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ABSTRACT OF DISSERTATION
CHLORO-, ARYL-, AND PERFLUOROAKYLFULLERENES

The preparation, properties, stability, and handling of three classes of fullerene
derivatives, chloro-, aryl-, and perfluoroalkylfullerenes, were studied in detail, in some
cases for the first time. The same general methodology was used throughout this work: 1)
analytical methodology was developed and optimized using internal standards of known
composition and purity; ii) the preparation of new compounds was studied by mapping
the space of different reaction conditions using the newly developed analytical methods;
ii1) the efficient synthetic methods for the preparation of individual pure compounds were
developed based on the mapping; iv) the pure compounds were characterized and their
stability, or lack thereof, was studied.

The first detailed study of fullerene chlorination led to isolation and
characterization of several new chlorofullerenes: 0-CeCly; p-CeoCly; CeoCls; CooClio;
C70Cls; and C7Cls. It was discovered that chlorofullerenes are generally photosensitive in
solution, both in the presence and absence of air and moisture. Effective methods for
handling chlorofullerenes were developed (including a specialized crystallization
technique). The experimental findings and theoretical calculations revealed the
fundamental patterns governing multiple additions to fullerene cages.

The efficient preparation of aryl- and perfluoroalkylfullerenes from
chlorofullerene synthons was developed, leading to high yields of aryl- and mixed
perfluoroethyl/hydrofullerenes (i.e., Ceo(C.Fs)sH and Ceo(C,Fs);sH). The first example of
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an organometallic complex of a perfluoroalkylfullerene was prepared using Ceo(C>Fs)sH
as a synthon.

The direct addition of thermally-generated CF; radicals to fullerenes was also
studied. A specialized reactor was designed and built in order to validate mechanistic
hypotheses. Good agreement between the experimental observations and predictions
based on the hypotheses was observed. It led to the development of a new approach to
efficient synthesis of Cg(CF3), with low values of n, including an unprecedented

selective synthesis of Ce(CF3), from unpurified fullerene extract.

Igor V. Kuvychko
Chemistry Department
Colorado State University
Fort Collins, CO 80523
Summer 2009
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Chapter |
General Introduction

Fullerenes are unique closed three-dimensional unsaturetabrks of carbon
atoms. Their structures are composed of 12 pentagons andlalezaumber of hexagons
of carbon atom&.Most of the discovered fullerenes obey a so-cabedaied pentagon
rule (IPR) which states that the pentagons are surroundbédxagons in stable fullerene
structures:? The smallest fullerene that can satisfy the isalgtentagon rule isgg* On
the right side of Figure I.1 is a Schlegel diagram @§, @vhich is a common 2D
representation of fullerenes (it is used extensivelyhefullerene literature and in this
work).! This simplest IPR fullerene has 30 double bonds, whictexpécitly shown in
the Schlegel diagram on Figure 1.1 (they are usually oditt€he number of double

bonds is larger for higher fullerenes.

Figurel.1l. The most common and simplest IPR-fullererg & 3D representation is shown on the left; a
2D representation of the same structure in the fdraenSchlegel diagram is shown on the right (with3be

double bonds shown explicitly).



Fullerenes can be extensively modified chemically eyatidition of various groups
to the double bonds of the cage, leading to a wide vaoietifferent derivatives with
particular spatial arrangements of the addénBesides their fundamental scientific
interest, fullerenes and especially fullerene deireat are promising compounds for
various advanced applications, such as the developmesfficiént organic solar cefls
and medical applicatiofi3 (i.e., agents for photodynamic cancer therapy and rhiagne
resonance imaging and/or computed tomography imaging).

A deep understanding of the reactivity of fullerenes amdr ttherivatives is clearly
critical for their successful application. Despite ffact that fullerenes became available
in macroscopic quantities in the beginning of 1990shis area is still relatively
unexplored and is rapidly developifdgiowever, some areas of fullerene chemistry are
fairly well-studied and understood, an example being cycloiaddito fullerene cagés.
Nevertheless, these areas are mostly limited t@rkrle derivatives that have a low
number of addends (also known as substituents). Theeerarmber of excellent reports
on the reactions that only involve a single double bondeofutterene cage (out of 30 for
the simplest fullerene &) and produce well-characterized products (see ref. 2 and
references therein).

The situation is much more complex for reactions inmgvmultiple additions to
fullerenes due to the large number of possible isomameciucts. For example, the
number of geometrically possible isomers fojG is 23; for GoX4 this number is
4,190; and for @Xg it is 418,470 (X = H, R, Ar, halogen, pseudohalogen, ‘etc).
According to DFT (density functional theory) calculaspmany of these isomers are not
thermodynamically stable; however, in practice theniper of observed isomers is still
considerable. For example, one method of trifluoromation of Gy was reported to

yield more than 60 different¢&CFs), products The properties of these compounds are



very similar, which makes their separation in pure fdnghly challenging (generally
fullerene derivatives are considered "pure" if their mpisity exceeds 90%). Currently
the only practical method of purification is HPLC, andltiple separation stages are
often required in order to isolate a product that is lotmpositionally and isomerically
pure®

In addition to isolation in pure form, the determinatohthe structure (i.e., the
addition pattern) of a multiply addended fullerene is la@othallenging problem. The
best, and sometimes the only, method suitable forglassingle-crystal X-ray diffraction
study. Of course this requires suitable single crystaig;iware often difficult to obtain,
especially if the compound in question is not very pure andAs a low solubility.
Sometimes one can use alternative methods of analyfien in conjunction with
theoretical calculations, in order to establish the &dditpattern. For example,
fluorofullerenes and perfluoroalkylfullerenes can belyzel by'°F NMR spectroscopy.
Besides providing the molecular symmetry, the spectraacomt wealth of additional
structural information such a%r coupling constants and spin-spin connectivities via
COSY experimentd.These data can be used to narrow down the number sibfeos
addition patterns of the compound and sometimes evenpoipira particular on&™ It
is also notable that fluorofullerenes and perfluoroalkidfenes have high thermal
stabilities* which make their analysis by mass-spectrometric methedistively
straightforward. For example, regular "harsh” ionizatmethods like electron impact
ionization can be effectively us&dlhe availability of these reliable analytical metho
has resulted in the considerable progress achieved inrehe af fluorofullerenes and
perfluoroalkylfullerenes during the last 15 and 5 years, réispac’

The study of chlorofullerenes (i.e., fullerene¢@pmpounds) is an area of fullerene
chemistry in which progress has been considerably sldveer for fluorofullerenes and

perfluoroalkylfullerenes. Chlorofullerenes are promisingtkgns (i.e., precursors) for



selective multiple derivatization of fullerene cage¥ It was long believed that HPLC
analysis and separation were not suitable for chloetiles due to an early report
implying that they decompose in solution or on HPLC colsitfifror this reason, HPLC
was excluded from the arsenal of methods that fullecdenists otherwise routinely
used for the analysis and separation of complex productumasx In addition,
conventional mass spectrometry methods were foundatsec an extensive and/or
complete loss of chlorine atoms (with ions of theefaitlerene frequently being the only
observable fullerene species in the mass spectrum).efunwhe,”*C NMR spectroscopy
was too limited by its low sensitivity for it to be wseful analytical method for
chlorofullerenes?® Prior to this work, the successful crystallizatiohctlorofullerenes
resulting in their single-crystal X-ray diffractionusly was achieved exclusively under
exotic high-temperature, high-pressimesitu conditions:®*® Despite these difficulties,
some progress had been achieved. Many different systbédellerene(Cl) derivatives
were described in the literature (see Tables II-1 and ffitr comprehensive lists of
references); however, the analysis of the resultingdycts was often limited to
information on the average valuerof

This was the state of affairs when the work describetthis dissertation was started.
During the initial stage of this study, HPLC analysis aoét-ionization MALDI mass
spectrometry was successfully introduced for the arsbyfsihe chlorofullerene ¢&Cls.*°
We showed that £&Cls sample doesiot undergo any detectable decomposition during
HPLC analysis or separatiohlUsing this method the purification and quantitative purity
determination of chlorofullerenes was achieved for its¢ ime (through the integration
of the corresponding HPLC trace; see ref. 19 for dgtaMoreover, it was demonstrated
for the first time that the samples ofoCls prepared via literature methods contain higher
chlorinated and arylated fullerene impurities (this was shbw soft-ionization Matrix

Assisted Laser Desorption lonization, or MALDI, mapsctrometry}?® This information



made it possible to compare several reaction condif@n€s:Cls synthesis, leading to
the development of an improved synthesis of this chidievene’®

An experimental study of the performance of severalydocal methods (HPLC,
TGA, IR, UV-vis, °C-NMR, MALDI-MS, ESI-MS, and APCI-MS; see Appendix ALl
for Table of Abbreviations) was then carried out usingCle samples with purities
ranging from 96% to 27%. This study led to the developmentisupahrtantly, validation
of the analytical methodology most suitable for compi@xtures of chlorofullerenes,
HPLC. Using this powerful tool, it became possible to penfthe first study of €Cls
stability in solution, which led to the discovery of {hl@otosensitivity of chlorofullerenes
in solution (both in the presence and absence of moisteair). As a result of this
discovery, proper precautions were taken during the suéstduvestigations of
fullerene chlorination, ultimately leading to the firstceessful growth of X-ray quality
single crystals of the chlorofullerenegoCls and GoClip from solutions under ambient
conditions (followed by single-crystal X-ray diffraati studies, see Appendix A.l.2).
Using HPLC, the earlier literature reports on fuidlee chlorination were reproduced and
reexamined, which led to the conclusion that the mgjafitpreviously reported "pure”
chlorofullerenes were really complex chlorofulleremtures, sometimes containing
dozens of different compounds. The first detailed studyltdrene chlorination under a
variety of conditions was then carried out in ordefind the conditions leading to pure
chlorofullerenes (or to their HPLC-separable mixtur&)ring this study, the space of
different reaction conditions was carefully surveyea@ygped), and this approach led to
the discovery of the several sets of reaction ¢ that led to the formation of new
chlorofullerenes. Based on these results, a numbkrgd-scale preparative procedures
for different chlrorofullerenes were developed (in thatext of fullerene chemistry large
scale means tens or hundreds of milligrams); thisdethe isolation of new compounds

in quantities sufficient for their detailed charactdi@aand for a study of their stability.



This work is described in Chapters Il and Ill. It was disged that & and Go
chlorination under some particular conditions leadsotonétion of insoluble products
(the vast majority of chlorofullerenes have good kibity); it was hypothesized that the
insoluble products are dimeric or polymeric in nature. Ackged study of the formation
of and the properties of these products was carried duthweonfirmed the viability of
this hypothesis. This work is described in Chapters Il &hd |

Together with the exploration of chlorofullerenes nmiselves, their potential as
synthons for new fullerene derivatives that cannot bpared using direct addition to the
cage was investigated. Chapter V describes the work oro@iilerene arylation. This
work also relied on the same analytical methodoldhgat was developed for
chlorofullerene study. Similarly to the case of chfalierenes, the mapping of reaction-
condition space led to the development of effectivethstic procedures for
arylfullerenes.

The stability of arylfullerenes was also studied, rewgalhat some of them are air-
sensitive and photosensitive. For this reason a clagsediuoroalkylfullerenes was
studied, since these compounds possess much higher statiigywvork is described in
Chapter VI'' A unique method of preparation of perfluoroethylfullerenévaéives from
chlorofullerenes was developed. Besides providing an efficrethod for the synthesis
of Cso(C2Fs), with low values oh (i.e., 2, 4, 6), this approach led to the discovery of the
unique mixed perfluoroethyl/hydrofullerenes ¢{C.Fs)sH and Go(CaFs)sH). Using
Cso(CoFs)sH as a synthon, the first organometallic complex gkefluoroalkylfullerene
anion, Rh(Go(CzFs)s)(1,5-cyclooctadiene), was prepared.

Finally, the direct addition of GRgroups to the fullerene cage at high temperature
was studied. This work is described in Chapter VII. A phesxmtogical description of
the mechanism of the heterogeneous fullerene trifluottoytagion was suggested. In

order to validate this hypothesis, the reaction-condgmace of the trifluoromethylation



process was studied (mapped) using a reactor specificalyneesand fabricated for this
purpose. This led to the validation of the phenomenologieakription of fullerene
trifluoromethylation, which led the prediction and expemiaé realization of the first
selective synthesis ofg6fCFs3),2, as well as the development of efficient methodstlier
preparation of mixtures of¢g{CFs), withn = 4 and 6.

The success of this work can be largely attributed taskeof informative analytical
methods that provided the capability to study the padiathemical systems in sufficient
detail. This general methodology can be summarized lasv&li) the quantitative means
of analysis of the molecular species under investigatiaa developed and validated
(i.e., a suitablenalytical methodology was created; this step relies on the availability of
"reference" or "model" compounds with known structure andtypurni) using these
methods, the stability of these compounds under diffecentitions was studied; iii)
synthetic conditions were investigated in detail by a thghoanalysis of the products
formed, in other words, the reaction-condition space magped; iv) using the results of
the mapping, the optimal conditions for the efficidatge-scale preparation of the
particular compounds (or their separable mixtures) wdresen; v) using these
conditions, particular products were prepared and isolatéatge quantity in pure form
in order to allow their detailed characterization by aayaaf analytical methods; vi) the
reactivity, stability, and physical properties of thesengounds were investigated. The
results established during such investigations were constdatdyback” in order to

further refine the different stages of the procedure.
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Chapter Il
Study of Gso Chlorination and Cgo Chlorides

[1.1. Introduction

The addition of substituents to one or more of the dobbfels of fullerenes such agoC
Cro, etc. is the most common way to prepare fullerenevaigves for scientific study or practical
applications (e.g., solar-cell developmehtpddition-reaction types include cycloaddition,
halogenation, and electrochemical reduction followed Ikylation. However, the "direct-
addition" products can potentially be converted into amew&ler array of derivatives by
subsequent substitution reactions, including derivatives ¢hanot be prepared by direct
addition. In this regard, halofullerenesgoX,, are arguably the most versatile class of
substitution-reaction precursors, and within this clagspounds the chlorofullerenes are far
superior to either fluorofullerenes, for which practi@alounts are only available for high values
of n (18, 36, and 48) or bromofullerenes, which are notoriousdpluble (note that no
iodofullerenes have been reported). Although there aretsepbithe conversion of ggFis to
CeoF1sPhs? and of GoBras to GsoFzs, there are many more reports of the conversiggCIg to
products such as ¢ges and GoMesCl,* Cso(CH.CH=CH)s and Go(CH,CH=CH,)sCl, °
Cso(OMe)OH and Go(OEtOH,° and GoArsCl” (Ar = Ph, tolyl, anisyl, tert-butylphenyl,
fluorophenyl, trimethylsilylphenyl, and thienyl). The chlorofudlees GCls and G¢Clip have
also been used for the preparation of derivatives with patigruseful opticdl and biomedical
properties. For all of these reasons, the synthesis of new chiterenes has become an

important area of research.
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Compounds of the formulasgCl, were among the first derivatives o§g@o be reported in
the literature. Mixtures of £&Cl, compounds were prepared in 1981 followed by the
synthesis and structure elucidation af@s in 1993 Table 1.1 lists all GCl, syntheses
reported prior to this work?® including the recent report of two non-isolated-pentagam-rul
(non-IPRY® derivatives prepared by adding a small amount of chlorinet@as carbon-arc
fullerene-synthesis react8t(In this chapter, the term chlorofullerene (abbrevia@d will be
used exclusively to denotes(Cl, derivatives of the only isolated-pentagon-fugPR) isomer
of Ceo (this isomer is known a&%'%Cs0);?®3° the two non-IPR &Cl, derivatives reported in
2008 will be denoted*®°%C4,Cls and8%1Cs,Cly, for clarity.) Note that the majority of CFs are
soluble in a variety of organic solvents.

Table 11.1 reveals that several CFs other thgiClg have been reported, and some of these
have been characterized by single-crystal X-ray diffvact™® Nevertheless, it is generally
acknowledged that the isolation of a crystal or a nunolberystals of high compositional and
iIsomeric purity is no guarantee that the bulk CF produbbmogeneous. Except for our 2005
paper reporting an improved synthesis and method of puidfitaf GsCls,*” no paper reporting
the synthesis of practical amounts of one or ano@ferhas included compelling physico-
chemical data regarding the composition and isomericypofithe bulk reaction product. Since
there are, in principle, thousands of theoreticallygerinodynamically, and/or kinetically
plausible CF isomers for each value mfthe burden of proof should be on the authors of
synthetic papers to demonstrate the purity of their products.

In this chapter the problem of CF analysis is discussetdtail. The performance of several
analytical methods for the analysis of CF mixtures wtudied. Using this knowledge a reliable
methodology for analysis of mixtures of CFs was dgyadp this approach was applied to the
study of fullerene chlorination in detail. This chapteoalescribes several new CFs that were

isolated and studied using the reliable analytical metloggol
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Table 11.1. Compilation of G,Cl, chlorofullerene syntheses (1991-2088).

No. [year]* proposed proposed reagents and analytical techniques itystabil solubility
compositiofi  purity [yield] rxn. conditions used for characterizafion

1 [1991]° CooClz4 mxt. [n/r] Ch, 250-400°C  WI, EA, IR}C NMR?MS (FAB and FI)  Cl, loss at 400 °C org. solv.

2 [1991] CooCliz_1d mxt. [n/]  Ch, =35 °C, no light EA, IR, XPSHC NMR") Cl, loss above 200 °C  PhGHCH,CI,

3 [1993]" CooCle? n/r [100.5% ICl, CeH¢ EA, IR, UV-Vis, ®C-NMR n/r org. solv:

4 [1993}'® CooClac? nir [n/r] Ch, CCl, UV EA, IR, UV-Vis nir nir

5 [1994] CooClad’ mxt. [n/r] Ch, CCl,, UV EA, IR, UV-Vis Ch loss at HT ChCl,, CCly

6 [1996]° CooCli? nir [n/r] ICl, CeHe, no light EA, UV-Vis nir GHs, CoHas

7 [1997F* CooClaa™ nir [n/r] Ch, CCl, UV FAB-MS nir CCh

8 [1998f* Cs0Cloa n/r [nir] Cl, 327 °C IR, Raman n/r nr

9 [1999F2 CooClr_sg" mix.° [n/r] Cly, CS, UV WI, MALDI-MS, PIXE-NMP, EMP, HPLC ~ possible glos$ PhCH

10 [19997° CooClas? nir [100%]  Ch, 200-300 °C Wi, IR nir nir

11 [2002f* Co0oClsos2 nir [n/r] Ch, UV TGA, IR, MALDI-MS nir PhCH

12 [2002f? CooClzs 99.9%][n/r] Ch, 310 °C HPLC, WI, UV-Vis nir org. solv.

11 [2003° CooCle® nir [n/r] ICl, ODCHB IR, possibly EA nir GHs, ODCB

12 [2003F° CeCls”  "mxt. of isomers"  KIC), ODCB EA, IR, (MALDI-MS, *C-NMR") nir GsHs, ODCB

[80—-99%]

13 [2003]25 CsoClyo” same as above L£IODCB same as above n/r sids, ODCB

14 [2003]25 CsoCl12" same as above ICl, ODEB same as above n/r sids, ODCB

15 [2003]25 CsoCly4" same as above KIgIODCB same as above n/r sids, ODCB

16 [2003f° CeoCle’  same as above £ODCB EA, IR, MALDI-MS, (**C NMR?) nir GsHs, ODCB
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17 [2004f6 Th-CeoClag" ~90% [n/r]  VCl4, 160-180 °C EA, IR? TGA-MS, MALDI-MS Cl; loss at 280-390 °C n/r

18 [2005]13 Th-CeoClas™® n/r [n/r] VCl,, 160-180 °¢ IR,” X-ray Cb loss at 280-390 °C n/r

19 [20051*  DarCeCls®®  "pure®[n/r]  ICl, 220-250 °¢ IR,? X-ray, TGA-MS C} loss at 450-500 °C ODCB

20 [2005]°  Cp-CgoCla™ nir [n/r] VCl,, 160 °C IRE X-ray nir nir

21 [2005]°  C;-CeoClas™ nir [nir] ICI, 160 °C IR X-ray nir nir

22 [20051" CooCle™  90-999% [90%] ICI, PhClI HPLC, IR' Raman! *C NMR, MALDI-MS  decomp. in soln. PhGHCDCk

23 [2006{° CeoCl® nir [nir] POC}, 100-150 °C IR, X-ray nir nir

24 [2007f"  [CecCle]o* nir [40%)] GooBras + TiClY IR, X-ray nir nir

25 [2007f CeoCle®®  "as good...as..." ICl, ODCB ¥C NMR, IR, (ESI-MS) nir CB, ODCB, PhNO
909" [77%)]

26 [2008f8  *18C.Clg XYZ carbon-arc + Gl 3C NMR, APCI-MS, X-ray Clloss at XYZ °C XYZXYZ

27 [2008f8  *80CClyn XYZ carbon-arc + Gl 3C NMR, APCI-MS, X-ray Clloss at XYZ °C XYZXYZ

28 thiswork  0-CeCl, 75% [5%)] ICI, CB HPLC, UV-Vis, APCI-MS nir PhGHCH,CI,

29 thiswork  p-CecCl, 75% [5%)] ICI, CB HPLC, UV-Vis, APCI-MS nir PhGHCH,CI,

30 this work GoCls 98% [25%)] ICI, CB HPLC, UV-Vis, APCI-MS nir PhGHCH,CI,

31 this work GCls 90-96% [90%] ICI, CB HPLC, UV-Vis, IR, Raman, APCI-MS, |,@ss above 250 °C  PhGHCH,Cl,

MALDI-MS, TGA, °C NMR, X-ray light-sensitive
32 this work GoClao 98% [30%)] ICI, CB HPLC, UV-Vis, IR, Raman, light-sengii PhCH, CH,Cl,

APCI-MS,**C NMR, X-ray

& Abbreviations: mxt. = mixture; n/r = not reported; orglvse organic solvents; WI = weight increase; EA =nedmtal analysis;
TGA = thermal gravimetry analysis; UV-Vis = UV-Vis spigscopy; UV = UV-irradiation; ODCB =®-dichlorobenzene; CB =
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chlorobenzene; Fl = field ionization; HT = high temperaiPIXE-NMP = particle induced X-ray emission/nucleacnoprobe
analysis; EMP = electron microprobe analysis; CE{sthlorofullerene(s)” Comments within quotation marks are verbatim
statements from the indicated refererfc&@hroughout this paper CFs with reliably demonstrated bulkypare shown with a bold
font; bold font is also used to show that a particidamerically pure CF is meant in the context; regutent is used for CFs with
unknown bulk purity and for otherwise poorly defined CF#lethods in parentheses were not successful for asabfsCFs
according to the statements of the authbBetermined by weight increase and EAlo peaks were observed in the ligli€ NMR
spectrum and only broad peaks were observed in thé)C(sp C(sp) regions of the solid-statéC NMR spectrum’ No CF ions
were observed Determined by EA" Only broad unresolved peaks in the G(snd C(sp) regions were observed in the liqdfC
NMR spectrum!’ "quantitative yield... 100.5%" was reported in ref. 12, whichlies that the authors believed the purity g§Qls to

be ca. 100%; later authors corrected the purity to ca.??3@6pur earlier work we found that this procedure gives8€ds pure
CsoCls.r”! A comparison of different synthetic methods for pheparation of GCls was reported in ref. 17 and is discussed in greater
detail in this paper "The product is very soluble in benzene, carbon disulfide] tetrachloromethane, moderately soluble in
chloroform, dichloromethane, and toluene, and slightlytse in pentane, hexane, diethyl ether and acetdti€he crystals readily
dissolved in benzene, cyclohexane, and other nonpalizargs, and they have no solubility in polar solvéritDetermined by FAB-
MS. " Widely different compositions were obtained by difier analytical methods for the same samples of chilbecenes’ HPLC
analysis shows that samples are mixtufeShlorofullerene degradation upon standing and/or analyassreported as one of the
possible explanations for widely different valuesnadetermined by different analytical methods (see footnhté& Determined by
weight increas€. Based on TGA and MALDI-MS: As determined by EA and IR spectroscopy (IR spectrum wagrisement with
literature dataj?' Ranges and/or multiple sets of reaction conditiomsdifferent chlorinating agents (ICl, IIKICI,) were reported

to yield these compoundSDetermined by EA, which was claimed to be supported bytsestithemical modification followed by
ESI-MS analysis; the absence of the control expearisnéor the selectivity of the chemical modificatistep makes it impossible to
rely on these results. Determined by EA and MALDI-MS! Based on EA, TGA, IR (experimental and simulatédPurity
estimation was based on IR dat&ee ref. 33 for alternative preparation procediiféeoretical simulations of the vibrational spectra
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were performed along with the experimental measurem&retermined by single-crystal X-ray diffraction and expental and
simulated IR data® "CeoClso is insoluble in most common organic solvents such dbydiether, 1,4-dioxane, Gl,, CHCE, and
CCly; it is poorly soluble in C§ toluene, and chlorobenzene; and its solubility in 1,Mdienzene was estimated at roughly 0.2 mg
mL™." ® Determined by single-crystal X-ray diffraction study.Relative purity is reported, determined by integratiorH®LC
traces.® As determined by single-crystal X-ray diffraction and $Rectroscopy® See ref. 17 for alternative synthesi®.As
determined by*C-NMR and IR spectroscopy (experimental spectra wagrieement with the literature data, see Bef2" Reported

to be as good as the product of the synthesis reportefi irvreased on th€C NMR spectrum.
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[1.2. Results and Discussion

[1.2.1. Chlorofullerene Purity and Analysis

A. General Comments. Analysis of all of the literature reports describing the
preparation of CFs (Table 11.1) revealed that, excepotw earlier paper, CF molecular
composition and product purity was never firmly demondirate the majority of those
studies, CF composition and purity were not explicitlycdssed, leaving the reader to
assume that the reported syntheses led to pure produstsnécases, the formation of
CF mixtures was suggested B¢ NMR spectroscopgy** or demonstrated by HPLE?®
In other studies, a single CF with "90+% purity" was clairbased o’C NMR**or IR
spectroscopy®**

The shortcomings of°C NMR spectroscopy as an analytical method for the
guantitative determination of CF purity became obvious wherotiginal report on the
"quantitative yield" synthesis of ¢&Cls,*? in which the authors presumed they had
prepared a pure product based on the absence of BgirAIMR peaks, was later
corrected in order to explain the presence of some ploemyg&ining derivatives in the
products of GCls methylatior?® This later report stated that the purity o§Cls
prepared by their original method was only ca. 75 mol%other 25 mol% consisted of
phenylated derivatives and possiblyCl, compounds witm > 62 Our earlier study
confirmed this conclusion; in our hantdshe purity of GoCls obtained using the original
recipe? was 80% based on the integration of HPLC peaks.

In this section, we show that IR, UV-Vis, ali€ NMR spectroscopy and the types of

mass spectrometry used in the past are not well suim@ik ar in combination, for a
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reliable analysis of CF reaction products. In our opinidie method best suited for
establishing CF purity or for studying mixtures of CFs is BRLe., for soluble CFs),
since it combines high sensitivity with the ability to separand quantify compounds
with even minor structural differences (e.gso @nd He@G>*). We previously showed
that HPLC is reliable for the quantitative analysisGa§Cls samples.” However, this
method has seen only limited use for the study of CFsthirsf*® We now report the
successful application of HPLC for the purification @udntitative analysis of CFs other
than GoCls, and present a detailed comparison of HPLC and otaytacal methods
mentioned earlier for the analysis of CF mixtures.

B. HPLC Analysis of Chlorofullerenes. Despite the wide application of HPLC for
the purification and, in some cases, quantification bdrfene(X), derivatives in general,
there have been very few attempts to use this metho@€Fsr The correct choice of
HPLC column is very important for the successful separeof fullerene derivatives.
Specialized Cosmosil BuckyPrep columns are usually usedhfertask. In 1999,
Heymann et al. used HPLC with Cosmosil BuckyPrep columdetermine that a CF
sample contained unreactedo@nd a mixture of various CES.In 2001, Taylor et al.
used HPLC to estimate the purity of a¢Cls sample, revealing that "by-products
comprise as much as 25% of the total yield" (the HPLCropnlused was not specified in
their report, but it is likely that it was also Cassii BuckyPrep¥. In 2002, Razbirin et al.
used HPLC for analysis of CF sampfeglaiming 99.9% purity of the §Cl.4 product (an
ordinar C18 HPLC column was used). Later this conclusias shown to be incorrect
(an impurity of G¢Clso was identified in the absorption spectrum of theiGB.):>° this
demonstrates the importance of the correct choiceRifGHcolumn for the analysis of
CFs. The reason that most chemists have not coasdidesting HPLC for CFs may be a
comment in ref. 6, in which the authors stated thaClg "was used without further
purificationin order to avoid degradationemphasis added). This statement implied that
CsoCls degrades during HPLC purification. However, in 2005 we shoWwatirio such
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decomposition during HPLC processing takes place, and we deatedstthe
applicability of HPLC for the analysis and purificatiaf CsoCls (using a Cosmosil
BuckyPrep columny’

In order to demonstrate the essential role of HPLGHe study of CFs, and also to
compare it with the other analytical methods (withpext to the analysis of CFs), we
prepared four samples o&d¢Cls of various purities using chlorobenzene as the solvent
and ICl as a chlorinating agent. These are listed mplsaA-D in Table I1.2 and their
HPLC traces are shown in Figure 1l.1. Samplewas HPLC purified as previously
described’ and was shown to be 95% pure (see below). SaBsehe crude product of
our "seven-minute" synthesisand its HPLC trace clearly demonstrates its lowertyauri
SamplesC andD were prepared by modifying the reaction conditidns intentionally
lower the purity of the product. The HPLC traces reeeauch lower purity of samplé
and an even lower purity of sampl2 The impurities in these ¢&Cls samples are
unreacted g and other CFs (see below). No arylated by-products weeetdd in these
samples by mass spectrometry, in contrast to gh€lsample prepared with benzene as
the solvent’

HPLC peak areas provide quantitative information on anafecentrations
weighted by their corresponding detector responses. Itiebéction is used and analyte
extinction coefficients at the detector wavelength &m®wn, then relative molar
concentrations can be deter-mined. For example, in thi& the extinction coefficients
of Ceo, CsoCls, and GoClip were measured at multiple wavelengths (see SectiBn A.
Figure A.12, and Table A.9). The extinction coefficientsCg,Cls and GoClip at the
HPLC detector wavelength, 300 nm, are virtually the sardeaas twice as large as that
of Cso. Assuming that the extinction coefficients of theestCF impurities in the HPLC
traces shown in Figure 1.1 are the same as that¢g€land GoCliyo, the molar

percentages ofddCls indicated in Figure 1.1 were determined. (These molargreages
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can be recalculated in the future as extinction coieffis of other CFs become

available.)
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Table 11.2. Chlorofullerene analysis:¢gCls samples, their purity, and analytical methods employed.

CeoCls uncorrected| corrected analytical methods used

sample GCls, % Gso, %  GsCls, % Gso, % HPLEC IR  Uuv-vis® Y¥CcNMRE MS TGO
A 95 - 95 - + + + + + -
B 89 3 86 6 + + + + + +
C 67 - 67 - + + + + + -
D 30 7 27 14 + + + + + -

2 The uncorrected values, calculated through direct iniegraf HPLC peaks observed at 300 Arithe corrected values, calculated through direct
integration of HPLC peaks observed at 300 nm, followed by alaation of G, peak area (it was multiplied by 2 according to the ratithe

extinction coefficients of &Cls and Gy at 300 nm)® Same HPLC conditions used for all experiments (50/50nefheptane eluent, 5 mL/min flow
rate).? See Figure 11.1° See Figure 1.2, APCI-MS was used, see Figure [¥Bee Figure I1.4.
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CsoCls samplesA-D were also analyzed by UV-Vis, FTIR, arndC NMR
spectroscopy and by APCI mass spectrometry. SaBplas also analyzed by TG. The
UV-Vis and FTIR spectra are shown in Figure II.1; the RIfhd mass spectra are shown
in Figures 11.2 and I1.3, respectively. The UV-Vis datawtibe gradual smoothing of the
absorption spectra as the purity o§;Cls was decreased, with the most significant
difference between the spectra of sampleandB (95% and 86% pure, respectively).
However, there is virtually no difference between U-8pectra of samplgs andD,
which have very different §Cls purities (67% and 27%, respectively). FTIR
spectroscopy also has a poor sensitivity to impuritieth) @anly minor changes observed
between the spectra of samphesB, andC (95, 88, 67%)*C NMR spectroscopy has an
even lower sensitivity; the spectra of samplesand C are virtually identical. Only
sampleD can be identified as impure by this method. APCI masstigpéndicate the
presence of §Cl, species wittm > 6 for sample< andD, but they cannot be used to
distinguish between sampl@sandB or between samplés andD. All of these methods
are discussed in more detail in the corresponding sedbelow, but it is clear that they
cannot provide reliable information on the molecular cositfum and purity of CFs, let
alone a quantitative data. This demonstrates that clyreiLC is only analytical
method capable of quantitative evaluation of moleculanpmsition and purity of CFs,
which makes it the method of choice for the quantitathadysis of CF samples as well
as the method of choice for CF purification.

Analytes containing components with very similar ramnttimes can be hard to
analyze by HPLC due to peak overlap. The presence of hiddenipealch cases can be
revealed by changing the eluent, flow rate, or columikipgamaterial. For example, we
previously reported that a sample @tCls was 99% pure based on its HPLC trace when
toluene was used as the elu&riVe now report that the same sample, when eluted with
50/50 v/v toluenal-heptane, showeda. 4% impurity with a different retention time.
Therefore, the purity of this sample was 95%, not 99%suByeying several different
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HPLC conditions, the chance of overlooking an impurithwhe same retention time as

the main component can be minimized.

HPLC, 50/50 v/v toluene/heptane
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Figure I.1. HPLC traces and IR and UV-Vis spectra @iCls; samplesA, B, C, andD (95-27% purity).

The shaded HPLC peaks are due §g0%. HPLC peaks marked with daggers are duegto IPLC peaks

marked with asterisks are due to toluene (samples weeddjas 100% toluene solutions; these peaks

IR (KBr pellets) N

absorbance

1750

were not included in peak integration for quantitation). Saamelitions were used for HPLC acquisition
(50/50 v/v toluene/heptanes eluent, 5 mL/min flow rate). U¥-4fiectra are intentionally offset for clarity
(samplesA-D have virtually no absorptivity at ca. 650 nm). The VM- marked with an asterisk is a

toluene blank. The IR peaks marked with daggers are diwg.to
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Figure 11.2. **C NMR spectra of §Cls samplesA, C, D, E, and of Go(CFs);0 sampleF. *C NMR

spectrum of samplB is virtually the same as the spectrum of samplalthough it shows a peak of{C

140 ppm

impurity. *C NMR of sampleB is not included in the figure (it is virtually identidal**C NMR of sample

A). The signals of the quaternary carbon of the toluemmiiity are marked with asterisks. Peak marked
with a dagger is due toge(sampleD). Peak marked with a diamond is due to an unidentified inypurit
Spectra expansions covering 73-52 ppsp-tarbons) and 160-115 ppm ranges, signal-to-noise
calculations, details of the acquisition conditions, taides of*C chemical shifts for §Cls, CsoClio, and

C1o(CFs)10 are given in Section A.4.
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Figure 11.3. NI-APCI-MS spectra of €Clg samplesA, B, C, D, and of G,Cl;o sampleG.
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Figure 11.4. TGA plot (black) and differential TGA plot (red) of 86% purg@;s (sampleB). 5 °C/min

heating rate was used.

C. Elemental Analysis (EA) and Thermal Gravimetry Analysis (TGA). The
literature reports (see Table 1l.1) show that EA wasrtiost commonly used technique
for determination of the CF composition (carbon-to-chieniatio). However, EA is only
suitable for characterization of CFs shown to be puretbgr methods, since samples of
CF mixtures may have the same carbon-to-chlorine ratib dsastically different
composition (for example, single-isomegiClio and a mixture of §Clyp isomers, as
well as equimolar mixtures ofs@ls/CgoCl12 0r GsoCla/CesoClis Or @ combination of these
cases). Nevertheless, in two papers the compositicthe oéported CFs were determined
by EA only?>%® In 1996, Priyadarsini et al. reported,Cli,» preparation (see Table 11.1,
No. 6) and a pulse radiolysis study (0o§0Cli, and G¢Cls) done with an implicit
assumption of the high purity of these GEdn 2003, Troshin et al. reported the
preparation of Cls, Cs0C10, Cs0Cli2, GsoCls, and GoClos (see Table 11.1, No. 12-16
correspondingly), saying that "Most likely, prepared chioltefenes GCl, (n = 8, 10,
12, 14, 26) consist of several isomers.0Our MS and HPLC analysis of all of the
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aforementioned CFs (exceptsCls) prepared according to the reported procedfifes
show them to be complex mixtures of multiple composdlly (and most likely
isomerically) different CFs (see Sections 11.2.1.8 #2.1.G). These results demonstrate
the danger of treating the average bulk elemental cotiposif a CF sample (given by
EA) as the actual molecular composition without aiskeffit proof of the sample purity.

Another method that may be used to determine the cadsohlkdrine ratio of CF
samples is thermal gravimetry analysis (TGA). The sosength of C—Cl bond allows for
the decomposition to occur in the 200-500 °C temperature rdagending on the CF
and the experimental conditioffs'**92%13!causing the loss of £(shown by TGA-
MS?%). A parent Go was detected in the products of decomposition by IR spEecpy in
two cases!?® Assuming that the mass logsnf) of the sample in the TGA experiment is
caused exclusively by chlorine evolutifhand that the CF decomposition is complete
(which can be shown by the absence of C-Cl vibratiorike IR spectrum of the TGA
residué®, then the Am value accurately represents the average chlorine content
(chlorine-to-carbon ratio) in the original CF sampl@ar example, TGA analysis of
CsoCls sampleB showed the weight loss corresponding to the composaio®.6
chlorines per g cage (see Figure 11.4, the IR spectrum of the TGA resithogved only
Ceo lines). According to the HPLC data, samBleontains 6% of g and 86% of GCls.
The rest of the sample is comprised of other CFswdf approximate the average
composition of the other CFs present in saniples GoCls, the average composition of
this sample is §Cls s in excellent agreement with the TGA results. Titerdture data
also indicate that TGA can provide reliable compositialada for CFs: TGA analysis of
Cs0Cl4 showed a mass loss of 56.5% (corresponding d¢Clés4 composition), in
agreement with MALDI-MS results ¢Cl,7 was the most intense ion observed in the
mass spectrum of this sample, see section 1-2-1-Gifther discussior?

The EA and TGA data of CF composition can be heavilyemced by the presence
of the impurities. During the course of our work we foulmak tG,Cls retains the solvent
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upon drying of the &Clg/toluene solution. In fact?*C NMR spectroscopy showed that a
significant amount of toluene was present in thgCle sample even after 12 hours of
drying under dynamic vacuuneg. 0.01-0.005 torr, oil pump). A reliable EA or TGA
analysis requires the absence of co-crystallizedesblysee A.3 for our CF drying
procedure), which should be taken into account during CF/siedby these methods.
Otherwise large errors are likely to be introduced.

In conclusion, EA and TGA methods can accurately determme average elemental
composition of solvent-free CF samples, which correspdadthe actual molecular
composition for the (compositionally) pure CFs. Howevmth EA and TGA have a
significant drawback since they require a destructionreflaively large quantity of the
sample (at least, several milligrams). However, swfiziation mass-spectrometry can
also be used to determine the molecular compositiddFsf (see Section 11.2.1.G). This
method requires a very small amount of sample and ihgsnsitive to some CF
contaminants like co-crystallized solvents, which makes method of choice for the
composition determination of pure CFs and the measureaiethie highest degree of
chlorination for the mixtures of CFs. However, masssspenetry does not provide the
average elemental composition of the mixture of CF&ichv makes its results
complementary to those of EA and TG.

D. IR and Raman Spectroscopy IR spectroscopy is one of the most common
methods of CF characterization (see Table 11.1). Wioenbined with detailed theoretical
modeling, IR spectroscopy can be used for accurate steuetucidation, which was
confirmed, for example, for §&Cl4 structuré® (shown to be correct later by a single-
crystal X-ray diffraction study). The Raman spectroscopy of CFs is challenging due to
sample decomposition (loss of chlorine) upon laser &twit and hence it is less
commonly used for CF study. Raman spectra of severalh@¥s been reported: lower

chloride GoCls,*” and higher CFs §Cl4, CsoCls and GoClso. >
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The analysis of the g&Cls samplesA-D (see Figure 1.1 and Table 11.2) demonstrates
that IR spectroscopy is not suited for the evaluatibthe molecular composition and
purity of CF mixtures. IR spectra of sampkg95% of G¢Clg), B (86%), andC (67%)
display only minor differences, and even IR spectaimampleD (containing only 27%
of CsoCls) is dominated by the features 0§oCls (although it is broadened and has
additional peaks). Other CFs cannot be reliably idewtiin any of the IR spectra of
samplesA-D, either because of their insufficient concentration due to overlap with
the intense peaks of the single major componegi(§). However, when a component
possesses a high molecular symmetry it may be detegadaé low concentrations, due
to the increased intensities of the degenerate vibrationdes of the molecule. It is
demonstrated by the observablg, @eaks in the IR spectra of samp@gcontaining
14% of Go) andB (6% of Gy). This effect can explain some peculiar data found én th
literature?® In 2004 Troyanov et al. reported the synthesi$,e€scClzs, arguing that "In
view of the elemental analysis and IR spectroscopia,ddie purity of the £Cl4
samples should be estimated as rather high, with #)errmomponent content of at least
90%"?° Other analytical methods described in the same study gavradicting results,
with the MALDI mass-spectrum showingdCly7 ion as the most intense peak (usually
molecular ions of CFs are not observed in mass spdardo extensive fragmentation,
see Section 11.2.1.G), and the TGA analysis resultirtiperweight loss corresponding to
Cs0Cl6.4 composition (observed weight loss of 56.5%, versus 54.1%smonding to the
theoretical GCl,s composition). When the original work did not elaborate the
discrepancy between the EA and TGA results, the pcesand the intensity of the
CsoClz7 ion in the MALDI mass-spectrum was explaiffed by the analyte suppression
effect, causing the ions with higher number of eleetnthdrawing substituents to be
overrepresented relative to the concentrations af ferent CFs (due to the higher
electron affinity and hence better ionization efficierand higher stabilit}*9. The
higher mass loss observed in the TGA experiment wedited to "the presence of a
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small GoClg impurity in the sample”. In order for the latter exgalton to be true, the
sample has to contain 42 mol. % afyClo4 and 58 mol. % of §Clys, In other words,
CsoClog has to be the major component! If one takes into accossible presence of
lower CFs (GoClzs, CsoClz2), the concentration ofdgClo4 would have to be even lower in
order to make up the reported average compositione€lf&4 This suggests that
CsoClzs purity reported in the original study is overestimatetihe highly symmetridi,-
CsoClo4 is likely to dominate the IR spectrum even when presest relatively small
concentration, with the rest of the sample compos$eaudtiple low symmetry CFs.

Under favorable conditions (when IR spectra of at lsashe constituents of CF
mixture are known), IR spectroscopy can be used to rélveglresence of impurities in
CF sample. For example, IR spectrum revealed the presehDss-CsoClso in Th-
CsoClos.®® However, our results demonstrate that in general IR =ecpy is not
suitable for the evaluation of molecular compositiad purity of CFs in mixtures, and it
should be used mainly for the characterization of beaifiure CFs. These conclusions
can also be expanded to other types of vibrational gmedpy (far-IR, Raman
spectroscopy).

