-kept bath of acetone and dry 

ice (-78 ºC).  Once the solution temperature had equilibrated, a syringe pump was used to 

add 4.40 mL of a titrated 2.5 M solution of n-butyllithium (11 mmol) in hexanes over 20 

min.E  A white precipitate was observed during or shortly after the addition of the n-

butyllithium.  The stirring was continued at -78 ºC for 1.5 h, after which time 24 mL of a 

0.50 M solution of zinc chloride (12 mmol) in tetrahydrofuran was added by syringe.  

                                                 
A For a previous synthesis of this molecule see: Bancu, M. Ph.D. dissertation, Boston College: Chestnut 
Hill, MA, 2004. 
B a) Milne, J. E.; Buchwald, S. L. J. Am. Chem. Soc. 2004, 126, 13028-13032; b) Walker, S. D.; Barder, T. 
E.; Martinelli, J. R.; Buchwald, S. L. Angew. Chem. Int. Ed. 2004, 43, 1871-1876. 
C Conditions taken from: a) Peng, L.; Scott, L. T. J. Am. Chem. Soc. 2005, 127, 16518-16521; b) Peng L. 
Ph.D. dissertation, Boston College: Chestnut Hill, MA, 2006. 
D The 2,6-dichlorophenylzinc chloride reagent was freshly prepared for each reaction. 
E The n-butyllithium was titrated as described in: Kofron, W. G.; Baclawski, L. M. J. Org. Chem. 1976 
1879-1880. 

5.3 5.7 
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Preparation of 53.4 mL of a 0.187 M solutionF of 2,6-dichlorophenylzinc chloride was 

completed by slowly warming the solution and allowing it to stir at room temperature for 

an additional 15 min. 

 

1,3,5,7,9-pentakis(2,6-dichlorophenyl)corannulene preparation: 

To an oven-dried 300 mL pressure vessel were added 250 mg (0.592 mmol) 1,3,5,7,9-

pentachlorocorannulene, 552 mg (1.18 mmol) 2-dicyclohexylphosphino-2′,6′-

diisopropoxybiphenyl, and 271 mg (0.296 mmol) tris(dibenzylideneacetone)dipalladium.  

The pressure vessel atmosphere was replaced by alternating between argon and vacuum 

after which 25 mL of anhydrous 1-methyl-2-pyrrolidinone and 47.5 mL of a 0.187 M 

(8.88 mmol) solution of 2,6-dichlorophenylzinc chloride in tetrahydrofuran were added 

by syringe.  The pressure vessel was sealed using a Teflon cap fitted with a 

perfluoroelastomer O-ring,G lowered into a silicon oil bath, and allowed to stir at 100 ºC 

for 4 days.  Upon completion, the crude reaction mixture was flushed through a silica 

plug with excess dichloromethane, extracted with water (2×) and brine (1×), dried with 

magnesium sulfate, and filtered.  The solvent was removed under reduced pressure, and 

the crude reaction products were purified on silica gel using 19:1 

cyclohexane:dichloromethane as eluantH to give 94.9 mg product (16.4%) with adequate 

purity.  Higher purity was realized by repetitive recrystallization using 

                                                 
F The molarity of the zinc reagent will always be slightly different depending on the molarity of the titrated 
n-butyllithium. 
G The perfluoroelastomer O-ring is more resistant to tetrahydrofuran. 
H Polarity may be increased gradually during chromatography to 9:1 while retaining adequate separation. 
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dichloromethane/acetone/ethanol as a solvent systemI to give 45 mg product (7.8%): mp 

(capillary sealed at <5 Torr) >338 °C (material becomes increasingly amorphous and 

darkens in color), >426 °C (decomposition hastens, sublimation observed to give clear, 

light yellow, three dimensional crystals); 1H NMR (400 MHz, CD2Cl2) δ 7.48 (dd, J=8.0 

Hz, J=0.4 Hz, 10H), 7.33 (dd, J=8.0 Hz, J=8.0 Hz, 5H), 7.32 (s, 5H); 13C NMR (100 

MHz, CD2Cl2) δ 137.01, 136.54, 136.27, 135.65, 130.18, 129.76, 128.52, 127.63; HRMS 

DART (m/z) [M+H]+ calculated for C50H21Cl10: 970.8529, found 970.8520. 

                                                 
I Recrystallization was done using a rotary evaporator.  The solvent mixture 
(dichloromethane/acetone/ethanol) was partially evaporated under vacuum at room temperature thereby 
continuously decreasing the solubility of the product while increasing concentration.  Once considerable 
precipitation was observed, sonication was used to achieve a uniform particulate suspension.  This 
suspension was filtered and the process was repeated as needed until NMR quality was as desired.  One can 
expect to notice a lowered solubility as purity of the filtrate is increased.  Product of the highest quality is 
obtained when recrystallization is observed to remove the slight yellow tint from the solid material.  High 
purity material is also considerably less soluble in dichloromethane than the chromatography products. 
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Crystal data and structure refinement for 1,3,5,7,9-Pentakis(2,6-dichlorophenyl)corannulene (5.7) 
 
Table 1. 
Identification code    C50H20Cl10 
Empirical formula    C50 H20 Cl10 
Formula weight     975.16 
Temperature     100(2) K 
Wavelength     0.71073 Å 
Crystal system     Orthorhombic 
Space group     P n a 21 
Unit cell dimensions   a = 27.6998(19) Å α = 90°. 
     b = 8.0335(6) Å  β = 90°. 
     c = 19.1504(13) Å γ = 90°. 
Volume     4261.5(5) Å3 
Z     4 
Density (calculated)   1.520 Mg/m3 
Absorption coefficient   0.692 mm-1 
F(000)     1960 
Crystal size    0.10 x 0.08 x 0.02 mm3 
Theta range for data collection  1.81 to 26.00°. 
Index ranges    -34<=h<=34, -9<=k<=9, -23<=l<=23 
Reflections collected   43083 
Independent reflections   8366 [R(int) = 0.0645] 
Completeness to theta = 26.00°  100.0 %  
Absorption correction   Semi-empirical from equivalents 
Max. and min. transmission  0.9863 and 0.9341 
Refinement method   Full-matrix least-squares on F2 
Data / restraints / parameters  8366 / 569 / 606 
Goodness-of-fit on F2   1.064 
Final R indices [I>2sigma(I)]  R1 = 0.0467, wR2 = 0.1030 
R indices (all data)   R1 = 0.0547, wR2 = 0.1073 
Absolute structure parameter  0.02(5) 
Extinction coefficient   na 
Largest diff. peak and hole   0.733 and -0.270 e.Å-3 
 
 
 
