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ABSTRACT

A series of perfluoroketones has been synthesized utilizing the
aerosol direct fluorination method. The perfluoroketones are obtained
directly from the hydrocarbon analog in the case of acyclic ketones,
and in a two-step process from the corresponding methyl ether or
ethylene glycol ketal in the case of cyclic ketones. Aerosol direct
fluorination of the hydrocarbon analog produced the following
perfluoroketones directly: F-3-pentanone, F-2-heptanone, F-3-hep-
tanone, F-4-heptanone, F-2-butanone, F-acetone, and F-3,3-dimethyl-2-
butanone. Aerosol direct fluorination of 2,2,4,4-tetramethyl-3-pen-
tanone produced F-2,2,5-trimethyl-3-hexanone, a rare example of a
skeletal rearrangement occuring during aerosol fluorination. Aerosol
direct fluorination of methoxycyclopentane and methoxycyclohexane
produced the perfluorinated analogs, which were then hydrolyzed in 100%
sulfuric acid to F-cyclopentanone and F-cyclohexanone, respectively.
Aerosol direct fluorination of the ethylene glycol ketals of cyclopen-
tanone and cyclohexanone produced the perfluorinated analogs, which
could also be hydrolyzed in 100% sulfuric acid to F-cyclopentanone and
F-cyclohexanone, respectively, the first example of the use of a
protecting group in direct fluorination. The perfluoroketones were
characterized by infrared spectrophotometry, electron-impact and

chemical ionization mass spectroscopy, and 19

F nuclear magnetic
resonance spectroscopy.

In the course of the syntheses the basic aerosol fluorination

system was modified to produce a more versatile system. The




modifications have made possible the aerosol direct fluorination of

both solid and high boiling liquid hydrocarbon materials on a routine
basis.
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CHAPTER I

INTRODUCTION

A. Direct Fluorination Methods

Since the time of the initial attempts at direct fluorination by
Moissan,l various methods have been developed in hopes of moderating
the reaction of fluorine with organic compounds. Moissan's main obser-
vation was that combustion occured upon the contact of fluorine with
organic materials, and it is the dissipation of the large amounts of
heat generated which constitutes the major obstacle to successful

direct fluorination. It is generally accepted that direct fluorination

proceeds via a radical chain mechanism:?
Fp — 2F+; AH = 437 kcal/mole (1)
RH + F* — R* + HF; AH = -34 kcal/mole (2)
R* + Fo —> RF + Fe; AH = -68 kcal/mole (3)
RH + Fp — > R* + HF + F*; AH = +4 kcal/mole (4)

The low dissociation energy of fluorine combined with the relatively
large amount of heat evolved in the radical chain process account for
the fact that, unless heat is rapidly and efficiently dissipated,
combustion can occur upon the contact of fluorine with organic
materials. Inefficient removal of heat leads to extensive fragmenta-
tion of the carbon skeleton, and for this reason the production of
perfluorinated species from the hydrocarbon analogs becomes increas-—
ingly difficult as the number of carbon atoms in the hydrocarbon start-

ing material increases. The production of perfluorinated compounds via



the direct fluorination of hydrocarbons containing more than five
carbon atoms presents serious problems.

To deal with the problem of heat dissipation, three methods were
originally developed. The first method, primarily due to the work of
Bockemfiller,3 involved dissolving the organic compound in an inert
solvent (e.g. CCl,) and bubbling a mixture of nitrogen and fluorine
into the cold solution. The method does not yield the perfluorinated
analog, however, but is usually limited to the production of the mono-
or di-substituted species. The second and most important direct
fluorination method was developed by Bigelow and co-workers%»> and
employs a reactor packed with solid metal (e.g. copper gauze or shot)
and a nitrogen—-diluted fluorine stream., Employing this "catalytic”
method Bigelow was able to successfully prepare fluorocarbons from the
saturated hydrocarbon analogs, obtaining yields of purified perfluoro-
carbons as high as 62 percent for n-heptane. This vapor phase process

6 and also

of fluorination over a metal packing was extended by Cady
by Smith, Musgrave, and Haszeldine./”10 The principal function of
the metal catalyst in these reactions appears to be the dispersion of
the heat of reaction, and whether or not any catalytic function is
actually provided ié questionable.2 The third direct fluorination
method, the so-called "jet—fluorination” m.ethod,11 utilizes
concentric tubes for introducing separate gas streams and rapidly
removing products from the reaction zone. Employing this apparatus
Bigelow produced F-ethane (perfluoroethane) in an 85 percent yield,

with little or no cracking or polymerization., The method has found

little application to the production of perfluorocarbons, however, and




the predominant direct fluorination method remained the "catalytic”

method up to the 1970's.

The next major advange in direct fluorination technology was the
result of the work of Lagow and co-workers.l? 1In these studies a
cryogenic reactor is employed to create a temperature gradient along
the reactor length; as the reactants become more than 50 percent
fluorinated, their volatility increases and they can move through the
reactor more rapidly. The process also employs the high dilution of
fluorine with helium, which also acts as a heat sink. This low-tem-—
perature gradient ("LTG") process, in contrast to the previously
discussed direct fluorination methods, is generally useful for the
fluorination of compounds containing functional groups as well as for
hydrocarbons. The method has been successful in the perfluorination of
highly branched hydrocarbons,13’14 hydrocarbon ethers,15 esters,16
acid fluorides,le’17 acid anhydrides,18 and cyclic amines.!?

While the ability to completely fluorinate molecules containing
functional groups with elemental fluorine was a major development in
direct fluorination technology, the method has the disadvantages that
it is a batch process, suitable in general only for small scale
synthesis, and works well only for molecules with appreciable solid

state volatility.
B. Development of the Aerosol Direct Fluorination Process

A critical analysis of the LTG direct fluorination technique led

to the establishment of a set of conditions believed to be capable of



providing a high yield of fluorinated material from hydrocarbon

starting materials:20

l. Fluorination of molecules in the crystalline state.
2. High reactant surface area.

3. Low initial temperature.

4, High initial fluorine dilution.

5. Efficient dissipation of reaction heat.

As previously mentioned, the major problem in direct fluorination
is the dissipation of the large amounts of heat evolved. The use of a
crystalline matrix serves to reduce radical recombinations and at the
same time serves as an energy sink to aid in the dissipation of
reaction energies. High reactant surface area would tend to promote
uniform attack by fluorine on all reactant molecules. To reduce frag-
mentation, the overall reaction rate should be reduced through the use
of low temperatures and high fluorine dilution. High fluorine dilution
also helps to reduce the probability of simultaneous attack by fluorine
molecules or radicals on adjacent molecular sites, which would lead to
increased fragmentation. Efficient heat dissipation also reduces the
probability of fragmentation, and prevents combustion from occuring.

In order to successfully produce perfluorinated materials, the
above considerations must be extended somewhat, and reaction conditions
modified. At the onset of fluorination a low initial temperature and a
high dilution of fluorine are desirable, but as the degree of fluorina-
tion increases it is increasingly difficult to add additional fluorine

to the now partially fluorinated species, since a greater percentage of



collisions become ineffective. A means of establishing temperature and

fluorine concentration gradients is desired wherein the temperature and
fluorine concentration may be increased as the reaction proceeds in
time. A flow process is also desired, wherein the temperature and
fluorine concentration gradient would be established along a reactor's
length. The reactants would be moved down this length by a carrier or
some alternate means. Two basic flow type processes were examined and
rejected. A liquid reagent stream would not allow for uniform, rapid
mixing with the reactive gaseous elemental fluorine, and a gaseous
reactant, while mobile, offers no convenient method for reducing
collisions between hydrocarbon radicals which would lead to the
production of tars and oils.

A heterogeneous system wherein a suspended solid reactant is
subjected to gaseous fluorine attack provides a solution. By employing
an aerosol one may attain gas—like mobility and still retain crystal-
linity. The crystalline matrix serves as an energy sink and the
aerosol particles have very high surface areas, permitting uniform
attack by elemental fluorine. As these aerosol particles are swept
down a reactor length by a carrier gas, a temperature and fluorine
concentration gradient can be established, allowing for higher tempera-
tures and fluorine concentrations as the molecule becomes further
fluorinated. Very efficient heat dissipation may be achieved by using
helium as the carrier gas. Multiple collisions of reactant particu-—
lates with helium dissipates heat rapidly as excess energy is contin-

uously carried by the helium atoms to the reactor walls.



An early aerosol fluorinator designed on the basis of the above

considerations, while resulting in the first successful fluorination of
a solid phase particulate aerosol using elemental fluorine, was best
suited to the production of partially fluorinated species.u’22
Perfluorinated species could be produced, but in general yields were
low.

Successful perfluorination in good yields was achieved through
the addition of a photochemical stage, providing activation of the
elemental fluorine, to the basic design.23’24 Use of the photochem-
ical stage allowed exceptionally high yields of perfluorinated products
to be obtained as well as providing efficient fluorine utilization.

The aerosol fluorination apparatus employing the photochemical stage
resulted in the successful perfluorination of alkanes, ethers, cyclo-
alkanes, ketals, and chlorides.29 The aerosol direct fluorination

apparatus will be discussed in detail in the Experimental section.
C. The Synthesis of Perfluoroketones

While a range of perfluoroketones has been synthesized, the
methods involved are quite distinct from those employed to synthesize
the hydrocarbon analogs and almost invariably involve the reaction of a
highly fluorinated species. Neither direct nor indirect fluorimation
methods have provided routes to the perfluoroketones starting from the
hydrocarbon analog. The Swarts reaction?> and other reactions
involving halogen exchange require preparation of the corresponding
chlorocarbon prior to fluorination, and the higher perchlorocarbons are

often difficult to prepare. Simons' electrochemical method26-29



operates in anhydrous hydrogen fluoride and hence the perfluoroketones
are unattainable via the electrochemical method. The cobalt
trifluoride process cleaves the ketones at an early stage in the
reaction,30’31 and the milder reagent, potassium tetrafluorocobaltate
(II1), also leads exclusively to fragmentation products.32

The first example of the complete fluorination of a ketone via
elemental fluorine was the fluorination of acetone by Bigelow; employ-
ing the "catalytic” fluorination method he was able to produce
F-acetone in poor yields.5 Methyl ethyl ketone and cyclopentanone
were also perfluorinated via the "catalytic” method, but again the
yields were poor.31

In general, the direct fluorination of organic compounds contain-
ing functional groups to their perfluorinated analogs is limited to the
method of Lagow12 and the aerosol direct fluorination method described
herein. Whereas the LTG method of Lagow has been successful in the
perfluorination of groups such as ethers,15 esters,16 and acid
anhydrides,18 the production of perfluoroketones has not been achieved
via the method.33

Despite the failure of the more "common"” fluorination techniques,
a number of perfluoroketones have been prepared in varying yields,
usually from highly fluorinated precursors. The parent compound of the
series, F-acetone, is commercially available and may be prepared by a
variety of methods, including exchange of chlorine in hexachloroacetone
by fluorine using hydrogen fluoride in the presence of a chromium (V)
or chromium (III) catalyst.34’35 Halogen exchange has also been

employed in the synthesis of F-2-butanone from perchloro-Z—butanone.36



The decomposition over Lewis acid catalysts of perfluoroalkylene
epoxides, prepared from the corresponding cyclic or acyclic
perfluoroalkenes, constitutes another method for the production of per-
 fluoroketones. For example, gfcyclopentanone37»38 Efacetone,37'39
Efcyclohexanone,38"40 EﬁZ-methyl-3-pentanone,4112—4—methyl—2—pen—
tanone,41 fﬁ3—hexanone,42 E}Z-heptanone,42’43 f}Z—butanone,43
EfZ—pentanone,43 fﬁZ-hexanone,43 f&Z—octanone,43 and F-2,6,6-tri-
methyl-3-—heptanone44 have been prepared in this manner.

The fluoride ion catalyzed addition of perfluoroacyl fluorides to
F-propene affords a route to perfluoroketones containing the branched
perfluoroisopropyl group and has led to the syntheses of F-3-methyl-2-
but:anone,“”46 E}Z—methyl—3-hexanone,45’46 F-2,4-dimethyl-3-pen-
tanone,l‘s"47 E}Z-methy1-3—pentanone,48 fﬁZ-methyl—3—heptanone,48
and fﬁZ—methyl—3—nonanone.48 Chambers et al.*? have synthesized
perfluoroketones containing the perfluoroisopropyl group and a
perfluoroaryl group. For example, the reactions of F-propene with
F-benzoyl fluoride, F-4-isopropylbenzoyl fluoride, and F-isonicotinoyl
fluoride produced the corresponding perfluoroketones.

The reaction of perfluoroalkyl carboxylates with sodium alkoxides
has led to the production of F-3-pentanone and Efé—heptanone.so The
reactions of ethyl perfluorobutyrate with sodium,51 perfluoropropyl
magnesium iodide,52 or perfluoropropyl lithium33 have also produced
F-4-heptanone. Perfluoroacyl chlorides have been reacted with
perfluoropropyl zinc iodide®* to produce F-2-pentanone and F-4-hep-

tanone; with perfluoropropyl magnesium iodided? to produce

F-2-pentanone, F-3-hexanone, and F~4-heptanone; and with



perfluoromethyl magnesium 1odide3® to produce F-acetone and

F-2-pentanone.

The oxidation of a perfluoroalkene has in several cases produced
a perfluoroketone: EfacetOne,57 l?_-Z-pentanone,58 and F-acetylcy-
clohexane’8 were prepared via the oxidation with aqueous potassium
permanganate of F-2-methylpropene, F-2-methyl-l-pentene, and F-2-cyclo-
hexylpropene, respectively., The action of lead tetrafluoride on ethyl-
benzene, followed by neutralization and treatment with water, was also
reported to produce _E‘_—acetylcyclohexane.59

Delfino and Shreeve®0 have reported the synthesis of F-2-bu-
tanone via the reaction of F-2-fluorosulfatobutane at 70°C in the
presence of cesium or potassium fluoride. In a similar fashion,
F-4-methyl-2-heptanone has been prepared from F-2-chlorosulfato-é-

methylheptane.61

Enyclobutanone,62 fﬁcyclopentanone,63 f&cyclohexauone,63
E_—cycloheptanone,64 and f‘_—cyclooctanone65 have been prepared via

the acid hydrolysis of the corresponding methyl perfluorocycloalkyl
ethers. F-cyclopentanone and F-cyclohexanone have also been prepared
by potassium fluoride-tetramethylene sulfone metathesis of the corre-
sponding 1,1—dichloroperfluorocycloketone66’67 or 1,2-dichloroper-
fluorocycloalkylene epox:l.de.66’68

Table 1 lists the syntheses of a number of perfluoroketones and

includes all the known perfluoroketones of ten or fewer carbous.
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TABLE 1

SYNTHESES OF PERFLUOROKETONES

Synthesis Ref.
0
CCL 36CC1 5 HE y CF 3@@3 34,35
Cr catalyst
0 0
ClcCcel,Cel g HE s CF3CCF,CF3 36

Cr catalyst

0

—

cFZ—>cr Lo cF— =0

| —23, | | n=2,3 37-40
CF, —— (CF2) CF,—(CF2)

~N SbF 9
(CF3) oCF ——CFCF3 —2-3, (CF3),CFCF,CCF3 41

0

7~

CL(CF2) CF —CF, _SbFs | F(CFz)nﬁCFg n=2-6 43

P - 0
éF + CF3CF=CF, F—) Rf'dCF(CF3)2

Re
45-49
Re = CF3, C2Fs, n—C3F7, (CF3)2CF,
n-CyFg, c-CyF7, n-CeF13, c—CgFs
RfCOOC2H5 + NaOCpoHg —— (Rf)2CO 50
Rf = CpFs5, n-C3F7

C3F7C00CHs + Na —— (C3F7)2CO 51
C3F7C00CoHs + C3F7;MgI ———— (C3F7)2C0 52

C3F7C00C,Hs + C3F7Li ——uuy (C3F7)2CO 53




TABLE 1 (Continued)

Synthesis Ref.
@ 9
R,CCL + C3FyZal — Rfdc3F7 54
Rf = CF3, n-C3F7
: ;
RCCL + C3FpMgl —— R.CC3Fy 55
Rf = CF3, C2F5, n-C3F7
9 9
R.CCL + CF3Mgl ——5 R.UCFy 56
Rf = CF3, n—C3F7
0
R CF3C=CF2 _KHnOy | R LCF3 57,58
Rf = CF3, n-C3F7, c—CgF)
KF Q
CF3CF(SO3X)R, —— CF3lR, 60,61
X =F, Cl
Re = C2Fs, C3F7CF(CF3)CFo
/0
2
CFo — CF—O0OCHj3 CF, —C
1. 100% HpS0 |
| , 224y | n = 1-5 62-65 |
CF2 —(CF3) 2. P20s CFp —(CFp)
0 0
/) /,
cF, — ¢~ CFy—C”
| | XEmsy | | a=2,3 66,67
(CFy) —CCly (CFp) — CF»
n n
c1 0
/,
cr, —cl cF,— ¢~
= N N 66,65
(CFz)r‘l—C\ (CFz)n— CF, ’ ’

Cl




D. Statement of Problem

Although the methods described above have produced perfluoro-
ketones in selected cases, a more general method for the production of
perfluoroketones would be desirable. The purpose of this investigation
is to provide a route to the perfluoroketones from the relatively
inexpensive hydrocarbon analogs via the aerosol direct fluorination
process. Extension of the process to the production of perfluoro-
ketones would comprise an important advance in direct fluorination

technology.



CHAPTER II

EXPERIMENTAL PROCEDURES
A. Basic Aerosol Fluorination System

The basic aerosol fluorination system is shown schematically in
Figure 1. A bed of sodium fluoride (A) in a heavy gauge nickel combus-
tion boat (Fisher Scientific) is heated to approximately 850°C (iron-
constantan thermocouple) in a stainless steel oven tube located inside
an electric furnace (Hoskins Electric Furnace Company, model FD-3034).
Finely dispersed sodium fluoride particles (average radius 17.5 A69)
sublime into a helium carrier gas and are cooled to near -196°C by
passing through a liquid nitrogen cooled heat exchanger (B). The
chilled stream is mixed with a second gas stream containing hydrocarbon
vapor within the body of the aerosol generator (C). The hydrocarbon
vapor, in a stream produced by the evaporator device (D), condenses
into aggregates around the chilled sodium fluoride particles, The
chilled aerosol is then passed through the reactor modules (E,F,G)
where it is mixed with elemental fluorine. Following the last reactor
module is an endcap (H), a series of coils (I,1') which may be heated
if desired, and a water~cooled flow type photochemical stage (J) which
provides activation of the elemental fluorine. The products then flow
through a brass scrubber (K) filled with sodium fluoride pellets to
facilitate removal of hydrogen fluoride and are collected in the liquid
nitrogen cooled product trap (L). Excess fluorine is removed by
passing the gas stream through a brass cylinder filled with activated

alumina.



Figure 1, Basic Aerosol Fluorination System.

