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Synthesis and Conformational Studies of Methylated, Highly Branched
Fluoroolefins: Gear-Meshed Conformational Isomers
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Methylated, highly branched fluoroolefins were prepared by
treatment of hexafluoropropene trimers with CH3Li and
CH3MgBr. Their structures, which included some rotational
isomers, were determined by NMR and GC-MS and were
further confirmed by B3LYP-GIAO calculation of NMR shiel-
dings. Of the seven methylated fluoroolefins isolated in pure
states, three were shown to be mixtures of pairs of conforma-

Introduction

Fluoroolefins have been used industrially as important
monomers for the preparation of engineering polymers and
also as intermediates for various functional materials.[1]

They have also recently been attracting attentions as the
starting materials for hydrocarbon-fluorocarbon hybrid
compounds, which could be useful as key compounds in
fluorous chemistry.[2] The unique properties of fluoroolefins
mainly derive from the electronegativity and/or the steric
hindrance of fluorinated substituents. As an example, per-
sistent perfluoroalkyl radicals, which can be prepared either
by direct fluorination or by electrochemical fluorination of
highly branched fluoroolefins,[3,4] are stable to oxidizing ag-
ents, acids, and bases, and in one particular case even to
100% fluorine gas. Such surprising properties and reactivit-
ies are due to the presence of highly branched perfluoro-
alkyl groups surrounding the radical center. Structural stud-
ies on such highly branched perfluoroalkyl compounds are
therefore significant not only for study of the properties and
reactivities of fluorinated compounds but also for the de-
sign of new functional fluorinated compounds.

It is well known that 19F NMR measurements are in-
formative for identification of fluorinated compounds.[5]

This method is also useful for configurational and confor-
mational studies of the perfluoroalkyl compounds, thanks
to 19F-19F through-space couplings, the magnitudes of
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tional isomers. The methylated fluoroolefins containing two
bulky geminal substituents such as (CF3)2CF and
(CF3)2CCH3 showed gear-meshed conformations in which
the two bulky substituents were conformationally locked.

( Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2003)

through-space couplings depending mainly on the non-
bonding F�F distance.[6�9] For example, conformations of
highly branched fluoroolefins such as hexafluoropropene
dimers and trimers have been reported: thanks to the steric
hindrance of the perfluoroalkyl groups, hexafluoropropene
trimers have several rotational isomers at ambient tempera-
ture.[10,11] With recent development in computational chem-
istry, experimental 19F chemical shifts have become repro-
ducible through ab initio and DFT calculations of 19F
shieldings.[12�15] In addition, ab initio and DFT calcu-
lations have now become a very powerful tool for structural
and conformational studies of fluorinated
compounds.[16�20] These researches, however, have targeted
only simple fluorinated compounds, but not complex fluori-
nated compounds. We recently carried out a systematic
study on DFT calculations of 19F shielding values of vari-
ous fluoro compounds by the B3LYP-GIAO method with
various basis sets; we found that the 6-31��G(d,p) basis
set is quite good for estimation of the chemical shifts of
rather complex fluoro compounds.[21]

We have also reported the formation of various methyl-
ated, highly branched fluoroolefins (1�10) by treatment of
perfluoro(3-ethyl-2,4-dimethyl-2-pentene) (T-3) or per-
fluoro(4-methyl-3-isopropyl-2-pentene) (T-2) with or-
ganometallic reagents (CH3Li and CH3MgBr), focusing on
the formation of an unusual cyclized product (5) and a re-
duced conjugated diene product (6).[22] Here we would like
to report the full details of these reactions, with emphasis
on the structural elucidation of the products 1�10 and ad-
ditional new products (11, 12). The discussion includes the
gear-meshed conformations and rotational isomers of the
products (2, 3, 8) that were revealed by the combination of
experimental and theoretical NMR analyses by our pre-
viously reported B3LYP-GIAO method.
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Results and Discussion

Synthetic routes to the various kinds of methylated
highly branched fluoroolefins (1�12) are presented in
Schemes 1 and 2. The methylated fluoroolefins 1�4 and
7�10 may have been formed by the following addition/elim-
ination mechanism (AdN-E). The organometallic reagents
CH3Li and CH3MgBr could have attacked the C�C double
bond of T-3 or T-2. A formed anionic intermediate would
then release a fluorine atom by two elimination routes: 1
being obtained by route A, and 2 by route B. Dimethylated

Scheme 1. (i) CH3Li; (ii) CH3MgBr; (iii) 6.0 mol-equiv. of CH3Li;
(iv) 3.6 mol-equiv. of CH3MgBr

Scheme 2. (i) CH3Li; (ii) CH3MgBr; (iii) 3.6 mol-equiv. of CH3Li
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fluoroolefins could have been formed by a similar AdN-E
mechanism, (Z)-3 being obtained from 1 while 4 was ob-
tained from 2 (Scheme 1). The cyclized product 5 and the
reduced product 6 were reported previously,[22] and the
other diene 11, newly found this time, is discussed later.
Although the (CF3)2C� group of T-3 is bulkier than the
(CF3)CF� group of T-2, their reactivities towards CH3Li
or CH3MgBr were almost the same. In contrast, nucleo-
philic attacks on trimers T-2 and T-3 occurred only at the
C-2 site and not at the C-3 site with bulkier substituents
such as C2F5 or (CF3)2CF groups.

