density at the carbons to which they are attached.?!
This mechanism is not possible for a fluorine substit.
uent because there is no proton on the fluorine, and it
may be significant in this connection that chemical-
shift changes of the opposite sign may be induced at the
fluorine by nonbonded interactions, **

The 13C chemical shift of C-8 in 1-fluoronaphthalene
is 5.1 ppm upfield of the corresponding shift in naph-
thalene itself. The two other carbons which are three
bonds removed from the fluorine, but which are not in
close proximity to it, are shifted downfield by 2.2 and
4.0 ppm. The methyl carbon of 2-fluorotoluene is
shifted upfield relative to the methyl carbon in toluene
by 7.3 ppm. The corresponding effects on the meta
and para derivatives are 1.5 and +0.9 ppm.3®

(31) D. M. Grant and B. V, Cheney, J. Amer, Chem. Soc., 89, 5315
(1967).

(32) J.B. Dence and J. D, Roberts, ibid., 91,1542 (1969).
(33) P.C.Lauterbur, Ann. N. Y. Acad, Sci., 70, 841 (1958),
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Clearly, a carbon is shifted upfield by a y-fluorine which
is either eclipsed or gauche to the carbon in question.
The C-1 chemical shift in pentafluoroiodobenzene ac-
tually appears upfield of the methyl resonance in methyl
fluoride. This large shift can be explained on the basis
of additive substituent parameters for fluorobenzene
and iodobenzene, 2 where 18; is the substituent effect of
& =10+ 2(%p) + 2(%s) + *or

+323 4286 + 1.8

+63.5

+ 44

iodine on C-1 jodobenzene, % is the substituent effect
of fluorine on the o-carbon of fluorobenzene, etc. The
predicted value of +63.5 ppm agrees fortuitously well
with the observed shift. Additivity relations appear to
hold reasonably well for **C chemical shifts in aromatic
compounds, but not usually to this precision.
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Abstract:

The '°F nmr spectra of a number of fluorobenzenes and other fluoroaromatic molecules have been ex-

amined at 94.1 MHz under conditions of complete proton decoupling by noise modulation, which allowed ®F
chemical shifts and F- - - F coupling constants to be extracted conveniently without recourse to complete analyses.
Details of the digital frequency sweep and the double-tuned probe provisions for a Varian HA-100 spectrometer
are given. Where a proton-decoupled spectrum is a single line, the values of 1Juc- and the 13C-12Cisotope shifts
may not always be extracted uniquely from the 13C satellites, although the F- - - F coupling constants can be mea-
sured directly. Data on the solvent dependence of F- - - F couplings and *F chemical shifts in some polar fluoro-
benzenes are reported. The behavior of 3Jer in these systems shows no correlation with solvent dielectric constant,
which is interpreted to mean that “reaction field” mechanisms are not important here. However, the smaller
variations in #yr and %Jgr are reasonably cortelated with the dielectric constant of the solvent, which suggests that
the “‘reaction field”’ mechanism is more significant here. No simple dependence of the '°F chemical shifts on sol-
vent dielectric constant was found in contrast to some previous results; possible explanations for this are dis-
cussed. Accurate values for the long-range F- - -F couplings for a number of difluoronaphthalenes, -biphenyls,

and -phenanthrenes are presented for the first time.

Because of the difficulties in the theoretical under-
standing of fluorine-fluorine nmr spin-spin cou-
pling constants, there is continuing interest in the nmr
spectra of fluorinated benzenes. To cite but a few ex-
amples, there have recently been several careful spectral
analyses, including the extraction of F::‘F coupling
relative sign information, on the pentafluorobenzenes. 3
It has been shown* that a considerable part of the dis-

(1) (a) This paper presents the results of one phase of research car-
ried out at the Jet Propulsion Laboratory, California Institute of Tech-
nology, under Contract No. NAS 7-100, sponsored by the National
Aeronautics and Space Administration, Partial support was received
from the Jet Propulsion Laboratory Director’s Discretionary Fund,
(b) NASA Resident Research Associate, 1968-1970.

(2) E. A, Cohen, A, J. R, Bourn, and S. L, Manatt, J, Magn. Reso-
nance, 1, 436 (1969),

(3) R.R.Dean and W, McFarlane, J, Chem, Soc. B, 509 (1969),

crepancies found between values of *Jpp in earlier work
arises from a large solvent dependence of this coupling.
Very recently further evidence from a range of com-
pounds has been presented®7 in support of the proposal?
that the nuclear spin-spin coupling between two fluorine
atoms may be transmitted ‘‘through space” where the

(4) M. A. Cooper, Org. Magn. Resonance, 1,363 (1969).

(5) (a) K. L. Servis and K.-N, Fang, J. Amer. Chem, Soc., 90, 6712
(1968); (b) F. J. Weigert and J. D. Roberts, ibid., 90, 3577 (1968);
(c) R, D. Chambers, J, A, Jackson, W, K, R, Musgrave, and G, J. T.
Tiddy, Tetrahedron, 26,71 (1970).

(6) S. L. Manatt and M, T, Bowers, J. Amer. Chem. Soc., 91, 4381
(1969), and unpublished work of E, A, Cohen and S, L, Manatt quoted
therein,

(7) R. A, Fletton, R, D, Lapper, and L. F, Thomas, Chem, Commun.,
1049 (1969),

(8) L.Petrakis and C, H, Sederholm, J. Chem, Phys., 35, 1243 (1961).
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atoms arc spatially close. The details of the *°C spectra
of some fluoroaromatics and a number of values of
13C. .. F coupling constants have been presented® along
with the analyses which allow certain interesting F: . - F
couplings to be estimated. In this paper, as outlined
below, we describe results bearing on all these problems.