E. UV-Vis Spectroscopy The electronic transitions exhibited by fullerene
derivatives are highly dependent on their addition patfEne. nature of the substituents
has a much less pronounced effect on the UV-Vis speétthese compounds (unless the
substituents themselves absorb in the UV-Vis range erfast). These features allow one
to use UV-Vis spectroscopy for elucidation of additiongras by matching the UV-Vis
spectrum of the compound in question with the refereneetigpof the derivatives with
known addition patterns (we use this method to evaluatedhdition patterns af-, p-
CsoClz in Section 1-2-4-BY%*' Additional structural data, such as symmetry of the
compound (usually deduced from NMR spectroscopy), can be assrow down the
list of possible addition patterns. Since this methdeéseon the reference UV-Vis
spectra of the fullerene derivatives with known additpatterns, it is not applicable for
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the compounds with unprecedented addition patterns, whigh twa be structurally
studied by other means (see the discussion¢Zl{s in Section 11.2.4.C).

UV-Vis spectroscopy is often used for accurate measureieiconcentrations.
However, our study of §Cls samplesA-D, which range from 95 to 27 mol%s(Cls,
demonstrate that UV-Vis spectroscopy is poorly suitece¥@n a qualitative evaluation
of CF purity. As the purity of the Cls samples decreased, their UV-Vis spectra lost
their clearly defined, if overlapped, absorption bands andrbeaelatively featureless.
Generally, the absence of well-resolved peaks in the i$vspectra of CFs makes UV-
Vis gquantification of the molecular composition of Chxtares close to impossible,
especially if some or all of the impurities have neei characterized in 95+ mol%
purity. Nevertheless, we have discovered that samplds similar amounts of the
principal CF component can be distinguished from onehanoin some cases. For
example, samples (95 mol% GoCls) andB (88% GoCls) display notable differences in
their UV-Vis spectra (which is probably due, in large prtca. 6 mol% & impurity in
sampleB).

These data demonstrate that the purity of the CF sashplald be firmly established
when UV-Vis spectroscopy is used for the assessmaheadddition pattern, since even
minor impurities can cause unpredictable changes diYh¥/is spectrum, which in turn
can deem addition pattern assignment unreliable.

F. NMR Spectroscopy.Carbon-13 NMR spectroscopy can be a powerful method for
the structure elucidation of organic compounds, includuiderene derivatives. In
favorable cases, the 2-D correlation technidd®@ INADEQUATE can reveal the
connectivity of carbon atoms, making a complete pealgasient and addition-pattern
determination possib&*’ However, it is often the case th&iC NMR spectra of
fullerene derivatives can only be used for the deternoinatf molecular symmetry; a
more complete analysis can be hindered by the presemeanyfoverlapping signals. In

addition, even "routine" natural-abundanc€ NMR spectra of fullerene derivatives
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require long acquisition times and relatively concdettasamples due to the low
receptivity of the'®C nucleus and the relatively low solubility of most éuéne
derivatives. The only®C NMR spectra of CFs reported to date G#SPP-GCls (ref. 12
and this work), C«C7oClo,*® and C;-14,28,29,31,SPP+lo (this work) No *C
INADEQUATE studies of CFs have been reported.

In general NMR spectroscopy is a convenient method of pewva@ijuation since under
favorable conditions the intensity of the peaks isedaly proportional to the
concentration of the corresponding compounds (takirmgantount their symmetry). For
the following discussion we will assume that suffithgtong relaxation times (possibly
combined with the use of relaxation agents) and a uniforoitagwn of the spectral
region of interest are ensured. Then molar ratioh@tample components (CFs, without
restricting the generality) can be easily calculatéldely have observable and identifiable
NMR signatures. If we consider that the peaks cannot teeted if their signal-to-noise
(S/N) ratio is equal or below 2, then we can calcuthge lower limit of molar purity
(LLMP) of the major component. Assuming there are @sonances that overlap one
another, the LLMP depends on the following: (i) the nunddempurities (assuming the
worst-case scenario of the equal concentrations efirtipurities); (i) the molecular
symmetries of the impurities; (iii) the S/N ratios the peaks of the major component;
and (iv) the symmetry of the major component. For examfdt us consider an
asymmetric C;) major component, so that all of #3C peaks have the same intensity
(the case of higher symmetry is similar). If the peakghis major component are
observed with S/IN = 12 (i.e., a high-quality fullerenehdsgive *3C NMR spectrum),
then the highest possible undetectable concentratidre agidymmetric impurity is only 6
times smaller than the concentration of the magommonent. In other words, the LLMP
of the major component is 87 mol% (a sinGleimpurity in aC;-major component). The

LLMP drops quickly as we increase the number of possibteiiities, decrease the S/N
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ratio of the spectrum, or increase the symmetry @hthjor component (see Section A-I-
2-2 and Table A.10 for estimates of several LLMPS).

The results of &°C NMR study of several §&Cls samples with different purities
confirm these conclusion§’C NMR spectra of the samplés B, andC (95%, 86%, and
67% of GoCls) show GoCls spectra with very similar quality. These spectra hinee
similar S/N ratios (11+2, see Section A.4), but it i isisufficient to reveal the presence
of CF impurities in the sampl&andC. **C NMR spectrum of the sample containing
75 mol.% ofCs-CsoCls and 25 mol.% of:-Cro(CFRs)10 Showed no peaks of the latter at
S/N = 6 for the peaks of the major component, in a pedgreement with the calculated
LLMP (75% for C,-major component containing a singlg-impurity, see Section A.4
and Figure A.13). The reference spectrum of 98% [LiF€7o(CRs)10 (SampleF) is
shown on Figure 1I-2 for comparison (see Figure A.13). Blienspectrum of sampl@
(27% of GoCls) is dominated by the lines ofgfCls, although additional peaks and
baseline drift become observable. The signal of a higityngetric1,-Cgso (a single line
marked with a dagger) can be easily identified among thespdaGoCls in the spectrum
of sampleD, demonstrating the importance of molecular symmetrtherdetection limit
(similar to the case of IR spectroscopy, see SectidhllD). It is interesting that
according to the HPLC data, samjlecontains 27% of £Cls and 14% of &, which
should make*C NMR peak of G about 15 times more intense than the double-intensity
peaks ofCy-CsoCls. This discrepancy is likely caused by a poor solubilityCed in
CDCl, which was used as a solvent for NMR spectra acquigiéis were found to be
highly soluble in CDGJ, see Table A.9).

These results conclusively show tHd€ NMR spectroscopy cannot be used to
determine the molecular compositions of CF mixturefioaljh NMR spectroscopy of
nuclei with higher receptivities (e.gdH and'°F) is suited for purity evaluation (due to
higher S/N ratios), these methods are not suitableCférstudy. However, in 2007

Troshin et al. reported a new procedure for the preparafid@Cls, claiming that it
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"gives as good results as reported recently 'seven minutélesis" [sic]> which is the
CsoCls synthesis previously reported by our grdgn our opinion, the chemical
synthesis has at least two well-defined numerical oreasof its "goodness": yield and
purity of the product (other parameters, like time requirdmeand chemicals and
equipment are more difficult to quantify). With theseasures of synthetic "goodness"
defined, the quoted statement of the ref. 9 (quoted ab®wajarrect since (i) the yield of
this alternative procedure is notably lower than thedyaeehieved by our "seven-minute”
synthesis (77%versus 90%) and (ii) the claim of high purity of the¢§Cls product in
ref. ® was based solely on the absence of additional peatstiie*C NMR spectrum of
the product (S/N = 12, see Figure A.13). Our results show ttha evidence is
insufficient and other analytical methods, preferably HPkBould be employed to
substantiate the claim of highdCls purity (the absence of product purity also makes the
validity of the reported yield of 77¥%guestionable).

G. Mass Spectrometry (MS). General CommentsDue to a relatively weak
bonding between chlorines and fullerene carbon cage,a@shallenging objects for
mass spectrometry. For a long time MS was thought tanseitable for CF analysis,
since these compounds were undergoing a complete (underdEfFl conditions) or
partial (under FAB' and MALDI conditiond***?y loss of chlorine substituents
(fragmentation) during the ionization process.

a. FAB-MS. The first observation of CF anions in MS experimeasweported in
1997 by Adamson et &l.A wide range of closed-shell CF ionss{Cl, ", n = 1-23, odd
numbers only) was observed, suggesting an extensive fnagtioa@ of the CF sample.
No other example of FAB mass spectra of CFs has beeorted up to date. Our
experiments with FAB-MS of a variety of different C&lsvays resulted in a complete CF
degradation yielding a parent bare-cage fullerene withowt detectable CF ions,

implying that this ionization technique is generally too haosiCFs.

33



b. MALDI-MS. In 1999 Heymann et al. reported the first successful easen of
CF ions (GoClro11 and GoCl;Y) using NI-MALDI with 2,5-dihydroxybenzoic acid
(DHB) as a matrix? However, other analytical methods used in this study (RIGE-
NMP, E-probe) indicated a considerably higher chlorioatent of the original CF
samples (6Clss.16 and GoClsi-19), suggesting that an extensive fragmentation of CFs
was taking place during MALDI-MS. In 2002 we showed thatilfur matrix suppresses
the fragmentation of halogenated fullerenes, allowfongthe first MS observation of
highly chlorinated CF ions ¢gCl,", n = 5-31, odd numbers onRf.Later we used a
trans 2-[3-(4-tert-butylphenyl)-2-methyl-2-propenylidene]malonitrile  (DCTB) matrix
which not only minimized fragmentation of CFs with higfflorine content, but also led
to the first successful MS analysis (MALDI{DCTB}-MS)f dower CFs (a series of
CsoCls samples) with a minimal fragmentatibhiThe best results were achieved using the
negative-ion MS, which gave a single major peak 8€{z and a minor peak ofgCl;™
(about 10% as intense assoCls, resulting form chlorine addition to ¢6Cls, see
Figure 11.15a) for a 95% pure sample af;Cls.'” The positive-ion MS showed a more
substantial fragmentation, with a complete range lo$ed- and open-shell CF ions
(CseClh',n=1, 2, 3, 4, 5, 6, 7) for the samgyCls sample, demonstrating that negative-
ion MALDI{DCTB}-MS is the method of choice for the alysis of CFs. In this work
we used NI-MALDI{DCTB}-MS to analyze several CF samplascluding HPLC
purified GoClip (see Figure 11.14d and Section 11.2.4.C). The NI-MALDI{DCTB}ass
spectrum of gClyp consists of a single major peak a{Cly, two less intense fragment
peaks of GCls7, and a minor peak of ¢&li (Figure 11.14d), showing that
fragmentation and chlorine addition are likely to be gbeeral phenomena taking place
during MALDI{DCTB}-MS of CFs (see Section 11.2.1.G.b féurther discussion). These
processes (together with analyte suppression effe@sSeetion 11.2.1.D and ref&®39
limit the applicability of this method to the determinatiof the chlorine content qiure

CFs and determination of the highest degree of chlorinatidhe CF mixture. Further
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development of the MS technique targeting the suppressidheofragmentation and
chlorine addition is necessary in order to make MALDI-Biftable for studies of the
molecular composition and purity of CFs. Some promisasylts on solvent-free sample
preparation of MALDI samples (potentially suitable forsoluble CFs) were also
reported’®

c. ESI- and APCI-MS. In this work we explored the potential of ESI- and ARG3-
for the analysis of soluble CFs for the first tirdée did not observe any CF ions in either
negative or positive ion ESI mass spectra using non-polaergs like toluene and
CH.Cl,. We found that polar solvents (gBH and CHCN) boost the ion generation, but
they also cause immediate chemical transformatioh<Cls (e.g., substitution of
chlorines by solvent moieties). The very low selectiat these processes and the high
complexity of the mass spectra of the products precluddosutilizing ESI-MS for
CF analysis.
The APCI-MS analysis of 75% pueCqsCl, (see Section 11.2.4.B for synthetic details)
demonstrated the formation odCI" ion, see Figure 1.5, albeit with a low intensity.
Under the same conditions 75% ppr€soCl, gave raise to bothegCl" and GoCl," ions,
which can be interpreted as an indication of the higtednilgsy of the molecular ion
formed frompara-isomer of GoCl, (see Section 11.2.4.B). APCI mass spectrum of 99%
pure GoCls showed a complete range of¢Cli_s ions, see Figure 1.5 (same MS
conditions were used). We were unable to observe anyive@dt ions formed frono-
Cs0oCl, p-CsoClo, and GoCly, likely due to the insufficiently high electron aftipiof these
CFs. APCI-MS of GCls gave detectable CF ions with both positive (see Figlu®sihd
[1.5) and negative (see Figure 11.3) charge. The posiomeAPCI mass spectrum of
CsoCls Shows extensive fragmentation (a complete rangedfiCs ions is present). We
also observed a product of chemical transformatioggQIC;H,)" formation, see
Figures 1.5 and A.17), which is likely taking place in tbe source. In the negative-ion

mode the mass spectrum shows only peaks €I and GoCl;” ions with similar
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intensities. The NI-APCI-MS analysis of both 95% and 8p&te samples of §Cls

(samplesA andB, see Figure 11.3) also showed,Cls and GoCl;” peaks (with similar

PI-APCI-M

n=6 t+
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CeoClo-l
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Figure 1-5. PI-APCI-MS of lower CFs (£Clx-l, CsoCly-Il, CeoCly, CsoClg). A peak marked with asterisk is

not due to GCls" (the m/z ratio of it lower). A peak marked with double daggetue to G,Cl4(C;H;)".

See Figure A-I-17 for expansions and plots of theoragotdpic distributions.
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intensities) for both samples, indicating that@; is produced from £Cls itself (see
Section 11.2.1.G.b). This is also confirmed by the NIGARnass spectrum of a ca. 98%
pure GoClip sample (see Figure 11.3, sampg, showing a prominent peak o§dCli;
(accompanied with fragmentssdCl; ¢ ), although there could be no more than a few
percent of GCli2 (if any at all) present in this sample. No positivei@#s were detected
during GoClyp study, indicating that positive-ion APCI is poorly sibte for the analysis
of CFs with higher chlorine contentd(Cl,, n > 6).

These results demonstrate that chlorine addition t&Cthenolecules takes place for
CsoCls and GoClip under negative-ion APCI and MALDI mass spectrometry. This
process should be strongly suppressed for higher CEsGdo€l30) due to steric effects.
Currently, we do not possess pure samples &CI¢C with n > 10, so we cannot
experimentally study the behavior of higher CFs in MS. drder to avoid
misinterpretation of the MS data, we assign the highdegree of chlorination of CF
samples as a range mfCl) when CF ions above¢tCli1 are present (for pure CFs other
methods should be used to corrobora(€l). For example, if the heaviest CF ion
observed in the spectrum igoCli7 , the highest CF present in the sample can be either
Cs0oClig or GsoClys (with and without chlorine addition taking place), whiea designate
as GoCliess

Our work shows that APCI-MS is suitable for informativE analysis; however, this
method cannot be relied upon for the purity evaluationkes. So, NI-APCI mass spectra
of CsoCls samplesA, B, C, andD (95-27 mol% GuCls, see Figure 11.3) indicate the
presence of the higher chlorinated impurities only for sas@67 mol% GCls) andD
(27 mol% GoClg). Furthermore, the NI-APCl mass spectrum of 98 molCly, (see
Figure 1.3, sampleG) is similar to the spectrum of 67 mol%eCls sample C,
demonstrating the limitations of this method.

A conclusion can be made that APCI-MS can be suadéssised for the analysis of

CF samples. As opposed to MALDI-MS, this method doesreqgtire a cumbersome
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sample preparation, allowing one to analyze solutior@dFst We show that APCI-MS is
suitable for analysis of CFs with both lowg(Cl,, n = 2, 4, positive-ion MS) and high
(CsCln, n > 6, negative-ion MS) chlorine content. Currently both CAP and
MALDI{DCTB}-MS cannot be used for the evaluation of molgar composition and
purity of CFs, limiting their applicability to the detemation of the composition gfure
CFs and measurements of the highest degree of chlorimatibe samples of mixtures of
CFs.

H. Single-Crystal X-Ray Diffraction Study. Whenever single crystals of CFs with
sufficiently high quality are obtained, this method came ghe definitive information on
the CF structuré>*°However, the formation of the quality single crystalsmot be used
as an evidence for the high purity of the bulk product daljfin sometimes it is true).
This can be illustrated by several examples. In 2005sthecture ofTy-CsoClos Was
determined, using the crystals grown from the bromine isalaif the crude CF sampt2.
However, we show in this work that the originally regedr 90% purity of the bulk
product is likely overestimated (see Sections 11.2.1.DI1a@dL.F). In 2007 the structure
of CeoCls was determined by single-crystal X-ray diffraction fore first time'®
However, the authors reportédhat the crystals of &Cls were mixed with the crystals
of unreacted ¢, which comprised ca. 40% of the product (in this work weewadsle
measure a higher-quality structure ofy@s grown from toluene solution, see Section
11.2.4.A). Another interesting example comes from thark: we obtained single crystals
of CsoClsH from the solution of 99% pures6Cls, indicating that chemical transformation
of CsoCls was taking place in solution under air (sample wased in the dark at low
temperature, see Section 11.2.4.B). Also single-crystedy diffraction study may not be
able to reveal a presence of a few percent of an imppréagent in the crystal itself,
especially when the impurity forms a solid solution witle main component. This

demonstrates that even if a single-crystal X-ray alifion study leads to a successful
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structure determination, other methods should be used doarthlysis of the bulk CF
samples if their molecular composition and purity drmterest.

I. Analytical Methodology for CF Investigation. Based on these results, we
developed an analytical methodology for analysis andackenization of CFs that was
used throughout this work. The first step of CF analysmpleys HPLC (surveying
several different eluents to reveal a possible peaklap)eas the only method able to
determine the relative amounts of different fulleremenponents present in crude CF
samples (see Sections 11.2.3 and 11.2.4). If a crude Eampgound to contain a single
major component with a sufficiently high purity, it che characterized further by other
methods. However, the only&Cl, that was shown to be prepared in relatively pure form
(80-9094") without the need of further separation is@s (see ref. 17 and Sections
[1.2.3 and 11.2.4 for the detailed discussions of CF swiff)elf a crude CF sample
contains many different CFs present at similar coma@anhs, individual CFs have to be
isolated first by HPLC separation (which can requireesgvstages, see Sections 11.2.4.B
and 11.2.4.C). Once individual single-isomer CFs areamietd with sufficiently high
purity, they may be analyzed by MALDI- or APCI-MS inder to determine their
composition. Since the extent of chloride additionnknown for G¢Cl, withn > 10 (see
Section 11.2.1.G), the MS results should be corroteatdor these CFs by other methods
like *C-NMR or single-crystal X-ray diffraction study. Vésional (IR and Raman) and
UV-Vis spectroscopy can also be used for sufficiepilye CFs; besides being good
methods of CF characterization their results can leel @ior structure elucidation (see
Sections 11.2.1.D and 11.2.1.F). Methods like EA and TGAynbe used too, but they
require a destruction of a significant quantity of (padji CFs, which may be prohibitive

for their application.
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[1.2.2. Stability and Photodegradation of Chlorofullerenes

A. General Remarks. The knowledge of CF stability under various conditios
critical for their further chemical derivatization carpotential applications of these
compounds. The scattered data on CF stability that ées keported up to date deal
almost exclusively with thermal decomposition of dryidgelmples of CFs (stability of
CFs in solid phase). Our previous paper briefly mentionedjtiestion of gCls stability
is toluene solution. In this paper we report our study efs@bility both in solid phase
and in solution.

B. Stability of Chlorofullerenes in the Solid State Published in the same journal in
1991, the first two papers dedicated to CF preparation and pespaito gave the first
insight into thermal stability of these compoun®s: Olah et al. reported that a CF
sample (average composition estimated agClksy) decomposed completely into its
parent fullerene upon heating at 400 °C under argon atmospherexact details of the
experiment were not givenj.In the second paper, Tebbe et al. monitored the therma
decomposition of €Cli2.15 by IR spectroscopy as the sample was heated under vacuum,
observing the onset of chlorine loss at 200 °C and the caoplet this process at 350
°C.M Much later, in 2004 and 2005;-CsoClos and Dsg-CsoClzo Were studied by TG,
resulting in the following ranges of decomposition tempegest 280-390 °C Tg-
CsoCls)*?® and a remarkably high 450-500 °Ds§-CscClsg).** Despite the fact that the
structures of these two CFs were determined by singtadry-ray diffraction study, the
purity of the correspondingulk samples was either not established reliably 6

CsoCla4 (see Sections 11.2.1.C and 11.2.1.D) or not reported DgyCsoClso. We also
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reported a decomposition temperature of 270 °C (corresporaliing tmaximum rate of
mass loss in a TGA experiment) forgfCls]» dimer in our 2005 papéf:?’

Due to temperature dependency of the rate of CF decomypgsiiGA is likely to
give a higher decomposition temperature than methods basgalonged annealling of
CFs at the constant temperature. For example, our 3tGdy of GyCls shows that the
rapid mass loss starts at @80 °C, reaching its maximum rate at 835 °C (see A.4). A
separate annealing experiment conducted at 220 °C for a pdrid@ min led to the
decomposition of ca30% of G¢Cls into Gso (as shown by the HPLC analysis of the
annealed sample), which shows that TGA somewhat oweedst the thermal stability
of CFs. Furthermore, CF isomerisation and/or disprapuation may take place without
chlorine loss and hence these processes may not betaidteby TGA. We did not
observe any isomerization products or CFs resulting fpamial chlorine loss in the
annealed 6Cls sample from the aforementioned experiment (orhCls and Go were
detected by HPLC). However, when we performed similgvegment with kinetic
isomer of fluorofullerenel,-CsoF24, we found that it undergoes both fluorine loss and
fluorine migration during sublimation at 300 °C. This proaesslilts in the formation of
Cav-CeoF18.° The contigious addition pattern ofgE.s is not a subpattern af,-CgoFaa,
which features non-contigious arrangement of fluoringaplying that fluorine
rearrangement is necessary for this convertion to pdkee. This peculiar structure
makesTy-CsoF24 @ more energetic kinetic isomer (b@pandDsy isomers of GF24 have
contiguous addition patterns and are 340 and 280 kJ' molre stable thaif-CeoFza,
respectively’), which may provide the driving force for the thermahisoization of this
compound. Kinetically stable CFs are likely to undergo alaimhermally induced
isomerisation; for example, a kinetically staBleCsoClso (prepared at 160 °C, calculated
to be 78 kJ/mol less stable thag, isomer) was reported to be converted completely into

D3q-CesoClag isomer after 2 days of heating at 300 °C (in the presengeCh).'
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In conclusion, these data show that CFs have a rel\atiigh thermal stability in the
solid phase. The CFs studied up to date are less therstable than fluorofullerenes
(CeoF183648 sublime unchanged at .ca200-400 °C), but more stable than
bromofullerenes, which easily lose bromine at 180-220 °C’? following the order of
the bond energy values for = CIl-Cso, and Br-Go (corresponding average values of
bond enthalpy: 347, 167, 83 kJ/rt®! It is important that our HPLC analysis of solvent-
free solid samples ofdgCls did not show any detectable changes even afté oanths
of storage under air at room temperature (samples wershretied from the ambient
fluorescent light in the laboratory). This demonstrateshigh stability of at least some
CFs upon storage, which is important for the further usbesfe compounds in synthetic
practice.

C. Chlorofullerene Stability in Solution. The first report of the CF stability in
solution was given in our earlier paper in 2005, where ound that GCls slowly
decomposes in toluene solution (under ambient air atmosygheDuring our further
work we found that CFs decompose in solution, making tHEILC isolation and
purification impossible. In order to inhibit this degradatiove performed a detailed
study of CF stability in solution.

A dedicated HPLC purified (to 95% purity) sample @§@Cls was used to prepare a
stock solution in degassed, deoxydenated toluene. This solasnsplit into four
batches that were stored for 35 days under differerditons: i) sampld was kept in
the dark, under § ii) samplell was kept under light, under,Nii) samplelll was kept
in the dark, under air; iv) samplé was kept under light, under air. The solutions stored
under air were also airated prior to the beginning oettperiment. All other conditions
were kept the same (the containers were kept togetherder to ensure the same
temperature history). The four solutions were regulanglyzed by HPLC (samples of

the same volueme were analyzed directly without any pravkup). The resulting HPLC
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traces were arranged into 3D waterfall plots (see Figuig providing a convenient way

of data visualisation.
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Figure 11.6. HPLC monitoring of G,Clg solutions in toluene: i) samplavas kept in the dark, undep;Ni)
samplell was kept under light, underNii) samplelll was kept in the dark, under air; iv) samiMewas

kept under light, under air.

The results convincingly show that ambient light (regulaorescent laboratory
lightning) is the main factor that causes@s degradation in solution. The half-life of
CsoCls In toluene is only about 5 hours when exposed to lightthe dark the
concentration of €Clg is virtually unchanged even after 35 days of storage, batbrun
inert atmosphere (N and air. When air does not change the rate eiClg
photodecomposition, it has a strong effect on the composof the products, see
Figures I1.6 and II.7. APCI-MS analysis of samplleafter 35 days of light exposure
showed the main signal witin/z = 1176 Dal, corresponding tosdC/H7)s ion, see
Figures 11.8 and 11.9. On the other hand, no fullerenetaioing species could be detected
by APCI-MS in sampldV after the same period of time (samplewas kept under air).
The HPLC analysis of samplle showed a major peak with Bf 3.8 min with a shoulder

at R = 4.9 min; samplév gave a broad range of low-intensity peaks (both sampmes w

43



analyzed after 35 days of photodegradation, see Figurevilhigh demonstrates the non-
selective degradation of the initiajdCls photodecomposition products in the presence of

air.

0.7 sample |I
0.6 35 days
0.5
0.4
0.3-
0.2-
0.1- /
00—t .
0 2 4 6 8 1012 14
0.035 sample IV

0.0301 35 days
0.025-

0.0201
0.0151
0.0101
0.0051
0.0004——
0 2 4 6 8 10 12 14
Retention time, min

Figure I1.7. Vertically-expanded HPLC traces ofgLClg/toluene samplesll and IV used for

photosensitivity study.
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g ——————————
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Figure 11.8. NI-APCI-MS of the GyCl¢/toluene samplé after 35 under light (see Figure A.9 for

experimental and calculated isotopic distributions gf@GHsCHs)s  ion).

NM-APCI-MS

CID m/z=1176 isotopic distr.
theor.

2
— 3
Cgo(CeH4CH3),y
exp.
n=1

Ceo~ H .—.—Wﬂﬁ‘.

| » . L..I 1172 1175 1178 1181

700 800 900 1000 1100 1200 1300 m/z
Figure I1.9. Collision-induced-dissociation (CID) experiment og(CsHsCHz)s ion (NI-APCI-MS) from

the GClg/toluene sampldl after 35 under light (see Figure A.9). The insert shewserimental and
calculated isotopic distributions 0§fCsHsCHs)s™ ion (regular NI-APCI-MS).

CsoCls is also photosensitive when dissolved in dichloroare¢h The analogous
series of four gCle/CH.Cl, experiments showed that the rate @i photodegradion

is ca 15 times slower than in toluene, see Figure 11.10.
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N,/dry/no light [ 15 N,/dry/light

2 4 6 8 10 12 2 4 6 8 10 12
retention time, min retention time, min
Figure 11.10. Stability study of G,Cls solutions in CHCl,.

However, GoCls appears to be slightly less stable in,CH than in toluene solution
during long-term storage in the absence of light (the curaton of GoCls dropped by
ca 15% after 28 days of storage, both underaNd air, see Figure 11.10). Again, the
presence of air does not have an appreciable effect enrabe of GCls
photodecomposition, but it changes the nature of the prodéctwide range of
photodecomposition products is formed under air (as showtPyC), when under inert
atmosphere the majority of the products are insoluble,ifgr@ fine brown precipitate.
APCI-MS gave inconclusive results for both samples, that IR spectrum of the
insoluble product showed an intense broad peak centered atrtlQ)@vhich coincides
with the position of a(COC) band (a few weaker lines at lower wavenumbers aiso
detected, see Figure 11.11). The presence of oxygen in the prisdsarprising since
rigorously air-free conditions were employed. Althougénaall air leak cannot be ruled
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out, more data is necessary to assess the nature eof indpluble GuCls

photodecomposition products. However, the low solubilitthese products suggests that

L
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T J T ' T T T T T T
1400 1200 1000 800 _ 600 400
wavenumber, cm

N X v .

4000 3500 3000 2500 2000 1500 1000 500
-1
wavenumber, cm

Figure 11.11. IR spectrum of the insoluble residue formed after 28 ddystorage of gClg/CH,Cl,

they may have polymeric nature.

- 0.8

- 0.4

solution under Bin the absence of light.

Similar experiments performed with toluene solutions odumes of CFs (containing
Cs0Cls-14, according to NI-APCI-MS) and 98% pure sample efG%, showed that all of
these CFs are photosensitive. The half-life f0G, in toluene solution under ambient

light (under air) was ca. 5-6 hours, similar to thaCgfCls, see Figure 11.12.
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Figure 11.12. HPLC monitoring of GCl,o solutions in toluene under air.

These results show that photosensitivity is likelyogoa generic property of CFs. It
can be attributed to the photoinduced homolitic cleavage @l bond, which was shown
to take place during irradiation ofgfCls solution § = 366 nm, benzene or toluene
solution), producing radical species that were observeei spectroscopy.

We also performed several experiments with toluene sokitof fluorofullerenes
CeoF1s and GoFse. The latter compound did not show any signs of deconiposih
solution even after 49 days of storage (under air, bothdndark and under ambient
fluorescent light) according to HPLC and APCI-MS analy3ihe earlier literature report

described light-induced transformation ofofs into GsoF170(OH) in toluene solution
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(incandescent light bulb was used as a light sodrc®ur results confirmed these
findings: after 49 days of storage (under aig)Fes was at least partially converted into
oxidized fluorofullerene €F17;0(OH) (GoF17O(OH) ion was detected by APCI-MS).
After 49 days there was practically no startingFgs left in the solution that was stored
under light, when gzF1g was largely intact in the sample that was shieldewh fight, see

Figure 11.13.

1.0 CB0F18 stored under light
100% toluene
5 mL/min

0.8
0.6
0.4

0.21
0.0--J . : 4 - - -
0 10 20 30 40 50 60

1.0

C60F 18 stored in the dark
100% toluene

5 mL/min
0.8

0 10 20 30 40 50 60
1.01

fresh C60F18
100% toluene
0,8- 5 mL/min

0.6

Y Axis Title

0.4

oz-M
0.0 A
0 10 20 30 40 50 60
Retention time, min

Figure 11.13. HPLC analysis of €Fs solutions in toluene under air. The top figure is HPLCdraf
CsoF1g Solution after 49 days of storage under ambient light. Thigllmifigure is HPLC trace of dgFis
solution after 49 days of storage in the dark. The bofigure is HPLC trace of the freshdE,g solution in
toluene. The peak with;R 38-39 min is GFys (a slight change of fbetween middle and bottom HPLC
traces is likely due to slight impurity of heptanes pnesn the eluent used for the acquisition of the middle
HPLC trace).
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Unlike the case of £Clg/toluene no fullerene products bearing tolyl fragment(s)
were detected for both g3 and GoFis. This suggests that when chemical
transformation of some fluorofullerenes can be acatdd by light, the mechanism of
this process is different from photodegradation of ®&sed on the experimental data, it
is unlikely that C-F bond dissociation takes place uralabient light irradiation in
fluorofullerenes. Instead, ambient light may exche pi-system of the fluorofullerene
molecule, making its affinity for reactions with oxygendawater higher (which is
already high for F1s that produces an oxide;dE1sO during synthesis).

The observed photosensitivity of CFs in solution has lme#n described in the
literature beforé® so the syntheses involving CFs (either as products otaasng
materials) were performed without regard to the lightningdé@ns. When it is difficult
to accurately predict the impact of light on many & teported synthetic procedures,
some remarks can be made. Many of the synthetic proceidwadging relatively short
reaction times and darkly-colored reaction solutionsnfn@F syntheses employing IClI,
ICl3, or KICl,) are unlikely to be strongly influenced by the ambiagtitli(see Section I-
2-4). Most of the reported work on CF synthesis and dBzation falls under this
category, except some longer CF preparatfoii$® and the methoxylation of g&Cls,
reported to take over 5 day#4any complex products of partial oxidation were obtained
from the latter reaction mixture §{B1esO.OH, GoMesOsH, CsoMesOOH,
CsoMesPhQOH?), which may be the result of partial photodecompositibthe starting
material. This reaction would be interesting to repeahe dark in order to check the
influence of light on this process.

When the extent of photodecomposition incurred by CFs duyinthesis or further
derivatization can be estimated, the degradation of @Bslutions during the workup,
analysis and storage is much more difficult to accountAs we demonstrated above, a
trivial step of leaving a solution ofsgCls or Gs¢Clip in toluene (which is a very common

solvent in fullerene chemistry) under laboratory light 5-6 hours can lead to
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decomposition of the half of the material, which capredictably alter the results of the
analysis and further derivatization of these CFss Ilikely that many problems were
encountered by the researchers during earlier studi€~efdue to photodegradation,
which may justify an experimental reexamination of sarh¢he earlier reports on CF
chemistry.

We found that the solutions of all studied CFs are @efitly stable to survive a brief
(few minutes) light exposure without noticeable degradatiwhijch makes them
relatively easy to work with. However, a careful lestoon of any prolonged light
irradiation is paramount for avoiding CF decompositionirduistorage, analysis, and
possibly derivatization (see Section 11.2.1.4). Thecakery of CF photosensitivity
allowed us to successfully isolate and study sevexal isomerically pure CF{, p-
CooClz, GooCla, GooClio) with a variety of analytical methods, including singigstal X-
ray diffraction study (see Appendix A.2). It is noteviyrthat all of the previous X-ray
quality single crystals of CFs were grown under exotimd@¢@mns, eithein situ during a
high-temperature, high-pressure ampoule synthesis or ugjogl Ibromine as the
crystallization solvent, which limited the majority structurally studied CFs to higher
chlorinated compounds §6l,, n > 24). By using light-protected crystallization chamber
we were able to successfully crystallize CFs from lagaromatic solvents (toluene),

further demonstrating the importance of light-exclusamCF study.
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[1.2.3. Re-Examination of Reported Chlorofullerenes: Sythesis and

Product Composition

Over a dozen different CFs are listed in Table Il.1.e@as Cl, ICI, ICls, KICly,
SbCk, VCls, POCE, and PG) were used to convert bare-cage fullerene (in one ease,
bromofullerene Br».*°) into CFs. The molecular composition of the bulk @Bducts
was not discussed (or investigated), except in our egséiper’ nevertheless, these
products were referred to by the precise molecular f@asalgading the reader to assume
their high purity. In order to determine the moleculamposition and purity of these
CFs, we repeated some of the published CF synthesesnalyted the products by
MALDI-MS and HPLC (see Figure 11.14).

Reactions of g with elemental chlorine were the first ones used férmp@paration.
Different conditions were reported to give differentogucts: (i) high-temperature
reaction with gaseous £(tube furnace, 250-400 °C) produced mixtures of CFs with an

average compositionegCl-24 (Table 11.1, Nos. 1, 8, 10, 12§733%%

(ii) low-temperature
reaction with liquid Gl at =35 °C gave a CF mixture with an average compositfon
CsoClz.1s (Table 11.1, No. 2):* (iii) UV-induced chlorination in liquid chlorine gave a
product consisting primarily of &Cls> and G¢Clss (Table 1.1, No. 11f* (iv) UV-
induced chlorination of § with Ck in carbon tetrachloride or carbon disulfide solution
at 25 °C generally produced CF mixtures with higher degréedlorination, such as
Cs0Clso, CsoClaa, OF GsoClrao (Table 11.1, Nos. 4, 5, 7, 8§;***?2(v) chlorination ino-
dichlorobenzene solution without UV-irradiation wapaded to produce a mixture of

isomers of GClio or a mixture of isomers ofggCl6, depending on reaction time (Table

1.1, No. 15, 18%°
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Figure 11.14. HPLC and NI-MALDI-MS analysis of the reported CFs (seetion IV for the detailed

descriptions of the syntheses). HPLC and NI-MALDI-MSadfar pure samples of¢6Clg (a) and GClyo

(d) are included for comparison. Same HPLC conditions [Bmim flow rate, 300 nm detection
wavelength, toluene eluent) were used during acquisition ofRillCHraces except trace h', where 60/40
toluene/heptanes eluent was used (the other HPLC conditeresthe same).

In our hands, a UV-induced chlorination afp@ith Ck in CCl, solution gave a light-
yellow product that was soluble in GCdlichloromethane, and toluene. HPLC analysis of
this product showed it to be a mixture of several CFs ups¢Gl4z/34 (according to NI-
MALDI-MS), similar to the product of the UV-induced chlorimmat of Gso in liquid

chlorine?* The chlorination of g solution without UV-irradation produced a mixture of

CFs with a lower chlorine content of up t@oClisis in @ 15-minute reaction (see

53



Figure 11.14c) and 6Cheps in a 7-day reaction (see Figure I11.14g). The last two
procedures were reported to yieldsgClip" and "GoCle' (quotation marks here and
below are added by us), correspondingly (see Table 1b115|, 18} The wording used

in the original repoff may be interpreted as a claim of the compositional yofithese
CFs: "Most likely, prepared chlorofullerenegoCl, (n = 8, 10, 12, 14, 26) consist of
several isomers>® Our analysis demonstrates that both products are mixpdresny
CFs which are unlikely to be isomers with the samepmmition due to: i) wide range of
retention times displayed by the components in HPL&es; i) NI-MALDI-MS
showing the presence of higher CFs fogd@1o" product. In light of these findings (also
see below) we suggest that this statement should bectedrto read: "prepared
chlorofullerenes &Cl, (n = 8, 10, 12, 14, 26) consist of several isomers of several
compositions”, which would remove the ambiguity for thedes.

These results show that chlorination @p 8y chlorine can produce a variety of CFs
with a different degree of chlorination depending onabeditions. However, complex
mixtures of CFs are invariably produced under all of theetesonditions (see Section
11.2.4 for further discussion).

The other chlorinating agent that was used for CF syistiesodine monochloride.
The use of this reagent led to the first synthésis CsoCls in a relatively pure formcé.
75-80% as we later determin€d)A paper by Troshin et al., beside a report on the
syntheses of "6Clio" and "GoCls" using chlorine, contains the descriptions @§s,
Cs0oCl12, and GoCli4 preparation by using ICI (also Kadnd KICL) chlorination of G in
1,2-GH4Cl, solution. The exact reproduction of these preparatioogores was not
possible due to insufficient description of the experim&htdoreover, HPLC and NI-
MALDI-MS analysis of both "GClg" and "GoCl.2" (prepared as closely to the original
recipé’ as possible, see Table I1.1, No. 14, 16) showed themdorbplex mixtures (see
Figure 11.14b and 11.14f), which contain CFs up toso@isns and GoCligzo

correspondingly. The authors stated that "pure &t ICl gave the same results as with
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KICI," when the concentrations of these chlorinating agaetadjusted accordingly to
molar content of chlorine. This conclusion is quest@asince the analytical methods
used to study the products (EA and IR spectroscopy) are amdble of giving
sufficiently detailed information on the composition@F mixtures; hence the possible
differences between products formed with different ¢chidmg reagents may have been
easily overlooked. The results of our study ed €hlorination by ICl and IGlalso shows
that different products are produced (see Section 11.2.49th&n complication comes
from the fact that a wet procedure was used for thehegig of KIC}, followed by 1-2
weeks of drying in a desiccator oves(, (an analysis of the composition this reagent
was not reportedy, It is, however, known that a monohydrate KI€4O is isolated from
agueous solutions; furthermore, this compound was reported tmpese upon drying if
chlorine atmosphere is not us&¢Cl, atmosphere was not reported in ref. 25)41@las
also reported to form I in aqueous solution, which makes the wet preparative
procedure a poor choice, especially when a dry Ké@hthesis is knowrf. These facts
made the composition of Kiglused in the original stu®y questionable, which
invalidated the re-examination of the experiments thatd utés compound as a
chlorinating agent.

Priadarsini et al. also reported a synthesis ofCGE," by chlorinating a benzene
solution of Gp with a very large excess of ICI in the absence gtitlisee Table II.1,
No. 6; only EA was used to characterize the productSseéon 11.2.1.Cf° In our hands,
however, their procedure yielded predominantiyGls (see Figure Il.14e) heavily
contaminated with CFs up ta&Clis20 according to MALDI-MS.

These data show that ICl (and other iodine chlorif@ls and possibly KIG)
produces mixtures of intermediate CFs (excepiClg, which can be prepared 90%
pure’) when chlorination takes place in solution. When amatésl temperature is used,
ICl was shown to give higher CFs¢(fClos, CsoClog, CsoClag).**>** Other reagents were

also used for high-temperature;gChlorination. Most of them (Sbg;lVCl,, PCE),
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similar to ICI, were reported to give higher CFssd@hs,>%° Table 1.1, No.19, 20;
CsoClsg, Table 11.1, No. 22°), except POG] which provides the only example of the
high-temperature chlorination ofs§ giving lower CF, GCls (albeit with a poor
conversion of G)."® The resulting higher CF products were usually charaetrby
single-crystal X-ray diffraction study, without ansily of the molecular composition and
purity of the bulk CFs. The first paper that describe§CG, preparation reported it to be
90% pure based on its IR spectrtfimyhich is likely to be an overestimation (see
Sections 11.2.1.C and 11.2.1.D). Highly chlorinated CFs eveeported to be poorly
soluble in common organic solvents, hence we did notatepeir preparations due to
likely complications with HPLC and MS analysis anditHewer utility for fullerene
derivatization.

A conclusion can be drawn that, excepb@s, none of the reported soluble;C
chlorides were proven to be isolated as a single-composingle-isomer product. This
shows that no lower and intermediate pure single-composingle-isomer soluble CFs
(CsoCln, N< 24) besides &Cls (first reported? 15 years ago in 1993) have been prepared
up to date. Our next goal was to study the chlorinatio@efin detail to determine
conditions which would either allow for a preparatminthe new pure soluble CFs, or

yield a separable (by HPLC) mixture of these compounds.
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[1.2.4. Synthesis of New Chlorofullerenes

A. ICl, ICl 3, and Ck Chlorination of Cg. We investigated several chlorination
agents: ICl, IG, and Cj}. Despite its moisture-sensitivity and corrosivenéSkjs easier
to manipulate than Iglor Chb because it is a liquid (i.e., it can be added to reactio
mixtures with a syringe using air-free techniques). In esitriC} is an unstable solid
that evolves Glat 25 °C (the equilibrium pressure of, @bove IC4 is ca 50 torr at
25°C and increases rapidly at higher temperatreBor this reason, we found it
necessary to prepare {Gmmediately prior to use. Furthermore, in order topdity gas
manipulations, a large excess of @las used in our synthetic reactions.(idegassed
Cso Solutions were saturated withyICl

All three chlorinating reagents that we studied, and tlegiction byproducts (ICl or
I2), were easily removed under vacuum, which simplifiedkaup procedures. The lack
of the aqueous work-up step (necessary for chlorinatingsgach as VGi®) and of the
associated extractions reduced product loss and avoided Famydzolysis that might
occur. However, it also calls for a volatile solveatbe used as a reaction medium.
Hence, the chlorination experiments were performed indrgxygenated chlorobenzene
(CB), which we used successfully in our earlier work fer preparation of 90+% pure
CscCls.>” We found this solvent to be much less reactive towfatiser chlorination and
fullerenyzation than benzen&GC-MS analysis of the reaction mixtures showed @t
exhibits further chlorination (when £k used) and chlorination/iodination (in case of IClI

or ICk). The extent of CB halogenation remains sfrfalt low concentrations of iodine

 Impurities account for only 1-2% of integrated intensitthe GC trace; no impurities were detected
by the same method in CB used for this study.
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chlorides (up to 0.375 mM of ICl and 0.125 mM of 4Clrising considerabR/when
higher concentrations of these chlorinating agentsuseel. According to these results,
ICl3 is a more reactive chlorinating agent than ICl (fothid@so and CB, see below). Both
iodine chlorides are much more active towargdsCl| chlorination than G| which only
gives raise to cal% of higher chlorinated impurities. Both positive and tiggaion
APCI mass-spectrometry of the CF products showed no ewedéat fullerenization of
CB was taking place. This allows us to assume thatki@&rination does not influence
the chlorination of & except by consumption of the chlorinating agent. Sinceesblv
chlorination becomes significant only when large. @20 equivalents) excess of ICl or
ICl; is used, we can expect that their consumption due torgdhzdogenation should
have little influence on the course afpChlorination.