In the cases both of T-3 and of T-2, CH3MgBr was less
reactive towards the methylated fluoroolefins, providing
monomethylated fluoroolefins (1, 2, 7, 8) without formation
of dimethylated fluoroolefins except when a large amount
of CH3MgBr was used (over 3.6 mol-equiv. against T-3).
CH3Li, on the other hand, was more reactive towards mon-
omethylated fluoroolefins 1 and 2, giving dimethylated
fluoroolefins [(Z)-3, 4] with the use even of 1.2 mol-equiv.
CH3Li for T-3. The product distributions and yields ob-
tained from treatment of T-3 with various amounts of
CH3Li (1.2�6.0 mol-equiv. against T-3) are shown in
Table 1. An increase in the amount of CH3Li used with T-
3 from 1.2 to 2.5 mol-equiv. caused a dramatic decrease in
the yields of the monomethylated products (Z)-1 (from 30
to 4.6%) and 2 (from 12 to 1.9%), and a significant increase
of the dimethylated, products (Z)-3 (from 6.3 to 31%) and
4 (from 2.9 to 14%) instead (Entry 2). A further increase in
CH3Li from 2.5 to 4.8 mol-equiv. caused sudden drops in
the yields of monomethylated (E)-1 (from 35 to 4.7%) and
dimethylated (Z)-3 (from 31 to 5.6%), and accordingly, tri-
methylated fluoroolefin 10, diene 11, and cyclized product
5 appeared (Entry 4). Treatment of T-3 with a large excess
of CH3Li (6.0 mol-equiv. relative to T-3) gave a trimeth-
ylated fluoroolefin 10 (30% yield), a cyclized one 5 (18%
yield), and a polyfluoropentadiene 11 (22% yield), together
with unknown high-boiling by-products (Entry 5). The cir-
cumstantial evidence from the changes in the product distri-
butions in Entries 1�5 suggested that the methylated
fluoroolefins varied in the following manners: (Z)-1 � (Z)-
3 � 10; 2 � 4 � 11; (E)-1 � [(E)-3] � 5 (see Scheme 1).

Table 1. Reactions of hexafluoropropene trimer T-3 with various
amounts of CH3Li

Entry[a] T-3 CH3Li Yield (%)
[mmol] [mmol]

1 1.9 2.3 (E)-1 (36), (Z)-1 (30), 2 (12),
(Z)-3 (6.3), 4 (2.9), T-3 (11)

2 1.9 4.8 (E)-1 (35), (Z)-1 (4.6), 2 (1.9),
(Z)-3 (31), 4 (14), 5 (6.2)

3 1.0 3.6 (E)-1 (24), (Z)-3 (30), 4 (16),
5 (29)

4 1.0 4.8 (E)-1 (4.7), (Z)-3 (5.6),
4 (6.8), 5 (32), 10 (12), 11 (11)[b][c]

5 1.0 6.0 5 (18), 10 (30), 11 (22)[b][c]

[a] Determined by 19F and 1H NMR unless otherwise noted. [b] Det-
ermined by GC. [c] Unknown high-boiling by-products were also
obtained.
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Scheme 3. Mechanisms of formation of 5 and 10

The relationships between the methylated fluoroolefins 1, 3,
5, and 10 are shown in Scheme 3.

Nucleophilic attack of CH3Li on (E)-1 provided (E)-3 by
fluorine atom elimination. Because the CH3 group of (E)-3
was very reactive towards excess CH3Li, (E)-3 gave 5 via
two possible intermediates: anion 14 and/or diene 15.
Through a similar AdN-E mechanism, (Z)-1 gave (Z)-3,
which was less reactive than (E)-3 towards CH3Li. With
addition of a large excess of CH3Li, however, (Z)-3 could
react with CH3Li by nucleophilic attack on CH3 (route A)
or on the C-2 site of the double bond (route B). The prod-
uct distribution indicated that route B was dominant and
(Z)-3 mainly turned into 10, because the conversion of (Z)-
3 into 5 via 16 by route A seems to be difficult, due to the
gear-meshed conformational lock discussed in detail later.

In the case of T-2, an increase in the amount of CH3Li
(1.2�2.5�3.6 mol-equiv.) relative to T-2 caused dramatic
decreases in the yields of the monomethylated compounds
7 (47�25�5.3%) and 8 (20�11�0%) and a sharp increase
in those of the cyclized compounds 5 (1.1�27�49%) in-
stead. The yields of dimethylated compounds (Z)-3
(2.6�4.9�0%) and trimethylated 10 (0�0�17%) from
treatment of T-2 with excess CH3Li were somewhat lower
than from treatment of T-3 with excess CH3Li; the forma-
tion of 5 was favorable in the reactions between T-2 and
excess CH3Li. These product distributions suggested that
the methylated fluoroolefins varied in the following man-
ners: 7 � (13) � 10; 7 � [(E)-3] � 5; 8 � [(E)-3] � 5; 8
� (Z)-3 � 10 (see Scheme 2).

Although both mono- and dimethylated fluoroolefins
1�4, 7 and 8 were isolated by preparative GC, 10 and 11
could not be purified, because of thermal decomposition
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during GC. The structures of 10 and 11 were therefore de-
termined only as a mixture and their conformations could
not be determined. The formation of 11 was explainable by
the mechanism described in Scheme 4.

Scheme 4. A mechanism for the reaction between T-3 and a large
excess of CH3Li; (i) CH3Li; (ii) heat

Reaction between 4 and CH3Li could give the trimeth-
ylated fluoroolefin 17, which would immediately react with
excess CH3Li, to form an intermediate anion 18. Removal
of a CF3 anion from 18 would give polyfluoropentadiene
compound 11, which would give another polyfluorocyclo-
butene 12 through a [2�2] cycloaddition known in the poly-
fluorinated diene[22] during the GC separation of the reac-
tion mixture. Addition of CH3 groups to a C�C double
bond made the double bond less reactive towards or-
ganometallic nucleophiles, so that when a large excess of
CH3Li was used it should preferentially attack the CH3

groups rather than the C�C double bond substituted with
a CH3 group, to give the unusual products 5 and 11.

The methylated fluoroolefins synthesized above were
identified by 19F NMR, 1H NMR, 13C NMR, and GC-MS.
The 19F NMR and 1H NMR chemical shifts are summar-
ized in Table 2, while the 19F NMR coupling constants are
shown in Table 3. The atom numbers appearing in Tables
2�5 and in the following text are defined in Figure 1. The
NMR chemical shifts of the methylated fluoroolefins were
informative for assignment of the configurations of the
products 1�12: the CH3 peaks (δ � 2.2�2.3 ppm) connec-
ted with the double bond (sp2) appeared at somewhat lower
fields than those connected with the sp3-carbon atom (δ �
1.8�2.0 ppm). The 19F NMR peaks of the methylated
fluoroolefins also depended on their connected carbon
atoms: Csp2�F: δ � �64 to �74 ppm, Csp3�F: δ � �138
to �167 ppm, CF2: δ � �70 to �91 ppm, Csp3�CF3: δ �
�63 to �73 ppm, and Csp2�CF3: δ � �53 to �63 ppm.
The CF2 fluorine atoms displayed a wide AB coupling pat-
tern (ca. 280 Hz).