Table 2.  Atomic coordinates ( x 104) and equivalent isotropic displacement parameters (Å2x 103) 
for C50H20Cl10.  U(eq) is defined as one third of the trace of the orthogonalized Uij tensor. 
______________________________________________________________________________ 
   x  y  z  U(eq) 
______________________________________________________________________________ 
C(1)   1038(1)  5658(5)  3656(2)  21(1) 
C(2)   1435(1)  5843(4)  3217(2)  20(1) 
C(3)   1827(1)  5042(5)  3509(2)  19(1) 
C(4)   1682(1)  4351(5)  4160(2)  20(1) 
C(5)   1186(1)  4748(5)  4251(2)  20(1) 
C(6)   566(1)  5664(5)  3411(2)  20(1) 
C(7)   511(1)  6175(4)  2707(2)  17(1) 
C(8)   911(1)  6414(5)  2261(2)  23(1) 
C(9)   1394(1)  6086(4)  2495(2)  22(1) 
C(10)   1804(1)  5619(5)  2113(2)  18(1) 
C(11)   2196(1)  4723(5)  2396(2)  22(1) 
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C(12)   2203(1)  4314(5)  3125(2)  21(1) 
C(13)   2461(1)  3033(5)  3474(2)  16(1) 
C(14)   2309(1)  2328(5)  4102(2)  22(1) 
C(15)   1879(1)  2940(5)  4454(2)  22(1) 
C(16)   1584(1)  2092(5)  4954(2)  18(1) 
C(17)   1089(1)  2485(5)  5035(2)  22(1) 
C(18)   871(1)  3795(5)  4633(2)  22(1) 
C(19)   369(1)  3942(5)  4449(2)  19(1) 
C(20)   220(1)  4839(5)  3853(2)  24(1) 
C(21)   850(1)  6973(5)  1523(2)  18(1) 
C(22)   805(1)  5891(5)  967(2)  21(1) 
Cl(1)   777(1)  3771(1)  1139(1)  29(1) 
C(23)   782(1)  6412(5)  287(2)  21(1) 
C(24)   793(1)  8119(5)  147(2)  21(1) 
C(25)   828(1)  9249(5)  691(2)  19(1) 
C(26)   861(1)  8677(4)  1363(2)  15(1) 
Cl(2)   898(1)  10092(1) 2046(1)  21(1) 
C(27)   2579(1)  3987(5)  1947(2)  22(1) 
C(28)   2513(1)  2488(5)  1592(2)  24(1) 
Cl(3)   1953(1)  1494(1)  1658(1)  30(1) 
C(29)   2867(2)  1717(5)  1198(2)  28(1) 
C(30)   3310(2)  2484(6)  1144(2)  32(1) 
C(31)   3398(1)  3957(5)  1493(2)  25(1) 
C(32)   3040(1)  4683(5)  1885(2)  23(1) 
Cl(4)   3162(1)  6537(2)  2308(1)  41(1) 
C(33)   2546(1)  775(5)  4361(2)  22(1) 
C(34)   2829(1)  752(5)  4969(2)  22(1) 
Cl(5)   2905(1)  2604(1)  5437(1)  29(1) 
C(35)   3067(2)  -659(5)  5181(2)  27(1) 
C(36)   3006(2)  -2118(5)  4821(2)  28(1) 
C(37)   2725(2)  -2168(5)  4225(2)  25(1) 
C(38)   2505(1)  -719(5)  4007(2)  24(1) 
Cl(6)   2174(1)  -799(1)  3231(1)  31(1) 
Cl(6X)   1941(5)  -803(19)  3566(10) 55(5) 
C(39)   776(1)  1391(5)  5478(2)  21(1) 
C(40)   596(1)  1856(4)  6128(2)  19(1) 
Cl(7)   704(1)  3864(1)  6432(1)  29(1) 
C(41)   352(1)  745(5)  6557(2)  23(1) 
C(42)   265(1)  839(5)  6330(2)  25(1) 
C(43)   410(1)  -1343(5)  5679(2)  24(1) 
C(44)   668(1)  -228(5)  5260(2)  22(1) 
Cl(8)   859(1)  -907(1)  4446(1)  38(1) 
C(45)   -293(1)  4750(5)  3608(2)  22(1) 
C(46)   -470(2)  3327(6)  3292(2)  28(1) 
Cl(9)   -87(1)  1630(2)  3180(1)  43(1) 
C(47)   -944(2)  3195(7)  3050(3)  43(1) 
C(48)   -1243(2)  4547(8)  3127(3)  48(1) 
C(49)   -1090(2)  5970(7)  3452(3)  38(1) 
C(50)   -619(1)  6058(5)  3674(2)  25(1) 
Cl(10)   -426(1)  7871(2)  4093(1)  44(1) 
_____________________________________________________________________________ 
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Table 3.   Bond lengths [Å] and angles [°] for C50H20Cl10. 
_____________________________________________________ 
C(1)-C(6)   1.388(5) 
C(1)-C(2)   1.393(5) 
C(1)-C(5)   1.414(5) 
C(2)-C(3)   1.379(5) 
C(2)-C(9)   1.401(5) 
C(3)-C(12)   1.404(5) 
C(3)-C(4)   1.422(5) 
C(4)-C(15)   1.379(5) 
C(4)-C(5)   1.422(5) 
C(5)-C(18)   1.372(5) 
C(6)-C(7)   1.418(5) 
C(6)-C(20)   1.440(5) 
C(7)-C(8)   1.413(6) 
C(7)-H(7)   0.933(18) 
C(8)-C(9)   1.434(6) 
C(8)-C(21)   1.491(5) 
C(9)-C(10)   1.401(5) 
C(10)-C(11)   1.412(5) 
C(10)-H(10)   0.943(18) 
C(11)-C(12)   1.434(5) 
C(11)-C(27)   1.488(5) 
C(12)-C(13)   1.420(5) 
C(13)-C(14)   1.395(5) 
C(13)-H(13)   0.926(18) 
C(14)-C(15)   1.454(5) 
C(14)-C(33)   1.494(6) 
C(15)-C(16)   1.431(5) 
C(16)-C(17)   1.415(5) 
C(16)-H(16)   0.933(18) 
C(17)-C(18)   1.437(5) 
C(17)-C(39)   1.499(6) 
C(18)-C(19)   1.439(5) 
C(19)-C(20)   1.412(6) 
C(19)-H(19)   0.958(18) 
C(20)-C(45)   1.500(5) 
C(21)-C(22)   1.381(5) 
C(21)-C(26)   1.403(5) 
C(22)-C(23)   1.368(5) 
C(22)-Cl(1)   1.737(4) 
C(23)-C(24)   1.398(6) 
C(23)-H(23)   0.955(18) 
C(24)-C(25)   1.384(6) 
C(24)-H(24)   0.938(18) 
C(25)-C(26)   1.370(5) 
C(25)-H(25)   0.936(18) 
C(26)-Cl(2)   1.736(4) 
C(27)-C(28)   1.395(6) 
C(27)-C(32)   1.400(5) 
C(28)-C(29)   1.385(5) 
C(28)-Cl(3)   1.747(4) 
C(29)-C(30)   1.377(6) 
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C(29)-H(29)   0.948(19) 
C(30)-C(31)   1.381(6) 
C(30)-H(30)   0.951(19) 
C(31)-C(32)   1.372(6) 
C(31)-H(31)   0.935(18) 
C(32)-Cl(4)   1.728(4) 
C(33)-C(38)   1.384(6) 
C(33)-C(34)   1.404(5) 
C(34)-C(35)   1.373(6) 
C(34)-Cl(5)   1.750(4) 
C(35)-C(36)   1.370(6) 
C(35)-H(35)   0.946(19) 
C(36)-C(37)   1.381(6) 
C(36)-H(36)   0.959(19) 
C(37)-C(38)   1.380(6) 
C(37)-H(37)   0.956(18) 
C(38)-Cl(6)   1.747(4) 
C(38)-Cl(6X)   1.777(12) 
C(39)-C(40)   1.392(5) 
C(39)-C(44)   1.398(5) 
C(40)-C(41)   1.389(5) 
C(40)-Cl(7)   1.741(4) 
C(41)-C(42)   1.366(6) 
C(41)-H(41)   0.945(18) 
C(42)-C(43)   1.371(6) 
C(42)-H(42)   0.927(18) 
C(43)-C(44)   1.398(6) 
C(43)-H(43)   0.940(19) 
C(44)-Cl(8)   1.735(4) 
C(45)-C(46)   1.383(6) 
C(45)-C(50)   1.391(6) 
C(46)-C(47)   1.397(6) 
C(46)-Cl(9)   1.741(5) 
C(47)-C(48)   1.372(8) 
C(47)-H(47)   0.932(19) 
C(48)-C(49)   1.369(8) 
C(48)-H(48)   0.939(19) 
C(49)-C(50)   1.375(6) 
C(49)-H(49)   0.924(19) 
C(50)-Cl(10)   1.746(4) 
 