In this study we used fully homogenous solutions e, @ith Gso concentration
slightly below its solubility in CB (6.0 mg/mL concenticat of Gso was used; 7.0 mg/mL
was reported asgg solubility in CB in ref. 59), as a system best suifi@da scale-up
when needed. We avoided non-homogenous conditions beoausearlier work on
CsoCls synthesis showed that they lead to a decrease irtigityeas well as poor €
conversion-’

The presence of highly active chlorinating agents in "dsetion mixture made it
impossible to use direct sampling (analyzing equal volumeth@freaction mixture
without any workup, which was used to study photodegradationFs) @r HPLC
monitoring. In order to avoid the need for accurate sequif the reaction mixture and
ensuring the quantitative transfer and injection of thedpets, we chose a different
approach and introduced an internal standard normalizafiddP&C traces. In this
technique the vertical scale of HPLC traces is adjustdaeep the intensity of the peak

associated with the standard compound constant, greatlylifgingp the overall

® Impurities account for up to 25% of integrated intensit@6f traces for ca. 3.15 M of ICI and up to
36% for ca. 3.15 M of IGI
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procedure. The standard had to satisfy strict requirean@iptit must not undergo any
changes under the reaction conditions; (ii) it mugtaftect the reaction of g and the
chlorinating agent in any way; (iii) it must have agvRlue different than the;Ralues of
the starting material and the CF products of interest;it6 R; value should not be too
high, otherwise it can dramatically increase duratioHREC analyses; (v) it must give a
satisfactory detector response (have a high enough eatiraiefficient on the detection
wavelength for the case of UV detection); and (vi) dsimbe soluble in the reaction
media and HPLC eluent. These conditions made the chéite standard difficult, but
after testing and dismissing several candidates (Ciadae to its degradation under
reaction conditions; §F4s due to its low extinction coefficient/detector respne/e
chose a mixture of {g(CFs)12.14 These compounds have convenieptv&ues (3.0-3.9
min under the HPLC conditions used in this study) whichraitl overlap with the R
value of Go (8.2 min.) or the range of;Ralues for the CF products of our reactions (4.0-
10.0 min.). Furthermore, no changes were detected (by AMS}Iin these compounds
after their prolonged exposure to the most drastic etdtian conditions used it our
study (highest concentrations of ICl, 4Chnd C§ in PhCI solution). Finally, control
experiments showed no difference betweegg €lorination with and without added
Cro(CFR)12,14

The HPLC monitoring plots of g chlorination by ICI, I, and Ci are given on
Figures 11.15 and 11.16. The composition of the resulting @fas determined by APCI-
MS analysis of the HPLC separated fractions correspgnmi various HPLC peaks (see
Figures 11.17 and 11.18). Several CFsgdClx-I, CsoClo-1l, CsoCls, and GoClig) were
isolated and studied in detail, which we describe in detaibections 11.2.4.B and

11.2.4.C.

59



Dynamic HPLC
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Figure I1.15. HPLC monitoring of Gy/PhCI chlorination by ICI and IGl The peak of standard,

C70o(CR)10,12 is marked with an asterisk. The composition of CFs dastified by NI-APCI-MS (MS was

performed after HPLC separation).

60



Dynamic HPLC -4 NI-APCI-MS
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Figure 11.16. Left column: HPLC monitoring of §&/PhCI chlorination by large excess of ICl, JGind C}.
The peak of standard§0CFs)12,14 iS marked with an asterisk. Right column: NI-APCI-M3he reaction
mixtures after 6 d 1 h 48 min of chlorination (after KP&eparation of ¢(CFs)12.14).
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Figure 11.17. The HPLC separation and NI-APCI-MS analysis of thedpots of G chlorination by ICI
(approximate highest degrees of chlorination of theespwnding fractions are given by the mass spectra).

CsoClg may be the major constituent of p6 due g3y ion being more intense thagCly; C5Cliy may

be due to contamination of higheroClig2 It is also possible that p7 is comprised of higher CFs

CGOCIlO/lZ-
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Figure 11.18. The HPLC separation and NI-APCI-MS analysis of the prizdat G, chlorination by 1C}
(approximate highest degrees of chlorination of theespwnding fractions are given by the mass spectra).
CsoClg may be the major constituent of p7 due g3y ion being more intense thagCly"; C5Cliy may

be due to contamination of higherClig12 It is also possible that p7 is comprised of higher CFs
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Chlorination with a low concentration of ICI (42 mM, §uevalents) showed thats&
is slowly converted into two isomers 0§l (ortho- and para-isomers) and a single
isomer of GoCls (see Figure 1l.15a). These lower CFs were observedéofirst time,
and later isolated and studied further (see Section .BR.&sCl, is considerably more
abundant than £Cl, at any observed moment of the reaction; both isoofe@s,Cl, are
present as a weak shoulder with a shorteth@n GoCls (9.0 min versus 9.4 min
correspondignly). The highest concentration eJGL; was observed after c@ hours of
reaction at 25 °C. The tetrachloro- compound slowly disagaeduring the next 3 days
with the concomitant formation ofs6Cls (Rr = 10.2 min) and several weak peaks with R
values of cal8-24 min (these compounds are unidentified at the present filmese
changes occur at the same time as the formatioheofed insoluble precipitate. In our
earlier work we observed the formation of the saneeipitate when low concentrations
of ICl were used for g chlorination; we then hypothesized, based on IR and TGA data
that this compound is gCls], dimer!’” This dimer was later synthesized in a sealed
ampoule at high temperature and pressure, and its struatase unambiguously
determined by single-crystal X-ray diffracti6h.Based on the virtually complete
agreement between the the IR spectrum of the reporg@I§[z dimer and our product
we can conclude that they have identical structUr€herefore, the insoluble red
compound we have observed is a dimerigg@%). species (see Chapter Il for further
discussion of fullerene dimers). Our current hypothisdisat the lower chloridessgCl; 4
are converted into Cls, [Cs0Cls]2, and several as-yet-unidentified compounds with long
R values of 18-24 min, as shown in Figure Il.15a.

When the concentration of ICI was increased threg@-fad 0.125 mM
(15 equivalents), the reaction rate increased more thae-fold but without changing
the general course of the reaction, as shown in FigutBbll.The HPLC peaks of the
lower chlorides GCl, 4 were observed during the first 2 minutes after ICI addifldrey

slowly decayed during the next several hours. The fatierination produced a higher
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concentration of €Cl,, which is clearly visible on the HPLC trace after throf
reaction. These conditions provide a higher yield of @I, isomers and £Cls, and
hence they were used for a large-scale synthesis aofe ttmompounds (see
Section 11.2.4.B). The decay of the/Cl, and G¢Cl; HPLC peaks coincided with the
growth of the 18-24 min weak intensity peaks and the predgpitatf, presumably,
[C60Cls)2, similar to the reaction at the lower concentratid ICl (42 mM, 5 eq.). The
HPLC peak due to §Cls started to grow immediately after IC| addition (d#ne as for
the 42 mM ICl reaction). The main difference betwdentiwo reactions was the rate of
chlorination; the intermediate and final products werestrae.

Further increase of ICI concentration to 375 mM changedehavior of the system
(see Figure 11.15c). The first observable product ef €hlorination is GCls which
dominates the HPLC trace. Low-intensity peaks efOG and GCls are visible only
during the first hour of the reaction. No peaks with longevalues (over 18—24 min)
were observed. [£Cls]2, which formation can be correlated with higher concéiotia
of CsoClz 4, is not formed in this reaction. Further chlorinatiorCedCls is observed after
ca. 1 day of chlorination, with additional peaks afClio/12 growing at 9.3 and 9.8 min.
It is interesting to note the formation of the compuneith R = 12.5 min, which persists
in the reaction mixture with a practically constant aaration throughout the
chlorination process. The likely composition of this compb based on NI-APCI-MS
data is GoClio12 although it may also begfCls with an impurity of higher CFs, see
Figure 11.17. By using IGlas a chlorinating agent we were able to find conditions
producing a much larger concentration of this componeatl{siw).

The results of g chlorination suggest that selective synthesis €l can be best
accomplished using higher concentrations of ICl, padfigr375 mM of ICI. These data
are in agreement with our earlier work, which showet higancreasing the excess of IClI
from 30 equivalents to 60 equivalents (same concentrati6roang of Go per 1 mL of

CB was used the earlier study) the minor peaks can beesgepl, yielding a 90% pure
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material’” However, the higher excess of ICI requires a fast chieg of the reaction
mixture, otherwise higher CFs are forme@q«,, n > 6). In our earlier worK this fast
guenching was accomplished using a flash evaporation in a $péeisigned apparatus;
however, this study shows that the use of 375 mM of #GI €équivalents) yields a
practically pure &Cls (+90% pure) anywhere between 1 hour and 8 hours after the
beginning of chlorination. This effectively eliminatesetmeed for fast quenching,
simplifying the synthetic procedure even more, sinceit lbe performed in the regular
Schlenk glassware.

We also tested a different chlorinating agent; [Eée Figure 11.15d). It proved to be
more active than ICI, causing rapid chlorination af Geyond GoCls at 125 mM
concentration (15 equivalents). The chlorination efl6y 1Ck was significantly different
from ICI, causing the formation of a larger quantity @§@g/10/12 With Rr of 12.5 min,
which was only observed in a very low concentration whamgu375 mM of ICl (see
Figure 11.15c). More importantly, the use of 4Chot only increases the rate of
chlorination (when compared with ICl), it also produceshérgdegrees of chlorination,
with CsoCli2141160bserved in the HPLC trace, see Figure 11.18.

We suggest that CFs formed via 4Chlorination are likely to be different from the
products of ICI chlorination, since chlorides with the sgmevery similar) R values
apparently have higher degrees of chlorination according?@IAMS (see Figures 11.17
and 11.18). This demonstrates that\Rlues are likely to be insufficient for reliable CF
identification, and other analytical methods, like ARES, IR, UV-Vis and**C NMR
spectroscopy should be used.

In order to check if a large excess of chlorinating agenpossible capable to push
the reaction towards a single major component or at éeeaskatively simple mixture of
CFs, we studied the chlorination o§g@inder more harsh conditions (see Figure 11.16).

By using large concentrations (c&15 M) of ICl and IG), and large excess of Clwve

found that mixtures of many different CFs are formeblo@Gnation of Gy by a large
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excess of Glled to a surprising result. Most of the startingy @as converted into a
black, practically insoluble precipitate. This compound haselatively simple IR
spectrum with some lines that can be assigned to Cizations. According to the
weight loss of this material in TGA-MS experiment, ¢gismposition can be tentatively
assigned as ddCl, 3 (chlorine evolution was observed by MS). The very loWwlsitity of
this product suggests that it may have a dimeric or a polyskeucture (see Chapter IV
for further discussion). The intensity of the HPLC geahows a dramatic drop, which is
consistent with the formation of the insoluble futlee product. Surprisingly, even after 6
days of the reaction the HPLC analysis of the sol@eproducts of this reaction shows
very broad distributions, without any tendency of the eosien into a mixture with
fewer components. This can be explained by the lack afriokl migration on the
fullerene cage at room temperature; at higher temperathi@sne migration is likely to
be possible, which can explain the successful isolatidngher GCl, with n = 24, 28,
30 (see Section 11.2.3 and Table I11.')*>?°This suggests that some products with lower
numbers of attached chlorines (and hence with longsyda. 9-10 min) may have
structures which are resistant towards further chloonadiue to a combination of steric
and electronic factors. The APCI-MS analysis of the geéducts formed under these
conditions (performed after HPLC separation of(CF3)1012 Standard) showed the
formation of G¢Cl, ions with up to 21 chlorines for 1£and C} chlorination and 19
chlorines for ICI chlorination. These results allowtogestimate the maximum degree of
Cso chlorination in PhCI solution asgCligo for 1ICI and GoClao2 for ICIs and Ch
chlorination.

In conclusion, the use of the dynamic HPLC method geva detailed insight into
the course of g chlorination by several chlorinating agents under variarglitions.
These data gave the first evidence of the formationloafer chlorides GCl 4
Furthermore, the information given by dynamic HPLC aflows to choose the optimal

conditions for a large-scale preparation of +90% pug€le or a particular mixture of
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CFs. In the following sections we describe the succegsfparation, isolation, and
characterization of several new Cies, (0-Cs0oCl2, Cs0Cls, and GoCli0) which was based
on this approach to the choice of the reaction comditio
B. Synthesis, Isolation, and Characterization 0b-CeoCl,, p-CsoCl2, CsoCls, and

CeoCl3H. The large-scale synthesis of the mixture of lowes Q&oCl, 4) was prepared
by chlorination of G solution (6.0 mg of ¢z per 1.0 mL of CB) by ICI (125 mM). The
flash-evaporation of the reaction mixture in our evagmmaapparatus was used to stop
chlorination after only 2 minutes of the reaction, whickswecessary in order to avoid
further chlorination of the lower CFs intadCls. See Figure 11.19 for a technical drawing

of the improved design of the evaporation apparatus.

Greaseless Air-Free Evaporation Apparatus

Materials:

24/40 Outer Rodaviss& Joint, CG-172-05, 2 pse.

24140 Inner Rodavisa® Jeint with Drip, CG-174-08, 2 pac.

#24 Reeaviss® Jnint Cap with Hole, GG-"82-03. 2 nan.

#24 Recayviss® Loosening Ring, CG-154-03, Z pec.

Vizon D-ring, CG-304, 2 psc.

Irlet Valve. digh Vacuun: C3-520, 1 psc.

Al sizes are giver in millimeters. Rodaviss® caps, ratainer rings anc C-rings are arittec fo- clarity.,

220

2 - 400

120

2190

Figure 11.19. Small-scale greaseless evaporation apparatus.
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When a similar rate of evaporation of CB may be aadein a rotary evaporator
equipped with an oil pumf, we do not recommend this approach due to high
corrosiveness of ICI (a polimer washer that ensuneper seal of the rotating shaft in
some models of rotary evaporators may be damaged). €Budting CF mixture was
separated using a two-stage HPLC procedure, with thestage using 100% toluene
eluent, and the second stage using 50/50 tolodregtane mixture (5 mL/min flow rate
was used during both stages). The HPLC traces of the crudeasmally separated CF
mixtures are shown in Figure 11.20. This procedure yielded a @93 G.Cl, (according
to HPLC analysis using 50/50 toluemdieptane eluent); however, botl,Cl-I and p-
CsoCl, were obtained only as .ca5% pure products due to an apparent transformation of
these compounds during some of the steps of the HPLC jtinfic The exact nature of
the transformation that these compounds are undergom@ sompletely clear now and
requires further study.

The compounds-CgoCl,, p-CscClz, and GoCls were analyzed by positive-ion APCI-
MS, which provided us with their molecular compositionadggee Section 11.2.1.G for
the discussion of the mass spectra and Figure 11.5). pfesence of two isomers of
CsoCl2 suggests that bottrtho- andpara-isomers are formed duringséchlorination by
ICl at room temperature in solution (other addition patteare likely to have much
higher enthalpy of formation and hence unlikely to drnied). The UV-Vis spectrum of
CsoCl-l (see Figure 11.21) is virtually identical with the speich of 1,2-substituted
cycloadductN-methyl[60]fullerenopyrollidine (see Figures 11.22 and 1123} which
strongly suggests that it is tl@tho isomer. The UV-Vis spectrum ofgfClo-1l (see
Figure 1-24) is very similar to the spectrum mera-Cso(CFs)- (see Figure 11.25% the
structure of which was first elucidated B NMR and DFT calculatiofi and has

recently been confirmed by X-ray diffracti6h.
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Figure 11.20. Synthesis and separation oCl.-1,Il (ortho- andpara-isomers) and £Cl,. The pathway of

Ceo chlorination is given.

70



o
3
]

©
w
]

absorption

300 400 500 600 700 800
wavelength, nm

Figure 11.21. UV-Vis spectra of 75%-CsCl; in toluene. Bottom plot is a background spectrum of neat

toluene.
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Figure 11.22. UV-Vis spectra of pyrrolidine N-mTEG (mTEG = GQEH,OCH,CH,O0CH,CH,0OCH;)

mono-adduct of € in cyclohexane. Figure is taken from ref. 60.
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Figure 11.23. UV-Vis spectra of ggNMP-Q (N-methylfulleropyrrolidine-quinoline dyad) and,&MP (N-

methylfulleropyrrolidine) im-hexane. Figure is taken from ref. 61.
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Figure 11.25. UV-Vis spectra of G(CFs), in CH,Cl,. Figure is taken from Supporting Information of our

earlier paper, ref. 62.

However, the spectrum ofsCl-11 has an additional feature at 490 nm not found in
the spectrum ofpara-Cso(CFs)2, which could be due to this compound or to an
unidentified impurity (samples ad-CgoClo/p-CsoCl, were ca 75% pure). Despite this
slight irregularity in UV-Vis spectra, it is very likelthat GoCl-Il has a 1,4-addition
pattern and ip-CgoClo. This conclusion is also supported by the differentb@n of o-
CsoCl, and p-CsoCl, under PI-APCI-MS (see Section 11.2.1.G for the disurs®f the
mass spectra and Figure 11.5): The compound we designat€&€l, does not form an
observable molecular ions6Cl,", but the compound we designatgaBs.Cl,, does. This
is consistent with a more crowded environment of that@ins ino-CgoCl, than inp-
CsoCl.

If we assume that chlorine migration on the fullereage is unlikely to occur at a
significant rate at 25 °C, then the structure of thebhloro compound we have isolated
is probably 1,6,9,18-+3Cl,. The results shown in Figures I1.15a, II.15b, and .20
demonstrate thai- andp-CsoCl> are both converted into a single isomer gfGL, which
is subsequently chlorinated to form the single isomer-S§&€ls (SPP = 1,6,9,12,15,18).

Based on this information,s6Cl; should have the 1,6,9,18 addition pattern because this
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pattern (i) can form from eitheo- or p-CsCl, without rearrangement and (i) is a
fragment of the SPP+Cls addition pattern. Figure 11.26 shows that the UV-Vis
spectrum of 99% pure«Cl, is similar to the spectrum of the structurally chazeezed
compound 1,6,9,1845CH,Ph)..> Nevertheless, since UV-Vis spectra of differepifG
isomers are not very well resolved (see Figures 11.2Y 1&28), the addition-pattern

assignment for &Cls cannot be based only on its UV-Vi®
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Figure 11.26. UV-Vis spectra of 99%Cs,Cl, in toluene. Bottom plot is a background spectrum of neat
toluene.
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Figure 11.27. UV-Vis spectra of two different isomers of §&5CH,),Cqo in hexanes. The figure is taken

from ref. 65.
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Figure 11.28. UV-Vis spectra of G(CFs), in CH,Cl,. Figure is taken from Supporting Information of our

earlier paper, ref. 62.

Fortunately, diffraction-quality crystals (albeit raNaly poor-quality crystals) of the
adventitiously substituted derivativesfE8Cl; grew from a +3 °C toluene solution
protected from light during several weeks. A preliminary Ietagystal X-ray diffraction
study of this compound showed that it is 1-H-6,9,383G. If we tentatively assume that
the CI/H substitution occurred without rearrangemern ttihe precursor of 1-H-6,9,18-
CsoClz should be 1,6,9,18«Cl;. We are attempting to grow higher-quality single
crystals of 1-H-6,9,18-§Cl; for a more precise structural study, but the additidtepa
of this compound is no longer in question. Interestinghg Cl atom that undergoes
substitution in the putative transformation 1,6,9,%83% — 1-H-6,9,18-GCl; is the
one that is the most crowded, with arého and twometaCl atom nearest neighbors.

C. Synthesis and Characterization of gClio. The dynamic HPLC study ofeg
chlorination by 375 mM ICI in chlorobenzene showed thatftinther chlorination of
CsoCls was still rather slow under these conditions (Begure 11.15c). Therefore, we
increased the concentration of ICI ta. 660 mM (80 equivalents) for a large-scale

preparation of gCl, compounds withn > 6), and this change resulted in a reaction time
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of only 6 hours. Figure 11.29 shows the HPLC purificationha& reaction products, which
yielded a single isomer ofs&Clip as the main product. The successful crystallization of
this compound led to its unambiguous structure determinatiok-iay diffraction (see
Appendix A.2). The unprecedented and unexpected addition rpattehis compound,
1,6,9,12,14,15,18,28,29,31(Clio, is shown in Figure 11.30 (see Section 11.2.5 for
further discussion). Note that this asymmetric addipattern includes the SPR¢Cls
addition pattern, suggesting thatoClip might be formed by the addition of four ClI

atoms to SPP-4Cls without rearrangement.
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Figure 11.29. C5Clio HPLC separation and characterization by NI-APCI-M31 ‘d68-NMR (the starred peaks are due to unidentified organic itgpu0/70
toluene/heptanes mixture and 7 mL/min eluent flow wad t@eHPLC analysis and separation.

s



a b

Figure 11.30. Structures and Schlegel diagrams @G (a) and GClio (b) determined by single-crystal X-ray diffraction stfgge Appendix A.2).
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[1.2.5. The Relative Stability and Stepwise Formation of gClio from
Ced/ICl Reaction Mixtures. A DFT Frontier Orbital Analysis.

The addition to & or higher fullerenes of H, F, Cl, or Br atoms ors@Foups, each
of which forms a 2c-Zebond to a single cage C atom, has been extensiveliedtud
experimentally and theoreticafty?°4°%®®The smaller addends H and F tend to add so
that all of the newly formed C(3patoms are contiguous (one notable exception is an
isomer of GoFs;®® here we are only citing compounds formed by direct additi
fullerenes, not by substitution of fullerene-derivativeqursors). Fon < 12, the larger
addends Br and GRend to form derivatives with the addena®ta or para to one
another, withortho cage C(sf) atoms being rare. For example, the only bromofuliese
with neighboring C(sp) atoms are &Brs (one ortho pair),® and G¢Brio (one ortho
pair).”* Fullerene(CE), compounds tend to have addition patterns that areedfén as
ribbons or loops of edge-sharinteta andpara-Cso(CFs)2 hexagon$?’2 Chlorine atoms
are sterically in between. For> 2, CFs in whiclall of the fullerene C—CI vertexes are
contiguous (e.gD34+Cs0oClzo), or in whichnoneof the C—CI vertexes are contiguous (e.g.
CsoCl4™® and GgCls™), are rare. Chlorofullerenes with some C—Cl vertexéso, some
meta and somgarato one another are the rule, includi@gSPP-GClg,*° **8%CqoClg,?®
CsoClio (this work),"®*CsoCli2,%® CsoClag,™® Co-Cs0Clao, > C7oChio,” " C70Chis,”* Cr0Chag,”
and G¢Clis.”®

Before we had determined the structure gf3G, by X-ray crystallography, we tried
to prepare a "short list" of plausibledClip addition patterns to begin our computational
study. The only structurally characterizedyXGo compounds that are known are five

isomers of Go(CFs)10, None of which have contiguous cage €\spgoms®*’’ The "in-
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between" steric requirements of Cl atoms meant weatcould not consider these five
addition patterns as very likely. Furthermore, non¢hefn are derived by adding four
addends to SPP§CFs)s (which, incidentally, is a known compoufid Nevertheless,
one isomer of g(CFs)12 does have two SPP addition-pattern fragments on opposit
poles’® Initially, therefore, it seemed reasonable to propise one possible stable
isomer of GoClip might have the addition pattern of SPP,SRKF&F3):2, minus the ClI
atoms on one of thertho pairs of C(sf) atoms (this would leave a ribbon of three edge-
sharingpara-CsCl, hexagons on the pole opposite the SPP fragment). Flasiudy of
the early stages of addition tgg_Clare and Kepert calculated selected isomers¢Z1cC
forn=2, 4,6, 8, 12, 18, and 24. Plausible isomerssgCks were not mentioned, even
in passing. At the HF/6-31G* level of theory, Zhao and co-warkalculated isomers of
CsoCln for n = 2, 4, 6, 8. In that paper, they stated that "the HOMCEPP-GoCls is]...
almost evenly spread over the equator belt, implying.. prederred site for further
addition."

With this limited information as a starting point, we ided that our computational
study had to be as inclusive as possible. We performedxlaaustive search of all
isomers of GClip formed by adding four Cl atoms to an SP&d array. We believed
that this limitation was justified because there apereports demonstrating Cl atom
rearrangement in a CF at 25 °C (there is one repattdfiorination ofTy-CsoClo4 with
SbCk at 300 °CproducesD;+CgsoCl3o, and theDs+-CsoClszp addition pattern cannot be
derived by simply adding six Cl atomsTgCsoClo4; however,T-CsoClo4 decomposes to
Cso and C} at temperatures above 280 °C, so it is not clearDhaCsoClso is formed in
this reaction by chlorination of intad-CsoCl4™2). More than 30,000 isomers were
studied at the semiempirical AM1 level. The 1,100 lowestgy isomers from that set
were recalculated at the PBE/TZ2P//AM1 level, and théodst-energy isomers from
that set were recalculated at the full PBE/TZ2P llesad again at the B3LYP/6-
311G*//PBE/TZ2P level. The nine lowest-energy isomers fthat set are shown in
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Figure 11.31, along with their full PBE/TZ2P and their B3R¥%-311G*//PBE/TZ2P
relative energies. Table 1.3 is list of the 44 DFT-presticlowest-energy isomers and

their relative energies (0.0-23.8 kJ Matith the PBE functional).
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0.00 (0.00) 1.32 (0.23) 2.48 (7.61) X-ray
Isomer
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4.57 (8.58) 5.68 (13.95) 6.68 (14.59)
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8.20 (16.53) 8.61 (15.60) 8.84 (16.88)
Figure I1.31. Schlegel diagrams of the nine lowest-energy DFT-oggnhisomers of £Clyo that include
an SPP array of six Cl atoms (SPP = 1,6,9,12,15,18). Tdamtk are not necessarily the lowest set of
locants; they were chosen so that comparisons with8128,31,SPP-£Cl;, can be clearly seen. The
relative energies shown were determined at the B3L-8R185*//PBE/TZ2P level of theory (the values in
parentheses were determined at the PBE/TZ2P//PBE/TZ2R. leve



Table 1I-3. A list of the 44 DFT-predicted lowest-energy isomeireClyo (that have
the SPP-6Cls moiety in their structure).

added pattern

SPP+, non-IUPAC E, IUPAC locants )
numbering kJ/mol £ (B3LYPIPBE) numbering (relative to
SPP-Cg,Clg)
10,12,18,21-C,Clyg 0.00 0.00 14,31,47,59 pmp
7,9,18,22- C¢oClyg 1.32 0.23 13,32,51,59 pmp
2,10,13,21- Cg,Clyg 2.48 7.61 14,28,29,31 omp
6,9,22,31- CgoClyo 4.57 8.58 13,17,32,35 ppp
9,22,30,41- CgClyg 5.68 13.95 14,20,31,39 p and p
10,11,17,21- CgClyg 6.68 14.59 14,31,48,58 pop
9,10,13,22- Cg,Clyg 8.20 16.53 13,28,31,32 pop
8,9,22,26- CgoClyg 8.61 15.60 13,32,50,60 pop
10,21,30,41- CgoClyg 8.84 16.88 14,31,19,40 p and p
5,6,9,22- CgoClyg 9.76 13,32,34,35 omp
10,13,21,24- CgClyg 10.21 10,14,28,31 ppp
8,26,30,41- CgClyg 11.92 14,31,54,60 p and isolated p
6,9,10,21- CgoClyg 12.55 14,31,32,35 pop
8,26,33,39- CgClig 13.12 47,54,59,60 isolated pop
7,11,12,18- CgoClyg 13.27 47,48,51,59 isolated omp
6,8,26,31- CgoClyo 13.35 16,36,54,60 pmp
7,8,12,18- CgoClyg 13.63 47,50,51,59 isolated omp
7,17,18,36- CgoClig 14.00 44,51,58,59 isoalted pop
1,2,10,21- Cg,Clyg 14.16 14,26,29,31 pmp
9,17,22,36- CgoClig 15.13 13,32,44,58 p and isolated p
9,22,33,39- CgClyg 15.15 13,32,42,56 p and isolated p
9,22,29,42- Cg,Clyg 15.36 13,20,32,39 p and p
5,9,22,46- CgoClyo 15.48 13,32,34,37 pmp
7,8,26,43- C¢oClyg 15.50 50,51,54,60 isolated omp
11,17,34,40- CgClyg 15.62 41,48,57,58 isolated pop
7,18,30,41- CgoClyg 15.68 14,31,53,56 p and isolated p
10,13,21,22- CgClyg 15.70 13,14,28,31 omp
11,12,17,36- CgoClyg 15.95 44,47,48,58 isolated pmp
6,7,18,31- C¢oClyo 16.05 17,35,51,59 pop
14,17,23,36- CgoClyo 16.07 11,27,44,58 pmp
10,21,34,40- CgClyg 16.30 14,31,41,57 p and isolated p
11,15,17,36- CgoClyo 17.05 44,45,48,58 isolated omp
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3,4,11,12- C4oClyg 17.92 30,33,47,48 omp
2,10,11,21- CgoClyg 18.22 14,29,31,48 "opp"
4,6,9,31- CgoClyg 18.22 17,32,33,35 omp
10,11,12,21- C4oClyg 18.31 14,31,47,48 oop
6,29,31,42- CgoClyg 20.44 17,20,35,39 p and p
7,8,9,22- CgoClyg 21.24 13,32,50,51 oop
14,15,23,34- C4oClyg 21.61 11,27,45,57 pop
6,10,21,31- CgoClyg 22.50 14,17,31,35 p and p
7,8,29,42- C¢oClyg 22.98 13,32,53,54 p and isolated p
7,8,30,41- CgClyg 23.28 14,31,53,54 p and isolated p
10,15,21,36- C4oClyg 23.31 14,31,44,45 p and isolated o
9,22,28,37- CgoClyg 23.80 7,13,24,32 p and p

The unusual and unexpected results are as follows, ffiesthird most stable isomer
of CsoClyo that can be made by adding four Cl atoms to SREICIs the abundant
isomer we have isolated and characterized by X-raytalkygraphy, 14,28,29,31,SPP-
CsoClio. Second, the addition pattern of 14,28,29,31,SREHg is not a fragment of a
known or proposed addition pattern of amnge>G compound withn > 10. Third, all but
one of the nine lowest-energy isomers are asymmeitne least-stable of the nine
isomers ha€s symmetry). Fourth, all nine involve the creation of ond¢wo ortho pairs
of C(sp)) atomsin addition totheortho pair in the original SPP array (in fact, only one of
the 44 lowest-energy isomers does not have an addibothe pair). Fifth, all of the CI
atoms in the first nine isomers share a hexagon atitbast one other Cl atom from the
SPP array (i.e., there are no isolatefClg hexagons and npmpor p® ribbon of edge-
sharing GCl, hexagons that is isolated from the SPP Cl atomsh#fitst nine isomers).
The 14" isomer (not shown), with a relative energy of 13.1 kI 'ine the lowest-energy
isomer for which the four added CI atoms do not sharexagloe with any of the six Cl
atoms in the SPP array. Finally, the isomer refetoegarlier, with an SPP array on one
pole, an isolateg® ribbon on the other, and over&} symmetry, is not even among the

44 lowest-energy isomers. Its DFT-predicted relative ggnes 34.2 kJ mat. One thing
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is now clear. The "flexible" steric requirements df@oms will make it much more
challenging to make a list of plausible addition pattdsased on previously reported
structures, for a given value ofthan for fullerene(X)derivatives with X = H, F, Br, or
Ck.

Significantly, 28 of the 44 lowest-energy isomers gfCLio have a Cl atom on either
C13 or C14, including all of the first 13 isomers and 20 effitst 28 isomers. The C13—
C14 bond in DFT-optimized SPPsxCls, at 1.379 A, is among the shortest, and
presumably the most electron rich, double bonds in thisgute (only the unique bonds
and atoms irC-symmetric SPP-£Cls are mentioned in this paragraph; see Figure 11.32
for a numbered Schlegel diagram of SPAE). The only shorter bonds in SPRCls
are C2—C3, at 1.356 A, and C10-C11, at 1.377 A. However, none 4#tisomers has a
Cl atom on C2 or C3 and only three of the 44 isomersal@isatom on C10 or C11 (and
one of these also has a Cl atom on C14). The nexteshaouble bond in SPPsCls is
C16-C17, at 1.383 A, but only six of the 44 isomers has a @1 atoC16 or C17, and
two of these also have a Cl atom on C13 or C14. Athefremaining double bonds in
SPP-G.Cls are 1.401 A or longer. We shall return to this point latehis section.

To better understand the transformation of SRk into 14,28,29,31,SPPeCl10,
we considered all possibledCls isomers formed by adding two Cl atoms to SRFEG
without any rearrangement. Calculations were performdtie same way as in the case
of SPP-GuCls (the 50 lowest-energy isomers at the B3LYP/6-311G*//PBEF Evel).
Nine of the first 19 lowest-energy isomers are shawfigure 11.32, along with their
B3LYP/6-311G*//PBE/TZ2P relative energies. Interestinghe most stable isomer is
14,31,SPP-&Clg and the 28,29,SPP and 28,31,SPP isomers are no more than 21 kJ
mol™* higher in energy. Note that 13,32, SPRGT, is the second lowest-energy isomer.
It is now clear that the formation of 14,28,29,31,SRiEL, is not only among the
kinetically favored products of the further chlorinatiohSPP-GiCls, it is among the

three most-thermodynamically-favored products as well.
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14,31,SPP 13,32,SPP 51,59,SPP

0.0 kJ/mol 1.6 kJ/mol 7.1 kd/mol

42 ,56,SPP 50,60,SPP 44 58,SPP
7.7 kdJ/mol 9.7 kdJ/mol 10.2 kJ/mol
16,36,SPP 28,31,SPP 28,29,SPP
12.1 kd/mol 16.8 kJ/mol 20.8 kJ/mol

Figure 11.32. Schlegel diagrams of the nine lowest-energy DFT-opgchisomers of £Clg that include

an SPP array of six Cl atoms (SPP = 1,6,9,12,15,18). Tdamt® are not necessarily the lowest set of
locants; they were chosen so that comparisons with8128,31,SPP-£Cl;, can be clearly seen. The

relative energies shown were determined at the B3L-"8R165*//PBE/TZ2P level of theory.



Figure 11.33. Numbered Schlegel diagram of SPRl.. Blue and red circles signify the HOMO of this
molecule (based on DFT calculation).

Let us examine the HOMO-Schlegel diagram for SRk, shown on Figures 11.33
and 11.34. There are 10 unique cage C atoms that have tbtesigaificant contributions
to the HOMO, the orbital that presumably is attacked@ly These are C26—-C35, and
these are the C atoms that would form a bond to therh af the incoming ICI
electrophile. Let us assume that any one of these tatoi@s that shares a hexagon or
pentagon with a C—ClI vertex is sterically hindered, as$tléo some extent, from forming
the linear (cage)CI-Cl Lewis acid-base adduct. Since those atoms are C26,G329,
C33, and C34, that leaves C27, C28, C31, C32, and C35 as theikabyspobints of
attack for the IClI molecule. Next, are there anyedédhces in the bond distances for the
three "double bonds" C27-C28, C31-C32, or C35-C36? The answer tisentiiree
B3LYP-DFT optimized distances are 1.442 + 0.001 A. Do théferdin their POAV
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angles? The answer is no: all five are 12.0 + 0.1 degllfi the relative energies of the
CsoClel™ cationic inter-mediates are all within 3.3 kJ/mol of @anether (the isomer with
I" on C31 is the lowest).

A 3D representation of the HOMO of SPR«Cls is shown on Figure 11.33. Perhaps it
is significant that the size of the lobes on C28 and &8xigger (if only a little bigger)
than the lobes on C27, C30, and C34. Does this mean a pigiebility of the GClsl™
intermediate having the | atom on C28 or C32 than on C27, @3C35? | must ask

AAP for his opinion about this.

Figure 11.34. A 3D representation of the HOMO of SPBCl;s (Note that C27 is hidden from view in this
figure, but its lobe is no bigger than the lobe of C31).

Let us assume there is no rearrangement of eitherdl atoms once they are
attached to the cage (see above). In that case, wpropose that the "mechanism" of
adding two Cl atoms to a pair @frtho positions may proceed as follows (see the
Figure 11.35);para additions would also be likely, because the positiagdin the iodo
cation would be distributed on tpara as well as thertho positions. The hypothesis that
an ion-pair consisting of an iodo cation and arp 1@hion can exist in chlorobenzene
soln. is also discussed in the MS. The mechanism isstensiwith, but goes beyond,
proposed mechanisms for the addition of ICl to olefife Toeyond" part is the attack of

the second ICI molecule on the cage C—I bond (the teadtion in the sequence).
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Figure 11.35. The proposed mechanism of ICl addition to the double botttediillerene cage.

Now let us follow the frontier-orbital-based argumethizt lead from SPP+Cls to
14,28,29,31,SPP+lio by reactions with ICI in chlorobenzene. We will nogue that
this isomer of gClip mustbe formed from SPP+ls, but rather that it is highly likely
to be formed ithe first intermediate, &Clsl*, has its iodine atom on C28 or C31, which
it will 40% of the time if addition of "I" to "the most likely points of attack” is purely
statistical. Therefore, we will argue that, in reped, itcould have been predicted that
14,28,29,31,SPP+lio should be onef the major isomers ofggdClio formed, even if it
is not_ themajor isomer (which of course we do not know).

Shown on Figure 11.36 are drawings of the LUMOsXaltSPP-GCls" cations K =
28, 31), presumably the orbitals that would be attacked byGkednion, transfering a

CI ion from IChL™ to theX-I-SPP-GCls" cation.

]
LUMO of 28-1-SPP-£Cls" LUMO of 31-1-SPP&Lls"

Figure 11.36. The drawings of the LUMOs 0f-1-SPP-G.Cls" cations X = 28, 31).
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After substitution of the | atom for a Cl atom by gexond ICI molecule, isomers of
X,Y,SPP-GCls would be formed. For the 28-1-SPRqCls" cation, C10 is sterically too
crowded to react with the next ICl molecule, leaving C28 @81 as the most likely
points of attack, and C31 is far less crowded than C29, wigttho to the | atom. For
the 31-1-SPP-gCls" cation, C28 is far less crowded than C30 or C14. Therefbee
most likely isomers of §Cls would be 28,29,SPPeLl;, 28,31,SPP-£Cls, and
14,31,SPP-6Cls. The HOMOs of these three isomers are shown on & id)36.

HOMO of 28,29,SPP4LCls

Figure 11.35. The drawings of the HOMOs of,Y,SPP-GCls.
The most theromodynamically stable isomer @tCL is 14,31,SPP-£Cls (see

above), so we will limit our further discussion to From this isomer, the most likely
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isomers ofZ-1-X,Y,SPP-GClg" to be formed next (taking sterics into account) would be
28-1-14,31,SPP-Cls" and 29-1-14,31,SPP«LIls". Both of these isomers lead to
14,28,29,31,SPP+lo. This shows that the molecular orbital analysis ddlesvaone

to predict the likely products resulting from multiple adutitto fullerene cage.

Figure 11.36. The drawings of the HOMO of 14,28,29,31,SPRAG, (two different orientations are
shown).

The similar analysis of 14,28,29,31,SPRT:, shows that HOMO of this molecule
is spread across multiple cage carbons. This indicatdsfurther chlorination of this
isomer of GuCli is likely to be lead to multiple isomers 0%dCli2, which lies in
agreement with our observations on the higher chloanatif G, (see Section 11.2.4).
However, in principle it is possible to predict the lkesomers resulting from such
reaction using the same approach of molecular orbitdysisacoupled with theoretical

calculations of the thermodynamic stability of theermediate (and final) species.
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[1.3. Conclusions

This study of G chlorination convincingly demonstrates the power of our
methodology (that was introduced in the Preface ofdlssertation) for the study of a
novel class of chemical compounds. We successfullylolese and validated a set of
analytical methods for the first time made possibleliably study of complex samples of
chlorofullerenes, oftentimes comprised of many differiedividual compounds. Using
this analytical methodology we were able to reexamiree rajority of the literature
reports dedicated to synthesis (and characterizatibrghlorofullerenes. Our careful
reproduction of the reported literature procedures and sisalgf the resulting
chlorofullerene products shows that all of them areplermixtures of compositionally
and isomerically different compounds with a sole exoeptof G¢Cls. In order to
investigate G chlorination fundamentally and develop efficient methfmigpreparation
of the single-composition, single-isomer chlorofullexgrmesides £Cls we carried out
the first detailed study of this process. We studiggc@lorination under several different
conditions using different chlorinating agents relying ostesyatic mapping of the
reaction space according to our general methodology.nAghis study was made
possible because we were able to reliably analyze and stsditimg chlorofullerene
products using previously developed analytical methods. Besiddsep theoretical
insight into the process of fullerene chlorination thtisdy allowed us to discover and
develop efficient syntheses and separation methods émptbduction of previously
unknown chlorideso-CsoCly, p-CsoClz, CsoCls, and GoClio. The elucidation of the
structures of these compounds (using single-crystal X-rffyaction and UV-Vis
spectroscopy) allowed us to suggest the reasons behimmbskeved regioselectivity of

91



fullerene chlorination. Using extensive theoretical gialtons we were able to show that
the selectivity of this process is likely to be heawdfluenced by the geometry of the
HOMO and SOMO orbitals of the (chloro)fullerene sulistraeand open-shell
chlorofullerene intermediate.

Using our analytical methodology we also performed tihgt fletailed study of
chlorofullerene stability. We discovered that all cbloflerenes that we studied are
photosensitive in solution. The study of chlorofullerstedility was instrumental to the
success of this work since we were able to ensure thatibrofullerene samples under
investigation do not experience degradation (by shielding them light at all times).
The knowledge of chlorofullerene stability was also @iu our success in growing X-
ray quality single crystals of these compounds fronr thelutions (and their further
structural study). This is the first reported instance af #uccessful growth of
chlorofullerenes single crystals under such conditiamsall earlier reports exotic and
poorly reproducing methods of situ crystal growth under high temperature and pressure
were used. The discovery of chlorofullerene photosgitgialso raises questions of the
results of earlier studies, since extensive chlorafie degradation in these reports
cannot be ruled out (no light-shielding or photosensitiwigs indicated in these earlier
studies). This highlights the importance of the systensa#bility study, especially when
a novel class of compounds is investigated.

The highly successful application of our general methogotogthe study of &
chlorination and & chlorides created a need for a similar investigatio@;ein order to
determine if the observed behavior is generic to oth#eréme cages. Chapter Il
describes our successful application of our analyticahoumlogy and general approach

to the study of such systems tg,Chlorination and & chlorides.
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[I.4. Experimental Details

Reagents and solventsBenzene (Sigma-Aldrich , Na), toluene (Fischer Sdienti
Na), chlorobenzene (Sigma-Aldrich, CaHand 1,2-dichlorobenzene (Sigma-Aldrich,
CaH,) were ACS Reagent Grade (vendor indicated in parasjhasd were distilled
from the indicated drying agent under purifiegd &imosphere prior to use. HPLC Grade
toluene, heptanes (Fisher Scientific), and ,CH (Fisher Scientific) were used as
received. G (99.9%, Term-USA), iodine monochloride (Sigma Aldrich, 99.99886e
metals basis), trans-2-[3-c-2-methyl-2-propenylidene]maldnieni  (Fluka),
chromium(iii) acetyl acetonate (Sigma Aldrich), anBrKSigma Aldrich, 99+ % FTIR
grade) were used as received. All syntheses were cavuedunder a purified N
atmosphere by using standard Schlenk techniques with vigorousgsby a magnetic
stirrer.