In 19F NMR spectra of the methylated fluoroolefins,
non-bond, through-space couplings were observed between
F, CF3, and bis(CF3) groups connected with the double
bond in a similar manner to those seen and previously re-
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Table 2. Experimentally determined and calculated values of 19F NMR and 1H NMR chemical shifts of highly branched fluoroolefins

Compound[a][b] δ(CF)/δ(CF2) [ppm] δ(CF3) [ppm] δ(CH3) [ppm]

(E)-1 atoms (couplings) F-2 (sept, d) F-4 (q, d) F-1 (d) F-5 (s) F-b (d) H-d
calcd. �61.41 �161.14 �71.32 �77.22 �76.26 1.89
obsd. �72.32 �160.70 �62.63 �70.50 �67.88 1.79

(Z)-1 atoms (couplings) F-2 (sept, d) F-4 (sept, d) F-1 (s) F-5 (d) F-b (d) H-d
calcd. �68.61 �165.90 �67.17 �79.70 �72.49 2.02
obsd. �74.37 �166.13 �59.24 �71.97 �66.13 1.98

2a[c] atoms (couplings) F-4 (AB, q) F-4 (AB, sept)F-1 (br. m) F-5 (q, q) F-b (m) F-b (br. s) F-c (br. s)H-d
calcd. �82.20 �92.98 �59.23 �75.84 �67.84 �74.95 �65.73 2.12
obsd. �76.88 �90.02 �53.00 �70.06 �60.73 �67.36 �58.53 2.00

2b[c] atoms (couplings) F-4 (AB, q) F-4 (AB, q) F-1 (m) F-5 (m) F-b (m) F-b (br. s) F-c (br. s)H-d
calcd. �89.23 �93.85 �64.51 �77.53 �75.80 �62.81 �65.74 2.08
obsd. �82.73 �90.79 �58.02 �70.36 �66.23 �57.44 �59.75 2.00

(Z)-3a atoms (couplings) F-4 (br. sept) F-1 (sept) F-5 (q) F-b (d) H-d H-f
calcd. �152.86 �72.06 �77.75 �71.25 1.96 2.37
obsd. �150.93 �64.67 �70.02 �63.98 1.91 2.33

(Z)-3b atoms (couplings) F-4 (q) F-1 (d) F-5 (br. s) F-b (s) H-d H-f
calcd. �151.77 �67.85 �74.66 �72.17 2.07 2.45
obsd. �146.23 �61.82 �68.32 �64.10 1.83 2.30

4 atoms (couplings) F-2 (m) F-1 (br. s) F-5 (s) F-b (d) H-d H-e
calcd. �54.70 �66.67 �70.14 �75.17 2.03 2.06
obsd. �64.26 �59.48 �63.03 �66.32 1.91 2.00

7 atoms (couplings) F-4 (q) F-a (sept) F-1 (d) F-5 (d) F-b (s) H-f
calcd. �164.41 �162.61 �67.01 �77.55 �77.56 2.24
obsd. �164.34 �163.72 �58.33 �69.71 �71.92 2.21

8a atoms (couplings) F-4 (q, d) F-a (m) F-1 (br. d) F-5 (m) F-5 (m) F-b (m) F-c (m) H-e
calcd. �161.18 �144.24 �60.11 �78.25 �73.24 �82.23 �64.69 2.07
obsd. �156.54 �138.50 �56.53 �70.35 �69.07 �72.82 �57.18 2.02

8b atoms (couplings) F-4 (q, m) F-a (m) F-1 (m) F-5 (m) F-5 (m) F-b (d, m) F-c (m) H-e
calcd. �155.46 �146.18 �66.83 �82.41 �71.66 �78.78 �62.29 1.99
obsd. �154.06 �134.90 �56.50 �73.09 �65.99 �71.41 �59.29 2.02

[a] Calculated by B3LYP-GIAO method relative to CFCl3 for 19F NMR and to (CH3)4Si for 1H NMR spectroscopy. [b] Fluorine and
hydrogen atom numbers are defined as the connected carbon number in Figure 1. [c] Measured at �30 °C.

ported with hexafluoropropene dimers and trimers.[10,11]

These characteristic F,F couplings are helpful for determi-
nation of the conformations of the methylated fluoroolefins
(Figure 1). Two geometrical isomers of 1 were distinguished
by the non-bond, through-space coupling: the isopropyl flu-
orine atom (F-4) was coupled with the CF3 group (F-1) in
the (E) isomer (q, 5JF-1,F-4 � 58.7 Hz), and with the
bis(CF3) group (F-b) in the (Z) isomer (sept, 5JF-4,F-b �
37.3 Hz), while the vinylene fluorine atom (F-2) was cou-
pled with the bis(CF3) group (F-b) in the (E) isomer (sept,
5JF-2,F-b � 41.3 Hz), and with the bis(CF3) group (F-5) in
the (Z) isomer (sept, 5JF-2,F-5 � 37.0 Hz) (Table 3). The 19F-
19F homo-decoupling measurement indicated that these two
fluorine atoms (F-2 and F-4) were also coupled to one an-
other through the bond in both (E) and (Z) isomers. The
conformations of 4 and 7 could also be determined by the
characteristic through-space couplings (the vinylene fluor-
ine atom of 4 and the isopropyl fluorine atoms of 7, respec-
tively).
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In the case of 2, the 19F NMR spectra showed several
broadened and combined peaks at 25 °C. We therefore
measured the 19F NMR spectra at various temperatures
from �30 °C to 50 °C, as shown in Figure 2. The peaks
broadened and eventually fused at higher temperatures (50
°C). At lower temperatures, on the other hand, the peaks
sharpened and thus separated from one another, permitting
the assignment of 2 as a pair of rotational isomers 2a and
2b at �30 °C. The methylene fluorine atoms of 2 (F-4) were
useful for the determination of the conformation of each
rotational isomer: among the methylene fluorine atoms of
2a (F-4), one was coupled with the CF3 group (F-1) (q, JF-