C(6)-C(1)-C(2)   122.7(3) 
C(6)-C(1)-C(5)   123.1(4) 
C(2)-C(1)-C(5)   108.2(3) 
C(3)-C(2)-C(1)   109.1(3) 
C(3)-C(2)-C(9)   122.0(4) 
C(1)-C(2)-C(9)   123.0(4) 
C(2)-C(3)-C(12)   124.4(3) 
C(2)-C(3)-C(4)   108.4(3) 
C(12)-C(3)-C(4)   120.4(4) 
C(15)-C(4)-C(5)   121.2(4) 
C(15)-C(4)-C(3)   124.5(4) 
C(5)-C(4)-C(3)   107.0(3) 
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C(18)-C(5)-C(1)   122.3(4) 
C(18)-C(5)-C(4)   123.6(4) 
C(1)-C(5)-C(4)   107.3(3) 
C(1)-C(6)-C(7)   115.0(3) 
C(1)-C(6)-C(20)   115.3(3) 
C(7)-C(6)-C(20)   128.3(4) 
C(8)-C(7)-C(6)   122.1(3) 
C(8)-C(7)-H(7)   114(2) 
C(6)-C(7)-H(7)   124(3) 
C(7)-C(8)-C(9)   121.1(3) 
C(7)-C(8)-C(21)   121.6(3) 
C(9)-C(8)-C(21)   117.3(3) 
C(2)-C(9)-C(10)   114.3(4) 
C(2)-C(9)-C(8)   114.3(3) 
C(10)-C(9)-C(8)   129.8(4) 
C(9)-C(10)-C(11)   124.1(3) 
C(9)-C(10)-H(10)  119(2) 
C(11)-C(10)-H(10)  117(2) 
C(10)-C(11)-C(12)  120.0(4) 
C(10)-C(11)-C(27)  122.0(3) 
C(12)-C(11)-C(27)  117.5(3) 
C(3)-C(12)-C(13)   115.4(3) 
C(3)-C(12)-C(11)   113.9(4) 
C(13)-C(12)-C(11)  129.1(4) 
C(14)-C(13)-C(12)  123.2(3) 
C(14)-C(13)-H(13)  119(3) 
C(12)-C(13)-H(13)  118(3) 
C(13)-C(14)-C(15)  120.7(4) 
C(13)-C(14)-C(33)  119.5(3) 
C(15)-C(14)-C(33)  119.2(3) 
C(4)-C(15)-C(16)   116.0(4) 
C(4)-C(15)-C(14)   114.4(4) 
C(16)-C(15)-C(14)  128.1(4) 
C(17)-C(16)-C(15)  121.4(3) 
C(17)-C(16)-H(16)  120(3) 
C(15)-C(16)-H(16)  119(3) 
C(16)-C(17)-C(18)  120.8(4) 
C(16)-C(17)-C(39)  119.5(3) 
C(18)-C(17)-C(39)  119.2(3) 
C(5)-C(18)-C(17)   115.3(4) 
C(5)-C(18)-C(19)   115.9(4) 
C(17)-C(18)-C(19)  126.7(4) 
C(20)-C(19)-C(18)  121.5(3) 
C(20)-C(19)-H(19)  116(2) 
C(18)-C(19)-H(19)  122(2) 
C(19)-C(20)-C(6)   121.0(4) 
C(19)-C(20)-C(45)  120.3(3) 
C(6)-C(20)-C(45)   118.1(3) 
C(22)-C(21)-C(26)  116.6(3) 
C(22)-C(21)-C(8)   123.5(3) 
C(26)-C(21)-C(8)   119.9(3) 
C(23)-C(22)-C(21)  123.1(4) 
C(23)-C(22)-Cl(1)  118.6(3) 
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C(21)-C(22)-Cl(1)  118.3(3) 
C(22)-C(23)-C(24)  118.7(4) 
C(22)-C(23)-H(23)  121(3) 
C(24)-C(23)-H(23)  120(3) 
C(25)-C(24)-C(23)  120.1(3) 
C(25)-C(24)-H(24)  124(3) 
C(23)-C(24)-H(24)  116(3) 
C(26)-C(25)-C(24)  119.4(3) 
C(26)-C(25)-H(25)  121(3) 
C(24)-C(25)-H(25)  120(3) 
C(25)-C(26)-C(21)  122.1(3) 
C(25)-C(26)-Cl(2)  119.5(3) 
C(21)-C(26)-Cl(2)  118.4(3) 
C(28)-C(27)-C(32)  115.1(3) 
C(28)-C(27)-C(11)  122.0(3) 
C(32)-C(27)-C(11)  122.7(3) 
C(29)-C(28)-C(27)  123.9(4) 
C(29)-C(28)-Cl(3)  117.7(3) 
C(27)-C(28)-Cl(3)  118.4(3) 
C(30)-C(29)-C(28)  118.2(4) 
C(30)-C(29)-H(29)  124(3) 
C(28)-C(29)-H(29)  117(3) 
C(29)-C(30)-C(31)  120.2(4) 
C(29)-C(30)-H(30)  121(3) 
C(31)-C(30)-H(30)  119(3) 
C(32)-C(31)-C(30)  120.2(4) 
C(32)-C(31)-H(31)  114(3) 
C(30)-C(31)-H(31)  126(3) 
C(31)-C(32)-C(27)  122.3(4) 
C(31)-C(32)-Cl(4)  118.8(3) 
C(27)-C(32)-Cl(4)  118.8(3) 
C(38)-C(33)-C(34)  116.1(3) 
C(38)-C(33)-C(14)  121.7(3) 
C(34)-C(33)-C(14)  122.1(4) 
C(35)-C(34)-C(33)  121.7(4) 
C(35)-C(34)-Cl(5)  119.5(3) 
C(33)-C(34)-Cl(5)  118.7(3) 
C(36)-C(35)-C(34)  119.9(4) 
C(36)-C(35)-H(35)  123(3) 
C(34)-C(35)-H(35)  117(3) 
C(35)-C(36)-C(37)  120.6(4) 
C(35)-C(36)-H(36)  123(3) 
C(37)-C(36)-H(36)  116(3) 
C(38)-C(37)-C(36)  118.4(4) 
C(38)-C(37)-H(37)  114(3) 
C(36)-C(37)-H(37)  128(3) 
C(37)-C(38)-C(33)  123.1(4) 
C(37)-C(38)-Cl(6)  117.4(3) 
C(33)-C(38)-Cl(6)  119.5(3) 
C(37)-C(38)-Cl(6X)  120.1(6) 
C(33)-C(38)-Cl(6X)  109.7(6) 
Cl(6)-C(38)-Cl(6X)  29.9(6) 
C(40)-C(39)-C(44)  116.1(3) 
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C(40)-C(39)-C(17)  123.8(3) 
C(44)-C(39)-C(17)  120.1(3) 
C(41)-C(40)-C(39)  122.1(3) 
C(41)-C(40)-Cl(7)  118.8(3) 
C(39)-C(40)-Cl(7)  119.1(3) 
C(42)-C(41)-C(40)  119.7(4) 
C(42)-C(41)-H(41)  122(3) 
C(40)-C(41)-H(41)  118(3) 
C(41)-C(42)-C(43)  120.9(4) 
C(41)-C(42)-H(42)  121(3) 
C(43)-C(42)-H(42)  118(3) 
C(42)-C(43)-C(44)  118.8(4) 
C(42)-C(43)-H(43)  126(3) 
C(44)-C(43)-H(43)  115(3) 
C(43)-C(44)-C(39)  122.3(4) 
C(43)-C(44)-Cl(8)  118.0(3) 
C(39)-C(44)-Cl(8)  119.7(3) 
C(46)-C(45)-C(50)  115.8(4) 
C(46)-C(45)-C(20)  120.8(4) 
C(50)-C(45)-C(20)  123.4(4) 
C(45)-C(46)-C(47)  122.7(4) 
C(45)-C(46)-Cl(9)  119.1(3) 
C(47)-C(46)-Cl(9)  118.2(4) 
C(48)-C(47)-C(46)  118.1(5) 
C(48)-C(47)-H(47)  127(3) 
C(46)-C(47)-H(47)  115(3) 
C(49)-C(48)-C(47)  121.6(4) 
C(49)-C(48)-H(48)  110(3) 
C(47)-C(48)-H(48)  128(3) 
C(48)-C(49)-C(50)  118.5(5) 
C(48)-C(49)-H(49)  121(3) 
C(50)-C(49)-H(49)  120(3) 
C(49)-C(50)-C(45)  123.3(4) 
C(49)-C(50)-Cl(10)  118.4(4) 
C(45)-C(50)-Cl(10)  118.2(3) 
_____________________________________________________________ 
Symmetry transformations used to generate equivalent atoms:  
  
 
 
Table 4.   Anisotropic displacement parameters (Å2x 103) for C50H20Cl10.  The anisotropic 
displacement factor exponent takes the form: -2p2[ h2a*2U11 + ... + 2 h k a* b* U12 ] 
___________________________________________________________________________________ 
 U11  U22  U33  U23  U13  U12 
___________________________________________________________________________________ 
C(1) 22(2)   16(2)  24(2)   -9(2)  -8(2)   6(2) 
C(2) 30(2)   12(2)  19(2)   -2(2)  1(2)   -7(2) 
C(3) 19(2)   21(2)  16(2)   -6(2)  4(1)   -9(2) 
C(4) 25(2)   18(2)  17(2)   -5(2)  -11(2)   0(2) 
C(5) 27(2)   18(2)  14(2)   -13(1)  9(1)   -7(2) 
C(6) 25(2)   15(2)  21(2)   -6(2)  2(2)   3(2) 
C(7) 18(2)   10(2)  24(2)   -1(1)  -6(2)   3(1) 
C(8) 30(2)   13(2)  27(2)   2(2)  -4(2)   -1(2) 
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C(9) 22(2)   14(2)  30(2)   -1(2)  2(2)   -7(2) 
C(10) 22(2)   19(2)  12(2)   3(2)  -2(1)   -8(1) 
C(11) 21(2)   20(2)  24(2)   -2(2)  -1(2)   -7(2) 
C(12) 20(2)   20(2)  24(2)   0(2)  -7(2)   -10(2) 
C(13) 10(2)   19(2)  20(2)   0(2)  -4(1)   -5(1) 
C(14) 19(2)   29(2)  17(2)   -3(2)  -4(2)   -4(2) 
C(15) 20(2)   31(2)  17(2)   -2(2)  -7(2)   -3(2) 
C(16) 25(2)   18(2)  12(2)   2(1)  -2(2)   -2(2) 
C(17) 27(2)   28(2)  13(2)   -3(2)  -4(2)   4(2) 
C(18) 25(2)   24(2)  18(2)   -6(2)  2(2)   2(2) 
C(19) 16(2)   19(2)  21(2)   -5(2)  5(2)   3(1) 
C(20) 24(2)   22(2)  24(2)   -8(2)  2(2)   3(2) 
C(21) 22(2)   17(2)  16(2)   1(1)  2(2)   -1(1) 
C(22) 27(2)   17(2)  19(2)   1(2)  -1(2)   -2(2) 
Cl(1) 44(1)   14(1)  28(1)   0(1)  -2(1)   -5(1) 
C(23) 20(2)   26(2)  17(2)   -4(2)  0(2)   -2(2) 
C(24) 21(2)   28(2)  15(2)   3(2)  -1(2)   3(2) 
C(25) 18(2)   17(2)  21(2)   6(2)  2(2)   2(2) 
C(26) 16(2)   14(2)  14(2)   -2(1)  2(1)   -4(1) 
Cl(2) 28(1)   15(1)  21(1)   -2(1)  1(1)   -4(1) 
C(27) 19(2)   27(2)  20(2)   1(2)  2(2)   1(2) 
C(28) 20(2)   26(2)  27(2)   2(2)  5(2)   -4(2) 
Cl(3) 24(1)   29(1)  37(1)   -6(1)  5(1)   -9(1) 
C(29) 26(2)   24(2)  33(2)   -5(2)  6(2)   3(2) 
C(30) 25(2)   39(2)  32(2)   3(2)  9(2)   6(2) 
C(31) 16(2)   34(2)  24(2)   8(2)  3(2)   -5(2) 
C(32) 18(2)   32(2)  18(2)   1(2)  1(1)   -5(2) 
Cl(4) 31(1)   44(1)  48(1)   -18(1)  10(1)   -21(1) 
C(33) 16(2)   26(2)  23(2)   2(2)  0(2)   0(2) 
C(34) 22(2)   20(2)  24(2)   -1(2)  -2(2)   1(2) 
Cl(5) 40(1)   23(1)  26(1)   -4(1)  -14(1)   8(1) 
C(35) 33(2)   29(2)  21(2)   2(2)  -8(2)   9(2) 
C(36) 35(2)   19(2)  29(2)   6(2)  -5(2)   7(2) 
C(37) 25(2)   20(2)  29(2)   -3(2)  -2(2)   -3(2) 
C(38) 18(2)   27(2)  28(2)   6(2)  -7(2)   -3(2) 
Cl(6) 42(1)   24(1)  27(1)   -1(1)  -19(1)   -7(1) 
C(39) 25(2)   24(2)  14(2)   0(2)  -7(2)   -2(2) 
C(40) 21(2)   15(2)  22(2)   0(2)  -2(2)   1(1) 
Cl(7) 43(1)   22(1)  23(1)   -4(1)  3(1)   -4(1) 
C(41) 17(2)   30(2)  22(2)   1(2)  5(2)   1(2) 
C(42) 18(2)   20(2)  38(2)   11(2)  3(2)   -2(2) 
C(43) 17(2)   19(2)  35(2)   -1(2)  -5(2)   -1(2) 
C(44) 21(2)   26(2)  19(2)   -1(2)  -3(2)   0(2) 
Cl(8) 49(1)   35(1)  29(1)   -17(1)  7(1)   -10(1) 
C(45) 15(2)   31(2)  19(2)   5(2)  1(1)   -1(2) 
C(46) 26(2)   38(2)  19(2)   4(2)  -2(2)   -7(2) 
Cl(9) 55(1)   33(1)  40(1)   -15(1)  -12(1)   2(1) 
C(47) 35(2)   55(3)  40(3)   5(2)  -10(2)   -22(2) 
C(48) 20(2)   74(4)  52(3)   32(3)  -11(2)   -10(2) 
C(49) 22(2)   54(3)  39(3)   22(2)  2(2)   10(2) 
C(50) 18(2)   37(2)  19(2)   11(2)  5(2)   1(2) 
Cl(10) 35(1)   34(1)  63(1)   -7(1)  6(1)   12(1) 
______________________________________________________________________________ 
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Table 5.   Hydrogen coordinates ( x 104) and isotropic displacement parameters (Å2x 103) 
for C50H20Cl10. 
______________________________________________________________________________ 
  x   y   z   U(eq) 
______________________________________________________________________________ 
 