Instruments. HPLC analysis and separation was done using Shimadzu liquid
chromatography instrument (CBM-20A control module, SPD-28Adétector, LC-6AD
pump, manual injector valve) equipped with 10-mm I.D. x 250 nasn@sil Buckyprep
column, Nacalai Tesque, Inc.). Electronic spectra chldromethane and/or toluene
solutions of chlorofullerenes were recorded using a Vatiary 500 spectrophotometer
(see Appendix I-1 for more detailsfC NMR spectra were recorded at 25 °C using a
Varian INOVA-unity 400 and a Varian INOVA-unity 500 spectrdetre operating at 100
and 126 MHz (see Appendix I-2 for more details). MALDI mggsctra were recorded
on a Kompact MALDI IV (Kratos Analytical, ManchestddK) time-of-flight mass-
spectrometer in the linear mode. A 337 nmldser was used for target activation. Each
mass spectrum was the average of 50-100 laser shots. Clesamglthe trans-2-[3-{4-
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tert-butylphenyl}-2-methyl-2-propenyl-idene]malononitrile matmaterial (DCTB) were
dissolved separately in toluene and were mixed in a 1:10nobBample/DCTB ratio
assuming the sample contained onkg@s. A drop of each sample/DCTB solution was
deposited on a stainless steel slide by using a capil@rgiaed under a strong stream of
cool air from an airsprayer/brush in order to achieveniform sample surface. APCI
mass-spectra were recorded on 2000 Finnigan LCQ-DUO magdsespeter (CHCN
carrier solvent, 0.3 mL/min flow, CF sample injected aolution in toluene).
Thermogravimetry was performed using a TA Instruments PG50 (platinum sample
pans,ca.5 mg sample size, 25-500 °C temperature range).

98% C70(CF3)10 and Cro(CF3)10,12 mixture. 98% pure Gy(CFs)10 was prepared and
purified according to the procedure described in®fefS;o(CFs)12.14 mixture was isolated
during HPLC purification of &(CFRs)10 (a fraction with R= 2.5-3.5 min was collected
using 20/80 toluene/heptanes eluent), see ref. 80.

lodine monochloride handling and transfer.In a typical experiment, the storage
container with solid ICI (a storage tube equipped witlefioh valve and a side arm) was
warmed up, the resulted liquid then measured and transtesiregla warmed-up air-tight
syringe (500uL, 250uL, and 50uL syringes with Teflon plungers were used) equipped
with a Teflon straw of sufficient volume to accommtedall of ICI (to avoid ICI contact
with the stainless steel needle and a possible metalhtamination) under protective
flow of purified Nb. DANGER! ICl is very volatile, extremely corrosiie metal and
rubber, and moisture-sensitive.

ICl 3 preparation. ICI (12.5uL, 0.246 mmol; or 37@L, 7.41 mmol) was put into a
small-scale, greaseless, air-free reactor (see Figd¥) and degassed (by using two
consecutive freeze-pump-thaw cycles). After degassingéSIcooled taa. -50 °C and
a large excess of gaseous @hs added to it (some chlorine condensed into a liquid).

The reactor was allowed to slowly warm up to room teatpee (it was connected with
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the atmosphere through an oil bubbler to avoid pressured-bp)l which was

accompanied by the change of dark-brown color of ICllimight-yellow color of IC4.

Greaseless, Air-Free Small-Scale Reactor

Materials:

14/20 Outer Rodaviss® Joirt, CG-172-01, 1 pes.

14/20 In"er Rodaviss® Join: with D p, CG-174-01. 1 oce.

£14 odaviss® Jaint Cap wih dole, GG-152-01, 7 pan.

#14 Rodaviss® Loosening ing, C3-134-01, * psz.

Viton O-ring. CG3-305, 1 psc.

Inlet Valve. High Vacuum: CG-590, 1 pes.

All sizes are given in mrillimsters. Rocav 2@ caps, retainer rincs and O-rings are omitted for clarity.

100

14

Figure 11.31. Small-scale greaseless air-free reactor.

After allowing ICk to stand at room temperature for 30 min the product wasaoota.

—-50 °C and evacuated for ~5 min in order to remove thesexafechlorine. IGlwas used
immediately after the synthesis in the same reattoorder to avoid the need of
transferring and weighting this substance. DANGERY} ISl very volatile, extremely
corrosive, and moisture-sensitive. J@leases chlorine upon warming, which can lead to

a dangerous pressure buildup in a closed container.
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CF handling. All operations involving solutions of CFs were perfornedther in the
dark (vessels containing CF solutions were wrapped with alumfoil) or with minimal
exposure to light (the experimental operations were padd as quickly as possible
under minimal illumination). The synthesis of the repdrCFs were performed without
any special consideration for light exclusion for anuaate reproduction of the original
procedures (excepts6Clio-I synthesis, see below); however, handling and anatysise
products were in the dark or with minimal light exposure.

Synthesis of GClg samples A, B, C, and DSamplesA andB were prepared by
adding ICI (1.600 g, 0.500 mL, 9.8 mmah. 60 eq.) to a vigorously stirred solution of
Coo0 (0.1220 g, 0.169 mmol) in CB (20 mL) at.d® °C (the evaporation chamber was
placed in a cool water bath) in the glass reactor adlldesigh’ (see Figure 1-19) with
pre-cooled (by liquid nitrogen) trap. Immediately afterdhdédition of ICI, the reactor was
put under dynamic vacuum (oil pump) in order to remove détiMes (CB, excess ICI,
I2) as rapidly as possible without warming of the reaatmxture. After ca7 minutes the
reaction mixture was evaporated to dryness. It was keptr uhgeamic vacuum for
additional 45 min to ensure the complete removal ofd@d especially,l The dry
product was washed off the walls of the evaporation chambéhe reactor with a
minimum volume of HPLC grade GBI, (under air); then CyCl, was removed under
vacuum to give sampB, GsoCls (0.1553 g, 0.166 mmol, c88% yield). Sampl& was
prepared fronta. 0.04 g of the sampB by HPLC purification (100 % toluene eluent, 5
mL/min flow, @10 mm x 250 mm semipreparative Cosmosil Buocggrolumn).

SampleC was prepared by addition of ICI (0.800 g, 0.25 mL, 4.9 mmok@&q.) to
a vigorously stirred solution ofgg(0.0600 g, 0.083 mmol) in CB (10 mL) at d8 °C in
50 mL Schlenk flask. Immediately after addition of 1@k fflask was put under dynamic
vacuum (oil pump). After cal h the reaction mixture was evaporated to dryness; the

flask was kept under dynamic vacuum for additional 6 h tactmeplete removal of ICI
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and b. The product was used without further purification. Thddyie not calculated due
to low purity of the product.

SampleD was prepared by addition of ICI (0.467 g, 0.146 mL, 2.9 mmoB@a&q.)
to a vigorously stirred solution ofz6(0.0263 g, 0.036 mmol) at.c20 °C in CB (4 mL)
in 50 mL Schlenk flask. 15 min after ICl addition the reactmixture was put under
dynamic vacuum (oil pump). After 40 min the reaction ongt was evaporated to
dryness; the flask was kept under dynamic vacuum for addltR h to remove IC| and
l,. The product was used without further purification. Thddyie not calculated due to
low purity of the product.

Photodegradation experiments:CgoClg/toluene. HPLC purified and carefully dried
(see Appendix I.1 for the description of the drying procefdaample of €Cls (6.6 mg,
7.1 umol, prepared analogously taLCls sampleA) was dissolved in dry deoxygenated
toluene (50 mL) under purified Natmosphere. This solution was split into four parts of
approximately same volume. PattandIl were transferred into Schlenk flasks (under
N2), when partdll andIV were transferred into 25 mL volumetric flasks with small
diameter necks and ground-glass stoppers (all resemwens made of colorless Pyrex
glass). Solutiongll andIV were aerated for 10 sec by bubbling air through them. The
flasks containing solutionsandlll were wrapped in aluminum foil to shield them from
light, when flasks with solution andIV were left in the fume hood exposed to a
continuous irradiation with ambient fluorescent lightl solutions were stored in the
same place to ensure their equal temperature. All fagkdl were tightly capped (using
silicon grease) to avoid solvent loss and air contansnagBamples of the solutiohsll
lll , andlV were taken (under protective flow of kh case of sampldsandlIl) regularly
and analyzed immediately by HPLC (100% toluene eluent, BomL/min, 300 nm
detection wavelength, @10 mm x 250 mm semipreparative Cd€Bum&yPrep column,

500pL injection volume).
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Photodegradation experiments:CsoCle/CH2Cl,. HPLC purified and carefully dried
(see Appendix I-1 for the description of the drying procedsae)ple of Cls (8.0 mg,
8.6 umol, prepared analogously taLls sampleA) was dissolved in dry deoxygenated
CH.Cl, (40 mL) under purified Natmosphere. This solution was split into four parts,
treated, stored, and analyzed analogouslyst€Igltoluene photodegradation experiments
described above.

Photodegradation experiments: GoClio/toluene. HPLC purified and carefully dried
(see Appendix 1.1 for the description of the drying procedws@nple ofCsiClio (ca. 2
mg, 1.9 umol, HPLC separated from the sample used fi@@-NMR study of this
compound, see Appendix |.2) was dissolved in HPLC grade tol{3henl) under air.
This solution was split into two parts, which were haddhnd analyzed analogously to
the sampleslll and IV of photodegradation experimentsgiCls/toluene and
CosoClg/CH2Cl, (700 uL samples were used for HPLC analysis).

Preparation of the previously reported GoCln. "CeoClg". The reaction conditions
were chosen in order to repeat the original preparatias accurately as possible. ICI
(0.0576 g, 0.018 mL, 0.35 mmada. 40 eq.) was added to a vigorously stirred (by a
magnetic stirrer) solution ofgg(0.0075 g, 1@umol) atca. 20 °C in ODCB (0.25 mL) in
25 mL Schlenk flask. After 3 h the reaction mixture waslitevaporated under vacuum
(oil pump), giving the orange productgdCls".

"Cs0Clio". The reaction conditions were chosen in order to aepbke original
preparatioft as closely as possible. A vigorously stirred (by a magséitrer) solution
of Cgp (0.0075 g, @umol) atca. 20 °C in ODCB (0.25 mL) in 25 mL Schlenk flask was
saturated with gaseous chlorine. Immediately aftgra@tlition a dark precipitate was
formed, which dissolved afteza. 10 min. After 15 min of chlorination the reaction
mixture was flash-evaporated under vacuum, giving the onamagkict "GoClio".

"Cs0Cli2": The reaction conditions were chosen in order to tepe@ original
preparatioff as closely as possible. ICI (1.600 g, 0.500 mL, 9.8 meaoB300 eq.) was
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added to a vigorously stirred (by a magnetic stirrer) smiuaf Go (0.0022 g, 0.003
mmol) atca. 20 °C in GHg (15 mL) in 50 mL Schlenk flask. The flask was wrapped in
aluminum foil to shield the reaction mixture from ligiiiter 3 days the volatiles were
removed under vacuum, giving the orange product.

"CsoCli2". The reaction conditions were chosen in order to aepbke original
preparatiof? as closely as possible. Same conditions were usedrgsrdparation of
"CeoClg", but the reaction was allowed to go for 24 h. Thenrdeetion mixture was
evaporated under vacuum (oil pump), giving the orange prodgg¢The.

"Cs0Cls'. The reaction conditions were chosen in order to aepbke original
preparatiof? as closely as possible. Same conditions were usedrgsrdparation of
"Cs0Cl1o", but the chlorination was allowed to go for 7 days.eAthat was evaporated
under vacuum, giving the orange produc$o@s".

"Cs0Clao, Cs0Cl24". The reaction conditions were chosen in order to tejpesoriginal
preparatio”** as closely as possible. A vigorously stirred (by magnstirrer)
suspension of & (0.0050 g, 0.007 mmol) in CE€(4 mL) in 25 mL Schlenk flask was
saturated with gaseous chlorine and left to stand for 16dm e yellow-green solution
was irradiated by mercury arch UV-lamp for additional 2éHaAnovia PC451050 lamp
with circulated water jacket was used). The resultedowejreenish solution was
evaporated under vacuum to give light-orange produgiClés CsoClas".

Ceo chlorination study. A stock solution 1 was prepared by dissolving (0.1205 g,
0.167 mmol) and &(CF3)12.14 (6.5 mg) in dry, deoxygenated CB (20.0 mL). 2.0 mL
portions of this solution (containing 16ufol of Gsp each) were chlorinated by different
agents in the specialized small-scale air-free gresseleactors of local design, see
Figure 1-31. Experiments a, b, ¢, and e were performed u€in@al 4uL, 0.0128 g, 79
umol, 5 eq.; b. 12iL, 0.0384 g, 237umol, 15 eq.; c. 3@L, 0.1152 g, 0.710 mmol, 45
eq.; e. 37GuL, 1.2032 g, 7.41 mmol, 440 eq.); experiments d and f wererpsribusing
ICl3 (d. 256 umol, 15 eq.; f. 7.41 mmol, 440 eq); experiment g was performed by
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saturating the g solution with gaseous £l(large excess was used). The reaction
mixtures were left stirring at room temperature (shieldednflight). Samples of the
reaction mixtures were taken (under protectivefldw) at the regular time intervals (2
min, 6 min, 18 min, 54 min, 162 min, 8 h 6 min, 1 day 18 min, 3 84y%in, 6 days 1 h
48 min) and flash-evaporated under vacuum. The dry sampelesdissolved in toluene
and analyzed by HPLC (100% toluene eluent, flow 5 mL/min, @10 xm&50 mm
semipreparative Cosmosil BuckyPrep column, 300 nm detewtarelength). The dry
residues of the final reaction mixtures (3 days 54 minefqreriments a, b, ¢, d and 6
days 1 h 48 min for experiments e, f, and g) were disdalveoluene and separated from
C7o(CF3)10,12 using HPLC (100% toluene eluent, flow 5 mL/min, 300 nm detectio
wavelength). The isolated fractions containing CFs weadyaed by APCI-MS.

0-, p-CsoCl2 and GsoCl4 preparation. Cgo solution (0.0705 g, 0.098 mmol) in dry,
deoxygenated CB (12 mL) was mixed with ICl (4B, 0.2400 g, 1.48 mmol, 15 eq.)
under vigorous stirring at cd5 °C (the evaporation chamber was placed in a co@rwa
bath) in the glass reactor of local desig(see Figure 11.19 for an improved greaseless
design). After 1 min the reactor was evacuated (the wap pre-cooled with liquid
nitrogen) and the volatiles were quickly removed. Thelerproduct was washed off the
walls of the evaporation chamber with HPLC grade toludfiered and separated by
HPLC. The first stage of separation was performed uséa toluene as an eluent at 5
mL/min flow rate; the second stage was done with 50/5Goh)ene/heptanes eluent, 5
mL/min flow. The latter HPLC conditions were used tbe analysis of the purified
fractions.

Ce0Cl1o preparation. Cgp solution (0.1200 g, 0.167 mmol) in dry, deoxygenated CB
(16 mL) was mixed with ICI (0.700 mL, 2.2400 g, 13.8 mmol, 83 eq.) uviderous
stirring atca. 15 °C (the evaporation chamber was placed in a coolr\eat®) in the
glass reactor of local desigr(see Figure 1-19 for an improved greaseless design). After
45 min the reactor was evacuated (the trap was pre-codlediquid nitrogen) and the
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volatiles were quickly removed. The crude product was a@siff the walls of the
evaporation chamber with HPLC grade toluene, filteredsaparated by HPLC. The first
stage of separation was performed using neat toluene @sent at 5 mL/min flow rate;
the second stage was done with 50/50 v/v toluene/heptanes, dluab/min flow. The
latter HPLC conditions were used for the analysihefgdurified fractions.

Growth of the single crystals of GoCls, CsoClio, and GsoClsH. Crystals of GoClg
and GoClip were grown by slow evaporation of the saturated bennentluene
solutions (correspondingly) of the HPLC purified CF2at°C in the absence of light.
CsoClsH was formed from a toluene solution of 99% puggQGL at +3 °C during slow

evaporation of the solvent in the absence of light.
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Chapter 111
Study of C+ Chlorination and C;o Chlorides

[11.1. Introduction

In the first chapter we discussed synthesis, analgsid, stability of soluble £
chlorides, in which we describe an analytical methodo{bgged on HPLC followed by
IR, UV-vis, and *C-NMR spectroscopy and mass-spectrometry analysis) viast
developed for detailed studies of CFs (hereinaftgy &@d Go chlorofullerenes are
abbreviated as CFs). We demonstrated that without using RE@an not get reliable
data on themolecular composition (i.e., the amounts of compositionally and/or
isomerically different CFs) and purity of bulk solubld- Gamples. Many of thes&
chlorides reported in the earlier literature, in our studye found to be complex CF
mixtures.

The summary of the available literature data on thehggis of G chlorides is
given in Table Ill.1. The first work was published in 1995 by 8wsgroup, which
reported the preparation and characterization ®€Clp by ICI chlorination of Gg in
benzene solutiohno information of the preparative procedure (such as oorat®ns of
the reagents, reaction time and temperature, and yieldparity of the product) was
given. A more detailed description of{lip synthesis was given in a later paper (the
yield and purity were not reported).

In 1998 Ehrhardt et al. reported tha Chlorination in liquid chlorine was achieved
(reaction was performed in a sealed glass ampoule durpreyiad of 30 daysj.The

elemental analysis of the product gave an average caimposi C;oCli,; the mass loss
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of this CF during thermal gravimet(gee Section 11.2.1.C) corresponded to much higher
degree of chlorination of c&Cl21.2> The Raman spectroscopy of this product was not
informative due to its strong fluorescerice.

In 1998 Heymann et al. reported the chlorination flfy chlorine in CCJ medium
under UV irradiatiorf. The analysis of the /Cl, product by several analytical methods
gave very different results on the degree of chlorinatichich varied betweem= 7 and
n = 31 (see Table Ill.1). The chlorinated product was alsalyzed by HPLC. This
method demonstrated the absence of the starting matéigahowever, authors did not
report the number of the components observed in the HiPAg@ {(the corresponding
HPLC trace was not shown in the pdjper

In 2003 Troshin et al. reported a synthesis §CGo in 1,2-dichlorobenzene
(ODCB) using KICJ chlorinating agent.It was stated that independently of the amount
of chlorinating agent Clio was the only product formed (when less than stoichiometri
amount of KIC} was used, mixtures of§Clio and unreactedGwere obtained).

In 2005, two higher & chlorides, GoCls and G¢Clig were reported; they were
prepared in sealed ampoules using transition metal chibrades TiCl/Br, mixture
correspondingly. These chlorides were structurally ateraed by single-crystal X-ray
diffraction study, which revealed that the crystaldoth CFs contained several isomers
of the corresponding composition (three isomers efClzs° and two isomers of
C70Chig").

Careful analysis of these publications revealed tbhaerof them reported the purity
of the CFs, and only in one papehe yield was mentioned. Furthermore, as we have
shown in Chapter Il for chlorides ofs§; the analytical methods used in these studies
(see Table I1I.1) simply cannot provide accurate data enrtiolecular composition and
purity of the bulk GoCl, products.

In this chapter we study -& chlorides and & chlorination using analytical

methodology that we described in Chapter II.
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Tablelll.1. Overview of reported £ chlorides?

No. [year]* proposed proposed reagents and analytical techhiques stability solubility
compositiofi  purity [yield] rxn. conditions
1 [1995} CroClid n/r [gntf ICI, CgHe,° refix. IR, UV-vis, °C NMR slow dcmp at RT many org. slvnts
2 [1996]B C;Clyg n/r. [n/r] ICI, GHe, heat n/r n/r GHs
3 [1998F CyoCly° nir. [n/r] Ch(lig.), RT EA, TG, (Ramaf) Cl, loss at 200-300 °C nir
4 [1999]‘1 C7oCl7_at" n/r [n/r] Cl, CCl, UV WG, MALDI-MS, possible Gl loss upon CGJ| PhCH
PIXE-NMP, EMP, HPLC standing and/or analysis
5 [2003F CioClid" nir. [96%] KICL, ODCB, RT EA, IR nir nir
6 [2005f C7oClog n/r [nfr]  VCl,, SbCk, PCL, 140-200°C IR, X-ray stable on air  poor sol. in org. slvnts
7 [2005] CroClae n/r [n/r] Br,, TiCls, 60-80°C IR X-ray stable on air n/r
Ch loss at 240-360 °C
8 [2008f C:oClgBrg" n/r [n/r] Br,, TiCl,, 80-90°C IR, X-ray n/r n/r

& Abbreviations: mxt. = mixture; n/r = not reported; tyrt quantitative; reflx. = reflux; ODCB w-dichlorobenzene; EA = elemental analysis; UV = UV-

irradiation; ODCB =o-dichlorobenzene; PIXE-NMP = particle induced X-ray esiis/nuclear microprobe analysis; EMP = electron opibe analysis. As

determined by*C-NMR (based on symmetry requirementsQuantitative yield of this synthesis was reported in*fef "Preparative details will be given in a

full paper.”; see item 2 [1996]° In ref. ° it was mentioned that this reaction took 20 minutes aasla@nducted in boilingd8ls; no other preparative details

(like quantities of the reagents) were reportéd.. the mixture was heated until reaction was complete20 min)." This description is ambiguous, but based

on the ref®

it can be presumed that reaction was performed undex réfRaman spectroscopy was not informative due to stiangescence’ As determined

by EA.' As determined by single-crystal X-ray diffraction stuttye(crystals were found to contain three isomers-g€I&). ' C;Bri can also be used as a

starting material, allowing to decrease the reactime.ff Experimental and calculated IR spectra @fQls were reported. As determined by single-crystal X-
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ray diffraction study (the crystals were found to contain isomers of &Clis). ™ As determined by single-crystal X-ray diffraction studyR spectroscopy
results were mentioned, but the spectrum itself wasapatted.

111



[11.2. Results and Discussion

[11.2.1. C5 Chlorination

A. Dynamic HPLC Study of C;o Chlorination. We performed a detailed study of
Cro chlorination using dynamic HPLC monitoring as the main ydital tool. This
method allows one to quantitatively monitor the coufshe reaction by HPLC analysis
of the samples of the corresponding reaction mixtiakeen at the particular time
intervals; the resulting HPLC traces are normalizedn@ushe peak of the internal
standard) and arranged into 3D waterfall plots. For aldétdiscussion of this technique
see Chapter Il, Section 11.2.4. The compositions of chede and isolated fullerene
products were determined by soft-ionization mass spectrgiidd8), and, in some cases,
thermal gravimetry analysis (TGA); see Chapter Il t8adl.2.1 for more details.

All of the G, chlorination experiments that we performed in this woekeacarried
out in CB solution and were shielded from light unlesdedtaotherwise. Saturated
C70/CB solution ([Go] = 2.3 mM according to our solubility data, see experimenta
section) with dissolved dgF4s internal standard were chlorinated by ICI under differe
conditions (experimend: 42 mM of ICI; experimenb: 147 mM of ICI; experiment:
1.13 M of ICI). Figure 111.1 shows the dynamic HPLC pléds experiments andb. The
chlorination of Go by 42 mM of ICI (18 eq., see Figure lll.1a) leads to initmation
of the previously unknownCls (after ca. 10 minutes of reaction). During the next two
hours GCls is slowly chlorinated further into &Cls (also a previously unknown
compound). The HPLC trace of the reaction mixturer &fteours of chlorination shows a

drastic decrease of the total intensity of the peak€gfand GoCl, products; this
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decrease is due to formation (and precipitation) ofpteviously unknown insoluble

product [GoClg]. (see Figure 1ll.2 for the alternative projection of thymamic HPLC).

During the next 5 days of chlorination4lg]. is slowly converted into soluble;§Cl;o

as evidenced by the dynamic HPLC plot.
18 IClI C70Clo

C70 CgH5Cl

C70Cl1o

1h

30 min
L 15 min

10 min

———
w
o
w

64 ICl
—_— C
CTO CgH5CI T

lg

b 054 0 5 10 15
retention time, min

Figurelll.1. Dynamic HPLC of G chlorination in chlorobenzene solution by: a) 42 mM 4refy. of ICI;
b) 147 mM or 64 eq. of ICIl. A retention time range of O tarii of plot a) is virtually identical to that of
plot b). For the other perspective of plot a) see Figlh2 (inverted direction of the reaction time axis).

The peaks marked with asterisks are duestb,6(added as the internal standard).
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Figure 111.2. Dynamic HPLC of G chlorination in chlorobenzene solution by 42 mM or 14 edCbf

(experiment).

The higher concentration of ICI (147 mM or 64 eq., see Eiglrlb) leads to higher
chlorination rate and different distribution of CF produdiinder these conditions,{ds
converted into a c®0% pure &Clg within the first minute of chlorination. A peak due
to GCls is not observed, apparently due to its rapid conversio;m @Cls, which
indicates that the rate of chlorination is faster f6#Cls than for G¢Cls. The
concentration of gCls experiences a dramatic drop during the next 5-10 minutes of
reaction. This process is not accompanied by the formaifoC,oClio, but by the
precipitation of the insoluble product - a dimer;Clg],. Similar to the case of &
chlorination by 42 mM of ICI, [&Clg]2 is then slowly (days) converted int@,Clio.

Cro chlorination by a higher concentration of ICI (1.13 M, $@0 eq., expc) leads
to its complete conversion into;&Clio within the first 5 minutes of chlorination (see
Figure 111.3). It is noteworthy that further chlorinati@i C;¢Clio is very slow even at

such high concentration of ICI; it takes days for anifigant conversion to occur, see
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Figure 111.3. Moreover, many products are formed duringCGo chlorination, which

indicates the poor selectivity of this process.

500 ICI H
—

Cotsc || €70CHo

C7o

1.8 mg/mL

___/\—-J\—'-'\___J 5 min

s

\/M\J\/U \14 days

0O 5 10 15 20
retention time, min

Figurelll.3. Cyo chlorination by high concentration of ICI (1.13 M, @ 800 eq.). The main peak is due
to GoClyo. Reaction time is given by the right side of the HRt&Ze. 100% toluene eluent, 5 mL/min flow

rate.

The dynamic HPLC study of & chlorination did not give any evidence for the
presence of the detectable concentrations of loweride®GoCl, and GoCls, indicating
that these chlorides may be more easily chlorinated bb#im G, and higher chlorides

(C7Cls and GoClg). Hence lower chlorination rates should be better suibedthe
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synthesis of these products (their further chlorinati@y ime slow enough to allow for
their accumulation in solution). When we used low cabhegions of both ¢ (to 1.52
mM) and ICI (to 20 mM)we observed the formation of & mpeak with a retention time
different from G¢Clio, C7oCls, C7oCls and Go (the conditions used for-6Cls preparation,
see below). This peak is likely to be due ted; or GCls (or their mixture); the yield
of that product under these conditions is very low &t kea 1% according to HPLC
integration). Our attempt to increase the yield by detngathe initial concentrations of
Czo and IClI further ([Go] = 1.20 mM; [ICI] = 5 mM) was not successful due to vieny
rate of chlorination (practically no CFs could be detddoy HPLC even after several
days). A tentative conclusion can be made that lmhirides G¢Cl, and GoCl; may be
difficult to prepare because of their high reactivity.

B. Synthesisand Characterization of C7Clio. Several findings from our studies of
Cro chlorination were taken into account for the develognanGC;,Clip preparation
procedure: i) further ICl chlorination of z6Clio in PhCI is very slow; ii) further
chlorination of the insoluble [{Clg]. product is slow (days) even with relatively high
concentration of ICI (ca. 140 mM); iii) [Clg]> is formed in a wide range of ICI
concentrations (see above). From these observatiofidloaws that the formation of
[C-0Clg]2 should be avoided if short reaction times are desired.

We found that [&Clg], formation can be completely suppressed by using a
sufficiently high concentration of ICI (265 mM, 250 eq.hidl leads to a very fast and
virtually quantitative formation of 98+% puredClio (see Figure 111.4). Since ALl IS
inert towards further chlorination under these conditioagid quenching of the reaction
mixture is not critical (see experimental sectiope TSmall peaks observed between 7
and 11 minutes of retention time are due to chlorinatfd@s@impurity (ca 1%) present
in the starting & (hence the purity of £gClio product can be improved by using a more
pure Gg). The yield of G¢Clip achieved in this synthesis is close to quantitative (ca
99%).
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C70 CgH=Cl 70%110 i
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NI-APCI-MS
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C70 CgHg, 70 °C
C,,Clg

0.3 mg/mL

100% toluene
0 5 10 15 20
retention time, min

Figure I11.4. Top figure: preparation and analysis of@lo by our new synthesis. Bottom figure:

preparation and analysis of4Cl;, according to the Sussex group procedure. Large-size HPt€> tveere
acquired using 100% toluene eluent and 5 mL/min flow rate. Siz&ll HPLC traces (inserts) were

acquired using 80/20 v/v toluene/heptane eluent and 5 mL/avirr &te.

If lower concentration of ICl is used, a more ecom@inC;(Clo synthesis (in terms

of ICl) may be realized. However, it will go througletbtage of [@Clg]. precipitation,
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so long reaction times (and/or higher temperatures)beilhecessary to fully convert it
into G;oClyo.

The very high compositional and isomeric purity of thigGli, product was
confirmed by HPLC analysis using several different esi€mt order to minimize the
chances of overlooking potential impurities with retemtiones similar to &Cl.o, see
Section 11.2.1.B). Besides HPLC,;&l;o also was characterized by IR and UV-vis
spectroscopy which confirmed that the product has the spewtral signatures as the

C7oChyo reported in the literature, see Figure Ifi.5.

75:
> 62 ey
2 491
Q9 369 unknown purity C,,Cl;,
= 23 Sussex group |
10- 1.2
—1.0
c
-os O
=
0.6 @)
a
98% C70C|10 04 (O
this work o’
I T T T T v T y T T T T - 0.0
1600 1400 1200 1000 800 600 400

cm-™
Figure I11.5. Top figure: the literature IR spectrum ofClio (pressed KBr pellet, see ref.11. Bottom

figure: the IR spectrum aia. 98% GqClio (pressed KBr pellet, this study).

In addition, for the first time &Clip was characterized by mass-spectrometry (NI-
APCI-MS), which showed severalCl, ions with n =6, 7, 8, 9 (see Figure 111.4). The

peak corresponding to76Clio molecular ion has a very low intensity. The loalslity
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of the molecular ion can be rationalized by the highcstendrance of the two chlorines
occupying a 1,2-position in the structure ofo@lo. No peak corresponding to the
product of chloride addition (&Cl;; ion) was observed; this shows that@;, does not
add chloride ion under these conditions (or that the@amnation of this ion is too low to
be observed). This behavior is notably different frogn chlorides:C;-CsoClio forms an
abundant 6Cli; anion (same asgLls forming GoCl;” anion) under the same MS
conditions (see Section 11.2.1.G).

The composition and symmetry 0fdClo was initially determined by’C-NMR in
the original report by Sussex grotifhe two candidates for:§Clo structure consistent
with *C-NMR were givert. That paper also mentioned that these structures were
consistent with'H-NOE data for GPhs and GoPhy derivatives (prepared fromy€Clio
and Go correspondingly), assuming to the preservation ofatihdition pattern of the
parent CF (GPhs addition pattern suggestéds a subpattern of /g&Clg). The actual
description of the synthesis and characterization hefsé phenylated derivatives,
including *H-NOE measurements, were reported in a later publidatinrl996. In the
theoretical study (published in 1995) four candidate strucfares;Clyo consistent with
13C-NMR spectrum were given; the calculations on semigoapi level of theory
suggested that an isomer with a maximum number of 1,4-ghladditions to hexagons
and no double bonds in pentagons should be preferred (see Fidufer the Schlegel

diagram)*°

Figurelll.6. Schlegel diagram of £Cly,.
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Later calculations that were done on the higher |l@fetheory confirmed this
conclusion. Up to date, the single-crystal X-ray striietof GoClip has not been
determined; however, single-crystal X-ray diffractstadies of GoBri®" and a mixed
halide G¢Cls4Bri6 were shown to have the addition pattern identical éoptfedicted
one for GeClo. The close similarity of the IR spectra of,Chg* and GoBrio® indicate
that these compounds are likely to have the same aaighéittern, which further supports
the proposed structure of¢Clo.

We repeated the first synthesis o4Clio reported in ref. 2 in order to compare the
purity of the resulting product and its yield with thosechiaved in our synthetic
procedure (see Figure 1l1.4). The analysis of the prodwetated that &Clio constitutes
only a small part of the product (0% according to HPLC trace integration), with the
major product being £Cls (ca 70%). The unreacted-Etakes up cal0%. [GoClg].
formation was not observed (all product was soluble).s Tésult puzzled us because
spectroscopic data (IR and UV-vis spectra) reported inrigaal paper are very close to
the ones obtained by us for the 98% pursCGo.

The presence of &Llg in the original product is consistent with the results of
C70Clio phenylation reported by Sussex group (see Chaptel’ Iwever, the UV-vis
and **C-NMR spectra suggest that(Clio was indeed the major component of the CF
sample that was synthesized in the original wofthough the IR spectra of our 98%
pure GoClyo lie in excellent agreement with the literature data ghbll in 1995 paper
(see Figure 111.5), this cannot be used as an evidenchdalisence or low concentration
of C;oClg since the IR spectra of/§Clip and GoClg are very similar. Our study of;6
chlorination (see above) shows that the amount ®Cks in the products of &
chlorination can be increased by using a longer reactiandmd/or higher concentration
of ICI (higher reaction temperature may also incraaseyield of GoClig). These data
suggest that different synthetic methods may have beed us different reports
published by Sussex group on preparatiorand chemistry of &Clo.***® This
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hypothesis can explain an excellent match betweem#etrescopic data for the original
CsChe' and our 98+% pure sample, which is otherwise perplexinggit bf our
findings. (We did not repeat the procedure reported by Tmoshial. due to the
ambiguous composition of KIgthat was used in this work.

C. Synthesis and Characterization of CCls. The dynamic HPLC plot of g
chlorination by 147 mM of ICI (64 eq.) suggests that these igonsl can provide a
highly effective method of £Cls synthesis (see Figure l1ll.1b). However, the dynamic
HPLC plot shows that the concentration o4x@gs quickly drops due to formation of
[C70Clg]2 dimer. When this insoluble side-product can be easiparseéed from the
soluble GClg by filtration, its formation decreases the total yieldthe latter target
compound. The rate of this process is significantly lomieen lower concentration of ICI
is used (see Figure lll.1a); however;(Cls also becomes significantly more abundant.
Separation of &Cls and G¢Cls is tedious due to their similar retention times
(toluene/heptane mixed eluent and long HPLC runs have tosed for this purpose);
thus from the practical standpoint it is better to a\@igCls formation during synthesis.
Hence we chose to use conditions similar to dynaRiL.C experiment a (initial
concentrations: [g] = 1.9 mM; [ICI] = 96 mM, or 50 eq.) and short reactiomes (1-2
minutes) for an efficient £Clg preparation, see Figure lI-. These conditions allowtone
avoid the formation of [€Cls]. and GoCls in appreciable quantities; however, the crude
product of this procedure contains 28% of unreacted 4. Due to an ample difference
in retention times of g and GoCls this chloride can be easily purified to 95+% purity by
a straightforward HPLC separation (see Figure 111.7e HPLC analysis of the purified
C:Clg using 80/20 v/v toluene/heptane eluent also shows a single péedty is

consistent with a single-composition, single-isomgOlg product (see Figure 111.7).
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Figurelll.7. Synthesis, HPLC purification and analysis g§@s (the small-size HPLC trace of the 95+%
C-oClg was acquired using 80/20 v/v toluene/heptane eluent and 5 milawimate). NI-APCI- and NI-
and PI-MALDI- mass spectra of the 95+% purgy are also shown. The insert shows experimental (NI-

APCI-MS) and calculated isotopic distribution of,Cl;” peak.
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The 98% pure &Cls was analyzed by NI-APCI- and NI- and PI-MALDI-MS (see
Figure 111.7). The results of NI-APCI- and NI-MALDI-M&re similar, with GCl;” and
C:zoCls being the two observable CF ions in both mass spectrdlaSia C;oCliy,
negative-ion mass spectra ofoCls does not show the molecular ion. There is also no
indication of chloride addition (formation of;6Cly is not observed). The positive-ion
MALDI mass spectrum of £Cls shows a much higher extent of fragmentation (which
has been observed before for MALDI-MS af;Cls™"), however, the heaviest observable
CF ion is GoCl;". This observation is important since in positive-ion MDA-MS the
formation of heavier CF ions (for example, format@frCsoCl;" from CsoCls) has never
been observed; moreover, this process is unlikely toro¢ience, the fact that MALDI-
MS analysis of the CF sample results in the heayasd most intense) observable CF
ions having seven chlorine substituents both in positared in negative-ion modes
strongly supports the conclusion that the compositidhis CF sample is indeed;(Lls.

CzClg was also analyzed by UV-vis and IR spectroscopy. Thetli@t GoClig is
produced during further chlorination ot¢Cls strongly suggests that the addition pattern
of C;oClg is a sub-pattern of 4l structure (the migration of chlorine substituents on
the fullerene cage at room temperature is unlikely). énstinucture of Clio only two
chlorines have a close 1,2-contact; the rest of the twdrsts occupy more energetically
favorable 1,4-positions relative to each other (on theawrial hexagons of& cage, see
Figure xx for a Schlegel diagram ofd{Clio). Hence the likely addition pattern o¢{Cls
is a pattern of €Clio with two 1,2-chlorines removed, see Figure 111.8. Thisitéuiul
pattern was also suggested foRy derivative of GoClio and it is supported byH-
NOE measurements.The comparison of the UV-vis spectra o§Cls andCs andCy-

isomers of Go(CFs)s also supports th€s addition pattern for &Cls, see Figure 111.8.
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Figurell1.8. UV-vis spectra of 98% pure;£Clg (1), Cs-(2) andC,-C;o(CR)s (3).

D. Synthesis and Characterization of C7Cles. Based on the dynamic HPLC data
(see Figure Ill.1a) a preparatory procedure f@fCls was developed. The chlorination of
the diluted Go solution in CB ([Go] = 1.5 mM) by ICI (20 mM, 14 eq.) for a period of 90
minutes produces the highest yield of,@s that we were able to achieve (see
Figure 111.9). The crude product contains ca. 27% @f0, ca. 5% of GCls, and ca.
66% of unreacted £ (based on HPLC trace integration, see Figure 111.9¢ nor
impurities include cal% of Gy (present in the starting material) and @& of the
unidentified component that may be due to lowgydblorides G¢Cl, and/or GoCl, (see
Section 11.2.1.A).

C7oCls was purified to 95+% state using HPLC (80/20 v/v toluene/hephrent
was used). This purified product was analyzed by NI-APCI-MSchvehowed @Cls~

ion as the most abundant, withoCl, and GoCl,™ peaks having smaller intensity. It is
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Figure111.9. Synthesis, HPLC purification and analysis g§@s (the small-size HPLC trace of the 95+%

C-oCls was acquired using 80/20 v/v toluene/heptane eluent and mimEbw rate). The peak markes

with an asterisk may be due to lower chloride(®CG and/or G¢Cls. NI-APCI- mass spectrum of the

95+% pure GClg is shown below. The bottom part of the figure shovesakperimental and calculated

isotopic distribution of &Cls~ peak.
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notable that mostly £Cl,” ions with even number of chlorines are observed incdse.
NI-APCI- mass spectrum of ACl;0 shows CF ions with both even and odd number of
chlorines; NI-APCI- mass spectrum of,Cls produces mostly CF ions with odi$ (see
Figures Ill.4 and III.7, correspondingly).zéCl; ion is not observed in the NI-APCI-
mass spectrum of ACls, which demonstrates that addition of chloride anion te thi
molecule is not observed under these NI-APCI-MS danti. A conclusion can be
drawn that unlike €Cls and G¢Clio, C7oCln (n = 6, 8, 10) do not add chloride anion in
NI-APCI-MS.

The fact that @Cls is further chlorinated into Cls and GoClip allows us to
assume that the addition pattern of this compound isibpastern of these higher
chlorides. The UV-vis spectra @,-C;oCls and C,-C7o(CFs)s (see Figure 111.10) are
similar, which allows us to suggest that these two compobate the same addition
pattern. Moreover, the theoretical calculations sugtiedttheCs-symmetric alternative
structure possesses a very narrow HOMO-LUMO gap, whichldviead to a high

polymerization tendency of this compound (this is not oleshrv
| Cz"CTO(CFs)e
—C.,Cl

Absorbance

Cs

300 400 500 600 700 800
A, NM

Figure111.10. UV-vis spectra of 95+% £Cls andC,-C;o(CRs)e. The likelyC,-addition pattern of ¢Clg is
highlighted by the red square.
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E. Synthesis and Characterization of [C7Clg].. The synthesis of [£Cls]. uses the
same conditions as forr§Clg preparation, but longer reaction time is used (see F&ure
25-30 minutes of chlorination gives{{ls]> with 75% yield (of the isolated compound).
The thermal gravimetry showed the mass loss corresppidi GoCls 3:0.3 COmposition
(see Figure 111.11; the residue after TGA containg, Gds demonstrated by IR
spectroscopy). This composition is also confirmed by éiselts of NI- and PI-MALDI-
MS: in both positive and negative modes the heaviesb@¥-observable containedC
with 8 chlorine substituents as the heaviest (see Figuté)l The very poor solubility of
this product can be explained by the formation of dimegd]., similar to the insoluble

dimeric [GsoCls]> which can be prepared using similar conditions (see €haypy.'"*®

50 ICl, 25min
C.o —Cohol [C+oClel,
1.6 mg/mL insoluble
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Figurelll.11. Synthesis and characterization of{Clg], by TG and NI- and PI-MALDI-MS.
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[11.2.2. Stability and Photodegradation of C;Cl,

There have been scarce data reported @@lCstability (either in solid phase or in
solution) up to date. Sussex group stated that sql@l slowly decomposes while
standing on ait:*°**The authors attributed this phenomenon to the higtcdtérirance
and associated ease of loss of twtho-chlorines present in the structure of this chloride;
no experimental evidence for the formation of low@s chlorides was reported,
however. In our study, no signs of decomposition of dagpnes of GClio were
observed even after ca year of storage (according to HPLC analysis; the sampdee
stored under air and under ambient laboratory light)e ditly other data available on the
stability of GCl, is the TG analysis of the product ofp@€hlorination by liquid chlorine
(rapid mass loss was observed between 200-308 K6)data on the stability of &Cl,
in solution have been reported up to date.

Recently, we discovered thagdCl, are photosensitive to ambient laboratory light in
solution, both under ambient air atmosphere and undenittogen. We also found that
CsoCls undergoes this photodecomposition both in aromatic andhalogenated
hydrocarbon solvents (toluene and dichloromethane), wthahe rate of this process
was significantly lower in the latter solvent. Sirtbe nature of chemical bonding iRC
and Gy chlorides is very similar, it was worthwhile to examisiability of GoCl, in
solution.

In this work, we applied the same method (dynamic HPLC mong) to study the
stability of G¢Clio, C7oCls, and G¢Cl in toluene solution under different conditions. The
same procedure was used for these three compounds: a saEin@ple was dried and

dissolved in dry, deoxygenated toluene. These solutions ggiteinto four portions
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(sampled-1V) each, which were stored under different conditionsampled were kept
in the dark, under §l i) sampled| were kept under light, underNii) sampled |1 were
kept in the dark, under air; iv) samplas were kept under light, under air. The solutions
stored under air were also airated prior to the beginninthefexperiment. All other
conditions were kept the same (the containers weretkgpther in order to ensure the
same temperature history). The solutions were regudandyyzed by HPLC (samples of
the same volume were analyzed directly without anyr pvmrkup). The resulting HPLC
traces were arranged into 3D waterfall plots (see Fidude) which provided a detailed
visual account of the CF behavior in solution.

The dynamic HPLC plots demonstrate that all threg dblorides undergo photo-
induced decomposition in toluene solution, both under drygetreand air atmosphere.
However, the rate of photodegradation is different ddferent G,Cl, (n = 10, 8, 6).
CzoClyo practically disappears after the first 12 hours of ligkposure (with the half-life
of ca 2-3 hours, both under Nand air). GoCls and G¢Cls show significantly slower
rates of photodecomposition (half-life values are d2 hours and 24 hours
correspondingly, both under,Nind air). These half-life values are similar to theson
found for toluene solutions ofg6Cls and GoClip (5-6 hours) in our earlier work (see
Section 11.2.2). The decomposition 0#(Cl, solutions in toluene is accompanied by the
growth of the peaks with small retention times, whitdy be indicative of the formation
of C;o derivatives carrying tolyl groups (we observed the foromatf tolyl-substituted
derivatives during photodecomposition ghCls/toluene; see Section 11.2.2).