A heated bed of sodium fluoride (A) sublimes NaF particles into
the helium carrier gas; the NaF particles are then chilled by passing
through the liquid nitrogen cooled heat exchanger (B). The chilled NaF
particles are mixed within the aerosol generator (C) with a hydrocarbon
stream from the evaporator device (D) and the aerosol passed through
the reactor modules (E,F,G) where it is mixed with elemental fluorine.
Following the last module is an endcap (H), a series of coils (I,I'),
and a water-cooled photochemical stage (J). Hydrogen fluoride is
removed in the scrubber (K) and the products collected in the liquid
nitrogen cooled product trap (L). Excess fluorine is removed by
passing the gas stream through an alumina trap.
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The hydrocarbon evaporator device is shown schematically in
Figure 2. The evaporator is constructed from a 30 mm Pyrex tube and a
1/4 inch medium wall gas filtering tube (Fisher Scientific). The inlet
and outlet are constructed of 1/4 inch medium wall Pyrex tubing to
allow connection of the device to the system via standard Ultratorr
fittings. Teflon stopcocks (Kontes Scientific Glassware) are employed
in all glassware., Approximately 20 ml of hydrocarbon are placed in the
evaporator and the desired throughput (typically 2-5 mmol/hr) is
obtained by adjusting the evaporator temperature and/or the helium flow
through the device. The evaporator is held at a selected temperature
by immersing it in an appropriate cold bath.

Two types of aerosol generators were employed, neither offering
any observable advantage over the other. The aerosol generators are
shown schematically in Figures 3 and 4, The chilled sodium fluoride
stream enters at the rear through a Teflon insert which serves as
insulation to prevent heating of the chilled stream. The sodium
fluoride stream is then mixed with the hydrocarbon vapor entering from
the side. A third inlet is provided to allow balancing of the flows
within the generator with a helium stream. )

To prevent condensation of the hydrocarbon vapor on the generator
walls, the entire aerosol generator body is heated. A layer of
asbestos paper is wrapped around the generator body, and over this is
wound approximately five feet of 26 gauge nichrome wire in such a
manner as to allow connection to an external voltage source. The

entire generator body is then coated with a synthetic porcelain,
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Stopcock.

Helium inlet.
Outlet.

Gas filtering tube.
30 mm Pyrex tube.

Legend:
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Figure 2. Hydrocarbon Evaporator Device.
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Figure 3.
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Nucleating particle inlet.
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Helium inlet.

Outlet.

Aerosol Generator No. 1.
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Legend:
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Figure 4.
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Teflon insert.

Generator body (brass).
Teflon insert.

Hydrocarbon inlet.

Helium inlet.

Outlet.

Aerosol Generator No. 2.
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Sauereisen (Sauereisen Cements Company), which provides good thermal
and electrical insulation.

Aerosol generator no. 1 employs a heated hydrocarbon inlet tube.
This hydrocarbon inlet tube extends int; the aerosol generator body
through a male Ultratorr fitting screwed into the generator body, and
is heated via connection to an external voltage source to prevent
condensation of the hydrocarbon vapor prior to its entering the mixing
chamber of the aerosol generator. The inlet consists of a stainless
steel tube within a copper tube as shown schematically in Figure 5.
The design allows the inner tube to be heated in order to prevent
condensation of the hydrocarbon vapor while the outer copper tube
remains relatively cool to prevent warming of the chilled sodium
fluoride stream. No such heated inlet tube is provided in the case of
aerosol generator no. 2 and no changes in system efficiency were
observed; in this design the hydrocarbon enters the generator directly
from the evaporator device.

The reactor modules consist of an outer unit and a staging
insert, both constructed of Monel, as shown schematically in Figures 6
and 7. The staging insert is constructed in such a manner that 0.025
inch holes drilled along the insert's inner surface in a corkscrew
fashion allow a uniform concentration gradient of fluorine to be
established along the module length.

The reactor modules are cooled by an integral heat exchanger. A
freon reservoir is cooled to approximately -78°C with a dry ice/meth-
anol solution and the chilled freon pumped to the desired module

(Eastman/Iwaki mag-drive pump, model MD-15T) via a diverter unit.
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Figure 8 shows the design of the cooling system. Temperature control
is obtained via solenoid valves (Asco) located at each module, and the
associated control electronics. Module temperatures are monitored on a
Bendix I/C type T/C model 302 pyrometer or GE type DO53 temperature
gauge connected to a thermocouple wire in a thin-walled stainless steel
thermocouple probe extending into the cooling jacket of each module.

The photochemical stage provides activation of the elemental
fluorine and is shown schematically in Figure 9. The stage consists of
approximately 10 meters of 0.015 inch wall, 3/8 inch i.d. FEP Teflon
tubing, one layer wrapped around a 50 mm x 390 mm quartz immersion well
(Ace Glass) containing a 550 watt medium pressure mercury arc lamp
(Hanovia), and a second layer wrapped concentrically around an overly-
ing 75 mm Pyrex tube. Reactants flow through the stage in such a
manner that they are initially exposed to Pyrex—-filtered wavelengths (>
300 nm) and then encounter the more energetic ultraviolet wavelengths
(FEP cutoff at approximately 225 m23) before leaving the stage, All
FEP tubing is maintained at approximately 20-25°C by positive water
circulation over all surfaces.

Connections between the various sections of the aerosol direct
fluorination system are accomplished via copper or Teflon tubing and
standard Swagelok fittings. Fluorine flows are monitored with a
Hastings mass flowmeter (model LF-20X) and Hastings mass flow trans-
ducers (model LF-20X, types F-100M and F-20M). Before entering the
reactor modules, the fluorine flows are diluted with helium in a gas

manifold. All helium flows are monitored with Matheson rotameters
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Legend: A, Freon reservoir.
B. Methanol + dry ice.
C. Coolant return from modules.
D. Pump.
E. Coolant to modules.
Figure 8. Reactor Module Cooling System.
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(types 600 or 603), and Whitey valves (model SSIKS4 for He, MIKS4 or

M21RS4 for Fp) are employed for the control of all flows.

B. Modified Aerosol Fluorination System

The modified aerosol fluorination system is shown schematically
in Figure 10. This system employs a flash evaporator/sublimator unit
allowing the handling of solids or nonvolatile liquids, and also
employs a modified reactor module design. The remaining components of
the system are identical to those in the basic system.

The modified aerosol generator, adapted to a flash evaporator/
sublimator unit is shown schematically in Figure 1l1. Chilled sodium
fluoride particles in a helium stream enter one side of the aerosol
generator and are mixed with the hydrocarbon vapor in the hydrocarbon
carrier stream from the evaporator/sublimator, The hydrocarbon carrier
consists of one upper (primary) and a lower (secondary) helium flow
entering the evaporator/sublimator body at the top and bottom, respec-
tively. Liquid hydrocarbon is delivered from a Precision Sampling
Corporation "Pressure-Lok" syringe driven by a Sage model 34la syringe
pump, and enters at the bottom of the evaporator/sublimator unit. In
the case of a solid hydrocarbon, the unit is filled with the solid
material and helium enters at both bottom inlets.

The flash evaporator/sublimator is a stainless steel cylinder
adapted to an inline filter (Nupro SS-4TF2-2BP4-2) containing a two
micron filter element., The entire unit 1is wrapped in asbestos paper,

wound with nichrome wire to permit resistive heating, and covered with
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Figure 10, Modified Aerosol Fluorination System.

A heated bed of sodium fluoride (A) sublimes NaF particles
into the helium carrier gas; the NaF particles are then chilled by
passing through the liquid nitrogen cooled heat exchanger (B). The
chilled NaF particles are mixed within the aerosol generator (C) with a
hydrocarbon stream from the flash evaporator/sublimator unit (D) and
the aerosol passed through the reactor modules (E,F,G) where it is
mixed with fluorine. Following the last module is an endcap (H), a
series of coils (I,I'), and a water-cooled photochemical stage (J).
Hydrogen fluoride is removed in the scrubber (K) and the products
collected in the liquid nitrogen cooled product trap (L). Excess
fluorine is removed by passing the gas stream through an alumina trap.
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synthetic porcelain. A thermocouple wire soldered to the device's body
allows monitoring of the evaporator/sublimator temperature.

The modified reactor module design is shown schematically in
Figure 12. The modules are constructed of Monel, and fluorine enters
the reaction region through a 3/4 inch diameter two micron porous Monel

filter element.
C. Materials

All materials used were reagent grade and were used as received
except where otherwise noted.

Acetone-Fisher Scientific; dried over anhydrous CaSO,, distilled
and stored over molecular sieves.

Adamantane-Aldrich Chemical (99+%).

Alumina-Alcoa Chemicals (activated).

Benzene-Fisher Scientific.

2-Butanone-Mallinckrodt Chemical.

Calcium Hydride—Alpha Products (anhydrous).

Calcium Sulfate-W. A. Hammond Drierite Company (anhydrous).

Carbon Tetrachloride-Fisher Scientific; dried over molecular
sieves. |

Cyclohexanol-Fisher Scientific.

Cyclohexanone—-Fisher Scientific.

Cyclopentanol-Aldrich Chemical (99%).

Cyclopentanone-Aldrich Chemical (99+%).

Deuterochloroform~Aldrich Chemical (99.8 atom %).

3,3-Dimethyl-2-butanone (Pinacolone) — Aldrich Chemical.
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Ethyl Ether-Fisher Scientific (anhydrous).

Ethylene Glycol-Fisher Scientific.

Fluorine-Air Products.

Freon 1l1-Allied Chemical (Genetron 11).
2-Heptanone—~Aldrich Chemical (98%).
3-Heptanone-Aldrich Chemical (98%).
4~Heptanone-Aldrich Chemical (98%).

Hydrochloric Acid-Fisher Scientific (concentrated).
Methanol-distilled drum grade.

Methyl Iodide-Aldrich Chemical (99%).

Molecular Sieves-Fisher Scientific (4A).

Nitrogen (gas)-Burdett Oxygen Company.
Pentane-Fisher Scientific.

3-Pentanone-Chemical Samples Company (99%).
Perfluoropentane~PCR Research Chemicals.

Potassium Carbonate-Fisher Scientific (anhydrous).
Sodium-Fisher Scientific.

Sodium Fluoride-Fisher Scientific.

Sodium Fluoride Pellets-Harshaw Chemical Company.
Sodium Hydroxide-Fisher Scientific.

Sulfuric Acid-Fisher Scientific (fuming, 30% SO3).
Tetramethyl Orthocarbonate—~Aldrich Chemical.
2,2,4,4~Tetramethyl-3~pentanone (Pivalone) - Fluka Chemicals.
Tetramethylsilane-Mallinckrodt Chemical (nmr grade).
para—Toluene Sulfonic Acid-Eastman Chemical (practical).

Xylene-Fisher Scientific; dried over sodium.
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D. Characterization of Compounds

Workup of products, following removal of hydrogen fluoride,
consisted of vacuum line fractionation, infrared assay of fractioms,
and gas chromatographic separation of materials. Characterizations
were made by vapor phase infrared spectrophotometry, electron-impact
and chemical ionization mass spectrometry, 'H and !9F nuclear magnetic
resonance (nmr) spectroscopy, and elemental analysis. Product distri-
butions and percent yields were determined by gas chromatographic assay

(cut and weigh method).

Vacuum Line. An all glass vacuum system with Teflon stopcocks
(Kontes Scientific Glassware) was employed. A Welch Duo-seal vacuum
pump (model 1402B) was used, and all transfers, fractionations, etc.,
performed at approximately 3 microns of mercury (Hastings vacuum gauge,

model VT-5B).

Gas Chromatography. Gas chromatographic separations were

performed on a Bendix model 2300 gas chromatograph (subambient, multi-
controller) employing a 7 meter x 3/8" 13% Fluorosilicone QF-1
(Analabs) stationary phase on 60-80 mesh acid-washed Chromosorb P
conditioned at 225°C (12 hours) or a 4 meter x 3/8" 10% SE-52 phenyl-
methyl silicone rubber stationary phase on acid-washed Chromosorb P
conditioned at 250°C (12 hours). The carrier gas was helium (60
cce/min). Injections were made using standard microliter syringes
(Hamilton) or in the case of extremely volatile materials with Pre-

cision Sampling Corporation "Pressure-Lok” syringes. All retention

times (tR) were measured relative to the time of injection.
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Infrared Spectra. All infrared spectra were recorded as gases in

a gas cell (path length 10 centimeters) with potassium chloride optics
or as neat liquids between potassium chloride plates. Spectra were

recorded on a Perkin Elmer model 1330 infrared spectrophotometer.

Mass Spectra. Mass spectra were taken on a Hewlett-Packard GC/MS

(5710A GC, 5980 MS, 5934A computer); electron—impact mass spectrometry
was performed at 70 eV and chemical ionization mass spectrometry

employed a methane plasma.

Nuclear Magnetic Resonance. 1H and 19F nmr spectra were taken

with a JEOL FX90Q (omniprobe) nmr spectrometer operating at 89 MHz for

lH and 84 MHz for 19F. Spectra were recorded with tetramethylsilane

(TMS) as internal standard for 'H and in CDCl3 with 1% CFClj; internal

standard for 19F.

Elemental Analysis. Elemental analyses were performed by

Schwarzkopf Microanalytical Laboratory, Woodside, New York.

E. Aerosol Fluorination of 3-Pentanone

Throughputs for 3-pentanone were determined by cooling approxi-
mately 20 ml of the material in the evaporator device to 0°C (ice bath)
and, for a given helium flow through the device, weighing the amount of
3-pentanone collected in a liquid nitrogen cooled trap over a given
time interval. Results of the throughput experiments are shown in
Figure 13. At 0°C the vapor pressure of 3-pentanone is such that a 70
cc/min flow of helium through 20 ml of the material in the evaporator

device produced a throughput of 2.2 mmol/hr.
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The aerosol fluorination of 3-pentanone was conducted with the
basic aerosol fluorination system. Details of the aerosol fluorination
parameters are given in Table 1, Appendix A. At the end of the
reaction the products were transfered to the vacuum line and fraction-
ated through -131°C (pentane) and -196°C (liquid nitrogen) cold traps.
The -196°C trap contents, which included species such as CFy, and COF;
(infrared assay of fraction), were discarded., The -131°C trap
contents, which constituted the majority of products, were collected,
weighed, and separated on the QF-1 gas chromatographic column with the
temperature program: =5°C, 2 min; 1°C/min to 10°C; 10°C, 1 min;
20°C/min to 180°C. The major product was F-3-pentanone (tgp = 16 min)
which constituted 53% (0.113 g, 0.42 mmol), 62% (0.198 g, 0.74 mmol),
and 71% (0.271 g, 1.02 mmol) of the total products collected by weight
for reactions 1, 2, and 3, respectively., Without correcting for
unreacted or partially reacted materials, the percent yields of
F-3-pentanone based on the throughput of 3-heptanone (8.8 mmol) for
reactions 1, 2, and 3 were 5%, 8%, and 12%, respectively. The charac-
terization of F-3-pentanone is given in Table 1, Appendix B. Also
isolated from the reactions was F-n-propane (tg = 12 min), identified
from its infrared spectrum.70 The percent distributions of F-n-pro-
pane for reactions 1, 2, and 3 were 26% (0.056 g, 0.30 mmol), l4%
(0.045 g, 0.24 mmole), and 13% (0.049 g, 0.26 mmol) of the total

products collected by weight, respectively.
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F. Aerosol Fluorination of 4-Heptanone

Throughputs for 4-heptanone at room temperature (23°C) were
determined in the manner employed fo; 3-pentanone, and the results are
shown in Figure 14, The vapor pressure of &4-heptanone at 23°C is such
that a 165 cc/min flow of helium through approximately 20 ml of the
material in the evaporator device produced a throughput of 2.5
mmol/hr.

The aerosol fluorination of 4-heptanone was conducted with the
basic aerosol fluorination system., Details of the aerosol fluorination
parameters are given in Table 2, Appendix A. Products from a four hour
run were transferred to the vacuum line and worked up as for 3-pen-
tanone. The -131°C cold trap contents (0.734 g) were collected and
separated on the QF-1 gas chromatographic column with the temperature
program: 30°C, 1 min; 2°C/min to 60°C; 60°C, 1 min; 50°C/min to
180°C. The major product was F-4-heptanone (tg = l4 min) which
constituted 92% (0.675 g, 1.84 mmol) of the total products collected by
weight. Without correcting for unreacted or partially reacted
materials, the percent yleld of F-4~heptanone based on the throughput

of 4-heptanone (10.0 mmol) was 18%. The characterization of F-4-hep-

“tanone is given in Table 2, Appendix B; the infrared spectrum was

identical to that appearing in the literature.”?

G. Aerosol Fluorination of Cyclopentanone

Throughputs for cyclopentanone at 23°C were determined as
described above and the results are shown in Figure 15. The vapor

pressure of cyclopentanone at 23°C is such that a 112 cc/min flow of
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helium through approximately 20 ml of material in the evaporator device
produced a throughput of 2.3 mmol/hr.

The aerosol fluorination of cyclopentanone was conducted with the
basic aerosol fluorination system. Details of the aerosol fluorination
parameters are given in Table 3, Appendix A. Products from a three
hour run were transferred to the vacuum line, and worked up as
described above. The -131°C trap contents (0.620 g) were collected and
separated on the QF-1 gas chromatographic column with the temperature
program: 10°C, 1 min; 1°C/min to 30°C; 30°C, 1 min; 20°C/min to
180°C. The major products were F-pentanoyl fluoride (tg = 14 min)
and F-n-butane (tgp = 7 min) which constituted 61% (0.378 g, 1.42
mmol) and 11% (0.068 g, 0.29 mmol) of the total products collected by
weight, respectively., Without correcting for unreacted or partially
reacted materials, the percent yield of F~pentanoyl fluoride based on
the throughput of cyclopentanone (6.9 mmol) was 21%. The characteriza-
tion of F-pentanoyl fluoride is given in Table 3, Appendix B. The 19F
nmr spectrum of F-pentanoyl fluoride was in agreement with that appear-

71

ing in the literature. F-n-Butane was identified from its infrared

spectrum.7O

H. Aerosol Fluorination of Cyclohexanone

Throughputs for cyclohexanone at 23°C were determined as
described above and the results arebshown in Figure 16. The vapor
pressure of cyclohexanone at 23°C is such that a 165 cc/min flow of
helium through approximately 20 ml of material in the evaporator device

produced a throughput of 1.9 mmol/hr.
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Figure 16. Cyclohexanone Throughputs.
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The aerosol fluorination of cyclohexanone was conducted with the
basic aerosol fluorination system. Details of the aerosol fluorination
parameters are given in Table 4, Appendix A. In all cases, only a
small amount of nonvolatile products were obtained which bled out
slowly on the chromatographic columns. No traces of perfluorinated

materials were found.

I. Aerosol Fluorination of 3-Heptanone

Due to the low volatility of 3-heptanone, aerosol fluorination
utilizing the basic aerosol fluorination system was not possible. At
the highest carrier flow allowed with the system, a sufficient through-
put (at least 1 mmol/hr) of material was unattainable. Hence, the
aerosol fluorination of 3-heptanone was conducted with the modified
aerosol fluorination system. Details of the aerosol fluorination
parameters are given in Table 5, Appendix A.