H(7)  214(9)  6320(50) 2487(19) 21 
H(10)  1822(14) 5920(50) 1638(11) 21 
H(13)  2735(10) 2610(50) 3261(19) 20 
H(16)  1714(14) 1190(40) 5194(19) 22 
H(19)  118(11)  3430(50) 4719(18) 22 
H(23)  773(15)  5630(40) -88(16)   25 
H(24)  784(15)  8410(50) -327(11)  26 
H(25)  865(14)  10380(30) 590(20)  23 
H(29)  2805(16) 620(30)  1040(20) 33 
H(30)  3564(13) 1990(50) 880(20)  38 
H(31)  3682(10) 4580(50) 1470(20) 30 
H(35)  3261(14) -580(60)  5587(16) 33 
H(36)  3181(14) -3110(40) 4930(20) 33 
H(37)  2640(15) -3120(40) 3954(19) 30 
H(41)  279(15)  1090(50) 7017(12) 28 
H(42)  98(14)  -1590(40) 6604(19) 30 
H(43)  349(15)  -2390(30) 5470(20) 28 
H(47)  -1023(18) 2160(40) 2860(30) 52 
H(48)  -1558(10) 4690(70) 2960(30) 58 
H(49)  -1285(15) 6900(40) 3470(30) 46 
______________________________________________________________________________ 
 
 
 