1,F-4 � 26.5 Hz) and the other was coupled with the
bis(CF3) group (F-b) (sept, JF-4,F-b � 28.5 Hz); among the
methylene fluorine atoms of 2b (F-4), one was coupled with
the CF3 group (F-1) (q, JF-1,F-4 � 34.2 Hz) in a similar
manner to 2a while the other, however, was slightly coupled
with one of the CF3 groups of bis(CF3) (F-b) (q, JF-4,F-b �
11.3 Hz) (Table 3). In the 19F NMR spectra of (Z)-3, sets
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Table 3. 19F NMR coupling constants of highly branched fluoro-
olefins

Compound[a] Coupling atoms Coupling const. J [Hz]

(E)-1 4J F-2,F-4 9.6
5J F-1,F-4 58.7
5J F-2,F-b 41.3

(Z)-1 4J F-2,F-4 13.6
5J F-2,F-5 37.0
5J F-4,F-b 37.3

2a[b] 2J F-4,F-4 278.6
5J F-1,F-4 26.5
5J F-4,F-b 28.5

2b[b] 2J F-4,F-4 280.6
5J F-1,F-4 34.2
5J F-4,F-b 11.3

(Z)-3a 5J F-4,F-b 27.8
6J F-1,F-5 15.5

(Z)-3b 5J F-1,F-4 53.8

4 5J F-2,F-b 46.9

7 5J F-1,F-4 64.2
6J F-5,F-a 38.0

8a 4J F-4,F-a 10.7
6J F-1,F-4 53.1

8b 5J F-4,F-b 27.4

[a] Fluorine atom numbers are defined as the connected carbon
number in Figure 1. [b] Measured at �30 °C.

Figure 1. Conformations of methylated highly branched fluoro-
olefins

of peaks of two rotational isomers, (Z)-3a and (Z)-3b, were
observed at ambient temperature. These two rotamers were
distinguishable from one another at temperatures between
�30 °C and 50 °C, and the conformations of (Z)-3a and
(Z)-3b were determined from the couplings with the isopro-
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pyl fluorine atom (F-4) and/or the CF3 group (F-1). Al-
though the 19F NMR spectra of 8 were moderately compli-
cated, the couplings with the isopropyl fluorine atom (F-4)
and/or bis(CF3) group (F-5) indicated that 8 also consisted
of two rotational isomers, 8a and 8b. According to variable-
temperature 19F NMR measurements, these two rotamers,
like (Z)-3, existed at temperatures between �30 °C and 50
°C.

Because of the presence not only of large and far-ranging
couplings between 13C-19F nuclei but also of couplings be-
tween 13C-1H nuclei, the 13C NMR spectra of methylated
fluoroolefins were more complex if not decoupled. The
chemical shifts of 13C{19F, 1H} NMR spectra, measured
under conditions for simultaneous decoupling with 19F and
1H nuclei, are summarized in Table 4. The 13C NMR peaks
appeared for CH3 at δ � 15�24 ppm, for C(CH3)(CF3) at
δ � 56�62 ppm, for CF(CF3) at δ � 93�98 ppm, for CF2

at δ � 117 ppm, for CF3 at δ � 117�124 ppm, for C�CF
at δ � 154�159 ppm, and sp2-carbon atom except C�CF
at δ � 112�146 ppm.

Coupling constants of 13C-19F and 13C-1H nuclei were
determined by 13C{1H} and 13C{19F} NMR spectra,
respectively. These coupling constants are summarized in
Table 5. The 13C-19F coupling constants (1J � 207�290 Hz;
2J � 27�45 Hz) were rather larger than the 13C-1H coup-
ling constants (1J � 132�135 Hz; 2J � 3.9�7.1 Hz). In per-
and polyfluoroalkyl compounds, 13C NMR chemical shifts
and 13C-19F, 13C-1H coupling constants were previously de-
termined by 1H and 19F broadband decoupling, and further
by 2D NMR measurements.[24�26] These assignments for
13C NMR also support our assignments for the methyl-
ated fluoroolefins.

To confirm the structures of methylated fluoroolefins,
NMR shieldings were calculated by the B3LYP-GIAO
method (Tables 2 and 4), which was capable of good repro-
duction of the experimentally measured 19F NMR chemical
shifts for various perfluoro compounds with rotational iso-
mers[27]. The geometries of possible rotational isomers
2a�2e optimized by the B3LYP method with the 6-31G(d)
basis set are shown in Figure 3. The rotamers 2b and 2c
were defined by the rotation about the C3�Ca axis of 2a
and the rotamers 2d and 2e were defined by the rotation
about the C3�C4 axis of 2a. The calculated energy values
of 2a and 2b were distinctly different from those of 2c�2e
(∆E2b�2a � 0.80 kcal mol�1, ∆E2c�2a � 6.87 kcal mol�1,
∆E2d�2a � 5.34 kcal mol�1, ∆E2e�2a � 5.29 kcal mol�1).
The projection formulas depicted in Figure 1 show that 2a
and 2b each have only one CF3 group in a gauche confor-
mation to the plane defined by the double bond, while the
other rotamers 2c�2e each have two CF3 groups in such
gauche or near in-plane positions. This difference seems to
be the cause of the energy differences between 2a/2b and
2c�2e. The 19F chemical shift values calculated by the
B3LYP-GIAO method with the 6-31��G(d,p) basis set are
summarized along with the experimentally measured data
(Figure 4). Although all the calculated values are at some-
what higher fields than the corresponding experimentally
determined ones, there is a good consistency between 2a
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Figure 2. Variable-temperature 19F NMR spectra of 2

and 2b on the experimentally determined and calculated
chemical shifts. This consistency was not apparent from the
numerical data, but very clearly visualized by the assistance
of pattern recognition of chemical shift distribution in each
rotamer 2a�2e. It is quite clear that the chemical shift dis-
tribution patterns of 2c�2e are different from those of 2a
and 2b. The conformational structures 2a and 2b estimated
by the coupling patterns between the CF3 group(s) at the
juxtapositions and vicinal fluorine atoms of the CF2CF3

group (q, JF-1,F-4 � 26.5 Hz and sept, JF-4,F-b � 28.5 Hz for
2a and q, JF-1,F-4 � 34.2 Hz and q, JF-4,F-b � 11.3 Hz for
2b) were rigorously confirmed by the DFT calculation.