Products were transferred to the vacuum line and worked up as
described above. The contents of the -131°C trap were collected,
weighed, and separated on the QF-1 gas chromatographic column with the
temperature program: 25°C, 2 min; 1.5°C/min to 60°C; 60°C, 1 min;
50°C/min to 180°C. The major products were F-3-heptanone (tg = 17
min) and F-n-butane (tg = 7 min). Percent distributions and percent
yields of F-3-heptanone for the reactions are given in Table 5,
Appendix A, For optimized aerosol fluorination parameters, F-3-hep-
tanone constituted 59% (0.975 g, 2.66 mmol) of the total products
collected by weight. Without correcting for unreacted or partially

reacted materials, the percent yield of F-3-heptanone based on the
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amount of 3-heptanone injected (21.0 mmol) was 13%. The characteriza-
tion of F-3-heptanone is given in Table 4, Appendix B. F-n-Butane was
identified from its infrared spectrum,70 and constituted 9% (0.149 g,
0.63 mmol) of the total products collected by weight for the run under

optimum conditions.
J. Aerosol Fluorination of 2-Heptanone

The aerosol fluorination of 2-heptanone was conducted with the
modified aerosol fluorination system. A pump speed corresponding to
3.8 mmol/hr was established and 1.7 ml (12.2 mmol) 2-heptanone
delivered over a 3.2 hour period. Details of the aerosol fluorination
parameters are given in Table 6, Appendix A.

Products were transferred to the vacuum line and worked up as
described above. The contents of the ~131°C trap (0.633 g) were
collected and separated on the SE-52 gas chromatographic column with
the temperature program: 0°C, 2 min; 1°C/min to 10°C; 10°C, 1 min;
20°C/min to 180°C. The major products were F-2-heptanone (tgp = 9
min) and F-n-pentane (tg = 3.5 min) which constituted 55% (0.348 g,
0.95 mmol) and 26% (0.165 g, 0.57 mmol) of the total products collected
by weight, respectively. Without correcting for unreacted or partially
reacted materials, the percent yield of F-2-heptanone based on the
amount of 2-heptanone injected (12.2 mmol) was 8%. The characteriza-
tion of F-2-heptanone is given in Table 5, Appendix B. The 19¢ nmr
spectrum of F-2-heptanone was in agreement with that appearing in the
literature.*3 F-n-Pentane was identified from its infrared

spectrum.70
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K. Aerosol Fluorination of 2-Butanone

The aerosol fluorination of 2-butanone was conducted with the
modified aerosol fluorination system. A pump speed corresponding to
3.9 mmol/hr was established and 1.4 ml (15.6 mmol) 2-butanone delivered
over a 4 hour period. Details of the aerosol fluorination parameters
are given in Table 7, Appendix A.

Products were transferred to the vacuum line and worked up as
described above. The contents of the -131°C trap (1.553 g) were
collected and separated on the QF-1 gas chromatographic column with the
temperature program: 0°C, 2 min; 1°C/min to 10°C; 10°C, 1 min;
20°C/min to 180°C. The major product was F-2-butanone (tg = 1l.5
min) which constituted 20% (0.311 g, 1.44 mmol) of the total products
collected by weight. Without correcting for unreacted or partially
reacted materials, the percent yield of F-2-butanone based on the
amount of 2-butanone injected (15.6 mmol) was 9%. The characterization
of F-2-butanone is given in Table 6, Appendix B. The infrared and 19F
nmr spectra of F-2-butanone were in agreement with those found in the

1iterature.43’»60

L. Aerosol Fluorination of Acetone

The aerosol fluorination of acetone was conducted with the
modified aerosol fluorination system. A pump speed corresponding to
5.1 mmol/hr was established and 1.5 ml (20.4 mmol) acetone delivered
over a 4 hour period. Details of the aerosol fluorination parameters

are given in Table 8, Appendix A.
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Products were transferred to the vacuum line and worked up as
described above. The -131°C trap contents (0.309 g) were collected and
separated on the SE-52 gas chromatographic column with the temperature
program: -40°C, 2 min; 1°C/min to -30°C; -30°C, 1 min; 20°C/min to
180°C. The major product was F-acetone (tg = 3.5 min) which consti-
tuted 48% (0.148 g, 0.89 mmol) of the total products collected by
weight., Without correcting for unreacted or partially reacted
materials the percent yield of F-acetone based on the amount of acetone
injected (20.4 mmol) was 4%. F-Acetone was identified from its

infrared spectrum.72’73
M. Aerosol Fluorination of Methoxycyclopentane

Methoxycyclopentane was prepared by the method of Vogel.74
Freshly cut sodium (15.5 g, 0.67 mol) and 350 ml of sodium-dried xylene
were placed in a 1000-ml three-~neck flask fitted with a stirrer and
condenser and the contents heated with an oil bath. When all the
sodium had melted, the stirrer was started and stirring continued until
all the sodium was in the form of fine granules. The oil bath was then
removed and stirring continued until the flask and contents cooled to
room temperature. The xylene was then decanted off, and the solid
"sodium sand” washed twice with 100 ml of anhydrous ether and covered
with 150 ml anhydrous ether. To the sodium sand solution, 60 ml (0.67
mol) cyclopentanol in 75 ml anhydrous ether were added dropwise from an
addition funnel over a two hour period, and the contents allowed to
stand overnight. To the solid alkoxide were added 42 ml (0.67 mol)

methyl iodide from an addition funnel over a two hour period. The
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contents were then stirred for 30 minutes and the ether distilled off
(heating mantle). The products were then distilled, yielding a large
fraction of boiling point 100-105°C. Repeated distillation from sodium
yielded 25.6 g (0.26 mol) pure methoxycyclopentane (bp 105°C, identical
to literature value’4), a 39% yield.

The aerosol fluorination of methoxycyclopentane was conducted
with the modified aerosol fluorination system. Details of the aerosol
fluorination parameters are given in Table 9, Appendix A. Products
were transferred to the vacuum line and worked up as described above.
The contents of the -131°C trap were collected and separated on the
QF-1 gas chromatographic column with the temperature program: 20°C, 10
min; 5°C/min to 100°C; 100°C, 1l min; 50°C/min to 180°C. The major
product was F-methoxycyclopentane (tg = 13 min) which constituted 38%
(1.363 g, 4.31 mmol) and 57% (1.381 g, 4.37 mmol) of the total products
collected by weight for the two reactions. Without correcting for
unreacted or partially reacted materials the percent yields of F-meth-
oxycyclopentane based on the throughput of methoxycyclopentane (34.4
mmol, 20.4 mmol, respectively) for the reactions were 13% and 217,
respectively. The characterization of F-methoxycyclopentane is given
in Table 7, Appendix B. The 19¢ nmr and electron-impact mass spectra
of F-methoxycyclopentane were in agreement with those appearing in the

literature.’?
N. Hydrolysis of F-Methoxycyclopentane

F-Methoxycyclopentane (0.321 g, 1.02 mmol) was condensed onto an

approximately equal volume of fuming sulfuric acid (30% SO3) which had
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been degassed and vacuum—-stripped of SO3. The reaction tube (Pyrex)
was then sealed off under vacuum and heated for 24 hours at 360°C in a
tube furnace. The tube was then opened under vacuum and the contents
fractionated through -131°C and -196°C cold traps. The contents of the
-131°C trap (0.243 g) were dissolved in CCl, and separated on the SE-52
gas chromatographic column with the temperatﬁre program: -10°C, 5 min;
0.5°C/min to 20°C. The products were identified as F-cyclopentanone
(tg = 6.5 min) and unreacted F-methoxycyclopentane (tg = 9.5 min)
which constituted 58% (0.141 g, 0.62 mmol) and 42% (0.102 g, 0.32 mmol)
of the total products collected by weight, respectively. The percent
yield of F-cyclopentanone based on F-methoxycyclopentane reacted was
thus 88% (61% conversion). The characterization of F-cyclopentanone is
given in Table 8, Appendix B. The infrared, 19p nmr, and electron-
impact mass spectra of F-cyclopentanone were in agreement with those

appearing in the literature.53,66
0. Aerosol Fluorination of Methoxycyclohexane

Methoxycyclohexane was prepared by the method of Vogel.74
Proceeding as for the preparation of methoxycyclopentane, from 15.5 g
(0.67 mol) sodium, 69 ml (0.67 mol) cyclohexanol, and 43 ml (0,69 mol)
methyl iodide were isolated 17.5 g (0.15 mol) pure methoxycyclohexane
(bp 133°C, identical to literature value’%), a 22% yield.

The aerosol fluorination of methoxycyclohexane was conducted with
the modified aerosol fluorination system. A pump speed corresponding

to 3.8 mmol/hr was established and 3.3 ml (25.5 mmol) delivered over a
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6.7 hour period. Details of the aerosol fluorination parameters are
given in Table 10, Appendix A.

The products were transferred to the vacuum line and worked up as
described above. The contents of the -131°C trap (3.323 g) were
collected and separated on the QF-1 gas chromatographic column with the
temperature program: 35°C, 10 min; 4°C/min to 100°C; 100°C, 1 min;
50°C/min to 180°C. The major product was F-methoxycyclohexane (tg =
14 min) which constituted 90% (2.991 g, 8.17 mmol) of the total
products collected by weight., Without correcting for unreacted or
partially reacted materials the percent yield of F-methoxycyclohexane
based on the amount of methoxycyclohexane injected (25.5 mmol) was
32%. The characterization of F-methoxycyclohexane is given in Table 9,
Appendix B. The 19F nmr spectrum of F-methoxycyclohexane was in

agreement with that appearing in the literature./?

P. Hydrolysis of F-Methoxycyclohexane

F-Methoxycyclohexane (0.308 g, 0.84 mmol) was condensed onto an
approximately equal volume of sulfuric acid which had been treated as
described above, The reaction tube was then sealed under vacuum and
heated for 14 hours at 340°C in a tube furnace. The tube was then
opened under vacuum and the products fractionated through -131°C and
-196°C cold traps. The -131°C trap contents (0.268 g) were collected,
dissolved in CCl,, and separated on the SE-52 gas chromatographic
column with the temperature program: 0°C, 10 min; 1°C/min to 100°C.
The products were identified as F-cyclohexanone (tg = 9 min) and

unreacted F-methoxycyclohexane (tg = 18 min) which constituted 25%
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(0.067 g, 0.24 mmol) and 75% (0.201, 0.535 mmol) of the total products
collected by weight, respectively. The yield of F-cyclohexanone based
on the amount of F-methoxycyclohexane reacted was thus 83% (28% conver-
sion). The characterization of F-cyclohexanone is given in Table 10,
Appendix B. The infrared, 19F nmr, and electron-impact mass spectra of
F-cyclohexanone were in agreement with those appearing in the

literature.63,66
Q. Aerosol Fluorination of 1,4-Dioxaspiro{4.4]nonane

l,4-Dioxaspiro[4.4]nonane was prepared by the method of Daignault
and Eliel.’6 Cyclopentanone (21 ml, 0.24 mol), ethylene glycol (14
ml, 0.26 mol), para—toluenesulfonic acid (0.1 g), and 100 ml benzene
were placed in a 200-ml flask fitted with a Dean-Stark trap. The
mixture was then refluxed until the theoretical amount of water (4.3
ml) collected in the trap. The cooled reaction mixture was washed with
40 ml of 20% NaOH, followed by five 20 ml washings with water. The
solution was dried over anhydrous potassium carbonate and the benzene
removed with a rotary evaporator. Distillation yielded 16.1 g (0.13
mol) pure 1,4-dioxaspiro[4.4]nonane (bp 156°C, literature 155°C77), a
547 yield.

The aerosol fluorination of 1,4-~dioxaspiro[4.4]nonane was
conducted with the modified aerosol fluorination system. A pump speed
corresponding to 4.2 mmol/hr was established and 3.0 ml (25.2 mmol)
1,4-dioxaspiro[4.4]nonane delivered over a 6 hour period. Details of

the aerosol fluorination parameters are given in Table 11, Appendix A.
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Products were transferred to the vacuum line and worked up as
described above. The -131°C trap contents (l.651 g) were collected and
separated on the QF-1 gas chromatographic column with the temperature
program: 30°C, 5 min; 5°C/min to 100°C; 100°C, 1 min; 50°C/min to
180°C. The major product was F-1,4-dioxaspiro(4.4]nonane (tg = 15
min) which constituted 747% (1.222g, 3.55 mmol) of the total products
collected by weight. Without correcting for unreacted of partially
reacted materials, the percent yield of F-1,4-dioxaspiro[4.4]nonane
based on the amount of 1,4-dioxaspiro[4.4]nonane injected (25.2 mmol)
was 14%. The complete characterization of F-1,4-dioxaspiro[4.4]nonane

is given in Table 11, Appendix B.
R. Hydrolysis of F-1,4-Dioxaspiro[4.4]nonane

F-1,4-Dioxaspiro[4.4]nonane (0.156 g, 0.45 mmol) was condensed
onto an approximately equal volume of sulfuric acid which had been
treated as described above., The reaction tube was sealed off under
vacuum and heated for 24 hours at 450°C in a tube furnace. The
reaction tube was then opened under vacuum and the products fraction-
ated through -131°C and -196°C cold traps. The -131°C trap contents
(0.152 g) were collected, dissolved in CCl,, and separated on the SE-52
gas chromatographic column with the temperature program: -10°C, 5 min;
0.5°C/min to 20°C. The products were identified as F-cyclopentanone
(tg = 6.5 min) and unreacted F-1,4-dioxaspiro[4.4]nonane (tg = 13
min) which constituted 16% (0.024 g, 0.1l mmol) and 50% (0.076 g, 0.22
mmol) of the total products collected by weight, respectively. The

percent yield of F-cyclopentanone based on the amount of
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F-1,4-dioxaspiro[4.4]nonane reacted was thus 48% (24% conversion).
Products were identified by comparison of their infrared spectra with

those of known samples.
S. Aerosol Fluorination of 1,4-Dioxaspiro[4.5]decane

1,4-Dioxaspiro[4.5]decane (bp 180°C, identical to literature
value77), prepared by the method of Daignault and Eliel,76 was
fluorinated employing the modified aerosol fluorination system., A pump
speed corresponding to 4.3 mmol/hr was established and 3.0 ml (21.5
mmol) delivered over a five hour period. Details of the aerosol
fluorination parameters are given in Table 12, Appendix A.

Products were transferred to the vacuum line and worked up as
described above. The -131°C trap contents (1.280 g) were collected and
separated on the QF-1 gas chromatographic column with the temperature
program: 50°C, 5 min; 2°C/min to 100°C; 100°C, 1 min; 50°C/min to
180°C. The major product was F-1,4-dioxaspiro[4.5]decane (tg = 14
min) which constituted 767 (0.973 g, 2.47 mmol) of the total products
collected by weight. Without correcting for unreacted or partially
reacted materials, the.percent yield of F-1,4-dioxaspiro[4.5]decane
based on the amount of 1,4-dioxaspiro[4.5]decane injected (21.5 mmol)
was l1%Z. The characterization of F-1,4-dioxaspiro[4.5]decane is given

in Table 12, Appendix B.
T. Hydrolysis of F-1,4-Dioxaspiro[4.5]decane

F-1,4-Dioxaspiro[4.5]decane (0.198 g, 0.50 mmol) was condensed

onto an approximately equal volume of sulfuric acid which had been
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treated as described above, The reaction tube was sealed off under
vacuum and heated for 18 hours at 500°C in a tube furnace. The
reaction tube was then opened under vacuum and the contents fraction-
ated through -131°C and -196°C cold traps. The -131°C trap contents
(0.188 g) were collected, dissolved in CCl,, and separated on the SE-52
gas chromatographic column with the temperature program: 0°C, 10 min;
1°C/min to 100°C. The products were identified as F-cyclohexanone
(tg = 9 min) and unreacted F-1,4-dioxaspiro[4.5)decane (ty = 15
min) which constituted 277% (0.051 g, 0.18 mmol) and 68% (0.128 g, 0.32
mmol) of the total products collected by weight. The yield of F-cyclo-
hexanone based on the amount of F-1,4-dioxaspiro[4.5]decane reacted was
thus 100% (367% conversion). Products were identified by comparison of

their infrared spectra with those of known samples.
U. Aerosol Fluorination of 3,3-Dimethyl-2-butanone

The aerosol fluorination of 3,3-dimethyl-2-butanone (pinacolone,
tert-butyl methyl ketone) was conducted with the modified aerosol
fluorination system. A pump speed corresponding to 2.8 mmol/hr was
established and 0.8 ml (6.3 mmol) delivered over a 2.25 hour period.
Details of the aerosol fluorination parameters are given in Table 13,
Appendix A.

Products were transferred to the vacuum line and worked up as
described above. The -131°C trap contents (1.034 g) were collected and
separated on the QF-1 gas chromatographic column with the temperature
program: O0°C, 2 min; 1°C/min to 10°C; 10°C, 1 min; 20°C/min to 180°C.

The major products were F-3,3-dimethyl-2~butanone (tg = 20 min),
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3-difluoromethyl-F-3-methyl-2-butanone (tg = 25 min), and 3,3-bis(di-
fluoromethyl)~F-2-butanone (tg = 27 min) which constituted 23% (0.238
g, 0.75 mmol), 25% (0.258 g, 0.86 mmol), and 13% (0.134 g, 0.48 mmol)
of the total products collected by weight, respectively. Without
correcting for unreacted or partially reacted materials, the percent
yield of F-3,3-dimethyl-2-butanone based on the amount of
3,3-dimethyl-2-butanone injected was 12%. The characterizations of
F-3,3-dimethyl-2-butanone, 3-difluoromethyl-F-3-methyl-2-butanone, and
3,3-bis(difluoromethyl)-F-2-butanone are given in Tables 13, 14, and

15, Appendix B, respectively,
V. Aerosol Fluorination of 2,2,4,4-Tetramethyl-3-pentanone

The aerosol fluorination of 2,2,4,4-tetramethyl-3-pentanone
(pivalone, di-tert-butyl ketone) was conducted with the modified
aerosol fluorination system. A pump speed corresponding to 2.9 mmol/hr
was established and 1.0 ml (5.8 mmol) delivered over a two hour
period. Details of the aerosol fluorination parameters are given in
Table 14, Appendix A.

Products were transferred to the vacuum line and fractionated
through -78°C, -131°C, and -196°C cold traps. The -78°C trap contents
(0.346 g) were collected and separated on the SE-52 gas chromatographic
column with the temperature program: 30°C, 5 min; 5°C/min to 100°C;
100°C, 1 min; 20°C/min to 180°C. The major product was F-2,2,5-tri-
methyl-3~hexanone (tg = 9 min) which constituted 71% (0.246 g, 0.53
mmol) of the total products collected by weight. Without correcting

for unreacted or partially.reacted materials, the percent yield of
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F-2,2,5-trimethyl-3-hexanone based on the amount of 2,2,4,4-tetra-
methyl-3-pentanone injected was 9%. The characterization of F-2,2,5-
trimethyl-3-hexanone is given in Table 16, Appendix B. Also isolated
from the reaction was F-isobutane (tR = 2.5 min), identified from its

infrared spectrum.70
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CHAPTER III
RESULTS AND DISCUSSION
A. General Results

The efficacy of the aerosol direct fluorination process for the
fluorination of ketones is somewhat surprising for a number of
reasons. Low-temperature-gradient (LTG) fluorinations, useful for the
fluorination of several types of functional group-containing molecules,
have not produced fluorinated ketones under the usual conditions .33
Due to the use of sodium fluoride as a nucleating species, the aerosol
direct fluorination process is rich in fluoride ion and hence fluoride
ion catalyzed oxidation of thé ketone carbonyl might be expected to
produce fluoroxy compOunds.78"80 In addition, it might also be
expected that the photochemical finishing stage of the process would
result in photolytic cleavage of the ketone,b4,81-83

In reality none of the above problems were manifested in the
results. The high concentration of fluoride ion may indeed be benefi-
cial in that the acidity of the medium due to endogeneous hydrogen
fluoride is reduced, thereby minimizing acid-catalyzed condensation
reactions.®% 1In addition, no losses directly attributable to photo-
lytic cleavage were detected in any of the ketone fluorinations. For
the acyclic ketones, aerosol direct fluorination produced the corre-
sponding perfluoroketoﬁes as the major product; fragmentation was
minimal in most cases.