Table 6.  Torsion angles [°] for C50H20Cl10. 
________________________________________________________________ 
C(6)-C(1)-C(2)-C(3)  -151.9(4) 
C(5)-C(1)-C(2)-C(3)  1.5(4) 
C(6)-C(1)-C(2)-C(9)  1.4(6) 
C(5)-C(1)-C(2)-C(9)  154.8(3) 
C(1)-C(2)-C(3)-C(12)  149.9(4) 
C(9)-C(2)-C(3)-C(12)  -3.8(6) 
C(1)-C(2)-C(3)-C(4)  -1.2(4) 
C(9)-C(2)-C(3)-C(4)  -154.9(3) 
C(2)-C(3)-C(4)-C(15)  150.7(4) 
C(12)-C(3)-C(4)-C(15)  -1.7(6) 
C(2)-C(3)-C(4)-C(5)  0.6(4) 
C(12)-C(3)-C(4)-C(5)  -151.9(3) 
C(6)-C(1)-C(5)-C(18)  0.1(6) 
C(2)-C(1)-C(5)-C(18)  -153.2(4) 
C(6)-C(1)-C(5)-C(4)  152.2(3) 
C(2)-C(1)-C(5)-C(4)  -1.1(4) 
C(15)-C(4)-C(5)-C(18)  0.6(6) 
C(3)-C(4)-C(5)-C(18)  152.0(3) 
C(15)-C(4)-C(5)-C(1)  -151.1(4) 
C(3)-C(4)-C(5)-C(1)  0.3(4) 
C(2)-C(1)-C(6)-C(7)  -11.1(5) 
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C(5)-C(1)-C(6)-C(7)  -160.6(3) 
C(2)-C(1)-C(6)-C(20)  156.7(4) 
C(5)-C(1)-C(6)-C(20)  7.2(5) 
C(1)-C(6)-C(7)-C(8)  9.1(5) 
C(20)-C(6)-C(7)-C(8)  -156.8(4) 
C(6)-C(7)-C(8)-C(9)  2.5(6) 
C(6)-C(7)-C(8)-C(21)  -179.2(3) 
C(3)-C(2)-C(9)-C(10)  -6.8(5) 
C(1)-C(2)-C(9)-C(10)  -156.8(4) 
C(3)-C(2)-C(9)-C(8)  160.2(3) 
C(1)-C(2)-C(9)-C(8)  10.2(5) 
C(7)-C(8)-C(9)-C(2)  -11.9(5) 
C(21)-C(8)-C(9)-C(2)  169.7(3) 
C(7)-C(8)-C(9)-C(10)  152.6(4) 
C(21)-C(8)-C(9)-C(10)  -25.8(6) 
C(2)-C(9)-C(10)-C(11)  10.3(5) 
C(8)-C(9)-C(10)-C(11)  -154.2(4) 
C(9)-C(10)-C(11)-C(12)  -3.4(6) 
C(9)-C(10)-C(11)-C(27)  168.5(4) 
C(2)-C(3)-C(12)-C(13)  -156.3(4) 
C(4)-C(3)-C(12)-C(13)  -8.4(5) 
C(2)-C(3)-C(12)-C(11)  10.6(5) 
C(4)-C(3)-C(12)-C(11)  158.5(3) 
C(10)-C(11)-C(12)-C(3)  -7.0(5) 
C(27)-C(11)-C(12)-C(3)  -179.2(3) 
C(10)-C(11)-C(12)-C(13)  157.7(4) 
C(27)-C(11)-C(12)-C(13)  -14.5(6) 
C(3)-C(12)-C(13)-C(14)  10.6(5) 
C(11)-C(12)-C(13)-C(14)  -153.9(4) 
C(12)-C(13)-C(14)-C(15)  -2.8(6) 
C(12)-C(13)-C(14)-C(33)  168.1(3) 
C(5)-C(4)-C(15)-C(16)  -11.3(5) 
C(3)-C(4)-C(15)-C(16)  -157.6(3) 
C(5)-C(4)-C(15)-C(14)  155.7(3) 
C(3)-C(4)-C(15)-C(14)  9.5(5) 
C(13)-C(14)-C(15)-C(4)  -7.2(5) 
C(33)-C(14)-C(15)-C(4)  -178.1(3) 
C(13)-C(14)-C(15)-C(16)  158.0(4) 
C(33)-C(14)-C(15)-C(16)  -13.0(6) 
C(4)-C(15)-C(16)-C(17)  12.0(5) 
C(14)-C(15)-C(16)-C(17)  -152.9(4) 
C(15)-C(16)-C(17)-C(18)  -2.2(6) 
C(15)-C(16)-C(17)-C(39)  170.2(3) 
C(1)-C(5)-C(18)-C(17)  157.0(3) 
C(4)-C(5)-C(18)-C(17)  9.4(5) 
C(1)-C(5)-C(18)-C(19)  -7.8(5) 
C(4)-C(5)-C(18)-C(19)  -155.3(3) 
C(16)-C(17)-C(18)-C(5)  -8.5(5) 
C(39)-C(17)-C(18)-C(5)  179.2(3) 
C(16)-C(17)-C(18)-C(19)  154.4(4) 
C(39)-C(17)-C(18)-C(19)  -18.0(6) 
C(5)-C(18)-C(19)-C(20)  8.2(5) 
C(17)-C(18)-C(19)-C(20)  -154.6(4) 
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C(18)-C(19)-C(20)-C(6)  -1.0(5) 
C(18)-C(19)-C(20)-C(45)  170.2(3) 
C(1)-C(6)-C(20)-C(19)  -6.6(5) 
C(7)-C(6)-C(20)-C(19)  159.3(4) 
C(1)-C(6)-C(20)-C(45)  -178.0(3) 
C(7)-C(6)-C(20)-C(45)  -12.1(6) 
C(7)-C(8)-C(21)-C(22)  -91.7(5) 
C(9)-C(8)-C(21)-C(22)  86.7(5) 
C(7)-C(8)-C(21)-C(26)  91.6(4) 
C(9)-C(8)-C(21)-C(26)  -89.9(4) 
C(26)-C(21)-C(22)-C(23)  1.3(6) 
C(8)-C(21)-C(22)-C(23)  -175.4(4) 
C(26)-C(21)-C(22)-Cl(1)  -178.7(3) 
C(8)-C(21)-C(22)-Cl(1)  4.6(5) 
C(21)-C(22)-C(23)-C(24)  -1.5(6) 
Cl(1)-C(22)-C(23)-C(24)  178.5(3) 
C(22)-C(23)-C(24)-C(25)  0.1(6) 
C(23)-C(24)-C(25)-C(26)  1.4(6) 
C(24)-C(25)-C(26)-C(21)  -1.6(6) 
C(24)-C(25)-C(26)-Cl(2)  -179.3(3) 
C(22)-C(21)-C(26)-C(25)  0.3(5) 
C(8)-C(21)-C(26)-C(25)  177.1(4) 
C(22)-C(21)-C(26)-Cl(2)  178.0(3) 
C(8)-C(21)-C(26)-Cl(2)  -5.2(5) 
C(10)-C(11)-C(27)-C(28)  -79.6(5) 
C(12)-C(11)-C(27)-C(28)  92.5(5) 
C(10)-C(11)-C(27)-C(32)  104.7(4) 
C(12)-C(11)-C(27)-C(32)  -83.2(5) 
C(32)-C(27)-C(28)-C(29)  -0.5(6) 
C(11)-C(27)-C(28)-C(29)  -176.6(4) 
C(32)-C(27)-C(28)-Cl(3)  178.3(3) 
C(11)-C(27)-C(28)-Cl(3)  2.2(5) 
C(27)-C(28)-C(29)-C(30)  -1.0(7) 
Cl(3)-C(28)-C(29)-C(30)  -179.8(3) 
C(28)-C(29)-C(30)-C(31)  2.0(7) 
C(29)-C(30)-C(31)-C(32)  -1.4(7) 
C(30)-C(31)-C(32)-C(27)  -0.2(6) 
C(30)-C(31)-C(32)-Cl(4)  -179.3(3) 
C(28)-C(27)-C(32)-C(31)  1.1(6) 
C(11)-C(27)-C(32)-C(31)  177.1(4) 
C(28)-C(27)-C(32)-Cl(4)  -179.7(3) 
C(11)-C(27)-C(32)-Cl(4)  -3.7(5) 
C(13)-C(14)-C(33)-C(38)  -65.7(5) 
C(15)-C(14)-C(33)-C(38)  105.4(4) 
C(13)-C(14)-C(33)-C(34)  113.2(4) 
C(15)-C(14)-C(33)-C(34)  -75.7(5) 
C(38)-C(33)-C(34)-C(35)  2.6(6) 
C(14)-C(33)-C(34)-C(35)  -176.4(4) 
C(38)-C(33)-C(34)-Cl(5)  179.0(3) 
C(14)-C(33)-C(34)-Cl(5)  0.1(5) 
C(33)-C(34)-C(35)-C(36)  -4.1(6) 
Cl(5)-C(34)-C(35)-C(36)  179.5(3) 
C(34)-C(35)-C(36)-C(37)  3.0(7) 
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C(35)-C(36)-C(37)-C(38)  -0.6(6) 
C(36)-C(37)-C(38)-C(33)  -0.9(6) 
C(36)-C(37)-C(38)-Cl(6)  177.3(3) 
C(36)-C(37)-C(38)-Cl(6X) -148.7(9) 
C(34)-C(33)-C(38)-C(37)  0.0(6) 
C(14)-C(33)-C(38)-C(37)  178.9(4) 
C(34)-C(33)-C(38)-Cl(6)  -178.2(3) 
C(14)-C(33)-C(38)-Cl(6)  0.7(5) 
C(34)-C(33)-C(38)-Cl(6X) 150.6(8) 
C(14)-C(33)-C(38)-Cl(6X) -30.5(8) 
C(16)-C(17)-C(39)-C(40)  108.6(4) 
C(18)-C(17)-C(39)-C(40)  -78.9(5) 
C(16)-C(17)-C(39)-C(44)  -68.1(5) 
C(18)-C(17)-C(39)-C(44)  104.3(4) 
C(44)-C(39)-C(40)-C(41)  4.3(5) 
C(17)-C(39)-C(40)-C(41)  -172.6(4) 
C(44)-C(39)-C(40)-Cl(7)  -178.9(3) 
C(17)-C(39)-C(40)-Cl(7)  4.2(5) 
C(39)-C(40)-C(41)-C(42)  -2.9(6) 
Cl(7)-C(40)-C(41)-C(42)  -179.7(3) 
C(40)-C(41)-C(42)-C(43)  -0.7(6) 
C(41)-C(42)-C(43)-C(44)  2.6(6) 
C(42)-C(43)-C(44)-C(39)  -1.0(6) 
C(42)-C(43)-C(44)-Cl(8)  178.6(3) 
C(40)-C(39)-C(44)-C(43)  -2.3(6) 
C(17)-C(39)-C(44)-C(43)  174.7(4) 
C(40)-C(39)-C(44)-Cl(8)  178.0(3) 
C(17)-C(39)-C(44)-Cl(8)  -5.0(5) 
C(19)-C(20)-C(45)-C(46)  -72.5(5) 
C(6)-C(20)-C(45)-C(46)  99.0(4) 
C(19)-C(20)-C(45)-C(50)  108.0(4) 
C(6)-C(20)-C(45)-C(50)  -80.5(5) 
C(50)-C(45)-C(46)-C(47)  0.2(6) 
C(20)-C(45)-C(46)-C(47)  -179.4(4) 
C(50)-C(45)-C(46)-Cl(9)  179.5(3) 
C(20)-C(45)-C(46)-Cl(9)  -0.1(5) 
C(45)-C(46)-C(47)-C(48)  0.6(7) 
Cl(9)-C(46)-C(47)-C(48)  -178.7(4) 
C(46)-C(47)-C(48)-C(49)  -2.3(7) 
C(47)-C(48)-C(49)-C(50)  3.1(7) 
C(48)-C(49)-C(50)-C(45)  -2.3(6) 
C(48)-C(49)-C(50)-Cl(10)  -179.7(4) 
C(46)-C(45)-C(50)-C(49)  0.7(6) 
C(20)-C(45)-C(50)-C(49)  -179.8(4) 
C(46)-C(45)-C(50)-Cl(10)  178.0(3) 
C(20)-C(45)-C(50)-Cl(10)  -2.4(5) 
________________________________________________________________ 
Symmetry transformations used to generate equivalent atoms:
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5.4.7  1,3,5,7,9-Pentakis(2,6-dichlorophenyl)corannulene (5.7)A  (Siegel method)B 

Cl

ClCl

Cl

Cl
N N

Cl

Pd(OAc)2
THF

Cl

ClCl

Cl

Cl

Cl

Cl
Cl

Cl

Cl

Cl

ZnCl
Cl

 

 

2,6-dichlorophenylzinc chloride preparation: C, D 

The atmosphere of a stoppered, oven-dried 25 mL round bottom flask was replaced by 

alternating between nitrogen and vacuum.  To this flask were added 0.228 mL (2.00 

mmol) 1,3-dichlorobenzene and 5 mL anhydrous tetrahydrofuran.  The solution was 

allowed to stir under a slight nitrogen overpressure in a well kept bath of acetone and dry 

ice (-78 ºC).  Once the solution temperature had equilibrated, a syringe was used to add 

0.957 mL of a titrated 2.3 M solution of n-butyllithium (2.2 mmol) in hexanes dropwise 

over 20 min.E  The solution continued to stir at -78 ºC for 1.5 h (a white slurry was 

observed to form), after which time 4.80 mL of a 0.5 M solution of zinc chloride (2.40 

mmol) in tetrahydrofuran was added by syringe.  Preparation of 10.8 mL of a 0.186 M 

                                                 
A For a previous synthesis of this molecule see: Bancu, M. Ph.D. dissertation, Boston College: Chestnut 
Hill, MA, 2004. 
B Hayama, T.; Baldridge, K. K.; Wu, Y.; Linden, A.; Siegel, J. S. J. Am. Chem. Soc. 2008, 130(5), 1583-
1591. 
C Conditions taken from: a) Peng, L.; Scott, L. T. J. Am. Chem. Soc. 2005, 127, 16518-16521; b) Peng L. 
Ph.D. dissertation, Boston College: Chestnut Hill, MA, 2006. 
D The 2,6-dichlorophenylzinc chloride reagent was freshly prepared for each reaction. 
E The n-butyllithium was titrated as described in: Kofron, W. G.; Baclawski, L. M. J. Org. Chem. 1976 
1879-1880. 