The behavior of &Cl, solutions in the dark is notably different from the hatwaof
CsoCl, solutions (the latter were found to be unchanged evien approximately one
month of storage in the absence of light, see Sedii@®2). We found that the
concentrations of £gClip and GoCls decrease by 15-50% after. @aweeks of storage in

the absence of light. The rate of this process isttjidower for the solutions that were
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Figurelll.12. Dynamic HPLC study of the stability of differentsClyo (top), G¢Cls (middle), and Clg
(bottom) in toluene solution under different conditiomBe peak on the right side of the main peak of

C70Clyg is due to GClg impurity.
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stored under inert and moisture-free atmosphere (as opfmoerisolutions stored under
air). The degradation of the;&ls solution in the absence of light is much faster. The
decrease in the A& ls concentration is not accompanied by the growth of tia&gperith
small retention times (it is different from the belmavof both GoClip and GoCls under
light and in the dark); rather,76Cls is converted into an insoluble material. We did not
have enough of this product to study it in detail; however, swggest that these
observations can be explained by the dimerizationzg€lginto an insoluble [&Cls]..
The [2+2] cyclization required for such dimerizatiorthermally-prohibited and photo-
allowed; however, the concentration ofoCls decreases even when the corresponding
solution is shielded from the light (this phenomenon reguiurther study). The rate of
the dimerization should be proportional to the squar€o€ls concentration; this is
consistent with our observations. The concentratio@;¢Cls drops by ca50% after the
first 12 hours of storage; then the rate of this prodesseased significantly, with some
CzoClg remaining even after 10 days of storage (we can not letehprule out that a
different compound with the same retention time couldfbemed). This suggests that
the dimerization of @Clg may lead to a complete (or at least considerablegrization
when its solutions are concentrated during evaporatiomeder, we found that flash-
evaporation of &Cls solution under vacuum (solution is kept at room temperatiores
not lead to any significant dimerization and does nasean observable loss 0f,Cls
(this can be attributed to a relatively low solubil@y C;,Cls in toluene). Even after
several cycles of flash-evaporation the soligGL could still be redissolved (the HPLC
analysis confirmed the persistence of this chloride throuigthis treatment without any
observable degradation). The solid dry samples-g€lg(prepared by flash-evaporation
of C;oClg solutions under vacuum) were unchanged even afteradeuenths of storage
(in the absence of light in the freezer). This makg®dsible to use this compound as a

precursor for fullerene derivatization.
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The conclusion can now be drawn thag@, o, C;0Cls, and GCls are light-sensitive
in solution, which means that all procedures involving solutadrtiese materials should
be done in the absence of light or with minimal ligkp@sure (unless a particular
reaction is catalyzed by light-irradiation). Theseadauggest that photosensitivity may be
a general property of fullerene chlorides in solutiongQlg chloride also displays a
unique instability in solution even when shielded from ligtitjch may be rationalized

by its tendency to dimerize into {£Cls].
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[11.3. Conclusions

Through the use of our analytical methodology we were #bldiscover several
previously unknown facts about;{Cchlorination and & chlorides. We found that /€
chlorination is chlorinated sequentially (same ag,&o that chlorides with 6, 8, and 10
chlorine addends can be prepared and isolated in pure staterdifng to the
experimental data, these compounds are produced as smglerss It is notable and in
earlier studies ¢ was claimed to form a single chloride¢Clio during chlorination,
although it is very likely that £Clio reported in the earlier literature was heavily
contaminated with other chlorides and unreactgd Some experimental indications of
C:Cl, and/or G¢Cls formation were observed; these compounds appear to be too
reactive to be isolated in sufficiently large quantdypermit a more detailed study. The
chlorination of G¢Clyo chloride was observed; however, this reaction appedos wery
slow and poorly selective (multiple higher chlorinateddarcts were observed). This is
similar to the process ofgg chlorination, which selectively produces individuad, C
chlorides ¢-CsoClz, p-CsoClo, Cs0Cls) up to the formation of £Cls; further process is
also poorly selective.

The stability study of & chlorides (GoCls, C;oCls, and GoClig) showed that all of
these compounds are photosensitive (both under inert plier@sand under air). This
strongly suggests that photosensitivity may be a gepeoglerty of fullerene chlorides
regardless of the shape and size of the carbon cage.

These original findings provide further evidence for the @owf our general

methodology. Using the analytical methodology that weetbped and validated fors&
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chlorides, we were able to carry out the first detaitedys of Go chlorination through
the careful mapping of the reaction space. This stuowywet that lower & chlorides can
be prepared and isolated; using this information it wasgbktfarward to develop the
procedures for the large-scale preparation of the comesmp compounds. These
accomplishments, including the discovery of the phatsiseity of C;o chlorides, would
be unlikely without the use of our approach to the stinily movel class of chemical

compounds.
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[11.4. Experimental Details

Reagents and Solvents: Benzene (Sigma-Aldrich, Na), toluene (Fischer Sdien
Na), chlorobenzene (Sigma-Aldrich, CaHfluorobenzene (Sigma-Aldrich, CaH and
1,2-dichlorobenzene (Sigma-Aldrich, Cahvere ACS Reagent Grade (vendor indicated
in parenthesis) and were distilled from the indicatedndryagent under purified 2N
atmosphere prior to use. TiC{Sigma-Aldrich) was stirred with copper powder for
several days, then distilled under vacuum. HPLC Gradigerte, heptanes (Fisher
Scientific), and CHCI, (Fisher Scientific) were used as receivedy (09.9%, Term-
USA), iodine monochloride (Sigma Aldrich, 99.998% tracdaisebasis), trans-2-[3-{4-
tert-butylphenyl}-2-methyl-2-propenylidene]malononitrile (Flukapromium(iii) acetyl
acetonate (Sigma Aldrich), and KBr (Sigma Aldrich, 99+%R grade) were used as
received. All syntheses were carried out under a purifiedathosphere by using
standard Schlenk techniques with vigorous stirring by a magstatier.

Instruments. HPLC analysis and separation was done using Shimadzu liquid
chromatography instrument (CBM-20A control module, SPD-20/ddtector set to
300 nm detection wavelength, LC-6AD pump, manual injectoreyadquipped with 10-
mm 1.D. x 250 mm Cosmosil Buckyprep column, Nacalai Tesdoe). Electronic
spectra of dichloromethane and/or toluene solutions afrchillerenes were recorded
using a Varian Cary 500 spectrophotometer. MALDI mass speatre recorded on a
Kompact MALDI 1V (Kratos Analytical, Manchester, UK}ime-of-flight mass-
spectrometer in the linear mode. A 337 nmldser was used for target activation. Each
mass spectrum was the average of 50-100 laser shots. Clesamgplthe trans-2-[3-{4-
tert-butylphenyl}-2-methyl-2-propenyl-idene]malononitrile matmaterial (DCTB) were
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dissolved separately in toluene and were mixed in a 1:10nobBample/DCTB ratio
assuming the sample contained onpyQ;,. A drop of each sample/DCTB solution was
deposited on a stainless steel slide by using a capil@rgiaed under a strong stream of
cool air from an airsprayer/brush in order to achieveniform sample surface. APCI
mass-spectra were recorded on 2000 Finnigan LCQ-DUO madsespeter (CHCN
carrier solvent, 0.3 mL/min flow, CF sample injected aolution in toluene).
Thermogravimetry was performed using a TA Instruments PG50 (platinum sample
pans,ca. 5 mg sample size, 25-500 °C temperature range).

CeoF4s. 98+% pure GoF4s Was prepared following the procedure described inttef.
It was used without further purification.

lodine Monochloride Handling and Transfer. In a typical experiment, the storage
container with solid ICI (a storage tube equipped witlefioh valve and a side arm) was
warmed up, the resulted liquid then measured and transferiregl ars air-tight syringe
(50, 250, and 50@L syringes were used) equipped with a Teflon straw ofisefit
volume to accommodate all of ICI (to avoid ICI cotatth the stainless steel needle and
a possible metallic contamination) under protective fidyurified No. DANGER! ICl is
very volatile, extremely corrosive to metal and rubbed moisture-sensitive.

CF Handling. All operations involving solutions of CFs were perfodhather in the
dark (vessels containing CF solutions were wrapped with alumfoil) or with minimal
exposure to light (experimental operations were perfdrasequickly as possible under
minimal illumination) unless reported otherwise. We manwend that prior to long-term
storage the traces of aromatic solvents (toluen¢ stould be removed by dissolving a
CF sample in HPLC grade GEl, and evaporating the resulting solution under vacuum
(see Appendix A.l.1).

Preparation of C7Clyo. C7o solution (83.0 mg, 0.099 mmol) in dry, deoxygenated
CB (45 mL) was mixed with ICI (1.25 mL, 4.00 g, 24.6 mmol, 250 eqdeunigorous
stirring at ca 20 °C in the glass reactor of local design (see FigLi®).?° The
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evaporation chamber of the apparatus was immersed inn&tesoperature water bath.
After 7 min the reactor was evacuated (the trap wasqwoied with liquid nitrogen) and
the volatiles were quickly removed. Longer reactionenfup to tens of minutes) are
unlikely to cause a detectable decrease of the product pungyproduct was washed off
the walls of the evaporation chamber with a smallina of HPLC grade gave GEl,
and transferred into a storage vessel, and theiCkas removed under vacuum. This
procedure 117.9 mg (0.0986 mmol, 99% vyield) of 98%CG, (according to the
integration of the HPLC trace collected with 100% toluelnent at 5 mL/min flow rate).

Preparation of CoClio (Sussex group?® procedure). ICI (0.125 mL, 400 mg, 2.46
mmol, 180 eq.) was added to a vigorously stirred solutid@y©§11.6 mg, 0.0138 mmol)
in CsHe (36 mL). Then reaction mixture was heated to ca. 70 i@yseheated oil bath
for 20 minutes. After heating the reaction mixture wast@eool down for 10 minutes.
Then the reaction mixture was split into two partsagfl B). The part A was worked up
using the original aqueous method of Sussex group. The pafrtl& reaction mixture
was evaporated down using our evaporation apparatus. The raddained by these
two procedures were dissolved completely in toluene (msmluble products were
observed); the resulting solutions were analyzed by HPLGD% toluene eluent at 5
mL/min flow rate). The HPLC analysis of products A andsBowed only minor
differences in the distribution of products. Both productdainad GoClsg as the major
constituent (ca70% according to HPLC trace integration; 80/20 toluene/he st
was used) and c20% of G¢Clio (the other cal0% being composed of§).

Preparation of CClg. ICI (73 puL, 233 mg, 1.44 mmol, 50 eq.) was added to a
vigorously stirring solution of ¢ (24.4 mg, 0.0290 mmol) in CB (15 mL) in evaporation
apparatus. The evaporation chamber of the apparatus wasrsedme a room-
temperature water bath. After 90 sec the vacuum wasedpphd the volatiles were
removed (the evaporation took. @ min). The brown residue was kept under dynamic
vacuum for additional 30 minutes. The crude product was ldessan toluene (the
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absence of the insoluble residue demonstrates that méicsigt amount of [GClg]> was
formed) and @Clg was separated from;£impurity by HPLC (100% toluene eluent,

5 mL/min). The yield of &Cls is ca. 80% (based on HPLC trace integration of the crude
product).

Preparation of [C7Clg]2. ICI (200 uL, 640 mg, 3.94 mmol, 50 eq.) was added to a
vigorously stirring solution of ¢ (71.1 mg, 0.0846 mmol) in CB (44 mL) in evaporation
apparatus. The evaporation chamber of the apparatus wasrsedmen a room-
temperature water bath. After 25 min the vacuum was apple the volatiles were
removed (the evaporation took ca. 8 min). The brown residisewvashed off the walls of
the reactor with ca. 3 mL of HPLC grade toluene. Theltieguslurry was centrifuged
and the brown supernatant was decanted. The insolulideieesas washed again with
toluene and two more times with HPLC grade dichlorometh@asatrifugation and
decantation were used instead of filtration to avoidel®s$he resulting light-brown solid
was dried under vacuum to remove traces of solventsngivil.1 mg of [GClg)2
(0.0316 mmol, 75% yield).

Preparation of C;Cle. ICl (12 uL, 36 mg, 0.22 mmol, 14 eq.) was added to a
vigorously stirring solution of ¢ (14.0 mg, 0.0167 mmol) in CB (11 mL) in evaporation
apparatus. The evaporation chamber of the apparatus wasrsedmer a room-
temperature water bath. After 1 hour and 30 minutes theumaavas applied and the
volatiles were removed (the evaporation took Tamin). The brown residue was kept
under dynamic vacuum for additional 30 minutes. The crude prodastdissolved in
80/20 v/v toluene/heptane mixture ang@s was separated by HPLC (80/20 v/v
toluene/heptane eluent, 5 mL/min). The yield e is ca. 27% (based on HPLC trace
integration of the crude product).

Dynamic HPLC study of Cy chlorination. A stock solution of & and GoFas in
PhCI (solution 1) was prepared by adding 5.0 mg) and gsF4s (27.0 mg) to 10 mL
of dry, deoxygenated PhCI. After ca. 24 hours of stirring dbileition was filtered. A
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stock solution of ICl in CkCl, was prepared by dissolving ICI (312, 1.00 g, or 0.62
mM) 10.0 mL of dry, deoxygenated @El,. The experiments were performed in the
small-scale greaseless reactors of local design.

Experiment a. 2.0 mL of stock solution 1 were mixed with stock solutib(136uL).
Small samples of the reaction mixture were takenegular time intervals, flash-
evaporated under vacuum, dissolved in toluene and analyzedPb§ K1L00% toluene
eluent, 5 mL/min flow rate). Initial concentrationstbé reagents: [f] = 2.3 mM; [ICI]
=42 mM (18 eq.).

Experiment b. 2.0 mL of stock solution 1 were mixed with ICI (1&). Small
samples of the reaction mixture were taken at reduie intervals, flash-evaporated
under vacuum, dissolved in toluene and analyzed by HPLC (10G%ne eluent, 5
mL/min flow rate). Initial concentrations of the reate [Go = 2.3 mM; [ICI] = 147
mM (64 eq.).

Experiment c. 2.0 mL of stock solution 1 were mixed with ICI (11k). Small
samples of the reaction mixture were taken at reduie intervals, flash-evaporated
under vacuum, dissolved in toluene and analyzed by HPLC (10G%ne eluent, 5
mL/min flow rate). Initial concentrations of the reate [Co = 2.3 mM; [ICI] = 1.13 M
(490 eq.).

Photodegradation Experiments. C;Clio/toluene. A sample of 2.7 mg of £aClio
(with ca. 15% GCls contamination) was dissolved in 30 mL of dried, deoxygenated
toluene under dry Natmosphere. This solution was split into four partapgroximately
same volume. Parisandll were transferred into Schlenk flasks (undey, Mhen parts
Il andlV were transferred into 25 mL volumetric flasks withadlndiameter necks and
ground-glass stoppers (all reservoirs were made of cedoRgrex glass). Solutiomsl
and IV were aerated for 10 sec by bubbling air through them. Bskdl containing
solutionsl andlIll were wrapped in aluminum foil to shield them from lighthile the
flasks with solutiond!l and IV were left in the fume hood exposed to a continuous
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irradiation with ambient fluorescent light. All sollis were stored in the same place to
ensure their equal temperature. All four flasks were lyiglapped (using silicon grease)
to avoid solvent loss and air contamination. Samplebe solutiond, |1, I11, andIV
were taken (under protective flow of,Nh case of samplek and Il) regularly and
analyzed immediately by HPLC (100% toluene eluent, flowlsmm, 300 nm detection
wavelength, @10 mm x 250 mm semipreparative Cosmosil Bugkyteremn, 50QuL
injection volume).

Photodegradation Experiments. C;oClg/toluene. A sample of ca. 2 mg of HPLC
purified 95+% GCls was dissolved in 20 mL of dried, deoxygenated toluene unger dr
N, atmosphere. This solution was treated analogously tedlgion of G¢Clio/toluene
in the corresponding photodegradation experiment.

Photodegradation Experiments. C,Cleg/toluene. A sample of ca. 1 mg of HPLC
purified 95+% GoCls was dissolved in 14 mL of dried, deoxygenated toluene unger dr
N, atmosphere. This solution was treated analogously tedlion of G¢Cl,o/toluene

in the corresponding photodegradation experiment.
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Chapter IV
Multiply-Chlorinated Cg and Cs Dimers

IV.1. Introduction

Fullerene dimers attract considerable attention Woththeir potential practical
applications (i.e for solar-cells}, as simpler models for studies of polymerized fullerene
networks>® and for fundamental investigations of the chemicaldsoin sterically
hindered environmenfs. For example, a theoretical study of the conformé(ReCso-)-
dimers revealed an unexpected "lever" efféBeveral different types of fullerene dimers
have been reported up to date: i) directly linked bare &rlercages €., Cso=Cso’° and
Cr0=C70>'9; ii) bare fullerene cages linked through a bridge (a simgten’'™* two
atoms'? or a larger chemical groti’); iii) dimers of single-substituted fullerenes

18,19

(directly linked with a single bond like (Rs6)2 or through a bridge like (H-
Cs0)2CR?Y; iv) dimers of fullerene cages with multiple subgthts ((GoFie)(Ceo), >
(CsoCls)2, %222 (CsoHn)2>%); v) dimeric complexes of charged fullerene ca§és>! Two
excellent reviews on fullerene dimers are currentigilable®?>® however, the multiply
substituted fullerene dimers are probably the leastoexglclass of these compounds,
with only a few examples described in the literafdfé:?*In this chapter we focus on
this class of fullerene derivatives, specifically, be tmultiply chlorinated dimers ofs&

and Go fullerenes, their synthesis and characterization.
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I'V.2. Results and Discussion

IV.2.1. Formation of Chlorinated Fullerene Dimers

A. Formation of [CeClz]2. In Chapter II (Section 11.2.4.A) we reported thaj, C
solution in chlorobenzene becomes black and murky due toatmn of a fine black
precipitate within the first 10-20 seconds after this sodui® saturated with gaseous
chlorine. We found that generally chlorination of,Golution with C} in aromatic
solvent (benzene, toluene, chlorobenzene, 1,2-dichlorebhehzproduces a complex
mixture of soluble Cl, species with maximum value afof 20 or 22 (depending on
the interpretation of the NI-APCI-MS data, see Sestitl.2.1.G and 11.2.4.A) and the
black powdery product insoluble in most common organic savénts very slightly
soluble in carbon disulfide and 1,2-dichlorobenzene). Thalyais of these black
insoluble products by IR spectroscopy gave virtually identiealllts, leading us to the
conclusion that the products have the same compositidrstructure (see Figure IV.1).
The analysis of the black precipitate by thermal gravinmehows the mass loss
corresponding to two chlorine atoms per one fulleresgec(the rapid mass loss was
observed between 200 and 280 °C at 5 °C/min heating rate, figurghown; the IR
spectrum of the TGA residue shows that it composedsgf The EI-MS study of this
product shows that it decomposes giving rise to chlorineGypdons (no GoCl, ions
were observed, which is consistent with a generally dtability of this species in MS
conditions, see paper). The extremely low solubilityhis product suggests that it is a

dimer [GsoCly]2 (or possibly a polimer), since in this work we synthediand isolated
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dichloromethane). The IR spectrum of{Cl,], is also consistent with this assumption
due to its simplicity, see Figure IV.1. We also caledaiR spectra of two 4Cl,
isomers ¢rtho- and para-) that suggest that Ch], is likely to feature chlorines
occupyingpara-positions in the hexagon (see Figure 1V.1).

We performed a series of similar experiments usingmfft solvents (benzene and
toluene) and different reaction conditions (differergaction temperature andgdC

concentration, see Table IV.1). We found that using a higiacentration of g in the

Table1V.1. The dependence between the yield abL:]. and the reaction conditions.

exp. solvent [Go), mg/mL Treaction °C yield of [GoCl2]2
A benzene 1.7 +5 62
B benzene 1.7 +20 31
C benzene 1.7 reflux 0
D toluene 2.8 +5 78
E toluene 2.8 -18 88
F toluene 2.8 -41 97
G toluene 2.0 -41 55
H toluene 1.0 -41 31
K toluene 0.7 -41
L toluene 0.5 -41
M chlorobenzene 5.0 -41 40

starting solution and lower reaction temperature, alynwegantitative yield of [GCly]2
can be achieved (97%, experiment F, see Table IV.1). Tdneaise of the yield of the
dimer with the increasing concentration ah Cand corresponding concentration of the
precursor species) is logical, the increase of the wmelth the decreasing reaction
temperature suggests that theof@,]. product is formed from an unstable precursor(s),
possibly free-radical species. The lower temperaturg imerease the lifetime of the
precursor(s), which makes dimer formation more favor@bkding to a higher yield of
[CeoClo]2). It is also likely that a very low solubility of éhproduct in toluene plays an

important role in such a high yield of this product. Fornepd@, when we chlorinated a
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more concentrated gg solution in chlorobenzene at -41 °C, the yield ofo{S;]. was
only 40% (Experiment M), which is considerably lower than yiedd achieved at this
temperature for the reaction in toluene solution (sgpefiment D). We observed,
however, that unlike benzene and toluene, chlorobena@s capable to dissolve a low
concentration of [gCl].. This compound forms a very pale-yellow solution in
chlorobenzene (and a slightly darker-colored solutioh, 2adichlorobenzene); however,
it does not show any signs of dissolving in benzene andrteluHence we can suggest
that [GoCl], may be more prone to further chlorination and dissaciatvhen it is
dissolved rather than in solid phase.

It is notable that chlorination of/&£under similar conditions (-15 °C, concentrated
chlorobenzene solution, neat chlorine as a chlorinatygntd produces regular £
chlorides (GoClo, CroCls, and GoCls, according to the HPLC analysis of the product);
no insoluble compounds similar todfCl,]» were detected.

B. Formation of [CesCls]2. In our earlier work® chlorination of G solutions (in
chlorobenzene and 1,2-dichlorobenzene) with low conagoss of ICI (10-20
equivalents) was shown to produce, along with soluble riasidorideso-, p-CsoCly,
CsoCls, and GoCls, an insoluble red product, which we identified as a dif@gsCls]o.
This compound was also prepared by ampoule chlorinatiogo@d structurally studied
by single-crystal X-ray diffractio The use of a higher concentration of ICI
(45 equivalents and more) leads to a rapid formation «€l§; which is then slowly
chlorinated further (no dimer is formed under these cmdij. The yield of [GCls)2 is
strongly dependant on the concentration gf i€ the initial solution. The chlorination of
the diluted Gy/PhCIl solution (0.5 mg/mL) does not yield any detectabley(k)2,
however, at 6 mg/mL of4gin PhCl the yield of the dimer reaches 88%.

C. Formation of [C;Clg]2. In Chapter Il (Section I11.2.1.E) we reported that
chlorination of Go/PhCl by lower concentrations of ICI (15-50 equivalenégdk to the
formation of G¢Clg (which is a readily soluble compound); this chloride abpi

147



dimerizes in the reaction mixture to form a highly indté [GoCls]. (we suggested this
formula in Section 1ll.2.1.E based on the results of IMAMS, TG, and IR
spectroscopy, see discussion and figures therein). Usimigeichnique we prepared this
dimer with a 75% yield. A flash-evaporation of the teatmixture allows one to isolate
monomeric GoCls with a high yield (ca80%); the dimerization does not seem to take
place in solid phase (at room temperature and at a npregdure); in solution it appears
to be strongly dependent on the concentration6€lg (see Section I11.2.1.E for detailed
discussion). The higher concentration of, @2ads to a rapid (within seconds) and
practically quantitative conversion of the starting en@al into GoClio which is relatively
inert to the further chlorination.

The yield of [GoClg], drops down sharply when lower concentration af i€ used;
we found that instead of dimerization¢Clg is chlorinated further into 4Clio under

these conditions.

148



IV.2.2. Formation and Ther mal Dissociation of [C;o(CF3)g], Dimer

The possibility of dimerization of fullerenes with Hiple substituents seems
unlikely due to steric hindrance. However, the dimeriaurgabf [GoCls], dimer was
demonstrated unequivocally with single-crystal X-rayrdifion dat&€? Formation of
[C70Clg]. dimer raises more questions. A possible reason behindehassior of GoCls
may lie in its structure, which features a "special" dolwad. The addition of two
chlorines to this double bond leads to the formation €kb, which may explain the
unprecedented selectivity of the formation of this chloge Chapter Il and discussion
therein). According to the theoretical calculationg tajority of the HOMO electron
density of G¢Clg molecule resides on this double bond, which provides a likely
explanation for its high reactivity. The high electromslgy concentrated on this double
bond may facilitate the dimerization of twa¢Cls molecules, however, the mode of the
bonding between two &Cls moieties in [GoClg]2 is not currently clear. Unfortunately,
our attempts at growing single-crystals of,{Clg], so far were unsuccessful. Currently
we are working in collaboration with Dr. Alexey Popov ovlemploys high-level
theoretical calculations in conjunction with experiméiffta and Raman-spectroscopy to
answer the question of the nature of bonding between {@isGnoieties in the dimer.

In order to overcome (at least partially) these carafibns and obtain some
additional evidence for the possibility of;{Cls dimerization we studied a different
derivative of Go with the identical addition patternGs-C;o(CFs)s (see Figure 111.8 for a
Schlegel diagram showing the addition pattern). We fohad this compound behaves
strikingly similar to GoCls. In its regular state it is a dark-brown solid whishreadily
soluble in many organic solvents (i.e., toluene and diohtethane). However, upon
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standing under ambient light (under air) this compoundiptates from its highly
concentrated solutions (in toluene) forming a brighieye solid which is practically
insoluble (this experiment was performed by Dr. I. E. KayeUnder mass-spectrometric
analysis this product gave rise to the peak @f{@Fs)s. Its IR spectrum was also
strikingly similar to the spectrum of the initial;{JCFs)s, see Figure 1V.2. These
observations strongly suggest that this compound has dieenolymeric) nature; it is
likely that it is a dimer [G(CRs)g]2.

Due to a much higher thermal stability of trifluorometitgld derivatives (see
Chapter VI) we annealed this insoluble product under high vaet@®%0 °C for a period
of 30 minutes. The product changed color to dark-brown andr@eoaadily soluble in
toluene; its analysis with HPLC indicated that itdentical to the originaCs-C;o(CFs)s.
This behavior strongly supports the dimeric (or polymerature [Go(CRs)g]2, especially
in conjunction with the IR spectra of the starting moaom material, dimer, and
annealed dimer, see Figure IV.2. Currently Dr. Alexey Rom working on the
assignment of these changes in the IR spectra of thgaods using extensive
theoretical calculations. We hope that using these watanay be able to propose a
possible structure for fg(CFRs)g]2 (and [GoClg]2).

Unfortunately, we are unable to perform a similar anngakxperiment with
[C70Clg]» due to the loss of chlorine by chlorofullerenes at seafiperatures. However,
the dimerization of ¢(CFs)s shows that this process is possible witly @¥fdends which
are larger than chlorine atoms; hence, this providesdirect support for our hypothesis

of C;¢Clg dimerization.

150



Jdannealed
"dimer"

Absorbance

"dimer"

1Cs-C7o(CF3)s

T T T T 1
900 1000 1100 1200 1300

wavenumber, cm’

T T
600 700 800 1

Figure IV.2. Experimental IR spectra of monomefigC;o(CRs)s, [C7o(CR)s]2, [Cro(CFs)g]. sample after
annealing (from bottom to top) showing the changes inRhsgnatures of the compounds.
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I'V.3. Conclusions

The results described in this chapter (and literature data,Section IlI-1 and
references therein) show that fullerenes are pronthdéoformation of dimers during
radical addition reactions. These compounds display rerglly poor solubility as
opposed to the initial (or similar) monomeric molesulBue to this low solubility they
are challenging objects for structural studies, sincegtbath of the single-crystals is
problematic (the single-crystals of {fCls], were produced using a high-temperature,
high-pressurein situ method?; this also makes solution®C-NMR inapplicable.
Currently we are attempting to use vibrational spectms@mmbined with extensive
theoretical calculations in order to obtain more finfation on the structure of these
species. An understanding of these compounds may prodieepainsight into the nature
of bonding in exhohedral fullerene derivatives and stezguirements for the bond
formation in such systems. Moreover, the proximity e two fullerene moieties in
such dimers may find a possible application for developroé solar cells or in other
areas where delocalization of electron density batvise (or more) fullerene cages may
be of service.

The discovery of the formation of §6Cl]2, [CeoCls]2, and [GoClg]. dimers also
gives another striking demonstration of the power of ganeral methodology of
investigation, rooted in the careful analysis of the praddotmed during various
experiments. It is notable that we observed and repartetmation of [GyCls]2 with ca.
30% vyield in the reaction that was reported earlier aaoneld to produce pures§Cls

with nearly quantitative yiel&®
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IV.4. Experimental Details

Reagents and Solvents: Benzene (Sigma-Aldrich, Na), toluene (Fischer Sdien
Na), chlorobenzene (Sigma-Aldrich, CaHand 1,2-dichlorobenzene (Sigma-Aldrich,
CaH,) were ACS Reagent Grade (vendor indicated in pardasjhasd were distilled
from the indicated drying agent under purifiegd dimosphere prior to use. HPLC Grade
toluene, heptanes (Fisher Scientific), andChl (Fisher Scientific) were used as
received. G (99.9%, Term-USA), iodine monochloride (Sigma Aldrich, 99.99886e
metals basis), trans-2-[3-{4-tert-butylphenyl}-2-methyl-2{peaylidene]malononitrile
(Fluka), chromium(iii) acetyl acetonate (Sigma Aldiicand KBr (Sigma Aldrich, 99+ %
FTIR grade) were used as received. All syntheses weriec¢caut under a purified N
atmosphere by using standard Schlenk techniques with vigorousgsby a magnetic
stirrer.

Instruments. HPLC analysis and separation was done using Shimadzu liquid
chromatography instrument (CBM-20A control module, SPD-204ddtector set to
300 nm detection wavelength, LC-6AD pump, manual injectoreyadquipped with 10-
mm 1.D. x 250 mm Cosmosil Buckyprep column, Nacalai Tesdoe). Electronic
spectra of dichloromethane and/or toluene solutions afrchillerenes were recorded
using a Varian Cary 500 spectrophotometer. MALDI mass speatre recorded on a
Kompact MALDI 1V (Kratos Analytical, Manchester, UK}ime-of-flight mass-
spectrometer in the linear mode. A 337 nmldser was used for target activation. Each
mass spectrum was the average of 50-100 laser shots. Clesamglthe trans-2-[3-{4-
tert-butylphenyl}-2-methyl-2-propenyl-idene]malononitrile matmaterial (DCTB) were
dissolved separately in toluene and were mixed in a 1:10nobBample/DCTB ratio
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assuming the sample contained onpyQ;,. A drop of each sample/DCTB solution was
deposited on a stainless steel slide by using a capil@gaed under a strong stream of
cool air from an airsprayer/brush in order to achieveniform sample surface. APCI
mass-spectra were recorded on 2000 Finnigan LCQ-DUO madsespeter (CHCN
carrier solvent, 0.3 mL/min flow, CF sample injected aolution in toluene).
Thermogravimetry was performed using a TA Instruments PG50 (platinum sample
pans,ca. 5 mg sample size, 25-500 °C temperature range).

lodine Monochloride Handling and Transfer. In a typical experiment, the storage
container with solid ICI (a storage tube equipped witlefioh valve and a side arm) was
warmed up, the resulted liquid then measured and transferiregl ars air-tight syringe
(50, 250, and 50@L syringes were used) equipped with a Teflon straw ofisefit
volume to accommodate all of ICI (to avoid ICI cotatth the stainless steel needle and
a possible metallic contamination) under protective ftidyurified No. DANGER! ICl is
very volatile, extremely corrosive to metal and rubbed moisture-sensitive.

CF Handling. All operations involving solutions of CFs were perfodhather in the
dark (vessels containing CF solutions were wrapped with alumfoil) or with minimal
exposure to light (experimental operations were perfdrasequickly as possible under
minimal illumination) unless reported otherwise. We manwend that prior to long-term
storage the traces of aromatic solvents (toluen¢ stould be removed by dissolving a
CF sample in HPLC grade GEI, and evaporating the resulting solution under vacuum.

[CeoCl2]2 preparation. Experiments A, B, and C.s6(200 mg) was mixed with 100
mL of dry, deoxygenated¢B and left stirring overnight. Then the solution watefid
and used for the following experiments. Experiment A. 300mCeso/CsHs solution were
placed in a Schlenk flask, cooled down to +5 °C in benzargh dbath, and quickly
saturated with chlorine (chlorine gas was quickly passedighrohe solution fora. 1
minute). During the first 10-20 seconds of the reaction ther of the solution changed
from dark-purple to black (due to the formation of a fine lblaecipitate) with yellow-
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green hue. The solution was left standing at +5 °C fayizdhto let the precipitate fall to
the bottom and coagulate. The solution above the pratgp(clear yellow solution) was
carefully decanted with a Paster pipette, and the ptatgpwas washed with toluene
several times. After each wash the mixture was ifeged, and the supernatant was
decanted using a Paster pipette. During the last washixture was placed in a tared
vial, the supernatant was removed, the precipitate wad dnder vacuum and weighted,
yielding 35.0 mg of the product. If we take thab €olubility in benzene is 1.7 mg/nit,
then the yield of the product with molecular formuladC;]. is 62%. Experiment B. 17
mL of Gso/CsHe solution were treated as above, except the reactamoarried out at
room temperature. Experiment C. Same as experiment Bhdueaction was carried out
at reflux.

Experiments D, E, and F.s6£(120 mg) was mixed with 40 mL of dry, deoxygenated
toluene and left stirring overnight. This solution wdkefed and used for the following
experiments. Experiment D. 10 mL ogdffoluene solution was treated in a fashion of
experiment A at +5 °C. Experiment E. Same as expetirDerbut the reaction was
carried out at -18 °C (using 1,2-dichlorobenzene slush .bEttperiment F. Same as
experiment D, but the reaction was carried out at -4 u&hg chlorobenzene slush
bath).

Experiments G, H, K, and L. The experiments were pewalrin the same fashion as
experiment D. However, corresponding solutions wereialheprepared using 15 mL of
dry, deoxygenated toluene and a corresponding amounp fdreach experiment.

Experiment M. A solution of 25 mg ofggin 5 mL of dry, deoxygenated PhCl was
prepared. Then it was chlorinated and the reaction mixtaseworked up analogously to
Experiment D.

Czo chlorination with Cl,. Czo (21.2 mg) was dissolved in 5 mL of dry,
deoxygenated PhCI. This solution was cooled to -15 °C usingidhbbenzene slush
bath and rapidly saturated with chlorine; aftar 10 minutes the reaction mixture was
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degassed under vacuum (the reaction vessel was kept sare slush bath during that
process). Then the reaction mixture was warmed up (noppete formation was
visible) and the volatiles were removed under vacuum.sbhé product was completely
dissolved in toluene and analyzed by HPLC (using 100% toleieeat at 5 mL/min); no
insoluble product was observed.

[CsoCls]2 preparation. Cso (60 mg) were dissolved in 10 mL of dry, deoxygenated
PhCI and left stirring overnight in the specially dgsd evaporation apparatus. Then 20
eg. of ICI (85uL) were added to this solution, which was left stirring@dours (at room
temperature). Then the volatiles were quickly removetithe residue was washed three
times with toluene (the insoluble product was centrifugad the supernatant was
carefully removed with a pipette) and then dried under vacUine yield of the product
wasca. 30%.

Preparation of [C7Clg]2. ICI (200 uL, 640 mg, 3.94 mmol, 50 eq.) was added to a
vigorously stirring solution of ¢ (71.1 mg, 0.0846 mmol) in CB (44 mL) in evaporation
apparatus. The evaporation chamber of the apparatus wasrsedmen a room-
temperature water bath. After 25 min the vacuum was apple the volatiles were
removed (the evaporation tock. 8 min). The brown residue was washed off the walls
of the reactor with ca. 3 mL of HPLC grade toluene. fdseilting slurry was centrifuged
and the brown supernatant was decanted. The insolulideieesas washed again with
toluene and two more times with HPLC grade dichlorometh@asatrifugation and
decantation were used instead of filtration to avoidel®s$he resulting light-brown solid
was dried under vacuum to remove traces of solventsngivil.1 mg of [GClg)2

(0.0316 mmol, 75% yield).
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Chapter V
Arylfullerenesand Their Preparation

V.1. Introduction

As we put it in the preceding chapters, a selective preparat multiply substituted
fullerenes is an extremely challenging task. Among difiemethods that may be used in
order to accomplish this task, a selective substitubibfullerene derivatives that carry
good leaving groups has a high promise. We have already reegblaarlier why
chlorofullerenes are arguably the most suitable precufesrsuch reactions in the
introduction to chapters Il and Ill. However, the swsscef this strategy relies both on the
availability of the compositionally and isomericalpure chlorofullerenes and on the
efficient and selective methods for their derivatizatidVe have addressed and (at least
partially) solved the first problem in chapters Il anl tthis chapter (and Chapter VI) is
dedicated to the study and development of methods of chl@mine derivatization.

Several different methods have been reported in tbtiure for CF derivatization.
The majority of work in this area was done by Sussex gip@f: arylation via Friedel-
Krafts aromatic substitution in the presence of Lewissg¢® i) alkylation by methyl
lithium;®" i) alkoxylation by alcohol-base mixtufeiy) allylation by allyltrimethylsilane
in the presence of Lewis acldThe Friedel-Crafts arylation was the first and most
frequently studied method used for CF derivatizatibtf. The arylation of GCls by
several different aromatic substrates gave pentatatylGoArsCl derivatives:* The
yields ofca. 50-70% were reported for severao@sCl products prepared fromgCls
starting material (&PhCl — 68%; Ceo(p-CeHaF)sCl — 63%; Go(p-CeHsOCHs)sCl —
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54%; Go(tolyl)sCl — 61%; Go(thienylsCl — 499%); Coo(CsHs-COOCH:)sCl — 60%;
Cso(CsHs-CH(COOCH),)sCl — 5096). However, in these reactions products with fewer
(CsoPhe and GoPh®™) and larger number of substituents than sigA€yls®) were also
isolated. Phenylation ofgClio was reported to yield GPhs (with 66% yield)? C;oPh,
CzoPhy, and GoPhs were also reported to be produced under similar congdi*?**

The fact, that arylated derivatives with fewer anmgida number of substituents than
the number of chlorines in the starting CF were prepared, be interpreted in two
different ways. It may indicate that the arylatidrGb-s is accompanied by side-processes
(i.e. elimination of chlorines and/or addition of arylogps to bare fullerene cage).
Alternatively, it may be rationalized by the presenc€B$ with fewer or larger number
of chlorines. Earlier we found thatséCls prepared by the same method as in ref. 3
contains CFs with more than 6 chlorines. In this work als® found that purity of
C7oClyo prepared by the method described by Sussex group is vergdo@20@o) with the
major product being £Cls (ca 70%, see Section l11l.2), which may explain the
preferential formation of @Phs.?2 These problems make interpretations, and especially
mechanistic considerations, unreliable.

It is also notable that a variety of the reactiondibons were used for CF arylation;
FeC} catalyst was used in the majority of the cases eXoephe preparation of §(p-
CsH4OCHs)sCl (TiCl, was employedy. The aromatic substrate was always used in large
excess; some substrates (benzene, fluorobenzene, toareh#hiophene) were used as
the reaction medium and solvéritMore valuable substrates were reacted wifCE in
solution of dichloromethaneeft-butylbenzene, phenyltrimethylsilane, and ani§ote
nitrobenzene (§4s-COOCH; and GHs-CH(COOCH)."). In some cases, the formation
of GCsoArsCl derivatives was performed at an elevated temperatuenzé€be,
fluorobenzene, thiophere; CsHs-COOCH; and GHs-CH(COOCH),"). In case of
CsoCls phenylation it was stated that heating is required, wikerthe reaction "take[s]
many weeks® For other substrates the reaction was performed at temperature for
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2-24 hours (toluene, anisoléert-butylbenzene, phenyitrimethylsilane)Despite the
multitude of various conditions used for CF arylation Idffecent aromatic compounds,
no study that compares the effect of different reactionditions on the yield and purity
of the product has been published up to date. This makes thlegieent of the arylation
procedure for a novel CF and/or aromatic substrate nohedlenging and labor-
consuming. Hence, we decided to study the arylation t#ré&res in detall, starting with
reactivity of bare-cage &g and Go and proceeding to CFs. In this work we applied the
techniques of dynamic HPLC monitoring and soft-ionizatio® kMhethods (ESI- and

APCI-MS).
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V.2. Results and Discussion

V.2.1. Selective Arylation of Chlorofuller enes

A. Arylation of Bare-Cage Fullerenes. According to the early work of Olah and
co-workers'® Cg is phenylated in the presence of strong Lewis acids 64 FeG)
in benzene medium, producing mixed phenylated-protonated deewdtiz,PhH,). No
reaction was observed in the presence of weaker Lavids (TiC) and SnCj).*° The
only work describing the behavior ofdunder similar conditions stated that no evidence
of C;o phenylation was observed when AJCatalyst was used (that work was done with
mixed samples of & and Go).»®

In agreement with the literature data, we found thgt $®lution in benzene is
rapidly converted into mixtures ofsPhHy derivatives in the presence of strong Lewis
acids like AlICt and FeGl. The maximum values ofandy observed by EI- and ESI-MS
are equal to 15; the HPLC analysis of the reaction prodincteed them to be complex
mixtures (figures not shown). A weak Lewis acid Fi@id not catalyze this process
leaving Go unchanged (we performed these reactionsghts @edium). Contrary to the
literature datd® we found that & undergoes a rapid phenylation in the presence of;FeCl
in C¢Hs medium, producing a mixture of;£derivatives with 10 and 9 phenyl groups
both at room temperature and under reflux, see Figure G4glwas unchanged when
TiCl, catalyst was used. This shows for the first time twh Go and Go possess a
similar reactivity towards phenylation in benzene medianthe presence of different
Lewis acids. Both of these fullerenes are easily plaeglin the presence of strong

Lewis acids (FeG), but weak Lewis acids (Tig)lare not sufficiently active to catalyze
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Figure V.1. Phenylation of &Cli, (left column) and & (right column) in refluxing dry benzene in the

presence of FeglThe upper row figures correspond to the products formed Eteninutes of reaction;
the bottom row figures correspond to the products fornfied 4 hours. HPLC traces a-d were acquired
using 100% toluene eluent at 5 mL/min flow rate. HPLC sa&ceb', and c' were acquired using 50/50 v/v
toluene/heptane mixture as an eluent at 5 mL/min flow H®.C trace d' was acquired using 30/70 v/v
toluene/heptane mixture as an eluent at 7 mL/min flai®.rThe different values of correspond to the
peaks observed in the NI-APCI-MS analysis of the corredipgrproducts; the values in [square brackets]
designate the most intense peak. The NI-APCI-MS figuresnat shown except for the sample a, see
Figure V.2.

this process. The HPLC analysis of the products of atation of the bare-cage
fullerenes indicate that this process is poorly seledtmixtures of products were found
to be produced, see Figure V.1); hence, it is unlikelyeta wiable approach to the high-

yield preparation of pure arylated fullerenes. Arylatidéo@re-cage fullerenes by means
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of metalloorganic compounds provides an effective altemafr Friedel-Crafts

arylation!’
C70(CeHs)o

NI-APCI-MS
C70(CeHs)s
_ C70(CeHs)10
Cro C70(CeHs)7

*

800 1000 1200 1400 1600 1800 2000 m/z
FigureV.2. NI-APCI-MS of the sample a (see Figure 1V-1). The peaigiated with an asterisk in due to

a non-fullerene impurity.