A considerable simplification in the spectra of sys-
tems containing both protons and fluorines may be
effected by decoupling one or the other of the nuclear
species. In particular, recent studies of decoupling
using noise modulation®!! have shown that it is quite
feasible to decouple completely one of the nuclear
species, even when the spectral lines of a nucleus
cover a range as large as several kilohertz,!? In the
present work we have concentrated on !'"F nmr
studies with complete proton decoupling, and under
these conditions the resultant YF spectrum may often
be analyzed by inspection to obtain F:..F coupling
constants and '*F chemical shifts. Thus, these param-
eters have been extracted for a number of fluoro-
benzenes, and these new values confirm those from pre-
vious full iterative analyses.

A more important reason for our interest in this tech-
nique arose out of our recent work* on the solvent de-
pendence of F---F coupling constants in some nons
polar molecules. We were interested to see whether
similar effects were present in polar systems. To com-
plete a full iterative analysis of a complex six-spin case
such as 1,2 4-trifluorobenzene in each of, say, ten sol-
vents would be a prohibitively lengthy task. Ad-
mittedly, the Jabor might be reduced some by employing
the techniques of subspectral analysis.*>!* However,
we were primarily interested in F- - - F couplings and by
far the simplest method of extracting these was via com-
plete proton decoupling.

As mentioned above, the mechanisms by which long-
range F...F coupling constants are transmitted have
excited much interest of late. While #/zr and %J;y in
fluorobenzenes are well documented,»!* and there are
some data available for fluorobutadienes, there are
comparatively few data in other unsaturated systems.
This is especially the case for couplings over more than
five bonds. The present technique enables values for
such couplings to be extracted readily, and a number of
examples of long-range F: - -F coupling constants have
been obtained in difluoronaphthalenes, difluorobi-
phenyls, and one difluorophenanthrene. Although a
complete range of model compounds has not been
studied and the data shed little immediate light on the
mechanisms involved, we believe our results represent
some novel data and will serve to stimulate research in
this area.

The acquisition of data in the present work was greatly
facilitated by employment of a digital frequency sweep
spectrometer system which is described in some detail
in the following section. In particular, this system

9) (a) F. J. Weigert, Ph.D. Thesis, California Institute of Technology,
1968; (b) F. J, Weigert and J. D, Roberts, J, Amer, Chem, Soc., 93,
2361 (1971).

(10) R, R, Ernst,J. Chem. Phys.,, 45, 3845 (1966).

(11) R, R. Ernst, Mol. Phys., 16, 241 (1969),

(12) E. Lustig, E, A, Hansen, P, Diehl, and H, Kellerhals, J. Chem.
Phys., 51, 1839 (1969).

(13) P, Diehl and J, A. Pople, Mol, Phys., 3, 557 (1960); for a review
on subspectral analysis, see P. Diehl, R. K, Harris, and R, G. Jones,
Progr. Nucl, Magn. Resonance Spectrosc., 3,1 (1967).

(14) R, J. Abraham, D. B, Macdonald, and E. S. Pepper, J. Amer,
Chem. Soc., 990, 147 (1968).
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was most useful in those cases where molecular sym-
metry requires the proton—decoupled '*F spectrum to be
a singlet, and the F- - -F coupling constants have to be
extracted from the !3C satellite spectra. With this
digital sweep system a simple procedure for obtaining
precise frequencies of the outermost '3C satellite pat«
terns relative to the main band ('*C) signals is outlined.
Thus, in this paper we shall discuss a variety of results
which illustrate the powerful applications of the tech-
niques of proton noise decoupling and digital frequency
sweep, and which we hope will stimulate further, more
exhaustive studies of F---F coupling constants in aro-
matic systems.

Description of the Spectrometer

(a) Digital Frequency Sweep. The spectra were
taken on a Varian Associates HA-100 spectrometer,
modified as detailed below. The “‘sweep oscillator
amplifier” and “sweep network” cards were removed
from the V-4354A unit, and in their place the output
from a Hewlett-Packard 5100A synthesizer was fed
into the “‘sweep oscillator out” jack of this unit. Dig-
ital frequency sweep was obtained by use of a Barry
Research LSC-7A linear sweep controller.’d This
digital programmer is configured to sweep a Hewlett-
Packard 5100A frequency synthesizer over sweep widths
10-10* Hz. Of those digit buttons on the synthesizer
which are to be swept, only the most significant is
placed in the engaged position, while the remainder of
the buttons (to the right) are disengaged, and the syn-
thesizer is set in the local mode of operation. The pro-
grammer sweeps the frequency downward starting at a
frequency one sweep width higher than the most signifi-
cant of the digits to be swept. The sweep rate may be
varied between 5 Hz/sec and 0.01 Hz/sec in convenient
multiples.

In the present case, all the signals examined were
close to, and downfield from, the hexafluorobenzene
(CsFs) signal which was used for contrgl. Thus the
procedure was to lock on CyFg using the internal-lock
system with a frequency of ¢a. 2 kHz, and to sweep an
audio side band, which in this instance was never greater
than 7 kHz, from the lock. In this range, there is no
need to adjust the phases of the locking and observing
frequencies independently, although this would be re-
quired with a side band of ca. 10 kHz or larger. Such a
phase adjustment could be made quite easily, and is
comonly used!® in the more usual method of obtaining
field-frequency locked '°F spectra. In this method it is
the lock frequency which is taken externally, and the
internal sweep oscillator, which is restricted to a range
of 2500-3500 Hz, is maintained.

We have determined that the times taken by the digital
recorder carriage on our HA-100 to traverse are ac-
curate to better than 0.05%. Thus our procedure for
taking spectra was to select a sweep range and sweep
rate on the digital programmer and to start the latter
and the recorder carriage simultaneously. The resul-
tant spectrum is of excellent linearity, and by suitable
combination of sweeper and recorder times can be made
in a variety of convenient and accurate expansions.