5.7 5.3 
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solutionF of 2,6-dichlorophenylzinc chloride was completed by slowly warming the 

solution and allowing it to stir at room temperature for an additional 15 min. 

 

1,3,5,7,9-pentakis(2,6-dichlorophenyl)corannulene preparation: 

To an oven-dried 150 mL pressure vessel were added 50.0 mg (0.118 mmol) 1,3,5,7,9-

pentachlorocorannulene, 50.3 mg (0.118 mmol) 1,3-bis(2,6-di-i-

propylphenyl)imidazolium chloride, and 26.6 mg (0.118 mmol) palladium acetate.  The 

pressure vessel atmosphere was replaced by alternating between nitrogen and vacuum 

after which 8.33 mL of anhydrous tetrahydrofuran and 9.54 mL of a 0.186 M (1.77 

mmol) solution of 2,6-dichlorophenylzinc chloride in tetrahydrofuran were added by 

syringe.  The pressure vessel was sealed using a Teflon cap fitted with a 

perfluoroelastomer O-ringG and allowed to stir at 110 ºC for 4 days.  Upon completion, 

the crude reaction mixture was flushed through a silica plug with excess 

dichloromethane, extracted with water (2×) and brine (1×), dried with magnesium sulfate, 

and filtered.  The solvent was removed under reduced pressure, and the crude reaction 

products were purified on silica gel using 19:1 cyclohexane:dichloromethane as eluantH 

to give 8 mg product (7%): 1H NMR (400 MHz, CD2Cl2) δ 7.47 (dd, J=8.0 Hz, J=0.4 Hz, 

10H), 7.33 (dd, J=8.4 Hz, J=7.6 Hz, 5H), 7.32 (s, 5H). 

                                                 
F The molarity of the zinc reagent will always be slightly different depending on the molarity of the titrated 
n-butyllithium. 
G The perfluoroelastomer O-ring is more resistant to tetrahydrofuran. 
H Polarity may be increased gradually during chromatography to 9:1 while retaining adequate separation. 
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5.4.8  Attempted Synthesis of C50H10 (5.1) 

(Heck Conditions on 1,3,5,7,9-Pentakis(2,3-dichlorophenyl)corannulene) 

Cl

ClCl

Cl

Cl

Cl

Cl

Cl

Cl

Cl

Pd(PCy3)2Cl2

DMAc, DBU
microwave irradiation

 

 

To an oven-dried 10 mL glass reaction vial (pressure-rated up to 35 Bar (~515 PSI)) 

equipped with a 3 by 10 mm Teflon coated magnetic stirring bar were added 36.7 mg 

(0.0376 mmol) of 1,3,5,7,9-pentakis(2,3-dichlorophenyl)corannulene and 50.0 mg 

(0.0677 mmol) of trans-dichlorobis(tricyclohexylphosphine)palladium (II).  The vial was 

sealed with a PTFE-Silicon septum in an Intellivent Cap and purged repeatedly with 

nitrogen.  Anhydrous dimethylacetamide (6 mL) and 1,8-diazabicyclo[5.4.0]undec-7-ene 

(0.422 mL, 2.82 mmol) were added to this solid mixture, and the vessel was irradiated in 

a CEM Discover Microwave Unit at 180 °C for 45 min with a 150 W power max and 

high stirring using a standard method.A  Upon completion, the reaction mixture was 

poured through a small silica gel plug, which was washed with excess dichloromethane.  

The organic solution was extracted six times with water, dried with magnesium sulfate, 

                                                 
A Standard Method: Microwave will use maximum wattage during the “run time” to reach the programmed 
temperature.  When the intended temperature is achieved, microwave will start the “hold time” countdown, 
and apply wattage and cooling to maintain the set temperature. 

5.8 5.1 
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and filtered.  The solvent was removed under reduced pressure, and the crude reaction 

mixture was subjected to silica gel chromatography using 4:1 

cyclohexane:dichloromethane as eluent.  Mass analysisB before and after chromatography 

failed to identify the desired product.  Starting material and likely intermediates were also 

undetected. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                                 
B Quadrapole direct exposure probe EI 70eV 
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5.4.9  Attempted Synthesis of C50H10 (5.1)A 

(Microwave Heck Conditions on 1,3,5,7,9-Pentakis(2,6-dichlorophenyl)corannulene) 

Pd(PCy3)2Cl2

DMAc, DBU
microwave irradiation

Cl

ClCl

Cl

Cl

Cl

Cl
Cl

Cl

Cl
 

 

To an oven-dried 10 mL glass reaction vial (pressure-rated up to 35 Bar (~515 PSI)) 

equipped with a 3 by 10 mm Teflon coated magnetic stirring bar were added 24.3 mg 

(0.0249 mmol) of 1,3,5,7,9-pentakis(2,6-dichlorophenyl)corannulene and 33.3 mg 

(0.0451 mmol) of trans-dichlorobis(tricyclohexylphosphine)palladium (II).  The vial was 

sealed with a PTFE-Silicon septum in an Intellivent Cap and purged repeatedly with 

nitrogen.  Anhydrous dimethylacetamide (6 mL) and 1,8-diazabicyclo[5.4.0]undec-7-ene 

(0.280 mL, 1.87 mmol) were added to this solid mixture, and the vessel was irradiated in 

a CEM Discover Microwave Unit at 180 °C for 45 min with a 150 W power max and 

high stirring using a standard method.B, C  Upon completion, the reaction mixture was 

poured through a small silica gel plug, which was washed with excess dichloromethane.  

                                                 
A For a previous attempt at this reaction using conventional heating see: Bancu, M. Ph.D. dissertation, 
Boston College: Chestnut Hill, MA, 2004. 
B Standard Method: Microwave will use maximum wattage during the “run time” to reach the programmed 
temperature.  When the intended temperature is achieved, microwave will start the “hold time” countdown, 
and apply wattage and cooling to maintain the set temperature. 
C Reaction also attempted at 190 ºC for 10 min (see text) 

5.7 5.1 
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The organic solution was extracted six times with water, dried with magnesium sulfate, 

and filtered.  The solvent was removed under reduced pressure, and the crude reaction 

mixture was subjected to mass analysisD which showed pentaindenocorannulene, 

although there was not enough to isolate by our normal means.E  A distribution of masses 

suggesting metal mediated dehalogenation and dehydrohalogenation (Aryl-Heck 

closures) were also observed.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                                 
D Quadrapole direct exposure probe EI 70eV; see text. 
E We hesitate to rule out contamination as the source of the trace pentaindenocorannulene.  See the work-up 
for pentaindenocoranulene in Chapter 4 for information about our normal means of isolation. 
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5.4.10  C50H10 (FVP of 1,3,5,7,9-Pentakis(2,6-dichlorophenyl)corannulene) (5.1)A 

Cl

ClCl

Cl

Cl

Cl

Cl
Cl

Cl

Cl

FVP

1100°C

 

 

Flash vacuum pyrolysis was performed on 60.0 mg (0.0615 mmol) of 1,3,5,7,9-

pentakis(2,6-dichlorophenyl)corannulene at 1100 ºC and 0.54 torr.B  The starting material 

was placed in a quartz boat, inside of a quartz tube, in the center of a supplemental 

heating oven, and the oven temperature was raised to 150 ºC.  A strong stir bar had been 

prepositioned inside of the quartz tube, behind the boat, which was thrust into the 1100 

ºC oven so that the entire sample would quickly sublime.C  Material was carried 

unidirectionally by a small high purity nitrogen bleed,D and pyrolysis materials were 

sequestered in redundant traps cooled by liquid nitrogen.  Upon complete sublimation of 

                                                 
A For a previous attempt at this reaction see: Bancu, M. Ph.D. dissertation, Boston College: Chestnut Hill, 
MA, 2004. 
B When an impure sample of 1,3,5,7,9-pentakis(2,6-dichlorophenyl)corannulene was used, no product was 
recovered. 
C Efforts were made to regulate the rate of sublimation by adjusting supplemental oven temperature and 
proximity of the boat to the 1100 ºC oven.  Toward this end, a strong stir bar had been prepositioned inside 
of the quartz tube, behind the boat, for later use as a manually controlled magnetic prodding mechanism.  
Unfortunately, incremental heating and 1100 ºC oven proximity were found to be inadequate parameters 
for the effective controlled sublimation of this high molecular weight starting material.  The onset of 
decomposition was observed while sublimation was not detected.  Subsequent to the first attempt at this 
reaction, the entire sample was always quickly sublimed. 
D The nitrogen overflow rate (the nitrogen overpressure) observed in the oil bubbler was minimized. 