Similarly to those of 2a�2e, the geometries of the other
methylated fluoroolefins optimized by the B3LYP method
with the 6-31G(d) basis set, and their 19F shieldings were
calculated by the B3LYP-GIAO method with the 6-
31��G(d,p) basis set. The optimized structures are pre-
sented in Figures S1 and S2 (perspective views) and Table
S1 (Cartesian coordinates) (Supporting Information). The
calculated NMR chemical shifts are also summarized in
Tables 2 (19F and 1H NMR) and 4 (13C NMR). The calcu-
lated 19F shieldings showed good consistency with exper-
imentally measured values: the calculated values were
slightly smaller than the experimentally determined ones ex-
cept for the calculated values for vinylene fluorine atoms
(F-2) of (Z)-1, (E)-1, and 4, which were larger than the ex-
perimentally measured ones. The calculated 1H and 13C
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shieldings also showed good consistency with experimen-
tally ascertained values except in only a few cases. Although
the calculated values were slightly lower than the exper-
imentally determined values, the calculated values of sp2-
carbon atom (C-3) of (Z)-3 and 4 were larger than the ex-
perimentally determined values. Since the deviation was not
large and appeared at only a small number of atoms, poss-
ibly affected by π-electrons, the conformations in Figure 1,
elucidated by experimental data, were considered to be sup-
ported by the DFT calculation.

Both the experimentally determined and the calculated
NMR data provided considerable information relating to
the configurations and conformations of the methylated
fluoroolefins. Three methylated fluoroolefins [2, (Z)-3, 8]
were shown to consist of pairs of rotamers, whereas the
other methylated fluoroolefins [(E)-1, (Z)-1, 4, 7] were
shown to exist as single rotamers between �30 °C and 50
°C. Figure 1 indicates that methylated, highly branched
fluoroolefins occupied specific conformations because of
the presence of two bulky substituents [such as (CF3)2CF
and (CF3)2CCH3] connected with C-3. The bulky CF3

groups thus occupy positions perpendicular to the plane
defined by the double bonds, F, and CH3 groups. For steric
reasons, the vinylene fluorine atom (F-2) and the CH3

group (H-d) in the plane in (E)-1 were tucked into the clefts
between the bis(CF3) (F-b) and bis(CF3) groups (F-5),
respectively, forming a gear-meshed locking structure. The
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Table 4. Experimentally determined and calculated values of 13C NMR chemical shifts of highly branched fluoroolefins

Compound[a][b] δ(Csp2Fn) [ppm] δ(Csp3Fn) [ppm] δ(CH3) (ppm)

(E)-1 atoms C-2 C-3 C-1 C-4 C-5 C-a C-b C-d
calcd. 151.03 107.69 114.77 87.31 117.66 51.88 121.35 11.47
obsd. 158.59 112.44 118.03 93.22 119.70 57.18 123.47 15.50

(Z)-1 atoms C-2 C-3 C-1 C-4 C-5 C-a C-b C-d
calcd. 143.59 116.48 114.29 89.59 118.21 52.84 120.41 10.84
obs. 154.92 116.34 117.55 95.64 120.26 56.74 122.90 16.65

2[c] atoms C-2 C-3 C-1 C-4 C-5 C-a C-b C-c C-d
calcd. 129.84 140.06 116.80 111.87 115.78 55.50 120.08 116.79 13.85
obs. 127.50 139.00 119.79 117.34 118.66 60.20 122.83 119.40 19.02

(Z)-3a atoms C-2 C-3 C-1 C-4 C-5 C-a C-b C-d C-f
calcd. 135.72 129.76 119.97 88.57 117.47 54.52 121.74 11.50 14.88
obs. 145.48 126.23 123.90 96.57 120.19 61.27 123.80 16.31 20.98

(Z)-3b atoms C-2 C-3 C-1 C-4 C-5 C-a C-b C-d C-f
calcd. 146.31 119.73 118.46 89.09 118.29 53.31 122.32 11.96 16.31
obs. 150.55 117.32 121.93 97.35 120.32 58.84 123.85 17.95 21.57

4 atoms C-2 C-3 C-1 C-4 C-5 C-a C-b C-d C-e
calcd. 146.97 120.55 117.86 89.44 117.45 88.78 117.67 12.61 13.74
obs. 157.15 117.40 121.54 95.00 120.43 94.25 119.83 17.28 18.84

7 atoms C-2 C-3 C-1 C-4 C-5 C-a C-b C-f
calcd. 143.50 115.66 117.86 89.44 117.45 88.78 117.67 14.61
obs. 147.82 123.75 121.54 95.00 120.43 94.25 119.83 20.79

8a atoms C-2 C-3 C-1 C-4 C-5 C-a C-c C-e C-b
calcd. 126.93 140.18 116.39 91.38 117.58 91.15 117.31 118.82 18.02
obs. 133.93 146.24 119.70 96.66 120.32 97.42 119.86 121.48 22.95

8b atoms C-2 C-3 C-1 C-4 C-5 C-a C-c C-e C-b
calcd. 124.48 139.83 116.43 90.51 116.73 92.72 117.11 119.15 15.09
obs. 132.70 143.90 119.62 95.65 119.45 97.46 119.75 121.57 23.13

[a] Calculated by B3LYP-GIAO method relative to (CH3)4Si. [b] Carbon atom numbers are defined in Figure 1. [c] 13C NMR shieldings
are given as the weighted average of rotational isomers.