(15) Available from Barry Research, 934 East Meadow Drive, Palo
Alto, Calif, 94303,

(16) E. Lustig, N, Duy, P, Dichl, and H. Kellerhals, J. Chem. Phys.,
48, 5001 (1968).
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Figure 1, The noise-decoupled %C and 1°C satellite 1°F spectra of m-difluorobenzene at 94.1 MHz, showing the use made of “switching”

the digital sweep (see text),
tained by inspection (see text).

Use of the digitally swept spectrometer enables highly
accurate measurements of the frequency differences be-
tween transitions to be made, for example, of the fre-
quencies of the 13C satellites relative to the main band.
We describe this with reference to the proton-decoupled
spectrum of m-difluorobenzene (see Figure 1). The
satellites occur ca. 120 Hz either side of the main 12C
band, which itself is ca. 4960 Hz downfield from CFs.
Thus, with a locking side band of 1890 Hz, the main
band signal occurs at a sweep frequency of 6850 Hz,
which was arranged to be in the center of the digital
sweep as the latter decreased from 6900 to 6800 Hz.
By sweeping from 7000 to 6900 Hz, or from 6800 to 6700
Hz, the low- and high-fleld '*C satellites could be ob-
tained, respectively. Thus, the low-field satellites were
recorded with the synthesizer set to 6900 Hz, to which
the swept width of 100 Hz is added by the programmer.
As soon as the low-field satellite had been recorded, the
synthesizer was punched manually to give a reading of
6800 Hz, without interrupting the remaining sweep set-
tings, and the 12C band was recorded with suitable re-
duction in the output controls, Finally, the synthe-
sizer was manually switched to 6700 Hz and the upfield
satellites were recorded. Thus all five signals of interest
are recorded in one continuous sweep, and their relative
positions can be conveniently obtained.

(b) Noise Decoupling. For many of the molecules
studied here, e.g., p-difiuorobenzene, the proton reso-
nances cover a narrow region, and decoupling could be
achieved using a single decoupling frequency. In other
cases, e.g., 1,2,4-trifluorobenzene, the proton resonances
are well spread out and complete decoupling is
achieved'®!! most efficiently using noise modulation of
the decoupling frequency. This is also most convenient
for the reason that once the optimum conditions for
decoupling are found in one case, these need not be
changed for decoupling other fluorinated molecules con-
taining protons provided one uses the same locking
frequency and control sample molecule. Use of a single
decoupling frequency, even when feasible, would require
considerable care in the optimization of frequency and
power settings,

For the purpose of decoupling and tickling experi-
ments at either 100 or 94.1 MHz, we have developed a
stable but settable frequency source, which we now de-
scribe.  The Hewlett-Packard 5100A synthesizer does
not cover the desired 94.1-100 MHz range, but none-

Asterisks indicate positions of switching. Note that in this case ixc-r and (§uzc-r — §uc-r) may be ob-
Frequency marker is in hertz from CsFG.

RF FREQUENCY
RIVER
AMPUEIRR [T TRIPLER [ MIXER ===y DRIVER f==== OUTPUT
1.5V
100 mV“ 4 l
94-100
MHz
HES\;VOLOE;T PACKARD 4 OR 10-Mz,

30~MHz TAP SNTHESIZER PUSH=BUTTON

FROM DRIVER SELECTED (FRONT)

(REAR)

Figute 2. Block diagram of the apparatus for synthesizing a stable
94.1- or 100-MHz frequency, using an HP-5100A frequency syn-
thesizer as source.

theless we wished to take advantage of the high stability
of the synthesizer as a fundamental generator. A block
diagram of the frequency converter is shown in Figure
2. Full circuit diagrams are available on request,
The 30-MHz frequency was taken from the rear ter-
minal of the synthesizer, was given a preliminary amplifi-
cation, and was tripled to give 90 MHz. This was then
fed into a mixer together with a frequency at either 4 or
10 MHz, selected on the front of the synthesizer. The
output of the mixer is an rf at either 94 or 100 MHz,
suitably filtered by adjustable tuned circuits. For
proton decoupling a frequency of 100.0005 MHz was
found to give good results and has the same stability as
the synthesizer itself.

For noise decoupling, the 100-MHz frequency was
fed into an HP 10514A mixer together with the output
from an HP random noise generator. The latter was
set to an infinite sequence length with a noise band width
setting of 50 Hz and a maximum output setting. The
resultant noise-modulated frequency was amplified by a
Boonton 230A power amplifier, such that the output
meter read 20 V and was fed into the 100-MHz channel of
a double-tuned 94.1/100-MHz probe. Details of the
probe circuitry are shown in Figure 3. The design of
this was developed independently from that given by
McFarlane and Charles,” and so differs somewhat.

As a check that complete decoupling was in fact
achieved, the power level applied to the proton region
was varied. At the operating conditions and even at
output levels a factor of 5 smaller, an increase in

(17) A. Charles and W, McFarlane, Mol. Phys., 14, 299 (1968).
For other recent descriptions of double-tuned probes, see: G. J. Long
and A, G. Moritz, ibid., 15, 439 (1968) and R, Burton and L, D, Hall,
Can.J, Chem,, 48, 59 (1970).
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Table I Nuclear Magnetic Resonance Parameters of Some Fluorogromatic Compounds