5.7 5.1 
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the starting material,E the ovens were shut off, and the liquid nitrogen traps were 

removed.  After allowing some time for the apparatus to approach equilibrium, the 

system was opened to the atmosphere.F  The crude product was rinsed and sonicated from 

the trap and tube end with dichloromethane, and then concentrated.  Mass analysisG of 

the crude reaction mixture revealed C50H10 as nearly the highest peak in the spectrum (see 

text).    Preparative silica gel chromatography using 9:1 cyclohexane:dichloromethane, 

followed by 7:3 cyclohexane:dichloromethane, gave ~1.0 mg (~2.7% yield) C50H10 of 

adequate purity as a deep orange solid.H  Purified C50H10 was prominently observed using 

a number of mass analysis methods (see text).I  Material quantities suitable for a useful 

melting point evaluation have not been obtained: 1H NMR (400 MHz, 3:1 CS2:CD2Cl2) δ 

7.71 (s, 10H); UV λmax (CH2Cl2) nm (relative log ε): 264 (100%, sh), 308 (65.7%); 

HRMS APPI (m/z) [M]+ calculated for C50H10: 610.0782, found 610.0777. 

                                                 
E Very small amount of residue left in the boat (vast majority quickly sublimed) 
F Opening the system to the atmosphere before warming the liquid nitrogen traps may cause hazardous 
liquid oxygen to condense. 
G Quadrapole direct exposure probe EI 70eV 
H Better separation is achieved if the plate is spotted only once across the prephase.  A second layer of 
spotting will force the preexisting and already dry compound to move away from each new spot and create 
concentrated rings. The concentrated areas (especially the vertical portions) will result in relatively wide 
and jagged bands resulting in a less precise separation.  It is therefore best to concentrate your sample into 
enough solvent for one line of spotting if possible.  This observation is applicable to most preparative plate 
separation. 
I Quadrapole direct exposure probe EI 70eV, APPI, and ASAP. 
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Chapter 6 

Progress Toward the Total Organic Synthesis of a 

[10,10] Carbon Nanotube Endcap 
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6.1  Introduction 

 In Chapters 3, 4 and 5, we detailed a large body of work resulting in the isolation 

and preliminary characterization of [5,5] carbon nanotube end-cap 6.1 (Figure 6-1).  Our 

ultimate goal has been to grow carbon nanotubes having uniform diameter and chirality 

in bulk quantities.  With our synthesis of 6.1, we have come significantly closer to 

achieving this objective, but it is important to note that our approach precludes the 

synthesis of other nanotube types.  It is unlikely that any specific carbon nanotube 

topography will be most appropriately suited to every possible technological application.  

We must therefore pursue new methods for the synthesis of curved PAH’s toward a 

diverse set of nanotube end-cap templates representing macroscopic quantities of various 

uniform carbon nanotubes.  As a whole, the Scott group has been working toward a 

number of end-cap targets representing three different armchair nanotube diameters: 

[5,5], [6,6] and [10,10].  Herein we present our progress toward the [10,10] nanotube 

endcap (6.2) (Figure 6-1).   

 

 

Figure 6-1.  The [5,5] and [10,10] carbon nanotube endcaps 6.1 and 6.2 

6.1 6.2 
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6.2  Results and Discussion 

6.2.1  Synthesis of 1,3,5,7,9-Pentacorannulenylcorannulene 

 Concomitant with the work described in Chapter 3, we set out to construct 

1,3,5,7,9-pentacorannulenylcorannulene (6.3) from pentachlorocorannulene (6.4) and 

some corannulene cross-coupling partner.  After some unsuccessful efforts toward the 

generation of a corannulene Grignard reagent,1 a fresh literature search led us to some 

very rewarding Suzuki coupling conditions defined by Nolan et al. (Scheme 6-1).2 

Cl

Cl

Cl

Cl

Cl B
OO

+

N N

Cl

Pd2(dba)3
CsCO3
dioxane

detected by LDI TOF
also 3 and 4 couplings and
various intercalation products detected

Scheme 6-1. 1,3,5,7,9-Pentacorannulenylcorannulene

 

 

 The same protocol was used to synthesize and isolate 1,3,5,7,9-pentakis(o-

chlorophenyl)corannulene in a 48% yield.3  The pinacol corannuleneboronate (6.5) was 

                                                 
1 See Chapter 2 
2 Zhang, C.; Huang, J.; Trudell, M. L.; Nolan, S. P. J. Org. Chem. 1999, 64, 3804-3805; Grasa, G. A.; 
Viciu, M. S.; Huang, J.; Zhang, C.; Trudell, M. L.; Nolan, S. P. Organometallics 2002, 21, 2866-2873; 
Viciu, M. S.; Germaneau, R. F.; Navarro-Fernandez, O.; Stevens, E. D.; Nolan, S. P. Organometallics 
2002, 21, 5470-5472. 
3 See Chapter 4 

6.3 6.5 6.4 
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generated from bromocorannulene by way of a Miyaura boration.4  Mass analysis clearly 

shows the presence of 6.3 (Figure 6-2). 5  The elemental composition has been confirmed 

by HRMS.5  Anticipated side-products tricorannulenylcorannulene (6.6) and 

tetracorannulenylcorannulene (6.7) are apparent in the mass spectra of earlier fractions 

(Figure 6-3).  Unfortunately, we were unable to further characterize 6.3 due to difficulties 

with the separation.6  We found that our desired product (6.3) and side-products from this 

reaction both move in broad bands with very similar retention times.  Since the 

corannulene substituents on the central corannulene are so large, it is possible that we are 

obtaining a mixture of rotational isomers for each compound.  Even if we were to obtain 

pure 6.3, the existence of slowly interconverting rotational isomers might continue to 

hinder our characterization efforts.   This is a phenomenon we have observed in the past.7 

 Higher masses in the mass spectra obtained from many partially separated 

chromatographic fractions may suggest the irreversible intercalation of free corannulene 

in between covalently attached corannulene blades.  One representative complex (6.8) 

with a mass of 1992 m/z (seen in the mass spectra of the fraction displayed in Figure 6-2), 

is shown in Figure 6-3.   

                                                 
4 Wegner, H. A.; Scott, L. T.; de Meijere, A. J. Org. Chem. 2003, 68, 883-887. 
5 MALDI TOF (DCTB matrix) 
6 Preliminary purification was achieved on silica gel with 7:3 cyclohexane:dichloromethane as eluant.  
Secondary purification was attempted (and the best separation was obtained) using silica gel and CS2 (for 
the best separation only one line was spotted on the prephase of a silica gel preparative plate). 
7 See discussion on 1,2,5,6-tetrakis(o-chlorophenyl)corannulene: Bancu, M. Ph.D. Dissertation, Boston 
College: Chestnut Hill, MA, 2004. 
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Figure 6-2.  Mass spectrum (MALDI TOF DCTB matrix) and HRMS (APPI) of 
chromatographed product obtained from the reaction in Scheme 6-1 showing 
pentacorannulenylcorannulene (6.3)  

6.3 

HRMS (APPI) 
C120H50 (M+) 

Calculated: 1490.3912 
Found: 1490.3962 
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994 m/ z (100.0%)
observed: 994 m/ z

1243 m/ z (100.0%)
observed: 1243 m/ z

1491 m/ z (100.0%)
observed: 1491 m/ z

1992 m/z (100.0%)
observed: 1992 m/ z

123

 

 

Figure 6-3.  Structures correlating to observed masses from chromatographic fractions 
(numbers displayed at the top left of molecules indicate order of elution) 
 
 We have also considered that these higher masses could be explained by the 

addition of a corannulene boronate across the double bond of a preexisting corannulene 

substituent.  A representative of this possibility is presented in Figure 6-4 (6.9).  We are 

not aware of any precedents for this type of transformation; however, it does not seem 

altogether unlikely under the reaction conditions.  Homocoupling of aryl boronates is 

commonly observed under these conditions, suggesting that palladium is capable of 

transmetalating with boron. 

6.3 6.7 6.6 

6.8 
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H
H

H
H

 

 

Figure 6-4.  A possible product of the hypothesized corannulene addition 

6.2.2  Attempted Synthesis of a [10,10] Nanotube Endcap 

 Our efforts to fully cyclodehydrogenate the partially purified 6.3 by subjecting it 

to Scholl conditions were unsuccessful (Scheme 6-2).8  Cyclodehydrogenation has not 

been detected by mass analysis9 of the soluble products from any attempt.10  During the 

                                                 
8 Some references for the Scholl reaction: a) Morgenroth, F.; Müllen, K. Tetrahedron 1997, 53, 15349-
15366; b) Iyer, V. S.; Wehmeier, M.; Brand, J. D.; Keegstra, M. A.; Müllen, K. Angew. Chem Int Ed. 1997, 
36, 1604-1607; c) Berresheim, A. J.; Müller, M.; Müllen, K. Chem. Rev. 1999, 99, 1747-1785; d) Dötz, F.; 
Brand, J. D.; Ito, S.; Gherghel, L.; Müllen, K. J. Am. Chem. Soc. 2000, 122, 7707-7717; e) Watson, M. D.; 
Fechtenkötter, A.; Müllen, K. Chem. Rev. 2001, 101, 1267-1300; f) Simpson, C. D.; Brand, J. D.; 
Berresheim, A. J.; Przybilla, L.; Räder, H. J.; Müllen, K. Chem. Eur. 2002, 8, 1424-1429; g) Wu, J.; 
Gherghel, L.; Watson, M. D.; Li, J.; Wang, Z.; Simpson, C. D.; Kolb, U.; Müllen, K. Macromolecules 
2003, 36, 7082-7089;  h) King, B. T; Kroulík, J.; Robertson, C. R.; Rempala, P.; Hilton C. L.; Korinek J. 
D.; Gortari L. M. J. Org. Chem. 2007, 72, 2279-2288; i) Rempala, P.; Kroulík, J.; King, B. T. J. Org. 
Chem. 2006, 71, 5067-5081. 
9 LDI TOF 
10 CuCl2 was used as an alternative to Cu(OTf)2 in some cases.  Molarities of the starting material as low as 
1.34 M were implemented.  Temperatures up to 200 °C were used in TCE (2.23 M lower limit). 