Although the perfluoroketones constituted the majority of the

products collected, a somewhat troublesome problem exists in the
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aerosol direct fluorination of certain molecules, The aerosol system
is dependent upon the generation of a particulate aerosol which is
ideally crystalline, monodisperse (uniform size), and with little
tendency to aggregate. In reality only a few compounds produce near
perfect aerosols exhibiting all of the previous properties. Most
compounds which produce excellent aerosols are highly symmetrical and
pack well in a crystalline lattice, examples being neopentane, adaman-—
tane, cycloalkanes, cyclic ethers, and most highly branched, geometric-
ally uniform molecules. Normal alkanes and especially their functional
derivatives deviate in varying degrees from this ideal. 1If the condi-
tions considered ideal are met, percent yields based on throughput and
percent distributions will usually differ by only a few percent; as the
molecules deviate from this ideal, the percent yields based on through-
put begin to fall due to physical losses within the aerosol generator
and reactor stages.ZI'23 These losses can be significant and result
in sometimes significant amounts of unfluorinated or complex mixtures
of generally less than trifluorinated products collected at the close
of the reaction when the system warms to ambient or is opened for
cleaning between runs.

To minimize physical losses within the reactor, the quantities of
material run are kept small to achieve more nearly ideal conditions.
Throughputs of up to 10 mmol/hr are possible with some compounds, best
results in general being obtained with throughputs of 2 to 5 mmol/hr on
the present reactor's 1/2 inch cross section. Increased carrier flows
can also significantly improve yields, but the present system's design

sets a limit on how high a carrier flow can be employed due to
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constrictions endemic to various portions of the system (e.g. the 3/8
inch FEP tubing in the photochemical stage). It is likely that scale-
up of the system would allow much higher carrier flows and throughputs,
while at the same time improving yields based on throughput.

Whereas aerosol direct fluorination of acyclic ketones produced
the perfluoroketones as the major product, the perfluorocycloketones
were not produced by aerosol direct fluorination of the corresponding
hydrocarbon. Although fragmentation is minimal with most of the
acyclic ketones, almost total cleavage occurs in the aerosol direct
fluorination of cyclopentanone. The major product collected (61% of
the total by weight) was F-pentanoyl fluoride, which results from
cleavage of the carbon-carbon bond alpha to the carbonyl group. In the
case of cyclohexanone no such cleavage was apparent; all attempts at
aerosol direct fluorination of cyclohexanone resulted in the production
of non-volatile materials which would not transfer on the vacuum line.

F-Cyclopentanone and F-cyclohexanone are extremely hygroscopic
materials and react readily with water to form the corresponding
monohydrate.66 This suggests the possibility that in the aerosol
direct fluorinations of cyclopentanone and cyclohexanone any perfluo-
rinated ketone formed may have been hydrolyzed to the non-volatile
hydrate due to reaction with residual water inside the reactor. This
would explain the complete absence of any perfluoroketone in the
product mixture. It is interesting to note that in light of the amount
of ring strain that would be relieved upon forming the hydrate, one
would predict F-cyclopentanone to be more hygroscopic than F-cyclo-

hexanone. Hence one would anticipate more problems with
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cyclopentanone. However, it is cyclohexanone which yields only
non-volatile products; aerosol direct fluorination of cyclopentanone
produces F-pentanoyl fluoride. Cyclohexanone may be a special case
however, as past aerosol direct fluorinations of certain six-membered
ring compounds have been only partially successful .22

Due to the failure of the aerosol direct fluorination process at
producing the perfluorocycloketones directly from the hydrocarbous,
alternate routes were sought, Perfluorocycloketones were synthesized
via two separate two-step routes, Scheme I shows the synthesis of the
perfluorocycloketones via the acid hydrolysis of the corresponding

perfluorinated methyl cycloalkyl ethers, produced by the aerosol direct

fluorination of the appropriate methyl ether.

Scheme 1:
0
CHp— CHOCH3  ,p  CF2—CFOCF3  |j00 uooo (|JF2—(I3
Y
CHp-(CH2) CF2-(CF2) 340-350°C " CFp-(CF)

n=2,3

Both the perfluoroethers and the perfluoroketones are obtained in good
yields. The perfluorcethers are very stable compounds. After 24 hours
at 250°C in the presence of 100% sulfuric acid, F-methoxycyclopentane
showed no evidence of reaction. Hydrolysis of the perfluoroethers at
350°C, however, gives excellent yields of the perfluoroketone with
virtually no side products. Clayton, et al.63 had previously

reported the synthesis of F-cyclopentanone and F-cyclohexanone from the

hydrolysis of the corresponding methyl or fluoromethyl
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perfluorocycloalkyl ethers. The hydrolysis of a trifluoromethoxy group
to a ketone was not reported, however.

Scheme II shows a second two-step route to perfluorocyclo-
ketones. The formation of a cyclic ethylene glycol ketal for the
purpose of protecting a carbonyl group during subsequent reaction steps
is a well known procedure.85 An analogous procedure was thought
capable of affording protection of the carbonyl group during aerosol
direct fluorination. Aerosol direct fluorination of the ketals, formed
by treatment of the ketone with ethylene glycol in an acidic solution,
results in good yields of the corresponding perfluoroketals, which can

then be hydrolyzed to the perfluoroketones in good yields.

Scheme II:
e
CHZ’CHZ\C/O'THZ AP ?FZ‘ CFZ\C/O’CF-’- 100% H280,, ‘|:F2'C
(CHp)=cHy”  0-CHp (CFp)=CF2” 0-CFy 450-500°C * (CF2)=CF2

n=1,2

The direct fluorination reaction produces a molecule of hydrogen
fluoride for every hydrogen substituted, and hence it might be expected
that acid-catalyzed cleavage of the ketals would occur in the reactor.
However, hydrogen fluoride solvolysis of the acid sensitive ketal group
appears to be of little importance during the aerosol direct fluorina-
tion of the cyclopentanone and cyclohexanone ketals, and indeed this
lack of solvolysis appears to be general as evidenced from the past
successful aerosol direct fluorinations of 1,4-dioxane and 2,2-di-
methyl-l,3-dioxolane.20 As previously mentioned, the fact that the

aerosol process is rich in fluoride ion may be beneficial in that the
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acidity of the medium due to hydrogen fluoride is reduced, thereby
minimizing acid-catalyzed reactions.

The perfluoroketals are extremely stable compounds. F-1,4-Diox-
aspiro[4.5]decane fails to react after 26 hours at 350°C in the
presence of 100% sulfuric acid. However, at 500°C the perfluoroketals
are hydrolyzed to the perfluoroketones in godd yields with virtually no
side products.

Perfluoroketones are characterized by a very electron deficient
carbonyl group, and this feature dominates the chemistry of the
perfluoroketones. For example, F-acetone is not protonated even in the
superacid FSO3H-SbFg mixture.8® The electron~attracting perfluoro-
alkyl groups intensify the electrophilic properties of the carbonyl
group which leads to changes in reactivity with respect to the charac-
teristic ketone reactions and to new reactions not observed in the case
of non-fluorinated ketones. Due to its ready availability, numerous
studies have been carried out on F-acetone, thus confirming this
altered reactivity.87"89 F-Acetone has such a high electrophilicity
that it can react without prior activation of the carbonyl group, even
with weak nucleophiles which react with non-fluorinated ketones only in
the presence of catalysts.87 For example, F-acetone reacts with
cyclohexyl isocyanide without a catalyst to form a cyclohexyliminodi-
oxolane, in contrast to the behavior of non-fluorinated ketones which
react with isocyanides only in the presence of acids.91
In contrast to F-acetone, few studies have appeared in the

literature relating to the reactions of the higher perfluoroketones due

to their relative scarcity. Anello, et al. have studied several
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reactions of F-cyclopentanone and F-cyclohexanone. Hydrates of the
perfluoroketones were formed readily, reduction with sodium borohydride
gave the corresponding secondary alcohols, and hydroxy acids were
produced upon admixture of the perfluoroketones with malonic acid in
pyridine.66 In addition, F-cyclohexanone was found to undergo the
Wittig reaction smoothly, heating of the ketone with carbethoxy-
methylenetriphenylphosphorane yielding ethyl perfluorocyclohexylidenyl
acetate.5® The reaction of F-cyclopentanone or F-cyclohexanone with
potassium or cesium fluoride in polar solvents produces the perfluorin-
ated alkoxides,66,92 Tatlow, et al.%0 have prepared decafluorocy-
clohexylidene imine from the reaction of F-cyclohexanone with liquid
ammonia and phosphorous oxychloride in pyridine. F-cyclopentanone and
F-cyclohexanone have been converted to the corresponding hydrates which
were then mixed with Capran (polyamide, Allied Chemical) to form a
flexible, transparent Capran film.%7 A number of reactions of
F-cyclobutanone have been reported62 including the Diels-Alder
reaction of F-cyclobutanone with butadiene.

Several studies have appeared in the literature pertaining to the
reactions of the acyclic perfluoroketones. F-4-Heptanone reacts with
methyl lithium and perfluoropropyl magnesium iodide to form 4-methyl-
perfluoro-A—heptanolg3 and undergoes the Reformatsky reaction with
ethyl bromoacetate and zinc to produce the corresponding f-hydroxy
ester.9% Reaction of F-4-heptanone with water forms the correspond-
ing diol, and reaction with amines forms the corresponding amides .2l
Attempts to prepare the 2,4-dinitrophenylhydrazone, semicarbazone, or

oxime were unsuccessful.’? F-2-Pentanone, F-3-hexanone, and
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F-4-heptanone have been reduced to the corresponding secondary alcohols
with lithium aluminum hydride.55 F-3-pentanone and F-4-heptanone
underwent reaction with trialkyl phosphites to yield alkyl enol ethers
of the perfluoroketones and dialkyl phosphorofluoridate.95 Reactions
of perfluoroalkyl perfluoroisopropyl ketones with primary amines have
been shown to give the corresponding secondary amides and 2-hydrylper-
fluoropropane,96 and with morpholine to give the corresponding
tertiary amides and 2—hydrylperf1uoropropane.97 Condensation of
F-2-butanone or F-2-hexanone with perfluoropropylene oxide, followed by
pyrolysis of the condensation products, provides a route to the corre-
sponding perfluoro(alkyl vinyl ether) .98

It is obvious from the above that the chemistry of the perfluoro-
ketones is a virtually unexplored area; the unusual character of the
carbonyl group in the perfluoroketones promises to have a wide variety

of chemical reactivity not exhibited by the non-fluorinated ketones.
B. Synthesis of F-3-Pentanone

In all 3-pentanone reactions the major product collected was
F-3-pentanone. For the three reactions listed in Table 1, Appendix A,
the percent F-3-pentanone of all products collected by weight was 53%,
62%, and 71%; if no corrections are made for unreacted or partially
reacted materials, the percent yields based on the throughput of
3-pentanone were 5%, 8%, and 12%, respectively.

An examination of the aerosol fluorination parameters shows that
increased percent yields and percent distributions were obtained by

running the reactor modules at a higher temperature, heating the coil
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preceeding the photochemical stage, and employing an increased carrier
flow. The higher temperatures and flows serve to reduce physical
losses within the reactor, due to factors previously discussed.
However, significant amounts of unreacted 3-pentanone were still found
within the region of the first reactor modulevupon opening the system
for cleaning. 1In fact, for all the aerosol direct fluorinations
performed, significant amounts of unreacted starting materials were
found inside the reactor upon opening for cleaning.

Giacometti, et al,, in a study of the photolysis of F-3-pen-
tanone, reported that at wavelengths of 264 to 313 nm F-3-pentanone was
photolytically cleaved to produce carbon monoxide and F-n-butane
(formed by recombination of CF3CF, radicals) as the sole products .8l
Since the cutoff for the FEP tubing of the photochemical stage is
approximately 224 nm, it might be expected that this cleavage would
present a seriOus problem in the aerosol direct fluorination of
3-pentanone. However, no evidence of photolytic cleavage was found in
any of the reactions. The only major product found besides F-3-pen-
tanone was F-n-propane; no significant amounts of F-n—butane were
formed in the reactions. It would thus appear that conditions within
the photochemical stage are such that no dissociation occurs upon
exposure to the ultraviolet radiation (i.e., low temperature and low
pressure).

The fact that the major fragmentation product found in the
aerosol direct fluorination of 3-pentanone was F-n-propane is somewhat
surprising. The photolysis of F-3-pentanone in the gas phase resulted

in cleavage of the bonds alpha to the carbonyl group followed by
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recombination of the CF3CF; radicals to form carbon monoxide and
F-n-butane as the sole products.81 The photolysis of F-3-pentanone
in dichlorodifluoromethane has also led to cleavage of the alpha
bond.?? Since no significant amounts of either F-n-butane or
F-ethane were formed, it is likely that photolytic cleavage was minimal
and that F-propane was formed as a result of the combination of CF3 and
CF3CF, radicals, formed by fragmentation of the carbon skeleton of
3-pentanone during the fluorination process.

Only one previous synthesis of F-3-pentanone appears in the
literature. In a patented process (du Pont) F-3-pentanone was synthe-
sized via the reaction of ethyl perfluorobutyrate with sodium ethoxide,
followed by acidification and distillation from phosphorous
pentoxide.50 No characterization was given other than the boiling
point (27°C).

F-3-Pentanone was identified from its infrared spectrum,
electron-impact (70 eV) and chemical ionization (methane plasma) mass
spectra, and lgF nmr spectrum. The complete characterization is given
in Table 1, Appendix B.

The carbonyl stretch of F-3-pentanone occurs at 1780 e
compared to a value of 1710 em™! i 3—pentanone.100 This shift of
the carbonyl stretch to higher wavenumber upon perfluorination is
general and results from the electron-withdrawing properties of the
perfluoroalkyl groups. The electron—attracting perfluoroalkyl groups
reduce the carbonyl dipole, raising the frequency of the carbonyl
group.lOI’lo2 Strong absorption is also seen in the 1400 to 1000

e~ ! region, characteristic of C-F stretches.’0




66

The chemical ionization mass spectrum of F-3-pentanone exhibits a
base peak at m/e = 267, corresponding to the molecular ion plus a
hydrogen and confirming the molecular formula CgFj00. The peak at m/e
= 247 corresponds to the molecular ion minus a fluorine. Observation
of the M+H ion is common in the chemical ionization mass spectrum when
employing a methane plasma as is the observation of the parent minus
fluorine peak.103 Other major peaks seen in the chemical ionization
mass spectrum are consistent with the structure of F-3-pentanone and
include those at m/e = 147 and m/e = 119, corresponding to the
fragments C3F50+ and C2F5+, respectively, resulting from cleavage of
the bond alpha to the carbonyl group.

The electron—impact mass spectrum of F-3-pentanone agrees well
with that appearing in the literature.81,103 Large peaks are found
at m/e = 147, 119, 100, and 69, corresponding to the C3Fs0%, C,Fs',
CzFu+, and CF3¥ fragments, respectively.

The '°F nmr spectrum of F-3-pentanone consists of two singlets of
relative intensity 3:2 at ¢ = -82.03 and -121.38 ppm (CFCl3 internal
standard), corresponding to the CF3 and CF, groups, respectively. The
peaks occur in the region expected104 and show only a very slight

broadening (JCFz-CFs <1 Hz).
C. Synthesis of F-4-Heptanone

Aerosol direct fluorination of 4-heptanone produced F-4-heptanone
as the major product, comprising 92% of the total products collected by
weight; 1if no corrections are made for unreacted or partially reacted

materials, the percent yield based on throughput of 4-heptanone was
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18%. Small amounts of F-n-propane, resulting from cleavage of the bond
alpha to the carbonyl group, were also produced as was evidenced by
infrared assay of the product mixture. Hence, as was the case for
3-pentanone, photolytic cleavage ir the photochemical stage appears to
be negligible. The main source of losses are likely physical losses
within the reactor; upon opening the reactor for cleaning, significant
amounts of unreacted 4-heptanone were found.

F-4-Heptanone is one of the few perfluoroketones which has been
well characterized and has been synthesized via several methods, all
involving the reaction of a highly fluorinated species. The first
reported synthesis of F-4-heptanone involved reaction of ethyl perflu-
orobutyrate, C3F7;CO0CyHg, with the Grignard reagent perfluoropropyl
magnesium iodide, C3F7;MgI, and resulted in a 20% yield of F-4-hep-
tanone.?2 The reaction of perfluoropropyl magnesium iodide with
perfluorobutryl chloride, C3F;COCl, has also produced F-4-heptanone in
a 31% yield.55 Perfluoropropyl magnesium iodide is unstable at room
temperature and hence is formed at low temperatures from perfluoro-
propyl iodide, C3F7I, and magnesium in the presence of the compound it
is to be condensed with.>?2

The reactions of ethyl perfluorobutyrate with sodium ethoxide,SO
sodium, Slor perfluoropropyl lithium, C3F7Li,53 have also produced
F-4-heptanone in yields of 88%, 60%, and 28%, respectively. In addi-

tion, F-4-heptanone was produced in a 154 yield from the reaction of

perfluoropropyl zinc iodide, C3F7ZnI, with perfluorobutryl chloride, %
F-4-Heptanone was identified from its infrared spectrum, chemical

ionization and electron-impart mass spectra, and 19F nmr spectrum, The
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complete characterization of F-4-heptanone is given in Table 2,
Appendix B.
The infrared spectrum of F-4-heptanonme was identical to that
appearing in the literature.’2 The spectrum exhibits a carbonyl

stretch at 1785 cm'1

and strong absorption due to C-F stretching in the
1400 to 1000 cm’1 region.

The chemical ionization mass spectrum of F-4-heptanone exhibits
peaks at m/e = 367 and m/e = 347 correspounding to the molecular ion
plus hydrogen and the molecular ion minus fluorine, respectively,
confirming the molecular formula C7F;40. The electron-impact mass
spectrum includes a peak at m/e = 347, corresponding to the molecular
ion minus fluorine, as well as peaks corresponding to the fragments
C3F;t (m/e = 169) and C,F,0T (m/e = 197), formed from cleavage of the
bond alpha to the carbonyl group., The remaining peaks correspond to
fragments consistent with the structure of F-4-heptanone, as seen in
Table 2, Appendix B.