Molecule or® Ab.m Bd {7rp|,»* Hz Remarks
F
4685.6 245.87 8.3 S0, CCl,
4691.8 244, 5/ 8.3/ 50%; acetone
Fi 2283.7 249,80 8.0 20.9 502 CCL
F2 2305.8 249 .60 7.8 20.5 5027 TMS
2272.9 248. 5¢ 7.8 20.6 5097 acetone
Fl
4961.3 247.% 8.0r 6.64 502 CCl,
4894.1 246, 5¢ 8.0% 6.56 507 acetone
F,
F,
4049.9 243.4i 7.9 17.64 50% CCl,
4095.2 241.94 7.9 17.7 50% CCl,
F,
F
F, 8 1803.3 Jiz = 20.60 107 CCl,
8 2758.8 Jie = 15.11
8:4383.4 Ju = 3.15
R
o
. 8 2163.0 Ju = 19.72 109 CCl,
) 59 6072 Ju == 2.70
F, Ju = 1270 % 0.2
F Jrs = 19.00 £ 0.2
F.
P ¥, 81 2896.8 Jy = 20.36
55 4540.1 115 = 1 64 10% CCh
Jis = 10.94
Fs
F,
: J: 3687.4 250.7/ 7.8/ S09Z acetone
OO/ k2 4534,7 244,77 8.0/ 5097 acetone
T Y
@l:l) 4430.8 268.0% 7.7% 58.8 50% acetone
F,
Qﬁj 3887.2 250. 3¢ 7.8 4.1 5097 acetone
F;
F
O 54 4506.2 0.8 109 CDCl;
F ‘] 8, 4672.0
L,
r 4524.8 249.69 7.9 18.2 507 pyridine
F
4610.5 246. 6/ 8.4 <0.2 50% CCl,
4611.4 245.47 8.3/ <0.2 50% pyridine
F

Journal of the American Chemical Society | 93:10 | May 19, 1971



2373

Table 1 (Continued)
Molecule P Ab-m B4 [rpl,00 Hz Remarks
¥
4425.6 246.0/ 8.2% <0.3 509 pyridine
F

o Chemical shifts in hertz downfield from internal C¢Fq at 94.1 MHz. ¢ See test for the significance of these parameters, 4 and B, which
are first-order approximations to |/ uc-r| and the *C-13C isotope shifts, respectively. °In Hz at 94.1 MHz. ¢ The chemical shift of the
13C species is upfield of the 12C species. ¢ No sign information is available from the present work. / These parameters may be equated
with the values of Wuc—r or the isotope shift (see text). ¢ The value of 4 is approximately 1.7 &= 0.1 Hz larger than the correct value of
|U1sc—p|. » The value of B is within 0.1 Hz of the isotope shift, ¢ The value of 4 is approximately 0.2 &= 0.1 Hz larger than the correct
value of |Wsc-p|. i The value of 4 is approximately 1,3 = 0.1 Hz larger than the correct value of |Juc—z|. * For a value of |/sx| of ca.
5 Hz the value of 4 is approximately 13.4 == 0.3 Hz larger than the correct value of | Juc-p|, while B is ca, 0.4 Hz less than the correct value

of the isotope shift, ? The value of 4 is equal to | WVic—r| within experimental error. ™ Values of |Y/1g_g| quoted in the text have been cor-
rected for second-order effects,

Table II.  Solvent Dependence of *F Spectral Parameters of 1,2,4-Trifluorobenzene

R
F,
1
Solvente €30°? & By LA J1z,¢ Hz Jis Hz Jay, Hz
Neat liquid 1837.0 27717.6 4477.8 -20.29 15.04 3.16
Pentane 1.83 1843.2 2809.5 4440.5 -20.22 15.10 3.08
TMS 1.88 1833.2 2795.0 4431.2 -20.35 15.08 3.08
CCly 2.22 1803.3 2758.8 4383.4 —20.60 15.11 3.15
CeHse 2.26 1830.8 2777.1 4452.3 -21.47 15.04 3.25
CiFe 1813.4 2778.3 4478.6 —19.40 15.09 3.12
CFCl, 2.27 1819.8 2780.0 4416.2 -20.12 15.08 3,13
CSs 2.61 1848.8 2783.6 4464 .0 -21.37 15.02 3.20
Et,O 4.14 1802.3 2747.8 4454.6 -20.42 15.24 3.19
CDCl, 4.63 1749.5 2697.0 4367.2 -20.78 15.04 3.20
CH.Cl, 8.72 1750.2 2688.6 4390.5 —~20.65 15.06 3.24
Me.CO 20.22 1819.8 2741.0 4508.0 —-20.62 15.33 3.29
MeCN 36.50 1800.1 2714.7 4463.1 —-20.41 15.20 3.33

s Solutions were 1097 v/v in solute and 5% in C¢F,. ? Dielectric constants of pure solvents at 30° are given. < Chemical shifts in hertz
downfield for C¢Fsat 94.1 MHz. ¢ Coupling constants in hertz. Signs are by analogy with previous work.

power produced no further change in appearance of the =~ Experimental Section

spectrum, The excellent agreement between the present The fluorobenzenes were obtained commercially, as were the
results and those obtained from full analyses also illus-  fluorobiphenyls. The 1,5-difluoro- and 1,8-difluoronaphthalene
trates that complete decoupling was achieved. Figure  were kindly loaned by Professor F. B. Mallory, Bryn Mawr College,

0,12 pH 10-100 pF SN S|
100 MHz l ﬁ
1
8-50 l [t |
i .03 o | /] |
g ) PPN | | wi
TRANSMITTER o e oyl (N
2.2 uH S-SOLpF colL
o, N _ _ |
94 MHz i Y F
2-15 L
pF

0.03

-
33,!:—‘ ) l ‘\ !\ | 1
i ] ‘n/

i W i"qv/‘\) e fi ’\
. | |
RN RVRNY b
4 illustrates the great simplification of the spectrum of

: : Ly Figure 4. The digitally swept spectra of F.in 1,2,4-trifluorobenzene,
F.in 1,2,4-tr1ﬂuorob.enzene which is produced by com- with and without noise decoupling of protons; TMS solution;
plete proton decoupling. frequency marker is in hertz from CsFs.

Figure 3. Circuit showing the components used in the 94.1/100-
MHz dual-tuned probe.

£
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=
=

Cooper, Weber, Manatt | Noise Decoupling of Protons



2374

VAN

Figure 5. Figure showing the definition of the magnitudes of the
quantities A and B as discussed in the text (Analysis of Spectra).

and 1-methyl 4,7-difluoro-phenanthrene was Kindly loaned by Pro-
fessor K. L. Servis, University of Southern California.