6.9 

1992 m/z (100%) 
observed: 1992 m/z 
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reaction, we consistently witnessed the formation of completely insoluble black materials 

for which mass analysis again failed to suggest the cyclodehydrogenation of 6.3.  The 

soot-like samples were evaluated by matrix assisted LDI TOF analysis.11  We believe that 

the reaction suffers from significant polymerization.  These observations are in complete 

agreement with previous attempts to cyclodehydrogenate pentaindenocorannulene.12 

AlCl3, Cu(OTf)2

CS2

(MIXTURE)

Scheme 6-2. Attempted Synthesis of the [10,10] Nanotube End-Cap

 

 

 The author recognizes that a different set of Scholl conditions may improve the 

result, although we find the possibility to be unlikely.  A more promising approach may 

be to subject 6.3 to the reductive cyclodehydrogenation conditions being developed in 

our lab by A. Belanger.13 

                                                 
11 Przybilla, L.; Brand, J.; Yoshimura, K.; Räder, H. J.; Müllen, K. Anal. Chem. 2000, 72, 4591-4597. 
12 See attempt to cyclodehydrogenate pentaindenocorannulene in Chapter 4. 
13 Unpublished work of A. Belanger.  Reductive cyclodehydrogenation was unsuccessfully applied to 
pentaindenocoranulene in Chapter 4.  See Chapter 4 for more information on this method. 

6.2 6.3 



280 
 

 We should also mention the work of J. Rose, who has attempted to isolate many 

products including the [10,10] nanotube end-cap (6.2) by subjecting free corannulene to 

Scholl conditions and palladium-catalyzed direct-arylation conditions.14  Although these 

methods are lacking in selectivity, starting from free corannulene has the potential to be 

more efficient and less demanding synthetically. 

 

6.3  Conclusions 

 We have had some success toward the synthesis of a [10,10] nanotube end-cap.  

There is good evidence that our intended precursor 6.3 has been generated, although we 

have been unable to completely isolate the species.  There is also evidence for the 

intercalation of corannulene units between the blades of 6.3 and 6.7. Attempts to 

exhaustively cyclodehydrogenate 6.3 using the Scholl reaction have been unsuccessful.  

We hope that these preliminary efforts, and the understanding that has been gained from 

them, will be useful in future endeavors toward macroscopic and uniform quantities of 

the [10,10] carbon nanotube. 

                                                 
14 Rose, J. M.S. Thesis, Boston College: Chestnut Hill, MA, 2007. 
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6.4  Experimental Procedures 

6.4.1  General Experimental 

 

 All chemicals were commercially available and were used without any 

purification unless specified.  All solvents were reagent grade unless otherwise specified.  

Anhydrous solvents were either used as purchased or obtained from a solvent purification 

system constructed by Contour Glass, which dispensed tetrahydrofuran, dichloromethane, 

carbon disulfide, dimethylacetamide, toluene, and o-dichlorobenzene unless otherwise 

specified.  Proton and carbon NMR spectra were obtained using a Varian 400 or 500 

MHz NMR spectrometer.  Chemical shifts are reported in ppm downfield from 

tetramethylsilane with chloroform-d (δH = 7.26 ppm, δC = 77.16 ppm), dichloromethane-

d2 (δH = 5.32 ppm, δC = 53.8 ppm) or 1,1,2,2-tetrachloroethane-d2 (δH = 5.91 ppm, δC = 

74.2 ppm) as the standard reference.  For carbon NMR, a relaxation delay (d1) of up to 

ten seconds was used as needed for internal sp2 carbon detection.  Thin layer 

chromatography was performed on Sorbent Tech Silica G TLC plates.  For preparative 

column chromatography, 32-63 μm silica gel was used.  Initial mass analyses were 

performed using a Thermo Electron Corporation Finnigan Trace GC Ultra gas 

chromatograph unit connected to a Thermo Electron Corporation Finnigan Trace DSQ 

mass spectrometer with direct insertion capability.  High resolution mass analyses were 

carried out using time of flight mass spectrometers.  Both positive and negative ion 

detection have been used; however, negative ion TOF has been found to be far more 



282 
 

effective, especially for large PAHs.  Ionization methods included APPI, DART, and 

LDI.  Melting points are uncorrected.  Elemental analysis was carried out under optimum 

combustion conditions by Robertson Microlit Laboratories, Inc.  HPLC analysis and 

purification were performed using a Waters 600 instrument with a Supelco analytical 

Supelcosil LC-PAH 25 cm × 4.6 mm, 5μm HPLC column and a Supelco preparative 

Supelcosil LC-PAH 25 cm × 21.2 mm, 5μm HPLC column, both connected to a Waters 

2996 Photodiode Array Detector.  Infrared analysis was carried out using an Avatar 360 

FTIR unit.  UV analysis was done using a Hewlett Packard model 8452A Diode Array 

Spectrophotometer. 
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6.4.2  1,3,5,7,9-Pentacorannulenylcorannulene (6.3) 

Cl

Cl

Cl

Cl

Cl B
OO

+

N N

Cl

Pd2(dba)3
CsCO3
dioxane

 

 

To an oven-dried 25 mL Schlenk flask were added 40.0 mg (0.0947 mmol) of 1,3,5,7,9-

pentachlorocorannulene, 712.4 mg (1.89 mmol) of pinacol corannuleneboronate, 1.23 g 

(3.77 mmol) of cesium carbonate, 24.1 mg (0.0567 mmol) of 1,3-bis(2,6-di-i-

propylphenyl)imidazolium chloride, and 26.0 mg (0.0284 mmol) of 

tris(dibenzylideneacetone)dipalladium.  The flask was sealed with a rubber septum and 

purged repeatedly with nitrogen.  Anhydrous dioxane (2 mL) was added to this solid 

mixture, and the flask was lowered into a silicon oil bath that had been preheated to 80 

°C.  The reaction mixture was stirred for 2 days.  After cooling, the reaction mixture was 

poured through a small silica gel plug which was washed with excess dichloromethane.  

The organic solution was extracted three times with water, dried with magnesium sulfate, 

and filtered.  Crude products were purified on silica gel with 7:3 

cyclohexane:dichloromethane as eluant to give 62 mg of a light yellow mixture of fused 

6.3 6.4 6.5 
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corannulene products.A, B  Significant quantities of pure corannulene, bicorannulenyl, and 

the pinacol corannuleneboronate were also obtained from chromatographic separation: 

HRMS APPI (m/z) [M]+ calculated for C120H50: 1490.3912, found 1490.3962. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                                 
A Secondary purification attempted (best separation obtained) using silica gel and CS2 (one line spotted on 
the prephase of a silica gel preparative plate). 
B See text (Figure 6-3) for an inventory of all products believed to have been generated. 
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6.4.3  Attempted Synthesis of a C120H20 (6.2) (Scholl Conditions)A 

AlCl3, Cu(OTf)2

CS2

(MIXTURE)

 

 

To an oven dried 15 mL pressure vessel was added 80.5 mg (0.604 mmol) aluminum 

chloride and 218 mg (0.603 mmol) copper triflate.  The vessel atmosphere was replaced 

by nitrogen, and 7 mL carbon disulfide were added by syringe followed by 3 mL of a 

carbon disulfide solution carrying 10 mg of the starting material mixture.  A pressure 

vessel cap was quickly substituted for the septum, and the reaction mixture was stirred in 

a silicon oil bath at 65 ºC for 1 day.  A black precipitate formed almost immediately.  

Upon completion the reaction mixture was cooled, quenched with methanol, and filtered 

in order to sequester the black precipitate.  The filtrate was extracted with 

dichloromethane, washed with 10% HCl solution and water, dried with magnesium 

sulfate, filtered, and concentrated to dryness under reduced pressure.  Mass analysisB of 

                                                 
A CuCl2 was used as an alternative to Cu(OTf)2 in some cases.  Molarities of the starting material as low as 
1.34 M were implemented.  Temperatures up to 200 °C were used in TCE (2.23 M lower limit).  It may be 
advantageous to try MoCl5 or FeCl3. 
B LDI TOF 

6.2 6.3 
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the soluble and insoluble products did not reveal masses indicating cyclodehydrogenation 

of the staring material. 

 