The '°F nmr spectrum of F-4-heptanone consists of three peaks of
relative intensity 3:2:2 at ¢ = -81.16, -118.66, and -126.31 ppm (CFClj
internal standard), respectively. The peak at § = -81.16 ppm is due to
the CF3 group, and the peaks at ¢ = -118.66 and -126.31 ppm are
assigned to the CF, groups alpha and beta to the carbonyl group,
respectively. The CF, group alpha to the carbonyl group is more

deshielded than the CF, group beta to the carbonyl function and hence

appears further downfield.
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D. Aerosol Fluorination of Cyclopentanone

Aerosol direct fluorination of cyclopentanone produced F-pen-—
tanoyl fluoride, CyF7COF, and F-n-butane as the major products, consti-
tuting 61% and 11% of the total products collected by weight, respec-
tively. No traces of F-cyclopentanone were found, and as previously
mentioned it is believed that any F-cyclopentanone formed would have
hydrolyzed due to reaction with residual water in the reactor.

Majer and Phillips64 have reported that the gas phase photol-
ysis of F-cyclopentanone produces only carbon monoxide and F-cyclo-

butane at 313 nm:

1 hv .

CF(CF,) 5C0 5 +CF,CF,CF,CF,C0 (5)

«CFyCF9CFCF2C0 ———3 +CFCFCFoCFpe + CO (6)
[

+CFCF,CF,CFpe ——— CF,CF,CF,CF, (7

Since a relatively high concentration of fluorine atom radicals exists
in the photochemical stage, it is possible that alpha cleavage of the
perfluoroketone is followed by reaction with fluorine radicals to

produce the observed products.

f \ hv .

CF,(CF,) 5C0 — 2y «CF,CF,CF2CF,C0 (8)
*CF,CFpCF,CFpC0 + 2Fe — 3y CF3CF,CF,CF,COF (9)
«CF2CF2CFCFpC0 —— % «CFpCF2CFCFpe + CO (10)

+CFoCF,CF7CFys + 2Fe ————> CF3CF,CF,CF3 (11)
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It is also possible that F-cyclopentanone is never formed, and
the products formed result from cleavage of one or both of the bonds
alpha to the carbonyl group during the fluorination process.

F-Pentanoyl fluoride has been synthesized by the action of
nitrous oxide or nitric oxide on perfluoropentyl sulfonyl fluoride,
C5F11S0,F, which gave a 46% yield of the perfluoroacyl fluoride,105
and is formed in trace amounts in the electrochemical fluorination of
methyl-3-methoxypropionate.71

F-Pentanoyl fluoride was identified from its infrared spectrum,
chemical ionization and electron-impact mass spectra, and 19F nmr
spectrum. The complete characterization is given in Table 3, Appendix
B.

The infrared spectrum of fﬁﬁentanoyl fluoride exhibits a strong
absorption at 1880 cm'l, characteristic of the carbonyl stretch of acid

fluorides,70 and strong bands in the 1400 to 1000 cem™?

region charac-
teristic of C-F stretches.

The chemical ionization mass spectrum of F-pentanoyl fluoride
exhibits peaks at m/e = 266 and m/e = 247, corresponding to the
molecular ion plus hydfogen and the molecular ion minus fluorine,
respectively, confirming the molecular formula CgF;30. The electron-
impact mass spectrum exhibits peaks at m/e = 131, 119, 100, 69, and 47,
corresponding to the C3F5+, C2F5+, C2FH+, CF3+, and CFOt fragments,
respectively.

The :°F nmr spectrum of F-pentanoyl fluoride consists of five

peaks of relative intensity 3:2:2:2:1 at ¢ = -81.59, -118.33, -123.98,

-126.47, and +24.85 ppm (CFCl; internal standard), respectively. The
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peak at @ = -81.59 ppm is due to the CF3 group, and the peaks at @ =
-118.33, -123.98, and -126.47 ppm are due to the alpha, beta, and gamma
CF, groups, respectively. The peak at ¢ = +24.85 ppm indicates a very
deshielded fluorine and is due to the fluorine attached to the carbonyl
group; this peak occurs in the region expected for an acid

fluoride.104

E. Synthesis of F-3-Heptanone

Due to the low volatility of 3-heptanone, sufficient throughputs
were not possible employing the basic aerosol fluorination system.
Hence, the modified aerosol fluorination system, which employs a flash
evaporator/sublimator fed by a syringe pump, was employed for the
aerosol direct fluorination of 3-heptanone. This system offers several
advantages over the basic system. No cold bath need be maintained as
was needed at the hydrocarbon evaporator device of the basic system,
and hence long reactions can be run with little supervision. 1In
addition, lengthy and tedious throughput experiments are not required
when using the modified system; only the boiling point of the material
(or sublimation point in the case of solid reactants) need be ascer-
tained and the flash evaporator/sublimator set at approximately 20°C
above that point. A known volume of hydrocarbon is then delivered from
the syringe pump and the density of the hydrocarbon allows calculation
of the throughput. In the case of a solid reactant throughputs may be
determined in the fashion employed for the case of the basic system.
The ability to perform lengthy reactions with little maintainance using

the modified aerosol fluorination system also has the advantage that a
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single run can be performed with a large enough yield of products to
allow characterization of the products after a single run; in the case
of the basic system, relatively non-volatile materials giving room
temperature throughputs of less than 2 mmol/hr required either runs of
very long duration or multiple experiments before a sufficient amount
of product could be accumulated for isolation., The basic system is
still valuable, however, for the aerosol fluorination of volatile
materials, which would boil out of the syringe set-up of the modified
system.

The major product from the aerosol direct fluorination of 3-hep-
tanone was F-3-heptanone; for optimum conditions (Table 5, Appendix A),
F-3-heptanone constituted 59% of the total products collected by
weight, Without correcting for unreacted or partially reacted
materials, the percent yield based on the amount of 3-heptanone
injected was 13%Z. The only other product formed in significant amounts
was F-n-butane, which constituted 9% of the total products collected by
weight. Fragmentation was thus minimal, the fragmentation products
consisting mainly of F-n-butane and small amounts of F-ethane (infrared
assay of -196°C cold trap coantents), both resulting from cleavage of
the bonds alpha to the carbonyl group.

F-3-Heptanone, which has not been synthesized previously, was
identified from its infrared spectrum, chemical ionization and
electron-impact spectra, and 19F nmr spectrum. The complete character-
ization is given in Table 4, Appendix B.

The infrared spectrum of F-3-heptanone exhibits a carbonyl

1

stretch at 1780 cm™ " and strong absorption due to C-F stretching in the

1400 to 1000 cm™ region.
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The chemical ilonization mass spectrum exhibits a strong peak at
m/e = 367, corresponding to the molecular ion plus hydrogen and
confirming the molecular formula C7F;4,0. The peak at m/e = 383 corre-
sponds to the molecular ion plus CHg; CH5+ is known to exist in the
plasma discharge of methane and hence the occurence of the M+CHs peak
is also consistent with the structure of F-3-heptanone. The electron-
impact mass spectrum exhibits peaks at m/e = 219, 147, and 119, corre-
sponding to the C4F9+, C3F50+, and CZF5+ fragments, respectively,
formed upon cleavage of the bonds alpha to the carbonyl group.

The !°F amr spectrum of F-3-heptanone consists of six complex
multiplets of relative intensity 3:3:2:2:2:2 at ¢ = -79.82, -81.99,
-118.01, -121.67, -124.79, and -126.32 ppm (CFClj internal standard),
respectively, The CF3 and CFp groups in F-3-pentanone appear at g =
-82.03 ppm and f = -121.38 ppm, respectively, and by comparison the
peaks at ¢ = -81.99 and -121.67 ppm in the F nor spectrum of F-3-hep-
tanone are assigned to the CF3 and CF, groups of the perfluorcethyl
segment of F-3-heptanone. In the lgF nmr spectrum of F-4-heptanone the
CF3, alpha CF,, and beta CF, groups appear at f = -81,16, -118,66 and
-126.31 ppm, respectively, and by comparison the peaks at ¢ = -79.82,
-118.01, -124.79, and -126.32 ppm in the 19 nor spectrum of F-3-hep-
tanone are assigned to the CF3, alpha CF), beta CFjy, and gamma CF»
groups of the perfluoropentyl segment of F-3-heptanone. As one moves
farther away from the carbonyl group, the CFy groups are less

deshielded and hence appear further upfield.
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F. Synthesis of F-2-Heptanone

The major products from the aerosol fluorination of 2-heptanomne
were F-2-heptanone and F-n-pentane which constituted 55% and 26% of the
total products collected by weight, respectively. Without correcting
for unreacted or partially reacted materials, the percent yield of
F-2-heptanone based on the amount of 2-heptanone injected was 8%, As
has been noted in the previous aerosol direct fluorinations, the major
fragmentation product is usually that resulting from cleavage of the
bonds alpha to the carbonyl group. As the ketone being fluorinated
becomes more unsymmetrical, it is likely to form a poorer aerosol as
previously discussed. Hence as the ketone becomes increasingly unsym-
metric, one might expect a higher degree of fragmentation to occur in
the aerosol direct fluorination process due to an increasingly poorer
aerosol being formed. This seems to be borne out by the results of the
aerosol direct fluorinations of 4-heptanone, 3-heptanone, and 2-hep-
tanone. In the aerosol fluorination of 4-heptanone virtually no
fragmentation products are found, 9% of the products in the fluorina-
tion of 3-heptanone are due to alpha cleavage, and 267% of the products
in the fluorination of 2-heptanone are due to alpha cleavage.

Only a single previous synthesis of F-2-heptanone appears in the
literature. F-2-Heptanone was prepared in a 95% yield from the action
of antimony pentafluoride on w-chloroperfluoro-l-heptene epoxide.43
The chloroperfluoro—l-heptene epoxide is not readily available however,
but is synthesized in an eight step reaction sequence starting with

w~hydrylperfluorononanoic acid.
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F-2-heptanone was identified from its infrared spectrum,
electron-impact and chemical ionization mass spectra, and 19 nor spec—
trum. The complete characterization is given in Table 5, Appendix B.
The infrared spectrum of F-2-heptanone exhibits a carbonyl
stretch at 1790 cm~! (identical to literature value43) and strong

absorptions in the 1400 to 1000 cm™!

region due to C-F stretches.

The chemical ionization mass spectrum exhibited a top mass peak
at m/e = 366, corresponding to the molecular ion and confirming the
molecular formula C7F;,0. Peaks at m/e = 131, 97, and 69 were also
present, corresponding to the C3F5+, C2F3O+, and CF3+ fragments,
respectively. The electron-impact mass spectrum exhibited peaks at m/e
= 269 and 97, corresponding to the fragments C5F11+ and CZF30+, respec—
tively, resulting from cleavage of the bonds alpha to the carbonyl
group., Other peaks consistent with the structure of F-2-heptanone were
present at m/e = 131, 119, 100, and 69, corresponding to the fragments
C3F5+, C2F5+, C2F4+, and CF3+, respectively.

The 19F nmr spectrum of F-2-heptanone agreed with that appearing
in the literature,43 and consisted of five complex multiplets of
relative intensity 3:3:2:4:2 at 6 = -75.17, -81.30, -118.63, -122.67,
and -126.67 ppm (CFCl3 internal standard), respectively. The peaks at
$ = -75.17 and -81.30 ppm are due to the CF3 groups attached to the
carbonyl group and perfluoroalkyl group, respectively. The peaks at §
= -118.63, ~122.67, and ~126.67 ppm correspond to the alpha, beta plus
gamma, and delta CF, groups, respectively. The beta and gamma CFj

groups occupy similar environments and hence occur at approximately the

same field, leading to a complex multiplet centered at ¢ = -122.67 ppm.
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G. Synthesis of F-2-Butanone

The major product from the aerosol fluorination of 2-butanone was
F-2-butanone, which constituted 20% of the total products collected by
weight; without correcting for unreacted or partially reacted
materials, the percent yield of F-2-butanone based on the amount of
2-butanone injected was 9%. The remainder of products were unreacted
or partially reacted materials, as ascertained by infrared assay of the
complex mixture. The isolation of such a large amount of partially
fluorinated materials may be due to 2-butanone forming a poor aerosol
as would be the case if 2-butanone were to dissolve the NaF preaero-
sol. In such a case droplets large enough to settle out in the reactor
could form, and the unfluorinated or partially fluorinated materials
would be condensed within the reactor; upon warming of the reactor to
ambient, during the time the reaction is stopped and the product trap
removed, these materials would then collect in the product trap.

F-2-Butanone was first produced in poor yields via the direct
fluorination of 2-butanone by Bigelow.31 F-2-butanone has also been
synthesized via the action of antimony pentafluoride on 4-chloroper-
fluoro-l-butene epoxide43 or F-2-butene epoxidelo6 and by the
reaction of F-2-(fluorosulfato)butane with cesium or potassium
fluoride.®0

F~2-butanone was identified from its infrared spectrum, elec-

tron-impact and chemical ionization mass spectra, and Y9 nur spec-—

trum., The complete characterization is given in Table 6, Appendix B.
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The infrared spectrum agrees with that appearing in the

1

1iterature,60 and exhibits a carbonyl stretch at 1790 cm™ " and strong

absorptions in the 1400 to 1000 et

region due to C~F stretches.

The chemical ionization mass spectrum exhibits a top mass peak at
m/e = 217, corresponding to the molecular ion plus hydrogen, and a peak
at m/e = 197 corresponding to the molecular lon minus fluorine,
confirming the molecular formula C,FgO. Additional peaks occur at m/e
= 147, 97, and 69, corresponding to the fragments C3F50+, CoF30", and
CF3+, respectively. The electron-impact spectrum exhibited peaks at
m/e = 147, 119, 97, and 69 corresponding to the fragments C3Fs0%,
CZF5+, C2F3O+, and CF3+, respectively, consistent with the structure of
F-2-butanone.

The !°F mmr spectrum’ of F-2-butanone consists of three peaks of
relative intensity 3:3:2 at ¢ = -75.30, -82,28, and -122.11 ppm (CFClj;
internal standard), respectively. The peak at # = -75,30 ppm corre-
sponds to the CF3 group attached to the carbonyl group, and is split
into a triplet by coupling with the CF, group, which appears as a
quartet at ¢ = -122.11 ppm (J = 8.8 Hz). The peak at @ = -82.28 ppm is
assigned to the CFj3 group attached to the CF,; group and appears as a

singlet.
H. Synthesis of F-Acetone

The major product from the aerosol direct fluorination of acetone
was F-acetone, which constituted 48% of the total products collected by
weight. Without correcting for unreacted or partially reacted

materials the percent yield of F-acetone based on the amount of acetone



78
injected was 4%. Also isolated from the reaction was l-hydrylper-
fluoroacetone, which constituted 30% of the total products collected by
weight. As discussed for the case of 2-butanone, the isolation of a
significant amount of partially fluorinated materials may indicate
partial dissolving of the NaF preaerosol by acetone.

The infrared spectrum of F-acetone was identical to that appear-
ing in the literature.’3 F-Acetone is a well characterized material
and is available commercially.

1-Hydrylperfluoroacetone, CF3COCFyH, exhibits a weak C-H stretch

at 2970 co~! and a carbonyl stretch at 1790 em !

, in addition to strong
absorption in the 1400 to 1000 cm'1 region due to C-F stretches. The
electron-impact mass spectrum included peaks at m/e = 148 and 129
corresponding to the molecular ion and the molecular ion minus
fluorine, respectively, in addition to peaks at m/e = 119, 101, 97, 79,
69, and 51 corresponding to the fragments CZF5+, CzFuH+, C2F3O+,
C2F2H0+, CF3+, and CF2H+, respectively, consistent with the structure
of l-hydrylperfluoroacetone. The chemical ionization mass spectrum of
l-hydrylperfluoroacetone exhibited a base peak at m/e = 150, corre-
sponding to the molecular ion plus two hydrogens. The Y nur spectrum
of l-hydrylperfluoroacetone consists of a triplet at § = -76.20 ppm
(JCF3-CF2 = 6.11 Hz) and a doublet of quartets at f = -129.51 Hz
(JCFZ-H = 48.02 Hz) corresponding to the CF3 and CF, groups, respec-—

tively. The 'H nmr consists of a triplet at § = 6.15 ppm.
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I. Synthesis of F-Methoxycyclopentane

The aerosol direct fluorination of methoxycyclopentane produced
F-methoxycyclopentane as the major product. The percent distribution
of F-methoxycyclopentane was 57% of the total products collected by
weight; without correcting for unreacted or partially reacted
materials, the percent yield of F-methoxycyclopentane based on the
amount of methoxycyclopentane injected was 22% (reaction 1, Table 9,
Appendix A). A second run utilizing a higher hydrocarbon throughput
resulted in a reduced percent yield (reaction 2, Table 9, Appendix A)
and it is likely that the system was overloaded at this increased
throughput.

F-Methoxycyclopentane has been synthesized in 83% yield via the
photochemical reaction of trifluoromethyl hypofluorite, CF30F, with
Efcyclopentene.75

F-Methoxycyclopentane was identified from its infrared spectrum,
chemical ionization and electron-impact mass spectra, and 19F nmr
spectrum. The complete characterization is given in Table 7, Appendix
B,

The infrared spectrum of F-methoxycyclopentane exhibits strong
absorptions in the 1400 to 1000 cn~? region, characteristic of C-F
stretches. The chemical ionization mass spectrum of F-methoxycyclopen-—
tane exhibits a top mass peak at m/e = 317 corresponding to the molec-—
ular ion plus hydrogen. The electron-impact mass spectrum of F-meth-
oxycyclopentane exhibits a peak at m/e = 297 corresponding to the
molecular ion minus fluorine, in addition to peaks at m/e = 181, 131,

100, and 69 corresponding to the fragments C4F7+, C3F5+, Cqu+, and
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CF3+, respectively, and agrees with the electron-impact mass spectrum
appearing in the literature.’3

The !°F mmr spectrum of F-methoxycyclopentane is in agreement
with that appearing in the literature.’? The CF, groups appear as
two overlapping AB quartets; the first AB system is due to the CF;
groups alpha to the trifluoromethoxy group and occurs at ¢ = -124.68
and -135.68 ppm (J = 259 Hz), and the second AB quartet is due to the
CF, groups beta to the trifluoromethoxy group and occurs with chemical
shifts § = -132,86 and -137.96 ppm (J = 255 Hz). The coupling
constants for the geminal fluorines are of the magnitude expected in a
five—membered ring.lo4 The trifluoromethoxy group gives rise to the
absorption at § = -55.42 ppm. The peak at 9§ = -137.96 ppm is due to
the tertiary fluorine adjacent to the trifluoromethoxy group and is a

complex multiplet. The coupling constants for the F~methoxycyclopen-

tane system are given in Table 7, Appendix B.
J. Synthesis of F-1,4-Dioxaspiro{4.4]nonane

Aerosol fluorination of 1,4-dioxaspiro[4.4]nonane produced
F-1,4-dioxaspiro[4.4]nonane as the major product. F-1,4~dioxaspiro-
[4.4]nonane constituted 74% of the total products collected by weight;
without correcting for unreacted or partially reacted materials, the
percent yield was 14%.