In those cases where satellite analyses were performed, the
samples were examined as ¢a. 50% solutions. All the fluoroben-
zenes were initially studied in CCl solution, while the less soluble
biphenyls were studied in pyridine solution, and the diftuoronaphtha-
lenes were examined in acetone solution, For the studies of solvent
dependence, 1097 v/v solutions were used, In all cases the reference
and locking compound was CqF, present at 5% v/v.

Fluorine chemical shifts are considered accurate to =0.1 Hz.
Except where stated in the next section, coupling constants are
considered accurate to at least 20,05 Hz,

The results are given in Tables I-IV, The latter table also con-
tains some of the data from our earlier work,* for convenience in

discussion. The parameters “A4” and “B” of Tables I and V are
Table III.  Solvent Dependence of ¥F Spectral Parameters of
1,2,3,5-Tetrafluorobenzene
F,
F, Fy
F,
l,15n
Solvent= €30°° 81 85 Jiun,2Hz Hz /i, Hz
Neat liquid 2924.4 4647.9 —19.80 1.69 10.99
Pentane 1.83 2937.2 4589.7 -20.00 1.52 11.15
T™S 1.88 2927.3 4576.4 —19.95 1.55 11.08
CCl, 2.22 2896.8 4540.1 -—20.36 1.64 10.94
CeHs 2,26 2904.0 4601.0 -—21.10 1.81 10.95
CsFs 2928.9 4654.9 —18.97 1.67 10.93
CFCl; 2.27 2915.8 4567.6 —19.90 1.60 10.90
CS. 2,61 2916.8 4607.3 —21.08 1.70 10.95
Et:O0 4,14 2875.1 4632.5 -20.15 1.74 11.00
CDCl; 4,63 2854.8 4535.3 -20.37 1.77 10.85
CH:Cl; 8.72 2852.3 4574.5 -20.20 1.80 10.84
Me.CO 20,22 2887.6 4696.2 —20.16 1.95 10.97
MeCN 36.50 2858.2 4636.2 —19.94 1.94 10.81

a—d See Table II. Ji; is not immediately available from the de-
coupled spectrum, and was not sought in the satellite spectrum,
F. is upfield of C¢F; and to obtain this would require changing lock
frequency, which was not done.

first-order approximations to Jie-r and the 13C-12C isotope shifts
as we shall now discuss,

Analysis of Spectra

Where the proton-decoupled spectrum contains mag-
netically nonequivalent fluorine atoms, e.g., 1,2,4-tri-
fluorobenzene (V) the F . . F coupling constants may be
extracted from the spectrum of the '2C species (cf.
Figure 4). Calculation confirmed that in the case of V
and 1,2,3,5-tetrafluorobenzene (VII) the spectra were
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sufficiently first order for the couplings to be extracted
directly. The spectrum of 1,2,3,4-tetrafluorobenzene
(VI) was analyzed as an AA /XX’ system.

In many of the cases studied here the proton-decou-
pled fluorine spectra are single lines, and the F...F
couplings have to be extracted from the '3C-satellite
patterns. We are then concerned with an ABX anal-
ysis, where typical values of the coupling constants are
Jax ~ —250 Hz, [Jag| ~ 0-60 Hz, Jgx ~ —20to +20
Hz, and 6,5 =~ 8 Hz (isotope shift) for the fragment

Fi II:'B
18Cx. - C

The inner '3C satellites are often obscured by the in-
tense 12C band, and were in no case sought. Thus we
know only the frequencies of the outermost satellites
and the 12C band. From these satellites |J,p| may be
extracted immediately. No information on the sign of
this coupling is presently available, except where ob-
tained by other methods, but this will not affect the rest
of the present discussion. It is not possible to find Jax
or the isotope shift, g, uUnless Jgx isalso known. The
latter is contained in the innermost satellites and is not
available from the present work. In certain cases, 13C
spectroscopy has been used?® to obtain accurate values of
|[Jax| and |Jpx| for compounds we have studied by !*F
nmr. Even where no such data are available, it is often
possible to estimate [Jpx| to sufficient accuracy from
these 13C data.®

In an attempt to obtain at least approximately cor«
rect values for Jox and 845 from our data, we have per-
formed a series of calculations using the program
LAOCN38 on the ABX systems for ranges of values of
Jap and [Jpx|. We define quantities *“A4’” and “B” as
the “first-order’” approximations to Jax and 8,3, respec-
tively (see Figure 5). Knowing Jap and having either
an experimental value or an estimate for Jgax, the ap-
propriate corrections to “A4’’ and “B” as shown in
Table V may be applied to yield accurate values of Jax
and 8,p. Note that these corrections are totally inde-
pendent of the sign of Jap, and are insensitive to 535,
provided that the latter is approximately 6-10 Hz.
Since directly bonded isotope shifts are always close to
8 Hz for C-F bonds, and nonbonded shifts are un-
doubtedly an order of magnitude smaller than this, the
latter restriction is not a severe one.

At this stage we note that the analyses of the 13C
spectra of difluoroaromatics are also somewhat approxi-
mate.® The spectrum of any '*C species is the X region
of an ABX system. Extraction of Jax, Jax, and Jag
from the frequencies alone of this X region may not al-
ways be feasible.® However, it has been shown that
quite accurate values of these parameters may often be
obtained either using the relative intensities, or provided
a value of § 45 is assumed.?