same kinds of gear-meshed structures are commonly seen
in all structures except for 2, and the pairs of rotamers,
(Z)-3a/(Z)-3b, and 8a/8b, arise from the directions of gears,
clockwise or counterclockwise. Such a directional change
may be impossible for 4 due to the presence of the two
heavily substituted (CF3)2CCH3 groups on the same sp2-
carbon atom, so 4 existed as a single rotamer. On the other
hand, such a directional gear change should apparently be
possible for 7, so the reason for the single rotamer for 7 is
unclear, but common features seen in the rotamers of (Z)-
3 and 8 suggest that the presence of at least one CF3 group
tucked into (CF3)2C or (CF3)(CH3)C groups is required for
the existence of rotamers. The gear-meshed conformation
has previously been observed in ‘‘polybulky systems’’ in
which several bulky groups, such as isopropyl,[28�30] cyclo-
hexyl,[31] and dimethylsilyl[32] are connected with planar sp2

frameworks of the olefins and aromatic compounds. Such
gear structures have been identified by X-ray analysis of
hexaisopropylbenzene[28] and tetraisopropylethylene.[33] X-
ray structures on the related perfluoroolefins derived from
hexafluoropropene, 2-p-tolyloxy-F-(4-methyl-3-isopropyl-2-
pentene),[34] and 5-F-(2-isopropyl-1,3-dimethylbut-1-en-
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yloxy)isophthalic acid ethanol clathrate[35] have been re-
ported. There are no 3D coordinates for the latter, as re-
ported by H. Tomoda et al., but the former, reported by S.
V. Sereda, showed a gear-meshed structure of two (CF3)2CF
groups connected with the same sp2-carbon atom, support-
ing the gear-meshed structures of methylated highly
branched fluoroolefins determined by the experimentally
ascertained and calculated NMR investigations in this re-
port.

Conclusion

On treatment of T-3 and T-2 with CH3Li or CH3MgBr,
five monomethylated fluoroolefins [(E)-1, (Z)-1, 2, 7, 8] and
two dimethylated fluoroolefins [(Z)-3, 4] were isolated in
pure forms by preparative GC. The 19F-19F through-space
coupling provided significant information regarding both
the configurations and the conformations of these methyl-
ated compounds, which was supported by the NMR shield-
ing data provided by B3LYP-GIAO calculation. Three pairs
of conformational isomers about 2, (Z)-3, and 8 were dis-
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Table 5. 13C NMR coupling constants of highly branched fluoroolefins

Compounds[a][b][c] 1J [Hz] 2J [Hz] 3J [Hz]

(E)-1 coupled C-1,F-1 C-2,F-2 C-4,F-4 C-5,F-5 C-b,F-b C-d,H-d C-1,F-2 C-2,F-1 C-4,F-5 C-5,F-4 C-a,F-b C-a,H-d C-4,F-2 C-3,H-d
atoms
coupling 277.0 247.3 207.2 288.6 288.5 134.5 42.8 42.8 35.5 28.7 27.4 4.4 5.4 5.1
const.

(Z)-1 coupled C-1,F-1 C-2,F-2 C-4,F-4 C-5,F-5 C-b,F-b C-d,H-d C-1,F-2 C-2,F-1 C-4,F-5 C-5,F-4 C-a,F-b C-a,H-d C-4,F-2 C-3,H-d
atoms
coupling 276.9 279.0 218.6 291.1 286.5 135.0 41.4 43.3 34.7 29.2 29.3 4.1 4.5 5.0
const.

(Z)-3a coupled C-1,F-1 C-5,F-5 C-b,F-b C-d,H-d C-f,H-f C-5,F-4 C-2,H-f C-a,H-d C-f,F-1 C-b,H-d
atoms
coupling 280.9 288.4 288.2 134.0 132.4 30.4 7.5 3.9 6.5 3.4
const.

(Z)-3b coupled C-1,F-1 C-5,F-5 C-b,F-b C-d,H-d C-f,H-f C-5,F-4 C-2,H-f C-a,H-d C-f,F-1 C-b,H-d
atoms
coupling 275.5 295.6 284.8 143.2 133.0 29.1 8.1 3.9 4.6 4.2
const.

4 coupled C-1,F-1 C-2,F-2 C-5,F-5 C-b,F-b C-d,H-d C-e,H-e C-1,F-2 C-4,F-5 C-a,F-b C-4,H-e C-a,H-d C-4,F-2 C-5,H-e
atoms
coupling 278.0 323.8 286.5 288.0 134.5 134.9 44.4 28.4 27.3 4.6 5.1 3.1 5.1
const.

7 coupled C-1,F-1 C-4,F-4 C-5,F-5 C-a,F-a C-b,F-b C-f,H-f C-2,F-1 C-5,F-4 C-b,F-a C-2,H-f C-f,F-1 C-1,H-f
atoms
coupling 278.0 210.5 289.6 210.2 290.1 133.0 34.7 28.2 27.3 7.1 5.2 4.3
const.

[a] Carbon atom numbers are defined in Figure 1. [b] Fluorine and hydrogen atom numbers are defined as the connected carbon number
in Figure 1. [c] 13C NMR coupling constant values of 2 and 8 could not be determined because non-decoupled 13C NMR spectra were
very complicated.

tinguished by 19F NMR spectroscopic data, while no con-
formational isomers were found in 1, 4, and 7. Because of
the steric hindrance of the substituent with two CF3 groups,
gear-meshed conformations were seen in the methylated
fluoroolefins except in the case of 2, which has C2F5 and
(CF3)2CCH3 groups at C-3.

Experimental Section

General Remarks: Gases and volatile liquids were handled in a con-
ventional Pyrex glass vacuum system fitted with a Heise-Bourdon
tube gauge and a Televac thermocouple gauge. Gas chromato-
graphic analysis was performed with a Shimadzu GC-17A instru-
ment (column: 0.25 mm i.d. � 60 m, df � 1.5 µm NEUTA BOND-
1, GL Science). Preparative gas chromatographic separation was
performed with a Gasukuro Kogyo LL-75 machine (column: 4.0 m
� 3/8 in, Fomblin-H 15% chromosorb PAW 80/100). 1H and 13C
NMR spectra were measured with a Varian INOVA-300 spec-
trometer operating at 300 MHz and at 75.42 MHz, respectively,
with CDCl3 as the solvent. 19F NMR spectra were measured with
a Varian INOVA-300 spectrometer at 282.24 MHz with CDCl3 as
the solvent; positive δ values downfield from the internal reference,
CFCl3. GC-MS data were obtained with a Shimadzu QP-5000 qua-
drupole mass spectrometer by electron-impact ionization at 70 eV
(column: 0.25 mm i.d. � 60 m, df � 1.5 µm NEUTA BOND-1,
GL Science). Perfluoro(4-methyl-3-isopropyl-2-pentene) (T-2) and
perfluoro(3-ethyl-2,4-dimethyl-2-pentene) (T-3) were prepared by
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oligomerization of a hexafluoropropene monomer in the presence
of a fluoride anion and a crown ether[36] and were then separated
with a spinning-band column: T-2 was of 90�95% purity, contami-
nated by T-3, while T-3 was of 100% purity. Methyllithium was
used as a complex with lithium bromide in 1.5  ethereal solution,
manufactured by Aldrich Chemical Co., Inc. Methylmagnesium
bromide was used as 3.0  ethereal solution manufactured by To-
kyo Kasei Kogyo Co., Ltd. Anhydrous diethyl ether was obtained
by distillation under argon and dried with sodium metal. Other
reagents were obtained from commercial sources and were used
without further purification. The reactions with methyllithium or
methylmagnesium bromide were carried out under argon and anhy-
drous conditions.