F-1,4-Dioxaspiro[4.4]nonane, which has not been synthesized
previously, was characterized by its infrared spectrum, electron-impact

and chemical ionization mass spectra, 19F nmr spectrum, and by
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elemental analysis., The complete characterization is given in Table
11, Appendix B.

The chemical ionization mass spectrum exhibits a base peak at m/e
= 325 corresponding to the molecular ion minus fluorine, in addition to
peaks at m/e = 117 and 97 corresponding to the fragments C5F3+ and
C2F30+, respectively. The electron—impact mass spectrum exhibits a
molecular ion minus fluorine peak at m/e = 325 and also includes peaks
at m/e = 131, 100, and 69 corresponding to the fragments C3Fs', C,F,*,
and CF3+, respectively.

The '°F nmr spectrum of F-1,4-dioxaspirol[4.4]nonane consists of
three singlets of equal intensity at ¢ = -85.32, -130.36, and -131.69
ppm (CFCl3 internal standard), corresponding to the ethylene (¢ =
-85.32 ppm) and cyclopentyl (@ = -130.36 and -131.69 ppm) fluorines, as
shown in Table 11, Appendix B.

Elemental analysis also confirmed the molecular formula C7F 707,

as seen from Table 11, Appendix B.
K. Synthesis of F-Cyclopentanone

F-Cyclopentanone was synthesized via two routes. In the first,
F-methoxycyclopentane was converted to F-cyclopentanone in an 89% yield
by treatment with 100% sulfuric acid and heating at 340°C (61%.conver—
sion). At lower temperatures F-methoxycyclopentane shows no sign of
reaction in the presence of 100% sulfuric acid, demonstrating its high
thermal stability. The conversion of F-methoxycyclopentane to F-cyclo-

pentanone is clean, virtually no side products being formed.
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As an alternative, F-cyclopentanone can be produced from the acid
hydrolysis of the perfluoroketal, F-1,4-dioxaspiro[4.4]nonane. At
450°C in the presence of 100% sulfuric acid, F-1,4-dioxaspiro(4.4]-
nonane is converted to F-cyclopentanone in a 45% yield (23% conver-
sion), with virtually no side products.

F-Cyclopentanone has been previously synthesized via several
methods. In a patented process (du Pont), F-cyclopentanone has been
produced in 70% yield via the rearrangement of perfluorocyclopentenyl
epoxide over Lewis acid catalyst:s.37’38 Acid hydrolysis of methyl
perfluorocyclopentyl ether, followed by distillation from phosphorous
pentoxide gave F-cyclopentanone in a 47% yield.63 Treatment of the
1,2-dichloroperfluorocyclopentene epoxide66’68 or 2,2-dichloroper-
fluorocyclopentanone66’67 with potassium fluoride in tetramethylene
sulfone has also produced F-cyclopentanone. Holub and Bigelow reported
the production of F-cyclopentanome in trace amounts in the direct
fluorination of cyclopentanone.31

F-Cyclopentanone was identified from its infrared spectrum,
electron-impact and chemical ionization mass spectra, and 19F nmr
spectrum. The complete characterization is given in Table 8, Appendix
B.

The infrared spectrum of F-cyclopentanone exhibits a carbonyl
stretch at 1810 cm'l, and strong absorptions in the 1400 to 1000 cn™
region due to C-F stretching.

The chemical ionization mass spectrum of F-cyclopentanone
exhibits a peak at m/e = 209 corresponding to the molecular ion minus

fluorine, and further confirmation of the molecular formula CsFg0 is
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obtained from the electron-impact mass spectrum which exhibits peaks at
m/e = 228 and 209, corresponding to the molecular ion and the molecular
ion minus fluorine, respectively. The electron—impact mass spectrum
was in agreement with that appearing in the literature.b3

The !9F nmr spectrum of F-cyclopentanone consists of two multi-
plets of identical relative intensity at @ = -136.76 and -126.52 ppm
(CFCl; internal standard), corresponding to the CF, groups beta and
alpha to the carbonyl function, respectively. The spectrum is consis-—
tent with that cited in-the literature,b3

F-cyclopentanone is difficult to handle due to its extremely
hygroscopic nature. Drastic measures to ensure a complete absence of
moisture on the vacuum line are required in order to prevent its
hydrolysis. Reaction of F-cyclopentanone with water produces a some-

what volatile hydrate with absorptions at 3625 and 2980 em™ ! in the

infrared, which on further hydrolysis forms a non-volatile solid.
L. Synthesis of F-Methoxycyclohexane

The aerosol fluorination of methoxycyclohexane produced F-meth-
oxycyclohexane as the major product. The percent distribution of
F-methoxycyclohexane was 90% of the total products collected by weight;
without correcting for unreacted or partially reacted materials, the
percent yield based on the amount of methoxycyclohexane injected was
32%.

The only previous synthesis of F-methoxycyclohexane appearing in

the literature involved the photochemical reaction of trifluoromethyl

75

hypofluorite, CF30F, with F-cyclohexene.
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F-Methoxycyclohexane was identified from its infrared spectrum,
chemical ionization and electron-impact mass spectrum, and 19 omr
spectrum., The complete characterization is given in Table 9, Appendix
B.

The chemical ionization mass spectrum of F-methoxycyclohexane
exhibits peaks at m/e = 161, 131, 100, and 69 corresponding to the
fragments CqF50H2+, C3F5+, C2Fq+, and CF3+ respectively. The
electron-impact mass spectrum exhibits a peak at m/e = 281 correspond-
ing to the molecular ion minus the OCF3 group, in addition to peaks at
m/e = 259, 231, 131 and 69 corresponding to the fragments C6F90+,
C5F9+, C3F5+, and CF3+, respectively.

The '°F nmr spectrum of F-methoxycyclohexane agrees with that
appearing in the literature,75 and consists of peaks at f = -53.83
and -142.77 ppm (CFCl; internal standard) corresponding to the CFj3
group and the tertiary fluorine, respectively, and three overlapping AB
quartets between § = -118 ppm and § = -137 ppm. Chemical shifts and

coupling constants are given in Table 9, Appendix B.
M. Synthesis of F-1,4-Dioxaspiro[4.5]decane

Aerosol direct fluorination of 1,4-dioxaspiro[4.5]decane produced
F-1,4-dioxaspiro{4.5]decane as the major product. The percent distri-
bution of F-1,4-dioxaspiro[4.5]decane was 76% of the total products
collected by weight; without correcting for unreacted or partially

reacted materials, the percent yield based on the amount of 1,4-dioxa-

spiro[4.5]decane injected was 12%.
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F-1,4-Dioxaspiro[4.5]decane, which has not been previously
synthesized, was characterized by its infrared spectrum, chemical
ionization and electron—-impact mass spectrum, 19F nmr spectrum, and by
elemental analysis. The complete characterization is given in Table
12, Appendix B.

The chemical ionization mass spectrum of F-1,4-dioxaspiro[4.5]-
decane exhibits a top mass peak at m/e = 414 corresponding to the
molecular ion plus HF, and peaks at m/e = 182, 172, 151, 131, 117, 100,
97, and 95 corresponding to the fragments C3F602+, Cqu+, C3FgHT,
C3F5+, C5F3+, C,oF,T, C2F3O+, and C3F3H2+, respectively. The electron-
impact mass spectrum exhibits a top mass peak at m/e = 375 correspond-
ing to the molecular ion minus fluorine, confirming the molecular
formula CgF}40p. Further confirmation of the molecular formula was
obtained from elemental analysis (Table 12, Appendix B).

The '°F nar spectrum of F-1,4-dioxaspirof[4.5]decane consists of a
singlet at § = -83.22 ppm and a broad peak at p = -132.02 ppm with
relative intensity 4:10 corresponding to the ethylenic CF) groups and
the ring CF, groups, respectively.

Elemental analysis also confirmed the molecular férmula as

CgF14,02, as shown in Table 12, Appendix B.
N. Synthesis of F-Cyclohexanone

F-Cyclohexanone was synthesized via two routes. In the first,
F-methoxycyclohexane was converted to F-cyclohexanone in an 82% yield

(28% conversion) by treatment with 100% sulfuric acid and heating at
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350°C. The conversion of F-methoxycyclohexane to F-cyclohexanone is
clean, virtually no side products being formed.

As an alternative F-cyclohexanone can be produced from the acid
hydrolysis of the perfluoroketal, fﬁl,4-dioxaspiro[4.S]decane. At
500°C in the presence of 100% sulfuric acid, F-1,4-dioxaspiro[4.5]-
decane is converted to F-cyclohexanone in a 100% yield (36% conver-
sion), with virtually no side products.

F-Cyclohexanone has been previously synthesized via a number of
methods. Rearrangement of perfluorocyclohexene epoxide over Lewis acid
catalysts produces f&cyclohexanone,37’39 as does treatment of the
epoxide with potassium fluoride in sulfolane.40 Acid hydrolysis of
methyl or fluoromethyl perfluorocyclohexyl ether, followed by distilla-

tion from phosphorous pentoxide, also produced f_—cyclohexanone.(’3

Treatment of 1,2-dichloroperfluorocyclohexene epoxide66’68 or
2,2—dichloroperfluorocyclohexanone66’67 with potassium fluoride also
leads to the formation of F-cyclohexanone.

F-Cyclohexanone was identified from its infrared spectrum,

d 1°F mor spectrum, The complete

electron~-impact mass spectrum, an
characterization is given in Table 10, Appendix B.
The infrared spectrum of F-cyclohexanone exhibits a carbonyl

stretch at 1795 cm‘l

and strong absorption in the 1400 to 1000 region
due to C-F stretches.

The electron-impact mass spectrum of F-cyclohexanone exhibits a
peak at m/e = 278 corresponding to the molecular ion, and also includes

peaks at m/e = 181, 131, 100, and 69 corresponding to the fragments

C4F7+, C3F5+, C2F4+, and CF3+, respectively.
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The 15 nar spectrum of F-cyclohexanone agreed with that cited in
the literature,63 and consists of a singlet and a broad peak of
relative intensity 4:6 at § = -125.15 ppm and # = -133.23 ppm (CFCl3
internal standard), respectively. The peak at ¢ = -125.15 ppm
corresponds to the CF, groups alpha to the carbonyl group and the broad
peak at ¢ = -133.23 ppm is due to the remaining CF, groups.

F-Cyclohexanone is difficult to handle due to its extremely
hygroscopic nature. Reaction of F-cyclohexanone with water produces a

1

hydrate with absorptions at 3600 and 2960 cm™  in the infrared, which

on further hydrolysis forms a non-volatile solid.
0. Synthesis of F-3,3-Dimethyl-2-butanone

The aerosol direct fluorination of 3,3-dimethyl-2-butanone
produced F-3,3-dimethyl-2-butanone, 3-difluoromethyl-F-3-methyl-2-
butanone, and 3,3-bis(difluoromethyl)-F-2-butanone as the major
products, constituting 23%, 25%, and 13% of the total products
collected by weight, respectively. The isolation of significant
quantities of the mono- and di-hydryl products reflects the sterically
crowded nature of the tert-butyl group; replacement of the final
hydrogen is somewhat difficult due to the very crowded nature of the
fluorinated tert—butyl group.

The products, which have not been previously synthesized, were
characterized by their infrared spectra, electron-impact and chemical
ionization mass spectra, and 19F nmr spectra.

The characterization of F-3,3-dimethyl-2-butanone is given in

Table 13, Appendix B. The infrared spectrum exhibits a carbonyl
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stretch at 1770 cn~! and strong absorptions in the 1400-1000 crn'l
region due to C-F stretches. The chemical ionization mass spectrum
exhibits large peaks at m/e = 317 and 297 corresponding to the
molecular ion plus hydrogen and the molecular ion minus fluorine,
respectively, and a base peak at m/e = 97, corresponding to the C,F 307
fragment, formed via cleavage of the bond alpha to the carbonyl group.
The electron-impact mass spectrum exhibits a top mass peak at m/e =
247, corresponding to the molecular ion minus a CF3 group, and a
consistent fragmentation pattern., The 19F nmr spectrum of F-3,3-di-
methyl-2-butanone consists of a dectet of relative intensity 3 at § =
-73.88 ppm due to the CF3 group attached directly to the carbonyl
function and a quartet of relative intensity 9 at # = -62.12 ppm due to
the remaining CF3 groups.

The characterization of 3-difluoromethyl-F-3-methyl-2-butanone is

given in Table 14, Appendix B. The infrared spectrum exhibits a weak

1 1

C-H stretch at 3015 ecm™" and a carbonyl stretch at 1760 cm™ . The
chemical ionization mass spectrum exhibits a top mass peak at m/e = 300
correspondiné to the molecular ion plus two hydrogens and the
electron-impact mass spectrum includes large peaks at m/e = 97 and

51 corresponding to the C2F3O+ and CF2H+ fragments, respectively. The
19F nmr spectrum consists of three complex multiplets at ¢ = -62.05,
-73.85, and -126.69 ppm corresponding to the CF3 groups on the tert-
butyl segment, the CF3 group attached to the carbonyl function, and the

CFoH group, respectively; the peak at P = -126.69 is a doublet of

multiplets, (JCFZ—H = 51.5 Hz). The 'H mr spectrum consists of a

triplet at § = +6.63 ppm.
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The characterization of 3,3-bis(difluoromethyl)-F-2-butanone is
given in Table 15, Appendix B. The infrared spectrum exhibits a weak

! and a carbonyl stretch at 1755 co!. The

C-H stretch at 3010 cm™
chemical ionization mass spectrum exhibits a base peak at m/e = 282
corresponding to the molecular ion plus two hydrogens, in addition to
large peaks at m/e = 212, 97, and 69 corresponding to the fragments
C5F70H3+, C2F30+, and CF3, respectively, The electron—-impact mass
spectrum exhibits large peaks at m/e = 212, 142, 69, and 51 correspond-
ing to the fragments CsF7OH3+, CquOH2+, CF3+, and CF2H+, respective-
ly. The 19 omr spectrum consists of three complex multiplets of
relative intensity 3:3:4 at ¢ = -74.61, -62.99, and -125.18 ppm corre-
sponding to the CF3 group attached to the carbonyl function, the
remaining CF3 group, and the CFpH groups, respectively. The peak at )

1

= -125.18 ppm is a doublet of multiplets (JCFZ—H = 52,7 Hz). The 'H

nmr spectrum consists of a triplet at § = +6.59 ppm.

P. Aerosol Fluorination of 2,2,4,4-Tetramethyl-3-pentanone:

A Skeletal Rearrangement

Aerosol direct fluorination of 2,2,4,4-tetramethyl-3-pentanone
produced F-2,2,5-trimethyl-3-hexanone as the major product. This
result is the first example of a skeletal rearrangement during aerosol
direct fluorination of ketones, and the mechanism of this novel
rearrangement is currently under investigation. The characterization
of F-2,2,5-trimethyl-3-hexanone, which has not been previously

synthesized, is given in Table 16, Appendix B.
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The infrared spectrum of F-2,2,5-trimethyl-3-hexanone exhibits a

carbonyl stretch at 1770 et

and strong absorptions in the 1400 to
1000 ca™* region due to C-F stretches.

The chemical ionization mass spectrum exhibits peaks at m/e =
483, 467, and 447, corresponding to the molecular ion plus CHs, the
molecular ion plus hydrogen, and the molecular ion minus fluorine,
respectively. In addition, the base peak occurs at m/e = 219, corre-
sponding to the C.+F9+ fragment resulting from the cleavage of the bonds
alpha to the carbonyl group. The electron-impact mass spectrum
exhibits a peak at m/e = 447 due to the molecular ion minus fluorine,
and also includes peaks at m/e = 247, 219, and 69 due to the fragments
C5F90+, C4F9+, and CF3+, respectively.

The 19

F nmr spectrum consists of four multiplets of relative
intensity 9:6:2:1 at # = -61.61, -71.82, -109.32, and -184.26 ppm
(CFCl3 internal standard), corresponding to the tert-butyl CFj3 groups,
the remaining CFj3 groups, the CF; group, and the tertiary fluorine,
respectively. The coupling constants are given in Table 16, Appendix
B. The signal at § = -61.61 ppm due to the tert-butyl CF3 groups is a
triplet of multiplets due to coupling with the CF; and the remaining
CF3 groups. The signal at § = -71.82 ppm is a triplet of doublets due
to coupling with the CF; group and the tertiary fluorine. The CF)
group appears as a hexadectet of doublets at 9§ = -109.32 ppm due to
coupling with the CF3 groups and the tertiary fluorine. The hexadectet
arises from the fact that the coupling constants of the CF, group with

the two different CF3 groups are identical. The tertiary fluorine

appears as a multiplet at § = -184.26 ppnm.
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Q. Miscellaneous Aerosol Fluorinations

Adamantane. Due to the success of the flash evaporator unit in
allowing the aerosol direct fluorination of high boiling liquids, it
was of interest to ascertain whether or not solids could be
successfully perfluorinated employing the flash evaporator/sublimator
unit. Adamantane has a relatively high room temperature volatility in
addition to forming an excellent aerosol and was thus chosen as a model
compound for testing the solid handling capabilities of the modified
aerosol fluorination system. The major product formed in the aerosol
direct fluorination of adamantane was F-adamantane, produced in a 28%
yield.107 The characterization of F-adamantane is given in Table 17,
Appendix B. Whereas previous fluorinations of adamantane and substi-
tuted adamantanes have led to incomplete fluorination or significant
degrees of ring—opening,los’lo9 aerosol fluorination of adamantane
produced no ring-opened species. F-Adamantane is of interest as a
synthetic blood substitutell0-112 and the only other method of
preparation other than the aerosol direct fluorination process appears
in a recent patent application wherein adamantane in methylcyclohexane
was contacted with a cobalt trifluoride bed at 275°C to produce
l1-hydrylpentadecafluoroadamantane and F-adamantane (no yields

given).113

Tetramethyl orthocarbonate. Aerosol direct fluorination of

tetramethyl orthocarbonate produced F-trimethyl orthoformate and
F-tetramethyl orthocarbonate as the major products.114 The

characterizations of F-trimethyl orthoformate and F-tetramethyl
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orthocarbonate, which have not been previously synthesized, are given
in Tables 18 and 19, Appendix B, respectively. The synthesis of
P-tetramethyl orthocarbonate represents the first synthesis of a

perfluorinated orthocarbonate.
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CHAPTER IV
SUMMARY

A series of perfluoroketones were synthesized in a one step
process via the aerosol direct fluorination of the corresponding
acyclic hydrocarbon ketone; 1n the case of the cyclic ketones, a two
step process involving aerosol direct fluorination of the appropriate
methyl cycloalkyl ether or cycloalkyl ethylene glycol ketal, followed
by acid hydrolysis of the perfluorinated ether or ketal, provides a
route to the corresponding perfluorocycloketones. The perfluoro-
ketones, several of which have not been previously synthesized, were
characterized by infrared spectrophotometry, electron—impact and
chemical ionization mass spectroscopy, and 19F nuclear magnetic
resonance spectroscopy. Modification of the basic aerosol fluorination
system extended the usefulness of the process, allowing the fluorina-
tion of both solid and high boiling liquid hydrocarbons.