Consideration of Table V enables the following con-
clusions to be made. (1) Where there is only one F
atom in the molecule, e.g., fluorobenzene (I), or else
|Jrp| is negligible, e.g., 3,3’-difluorobiphenyl (XIV) or
4,4'-difluorobiphenyl (XV), the values of 4 and B are
equal to the values of Wuc_r and 8,3, respectively. (2)
Where |Jeg| is no greater than 20 Hz and Jpx lies within
the range —20 to +20 Hz, then the error in d,p is less

‘(18) S. Castellano and A. A, Bothner-By, J. Chem, Phys., 41, 3863
(1964).
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Table IV. Solvent Dependence of F Spectral Parameters of 1,4-Difluoro-2-bromobenzene and 1,2-Dibromotetrafiuorobenzenes

F Fs
Br, F Br,
F, Br,
Fy F,
Solvent® €300° 89 J14y® Hz Js4, HZ Jss, Hz Jss, HZ Jas, Hz
Pentane 1.83 4280.0 15.31 486.06 —21.05 2.80 8.30 -19.22
TMS 1.88 4272.5 15.35 486.52 -21.24 2.7 8.33 —-19.34
CCl, 2.22 4230.0 15.25 481.74 -21.53 2.80 8.18 —19.63
CeHs 2.26 4309.5 15.53 499.29 —-22.34 2.98 7.92 —20.46
CFCl; 2,27 4271.2 15.34 486.49 —21.00 2.85 8.26 —19.09
CS: 2.61 4333.5 15.46 490.86 -22.30 2.713 8.21 -20.41
Et;,O0 4.14 4305.5 15.48 481.27 —21.44 2.78 8.27 —19.41
CDCl; 4,63 4213.4 15.28 485.10 =21.72 2.83 8.00 —19.75
CH;Cl, 8.72 4238.5 15.40 486,36 —21.70 2.85 - 8.02 -19.75
Me.CO 20.22 4362.0 15.68 499, 51 —21.46 3.03 8.05 —-19.51
MeCN 36.50 4319.5 15.60 497.42 -21.27 3.02 7.87 -19.17
* Results from our previous study.¢ ¢ See footnote a, Table I, © See footnote b, Table II. 2 See footnote ¢, Table Il See footnote d,

Table II.

Table V. Corrections To Be Applied to “4” and “B”¢ To Yield
Accurate Values of Jax and das, Respectively

F, l'ITB
18Cx. .. C

Jax = —245Hz
das =~ 8 Hz

Value to be sub-  Value to be

tracted from added to “B”

“4” to yield to yield

[Jazl, Hz Jpx, Hz [113g-5, HZ dan, Hz
0 =20 0.000 0.000
0 0.000 0.000
+20 0.000 0.000
5 -20 0.112 0.004
0 0.103 0.003
+20 0.094 0.003
20 -20 1.772 0.062
0 1.629 0.050
+20 1.506 0.045
50 -20 10.655 0.346
0 9.845 0.298
+20 9.148 0.277
60 -20 15.056 0.472
0 13.950 0.409
+20 12.990 0.357

@ See text and Figure 5.

than the experimental error (0.1 Hz). The error in
Wuc_p is only slightly sensitive to Jax, and is known to
within £0.1 Hz, provided the latter is less than [20] Hz.
(3) In the sole case studied here where |Jgx| is larger
than this, viz., molecule X (58.8 Hz), then corrections
need to be applied to both 4 and B, and the correction
in the former case requires a quite accurate value of Jax.
We may estimate the latter as being approximately
equal to the corresponding Cs—F coupling in 1-fluoro-
naphthalene, which has been found® to be |5.1] Hz.

The corrections to 4 and B are found to be 13.4 = 0.3
Hz, and 0.4 Hz, respectively, with the error in 4 being

/ Chemical shift in hertz downfield from C¢F, at 56.4 MHz,*

caused by the sign ambiguity in */g_p. Further discus-
sion of each individual spectrum is given below.

Discussion

Where values of the !'°F spectral parameters are al-
ready available for the compounds we have investigated,
there is in general excellent agreement with the present
work. Unfortunately, only a few of the chemical shifts
are referenced to CoF;, and because use of other fluorine
references can produce chemical-shift differences of
more than 1 ppm,!? it is not practical to discuss in detail
the chemical shifts other than for those cases where
CsFs has been used as the reference.

Values of the isotope shifts?® fall in the range 7.9-
8.3 Hz. Few accurate data are available for com-
parison, except a value of 7.78 Hz for p-difluoroben-
zene,?! which is in good agreement with the present work
(7.9 Hz). No trends in the values of the isotope shifts
with substitution are apparent from the limited data at
hand. The values of “Juc_p lie in the range 241.8-
254.6 Hz. The highest value, viz., 254.6 = 0.3 Hz cal-
culated for 1,8-difluoronaphthalene (X) is some 4 Hz
larger than any other value, while the values in 1,5-di-
fluoronaphthalene (250.3 Hz), 1-fluoronaphthalene
(250.7 Hz, in good agreement with the !'*C value? of
251.1 Hz), and 2-fluoronaphthalene (244.7 Hz) have
been found to be rather smaller. Although the rather
larger value in X has had to be corrected for second-
order effects by a procedure described above, it seems
that the difference between this and the other naph-
thalenes may be significant. Possibly this is connected
with slight molecular distortions2? occasioned by the
juxtaposition of the two peri F atoms. Further specific
comments on the values of uc_r will be made as we
discuss the individual analyses. In general, the agree-
ment with the values obtained from the proton-decou-
pled !3C spectra is satisfactory (=1 Hz). It is also

(19) J. W, Emsley and L., Phillips, Mol. Phys., 11, 437 (1966).

(20) For a recent review see H, Batiz-Hernandez and R, A. Bern-
heim, Progr. Nucl. Magn. Resonance Spectrosc,, 3, 63 (1967).

(21) 1, E. Loemker, J. M. Read, and J. H, Goldstein, J, Mol. Spec-
trosc., 29, 284 (1969),

(22) Cf. the Discussion for the effect of strain-induced molecular

distortions in the case of ortho proton-proton couplings in M. A. Cooper
and S. L, Manatt, J. Amer, Chem. Soc., 91, 6325 (1969).
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pleasing that the same order of the magnitudes of

Jc_x| found in the difluorobenzenes,’® viz., Yoo >
Umeta > Ypara has been found by us. We also note
here that, while linear correlations between Juc_p and
the isotope shift have been noted? in a number of sys-
tems, no such correlations are found in the present case.
It may be that the correlations are not accurate over
small ranges of the parameters On the other hand, it
is known that both uc_r and isotope shifts may be
solvent dependent,” and therefore the present results,
obtained in ca. 509 solutions, may perhaps not be
compared without ambiguity, even for a common sol-
vent. In spite of these limitations, it is seen that the
value of Yuc_r in the polar acetone is generally ca. |
Hz smaller than in nonpolar CCl,.