Synthesis of Monomethylated Fluoroolefins (E)-1, (Z)-1, and 2: An
ethereal solution of CH3MgBr (3.0 , 0.4 mL) was added dropwise
to a suspension of T-3 (0.87 g, 1.9 mmol) in diethyl ether (10 mL),
cooled with ice. After the mixture had been stirred at 0 °C for 5 h,
the resulting white suspension was trap-to-trap-distilled with the
aid of a vacuum line system (1 Torr) at ambient temperature. Crude
products (1.69 g) included 1 [(Z)/(E) � 2.5] in 39% yield, 2 in 23%
yield, and 31% recovery of T-3, determined by 19F and 1H NMR
spectroscopy. Pure (Z)-1, (E)-1, and 2 were obtained by preparative
GC (column temperature: 70 °C) and were used for 13C NMR and
variable-temperature 19F NMR measurement.

(E)-1: MS (EI, 70 eV): m/z (%) � 357 (1.9) [M� � CF3 � HF],
289 (2.4), 269 (5.2), 263 (7.6), 164 (7.4), 119 (6.5), 95 (5.9), 77 (5.1),
69 (100), 65 (31), 51 (15).
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Figure 3. Possible rotational isomers of 2 [the upper figures are
perspective views of the molecules 2a�2e and the lower ones are
projection formulas viewing the molecules 2a�2e down from C-a
to C-4 by placing the eyes on the plane defined by the double bond,
C-a, C-4; the double bond on the plane of the paper and dotted
line, representing the bonds between sp2-carbon atom and C-a or
C-4, are toward us or away from us out of the plane of the paper;
the bold and broken lines are above and below the plane of paper,
respectively; the asterisked CF3 groups are gauche to the double
bond plane or near the plane (for details, see the text)] and their
relative energies based on 2a

Figure 4. Comparison diagram between calculated and experimentally determined 19F chemical shifts of 2
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(Z)-1: MS (EI, 70 eV): m/z (%) � 357 (1.9) [M� � CF3 � HF],
289 (2.5), 269 (4.9), 263 (4.1), 164 (7.7), 119 (6.0), 95 (6.0), 77 (6.0),
69 (100), 65 (32), 51 (14).

2: MS (EI, 70 eV): m/z (%) � 357 (1.1) [M� � CF3 � HF], 289
(2.7), 269 (3.8), 263 (8.9), 164 (6.2), 119 (5.3), 69 (100), 65 (23),
51 (8.5).

Synthesis of Monomethylated Fluoroolefins 7 and 8: An ethereal
solution of CH3MgBr (3.0 , 0.6 mL) was added dropwise to a
suspension of T-2 (0.68 g, 1.5 mmol) in diethyl ether (5 mL), cooled
with ice. After the mixture had been stirred at 0 °C for 5 h, the
resulting white suspension was trap-to-trap-distilled with the aid of
a vacuum line system (1 Torr) at ambient temperature. Crude prod-
ucts (0.52 g) included 7 in 22% yield and 8 in 40% yield, with for-
mation of 9 in 9.2% yield as an isomeric by-product of 8, deter-
mined by 19F and 1H NMR spectroscopy. Pure 7 and 8 were ob-
tained by preparative GC (column temperature: 70 °C) and were
used for 13C NMR and variable-temperature 19F NMR measure-
ment.

7: MS (EI, 70 eV): m/z (%) � 407 (2.9) [M� � H � 2 F], 377 (3.3)
[M� � CF3], 357 (1.9) [M� � CF3-HF], 319 (4.9), 181 (5.1), 69
(100), 65 (34), 51 (27).

8: MS (EI, 70 eV): m/z (%) � 407 (2.5) [M� � H � 2 F], 225 (8.7),
119 (5.5), 69 (100), 51 (30).

Compound 9 was identified as a mixture of two rotational isomers
9a and 9b.

9: MS (EI, 70 eV): m/z (%) � 357 (3.0) [M� � CF3 � HF,], 331
(17), 181 (68), 115 (18), 69 (100), 65 (34), 51 (27). 9a: 1H NMR
(CDCl3, 300 MHz): δ � 1.96 (m, CH3) ppm. 19F NMR (CDCl3,
282 MHz): δ � �52.9 (br. s, 1 F, CF3C�CF2), �54.7 (t m, J �

31.8, 3 F, CF3C�CF2), �60.8 (q, J � 31.8, 1 F, CF3C�CF2), �68.8
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[s, 3 F, CF(CF3)2], �72.0 [s, 3 F, CF(CF3)2], �76.4 [s, 3 F,
CF(CF3)(CH3)], �149.7 [s, 1 F, CF(CF3)(CH3)], �172.5 [s, 1 F,
CF(CF3)2], �174.9 (m, 1 F, 3-F) ppm. 9b: 1H NMR (CDCl3,
300 MHz): δ � 1.89 (m, CH3) ppm. 19F NMR (CDCl3, 282 MHz):
δ � �55.9 (m, 3 F, CF3C�CF2), �57.0 (m, 1 F, CF3C�CF2),
�64.3 (d, J � 108.4, 1 F, CF3C�CF2), �69.1 [s, 3 F, CF(CF3)2],
�70.9 [s, 3 F, CF(CF3)2], �77.0 [d, J � 23.4, 3 F, CF(CF3)(CH3)],
�163.4 [m, 1 F, CF(CF3)(CH3)], �172.7 (d, J � 108.4, 1 F, 3-F),
�174.0 [s, 1 F, CF(CF3)2] ppm.