B. Arylation of CgCle. The precise reproduction of the original conditions deed
CsoPhsCl preparatioh is complicated due to a lack of the accurate descriptiothen
procedure (the concentrations ofyCls and Fed catalyst and the reaction temperature
have not been reportdHowever, we tried to follow the published descriptias close
as possible. We found that phenylation @@ in benzene solution in the presence of
FeCk catalyst is a fast process both at room temperandet70 °C (see Figure V.3A
and V.3B correspondingly). In both cases all startingemeatwas completely consumed
after 20 minutes of the reaction, angh®hCl was formed as the major product (with
50% and 60% yield correspondingly, these data are obtaineddgyation of the HPLC
traces acquired using 50/50 v/v toluene/heptane eluent, see$\gBA' and V.3B'; the

1H-NMR spectrum of the HPLC isolated product matched iteeature dat§. This is
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contradictory to the statement of Sussex group, whiclcamed that at room temperature
this reaction is very slow (takes "many weeKs").
Cy,Cls + C,H, + FeCl,
!\1 20 °C, 20 min
CqoPh:Cl - 50%

JU\_ x A
0 ét1'ct)_ 1':(5_ 20 25 30
A reten :)Eme, min
0 2 4 6 8 10 12
Cq,Clg + CH; + FeCl,
70 °C, 20 min
Cs,Ph.Cl - 60%

——

AL« B

0 5 10 15 20 25 30
B retention time, min

P

0 2 4 6 8 10 12
retention time, min

Figure V.3. Phenylation of Cls in benzene solution in the presence of pagitalyst. HPLC traces

designated by A and B were acquired using 100% toluene eluent btniimflow rate. HPLC traces
designated by A' and B' were acquired using 50/50 v/v tolueneffeeplaent at 5 mL/min flow rate. The
peaks marked with asterisks are due g (@hich was present as ca. 3% impurity in the startiggg).

90% pure starting materiakls was used (according to the HPLC trace integration).
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In the next series of experiments we studied CF aoylatising dynamic HPLC
monitoring, see Figure V.4. However, the internal steshdaormalization (see
Section 11.2.4.A) was not used in these experiments dua difficulty of finding a
suitable standard. Instead, a different approach of ifdé#gral normalization was

employed.

0 3 6 9 12 15 \ =3

CqCls + C,H, + TiCl,
no light

0O 3 6 9 12 15

C¢,Clg + CoH, + TiCl,
light

0 3 6 9 12 15'7\\;3};“

retention time, min
Figure V.4. Dynamic HPLC monitoring of £&Cls phenylation in benzene solution in the presence ©F,Ti

catalyst. The reaction mixtures A, B, and C were kghe same distance from the light source to ensure
that their temperatures are the same. The flask cimgaieaction mixture B was shielded from light by

aluminum foil wrap.
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The individual HPLC traces that comprise a dynamic Valtgslot were normalized
so that their full integrals are the same. This apgrasdimited since it assumes that all
fullerene products are representatively analyzed by HRIL®{ them are soluble) and
that all of them give the same detector responseufircase, their extinction coefficients
at 300 nm are the same). The deviations from these assumptill introduce the
distortions into the relative vertical intensity tife individual traces of the dynamic
HPLC plots; however, for the representative purpolseset deviations are unlikely to be
important.

Dynamic HPLC monitoring of §Cls phenylation in benzene solution in the
presence of TiGlcatalyst showed that the use of weaker Lewis acid l@ademewhat
slower reaction rate (see Figure V.4). We found thtdkies ca2 hours for a complete
conversion of the starting material intagsoRhCl (which is a major product of this
reaction). This reaction is slightly faster whensitexposed to the visible light (two 60-
watt incandescent light bulbs were used to irradidie teaction mixture C, see
Figure V.4C); however, this difference is very sligint both cases the yield ot hCl
is ca 50% (these yields are calculated by the integratiomhefHPLC plots of the
reaction mixtures samples taken after 4 hours, acquirdd50/50 v/v toluene/heptane
eluent mixture). The phenylation is very slow in the abseonf Lewis acid (see
Figure V.4A), with only slight decrease in the conceaimraof GsiCls after 4 hours (the
irradiation by visible light was used; earlier weosled that GCls is stable in the
solution of aromatics in the dark, see Section 11.2.2)esE results demonstrate that
catalysis by Lewis acids in required fogoCls phenylation; however, the difference
between strong (Feg}land weak (TiG)) Lewis acids is not very significant (the yields of
the major product §&PhCl are similar in both cases).

The fluorophenylation of §Cls was described in the literature as being very similar
to the phenylatiorl.In both cases the same synthetic procedure thateatit. heating of
CsoCls solution in the aromatic substrate (benzene or fluembpbne) in the presence of
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FeC} catalyst for 20 minutes was use@he penta-substitutedsg@\rsCl products were
reported in both cases with similar yields (68% and 61% ghenylation and
fluorophenylation correspondingly; onpara-substituted products were observed for in
CsoCls fluorophenylationy. The dynamic HPLC plot of TiGlcatalyzed reaction shows a
gradual substitution of chlorines ingdCls, which produces &(p-CsH4F)sCl with ca.
70% vyield after 2 days at room temperature (according to HiPa€e integration, see

Figure V.5A). FeGl-catalyzed process, on the other hand, causes a vety(naputes)
TiCl
4

CGOCIG CeHsF CeoClg

Coo(P-CeHaF)rCl.py

0 2 4
retention time, min 1 day
2 days
C. Cl FeCl, cc
_ 60Clg
606 C.HF

Cgo(p-CHaF),CIH,

H

+— 0 sec
= P 5 min
£45 min
ﬁ 2 hours
7— 6 hours

0 2 4 6 8 10
retention time, min
Figure V.5. Inert-atmosphere dynamic HPLC study gtCls arylation catalyzed by Ti¢l(A) and Fed
(B). The inserts are the expansions of the projectadnthe 3D plots on the retention time — vertical
intensity coordinate plane. The reaction times arggdated on the right side of the figure. Tinaumbers
given without parenthesis were determined by FAB-MS ofisbkated HPLC fractions. The numbers
given in parenthesis are hypothetical (plot A).
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and poorly selective arylation beyond,(@-CsH4F)sCl (see Figure 1V-5B). The fractions
designated as ¢d{p-CsH4F)4Cl, and Go(p-CsH4F)sCl on the plot A were isolated by
HPLC and characterized by FAB-MS dp-CsH4F)sCl was also studied by'}- *°F-
NMR, which confirmed it€Cs-symmetry, consistent with the conservation of tieitéon
pattern of GoCls during arylation (see Figure V.6). These results are isurgrsince the
reactivity of fluorobenzene towards electrophiles is ugualver than that of benzene. It
is not clear how Sussex group was able to prepafe-CsH4F)sCl with 61% yield using
FeCk as a catalyst.We also found that fluorophenylated fullerenes are styoat
sensitive, so a specially developed inert-atmosphere HBtkhigue was used for the
purification and the analysis of these products (seéosech stability and experimental

section).
TiCl,, CcH<F
2 days

70%

CeoClg > Cgolp-CeHsF)s Cl

60/40
toluene/heptane

0 2 4 6 8 10
retention time, min

100% toluene

1163 -1166  -116.9  -117.2 ppm
Figure V.6. The synthesis, HPLC analysis arfti}- “*F-NMR spectrum of §(p-CsHsF)sCl.

170



These results demonstrate that the optimal conditionarylation of G,Cls are
strongly dependent of the nature of the aromatic satiestiThe correct choice of the
reaction conditions and especially of the Lewis aeithlyst has a very strong impact on
the yield and purity of the products.

C. Fluorophenylation of CgClio. The fluorophenylation of the 95+%s4Cl;o was
carried out in solution of fluorobenzene in the presenceiGf,Tcatalyst (figure not
shown). The dynamic HPLC study showed that althougipitheess of fluorophenylation
proceeds smoothly, the product is comprised of at leaes thifferent derivatives present
in the similar concentration. It is likely that the g®ace of several closely spaced
chlorine substituents in the structure of the startingenat makes their complete
substitution difficult.

D. Arylation of CzCl,. We repeated the phenylation 0foClio, following the
procedure of Sussex grofigiccording to their paper /Phs is formed with 66% yield
after 15 minutes of reflux of the benzene solution 800G, in the presence of FeQthe
authors claimed that two chlorines were eliminated dutiegcourse of the reactioh)n
our hands this procedure yielded a complex mixture of agt lseven different &
derivatives present in similar quantities (see Figurka)/.NI-APCI-MS of this mixture
showed that ¢ species with 7, 8, 9, and 10 phenyl groups were present (dtantense
ion corresponded toAPhy, see Figure V.2). The longer reaction time (4 hourgeftix)
led to changes in the product composition (see Figure V.1i®. rost intense peak
observed in the NI-APCI mass spectrum of this productdBlts , which indicates that
further phenylation of g cage was achieved. However, it was also composed st le
7 different components present in similar quantitiesziéav of these results we suggest
that the sample of Cli used in the original wofkof Sussex group was contaminated
with C;¢Clg (see Section I11.2.1).

The dynamic HPLC study of £Clp phenylation in the presence of Ti(lsee
Figure V.7) shows that the use of this weaker Lewis @&add to slower phenylation
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C70Clyg
C,,Cl., + CH, + TiCl,
light

s’ L4 [ 4

0 4 8 12 16 20
retention time, min

Figure V.7. Dynamic HPLC monitoring of &Clio phenylation in benzene solution in the presence of
TiCl, catalyst.

(as compared to the reaction catalyzed by £ ef@ke Figure V.1). However, this reaction
also produces mixtures of the products (with 9 and 10 phenyl tidogs as determined
by NI- and PI-APCI-MS, figures not shown; see Figure \aBthe expansions of the
corresponding HPLC traces). The fluorophenylation €, was found to proceed in a
similar fashion, producing mixtures of,{Cderivatives with 8, 9, and 10 fluorophenyl
groups (TiCJ catalyst was used, see Figure V.9). The poor selectiviyl,o arylation

is likely to be caused by the high steric hindrance betwswenchlorines that occupy
ortho-positions (it is notable that-gPh was prepared by direct phenylation g Gnder
harsh conditiorfs rather than phenylation of /6Chg). On the other hand, the
fluorophenylation of @Clg was found to proceed smoothly, leading to the formation of
Cro(p-CsH4F)s With ca 75% vield (fH}- **F-NMR of this compound is consistent with
the conservation of the addition pattern gb@s during arylation, see Figure V.10).

C7oClg structure contains only chlorine substituentspana-positions relative to each
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other; the lack of steric hindrance is likely to be thesom behind the high yield of the

corresponding arylated product.

C,.Cl,, + CsHg + TiCl,
4 hours, light

Y .~

0 5 10 15 20 25 30

/\ C,.Cl,, + C¢Hy + TiCl,
24 hours, light

0 5 10 15 20 25 30
retention time, min

Figure V.8. The HPLC analysis of the products of,Cl;, phenylation in the presence of Ti@atalyst.

The traces were acquired using 50/50 v/v toluene/heptand itk 5 mL/min flow rate.
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C70Cho

C70CI10

o)
TiCl4lC6HsF 100% toluene

0 4 8 12 3days 1
retention time, min
100% toluene 60/40
C.o(0-CH F)+ toluene/heptane
Cro(p-CeHaF )16 ” Ifr 26 "0 2 4 6
Fr' 1 . C7O(p'C6H4F);

C?O(p'C6H4F);
\ C70(p'C6H4F);
C7o(p'CeH4F); [ |

FAB-MS

T T v T T T - 7T T -_—TrTT T T
1300 1500 1700 1900m/z 1500 1700 1900m/z 1300 1500 1700 1900m/z

Figure V.9. Dynamic HPLC plot of &Clyo fluorophenylation. The HPLC trace of the startingCGLy is
shown in the top right corner of the figure. The crudection mixture after 3 days of the reaction was

separated by HPLC and analyzed by FAB-MS, which are showreibottom part of the figure.
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| 1C.Cl
tart t | 708
asa e (e:”a 79% 76% | Cro(p-CHiF)s

mall ~99%
100% toluene 21 WON
C70(p'C6H4F)8 e

Cly|CgHsF HPLC
\ 15% | { purification
product l .
9% 60/40
b (,:& \ toluene/heptane
0 4 6 12 16 20 5> 4 6 8
C A
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Coo(p-CH.F)F retention time, min
FAB-MS
) Cro(p-CoHaF)s
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1400 mm U F NMR
f : i .
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Figure V.10. C,o(p-CsH4F)s preparation, purification, and FAB-MS (plot ) antH}- **F-NMR (plot f)
spectra. Plot a is the HPLC trace of the starting natét;(Clg), plot b is the HPLC trace of the crude
reaction mixture (100% toluene eluent was used in both caBes c is the HPLC trace of the crude
reaction mixture taken with 60/40 v/v toluene/heptane eludiot d is the HPLC trace of the purified
C7o(p-CsH4F)s acquired with 60/40 v/v toluene/heptane eluent.
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V.2.2. Stability of Arylated Fullerenes

Numerous papers dedicated to the synthesis and study efearyderivatives of
fullerenes do not provide much information on the stabibfythese compounds;
however, suggestions were made of their future use ini¢hds fof solar power and
biomedics. Naturally, the advanced materials for soddlr applications must possess a
high degree of stability towards light-induced degradatiba; diomedical applications
and studies on the other hand requires a very high defjsaenple purity (or an intimate
knowledge of the impurities present). Besides these pahaansiderations, a general
point should be made. The knowledge of the stability ndbwel compound (or a novel
class of compounds) is critical so that the steps sacgdo ensure the absence of a
significant, uncontrolled, and unwanted degradation duringstiisly can be taken.
Usually it is assumed that the degradation of a compoundeneal itself during the in
the first stages of the study. However, it is not abviaye. Earlier we showed tha§Cl,
and GoCl, compounds decompose when irradiated with ambient lighsolution
(sometimes within hours). There was no mention of pimenomenon in the literature
before our work, despite the fact that the first reor the preparation of a CF was
published in 1991, in the very beginning of synthetic fullerehemistry. We suggest
that the report of the synthesis of a novel compound @ass of compounds) in the field
of fullerene chemistry can greatly benefit from theoasated study of the stability of this
compound (or a class of compounds). To keep with thet sfirthis statement, we

performed the first detailed study of the stability ofl@med fullerenes.
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Earlier the only data on the stability of arylated dtdines was a brief mention that
fluorophenylated fullerenes are more prone to oxidatian the phenylated derivativés.
In several papers the isolation of partially oxygenatedated fullerenes were obtained
(i.e., CroPhhOH, GoPhQ,, etc.); these compounds were obtained as by-productgtieom
reaction mixtures formed during the preparation of &egaderivatives. These
observations can be interpreted as indications ofitkgeasitivity displayed by arylated
fullerene derivatives, however, no concrete statementghat have been reported.
Nowhere the need of inert-atmosphere conditions for wgrkvith arylated fullerenes
was mentioned.

Despite that assuring literature data we found thatl@rdphenylated fullerenes
that we prepared (including 90+% pure samplesafpCsH4F)sCl and Go(p-CsH4F)s)
undergo a rapid (5-60 seconds) decomposition when their swutiee exposed to air.
During this brief period of time the solutions rapidly ntuzloudy forming a whitish
gelatinous precipitate. When solid samples of these congo (films prepared by
evaporation of the corresponding solutions under vacuuengqrosed to air, they do not
seem to change their appearance; however, they faldissolve, demonstrating a clear
sign of degradation. If these films are kept in the vacaurmmder inert atmosphere, they
redissolve easily (in dry, deoxygenated toluene, whithessolvent used for all stability
studies of arylated fullerenes performed in this work)e Tegree of air-sensitivity of
these compounds does not show any obvious correlatiorthveitpresence or absence of
ambient light, which suggests that fluorophenylated derivatofefullerenes are air-
sensitive independent of the lighting conditions.

The phenylated derivatives (95+% sample abPG;:Cl and mixed sample of
CzoPhCliox, X = 8, 9, 10) were found to be stable under air atmosphdreseT
compounds did not show any sings of degradation even sdtearal days of storage
under air (in the dark, see below). This shows that thkilsy of arylated fullerenes
towards air depends to a great extent on the natube @yl group. A suggestion can be
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made that more electron-withdrawing substituents of tiilegroup may lead to higher
air-sensitivity of the corresponding arylated fullee however, more experiments need
to be done with various aryl groups in order to find a alearelation.

We also studied the photosensitivity of arylated fullee towards ambient
fluorescent light of the laboratory using 95+% pure sangdleCsoPhsCl as a test
compound. The technique of dynamic HPLC monitoring was usednéthod was
identical to one that we used to study the stability 8CG in the section Il above and
CsoCln In our earlier paper. We found that,RhCl is photosensitive. No detectable
decrease in the concentration ab®hCl was observed even after 9 days of storage in
the absence of light, both under air and under inertgihee. Under ambient laboratory
radiation GoPhsCl half-life was found to bea. 3 days (both under inert atmosphere and
under air). However, the photosensitivity of this compomay be associated with the
presence of a chlorine substituent, rather than phenyl grédm® work needs to be
done in order to firmly establish the stability of atgth fullerenes carrying various aryl
groups under different conditions and in different solserhtowever, even these limited
findings show that some arylated fullerenes can be highlgensitive, thus putting some

of the earlier results under question.
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V.3. Conclusions

Our results show that although direct arylation ofebzage fullerenes is poorly
selective, similar reaction of CFs can produce arylatberene derivatives with multiple
substituents with high yield and selectivity. However, cletap substitution may be
difficult to achieve when 1,2-chlorine substituents aresqme in the structure of the
initial CF. For example, arylation ofg6Cls produces gArylsCl compound with a good
yield for a variety of different aryl substituents;wever, the synthesis of the fully-
substituted GAryls is much more difficult to achieve (apparently, only a -igeid
synthesis of gPhs has been reported up to date). Other examples are Emdelgtive
arylations of GoClip (one 1,2-chlorine contact) and 6f-Cs¢Clio (multiple 1,2-chlorine
contacts). However, £Cls (all chlorine substituents occupying 1,4-positions relative
each other) is selectively converted int@(f-CsH4F)s with good yield. This shows that
arylation may be a valuable generic method for deriattim of CFs that do not have
(multiple) close contacts between chlorine substigientheir structure.

We found that arylated fullerenes have notably diffestability depending on the
nature of the aryl addends. So, fluorophenylated derivataeislly degrade under air
atmosphere, when phenylated derivatives are stable undecauatitions. We also found
that GoPhCl compound is photosensitive both under air and under @iervsphere.
This behavior may be associated with chlorine rather pin@myl addends; however, the
generic photosensitivity of arylated fullerenes (samtio the chlorofullernes) cannot be
ruled out without further investigation.

The development of the efficient and selective methaofdarylation of fullerene

chlorides relied entirely on our general methodologyne€stigation. The discovery of
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the limited stability of many arylated fullerenes adsmpports our view that stability study
must be an integral part of the investigation of any holass of chemical compounds

(and/or materials).
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V.4. Experimental Details

Reagents and Solvents: Benzene (Sigma-Aldrich, Na), toluene (Fischer Sdien
Na), chlorobenzene (Sigma-Aldrich, CaHfluorobenzene (Sigma-Aldrich, CaH and
1,2-dichlorobenzene (Sigma-Aldrich, Cahvere ACS Reagent Grade (vendor indicated
in parenthesis) and were distilled from the indicatedndryagent under purified ;N
atmosphere prior to use. TiC{Sigma-Aldrich) was stirred with copper powder for
several days, then distiled under vacufinHPLC Grade toluene, heptanes (Fisher
Scientific), and CHCI, (Fisher Scientific) were used as receivedy (09.9%, Term-
USA), iodine monochloride (Sigma Aldrich, 99.998% tracdaisebasis), trans-2-[3-{4-
tert-butylphenyl}-2-methyl-2-propenylidene]malononitrile (Flukapromium(iii) acetyl
acetonate (Sigma Aldrich), and KBr (Sigma Aldrich, 99+%R grade) were used as
received. All syntheses were carried out under a purifiedathosphere by using
standard Schlenk techniques with vigorous stirring by a magstatier.

Instruments. HPLC analysis and separation was done using Shimadzu liquid
chromatography instrument (CBM-20A control module, SPD-204ddtector set to
300 nm detection wavelength, LC-6AD pump, manual injectoreyadquipped with 10-
mm 1.D. x 250 mm Cosmosil Buckyprep column, Nacalai Tesdoe). Electronic
spectra of dichloromethane and/or toluene solutions afrchillerenes were recorded
using a Varian Cary 500 spectrophotometer. MALDI mass speatre recorded on a
Kompact MALDI 1V (Kratos Analytical, Manchester, UK}ime-of-flight mass-
spectrometer in the linear mode. A 337 nml&ser was used for target activation. Each

mass spectrum was the average of 50-100 laser shots. Clesamglthe trans-2-[3-{4-
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tert-butylphenyl}-2-methyl-2-propenyl-idene]malononitrile matmaterial (DCTB) were
dissolved separately in toluene and were mixed in a 1:10nobBample/DCTB ratio
assuming the sample contained onpyQ;,. A drop of each sample/DCTB solution was
deposited on a stainless steel slide by using a capil@rgiaed under a strong stream of
cool air from an airsprayer/brush in order to achieveniform sample surface. APCI
mass-spectra were recorded on 2000 Finnigan LCQ-DUO magsespeter (CHCN
carrier solvent, 0.3 mL/min flow, CF sample injected aolution in toluene).
Thermogravimetry was performed using a TA Instruments PG50 (platinum sample
pans,ca. 5 mg sample size, 25-500 °C temperature range).

CF Handling. All operations involving solutions of CFs were perfodather in the
dark (vessels containing CF solutions were wrapped with alumfoil) or with minimal
exposure to light (experimental operations were perfdrasequickly as possible under
minimal illumination) unless reported otherwise. We manwend that prior to long-term
storage the traces of aromatic solvents (toluen¢ stould be removed by dissolving a
CF sample in HPLC grade GEI, and evaporating the resulting solution under vacuum.

Inert-atmosphere HPL C. The analysis and separation of fluorophenylated fullerene
derivatives were done using inert-atmosphere HPLC. Theegdure uses protective
positive pressure of dry nitrogeca( 5-6 psi above atmospheric pressure). This allows us
to avoid placing the whole HPLC setup inside a glovebak simply perform all the
operations on the bench. The plastic effluent tubegsipped with a stainless-steel
needle; when a fraction needs to be collected theatipequickly pokes it through the
rubber septum of the collection flask (see Figure V.11 Tbllected fractions are
concentrated and/or dried by vacuum-distilling the solwetat the solvent trap that is

cooled with liquid nitrogen (see Figures V.11 and V.12).
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Inert Atmosphere HPLC Setup
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Figure V.11. The schematic representation of the inert-atmogsphELC setup (see also Figure IV-12). Through the use ofgbir@eatmosphere of dry

nitrogen, the air-sensitive compounds can be manipulatsitlewf the glove-box in a convenient benchtop system.

183



Inert Atmosphere HPLC Trap Assembly

|

300

Materials:

Inlet Valves, High Vacuum: CG-590

Inner Ground Joints, 24/20: CG-170-05

Quter Ground Joints, 24/40: CG-172-05
Glassblowers RBF Blank, 1000mL: CG-618-10

Figure V.12. The technical drawing of the inert-atmosphere HPap aissembly (see Figure 1V-11).
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C+o phenylation in the presence of FeCls. The arylation reactions were performed
under ambient fluorescent light, under dry nitrogen atmosph@p (3.5 mg, 0.004
mmol) was dissolved in 13 mL of dry, deoxygenatetidC About 10 mg of dry Fegl
was added to this solution, which was then mixed and spittivo batches (batch A and
batch B) of approximately the same size. Solution A wels $tirring at room
temperature; solution B was refluxed. After 15 min bothctien mixtures were
guenched with aqueous HCI, washed with water, then the ortpgy@c was separated
and dried over MgS© The resulting solutions were analyzed by HPLC and ARSI

C7Clyo phenylation in the presence of FeCls. The arylation reactions were
performed under ambient fluorescent light, under dry ggnoatmosphere.-£Clio (3.5
mg, 0.003 mmol) was dissolved in 9 mL of dry, deoxygenatgts. About 10 mg of dry
FeCk was added to this solution, which was then mixed andisf@itwo batches (batch
A and batch B) of approximately the same size. Soluiowas left stirring at room
temperature; solution B was refluxed. After 15 min bothctien mixtures were
guenched with aqueous HCI, washed with water, then the ortpgy@c was separated
and dried over MgS© The resulting solutions were analyzed by HPLC and ARSI

CeoCls phenylation in the presence of TiCls. 90% pure (by HPLC trace integration)
sample of GCls (70.5 mg, 0.0755 mmol, for preparation see Chapter 1) was hssoi
70 mL of dry, deoxygenatedsBs. A 5 mL sample of this solution was stored under dry
nitrogen (sample A) in the clear glass flask. To &8 of the GCls/CsHg Solution 5 mL
of TiCl, were added. A 5 mL sample of this mixture was taken amedtunder dry
nitrogen in the dark (sample B). The rest of the reaatnixture were left stirring under
dry nitrogen in the clear glass flask under ambient fleweet light of the laboratory
(same as sample A). All three reaction mixtures wemenpled at the regular time
intervals (30 min, 1 hour, 2 hours, and 3 hours); these Isamyere flash-evaporated
under vacuum, dissolved in toluene and analyzed by HPLd:(wair atmosphere). After
4 hours the reaction mixtures B and C were quenched wibous HCI, washed with
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water, then the organic layers were separated and dried MgSQ. The resulting
products were analyzed by APCI-MS and HPLC.

CeoCls phenylation in the presence of FeCls. 90% pure (by HPLC trace integration)
sample of GCls (15.0 mg, 0.016 mmol, for preparation see ref. #) was asdah 15
mL of dry, deoxygenatedg8s. Ca. 10 mg of dry FeGlwas added to this solution; it was
thoroughly mixed and split into two portions A and B (bo#revkept under dry nitrogen
atmosphere under ambient fluorescent light). Portion A kept at room temperature;
portion B was heated at 70 °C. After 20 min both reaatdures were quenched with
aqueous HCI, washed with water, then the separated orlgeeics were dried over
MgSQs.

C7Clyo phenylation in the presence of TiCls. C70Clio (33.3 mg, 0.0279 mmol) was
dissolved in 50 mL of dry, deoxygenategHs. Then 3 mL of TiCf were added to it and
the resulting mixture was left stirring under the agpiwere of dry nitrogen in the clear
glass flask under ambient fluorescent light of the datmwy. After ca. 2 hours the
reaction mixture changed color from bright-yellow &rywdark-greenish. The samples of
the reaction mixture were taken regularly, flash-evatsat under vacuum, dissolved in
toluene, filtered, and analyzed by HPLC.

Dynamic HPL C study of CgClg arylation. The arylation reactions were performed
under ambient fluorescent light, under dry nitrogen atmospl®% pure €Cls (15.1
mg, 0.016 mmol, prepared according to ref.) was dissolvédmh of dry, deoxygenated
PhF. This solution was split into two batches (batcard batch B). TiGI(20 uL, 0.10
mmol) was added to the batch A; Fe@a. 16 mg, 0.1 mmol) was added to the batch B.
Both reaction mixtures were stirred vigorously. Sampfelsoth reaction mixtures were
taken at the regular time intervals and flash-evaporates) they were dissolved in
toluene, filtered, and analyzed by inert-atmosphere HRR&action mixture B changed
color from orange to very dark-brown within the first Thates of Lewis acid addition;
the color of reaction mixture A stayed unchanged througiheutourse of the reaction.
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Dynamic HPL C study of CegClyp fluorophenylation. The reaction was performed
under ambient fluorescent light, under dry nitrogen atmospl®&% pure €Clio (ca. 5
mg, 0.005 mmol, prepared according to ref.) was dissolv8dmh of dry, deoxygenated
PhF. TiC} (200 uL, 1 mmol) was added to it and the reaction mixture \@#sstirring.
Samples of the reaction mixture were taken at the aeguhe intervals and flash-
evaporated; then they were dissolved in toluene, fidternd analyzed by inert-
atmosphere HPLC.

Preparation of C(p-CeH4F)s. 80% pure GCls (12.6 mg,ca. 0.009 mmol; 20%
impurity is due to &) was prepared as described above and used without HPLC
purification. It was dissolved in 10 mL of dry, deoxygenatb#;Rhen this solution was
mixed with 0.25 mL of TiCJ (1.27 mmol) and left with vigorous stirring. After three
days the reaction was completely evaporated under vadtharesidue was dissolved in
dry, deoxygenated toluene under dry nitrogen atmospheregdiftemd separated by
inert-atmosphere HPLC.

Preparation of Co(p-CeH4F)10. 98% pure &Clip (14.2 mg,ca. 0.012 mmol) was
prepared as described above. It was dissolved in 5 mL ofidoxygenated PhF; then
this solution was mixed with 0.25 mL of TiC(1.27 mmol) and left with vigorous
stirring. The reaction mixture started to change ctogreen and fluoresce aftea. 12
hours. After 3 days of stirring the reaction mixturesveavaporated down. The residue
was dissolved in dry, deoxygenated toluene under dry nitratpeosphere, filtered, and

separated by inert-atmosphere HPLC.
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Chapter VI
Perfluor oalkylation of Chlorofullerenes

VI.1. Introduction

In the preceding chapters we showed that chlorofullerengésagylated fullerenes
have relatively low stability and are easily decomposed:hapters Il and Il we also
demonstrated that chlorofullerenes are generally lighsigee in solution (both under air
and under inert atmosphere). In chapter V we determinecitylated fullerenes can be
very air-sensitive; these compounds may also demondigatesensitivity (similar to
chlorofullerenes). Such behavior of these compounds nidess further use for the
development of advanced materials questionable. In orasetacome this difficulty, we
decided to use excellent properties of chlorofullerengsesirsors (see Section 11.1 and
V.1) and attempt to convert these compounds into fuleerderivatives with higher
stability. Our choice fell on substitution of chlorinés perfluoroalkyl groups, since
perfluoroalkyl fullerene derivatives (PPAFs) are one efitiost (if not the most) stable
among the known exohedral fullerene derivativédoreover, PPAFs were shown to
have exceptionally long lifetimes of the correspondimgjcal anions in solutioh® and a
broad range (0.8 V) of the first reduction potentials stiatngly depend on the number of
substituents, their nature, and especially their addititern ¢

Several different methods for PPAF preparation have described in the literature;
all of them can be regarded as reactions of bare-adpgrehes with perfluoroalkyl
radicals, produced either by photolysis or thermoly$isuitable precursors®>*° The
thermally-induced reactions are by far the most commatiads of PPAF preparation
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(only two papers describing photo-induced PPAF synthdisve been published up to
date); with the most common radical precursors being ymedlkyl iodides (silver
trifluoroacetat®’*?and perfluoropropionyl peroxidevere also used). So far there have
been no reports of PPAFs preparationsulastitution of fullerene precursor.

There are several examples of a relatively succlesghstitution of chlorines with
methyl group in chlorofullerenes using methyl lithiditt#in both cases the selectivity of
the substitution process was not very high, leading tmdtion of compounds carrying
less and more methyl groups than the number of chlorine adotetidsstarting material.
We observed similar behavior in the preceding chapmee (Chapter V), where we
showed that the selectivity of chlorofullerene arylatis oftentimes low but can be
strongly increased by the careful choice of the reactionditions (and of suitable
substrate).

In this work we explored an approach based on reactiorhlofafullerenes with
organometallic perfluoroalkyl compounds. Due to poor stability of organometallic
derivatives of CE' we focused on the study.R-Li that was successfully used in
organic synthesis befof&!’ This reagent was prepared immediately prior to use by

metal-halogen exchange at low (-95 °C) temperatuife.
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V1.2. Results and Discussion

VI1.2.1. Preparation of Fullerene(C,Fs), via Substitution of

Chlorofullerenes

A. Reaction of CgCls with CoFsLi. This reaction was carried out by mixing of
freshly-prepared £FsLi solution in diethyl ether with toluene solution 0§,Cls (both
solutions were kept at —95 °C in order to prevepEs degradatiof?). Then this
mixture was warmed up to room temperature, evaporated dossghdid in toluene,
filtered and analyzed by HPLC. Some of the resulting cprdducts were separated by
HPLC and individual fractions were studied in detail (selew). We found that the rate
of the warm-up does not have an effect on the reactelectivity and product

distribution (see Figure VI.1). However, the stoichiomeif this reaction has a very

-95° -95°C — +20°C
CH,Li + C,Fsl T B C,F.Li/Et,0 + C,Clg/toluene
Reaction rate effect: Stochiometry effect:
7 ” CgoClg + NC,FLi
& =
ULD

h CgoClg

CGO (CZFS) 3 H
CGO(CZ F5)4
CGO(C2F5)2

n=3

fast warm-up
(~5 min)

slow warm-up
(~12 hours)

0 2 4 6 810121416 0 2 4 6 8 10 12 14
retention time, min retention time, min
Figure VI1.1. Effects of reaction rate and stoichiometry on the prodisttibution of GClg reaction with

C,FsLi (the HPLC traces of various crude products are shown).
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strong effect on the composition of the reaction prad(ste Figure VI.1). When low
excess of eFsLi is used (1-6 equivalents relative tg¢Cls) several products carrying
between 1 and 545 groups are formed (see Figure VI.1). It is notable tulérene
derivatives with both even and odd number gFsCgroups are produced under these
conditions; this lies in stark contrast to the resaliserved in radical addition reactions
where only products with even number ofF€groups are formet:>° The analysis of
the reaction products isolated in pure form showed thatadimes with odd number of
C,Fs groups also carry a hydrogen substituent (this was shbwn'H-NMR
spectroscopy). This is the first synthetic method giraduces such "mixed" fullerene
derivatives with relatively high selectivity. In sevieearlier reports the formation of
perfluoroalkyl/hydrofullerenes were also detectedHowever, the selectivity of these
processes is very low, making it highly unlikely that tlsap be used for the synthesis of
the particular perfluoroalkyl/hydrofullerenes.

The HPLC analysis shows (see Figure VI1.1) that thetitraof GFsLi with CgoCle,
besides the productive substitution of chlorines, alsoesagslorine loss leading to
formation of bare-cagedg It is also clear that this reaction is not verlgstve, leading
to the formation of several products withFg substituents. Both of these processes were
also observed during chlorofullerene methyldtidh and arylation (see Chapter V).
Further optimization of the reaction conditionsi.e( use of different
metalloperfluoroorganic reagents) may allow one to imptbeeselectivity and yields of
this process. However, the vast majority of the regubuip to date methods of fullerene
perfluoroalkylation also produce (sometimes very complertures of products (see
Chapter VII and references therein). These crude produetsusually separated by
HPLC, giving pure single-isomer, single-composition compsuftence, the reaction of
CsoCls chlorofullerene with @FsLi reagent is a useful and unique synthesis tool, since i
is the only method that can relatively selectivelgguce derivatives with odd number of
C.Fs groups and also derivatives with low even number g% @roups (this is very
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challenging when radical addition methods of synthesiseaployed, see Chapter VII
and references therein).

B. Reaction of Cg with CoFsLi. This reaction was carried out in the same fashion as
reaction of GoCls with GFsLi. The products are shown in Figure VI.2. We found that
this reaction produces a mixture of products when large exdeSg-Li is used (the
analysis of this product by APCI-MS was not successtid;use of low excess did not
result in the appreciable change ig.CA conclusion can be made that bare-cage C
cannot be used if fullerene derivatives with 1-843roups are thought out, mandating

the use of Cls chlorofullerene substrate.

Direct C,F;sLi addition to Cg,

unidentified Ceo

nC,F.Li/Et,0+ Cgyltoluene —=>*20C ,

*n =6 => mostly C,,
=B * n = 500 => unidentified

) | e i a5 0z | N0 Cgp(C,F5), observed
2 4 6 8 10 12 14 16
Retention time, min
Figure VI.2. Direct addition of GFsLi to Cgo. HPLC traces of the corresponding crude products asersh

C. Reaction of C7Clio with C,FsLi. This reaction was found to cause an extensive
de-chlorination of @Clyo leading mostly to bare-caged-see Figure VI.3. Using large
excess of gFsLi reagent complex mixtures of products carrying up to 2= Groups are
produced (as shown by APCI-MS, figure not shown). Howether,selectivity of this
reaction is too low to allow for an efficient prepayatof Go(CzFs), (or Go(CaFs)mH)

derivatives.
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-95°C — +20°C

h CzF5Li/Et20 + C70C|30/toluene —l
i C
CTOCI‘IO + I’IC2F5LI “;_“‘70
| [ C70Ch0
: n\ | n=200

[_comn)

n=200
(~12 hours)

n=10

(~5 min)

n=10

(~12 hours)

0 4 8 12 16 20
retention time, min

Figure VI.3. HPLC analysis of the products of{Cly, reaction with various amounts offgLi reagent.
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V1.2.2. Isolation and Char acterization of Individual Cg(C,Fs), and
Ceo(C2Fs)mH Compounds

Several previously unknowrnyE; derivatives of G, were prepared bygCls reaction
with six equivalents of &sLi (see Figure VI.1). They were isolated in pure stategusin
HPLC and analyzed by UV-vis spectroscopy, APCI mass-spaetry, *°F- and ‘H-
NMR spectroscopy, and single-crystal X-ray diffracttnye(for Cso(CoFs)sH, see
Appendix A.2), see Figures V1.4 and VI.5. The presence of hydregéstituent was
established byH-NMR spectroscopy (figure not shown).

CGO(CZFS)Z
Ceo(CF3),- Coo(CF3)4-l assigned by 1°F-NMR,
UV-vis data
Co(CF;),-ll
il two possible structures
(identification is not
Ceo(CaFs)s  possible based on UV-vis Coo(CoFs)s
b o Y A AL
400 600nm -79.0 -80.0 -81.0 ppm

Figure VI1.4. Analysis and likely addition patterns offIC,Fs), and Gg(C,Fs)s.
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Figure VI.5. The structure of §(C,Fs)sH determined by single-crystal X-ray diffraction studsed
Appendix A.2). The addition pattern of this compound isdame as the addition pattern of the starting

material GoCls.

Unfortunately, the addition pattern otdIC,Fs)s cannot be reliably assigned based
only on the results ofF-NMR and UV-vis spectroscopy (see Figure VI.4). So far our
attempts at obtaining single crystals of this compound dhatsuitable for X-ray study

were not successful.
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V1.2.3. Preparation of the First Organometallic Complex of

Perfluor oalkylfullerene

The structure of g(C,Fs)sH features a cyclopentadiene ring with hydrogen
substituent, surrounded with electron-withdrawing=Cgroups. Such molecule should
have a significant Broensted acidity, in other words, ltiss of proton and formation of
Cp-type negatively charged anion should be favorable. \bidebkto test this hypothesis
by attempting to deprotonatediC.Fs)sH in order to produce §(C,Fs)s ; then react this
anion with an active metalloorganic precursor prone tmdbion of Cp-complexes. We
chose to use [RhCI(1,5-COBR){1,5-COD = 1,5-cyclooctadiene) dimer for this role. Our
attempt was successful, see Figure VI.6. The analysiseofeaction product witfPF-
NMR spectroscopy shows that tlie-Ceo(CoFs)sH was converted into a species with at
least Cs-symmetry (the lines 0€sCso(CoFs)sH merged into a single peakdH-NMR
spectroscopy also confirmed the disappearance of thedemiamdend that was attached
to directly to the fullerene cage @s-Cso(CoFs)sH. Finally, APCI mass-spectrometry
analysis of the reaction product confirmed the fornmatibGso(C,Fs)sRh(1,5-COD). This

is the first reported example of the organometabimplex of fluoroalkylfullerene.
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KO-t-Bu

Ceo(C2Fs)sH + 1/2[RhCI(1,5-COD)l, — ==

Ce0(C2F5)sRh(1,5-COD)

Cs-symmetry:

Ceo(C2F5)sRN(1,5-COD)

C.-symmetry:
Ceo(C,F5)sH Y SoB
#\n
T v ; . - ‘ .
-79.0 -80.0 -81.0 ppm
Ceo(C,Fs5)sH 1526
1316
1526
CGD(CZF5)5Rh(1,5-COD)

r-r-o.I -1 T 00—
700 1000 1300 1600 1900 m/z

Figure VI.6. Synthesis and characterization of the first organalie complex of fluoroalkylfullerene
Cs0o(CoF5)sRh(1,5-COD) (1,5-COD = 1,5-cyclooctadiene).
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V1.3. Conclusions

This chapter summarizes the first reported preparation aflupmalkyl
(pentafluoroethyl) fullerene derivatives by substitutidreaving groups oflerivatized
fullerene precursor. All earlier literature methodselexclusively on the addition of
perfluoroalkyl radicals to bare-cage fullerenes, genemtbducing mixtures of products
with even number of perfluoroalkyl substituehfs’® Our method of
pentafluoroethylation of chlorofullerenes withpFgLi reagent allows one to prepare
unique fullerene derivatives with odd number @F{substituents and a single hydrogen
addend. Compounds with low even number gFsCgroups can also be synthesized,
which is generally difficult if direct synthetic metti® are used.

The mixed pentafluoroethylated/hydrogented fullerene derivsaativastitute a unique
and previously unknown class of fullerene derivativasese compounds are likely to
show enhanced proton acidity. Moreover, we demonstidiEdthese compounds can
form metallorganic complexes, which is the first reppre@ample of such reactivity for
perfluoroalkylfullerenes. However, the preparative mettibdswe explored so far show
relatively low selectivity which complicates theirdei application. More work needs to
be done in order to improve the efficiency of these guaces, however, the initial
success demonstrated in this work shows that thispsomising direction of further

study.
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V1.4. Experimental Details

Reagents and Solvents. Toluene (Fischer Scientific, Na), diethyl ether (Sagm
Aldrich, Na), and tetrahydrofuran (Sigma-Aldrich, Na) e/&CS Reagent Grade (vendor
indicated in parenthesis) and were distilled from thecatéd drying agent under purified
N, atmosphere prior to use. HPLC Grade toluene (Fishen®ftc was used as received.
Cso (99.9%, Term-USA) was used as received. All syntheses gareed out under a
purified N, atmosphere by using standard Schlenk techniques with vigdnougyy a
magnetic stirrer. @l was purchased from SynQuest Labs and used as received.
[RhCI(1,5-COD)} (1,5-COD = 1,5-cyclooctadiene) was purchased from Sigrdaehl
(Reagent Grade) and used as receivegCleand GoClio were prepared according to the
procedures described in Sections 11.4 and 111.4.

Instruments. HPLC analysis and separation was done using Shimadzu liquid
chromatography instrument (CBM-20A control module, SPD-204ddtector set to
300 nm detection wavelength, LC-6AD pump, manual injectoreyadquipped with 10-
mm 1.D. x 250 mm Cosmosil Buckyprep column, Nacalai Testnge). 100% toluene
eluent at 5 mL/min flow rate was employed for trace &ston. Electronic spectra of
dichloromethane and/or toluene solutions of chlorofaties were recorded using a
Varian Cary 500 spectrophotometer. APCIl mass-spectrareeseded on 2000 Finnigan
LCQ-DUO mass-spectrometer (gEN carrier solvent, 0.3 mL/min flow, CF sample
injected as solution in toluene)yksl was handled and its amount was measured using
vacuum system with calibrated volumes and capacitancatrBargauge (0-1000 torr
pressure range).