We now consider individually the couplings Jug_p
and Jrr, and '°F chemical shifts found in the fluoroben-
zenes.

Fluorobenzene. Previous values for Jug_p of 265
+ 2 and 252 + 2 Hz have been given.2%2¢ These were
from the proton-coupled spectra, and therefore are
only expected to be approximate in the absence of a full
analysis. In excellent agreement with present work, the
13C spectrum® yields a value of 245.3 Hz. :

o-Difluorobenzene, The chemical shift of 2305.8
Hz downfield from C¢Fy in TMS solution compares
very closely with the only other value of the shift re-
corded?s relative to CoFs, viz., 2329.5 Hz, also in this
solvent, These authors found 3Jpp = —20.43 Hz,
which is in good agreement with the present value of
(—) 20.5 Hz. Our value for CCl, solution of (—) 20.9
Hz is similarly in good agreement with a value?® of
—21.16 Hz for this solvent. This confirms our pre-
vious suggestion* that the cause of the discrepancy in
these values arises from the solvent dependence of
3er. A value of [19.0| Hz was found by Weigert for
this coupling. A value of 254 £+ 3 Hz has been re-
corded for WJuc_p, 2 again without a complete analysis.
Analysis of the proton-decoupled '*C spectrum® gives
Juc_p = 248.8 Hz, in good agreement with the present
work (248.0 Hz after correction for second-order
effects).

m-Difluorobenzene, The value of Uue_r has been
given¥ as 250.8 Hz, but in the absence of a complete
analysis this is probably only.a rough approximation
(+5 Hz). The value from the '*C analysis® is 245.4
Hz, which is somewhat smaller!” than we find (247.0
Hz, with only a small correction for second-order
effects required). This difference may arise from sol-
vent effects.

The value of “Jgp of 6.6 Hz is in excellent agreement
with that found® by Macdonald (6.57 Hz) from a full
analysis, and serves to provide further confirmation?® of
this magnitude over that given by Mohanty® (3.0 Hz)
from a more approximate analysis. The 13C analysis®
value of 6.6 Hz is also in excellent agreement with the
present work.

(23) S. Mohanty and P, Venkateswarlu, Mol, Phys., 11, 329 (1966).

(24) T.F.Page, ibid,, 13, 523 (1967).

(25) J. E, Loemker, J. H, Goldstein, and J. M. Read, Chem, Com-~
mun., 744 (1968),

(26) R.J, Abraham and M, A. Cooper, J. Chem. Soc. B, 1094 (1968).

(27) G. Aruldhas, Proc, Indian Acad. Sci., Sect. A, 63,349 (1966).

(28) D, B. Macdonald, Chem. Commun., 687 (1967),

(29) J. E, Loemker, K. M, Pryse, J. M, Read, and J. H. Goldstein,
Can.J, Chem., 47, 209 (1969),

(30) S, Mohanty, Mol, Phys,, 13, 83 (1967).
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p-Difluorobenzene. The chemical shift of F and
isotope shift in this molecule were found to be 4087.135
and 7.776 Hz by Goldstein and coworkers,?! in close
agreement with the present work. These workers also
obtained Wuc_r and %Jzr as 241.07 and 17.779 Hz, re-
spectively, as compared to the present values of 242.1
and 17.64 Hz and values from the !*}C analysis® of
242.0 and 17.5 Hz. 1t is not certain whether these small
differences are significant or not, insofar as they may
arise from the different solvents used, viz., neat liquid
and 5077 in CCl..

1,2,4-Trifluorobenzene, The chemical shifts of F,
and F; are very close to the values of 1827.73 and
2761.53 Hz found in a previous study?®! in CCl,, while
the value of F, found there, 4152.25 Hz, is substantially
smaller than the value found in the present work, viz.,
4383.4 Hz, or indeed in any of the solvents used here.
Our values for the Jgp are in close agreement with the
recent results of Lustig, er /.12 (3Jgr = —20.01 Hz,
Jer = 3.14 Hz, Jpp = 15.03 Hz), and the only dis-
crepancy in *Jer is no doubt due to solvent dependence.
While the former two values also agree with the results
of Abraham, et al.,?! their value of %/gr is substantially
lower (14.57 Hz). The reason for the discrepancy in
this work in Ji; and §, is puzzling, especially in light of
the excellent iterative fit obtained previously and the
fact that the other parameters are in excellent agree-
ment (£0.1 Hz) with the values of Lustig, ef a/.'2 Sub-
stitution of a value for J;; of 15.03 Hz in the discussion
given by us* of the additivity of substituent constant
contributions would not, however, invalidate the quali-
tative conclusions reached.

1,2,3,4-Tetrafluorobenzene. The proton-decoupled
spectrum is an AA’XX’ analysis. Unfortunately,
not all of the ten lines in each region that are necessary
for a complete analysis are fully resolved, and this
means that the value of K (which is Ji; + Jy3) is only
accurate to =0.2 Hz. Consequently, Ji4 and Jy; are
only accurate to =0.2 Hz. Within these limitations,
the present values are in good agreement with those
found by Lustig, er al.1¢ (*Jpr = 2.72 Hz, Jgr = 12.69
Hz). The values of 3/pr are not strictly comparable
because of the large solvent dependence of this coupling.
However, we have noted elsewhere* that where there are
two values of 3Jgp in one molecule, their difference re-
mains constant on changing solvent. Since we find
|J1io] = 19.72, |J2s] = 19.0 Hz, we would expect to find a
similar difference between the values in Lustig’s work.
However, the latter workers find J;, = 19.00 Hz, J;; =
—19.02 Hz. The reason for the discrepancy is not
understood.