Synthesis of Dimethylated Fluoroolefins (Z)-3 and 4: An ethereal
solution of CH3Li/LiBr (1.5 , 2.4 mL) was added dropwise to a
suspension of T-3 (0.45 g, 1.0 mmol) in diethyl ether (5 mL), cooled
with ice. After the mixture had been stirred at 0 °C for 5 h, the
resulting white suspension was trap-to-trap-distilled with the aid of
a vacuum line system (1 Torr) at 50 °C. Crude products (0.47 g)
included (Z)-3 in 30% yield, 4 in 16% yield, (Z)-1 in 24% yield, and
5 in 29% yield, determined by 19F and 1H NMR spectroscopy. Pure
(Z)-3 and 4 were obtained by preparative GC (column temperature:
90 °C) and were used for 13C NMR and variable-temperature 19F
NMR measurement.

(Z)-3: MS (EI, 70 eV): m/z (%) � 383 (2.1) [M� � 3 F � 2 H],
353 (6.8) [M� � CF3 � HF], 333 (7.5), 313 (7.6), 283 (5.1), 263
(7.3), 245 (5.8), 225 (11), 213 (6.7), 195 (5.7), 189 (7.3), 163 (7.1),
146 (10), 145 (19), 127 (5.6), 119 (6.9), 113 (6.5), 95 (11), 77 (17),
69 (100), 65 (57), 51 (38).

4: MS (EI, 70 eV): m/z (%) � 353 (2.2) [M� � CF3 � HF], 145
(11), 95 (6.3), 77 (11), 69 (100), 51 (18).

Treatment of T-3 with a Large Excess of Methyllithium. Formation
of 11 and 12: An ethereal solution of CH3Li/LiBr (1.5 , 3.2 mL)
was added dropwise to a suspension of T-3 (0.46 g, 1.0 mmol) in
diethyl ether (5 mL), cooled with ice. After the mixture had been
stirred at 0 °C for 5 h, the resulting white suspension was trap-to-
trap-distilled with the aid of a vacuum line system (1 Torr) at 70
°C. Crude products (0.41 g) included 10 in 30% yield, 11 in 22%
yield, 5 in 18% yield, and unknown high-boiling by-products. Sep-
aration of 10 and 11 by preparative GC (column temperature: 140
°C) was unsuccessful, due to the thermal decomposition of 11. An-
other polyfluorocyclobutene compound 12 was obtained in 17%
yield by the thermal decomposition of 11.

10: 1H NMR (CDCl3, 300 MHz): δ � 1.66 [s, 3 H, C(CF3)2(CH3)],
1.81 [s, 6 H, C(CF3)(CH3)2] ppm. 19F NMR (CDCl3, 282 MHz):
δ � �60.5 [m, 3 F, C(CF3)(CH3)2], �64.9 [m, 6 F, C�C(CF3)2],
�70.5 [m, 6 F, C(CF3)2(CH3)] ppm. MS (EI, 70 eV): m/z (%) �

418 (7.9) [M� � F � H], 399 (7.9) [M� � 2 F � H], 349 (8.2)
[C11H8F11

�], 253 (100) [C8H5F8
�], 233 (18), 203 (21), 183(20), 163

(12), 145 (22), 95 (10), 77 (19), 69 (60), 65 (83), 51 (30).

11: 1H NMR (CDCl3, 300 MHz): δ � 1.67 [s, 3 H, C(CF3)2(CH3)],
2.16 [s, 3 H, C�C(CF3)(CH3)], 5.55 (s, 1 H, CF3C�CH2), 6.07 (s,
1 H, CF3C�CH2) ppm. 19F NMR (CDCl3, 282 MHz): δ � �61.5
[s, 3 F, C�C(CF3)(CH3)], �64.2 [m, 3 F, C(CF3)2(CH3)], �64.9 [m,
3 F, C(CF3)2(CH3)], �67.5 (m, 3 F, CF3C�CH2) ppm. MS (EI,
70 eV): m/z (%) � 368 (4.3) [M�], 329 (2.5) [M� � 2 F � H], 299
(30), 203 (11), 183 (11), 145 (18), 110 (100), 95 (39), 90 (10), 77
(16), 69 (31), 65 (63), 51 (22).

12: 1H NMR (CDCl3, 300 MHz): δ � 1.51 [s, 3 H, C(CF3)2(CH3)],
1.71 [s, 3 H, C(CF3)(CH3)], 2.39 (AB, J � 15.0, 1 H, �CH2�),
2.39 (AB, J � 15.0, 1 H, �CH2�) ppm. 19F NMR (CDCl3,
282 MHz): δ � �63.5 (m, 3 F, CF3), �70.3 [br. s, 3 F, C�

C(CF3)(CH3)], �70.7 [m, 3 F, C(CF3)2(CH3)], �74.7 [m, 3 F,
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C(CF3)2(CH3)] ppm. MS (EI, 70 eV): m/z (%) � 368 (7.1) [M�],
349 (2.8) [M� � F], 329 (5.6) [M� � 2 F � H], 299 (41), 203 (13),
183 (12), 163 (11), 145 (18), 110 (100), 95 (40), 90 (17), 77 (16), 75
(10), 69 (41), 65 (59), 51 (19).

Computational Methods: Density functional theory (DFT) calcu-
lations were performed by use of the GAUSSIAN98 program pack-
age.[37] All geometries were optimized at the B3LYP hybrid
functional[38�40] with the 6-31G(d) basis set. Isotropic NMR
shielding tensors were calculated at the B3LYP level by use of the
gauge-independent atomic orbital (GIAO) method[41�44] with the
6-31��G(d, p) basis set. The chemical shifts (δ) were calculated
from the shielding (σ), by δ � σref � σ, where σref is the shielding
of CFCl3 in 19F NMR (σref � 179.1618 ppm) calculated by the
same method. Similarly, the calculated shieldings of (CH3)4Si are
used as σref values in 1H NMR (σref � 31.6517 ppm) and 13C NMR
(σref � 182.4602 ppm), respectively.
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