Experimental procedure. In a typical experiment, an excess.(10 fold) of GFsl
was added to the solution dbutyl lithium in ether at =95 °C (100 pL of 1.6 M solution
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of n-BuLi in hexanes were dissolved in 5 mL of diethylegtin a typical experiment;
toluene slash bath is used for cooling); the amount ofnitial n-BuLi determines the
guantity of the resulting £sLi (qQuantitative conversion is presumed). Then this saiutio
is added to the toluene solution of chlorofullerene tased at —-95 C° during a period
of ca. 1 minute under vigorous stirring (24 mg @@ were dissolved in 15 mL of
toluene in a typical experiment). The resulting mixtarallowed to warm up to the room
temperature; then it is evaporated down under vacuungheiskin toluene, and filtered.
The quenching of the reaction mixture with water or aqueoidsdid not result in any

observable change in results of the experiment.
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Chapter VII
Direct Trifluoromethylation of Fullerenes

VII.1. Introduction

As we have shown in Chapter VI, the preparation of pofji(jmeoalkyl)fullerenes
(PPAFs) via substitution of chlorofullerenes is a png method. However, it is also
limited by the selectivity and efficiency of chlorofuldme substitution, as well as
availability of particular chlorofullerenes. Moreoverganometallic compounds carrying
CFs groups are extremely unstable (see Section VI.1 and me&setherein), so the
substitution approach is unlikely to be suitable for th@aration of perfluoromethylated
fullerene derivatives. Moreover, the most populous cl&$¥P@Fs currently consists of
poly(trifluoromethyl)fullerenes  (PFMFS)® various fullerene cages, including
endometallofulleren8sand TNT fullerene$,carrying anywhere from twao eighteef
CFs groups per cage have been isolated and studied by a wigeo&rs&ructural and
electrochemic&f’ methods. The majority of these compounds are prepamikasges of
PFMFs, which are separated into isomerically and cormpoally pure products using
HPLC (the yield of the individual PFMFs is generallyw)p however, two PFMFs can be
prepared with high yield by using carefully selected syntteetiwitions &-Cso(CFs)12
and C;-C7o(CFs)10°). However, reported synthetic procedures yield mostiyliPFwith
higher number of substituents (six and more); the efiiclarge-scale preparation of
PFMFs with two and four perfluoroalkyl groups has not lesmeved.

Compounds carrying lower number of £groups (CFs) = 2, 4, 6) are especially
enticing for further study since their structure preseevéerge portion of the fullerene

205



cage intact to allow for both the efficient charge odalization (for photo- and
electrochemical applications) and the unrestricted lattaeat of additional substituents
(for the development of advanced materials and polymides)ce in this work we focus
on the systematic study of direct trifluoromethylatafrfullerenes in order to develop an

efficient procedure for preparation of PFMFs with lowner of addends.
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VI1.2. Results and Discussion

VI1.2.1. Literature M ethods of PFM F Prepar ation

All of the reported up to date PFMF preparations are adhidyea reaction of
(bare-cage) fullerene with trifluoromethyl radical presmrr such as silver
trifluoroacetat®é® or trifluoromethyl iodide in heterogeneous conditions igh
temperatur&>'? (the only example of UV-induced reaction ofyGolution in benzene
with CFsl led to the formation of mixed d{CFs).Hm specie¥). In case of use of silver
trifluoroacetate, solid AQOOCGHs thoroughly mixed (by grinding) with fullerene, then
charged in a glass insert that is sealed in a copper nbéeated™? This method
produces very complex mixtures of PFMFs, includirg(CR;),H, compoundsi(e. over
60 different compounds were isolated from the productsuch seaction with ).
These crude products can be sublimed at higher temperatut®Q0e800 °C) in order to
obtain a sublimate that does not contain ¢o(CR)nHm products (they possibly
decompose); hence this sublimate is more amenable t€4Bharation (sometimes two
consecutive sublimations were employed for further Biiogtion of the product
composition):? The reaction with trifluoromethyl iodide is usually perfed either in
the flow-tube reactdr (the tube with a sample of fullerene is heated énftiinace, and
a stream of C§ gas is passed through it) or in the sealed glass ampaulelevated
pressure and high temperafiftéca. 5 bar, liquefied Cf is present in the cold section of
the ampoul®. These procedures generally yield mixtures of PFMFs atetseparated
into isomerically and compositionally pure products by BRlexcept for the selective

syntheses 0%-Cso(CFs)12 andCyi-Cro(CFs)10°). However, CHBl procedures have notably
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better selectivity than the ones based on the usg©fXCCEF;, since they do not produce
partially hydrogenated products. Due to the absence ¢gfCE).Hn products no
additional sublimation(s) of the crude PFMF mixture equired for CEl-based
procedures.

Despite a large number of publications on different stithmethods for PFMF
preparation and properties of these compounds, there gréevereports that discuss the
dependence of the products (product distribution) on theisaamonditions. One of the
few observations of this nature is the inverse dependemwedrethe average number of
CFs groups in the products of&xrifluoromethylation (by CH in flow-tube reactor) and
the reaction temperatufeAlso, the effect of the ratio between fullerene #yDOCHK
reagent on the product composition was studied in one papenwever, no systematic
study of the effects of other reaction conditions lo@ distribution of PFMF products

have been published up to date.
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VI1.2.2. General Remar ks on Fullerene Trifluoromethylation

Scheme VII.1 will be used for generic description of phecesses that supposedly
take place during heterogeneous trifluoromethylation oferfeiles at elevated
temperature. Although this scheme features fGllerene and C# radical source, this
does not restrict its generality, since it may be usedesscribe similar processes with
other fullerenes, radical sources, and even other phagesxample, this scheme can be
adopted, with some corrections, to describe the tHgrmauced trifluoromethylation of
Ceso With CR;l in hexafluorobenzene mediumgdds insoluble in GFs which makes this a
heterogeneous process involving a solid and liquid phasesothections to the scheme
include the absence of the cold zone and the high soyubifi PFMF products)*
Formation of Ck radicals is assumed to be the initial stage otrifleoromethylation
process; in case of GFRhe extent of this process becomes considerable at@¥eC
(400-600 °C temperatures are used in the literature procéredence, there are
enough radicals to cause appreciable reaction within theneobf the "hot zone" (this
may be regarded as a definition of the "hot zone"). tdd'zone”, on the other hand, the
temperature of GFgas is too low to create an appreciable concentrafi@ig radicals,
thus we can assume that no further trifluoromethylatakes place there (this may be
regarded as a definition of the "cold zone"). The tritumethylation of fullerenes is
treated as an irreversible process; also, it is asdutinat the solid products cannot

sublime out of the cold zone due to insufficient temperature.
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Céo solid Ce0(CF3)n solid Co0(CF3)n+m solid

Cold Zone

negligible dissociation:
CRl— no reaction

A
Hot Zone
CF3-/CRl CF3-/CFRil
Cé0 gas =0, Cs0(CFa)n gasM> Co0(CF3)n*mgas exéep';.sﬁ‘i‘i{i?i'?“‘)“'
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Ce0 30|id/ \CGO(CFS)nsQ \CGO(CFS)mmsolid L Hot Zone

Scheme VI1.1. The simplified description of the heterogeneous reactf G, with gaseous G at
elevated temperature (without restricting the genejalithe formation of molecular iodine and its

condensation in the cold zone is not shown.

Several processes may take place in such systera saie time: i) sublimation of
Cso from the hot zone; ii) trifluoromethylation of the fage layer of solid € (and
further trifluoromethylation of so-formed solid PFMFs)tive hot zone; iii) sublimation
of PFMFs from the hot zone; iv) trifluoromethylatiohtbe subliming G and PFMFs in
the gas phase; v) condensation e &d PFMFs from the gas phase into the cold zone;
vi) condensation of g and PFMFs back into the hot zone. By breaking up theepsoaf
fullerene trifluoromethylation into these individual proses we can predict what
reaction conditions are important and how they shaifdct the composition of the
PFMFs prepared. We can identify two major variablesghatld have a strong effect on
the composition of the resulting PFMFs: the concéiotmaof CFRs- radicals in the hot
zone and the residence time of the fullerene spee&sdence time is defined here as the
time a Go or PFMF molecule spends either in the surface layesobd Gso/PFMF
particles or in the gas phase within the hot zone, (nethe area where it has a high
probability of reacting with C§ radical(s)). It is clear that factors increasing th
concentration of C§ radicals and/or residence time of fullerene spestiesld favor the
formation of PFMFs with higher number of €§roups (and improve the conversion of

the bare-cage fullerene). Let's discuss the effedtsese factors in more detail.
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The increase of the pressure ofsCiacreases the concentration of £Fadicals;
hence, PFMFs with higher number of substituents©Fs), should be produced. Higher
gas pressure should also make the sublimation rates@n@ PFMFs present in the solid
state in the hot zone slower; in other words, the trahspte of these species to the cold
zone should decrease. Slower transport rate of therdnke species from the hot zone
increases the residence time; hence, it causes thatiomof PFMFs with highem(CF;).
According to this analysis, the increase oglQiessure increases both the §GRnd the
residence time; both of them increase the degree ofi@udif the resulting PFMF
products.

The increase of the temperature of the hot zone iresg¢he concentration of GF
radicals; however, it also increases the rate of mabion (especially for the higher
PFMFs which have lower sublimation temperature tharefoRFMFs and & itself).
Hence, the increase of the hot zone temperatureasese[CEk] but decreases the
residence time, making the overall change in the PFM#&position difficult to predict.

The size of the hot zone f one S€€ Scheme VII.1) of the reactor should not
change the concentration of £fadicals (assuming that the temperature of the hwot zo
stays constant); however, the residence time shdwddge proportionally to it. Hence, a
prediction can be made that longer hot zone should taecfiormation of higher PEMFs,
while shorter hot zone should lead to the preparatiormedrigubstituted PFMFs.

The dilution of CEl with an inert gas should decrease the concentraticdFe
radicals and slow down the sublimation and increaseetfidence time. Hence the effect
of such dilution on product distribution is difficult to gret (similar to the case of the
reaction temperature).

This schematic description of trifluoromethylation procésssupported by the
literature data. The increase of the stoichiometrio fatween AgOOCGCFand G was
reported to cause an increase of the average number PQIGEpPs in the PFMF
products'® which is consistent with the increase of the effecttoncentration of GF
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radicals. The use of large reaction zone was repddeninprove the selectivity of
C0(CRs)10 synthesis in the flow-tube reactor, since lesg@s)s impurity was produced
under these conditions (larger reaction zone incre&sesesidence time, thus favoring
the production of higher PFMPEsAccording to our discussion, the increase of the
reaction temperature may shift PFMF composition bothatds lower and higher
degrees of addition depending on the interplay between itwatien of Ck radicals and
the rate of the fullerene and PFMFs transport fronctild zone. The experimental data
show that increase of the reaction temperature shidt@average composition of PFMFs
towards lower number of addends; this can be explainedebgtécrease of the residence

time due to faster sublimation rates (both at atmospheessur® and atca. 5 bar of

CR:l®).
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VI11.2.3. Controlling the Selectivity of Fullerene Trifluoromethylation

Multiple additions to fullerenes are notoriously difflt to control. Since fullerenes
are large non-aromatic networks of double bonds, it isarising that multiple radical
additions to such compounds give rise to large number ofpaesitionally and
isomerically different products. It is logical to assuthat the addition of GRadical(s)
to such molecular systems is either an induction{ireeess or the induction barrier is
very small (too small to allow for a preferential fm@tion of a PFMF with a particular
number of substituents). Under such conditions the nuof@F; groups per cage in the
PFMF product depends on the number of collisions of theréme molecule with GF
radicals before it leaves the reaction zone. Warasshat fullerene trifluoromethylation
by CRl is most likely to occur through the following stepsfaymation of Ck- radical
by CRl dissociation; ii) reaction of fullerene with g@Fforming an open-shell PFMF
molecule; iii) reaction of this open-shell moleculéhaCF;l molecule (or a less likely
reaction with Cg radical), forming a closed-shell PFMF). Howevertras number of
CF; substituents attached to the fullerene cage increthgegrobability of the reaction of
this PFMF with CE radical is likely to decrease due to shielding and effecti
deactivation of the substituted part of the fullerene mdée (the "sticking coefficient"
for CR;- reaction will be lower as compared to the reactidgh bare-cage fullerene). For
highly substituted PFMFs the probability of {&€dition should become small enough to
prevent further trifluoromethylation. Such reaction regeaga be called "exhaustive".

To the best of our knowledge, the "exhaustive" trifluordiyletion regime has not
been practically realized up to date. For example, thleelst reported PFMFs derivatives
of Cso (Cso(CFs)16 and Go(CFs)15™%) have not been prepared selectively (we also reported
mass-spectroscopic evidence for the formation of evelmehi§FMFs in various high-
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temperature trifluoromethylation reactiori3)The probable explanation for this is a
transport of the higher PFMFs from the hot reactionezto the cooler region of the
reactor via sublimation (in the flow-tube system othia sealed ampoule) before they can
be "exhaustively" trifluoromethylated. It is well estabkd that higher PFMFs have
lower sublimation temperatures than lower PFNfHSor example, we found that isomer
3 of Go(CRs)10 starts subliming ata. 250 °C versusa. 500 °C for G (the sublimation
experiments were carried out under dynamic vacuum ihdh@late reactor, see below).
We also observed a similar difference in sublimatemperature betweddy-C;o(CFs)10
and Go. The sublimation temperatures of PFMFs with similamber of substituents (6-
8; 10-12; etc.) is likely to be similar; thus the remaMahigher PFMFs from the hot zone
via sublimation is unlikely to yield a truly selective andgjtty tunable method for
fullerene trifluoromethylation. In other words, althougle tleaction temperature was
reported to shift the product distribution of fullerenduafomethylation (higher reaction
temperature leads to the shift towards lower PFMF devest certain narrow ranges of
compositionally different PFMFs are produced. The prejoaratf C;-C;o(CFs)1° may
be considered as a very rare example of a selectiit®tomethylation procedure that
uses transport of the PFMF product form the reactior.zon

Based on this discussion, a conclusion can be made rifigtiures of
compositionally different PFMFs should be generally doiced during fullerene
trifluoromethylation. However, in a situation when thebability of fullerene collision
(and hence, reaction) with gFadical is small, the Fullerene(gF product should be
produced selectively (albeit with low fullerene convemyioln other words, in such
regime a considerable portion of the bare-cage fullerem&ins unchanged; however,
some portion of it is converted into FullereneffzRwvith high selectivity. We can call
such situation a "low conversion" regime. This is theyorgdgime of fullerene
trifluoromethylation that should selectively yield Fudee(CFR), product. To the best of
our knowledge, this regime has not been realized in erpatally.
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VI1.2.4. Hot-Plate Reactor Design and Functions

The fullerene trifluoromethylation is usually carried either in flow-tube reactors
or in sealed ampoules. Good results were achieved usihgbtitese methods (selective
syntheses 0€;-C7o(CFs)1¢" in flow-tube reactor an-Cso(CFs)12° in sealed ampoules);
however, only limited number of parameters can be eakiyged for the purpose of
process study and/or optimization. Specifically, flowaueactor allows one to easily
adjust the reaction temperature and the size of thedm&# @y using tube furnaces of
different length); however, using this reactor with gasssuwees different from
atmospheric would be challenging since it would require a oagas-handling system.
Trifluoromethylation in sealed ampoules is ideally suitadsfoaller-scale experiments at
higher pressure of GF The ampoules used for this purpose have a sectibmstkapt at
room temperature and contains the liquefiedlGRence the higher pressure of LLF
which is equal to c& bar, or saturated vapor pressure oflQihder these conditiotfy.
The presence of liquefied glFensures that its consumption during the course of the
reaction does not lead to a large change in the reagessupe (which would be difficult
to achieve otherwise due to small internal volume oftin@oule). Although in principle
the pressure of GFin such ampoule can be controlled to some extent hyraling the
temperature of its "cool" sectidf,it would still make lower pressures (below 100-200
torr) difficult to obtain. Moreover, the scale-up afch experiments is challenging since
the small diameter of the glass tube (and hence srapdcity) is required in order to
ensure that the ampoule has sufficient strength totaitdshe high internal pressure.

The conclusion can be drawn that the flow-tube reamt@ealed ampoules are not
satisfactorily for complete control over a large numidereaction parameters. In order to
study the process of fullerene trifluoromethylation inadetve should be able to change
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different parameters of the process (gas pressure angbstion, reaction temperature,
hot zone geometry) independently, so that the effectshede parameters on the
distribution of PFMF products can be revealed. Then itli@mation can be used to
optimize the processes of fullerene trifluoromethylatifor example, the realization of
the selective synthesis of FullereneffzKusing "low conversion" regime).

In order to overcome (at least partially) the limaas of the reactors described
above, we designed and built a specialized "hot-plaattor shown in Figure VII.1.I
(gas-handling part of the reactor is omitted for clargge experiment section for
technical details). The fullerene powder is placed @enlbttom of the quartz thimble
which is connected via a compression joint to a ballatme (cal L spherical vessel)
which is connected through a Teflon valve to a gas-handlistesywith a pressure
monitoring capability (it is equipped with a capacitaneB00 torr pressure transducer).
The ballast volume is also equipped with an additionalpression joint that allows one
to position additional hardware in the vicinity (or mntact) with the fullerene sample: i)
thermocouple can be used to measure the temperaturefofi¢hene sample directly; ii)
water-cooled cold finger condenser can be positionedeavdhous distances from the
fullerene sample allowing one to change the dimensiohghe hot zone (see
Figure VII.1.11); iii) gas injection tube can be usedimtroduce a flow of C§ reagent
(see Figure VII.1.1II; in this case the excess of teagent is vented and hence only
ambient pressure reactions can be expored). The quartzehsnibkerted into a special
plate furnace, so that the bottom of the quartz thingia contact with its "hot" plate
(hence the name of the reactor). The plate furnace egpermanently installed
thermocouple in order to monitor its temperature (see Figlirg.l). In order to achieve
a better control of the size of the hot zone thedteplate of the furnace has a layer of
heat insulation (spacer) with a cooled brass plateaopn(the copper worm with a
circulating water is soldered to it). The thicknesshef spacer (made of refractory brick
or fused silica wool) can be changed; it is designatddas: This allows one to adjust
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the size of the hot zone by using spacers of diffese® (10 and 50 mm spacers were
used in this work).

During preliminary tests we found that there is a largeperature difference
between the hot plate (i piatd Of the furnace and the internal surface of the botibthe
quartz thimble (fot zond. Using the measurements with internal thermocoupieé a
calibration experiments when we observed melting ofsthall samples of lead (m.p. =
327 °C) and tellurium (m.p. = 450 °C) we found that this d&ifee changes from c80
°C (at Thot plate = 400 °C) toca. 150 °C (at ot pate = 700 °C). Since it is not always
convenient to use internal thermocouple in every expetirdae to its contamination
with reaction products and difficulty of performing quarthita tests (see below), we
only monitored ot pateduring most of the experimentssolzonewas calculated based on
Thot pate@nd our calibration data. We also found that at [#&stC temperature variation
exists between the center and the outer sides of thenbof the quartz thimble (atn&
plate = 600 °C and bpacer= 10 mm). This variation is likely to be caused by thdsaafl the
quartz thimble. Wot plate parameter is used throughout the work since it has arbett
defined value (it is measured directly in all reported erpents).

The reactor of such design is suitable for studying tfextsfof different reaction
parameters. A wide range of &pressures can be used (1-800 torr) when the reactor is
used without enforced gas flow (the large, 23 mm interiaahelter of the quartz thimble
ensures that natural convective mixing is unrestricted,dseission of the flow-tube
experiments below). The presence of thelch ballast volume makes pressure variations
due to gas consumption during the course of the reactitwalyr negligible. This reactor
is capable of using different gas mixtures {l0%¥, mixtures were prepared and used in
this reactor during this work).

The gas injection tube can convert the hot-plate refmtaperation in the enforced
gas-flow regime (see Figure VII.1.1IlI). The atmosphayas pressure (which is 640-630
torr at the elevation of our laboratory) is maineginunder these conditions, in other
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words, the excess gas is vented through an oil bubblsrndttable that test experiments
did not show any significant difference between the lteqproduct distribution and
fullerene conversion) produced with enforcedsICifow and in the isolated hot-plate
reactor when the same pressure ofl@Fas maintained (other process parameters were
kept constant). The results of these experiments sughastthe natural convective
mixing of gas is sufficient to replenish the atmospher¢hefhot zone and hence the
enforced flow is not necessary in this reactor geométng. absence of continuous gas
flow also minimizes the amount of glFequired, hence improving the efficiency of the

trifluoromethylation process.
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Figure VI1.1. I. Basic configuration of the hot-plate reactor.Reactor equipped with an internal water-
cooled cold finger cooler. Ill. Reactor equipped with an makmas-flow tube for experiments with
induced CH flow.
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VI1.2.5. The Effect of the Reaction Parameter s on the Distribution of
PFM Fs Formed in Hot-Plate Reactor

In order to ascertain the effects of various pararseterthe trifluoromethylation
process one must be able to perform a reliable compao§dhe experimentsi.€.,
compositions of the resulting PFMF products and fullereneversion). An accurate
metrological approach was developed to satisfy these esgeints: i) a small and nearly
constant size of fullerene samples (4.4+10% mg) was usedall exploratory
experiments; ii) a charged hot-plate reactor was brouagtdntact with preheated furnace
in order to minimize the variations of heating regineween experiments; iii) the
products of the synthesis (the sublimate and the umsedlresidue) were quantitatively
collected (see experimental section for the detdithe procedure). HPLC analysis was
used as the main analytical tool since it gives abieliaccount of the composition and
relative concentrations of the products (proportionalthteir extinction coefficients)
formed in trifluoromethylation experiments. DiffererfNFs and unreacted fullerene are
identified by their retention times (which are gengrafiversely proportional to the
number of Ck groups attached to a PFMF); this allows us to reliably paoen the
average composition of the crude products, (@verage number of Glgroups carried by
a fullerene cage). APCI-MS ardF-NMR spectroscopy were also used for analysis of
some samples in order to validate the results of H&ta&lysis.

We performed several repetitions of the different trifroethylation experiments
in order to establish reproducibility. We found that the position of PFMFs produced
in these experiments shows minimal variations, sger€iVIl.2. However, the degree of

fullerene conversion displays a more significant vammafrom experiment to experiment
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(a possible explanation is the variation in the distidn of fullerene sample across the
bottom of the quartz thimble, leading to different thiclenekthe fullerene layer).

During our experiments in hot-plate reactor we found thamall portion of the
fullerene degrades during the high-temperature reactiongl, sm few percent, portion
of the product was not soluble in toluene); this part optloeluct was not analyzed (it is

likely to be polymerized fullerene or some carbonecevaierial).

67015 °C 60045 °C 60015 °C
Ceo(CF3)n 2 P(CF3l) = 45 torr P(CF3l) = 30 torr Ceso P(CF3l) = 30 torr Ceo
4 Lspacer = 10 mm cold finger Lspacer = 50 mm
reproducibility exp. reproducibility exp. reproducibility exp. 4.2

n=10,8,6

Ce0 4,2

4 6 8 10 4 6 8 10 4 6 8 10
retention time, min retention time, min retention time, min

Figure VI1.2. Experiments on the reproducibility of trifluoromethylation hot-plate reactor (all
experiments were performed for 30 minutes). The red arcl biees are the HPLC traces corresponding to

different repetitions.

A. Effect of CF3l Pressure. The first set of experiments (set A, see TableVIlI.
was performed with £ at Thot plate= 600 °C (Thot zone= Ca. 480 °C) with 10 mm spacer
between the hot plate and cold plate of the furnbgg£= 10 mm); 30 minutes reaction
time was chosen. Pressure drop during the course of tafhethylation was negligible
(1-2% of the initial reading) due to incorporation of théasa volume (cal.5 L) into the
design of the hot-plate reactor. A series of diffen@messures of neat glFwvas used: 5,
15, 30, 45, 135, and 410 torr. The HPLC traces of the resultirdugi® were stacked
into 3D waterfall graph in order to achieve a bettemadigation and easier comparison of
the data (see Figure VII.3A). The waterfall plot clgadveals a very strong effect that
the pressure of GFhas on the composition of the reaction products. Ptsdaomed at
5 and 15 torr of C§ are mostly comprised of g&CF3), and unreacted §&&.  As the

pressure of Cf increases, the average composition of the reagioducts increases
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(the conversion of § starting material improves as well). This resultuyfconsistent
with our description of the heterogeneous fullerenauttthmethylation (see above). The
increase in the pressure of {LAncreases the concentration of L£kadicals and the
residence time, thus increasing the number of @bups added to the fullerene during
trifluoromethylation. The selective formation o§{CF;), along with a low conversion of
Ceso that takes place at lower pressure oflQB and 15 torr) is consistent with the
realization of "low conversion" regime. To the bestoof knowledge, this is the first
reported example of the selective preparation of FultgiEF)..

Due to the strong influence of the {€Lpressure on the product composition we
decided to explore the effects of other reaction patars by running series of
experiments at the same {Lipressures as in the experiments described above; a single
parameter under investigation is changed between twoeattfeets of such experiments,
see Figure VII.4 and Table VII.1. The set A is choserhasrain reference point during
the discussion of these experiments (see Figure VII.4A).

Table VII.1. Reaction conditions used for different trifluoromethyadtexperiments.

exp. Thot plate °C Thot zone °C) Lspacer MM reaction time, min
A 600 ca. 480 10 30
B 600 ca. 480 10 90
C 550 ca. 450 10 30
D 670 ca. 530 10 30
E 600 ca. 480 50 30
F 600 ca. 460 10 30
G 600 ca. 480 10 30

2 Cold finger is used. Copper powderca. 400 mg) was mixed with fullerene samples.
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Figure VI1.3. 3D waterfall plots of the normalized HPLC traces @&f pnoducts of g trifluoromethylation
in hot-plate reactor under different pressure oglCBets A and B were performed under the same
conditions (see Table VI-1) except for the reactioneti(80 min for experiments A and 90 min for

experiments B).

B. Effect of Reaction Time. The series B is an exact repeat of series A exceat for
longer reaction time (90 minutes; see Figure VII.4B). TheH8ELC plot shows that
longer reaction time significantly improves the cosi@n of Go, it also slightly
increases the average PFMF composition (the averagéemuof CE groups per
fullerene cage in the reaction products). For exampleH®eC traces of the reaction
mixtures obtained using 15 torr of &£Fn 30- and in 90-minute reactions (see
Figure VI1.4B) clearly demonstrate that the second prodacttains a considerably
higher amount of €(CFs)s. This dependence between the reaction time and the
composition of the products shows that the transpolRFMFs from the hot zone is not
very fast; in other words, some of the PFMFs formédra&0 minutes reaction remain
within the hot zone and are trifluoromethylated further mtiree reaction is allowed to go
for a longer time. It is most likely that these PFMife present in solid phase within the
limits of the hot zone. This conclusion is supported byeotxperiments (performed

under several different pressures okLhere we analyzed the sublimed products and
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Figure VI11.4. 3D waterfall plots of the normalized HPLC tracesh®# products of g trifluoromethylation in hot-plate reactor under diffat conditions (see
Table VII.1).
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the solid residue left on the bottom of the quartz therddparately. We found that the
solid esidues always contain some trifluoromethylated predtizé sublimates, on the
other hand, showed the presence of unreactgde®cept for very high GJF pressures,
i.e., above 400 torr). These results lie in excellent ageeemvith our scheme of fullerene
trifluoromethylation process (see above). They demomestifzt sublimation of both
PFMFs and unreacted fullerene from the hot zone talke®; moreover, the presence of
PFMFs in the solid phase in the hot zone strongly suggdsat fullerene
trifluoromethylation takes place on the surface of tbédsfullerene/PFMF particles
(and/or the condensation of PFMFs back within the volofit®t zone occurs).

C. Effect of Temperature. Sets C and D were performed using different reaction
temperatures (bt pae = 550 °C and 670 °C, see Figures VII.4C and VII.4D
correspondingly, Table VII.1). The comparison of theLBmplots corresponding to sets
C, A, and D clearly demonstrates the strong effecthefreaction temperature orgC
conversion (at all pressures of DF This effect is possibly caused by the difference in
the concentration of GFadicals at these temperatures. In other words, ther Imyaction
temperature leads to lower concentration of; Qfadicals and hence a lower
trifluoromethylation rate (and lower conversion).

In order to compare the composition of PFMFs produced uliffeyent reaction
temperatures we plotted the expansions of the individualOHiPaces without including
the peak of & (see Figure VII.5). The top plot of Figure VII.5 shows saomparison
between the products prepared gk date= 550, 600, and 670 °C using 45 torr of:Ck
demonstrates that lower reaction temperature (comparédTwit plaie = 600 °C as the
main reference point) leads to a slight decrease imrt@unt of higher PFMFs. Higher
reaction temperature (g pate= 670 °C) strongly decreases the amountsg{CEs)10,8,6
while slightly increasing the concentration 0§(CFs)s (see top trace of the top
Figure VII.5). We suggest that these effects could be ceresidas a manifestation of an
interplay between the two variables that have an ompasfect on the average
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composition of the trifluoromethylated products: conceianabf CF radicals (that
increases at higher temperature and leads to higher avecageosition) and the
transport rate (that increases at higher temperaturéeadsd to lower residence time and
lower average composition).

P(CF3l) = 45 torr
Lspacer = 10 mm

Ce60(CF3)n
n=10,8,6

Thot plate =
67015 °C
60015 °C

55015 °C
3 4 5 6 7 8

Thot plate = 600i5 OC
P(CF3l) = 45 torr

Lspacer =

10 mm +
cold finger

3 4 5 6 7 8
retention time, min

Figure VII.5. Comparison of the trifluoromethylation experiments penfed at 45 torr of CJF at different

temperatures (top figure) and different sizes of thezboes (bottom figure).

D. Effect of the Hot Zone Size. Set E was carried out withsjacer= 50 mm (versus
Lspacer = 10 mm used for other experiments), and set F was ddheawcold finger

installed in the close proximity to the hot zoma.(5 mm distance between fullerene
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sample in the hot zone and the tip of the cold finger masitained). Other reaction
conditions were kept identical to the set A (see Tablel, Figure VII.4A). The 3D
HPLC plots corresponding to the sets E and F are sloowigures VII.4E and VII.4F,
correspondingly.

The experiments performed with large hot zone (sethBWw better conversion of
Cso than the reactions performed with the same press@i@B;bbut with regular size of
the reaction zone (Figure VIILAE vs. Figure VII.4A). Aght irregularity of Go
conversion (see Figure VII.4AE, 15 torr trace) is likelye to the variation of this
parameter that we observed during multiple repeats ofexperiments at the same
conditions (see above and Figure VII.2). This effect rhaycaused by the different
thickness of the fullerene layer (and hence diffesaintace area of fullerene); despite our
efforts to make the loading of the hot-plate reacterreproducible as possible, the
variations of fullerene conversion were still obsg(see above). The reactions done
with the cold finger demonstrate lower conversion tti@n experiments done with the
regular size of the reaction zone (Figure VII.4F vgguFe VII.4A). This effect is
consistent with the changes of the residence timedaltleetsize of the hot zone. In other
words, large hot zone leads to longer residence tidénance a more complete reaction;
smaller reaction zone causes an opposite trend.

The effect of the hot zone size on the PFMF compusiti very strong (see bottom
part of Figure VII.5). It is clear that the large reantzone (kpacer= 50 mm) causes a
strong shift of the average PFMF composition towardsdnighhmber of Cfgroups. The
decrease of the size of the hot zone causes an oppidsite-ethe yield of PFMFs with
larger number of CFgroups decreases. This effect is fully consistent vighchange of
the residence time: longer residence time (achieved iredetor with a large hot zone)
leads to higher average composition of PFMFs; shoemdence time (small hot zone)

causes an opposite effect.
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The changes in the geometry of the reactor (increfthe tspacerfrom 10 mm to 50
mm) and the introduction of the cold finger is likely tosbaan effect on ik zone€ven
though Thot plateis kept unchanged. We carried out a direct measurements @neuUsing
an internal thermocouple and found that the presendeeoddld finger lowers it by ca
20-30 °C (compared to the reactor operated with the coldrfikfemm spacer was used
for these experiments). The increase of the sizhefpacer is likely to cause a slight
increase of ot zone HOWever, the effect of the size of the hot zondle composition of
the trifluoromethylated products is too strong to be causethdychanges inpk; zone
alone (based on the results of the above study odfthet of the reaction temperature).
Hence, our interpretation of the effect of the hotezsize due to changes in the residence
time is probably valid.

E. Effect of the Inert (Buffer) Gas Addition. The introduction of the inert buffer
gas (15 torr of Nto the 15 torr of CHf) led to a massive decrease in the conversion, with
unreacted gy comprising at least 95% of the product (according to theCHRace
integration, HPLC trace not shown) as compared toebtperiments performed with
either with 15 or 30 torr of pure CF3l under otherwise idahtonditions (fot plate= 600
°C, Lspacer= 10 mm). A small amount of¢gfCFs). was also detected in the produca. (
5%), which is consistent with the realization of th@w'lconversion" regime due to low
concentration of Cfradicals. This direction of the study was not pursuedhdurtue to
very poor fullerene conversion.

F. Effect of the Copper Metal. Copper powder is commonly used in literature
studies in order to facilitate the dissociation of penfbalkyl iodides; for example, this
technique was used for the preparation of some Fullerghg{@erivatives. However, it
has not been used for trifluoromethylation of fulleren&e. decided to investigate the
effect of copper metal present in the hot zone onpttasess in hot-plate reactor.

In control experiments we found that decomposition of kg at 45 torr pressure
(either with or without & present) becomes clearly visible &bt piate= 550 °C (ot zone
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= ca 450 °C) due to formation of iodine. The introduction of peved copper metal
changed the course of @lecomposition due to formation of copper iodide (scavengi
of iodine). We found that formation of copper iodided dence the dissociation of €F
begins at Fot plate= 430 °C (Tot zone= €a 320 °C), both with and withoutegfullerene.
These results confirmed that copper metal facilitdtesiecomposition of GE

We performed a series of experiments where we mixgds&nple with a large
excess (ca400 mg) of powdered copper metal and reacted this mixture wghitCthe
hot-plate reactor (set G, see Table VII.1). The cpording HPLC plot is shown on
Figure VI-4G. Despite low reaction temperatur@of fiae= 500 °C) the presence of
copper leads to very high conversion; we found that witltmpper G is practically
unchanged under otherwise identical conditions. EvdRgpae= 550 °C the conversion
of Cso without copper is very low (see Figure VII.4C). The pneseof copper also
demonstrates a very strong effect on the average camposi PFMFs by shifting it to
compounds with large number of £lroups. We suggest that these effects (the
formation of PFMFs with larger number of £§roups and improved conversion even at
low reaction temperature) are caused by the generatiorhigfhaconcentration of GF
radicals due to reaction of glRwith copper. Low reaction temperature also leadswo lo
rate of the g and PFMF sublimation from the hot zone; thus, theleese time should
also increase (as compared to the experiments pedoaméq piate = 600 °C without
copper, see Figure VII.4A). Both of these effects shdedd to higher conversion and
higher average composition of PFMF products.

The increase of the reaction temperature 4§ pke = 600 °C (in the presence of
copper) lead to an increase ofp@onversion (the average composition of the products
largely stayed unchanged, HPLC traces are not shovewyeter, at ot plate= 600 °C the
reaction was very vigorous and led to contamination @fadilast volume of the reactor
(with a fine powder of Cul) and extensive caking of thedssidue in the hot zone. Due
to these technical problems and similarity of the redoltde experiments done afol
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plate = 500 °C, only experiments with 5 and 15 torr okIGkere performed at bt piate =
600 °C.

G. Effects of the Reaction Scale. In order to study the effect of the reaction scale
on PFMF composition and conversion we performed seegp@riments using different
amounts of the initial fullerene sample (all otheaation conditions are kept the same).
The results of this study are shown on Figure VII.6;HIRRLC traces are normalized so

that the peaks ofdghave the same intensity. These experiments cleanipdstrate that

P(CF3l) = 10 torr C
Lspacer = 10 mm 60
Thot p|ate = 670i5 °(:

reaction time = 30 min Cgo(CF3)o

m (CGO) =40 mg

10.8 mg

21.1 mg

4 5 6 7 8
retention time, min

Figure VI1.6. Comparison of the trifluoromethylation experimentsfgrened with different sizes of the
starting fullerene material

as we increase the size of the fullerene sampden(#.0 mg to 10.8 mg to 21.1 mg) the
yield of the PFMFs drops down. When we increased theo$iZg, sample further to 105
mg we only obtained cdl0 mg of Go(CFs). product, which corresponds to 8% yield.
However, the integration of the HPLC trace (takintpimccount different extinction
coefficients of Gy and Go(CRs),, see experimental section) of the reaction product
prepared under identical conditions from 4.0 mg ef @lves a much higher yield of
Cso(CFs)2 of ca 40%. During the large-scale repeat of this experimentl(@@ mg of Go

was used) we observed that iodine crystals were formmghe walls of the quartz
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thimble just outside of the hot zone; compared to sstlle reactions carried out under
identical conditions the amount of iodine was much lar§fée hypothesized that the
decrease of § conversion incurred during reaction scale-up may be dtleetexcess of
iodine vapors present in the reaction zone (which woutledse the concentration of
CF; radicals present there). In order to check this hypativesirepeated several large-
scale experiments with a cold finger condenser positionethrOabove the fullerene
sample as an iodine trap (putting it outside of thezome). We found that the presence
of the cold finger increases the yield of PFMFs dramdyic&@everal experiments
performed with this reactor geometry yielded 38-40% of Go(CFs), (65-150 mg size of
the fullerene sample and 2 hour reaction time was used)Figure VII.7. This shows
that the iodine has to be removed from the hot zdribeoreactor by means of the cold
finger condenser in order to prevent the decrease of coonealsring the scale-up of the

synthetic procedure.

Ce0(CF3)2

|

100% CHyCl, eluent Cs0
5 mL/min flow rate n

Ce60(CF3)4

N\

2 4 6 8 10
retention time, min

Figure VI1.7. Large-scale selective synthesis @§(CFs), (100 mg G sample was used).
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VI1.2.6. Large-Scale Preparation and Purification of Cey(CF3)

We performed several reactions with large samples gfuSing the optimized
reaction conditions from Section VII.2.5.G (P@QF= 10.0 torr; ot plate= 670 °C, lspacer
= 10 mm). Cold finger was used in all these experimentsrder to trap the iodine
(distance between the tip of the cold finger and theasardf the fullerene sample was 20
mm). Different sizes of fullerene sample were used1®3 mg, see Section VII.2.5.G);
we observed that the conversion drops slightly with iticrease of the amount of the
starting material. This effect is likely to be due to deerease of the surface area of the
fullerene available for trifluoromethylation. We foundathca 100 mg-sample size is
optimal for our hot-plate reactor with thimble diametér23 mm (internal diameter),
giving Geo(CFs)2 with ca 40% yield. We note here, that the diameter of the guart
thimble, and hence the capacity of the reactor carabyencreased if needed. In order
to increase the conversion in the large-scale reactienscreased the reaction time to 2
hours.

We found that PFMFs can be extracted from the unre&gedsing GFs (fullerene
is practically insoluble in it). Soxhlet extraction miag used for efficient processing of
large amounts of material (which will also minimize theount of GFg). This GFs
extract contains &(CFs). with 80+% molar purity (as determined BYF-NMR and
confirmed by HPLC). This approach therefore can be usexhd3PLC-free procedure
for the selective preparation 0§d0CFs). with moderate purity.

In order to obtain a 99+% purediCFs), HPLC purification is necessary. We found
it the most practical to extract the crude product usioglaiomethane, then separate this
crude mixture using 100% dichloromethane as an HPLC eluemtg((Sosmosil

BuckyPrep column). The use of dichloromethane elutiorriigca for the successful
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separation since pmpsfCFs)s peak overlaps with §&(CF), when toluene (or

toluene/heptane) eluent is used, see Figure VII.8.

| Ce0

100% CH>Cl5 eluent
5 mL/min flow rate
Cgo(CF
60( -F3)2
C7o
Cg0o(CF
i Cro(GFa)

4 8 12 16
Cs60| 100% toluene eluent
5 mL/min flow rate

Cg0o(CF
60( \3)2

Ce0o(CF
60( 3\)4

4 8 12 16
retention time, min

Figure VI11.8. Large-scale selective synthesis af(CFs), from fullerene extract. Top figure shows the
HPLC trace acquired using dichloromethane eluent; bottgordishows the HPLC trace acquired using

toluene eluent (same crude product is analyzed in botk)case

Cso(CRs)2 can also be selectively prepared from fullerene eix{linstead of pure §£),
see Figure VII.8. Same reaction conditions as for sedetrifluoromethylation of G

were used (P(GH = 10.0 torr; ot plate= 670 °C, lspacer= 10 mm, cal00 mg sample of
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fullerene extract). The product showed a slightly loeamversion of fullerene. However,
Cso(CFz)2 was prepared with 80+% molar purity (relative to other PEMhe purity was
measured using®F-NMR  spectoscopy) and ca30% yield. We found that
trifluoromethylation of Gy is preferred under these conditions as comparedgt(@ly a
very small amount of {(CFs), is formed, see Figure VII.8). Combined withFg
extraction this method provides a cheap and efficient efaproducing 80+% pure

Cso(CF3)2 without the use of HPLC purification.
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V11.3. Conclusions

In this work we applied our general methodology to theystidhe heterogeneous
high-temperature trifluoromethylation ofgs{fullerene. A dedicated metrology was
developed in order to reliably compare the results of éxeets performed under
different conditions; thus we were able to quantitayivevaluate the distribution of
different PFMFs and fullerene conversion. We also sugddse first general scheme of
heterogeneous fullerene trifluoromethylation; we found ithkes in agreement with all
experimental data (a specially designed hot-plate rea@smused in order to perform the
carry out trifluoromethylation experiments under suéficly well-controlled conditions).
Moreover, using this scheme we were able to predictptssibility of the selective
preparation of Fullerene(G)f; derivatives using what we called "low-conversion”
regime. The hot-plate reactor allowed us to achiegefitet experimental realization of
selective preparation ofsgfCFs). independently of the reaction scale.

Such success of this work can be largely attributed tousi®e of our general

methodology for the investigation of this particular teys providing yet another

illustration to its power.
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VI1I.4. Experimental Details

Reagents and Solvents: HPLC Grade toluene, heptanes (Fisher Scientific), and
CH.CI, (Fisher Scientific) were used as receivegh (09.9%, Term-USA), Cf, CFsl,
i-CsF/l (SynQuest Labs), and copper powder () were used asedceiv

Instruments. HPLC analysis and separation was done using Shimadzu liquid
chromatography instrument (CBM-20A control module, SPD-204ddtector set to
300 nm detection wavelength, LC-6AD pump, manual injectoreyadquipped with 10-
mm 1.D. x 250 mm Cosmosil Buckyprep column, Nacalai Testpue). APCI mass-
spectra were recorded on 2000 Finnigan LCQ-DUO mass-spetéro(@tCN carrier
solvent, 0.3 mL/min flow, CF sample injected as soluiiotoluene).

Hot-plate reactor. The plate furnace of the reactor is built localljheTmagnesia
refractory brick is used as heat insulation (except fom@tOspacer that is made of fused
silica wool); the heating element from xxx hot pladeused as a heater (it is powered
using Variac autotransformer). K-type thermocouples wees User all temperature
measurements. Both the cold and the hot plate of thadarare made of 1.25 mm brass.
The thimble of the reactor is made of quartz tube (OZ5anm; ID = 23 mm); its total
length is 150 mm (it has a bulge at 100 mm distance frorhdttem in order to prevent
it from being sucked into the ballast volume of the @ct he thimble is attached to the
ballast volume using Ace Glass compression joint witb’VO-ring. The ballast volume
of the reactor is made of a 1 L pyrex glass flask equippi#d two Ace Glass
compression joint lying on the same axis, and a rigbgteameflon valve. The reactor is

connected to the gas-handling system through this valng a&" Cajon connector. The
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gas-handling system is equipped with 0-1000 torr range Barattapacitance
manometer) for pressure measurements.

Description of the typical experiment. A sample of starting material (3.9-4.9 mg of
ground G or G straight or mixed with 400 mg of copper powder for Cu-expents)
was placed in the center of the quartz thimble of wiepkate reactor. The reactor was
evacuated, filled with a required pressure of perfluoroaibgide, and isolated. The
preheated plate heater/cooling plate assembly was putde;pthus the temperature
ramp-up is very rapid and takes only 2-4 minutes. After 30 or 9tes the plate
heater/cooling plate assembly was removed and the reaeato allowed to cool of for
about 10 minutes. Then the thimble was removed and thorougtsdiged with toluene;
this solution was evaporated (in order to remove iodare) dissolved in 10.0 mL of
toluene (volumetric flask was used). Then a 500 pL saofgleis solution was analyzed
by HPLC (using 100% toluene as an eluent and 5 mL/min flde).rdhe HPLC trace
obtained in this fashion was normalized by the weightheforiginal fullerene sample

prior to the construction of the 3D waterfall plots.
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Appendix

Table A.1. List of Abbreviations.

abbrev. full name
CF(s) chlorofullerene(s)
IPR isolated pentagon rule
Wi weight increase
EA elemental analysis
NMR nuclear magnetic resonance
MS mass spectrometry
FAB fast atom bombardment
Fl field ionization
IR infrared
XPS X-ray photoelectron spectroscopy
UV-Vis ultraviolet-visible spectroscopy
HT high temperature
PIXE-NMP particle induced X-ray emission/nuclear micodya analysis
EMP electron microprobe analysis
MALDI matrix-assisted laser desorption/ionization
HPLC high-performance liquid chromatography
TGA thermogravimetric analysis
APCI atmospheric pressure chemical ionization
ODCB ortho-dichlorobenzene
CB chlorobenzene




Table A.2. Crystal Data and Structure Refinements for GoCls, Cs0Cl1o, and Cso(C2Fs)sH.