Extension of the aerosol direct fluorination process to the
production of perfluoroketones represents an important advance in
direct fluorination technology. In fact, the aerosol direct fluorina-
tion method is the only method presently available capable of producing
perfluoroketones directly from the relatively inexpensive, readily
available hydrocarbon analogs. All other methods for the production of
perfluoroketones involve relatively expensive, highly fluorinated
materials, or in some cases highly chlorinated materials, and hence the
ability to produce perfluoroketones directly from inexpensive hydro-

carbon starting materials is very advantageous. Although the yields of
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the perfluoroketones are somewhat lower than one would hope for, it is
believed that this is due mainly to the small scale of the present
system and that scale-up would significantly reduce losses, These
losses are primarily reactant losses within the reactor stages. The
fact that the aerosol direct fluorination method is a flow process
suggests its feasibility as a general method for the commercial
production of perfluoroketones.

The chemistry of many perfluorinated ketones, while predicted to
be of great interest, is relatively unexplored due to their nonavail-
ability. As a result of this research, the availability of gram
quantities of these perfluoroketones will now allow their chemical and
physical properties to be examined.

The first successful aerosol direct fluorination of a solid has
also been achieved, producing F-adamantane directly from the hydro-
carbon analog. F-adamantane has been previously synthesized only with
great difficulty and the fluorination of substituted adamantanes as
well as adamantane itself are characterized by either incomplete
fluorination or significant ring-opening. The aerosol direct fluorina-
tion process results in complete fluorination and no significant
ring-opening in the case of adamantane, and raises the possibility of
producing other perfluorinated adamantane systems possibly useful as

synthetic blood substitutes.
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AEROSOL FLUORINATION PARAMETERS



TABLE A-1

AEROSOL FLUORINATION OF 3-PENTANONE

105

Reaction

Parameters 1 2 3
Fluorine flows (cc/min)

Module 1 20 20 20

Module 2 20 20 20

Module 3 0 0 0
Helium diluent flows (cc/min)

Module 1 20 20 20

Module 2 20 20 20

Module 3 0 0 0
Reactor temperatures (°C)2

Module 1 =30 -40 -20

Module 2 =30 =30 -10

Module 3 RT RT RT

End coil RT RT 100
Main carrier He (cc/min) 400 400 600
Hydrocarbon throughput (mmole/hr) 2.2 2.2 2.2
Reaction time (hr) 4 4 4
Overall Fj:hydrocarbon ratio 67:1 67:1 67:1
Productb distribution, % collected 53 62 71
Product yield, grams 0.113 0.198 0.271
Product yield, % theoretical 5 8 12

8RT = room temperature.

§§-3-Pentanone.



TABLE A-2

AEROSOL FLUORINATION OF 4-HEPTANONE

Reaction

Parameters 1
Fluorine flows (cc/min)

Module 1 20

Module 2 30

Module 3 0
Helium diluent flows (cc/min)

Module 1 20

Module 2 20

Module 3 0
Reactor temperatures (°c)?

Module 1 =45

Module 2 -30

Module 3 RT

End coil RT
Main carrier He (cc/min) 750
Hydrocarbon throughput (mmole/hr) 2.5
Reaction time C(hr) 4
Overall Fj:hydrocarbon ratio 49:1
Productb distribution, % collected 92
Product yield, grams 0.675
Product yield, 7% theoretical 18

8RT = room temperature.

bEf3-Heptanone.
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TABLE A-3

AEROSOL FLUORINATION OF CYCLOPENTANONE

Reaction

Parameters 1
Fluorine flows (cc/min)

Module 1 10

Module 2 15

Module 3 20
Helium diluent flows (cc/min)

Module 1 30

Module 2 30

Module 3 30
Reactor temperatures (°c)?

Module 1 =40

Module 2 =30

Module 3 RT

End coil 100
Main carrier He (cc/min) 750
Hydrocarbon throughput (mmole/hr) 2.3
Reaction time (hr) 3
Overall Fj:hydrocarbon ratio 48:1
Productb distribution, % collected 61
Product yield, grams 0.378
Product yield, % theoretical 21

8RT = room temperature.,

?EfPentanoyl fluoride.
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TABLE A-4

AEROSOL FLUORINATION OF CYCLOHEXANONE

Reaction

Parameters 1 2 3 4
Fluorine flows (cc/min)

Module 1 | 15 10 5 20

Module 2 20 20 10 45

Module 3 0 0 15 0
Helium diluent (cc/min)

Module 1 30 20 20 50

Module 2 30 20 20 50

Module 3 0 0 20 0
Reactor temperatures (°C)?

Module 1 =20 -30 -50 =40

Module 2 -10 -20 -30 =20

Module 3 RT RT RT RT

End coil RT RT RT RT
Main carrier He (cc/min) 550 450 400 1000
Hydrocarbon throghput (mmole/hr) 1.9 1.9 1.9 1.9
Overall Fj:hydrocarbon ratio 45:1 39:1 39:1 83:1

Product distribution, % collected - - - -

Product yield, % theoretical - - - -

8RT = room temperature,




TABLE A-5

AEROSOL FLUORINATION OF 3~HEPTANONE

Reaction
Parameters 1 2 k) 4
Fluorine flows (cc/min)
Module 1 20 20 20 20
Module 2 20 20 20 20
Module 3 30 30 30 40

Helium diluent (cc/min)

Moéule 1

Module 2

Module 3
Reactor temperatures (°c)?

Module 1

Module 2

Module 3

End coil
Main carrier He (cc/min)
Evaporator/sublimator temp (°C)
Evaporator/sublimator flows (cc/min)

Primary

Secondary

Tertiary
Hydrocarbon throughput (mmole/hr)
Reaction time (hr)
Overall Fj:hydrocarbon ratio
Productb distribution, Z collected
Product yield, grams

Product yield, X theoretical

150 150 150 150
150 150 150 150

150 150 150 150

=40 =40 -30 =40

=30 -30 -20 -30

RT 100 100 100
900 500 1000 500

180 180 180 180

50 450 950 450
33 50 50 50
0 0 0 0
2.6 1.9 1.9 3.5
3 3.7 2.5 6
66:1 90:1 90:1 56:1
35 70 9 59
0.077 0.162 0.024 0.975

3 6 1 13

8RT = room temperature.

b§73-Heptanone.
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TABLE A-6

AEROSOL FLUORINATION OF 2-HEPTANONE

110

Parameters

Reaction

1

Fluorine flows (cc/min)
Module 1
Module 2
Module 3
Helium diluent (cc/min)
Module 1
Module 2
Module 3
Reactor temperatures (°C)a
Module 1
Module 2
Module 3
End coil
Main carrier helium (cc/min)

Evaporator/sublimator temp (°C)

Evaporator/sublimator flows (cc/min)

Primary

Secondary

Tertiary
Hydrocarbon throughput (mmol/hr)
Reaction time (hr)
Overall Fz:hydrocarbon ratio
Productb distribution, % collected
Product yield (grams)

Product yield, % theoretical

20

20

40

150

150

150

-30

-20

RT

RT

600

175

500

50

3.8
3.2
51:1
55

0.348

8RT = room temperature.

bEfZ-Heptanone.



TABLE A-7

AEROSOL FLUORINATION OF 2-BUTANONE

111

Parameters

Reaction

1

Fluorine flows (cc/min)
Module 1
Module 2
Module 3
Helium diluent (cc/min)
Module 1
Module 2
Module 3
Reactor temperatures (°c)?
Module 1
Module 2
Module 3
End coil

Main carrier helium (cc/min)

Evaporator/sublimator temp (°C)

Evaporator/sublimator flows (cc/min)

Primary
Secondary

Tertiary

Hydrocarbon throughput (mmol/hr)

Reaction time (hr)

Overall Fjz:hydrocarbon ratio

Productb distribution, % collected

Product yield (grams)

Product yield, % theoretical

10
10

20

150
150

150

=30
-20
RT
RT
600

100

500

50

3.9
4.0
25:1
20

0.311

8RT = room temperature.

?EfZ-Butanone.



TABLE A-8

AERO30L FLUORINATION OF ACETONE

Reaction

Parameters 1
Fluorine flows (cc/min)

Module 1 10

Module 2 10

Module 3 20
Helium diluent (cc/min)

Module 1 150

Module 2 150

Module 3 150
Reactor temperatures (°c)?

Module 1 =40

Module 2 -30

Module 3 RT

End coil RT
Main carrier helium (cc/min) 600
Evaporator/sublimator temp (°C) 80
Evaporator/sublimator flows (cc/min)

Primary 500

Secondary 50

Tertiary 0
Hydrocarbon throughput (mmol/hr) 5.1
Reaction time (hr) 4.0
Overall Fj:hydrocarbon ratio 19:1
Productb distribution, X collected 48
Product yield (grams) 0.148
Product yield, % theoretical 4

a'R'I‘ = room temperature.

bEfAcetone.

112




113
TABLE A-9

AEROSOL FLUORINATION OF METHOXYCYCLOPENTANE

Reaction

Parameters 1 2
Fluorine flows (cc/min)

Module 1 15 15

Module 2 20 20

Module 3 30 30
Helium diluent (cc/min)

Module 1 150 150

Module 2 150 150

Module 3 150 150
Reactor temperatures °c)?

Module 1 -20 -20

Module 2 -10 ~-10

Module 3 RT RT

End coil RT RT
'Main carrier He (cc/min) 500 700
Evaporator/sublimator temp (°C) 150 150
Evaporator/sublimator flows (cc/min)

Primary 400 650

Secondary 50 50

Tertiary 0 0
Hydrocarbon throughput (mmole/hr) 3.7 4.3
Reaction time (hr) 5.5 8
Overall Fp:hydrocarbon ratio 43:1 37:1
Productb distribution, 2 collected 57 38
Product yield, grams 1.381 1.363
Product yield, % theoretical 21 13

%RT = room temperature.

yz-Nethoxycyclopentane.




TABLE A-10

AEROSOL FLUORINATION OF METHOXYCYCLOHEXANE

114

Parameters

Reaction

1

Fluorine flows (cc/min)
Module 1
Module 2
Module 3
Helium diluent flows (cc/min)
Module 1
Module 2
Module 3
Reactor temperatures (°C)a
Module 1
Module 2
Module 3
End coil
Main carrier He (cc/min)

Evaporator/sublimator temp (°C)

Evaporator/sublimator flows (ce/min)

Primary

Secondary

Tertiary
Hydrocarbon throughput (mmole/hr)
Reaction time (hr)
Overall F;:hydrocarbon ratto
Productb distribution, X collected
Product yield, grams

Product yleld, % theoretical

20
20

40

150

150

150

=30

RT

RT

800

150

750

50

3.8

6.7
51:1

90
2.991

32

a‘RT = room temperature.

?E—Methoxycyclohexane.
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TABLE A-11

AEROSOL FLUORINATION OF 1,4-PIOXASPIRO[4.4]NONANE

Reaction

Parameters 1
Fluorine flows (cc/min)

Module 1 10

Module 2 20

Module 3 ' 30
Helium diluent (cc/min)

Module 1 150

Module 2 150

Module 3 150
Reactor temperatures (°C)®

Module 1 =20

Module 2 -10

Module 3 RT

End coil RT
Main carrier helium (cc/min) 700
Evaporator/sublimator temp (°C) 175
Evaporator/sublimator flows (cc/min)

Primary 600

Secondary 50

Tertiary 0
Hydrocarbon throughput (mmole/hr) 4.2
Reaction time (hr) 6
Overall Fj:hydrocarbon ratio 35:1
Productb distribution, % collected 74
Product yield, grams 1.222
Product yield, % theoretical 14

8RT = room temperature.

bF—l,A—Dioxaspiro[b.4]nonane.
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TABLE A-12

AEROSOL FLUORINATION OF l,4-DIOXASPIRO[4.5]DECANE

Reaction

Parameters 1
Fluorine flows (cc/min)

Module 1 20

Module 2 20

Module 3 40
Helium diluent (cc/min)

Module 1 150

Module 2 150

Module 3 150
Reactor temperatures (°c)?

Module 1 -20

Module 2 -10

Module 3 RT

End coil 100
Main carrier helium (cc/min) 750
Evaporator/sublimator temp (°C) 225
Evaporator/sublimator flows (cc/min)

Primary 650

Secondary 50

Tertiary 0
Hydrocarbon throughput (mmole/hr) 4,3
Reaction time (hr) 5
Overall F;:hydrocarbon ratio 45:1
Productb distribution, X collected 76
Product yield, grams 0.973
Product yield, % theoretical il

8RT = room temperature.

§§f1,4—Dioxaspiro[4.S]decane.
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TABLE A-13

AEROSOL FLUORINATION OF 3,3-DIMETHYL-2-BUTANONE

_Reaction

Parameters 1
Fluorine flows (cc/min),

Module 1 10

Module 2 20

Module 3 30
Helium diluent (cc/min)

Module 1 150

Module 2 150

Module 3 150
Reactor temperatures (°c)?

Module 1 =40

Module 2 =30

Module 3 RT

End coil RT
Main carrier helium (cc/min) 600
Evaporator/sublimator temp (°C) 125
Evaporator/sublimator flows (ce/min)

Primary 500

Secondary 50

Tertiary 0
Hydrocarbon throughput (mmol/hr) 2.8
Reaction time (hr) 2.25
Overall Fj:hydrocarbon ratio 52:1
Productb distribution, X collected 23
Product yield (grams) 0.238
Product yield, % theoretical 12

8RT = room temperature.

§§-3,3-Dimethy1-2-butanone.



TABLE A-l4

AEROSOL FLUORINATION OF 2,2,4,4~TETRAMETHYL-3-PENTANONE

Reaction

Parameters 1
Fluorine flows (cc/min)

Module 1 20

Module 2 20

Module 3 40
Helium diluent (cc/min)

Module 1 150

Module 2 150

Module 3 150
Reactor temperatures (°C)a

Module 1 -30

Module 2 =20

Module 3 RT

End coil RT
Main carrier helium (cc/min) 600
Evaporator/sublimator temp (°C) 200
Evaporator/sublimator flows (cc/min)

Primary 500

Secondary 50

Tertiary 0
Hydrocarbon throughput (mmol/hr) 2.9
Reaction time (hr) 2
Overall F,:hydrocarbon ratio 67:1
Productb distribution, % collected 71
Product yield (grams) 0.246
Product yield, % theoretical 9

8RT = room temperature.

bffZ,Z,5—Trimethyl—3—hexanone.
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CHARACTERIZATION OF COMPOUNDS
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TABLE B-1

CHARACTERIZATION OF F-3-PENTANONE

Infrared (cm'l):
3620(w), 1780(m), 1320(s), 1230(vs), 1175(vs), 1110(s), 1025(m),

880(m), 830(m), 750(m), 710(s), 600(m).

Mass Spectra [m/e(int.)formula]:
CI(CHQ):

267(100)CsF90H, M+H; 247(31)CsFq0, M-F; 197(1)C4F70;

147(31)C3F50; 119(14)C,Fsg; 101(2)C,FLH; 100(1)C,Fg; 97(1)CoF30;
69(4)CF3.
EI(70 eV):
| 148(1) 13cc,Fg0; 147(40)C3F50; 122(1)C3F,0; 120(2) P3ccFs;

| 119(100)C,F; 100(12)C2Fg; 93(1)C3F3; 81(1)C2F3; 78(1)C2F20;

| 69(32)CF3; 50(2)CFp; 31(3)CF.

197 R [¢CFC13 = 0.0 ppm; P(mult.);integrall:

0CF3 = -82.03 ppm (s); 3
J <1 Hz

[}

0CF2 -121.38 ppm (s); 2
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TABLE B-2

CHARACTERIZATION OF F-4-HEPTANONE

Infrared (cm‘l):
1785(m), 1395(m), 1240(s), 1200(m), 1160(m), 1140(m), 1080(m),

1015(m), 845(m), 780(w).

Mass Spectra [m/e(int.)formulal:
CI(CHQ):
414(9)C1F140; 381(4)CgF40H3; 368(3) '3CCF 408, C-F 40Hp;

367(39)C,F,,0H, MHH; 348(8)3CCgF,30; 347(100)C,F;30, M-F;

297(1)CgF110; 279(6)CgF100H; 197(1)CyF70; 169(5)C3F7; 119(3)CyFs;
117(1)CsFp; 100(1)CyFy; 69(2)CF3. '

EI(70 eV):
347(1)C7F130, M-F; 197(15)C4F50; 181(1)C,Fo; 170(3) *3cC,Fy;

169(100)C3F7; 150(3)C3Fg; 131(4)C3Fg; 119(15)CoFs; 109(5)C3F30;

100(16)C,Fy; 93(2)C3F3; 81(2)C,F3; 70(1) 3CFy; 69(81)CF 3;

50(2)CFp; 31(3)CF.

%r R [¢CFC13 = 0.0 ppm; A(mult.);integrall]:

0
CF 3~CF~CF,~C-CF7~CF,-CF3
a b c

QU
[
L]

-81.16 ppm (m); 3

~-126.31 ppm (m); 2

= S
0 o
" ]

-118.66 ppm (m); 2
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TABLE B-3

CHARACTERIZATION OF F-PENTANOYL FLUORIDE

Infrared (cm'l):
1880(s), 1350(w), 1275(m), 1265(s), 1240(vs), 1215(s), 1140(s),
1110(s), 1020(s), 945(m), 930(m), 905(m), 875(m), 840(w), 825(w),

815(m), 740(m), 710(m).

Mass Spectra [m/e(int.)formula]:
CI(CHy):
418(11)C1oF1402; 281(11)C5Fg03Hg; 266(1)Cs5F 190, M; 247(7)CsFqO,

M-F; 220(4)3cC3Fq; 219(100)CyFq; 197(7)CyF70; 169(1)C3F7;

131(13)C3Fs; 119(1)C,F5; 103(6)?2?; 101(9)CFyH; 100(4)CyFy;
69(3)CF3.

EI(70 eV):
219(4)C4Fg; 169(19)C3F7; 131(17)C3Fsg; 119(22)CyFs; 100(10)CoFy;
97(3)C,F30; 93(2)C3F3; 85(4)CF30; 81(1)CpF3; 78(6)C,F70;

70(1) '3cF3; 69(100)CF3; 50(2)CFp; 47(7)CFO; 31(4)CF.

19¢ [¢CF013 = 0.0 ppm; H(mult.);integral]:

CF3-CF2—CF2—CF2—g-F

a b c d e

Jac = 9.76 Hz
P = -81.59 ppm (tet); 3

Jap = 2.14 Hz
fp = -126.47 ppm (m) ; 2

Jbe = 3.05 Hz
$. = -123.98 ppm (m) ; 2

Jpqg = 9.76 Hz
pq = -118.33 ppm (q+q); 2

Jag = 1.83 Hz
P = +24.85 ppm (p) ; 1

Jge = 7.33 Hz




TABLE B~4 123

CHARACTERIZATION OF F-3-HEPTANONE

Infrared (cm'l):
1780(m), 1350(m), 1330(m), 1295(m), 1245(s), 1190(m), 1165(m),
1140(m), 1110(w), 1050(w), 1020(w), 900(w), 840(w), 805(w),

745(w), 720(w), 705(w).

Mass Spectra [m/e(int.)formula]:

CI(CHy):
414(25)C11F140; 383(12)CgF40Hs; 368(7) 3CCeF14,0H, CoF140H2;
367(86)C7F ,0H, MH; 348(7)'3CCF 30, C7Fy30H; 347(97)C,F 30, M-F;
247(18)CsF90; 219(65)CyFg; 197(8)C4F70; 169(8)C3F7; 151(7)C3FgH;
167(28)C3F50; 131(28)C3Fs; 119(62)CoFs; 117(10)CsF3; 109(7)C3F 30;
101(11)CoFyH; 100(36)C2Fy; 97(12)CoF30; 95(7)CsFO; 93(7)C3F3;
77(34)777; 73(10)777 70(1)'3cF3; 69(100)CF 3.

EI(70 eV):
220(3)'3cC3Fg; 219(58)CyFg; 169(3)C3Fo; 147(26)C3F50; 131(28)C3Fs;
1202) 13ceFg; 1190100)C,Fs; 100(18)CFy; 70(1) 3 cFy; 69(72)CF3;

31(2)CF.

e e (#crc14 = 0.0 ppm; P(mult.);integrall:
CF3~CF z-g-CFZ-CF 2—CF2-CF3
a b c d e f£
@, = -81.99 ppm i

fp = -121.67 ppm (m); 2 Couplings are small and
multiplets are complex.

8. = -118.01 ppm (m); 2
Bg = -124.79 ppm (m); 2

Pe = ~126.32 ppm (m); 2

¢ = -79.82 ppm (m); 3
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TABLE B-5

CHARACTERIZATION OF F-2-HEPTANONE

Infrared (cm"l):
1790(m), 1360(m), 1300(m), 1245(vs), 1215(s), 1185(s), 1145(s),

1020(m), 975(w), 830(w), 805(m), 740(w), 720(m), 645(m).

Mass Spectra [m/e(int.)formula]:

CI(CHy):
366(35)C7F 14,0, M; 230(4)CgFgOH; 180(2)CyFgOH2; 168(2)C3Fg0H2;
131(7)C3Fs; 118(6)C,F,0Hp; 109(1)C3F30; 100(6)C,Fy,; 98(2)CsFs,
13ccF30; 97(74)CoF30; 93(2)C3F3; 87(6)C3F0p; 78(1)CF,0;
70(1) 13cr3; 69(100)CF3.

EI(70 eV):
269(4)CsF1; 231(1)C5Fg; 181(5)CyFy; 169(4)C3F7; 147(2)C3F 0;
131(17)C3Fs; 119(19)CoFs5; 109(2)C3F30; 100(8)CyFy; 97(48)C,F30;

93(2)C3F3; 78(2)C,F,0; 70(1)13CF3; 69(100)CF 3.

97 R [¢CFC13 = 0.0 ppm; H(mult.);integrall:

CF3-@-CF2-CF2~CF2-CF2-CF3
a b ¢ d e f .

=S
i+
1]

-75.17 ppm (m); 3

-118.63 ppm (m); 2

=S
o
]

d = -122.67 ppm (m); 4 Multiplets are complex.

=S
1]
[}

-126.67 ppm (m); 2

=8
Hh
]

-81.30 ppm {(m); 3
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TABLE B-6

CHARACTERIZATION OF F-2-BUTANONE

Infrared (cm‘l):
1790(m), 1330(w), 1305(m), 1240(vs), 1200(s), 1070(w), 1025(m),

900(m), 875(m), 710(m).

Mass Spectra [m/e(int.)formulal:
CI(CHy):
217(66)CyFgOH, MHH; 197(46)CyF70, M-F; 147(14)C3Fs0; 119(14)C,Fs;
97(81)CoF30; 87(21)C,FoH; 85(21)CF30; 83(5)C4FO; 71(6)277;
69(100)CF3.
EI(70 eV):
147(6)C3F50; 119(29)CoFs; 100(7)CoFy; 97(50)CoF30; 78(3)CoF0;

70(1)!3CF3; 69(100)CF3; 50(4)CFy; 32(65)CFH, 0, (2).

9r o [¢CFC13 = 0,0 ppm; O(mult.);integrall:

0
CF 3-C-CF,—-CF3
a b c

-75.30 ppm (t); 3
Jap = 8.79 Hz

-122.11 ppm (q); 2
Jac» Jpe < 1 Hz

-82.28 ppm (s): 3




TABLE B-7

CHARACTERIZATION OF F-METHOXYCYCLOPENTANE

Infrared (em™!):
1320(s), 1280(vs), 1235(vs), 1220(s), 1190(s), 1150(s), 1040(w),

995(s), 985(s), 890(w), 850(w), 730(w), 660(w).

Mass Spectra [m/e(int.)formula]:

CI(CHy):
317(2)CgF120H, MHH; 282(3)CgFyqH; 232(4)CsFgH; 183(35)C,FoHy;
175(33)CsFgH; 173(24)CgFyH; 171(23)CsFs0; 155(6)CsFs; 153(31)CgF3;
132(100)C3FcH; 116(9)CoF,0; 101(28)C,Fy H; 100(16)C,Fy;
96(21)CsFOH; 94(8)C3F3H; 74(10)C3F2; 69(9)CF3.

EL(70 eV):
297(1)CgF 1,0, M-F; 231(8)CsFg; 181(13)CyF7; 131(51)C3Fs;

100(16)C2Fy; 93(4)C3F3; 81(3)CyF3; 69(100)CF ;.

LQF NMR [ﬂchla = 0.0 ppm]

F F2a
1
OCF
AaF ’
Fs
Esp b
Chemical shift, @¢(ppm) Int. Coupling constants, Hz Assignment
=55.42 3 Jie = 10.0 1
le = 6,0
J13 = 3.9
-124.68 2a
4 JZa,Bb = 259.4
-135.68 3b
-129.34 4a
4 J&a,Sb = 254.8
-132.86 5b

-137.96 1 Complex multiplet 6

126
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TABLE B-8

CHARACTERIZATION OF F-CYCLOPENTANONE

Infrared (cm'l)
1810(m), 1345(m), 1300(m), 1230(m), 1200(vs), 1145(m), 1115(m),

1010(s), 965(s), 725(m).

Mass Spectra [m/e(int.)formula]:
CI(CHy):

209(1)CgF70, M-F; 182(32)C4F+H; 132(100)C3FcH; 101(70)C,F  H.

EI(70 eV):
228(1)CsFg0, M; 209(1)C5F70, M-F; 200(2)C,Fg; 181(2)C4Fy;
132¢2) 13cc,Fg; 131(78)C3Fs; 109(9)C3F30; 101(2) P3CCFy;

IOO(IOO)CJFQ; 93(8)C3F3; 81(5)C2F3; 69(11)CF3; 50(4)CF2; 31(6)CF.

13 R [¢CFC13 = 0.0 ppm; H(mult.);integrall:

-126.52 ppm (m); 1!

-136.76 ppm (m); 1
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TABLE B-9

CHARACTERIZATION OF F-METHOXYCYCLOHEXANE

Infrared (cm™*):
1300(s), 1270(vs), 1255(vs), 1230(s), 1195(vs), 1150(8), 1055(w),
995(s), 980(vs), 880(w), 850(w), 730(w), 680(w), 660(w), 630(m),

610(m).

Mass Spectra [m/e(int.)formula]:
CI(CH,):
161(23)CyFsOH2; 131(100)C3Fs; 119(7)C2Fs; 113(3)C3FuH;
100(17)C2Fy; 93(8)C3F3; 69(65)CFj.
EI(70 eV):
281(4)CeF,,; 259(1)CgFq0; 231(7)CsFg; 181(7)C4F7; 131(52)C3Fs;

100(6)C2Fy4; 69(100)CF3.

197 R [¢CFC13 = 0.0 ppm]

OCF

4a 2a

Chemical shift, @¢(ppm) Int. Coupling constants, Hz Assignment

-53.83 3 le
-142.77 1 la
-119.98 2a,ba

4 JZa,2e = J6a,6e = 282
~-131.22 2e,be
-122.30 3a,5a
4 JJa,3e = JSa,Se = 299
-133,54 3e,5e
-123.81 ba
2 JAa,Ae = 271

-134.63 4e
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TABLE B-10

CHARACTERIZATION OF F-CYCLOHEXANONE

Infrared (cm'l):

1795(m), 1300(s), 1255(s), 1220(w), 1185(vs), 1080(m), 990(s),

960(vs), 805(w), 615(w).

Mass Spectra [m/e(int.)formula]:
EI(70 eV):
278(2)CeF100, M; 231(1)CsFg; 181(12)C4Fy; 132(3) 13cC,Fs;

131(100)C3Fg; 112(2)C3Fy; 109(3)C3F30; 100(23)CyFy; 93(5)C3F3;

81(3)C,F3; 69(10)CF3; 31(1)CF.

L3r aR [¢CFC13 = 0.0 ppm; H(mult.);integrall:

-125.15 ppm  (s) ; 4

S
)]
I

-133.23 ppm (broad); 6

=
o
[¢]
]
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TABLE B-11

CHARACTERIZATION OF Efl,4-DIOXASPIRO[4.4]NONANE

Infrared (cm™!):
1405(w), 1310(vs),1270(s), 1245(vs), 1210(vs), 1160(vs), 975(vs),

810(m), 725(w), 655(w), 595(w), 520(m).

Mass Spectra [m/e(int.)formula]:
CI(CHy):

326(8) *3CCeF,102; 325(100)C7F,,09, M=F; 313(3)CgF;,02; 131(6)C3Fs;

117(98)CsF3; 97(19)C2F30.
EI(70 eV):
325(4)C7F 02, M=F; 225(5)CgF702; 194(48)C4FgO2; 181(5)CyF7y;

163(8)C3Fs0,; 162(6)CyFe; 132(3)*3cCcyFs; 131(100)CaFs;

119(10)C2Fs5; 109(7)C3F30; 100(60)CoFy; 97(16)C2F30; 93(7)C3F3;

97 R [¢CFC13 = 0.0 ppm; P(mult.);integral}:

F
F S o
X
F) o— Fa,
F),

(9]

@5 = -85.32 ppm (s); 4
fp = -130.36 ppm (s); 4
$. = -131.69 ppm (s); 4
Elemental Analysis:
Calc., For C7F p090: %C = 24.44; 7F = 66.26; %H = 0.00
Found: AC = 24,22; %F = 66.25; %H = 0.00
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TABLE B-12

CHARACTERIZATION OF Efl,4-DIOXASPIRO[4.5]DECANE

Infrared (cm‘l):

1400(w), 1310(m), 1280(s), 1250(vs), 1220(s), 1190(vs), 1165(vs),

1050(w), 980(vs), 970(vs), 820(m), 730(m), 625(w), 595(w).

Mass Spectra [m/e(int.)formula]:
CI(CHy):
414(11)C3F1502H; 348(4)C7F13OH; 182(12)C3F602; 172(24)C8F4;

151(18)C3FgH; 143(13)CyFs; 131(100)C3Fs; 117(66)CsF3;

113(8)CyF305; 100(19)CFy; 99(8)C4FOo; 97(71)CoF30; 95(42)C3F3Hy,
Cs5FO; 93(7)C3F3; 75(5)C2F03; 69(6)CF3.

EI(70 eV):
375(1)CgF 1302, M=F; 259(3)CgFq0; 244(4)CsFgO2; 231(2)CsFg;
194(5)Cy4Fg0,; 181(8)CyFo; 163(4)C3Fs0,; 143(2)C4Fg; 132(3) *3CC,Fs;

131(100)C3Fg; 109(5)C3F30; 100(20)CoFy; 97(13)C2F30; 69(31)CF3.

9% MR [¢CFC13 = 0,0 ppm; O(mult.);integral]:
Fp, B
0]
2
0 2
F2 F2

¢ = -83.22 ppm (s)

rrj

2!

;4

@ = -132.02 ppm (s, broad); 10

Elemental Analysis:

Calc. For CgF 402: %C

24 .,38; %F

67.49; ZH = 0.00

Found: %C

23.85; %4F

66.78; %ZH = 0.00




TABLE B-13

CHARACTERIZATION OF F-3,3-DIMETHYL-2-BUTANONE

132

Infrared (cm'l):
1770(m), 1275(vs), 1230(s), 1200(s), 1055(w), 985(m), 870(m),

730(m), 720(m), 690(w).

Mass Spectra [m/e(int.)formulal:
CI(CHL}):
317(59)C¢F100H, M+H; 297(84)CgF110, M-F; 129(16)C3F,0H;

113(11)C3F,H; 98(2)*3CCF30; 97(100)C,F30; 69(58)CF 3.

EI(70 eV):
247(6)CgFq0, M-CF3; 181(16)CyF9; 159(8)C4Fs50; 131(5)C3Fs;

97(21)CF30; 93(5)C3F3; 70(1) ‘3cF3; 69(100)CFs.

3¢ R [¢CFCI3 = 0.0 ppm; H(mult.);integral]:

0
CF3—&—C(CF3)3
a b

S
[+
1

-73.88 ppm (d); 3
Jap = 6.1 Hz
-62.12 ppm (q); 9

S
o
n
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TABLE B-l4

CHARACTERIZATION OF 3-DIFLUOROMETHYL-F-3-METHYL-2-BUTANONE

Infrared (cm‘l):
3015(w), 1760(m), 1390(m), 1370(m), 1275(vs), 1235(vs), 1190(s),
1135(m), 1120(m), 1065(m), 1020(w), 980(s), 910(w), 870(s),

765(m), 750(m), 730(s), 705(m), 655(m).

Mass Spectra [m/e(int.)formula}:
CI(CHy):

300(8)CgF10H3, MF2H; 230(16)CsFgOHg; 164(100)CyF gHo;

160(6)CyFs0H; 97(15)CF30; 69(5)CF3.
EI(70 eV):
231(28)CsFg; 164(33)CyFgH2; 160(61)CyF50H; 97(50)C2F 30;

69(100)CF3; 51(38)CF;H.

19r R [¢CFC13 = 0.0 ppm; H(mult.);integral]:

7
CF3-C-C-CFH
a CF3C d
b
o = -73.85 ppm (m); 3
fy, = -62.05 ppm (m); 6 Complex multiplets.
. = -126.69 ppm (m); 2

ly W [6tMs = 0.0 ppm; § (mult.)]:

§ = +6.63 ppm (t) JCFZ—H = 51.5 Hz
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TABLE B-15

CHARACTERIZATION OF 3,3-BIS(DIFLUOROMETHYL)-F-2-BUTANONE

Infrared (cm’l):
3010(w), 1755(m), 1365(w), 1275(m), 1250(vs), 1225(vs), 1190(s),

1160(m), 1130(m), 1060(m), 1020(m), 900(w), 870(w), 730(s).

Mass Spectra [m/e(int.)formula]:
CI(CHy):

282(100)C6F100Hq, M+2H; 212(36)C5F70H3; 164(11)C4F6H2;

142(16)CyFy0H2; 97(65)CF30; 69(43)CF3.
EI(70 eV):

212(64)CsF70H3; 164(9)Cy,FgHp; 146(41)CgF30H; 142(100)C,F,0Ho;

97(35)CoF30; 91(15)C3F,0H; 69(85)CF3; S51(43)CF,H.

1% wr [¢CFC13 = 0.0 ppm; O(mult.);integral]:

@, = -74.61 ppm (m); 3

-62.99 ppm (m); 3 Complex multiplets.

S =S
(g) o
[ []

= -125.18 ppm (m); 4

1 mr [6tMg = 0.0 ppm; § (mult.)]:

§ = +6.59 ppm (t) JeF,-H = 52.7 Hz
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TABLE B-16

CHARACTERIZATION OF F-2,2,5-TRIMETHYL-3-HEXANONE

Infrared (cm‘l):
1770(m), 1270(vs), 1205(m), 1150(m), 1140(m), 1045(m), 980(s),

730(s), 710(m), 680(m).

Mass Spectra [m/e(int.)formula]:
CI(CHy):
483(2)CoF180Hs, M+CHg; 467(12)CgF1gOH, MtH; 447(54)CqF 1,0, M-F;

247(55)CsFq0; 220(4)13CC3Fq; 219(100)Cy4Fq; 201(84)C,Fg;

181(98)Cy4F7; 119(31)CyFg; 117(34)C2F40; 69(75)CF3.
EI(70 eV):
447(1)CoF 170, M~F; 247(37)CsFg0; 219(43)CyFg; 200(10)CyFg;

181(20)CyF7; 159(24)Cy4Fs0; 131(22)C3F5; 100(9)CoFy; 69(100)CF 3.

L9p [¢CFC13 = 0.0 ppm; f(mult.);integral]:

d
0 F
(CF3)3—H—CF2-¢—CF3
a b CF3 ¢
c
Jab = Jbe = 10.26 Hz
p, = -61.61 ppm (tem); 9
Jge = 0.88 Hz
fp = -109.32 ppm (med); 2
Jag = 0 Hz
o = -71.82 ppm (ted); 6
Jpd = 4.40 Hz
@q = -184.26 ppm (m) ; 1
Jedg = 6.10 Hz
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TABLE B-17

CHARACTERIZATION OF F-ADAMANTANE

Infrared (cm'l):

1295(s), 1280(vs), 960(s), 645(w), 595(w).

Mass Spectra [m/e(int.)formula]l:
EI(70 eV):
424(1)C1oF16, M; 406(2)'%CCgF)5; 405(15)C1oF 5, M-F; 255(7)C7Fg;

206(7) 13cCsF7; 205(100)CgF7; 155(9)CsFs; 131(42)C3Fs; 93(7)C3F3;

69(24)CF3.

19¢ wr [¢CFCl3 = 0.0 ppm; P(mult.);integrall]:

¢CF2 = -121.20 ppm (p); 12
JeF,-cF = 6 Hz
¢CF = -223.,53 Ppm (m);
Elemental Analysis: %iC 4iF %H
Calc. for CoF ;¢ 28.32 71.68 0.00

Found 28.60 71.88 0.00
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TABLE B-18

CHARACTERIZATION OF F-TRIMETHYL ORTHOFORMATE

Infrared (cm'l):
1320(s), 1300(vs), 1230(vs), 1175(m), 1120(vs), 1105(vs), 910(m),

730(m) .

Mass Spectra [m/e(int.)formula]:
EI(70 eV):

204(21)C3Fg0; 69(100)CF3; 47(2)CFO.

19y R [¢CFC13 = 0.0 ppm; H(mult.);integrall:
(CF30) 3CF

bcp, = -57.14 ppm (d) ; 9
JCF3—CF = 9,76 Hz
Pcp = —-58.85 ppm (dec); 1
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TABLE B-19

CHARACTERIZATION OF F-TETRAMETHYL ORTHOCARBONATE

Infrared (cm'l):
1320(vs), 1260(vs), 1225(s), 1215(vs), 1100(vs), 920(m), 885(w),

730(m).

Mass Spectra [m/e(int.)formula]:
EI(70 eV):

267(40)CyuFq03; 113(11)CpF302; 69(100)CF3.

19¢ [¢CFC13 = 0.0 ppm; A(mult.);integrall:
(CF3O)4C

® = -56.67 ppm (s)
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