Compound @)C'G CGOCIlO Ceo(CzF5)5H
molecular formula 6Cls Cs0oClio CroF2sH
formula weight 933.30 1075.10 1316.74
crystal system orthorhombic orthorhombic monoclinic
space group Pbca C222; C2/m
unit cell dimensions
a (A 19.639(9) 9.9970(14) 14.0212(5)
b (A) 17.258(10) 20.717(4) 14.5815(6)
c(A) 40.11(2) 39.968(6) 20.3348(7)
a (deg) 90 90 90
B (deg) 90 90 109.163(2)
v (deg) 90 90 90
temperature (K) 100 150 100
final R indice$ [I > 25(1)]
Ry 0.1000 0.0888 0.0635
WR; 0.2598 0.2251 0.1580
goodness-of-fit offr, 1.27 1.07 1.052

R = (C||Fo] =| Fe|l )T | Fo| ; WR2 = (XIW(Fo* = F&)2VZIW(FoA)?) M.



A.3. UV-Vis Spectroscopy of G Chlorides

A. Instrumentation, Materials, and Sample Preparation. UV-vis spectra and
extinction coefficients were measured using Varian Gy spectrometer with digital
resolution of 1 nm per data point. Tables A.3, A.4, and ArBain truncated UV-vis data
with 5 nm spacing between datapoints. A sample of comaleGs;, was used, with
reported purity >99.5% (Term USA). It was annealed undertail&5°C for ca 20
hours to remove traces of co—crystallized solvents. GiPurified GoCls (95% purity
based on HPLC trace integration) an@d@;, (ca. 98% based on HPLC trace integration)
were used. It was not possible to use heat treatmentefooval of co-crystallized
solvents from CFs due to a high probability of sample atbgion. We also found that
ca. 24 hours of drying under dynamic vacuum (0.01-0.005 torr) mloiesemove co-
crystallized toluene from these compounds (its presermsedetected byH-NMR and
13C-NMR). In order to solve this problem we developed a speeéldrying cycle:
1) CF sample is dissolved in a minimum amount of HRjr&de CHCI,; 2) CHCI; is
removed under vacuum; 3) dry sample is kept under dynamimina¢0.01-0.005 torr)
for ca 3 hours. After two such cycles performed consecutiwelly trace amounts dH-
impurities could be detected By-NMR (no CHCl, or other solvents were detectable).
75% pureo-CgoCly, 75% purep-CsoClz, and 99% pure £Cl, were used without drying
(only their spectra in toluene were measured). Alhese CFs were analyzed by HPLC

both before and after UV-vis study to confirm the absefckcomposition.

B. UV-vis Spectra Measurements and ResultsSeveral different concentrations
were used to reliably record both short- and long-wavelealsorptions of CFs. The
data are presented both in pictorial and numerical damthe sections below. UV-vis
spectra 0b-CsoCly, p-Cs0Clo, and GoCls were measured in toluene; UV-vis spectra of the
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previously reported compounds which are likely to have the smcture are given too.

UV-vis spectra of 6Cls and GoClio were measured both in toluene and in,Chl

Table A.3. UV-vis spectra of 75%-CgsoCl, in toluene (G is concentration; > G, > G
> Cy).

o om  OCelClz G 0CaCl, Ca 0-CeoCly, Cs, 0-CeoCly, Ca,

’ A.U. A.U. A.U. A.U.

800 -8.42E-04 -1.14E-03 -0.00312 -4.76E-03
795 0.00362 6.58E-04 0.0015 2.21E-03
790 0.00344 7.89E-04 1.26E-03 3.54E-05
785 0.00289 1.25E-03 -3.71E-04 -0.00192
780 0.0023 -9.57E-05 8.80E-05 -2.53E-03
775 0.00562 1.84E-03 0.00291 3.46E-03
770 0.00229 -1.14E-03 -1.23E-03 -3.21E-03
765 0.00262 8.88E-04 -1.89E-03 -7.41E-04
760 0.0056 8.63E-04 1.03E-03 6.77E-04
755 0.00464 2.43E-04 -3.70E-04 4.92E-05
750 0.00484 0.00248 5.05E-04 7.27E-04
745 0.00567 5.76E-04 -7.21E-04 -0.00173
740 0.00852 1.48E-03 0.00165 1.95E-03
735 0.00989 0.0022 9.75E-04 1.29E-03
730 0.01267 0.0019 2.91E-04 -1.10E-03
725 0.0198 4.21E-03 0.00223 3.04E-04
720 0.02661 4.62E-03 0.00122 4.64E-04
715 0.03739 0.00728 0.00145 0.00139
710 0.05143 0.00937 2.01E-03 -5.84E-04
705 0.06895 0.01253 0.00406 2.72E-03
700 0.09307 0.01849 0.00701 0.00519
695 0.11927 0.02066 0.00463 2.22E-04
690 0.15426 0.02852 0.00845 3.66E-03
685 0.16636 0.03001 0.01059 0.00577
680 0.15688 0.02865 0.00866 2.71E-03
675 0.14824 0.02688 0.00657 0.0018
670 0.13578 0.02407 0.00642 2.06E-03
665 0.13192 0.02462 0.00968 6.07E-03
660 0.12975 0.02329 0.00585 1.63E-03
655 0.13296 0.02518 0.00631 0.00228
650 0.14174 0.0263 0.00914 6.68E-03
645 0.15229 0.02781 0.00783 2.78E-03
640 0.17309 0.03354 0.00971 4.42E-03
635 0.19932 0.03625 0.01105 5.25E-03




630
625
620
615
610
605
600
595
590
585
580
575
570
565
560
555
550
545
540
535
530
525
520
515
510
505
500
495
490
485
480
475
470
465
460
455
450

0.22967
0.2562
0.27149
0.29695
0.31509
0.33156
0.34241
0.35246
0.36583
0.38147
0.40325
0.42544
0.44424
0.46872
0.48977
0.5117
0.53408
0.54787
0.56106
0.57654
0.5914
0.60943
0.63402
0.67268
0.7104
0.75704
0.80779
0.85368
0.89894
0.93083
0.95759
0.9805
0.99806
1.02288
1.0478
1.06723
1.08034

0.04191
0.04751
0.05022
0.05554
0.05787
0.06208
0.06495
0.06616
0.0685
0.07125
0.07685
0.08019
0.0836
0.09022
0.09303
0.09908
0.10371
0.10509
0.10908
0.11215
0.11542
0.1191
0.12502
0.13441
0.14315
0.15611
0.16835
0.18132
0.19582
0.20654
0.21603
0.22286
0.23212
0.24316
0.25427
0.26651
0.27279
0.2833
0.29895
0.33542
0.39958
0.42733
0.41428

0.0127
0.01424
0.0133
0.01735
0.01668
0.01789
0.01984
0.01887
0.02136
0.02047
0.02285
0.0247
0.02422
0.02796
0.02661
0.02859
0.03287
0.03103
0.03173
0.03411
0.03508
0.03548
0.03615
0.04093
0.043
0.04669
0.05093
0.05465
0.06045
0.06228
0.06517
0.06867
0.0689
0.07367
0.07727
0.08143
0.08323
0.08464
0.0931
0.10231
0.12201
0.13245
0.12725

0.00626
7.45E-03
0.00413
0.00945
0.00586
0.00857
0.00874
0.00932
0.01169
0.00762
0.01134
0.01173
0.00937
0.01526
0.01067
0.0129
0.01788
0.01369
0.01374
0.01544
0.01613
0.01687
0.01447
0.02081
0.0209
0.02204
0.02511
0.02552
0.03079
0.02818
0.03205
0.03437
0.03155
0.03555
0.03867
0.04111
0.03993
0.04132
0.04707
0.04894
0.05961
0.06512
0.06313




0.41186
0.4547
0.5283
0.5992
0.6975

0.80597

0.91879

1.02666

1.11274

1.18751
1.24633
1.28863
1.31362
1.3208

0.12706
0.14006
0.16426
0.1887
0.22298
0.26423
0.3102
0.36149
0.41017
0.46617
0.5296
0.59827
0.6765
0.75647
0.85763
0.94384
1.01676
1.06475

0.06379
0.06777
0.0839
0.09512
0.11177
0.13451
0.1578
0.18676
0.2103
0.24212
0.28013
0.31717
0.36795
0.42253
0.48745
0.55476
0.61882
0.668
0.68356
0.63728
0.55792
0.50699
0.49441
0.51011
0.55004
0.61185




Table A.4. UV-vis spectra of 75%-CsoCl, in toluene (G is concentration; £ G, > G
> C4).

p-CscCly, Cy, p-CscCly, Cy, p-CscCly, Cs, p-CecCly, Cy,

A, nm A.U. A.U. A.U. A.U.
800 1.93E-03 -9.08E-04 0 5.50E-04
795 0.00356 1.10E-03 0.00285 1.68E-04
790 0.00119 5.37E-04 1.75E-04 -2.30E-03
785 0.00295 -0.00116 -1.79E-04 -0.00111
780 0.00392 6.67E-04 2 48E-03 6.65E-04
775 0.00377 0.00225 0.0017 -3.77E-04
770 0.00362 3.16E-04 0.00114 -5.21E-04
765 0.00463 -2.60E-04 -5.12E-04 -1.88E-03
760 0.00772 2 62E-03 0.00217 1.98E-04
755 0.0091 2.45E-03 1.28E-03 -1.68E-03
750 0.01408 0.00176 -2.57E-04 -1.58E-03
745 0.02235 6.46E-03 3.45E-03 0.00137
740 0.03369 0.0092 0.00379 1.67E-04
735 0.0529 0.01372 4.74E-03 -5.80E-04
730 0.08194 0.02272 6.14E-03 6.21E-04
725 0.12822 0.03688 0.00988 2 49E-03
720 0.18852 0.05566 0.01646 3.42E-03
715 0.26534 0.0768 0.01972 0.00179
710 0.33753 0.09839 0.02589 5.41E-03
705 0.38203 0.11317 0.03136 0.00768
700 0.39525 0.11736 0.03233 0.00548
695 0.39315 0.11568 0.03167 6.05E-03
690 0.389 0.11421 0.02975 0.00585
685 0.38514 0.11446 0.0322 0.00654
680 0.38568 0.11523 0.03096 0.00556
675 0.39501 0.11536 0.02978 0.00583
670 0.40554 0.12033 0.03373 0.00892
665 0.41718 0.12543 0.03413 0.00739
660 0.42943 0.12761 0.03379 0.00713
655 0.45344 0.13511 0.03589 0.00709
650 0.49075 0.14818 0.04076 0.00798
645 0.53515 0.16306 0.04458 0.00923
640 0.57844 0.17623 0.04638 0.00906
635 0.61333 0.18781 0.05192 0.01153
630 0.64542 0.20057 0.05473 0.0127
625 0.67868 0.21063 0.05585 0.01146
620 0.7141 0.22372 0.06129 0.01382
615 0.7528 0.23947 0.06558 0.01567
610 0.78927 0.25345 0.06923 0.01581
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605
600
595
590
585
580
575
570
565
560
555
550
545
540
535
530
525
520
515
510
505
500
495
490
485
480
475
470
465
460
455
450
445
440
435
430
425
420
415
410
405
400
395

0.81671
0.83261
0.84338
0.86068
0.8835
0.90708
0.93439
0.95905
0.98478
1.00795
1.03417
1.06005
1.08626
1.1127
1.14367
1.18107
1.22107
1.25908

0.26329
0.26979
0.27524
0.28227
0.29221
0.30326
0.31706
0.3284
0.3428
0.35425
0.36819
0.38497
0.39931
0.41723
0.44352
0.47873
0.52781
0.59479
0.678
0.76756
0.85521
0.93522
0.99779
1.03513
1.05322
1.06376
1.07448
1.08809
1.1064
1.13443
1.16128
1.1813
1.18765
1.17071
1.13061
1.10306
1.10566
1.13008
1.17351
1.23527
1.29149
1.31998

0.0702
0.07345
0.07544
0.07574
0.08009
0.08241
0.08783
0.08918
0.09327
0.09654
0.09998
0.10699
0.11011
0.11366
0.12469
0.13228
0.14597
0.16739

0.1919
0.22241
0.25047
0.28326
0.30887
0.32345
0.3345
0.33903
0.34579
0.3515
0.3612
0.37982
0.39477
0.40893
0.41503
0.40223
0.37528
0.35905
0.36351
0.37549
0.40397
0.46041
0.53688
0.62324
0.71813

0.01531
0.01689
0.01717
0.01615
0.01847
0.01916
0.01976
0.01931
0.02102
0.0212
0.0225
0.02505
0.02464
0.02505
0.02971
0.03126
0.03316
0.03945
0.04534
0.05292
0.05789
0.06732
0.07452
0.07605
0.07944
0.08077
0.08295
0.08354
0.08586
0.09258
0.09462
0.09866
0.10024
0.09732
0.08972
0.0853
0.08804
0.08976
0.09664
0.11153
0.1311
0.15542
0.18079
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390 0.82495 0.21485

385 0.93733 0.25521
380 1.03492 0.29322
375 1.1155 0.33532
370 1.1767 0.37496
365 1.2204 0.41335
360 1.24948 0.45078
355 1.27052 0.48968
350 1.28828 0.53523
345 1.31631 0.58281
340 1.32191 0.63232
335 1.32353 0.68141
330 1.32344 0.72384
325 0.74573
320 0.72426
315 0.66819
310 0.62996
305 0.63046
300 0.65342
295 0.68993
290 0.72772

Table A.5. UV-vis spectra of 99% pures6Cl, in toluene (G is concentration; > G, >
C> C4)

A nm CeoCls, Cy, CeoCls, Cy, CeoCls, Cs, CeoCls, Cy,

' A.U. A.U. A.U. A.U.

800 0.00E+00 0.00E+00 0 0.00E+00
795 0.01189 1.11E-03 0.0015 -1.31E-03
790 0.01231 4.89E-04 1.98E-03 -2.51E-03
785 0.01095 2.67E-04 3.80E-05 -0.00301
780 0.01373 1.96E-05 2.31E-03 -9.50E-04
775 0.01358 1.37E-04 0.00164 -2.31E-03
770 0.01296 -3.93E-04 1.20E-04 -3.07E-03
765 0.01495 -4.22E-04 1.68E-03 -1.52E-03
760 0.01411 -5.62E-04 3.37E-04 -1.79E-03
755 0.01632 -4.62E-04 1.40E-03 -1.58E-03
750 0.01477 -0.00114 2.85E-04 -2.72E-03
745 0.01519 -1.14E-03 1.23E-04 -0.00127
740 0.01764 -3.13E-04 0.0026 -1.61E-03
735 0.01629 -0.00116 9.56E-05 -3.28E-03
730 0.01766 -0.00102 1.79E-03 -1.45E-03
725 0.01945 -4.51E-04 0.00185 -2.14E-03
720 0.02174 7.08E-04 0.00196 -1.06E-03
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715
710
705
700
695
690
685
680
675
670
665
660
655
650
645
640
635
630
625
620
615
610
605
600
595
590
585
580
575
570
565
560
555
550
545
540
535
530
525
520
515
510
505

0.02169
0.02194
0.02747
0.02837
0.03198
0.04078
0.04681
0.05681
0.06531
0.07539
0.08015
0.08092
0.08423
0.08316
0.08528
0.09051
0.10159
0.12127
0.14436
0.17284
0.20203
0.21989
0.23118
0.23568
0.24233
0.24836
0.26079
0.28401
0.3061
0.33284
0.362
0.38291
0.40578
0.41921
0.4324
0.44872
0.46578
0.49045
0.51488
0.54533
0.57643
0.60095
0.62532

-0.00107
-0.00167
0.00143
0.00176
0.00303
0.00597
0.00887
0.01232
0.01526
0.01936
0.02099
0.0213
0.02189
0.02152
0.02214
0.0235
0.02892
0.03681
0.04702
0.05831
0.07023
0.07864
0.08222
0.08405
0.08701
0.08962
0.09506
0.10548
0.11645
0.12848
0.14207
0.15246
0.1644
0.17218
0.18025
0.18679
0.19714
0.21093
0.22477
0.24384
0.2645
0.2828
0.30121

0.00159
-3.41E-04
0.00332
0.00152
0.0021
0.00472
0.00304
0.00604
0.00516
0.00766
0.00779
0.00611
0.00928
0.00767
0.00767
0.00851
0.01041
0.01351
0.01403
0.01836
0.02262
0.02301
0.02478
0.02458
0.02718
0.02744
0.02827
0.03326
0.03469
0.03806
0.04216
0.04374
0.04925
0.05094
0.05251
0.05583
0.05736
0.06196
0.06464
0.07015
0.07825
0.08122
0.08785

-0.00255
-3.04E-03
-4.27E-04

-0.00208
-8.62E-04
-4.76E-04

-0.00213
-6.73E-04

-0.00154
3.72E-04
-8.78E-04
-9.22E-04

0.00192
-1.73E-04
-2.78E-04
-5.63E-04
5.79E-04

0.00183
8.95E-04

0.00394

0.00459

0.00319

0.00445

0.00452

0.00604

0.00547

0.00531

0.0081
0.0065

0.00786

0.00893

0.00861

0.01255

0.0116

0.01289

0.01314

0.01348

0.01476

0.01438

0.01733

0.02018

0.01932

0.02204
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500
495
490
485
480
475
470
465
460
455
450
445
440
435
430
425
420
415
410
405
400
395
390
385
380
375
370
365
360
355
350
345
340
335
330
325
320
315
310
305
300
295
290

0.6461
0.67012
0.69303
0.71824
0.74879
0.76946
0.78764
0.80597
0.81837

0.3183
0.33991
0.36284
0.39146
0.42582
0.46126
0.49985
0.53972
0.58715

0.64201
0.70652
0.7898
0.87469
0.93609
0.9672
0.99359
1.02448

0.09318
0.0998
0.10682
0.11369
0.12616
0.13606
0.14685
0.16063
0.17492
0.19376
0.2166
0.24791
0.28377
0.30984
0.32706
0.3403
0.35535
0.37672
0.40426
0.44609
0.49678
0.54893
0.59954
0.65952
0.73849
0.81993

0.02384
0.02556
0.02602
0.02897
0.03326
0.03484
0.03743
0.04256
0.04667
0.05154
0.05771
0.06735
0.07764
0.08352
0.08938
0.0929
0.0975
0.10382
0.11208
0.12548
0.13926
0.15691
0.17281
0.19223
0.21948
0.25048
0.27761
0.29912
0.32318
0.35348
0.37856
0.40384
0.43234
0.45873
0.48224
0.50388
0.52608
0.55441
0.58675
0.61248
0.62697
0.63519
0.62883
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Figure A.1. UV-vis spectra of 95% £Cls in CHCl, and toluene solution (€Cx<C;<C, are
concentrations of £Cls in CH,Cl,). See Table A-1-1 for numerical data.

Table A.6. UV-vis spectra of 95% £Cls in CH,Cl, (C,<C,<C3<C, are concentrations of
C60C|6 in CH2C|2)

A nm CeClg C, CeCls C, CeClg Cs, CeClg Cy,
' A.U. A.U. A.U. A.U.
700 0.00541 0.00181 - -
695 0.00492 0.0013 - -
690 0.0055 0.00202 - -
685 0.00693 0.00181 - -
680 0.00684 0.00168 - -
675 0.00703 0.00196 - -
670 0.0067 0.00168 - -
665 0.00672 0.00141 - -
660 0.00746 0.0018 - -
655 0.00744 0.00171 - -
650 0.00919 0.00322 - -
645 0.00902 0.00211 - -
640 0.0091 0.00223 - -
635 0.01002 0.0029 - -
630 0.00997 0.00203 - -
625 0.01039 0.00242 - -
620 0.01211 0.00313 - -
615 0.01232 0.00283 - -
610 0.01367 0.00362 - -
605 0.01509 0.00355 - -
600 0.01715 0.00454 - -

A-12



595
590
585
580
575
570
565
560
555
550
545
540
535
530
525
520
515
510
505
500
495
490
485
480
475
470
465
460
455
450
445
440
435
430
425
420
415
410
405
400
395
390
385
380
375
370
365
360
355

0.01855
0.0189
0.02094
0.0264
0.03172
0.04184
0.05312
0.0673
0.08579
0.10911
0.13728
0.17118
0.2145
0.26219
0.31244
0.36229
0.40473
0.44449
0.48712
0.53117
0.58034
0.62996
0.6809
0.73062
0.77503
0.82289
0.87875
0.95446
1.05538
1.1758
1.31061
1.4495
1.5794
1.70757
1.84502
1.99219
2.12477
2.19562
2.277
2.42135
2.6012
2.71969
2.74036
2.7239
2.7813
3.00569
3.35454
3.71534

0.00378
0.00406
0.00546
0.00645
0.00778
0.01061
0.01233
0.01638
0.02125
0.02674
0.03317
0.04163
0.05147
0.06241
0.07574
0.08809
0.09812
0.10804
0.11841
0.12848
0.14023
0.15258
0.16513
0.17697
0.18813
0.20076
0.21305
0.23136
0.25633
0.28524
0.31811
0.35207
0.38395
0.41589
0.44838
0.48469
0.51629
0.53394
0.55426
0.58992
0.63314
0.6636
0.66842
0.66326
0.67844
0.73435
0.81655
0.91521
1.02107
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0.00136
0.00172
0.00343
0.00375
0.00529
0.00672
0.0075
0.0101
0.01182
0.01489
0.01764
0.01938
0.02171
0.02396
0.02557
0.028
0.03043
0.03297
0.03582
0.03832
0.04039
0.04293
0.04598
0.05102
0.05781
0.06382
0.07175
0.07792
0.08437
0.09046
0.09751
0.1041
0.1076
0.11165
0.11959
0.12827
0.13399
0.13438
0.13359
0.13635
0.14856
0.16487
0.18465
0.20675

0.00136
0.00176
0.00118
0.00241
0.00353
0.00284
0.00357
0.00453
0.005
0.00525
0.00571
0.00684
0.00731
0.00746
0.00814
0.00839
0.00916
0.01041
0.01231
0.01333
0.01532
0.01668
0.01798
0.01887
0.02077
0.02266
0.02276
0.02415
0.02603
0.02797
0.02919
0.02855
0.02934
0.03006
0.03241
0.03659
0.04099
0.04689



350 - 1.11755 0.22509 0.04939

345 — 1.2612 0.25479 0.05756
340 — 1.43097 0.28925 0.06549
335 — 1.58414 0.32019 0.07268
330 — 1.75096 0.35403 0.0803
325 — 1.975 0.39943 0.09064
320 — 2.26029 0.4577 0.10439
315 — 2.56964 0.5201 0.11885
310 — 2.87695 0.58264 0.13331
305 — 3.16807 0.64305 0.14721
300 — 3.38204 0.68405 0.15648
295 — 3.6807 0.74175 0.17012
290 — — 0.81654 0.18722
285 — — 0.87967 0.20176
280 — — 0.92228 0.21168
275 — — 0.9454 0.21704
270 — — 0.99792 0.22886
265 — — 1.10588 0.25391
260 — — 1.27098 0.29209
255 — — 1.3387 0.30712
250 — — 1.27716 0.29259
245 — — 1.17376 0.26847
240 — — 1.10857 0.25262
235 — — 1.10089 0.25061
230 — — 1.11861 0.25446
CH_2CI2 - O,
1.4+
| CgoCl4o/CH.CI,
c 121 C,<C,<C;<C,
= 1.0
o
§ 0.8—_
(© 0.6
0.4

g L
OO_- T T T T

300 400 500 600
wavelength, nm

Figure A.2. UV-vis spectra of 98% £Clio in CHCl, (C;<C<C3<C, are concentrations ofs6Clio in
CH,CIy). See Table A.4 for numerical data.
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Table A.7. UV-vis spectra of 98% £3Clio in CH.Cl, (Ci1<Co<C3<C, are concentrations
of CGOCIlO in CH20|2)

% nm C60Cl1o Cy, Co60Cl1o Ca, Co60Cl1o Cs, C60Clio Ca,
A.U. A.U. A.U. A.U.
700 0.01624 0.00363 - -
695 0.01961 0.00359 - -
690 0.02443 0.00508 0.00128 -
685 0.02932 0.0064 0.00109 -
680 0.03371 0.00724 0.00153 -
675 0.03774 0.00776 0.00171 -
670 0.04041 0.00865 0.0011 -
665 0.04342 0.00922 0.00172 -
660 0.04588 0.01029 0.00277 -
655 0.04842 0.01047 0.00235 -
650 0.05266 0.01241 0.00314 -
645 0.05647 0.01295 0.00319 -
640 0.06248 0.0135 0.00301 -
635 0.06962 0.01583 0.00406 -
630 0.07678 0.01698 0.00337 -
625 0.08623 0.01908 0.00358 -
620 0.09596 0.02219 0.00564 -
615 0.10638 0.0242 0.00529 -
610 0.11656 0.02738 0.00702 -
605 0.12395 0.02867 0.00669 -
600 0.13166 0.03028 0.00725 -
595 0.1384 0.03195 0.00798 -
590 0.14638 0.03297 0.00743 -
585 0.15667 0.03582 0.00825 -
580 0.17102 0.04014 0.00969 -
575 0.18892 0.04412 0.01031 -
570 0.21074 0.04881 0.0119 0.00132
565 0.23184 0.05321 0.01247 0.00101
560 0.25508 0.05912 0.01433 0.00163
555 0.27934 0.06521 0.01517 0.00174
550 0.30572 0.072 0.01781 0.0028
545 0.33565 0.07853 0.01957 0.00269
540 0.37327 0.08723 0.02131 0.0035
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535
530
525
520
515
510
505
500
495
490
485
480
475
470
465
460
455
450
445
440
435
430
425
420
415
410
405
400
395
390
385
380
375
370
365
360
355

0.42245
0.49108
0.58703
0.69756
0.79874
0.91626
1.08341
1.32454
1.63359
2.00999
2.43033
2.80482
3.15601
3.48397
3.8653

0.09958
0.11452
0.13752
0.1641
0.18738
0.21528
0.25545
0.31216
0.38498
0.47376
0.57375
0.66235
0.74493
0.82848
0.9096
0.99955
1.11175
1.23987
1.377
1.5251
1.67842
1.83305
1.95971
2.05497
2.12321
2.18161
2.25706
2.37725
2.57491
2.92663
3.46644
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0.02493
0.02796
0.03435
0.04142
0.04668
0.05406
0.0648
0.07908
0.09778
0.12002
0.14571
0.16889
0.18935
0.21123
0.23228
0.25538
0.28446
0.31767
0.35295
0.39129
0.43111
0.47157
0.5041
0.52893
0.54763
0.5624
0.58207
0.61357
0.66574
0.75668
0.89802
1.04533
1.11523
1.10877
1.10393
1.13023
1.16819

0.00432
0.00391
0.0056
0.00691
0.00835
0.0092
0.01236
0.015
0.0185
0.02307
0.02808
0.03275
0.03681
0.04146
0.0458
0.04962
0.05585
0.06261
0.06914
0.0768
0.0854
0.09366
0.09916
0.10466
0.10787
0.11003
0.11414
0.12031
0.1309
0.1491
0.1771
0.20663
0.21932
0.21861
0.21768
0.22195
0.2304



350 - - 1.2014 0.23653

345 - - 1.24349 0.24586
340 - - 1.3047 0.25842
335 - - 1.39019 0.27765
330 - - 1.54596 0.30955
325 - - 1.74725 0.35052
320 - - 1.93111 0.38769
315 - - 2.1206 0.42647
310 - - 2.33247 0.46965
305 - - 2.5327 0.51012
300 - - 2.69552 0.54347
295 - - 2.85071 0.57538
290 - - 3.04397 0.61318
285 - - 3.24283 0.65649
280 - - 3.48068 0.70552
275 - - 3.74782 0.75992
270 - - - 0.83452
265 - - - 0.93751
260 - - - 1.05272
255 - - - 1.1388
250 - - - 1.15229
245 - - - 1.1228
240 - - - 1.09356
235 - - - 1.07011
230 - - - 1.05421

C. Extinction Coefficient Measurements and ResultsExtinction coefficients were
measured for g (in CH,Cl, and toluene), £Cls (in CH,Cl,) and GoClio (in CH.CL)
using fused silica cells with 2 and 10 mm path length (sd#eTA.8 and Figure A.3).
Each point in Table A.l.6 corresponds to the average tfast 2 experimental points.
The largest error in these experiments is likely teeafrom weight measurements of
small (see below) samples (x0.1 mg error) and possibleeqmresof traces of co-
crystallized solvents and other trace impurities (-0.1 ergor to the weight

measurement). This relates directly to the error ofetktenction coefficients (assuming
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that impurities do not have extremely intense UV-visogiison bands). In order to
validate our use of extinction coefficients measured hpQ; for conclusions on
integration of HPLC data (absorption measured in tolumnearious toluene/heptanes
mixtures during HPLC analysis and separation) we alsosumed (o extinction
coefficients in toluene solution. Only a small shiftairposition of absorption band was
observed (from 330 nm in GBIl to 335 nm in toluene), but the extinction coefficient
corresponding to this absorption maxima hardly change (55,23@m™* in CH,Cl, and
56,949 M™*cm™ in toluene, falling within experimental error). This allbws to assume
that extinction coefficients of chlorofullerenes araysractically constant in toluene and

CHxCl,.

N
(@)
I

C¢o/CH,CI,

~4p -1 1
€10 "M cm
T P

C¢,Cle/CH,CI,

250 300 350 400
wavelength, nm

Figure A.3. Plots ofe(Cgp), €(CecCle), ande(CsoClig) vs. A measured in CHLI,.
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Table A.8. (Csp), £(CsoCls), ande(CsoClig) vs. L measured in CkCl, and toluene (for
Cs0)-

E(Ceo in tOluene) E(Ceo in CH2C|2) 8(C60C|6 in CH2C|2) 8(C60C|10 in CH2C|2)

b nm M7lem™ +1/-1% M7lem™ +1/-1% M~'cm™, +6/-12% M em ™, +2/-4%
410 2754 2185 - 8440
405 2886 3192 - 8430
400 3600 2151 - 8876
395 4867 3208 - 9659
390 5789 4064 - 10971
385 7750 4994 - 13050
380 9522 6396 - 15208
375 11654 7243 - 16167
370 14390 9403 8961 16063
365 17757 11293 9884 15967
360 21986 13051 11016 16347
355 27704 15438 12232 16883
350 34788 19081 13346 17356
345 44053 24201 14990 17965
340 53288 31976 16900 18859
335 56949 44391 18572 20236
330 49611 55236 20438 22538
325 35178 43839 23139 25477
320 24364 26594 26621 28192
315 19728 17873 30287 30993
310 19733 15411 33903 34476
305 22132 16336 37349 37452
300 25444 19421 39755 39906
295 28878 23152 43046 42394
290 33275 27820 47352 45172
285 40433 35003 50975 48432
280 - 46738 53353 52083
275 - 63157 54480 56078
270 - 89016 57395 61586
265 - 134786 63406 69120
260 - 185549 72598 77568
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255 - 176717 76536 83848

250 - 111918 73448 84921
245 - 62543 67812 82941
240 - 44075 64214 81038
235 - 66392 63639 79420
230 - 93591 64749 78517

D. Preparation of Solutions for Extinction Coefficient Measirements.

a. 3.42*10°M (+6/-12%) solution of GCls was prepared by dissolving 1.6 mg
sample in 50.0 mL of C¥€l.. In order to check for any speciation equilibria, we
measured extinction coefficients of the same solutidated to 100.0 mL volume
(1.71*10°M). The results were different by less than +2%, po@but to the absence of
any appreciable speciation at these conditions.

b. 3.81*10°M (+2/-4%) solution of GCli, was prepared by dissolving 4.1 mg
sample in 100.0 mL of Ci€l,. In order to check for any speciation equilibria, we
measured extinction coefficients of the same solutidated to 250.0 mL volume
(1.52*10°M). The results were different by less than +2%, po@biut to the absence of
any appreciable speciation at these conditions.

c. 1.37*10*M (+1/-1% since high purity annealed sample used) soluti@@gfvas
prepared by dissolving 9.9 mg sample of it in 100.0 mL of HPL@ey@HCl,. In order
to check for any speciation equilibria, we measured exdimcoefficients of the same
solution diluted to 250.0 mL volume (5.48%E®1). The results were different by less
than £2%, pointing out to the absence of any appreciabt@asio@ at these conditions.
Toluene solution of € (1.37*10°M +1/-1%) was prepared by dissolvinge,C
guantitatively recovered from GBI, solutions (including all CECl, used to rinse the

cuvettes) and dissolving it in 100.0 mL of HPLC grade toluene.
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C¢o/CH,CI,

e 107*M 'em™
R

Cgo/toluene
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neat toluene

—
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o
AN
1 .
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0.0
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Wavelenght, nm

Figure A.4. Plots ofe(Cso) vs.A measured in toluene and &, versus wavelength (upper figure); UV-vis
spectra of neat toluene and toluene solution inGIHlower figure).
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A.4.°C NMR study of CgClg Samples A, B, C, D, @Clio and Cro(CF3)10

Table A.9.C-NMR sample preparation, NMR instrument/probe diamenasloyed.

M(CsoCle).? | M(Cro(CFa)10),” m(Cr(acac)), | V(solvent), NMR instrument/probe
sample solvent )
mg mg mg mL diameter
95% GCls (sampleA) 4.0 - 7.0 0.7 CDGl Varian INOVA 400/5mm
75% molar GClg + )
4.2 2.1 10.0 1.0 CDel Varian INOVA 400/5mm
25% molar Go(CFs)10 (sampleE)
98% Go(CFa)10 _
- 74.6 39.6 4.0 Ccbd Varian INOVA 500/10mm
(sampleF)
67% GCls (sampleC) 7.0 - 7.0 0.7 CDGl Varian INOVA 400/5mm
27% GCls (sampleD) 134 - 7.0 0.7 CDGl Varian INOVA 400/5mm
- ) CS/ Bruker Avance 600MHz/nq
CsClg no data given
d;>-cyclohexane data
98% CecClio :
- - 40.2 4.0 Ccbd Varian INOVA 500/10mm
(sampleG)

3 Samples may contain up to 10% of the co-crystallizacsb (toluene) by mas8.98% pure (according to HPLC trace integration) samp@/gCFs)1o was

used.® Cyo(CFs)10 did not fully dissolve.
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A. Signal-to-Noise Measurementsln order to reliably compare the signal-to-noise
(SIN) of literature®®C NMR spectrum of &Cls (O. A. Troshina, P. A. Troshin, A. S.
Peregudov, V. |. Kozlovskiy, J. Balzarinid, R. N. Lyubkaga, Org. Biomol. Chem.
2007, 5, 2783) with our data we decided to use peak signal-to-noisesvaTlhe
maximum intensities of both signal and noise were usstkad of root-mean-square
intensity or integrated intensity. The maximum signémsity was found by measuring
the height of the most intense CF peak in 146-140 ppm rarajevegio the baseline This
range conveniently hosts 12 evenly-spaced non-overlappinglssighahe cage <p
carbons with double intensities due @gsymmetry of the €Cls molecule. The peak
noise level was determined by finding the maximum vertiaage of the noise in the

relatively signal-free area between 139.5 and 134.5 ppm armtndjvi by two.

B. LLMP Calculations. Following approximations are used:

i) there is no overlap betweéfC NMR signals of different mixture components
(reasonable because of the very small line widffiGhNMR); ii) the relaxation times are
the same for the same types of carbons in differelfiérénes; iii) there is one main
component, A, with concentration [A], amdninor components 8 B,... By, with equal
concentrations [B=[B]=... =[By]; iv) all components under consideration A, B;...

Bx have the same symmetry; v) signals with S/N = 2 ratestinguishable from baseline.
Then estimated.LMP of A on the basis of its clean (not showing any peaks

impurities)**C NMR with a given (S/N) is:

eq. 1. LLMP (Ci-A), % = (S/N)/[(S/N) + R]*100% = 1/[1 + 2/(S/N)]*100%

(other components ha¥® symmetry)

equation 1 is easy to adjust for the case of mixturganoing components with
different symmetries, e.g.:
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eq. 2.  LLMP (C+A), % = [(SIN)/2J[ [(SIN)/2] + X]*100% = 1/ [1 +
4x/(SIN)]*100%

(other components ha¥® symmetry)

Table A.10.LLMP values for different mixtures @; andCs components for S/N = 12.

Number of Bs. LLMP (A), molar %
X A and B areC; Ais Cs, Bs areC,
1 86 75
2 75 60
3 67 50
4 60 43
5 55 38
10 37 23
20 23 13
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C. °C NMR spectra and tabulated**C NMR data.

S/N = 1241

T\ Troshina etc

' T

SN=111

67% CgqCl

SIN=741

27% CeyCl

*
9% CepClg SIN=1122
sample A
u 0

75% molar CgnClg +
sample E SIN=B1 5y o C.o(CFy)1 sample C
sample F SIN=11%2 sample D

——
98% C4o(CF3)ig
T T[Tl Ty rrrerrrrrfrrrm [T T T T T
155 150 145 140 ppm 15 150

Figure A.5.%%C NMR spectra of GCls samplesA, C, D, E, C;o(CFs)10 sampleF. The spectrum in the top right corner is reprinted witmggsion from O. A.
Troshina, P. A. Troshin, A. S. Peregudov, V. I. Kozloysli Balzarinid, R. N. Lyubovskay®rg. Biomol. Chem. 2007, 5, 2783). The signals of the quaternary
carbon of the toluene impurity are marked with asteriBksak marked with a dagger is due tg (GampleD). Peak marked with a diamond is due to an

unidentified impurity.
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sample A
95% CgqClgs

LN

sample E
* 75% CgoClg +
25% C+4(CF3)40
98% C.q(CF4).q sample F

sample C

67% CgoClg

Wwwﬁﬁm

sample D

2% Cls }ILJ

7T r5IrrcCcTrrrrY rYUO7ITTT
727 68 64 60  56ppm
Figure A.6.%C NMR spectra of GCls samplesA, C, D, E, and Go(CFs);o sampleF. Peak marked with an

asterisk is due to unidentified impurity.
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Table A.11.**C-NMR peak positions and areas @fCls (95% pure GCls sampleA).

Peak number Chemical shift, ppm Area under the peak, relative units
1 153.586 1.74
2 151.647 2.21
3 149.279 2.08
4 149.111 2.20
5 148.569 1.16
6 148.519 1.76
7 148.470 2.31
8 148.451 2.27
9 147.973 1.89
10 147.950 1.90
11 147.654 2.18
12 147.317 2.20
13 147.244 2.95
14 147.085 2.17
15 145.145 1.76
16 144,913 1.90
17 144.453 2.02
18 144.080 2.04
19 143.570 2.21
20 143.283 2.10
21 142.800 1.70
22 142.559 1.73
23 142.341 1.75
24 141.749 1.76
25 141.275 1.82
26 140.861 1.97
27 136.039 1.95
28 70.382 0.77
29 67.482 0.90
30 56.487 2.00
31 55.932 1.93
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C70CF3)10

oy o W | w

160 150 140 130  120ppm 156 152 148

I1é3l |13|’0| |12|7| |12|4| I1é1£)pr!nl 1-615-|-6|3-|-6r1rrr5191

Figure A.7. Expansions of*C NMR spectrum of &(CFs);o sampleF (vertical scale is the same for all expansions).
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Table A.12.2°C-NMR peak positions and areas GH(CFs)10 (sampleF).

Peak number Chemical shift, ppm Area under the peak, relative units
1 155.936 1.032
2 154.252 1.000
3 153.548 1.090
4 153.374 1.197
5 153.297 0.903
6 152.907 1.013
7 151.999 1.148
8 151.804 1.247
9 151.554 1.345
10 151.38 1.28
11 151.227 1.094
12 151.147 1.01
13 150.977 1.04
14 150.523
15 149.996 2021
16 149.98 1.085
17 149.772 1.046
18 149.297 1.121
19 149.136 1.093
20 148.894 0.988
21 148.6
22 148.627 2247
23 148.44 1.249
24 148.355 1.158
25 148.292 1.067
26 148.094
27 148.122 2112
28 147.872 1.009
29 147.553 1.249
30 147.507 0.83
31 147.04 1.164
32 146.841 0.959
33 146.569 1.013
34 146.421 1.03
35 145.763 1.659
36 145.619

2.415
37 145.627
38 145.513 1.05
39 145.25 1.03
40 145.038 0.884
41 144.206 1.049
42 143.977 0.999
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43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
64
65
67
68

143.74
143.422
141.865
141.275
141.169

141.11
139.896
139.612
133.414
131.717
131.531
130.894
130.004
129.562
129.439
128.943
127.819
127.089

123.7

121.44

96.066

94.637

61.6

50.495
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0.965
0.917
1.264
1.288
1.133
0.913
0.928
1.135
0.803
0.939
1.109
1.123
0.94
1.256
1.153
0.8
0.996
0.969
4.416 broad
5.296 broad
3.733
0.131
9.678 broad
-0.257



iVt
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“ % CeCl,

138 134 ppm

0

Figure A.8. Expansions of*C NMR spectrum of &Cly, (vertical scale

Peaks designated with asterisks are due to unidentifieditynpur
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Table A.13.*C-NMR peak positions and areas @fClio.

Peak number Chemical shift, ppm Area under the peak, relative units

1 151.6 1

2 151.3 0.9

3 151 1

4 150.1 11

5 149.7 2.747/2
6 149.7 2.747/2
7 149.6 2.496/2
8 149.6 2.496/2
9 149.5 1.2
10 149.3 1.3
11 149.2 15
12 149.2 13
13 149.1 15
14 148.6 1.6
15 148.4 15
16 148.3 1.2
17 148.1 1.2
18 148 15
19 148 15
20 147.5 3.883/3
21 147.5 3.883/3
22 147.5 3.883/3
23 147.3 14
24 147.2 1.2
25 147.2 15
26 147.1 14
27 146.5 1.2
28 146.5 1.94/2
29 146.4 1.94/2
30 145.9 1
31 144.9 11
32 144.3 1
33 143.3 1
34 143.2 1
35 142.8 0.9
36 142.5 11
37 142.4 1
38 142 0.9
39 140.5 1
40 140.2 11
41 139.9 0.9
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42
43
44
45
46
47
48
49
50

51

52
53
54
55
56
57
58
59

139.6
139.4
138.9
137.1
136
135.3
134.1
133.2
70.9

69

68.8
64.4
64
63.9
55.7
55.3
54.7
53.9
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0.8
0.9
11
11
1.2
1.2
0.9
11
11
unknown due to overlap with
the peak of impurity
11
1
11
1
15
11
1
1



Ce,Cl*

CeoCly™ Ce,Cl5* CeoCl4(C;H,)*
calc. calc.
] JU " “ I : ) " N A calc.

N ] calc.
Ju\ﬂﬂw . \J\AAM

758 m/z 788 | 792 796 mrz 824 . 88 832 m/z A/\A//W\J exp.

+ + 948 852 856  860m/z
CeoCly CeoCls CeoC|6+

= Dillhiz

e ——

858 862 866 m/z 894 898 902 m/z 928 . 932 . 936 . 940m/z
Figure A.9. Expansions of the experimental PI-APCI-MS of lower GFE€4,Cl,, p-CsoCl>, Cs0Cls, CsoCls) and calculated isotopic distributions of

exp.

\l L
e
N

the corresponding ions.
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Figure A.10. Expansions of experimental (black) and simulated (redp#Rtsa of GoClyo.
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