1,2,3,5-Tetrafluorobenzene. Lustig, er al.,’? have
obtained values of 3z = —19.77 Hz, ¥Yxr = 1.73 Hz,
and %Jgr = 11,02 Hz. The latter two values are in good
agreement with the present work.

The F- - F coupling constant parameters in fluoro-
benzenes are quite well documented, s and need not be
further discussed except for their solvent dependence
which we shall treat later.

Long-Range F:..F Couplings. Long-range F..-F
couplings in unsaturated systems are not so well under-
stood, and we now present some results for these sys-

(31) R, J, Abraham, M. A, Cooper, and D. B, Macdonald, Chem,
Commun,, 1285 (1968).
(32) E.Lustigand P, Diehl, J. Chem, Phys., 44,2974 (1966).



tems, It has been found that F---F couplings over
four and five bonds cover an extraordinarily large range.
For example, in 4,5-difluorophenanthrenes (XV1I) *Jpp is
found®® to be |170| Hz, whereas in planar systems where
the fluorines are well separated, e.g., XVII, the value of
sJpr may reach®® 37 Hz, and in nonplanar dienes, e.g.,
XVIII, a value as large as 11.3 Hz has been found.®
However, few examples are available for all the bond

FF
XVI
F, F F
= FB’ >=$<<FA’
Fg F =
Fa AFOF
XVILJ,, ordJ_ =37Hz  XVIILJy0=113Hz

orientations in these unsaturated systems, and little is
known of the magnitudes of couplings over more than
five bonds in unsaturated systems.

As part of a continuing study of long-range F...F
couplings, we have examined the spectra of some addi-
tional molecules and these results will now be discussed.
These values would be much more difficult to extract by
full analyses and the use of noise decoupling of the pro-
tons greatly facilitates such studies.

The biphenyls XIII-XV present examples where the
fluorine atoms are separated by five, seven, and nine
bonds, respectively. It is known from other work that
the phenyl rings are not planar in solution.’* This
would be expected to attenuate any coupling via the -
electron system. Only in the case of X111 is any signif-
icant coupling obtained, and here the value is [18.2]
Hz. (A value of 16.5 Hz was given by Servis® for this
molecule, from an approximate analysis of the !°C
satellites.)) In XIV and XV the line width of the '3C
satellites (0.5 Hz) shows that Jgp and *Jpp must be
<0.2 Hz. As pointed out by Servis,*® the values of
3Jeg in XVI and XIII make an interesting contrast.

Recently, we and other workers have reported®’ the
large value of 4Jpp between fluorines substituted at the 1
and 8 position in the naphthalene system. The values
obtained range from 59 to 69 Hz in naphthalenes,” but
are rather smaller than this (ca. 30 Hz) when the 4 and 5
positions are bridged.” The value of [58.8) Hz re-
ported here for X is believed to be the first recorded in a
naphthalene that is not heavily substituted with other
fluorine atoms. We have previously noted the rather
large value of Yuc_p in this molecule. The value of
Jis = |4.1] Hz in XI compares with a value of 4.7 Hz
found by the !3C analysis.®* The present value of
ue_r of 250.3 Hz is also close to the value? of 251 Hz
found before.

Finally, we have obtained a value of |0.8| Hz for the
seven-bond coupling in XII. We know of no other ex-
ample of “Jpr in an unsaturated molecule with which to
compare this value,

9(363 K. L, Servis and J. D. Roberts, J. Amer. Chem, Soc., 87, 1339
Q .
(34) R, E.Mayo and J. H. Goldstein, Mol, Phys., 10, 301 (1966).
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Figure 6. Correlation of Jy; in 1,2,4-trifluorobenzene and 1,2,3,5-
tetrafluorobenzene with Jsa in 1,2-dibromotetrafluorobenzene for a
range of solvents.

Solvent Dependence of Coupling Constants. In our
earlier work,? it was shown that ¥Jgp in 1,2-dibromo-
tetrafluorobenzene (IX) and also in bromo- and iodo-
pentafluorobenzene exhibits a large solvent dependence
(—22.34 to —19.99 Hz for Js1 in IX). No simple cor-
relation with solvent dielectric constant could be de-
tected. The variations in “Jpp and %Jpp were much
smaller (<0.4 Hz), but here again the correlation with
dielectric constant was not particularly good. Because
the C-Br and C-F bond dipole moments are very sim-
ilar (1.70 and 1.52 D in bromobenzene and fluoroben-
zene, respectively),* these mono- and dihaloperfluoro-
benzenes will have only small resultant dipole moments.
Therefore, any solvent dependence of coupling con-
stants arising from a ‘‘reaction-field”” mechanism?3~%
may well be small. For example, in their study of *F
chemical shifts in some fluorobenzene derivatives,'®
Emsley and Phillips showed that for polar molecules
(» 2 1 D) the solvent dependence was well accounted
for by a “‘reaction field”’ theory. We are not totally in
sympathy with this interpretation and we shall discuss
below some of our reservations on this point. For
nonpolar molecules, e.g., chloropentafiluorobenzene, no
such solvent dependences were apparent, however. In
view of these results, thetefore, part of our aim in the
present work was to examine the F- - -F coupling con-
stants and !°F chemical shifts of some polar fluoroben-
zenes to see whether any solvent dependence arising
from the ‘“‘reaction field” could be clearly singled out.
For this purpose, the molecules 1,2,4-trifluorobenzene
V), 1,2,3,5-tetrafluorobenzene (V11), and 1,4-difluoro-
2-bromobenzenes (VIII) were examined in ten different
solvents. These results, together with those from our
previous work on 1,2-dibromotetrafluorobenzene (IX),
are shown in Tables I-1IV. We now consider the be-
havior of each type of coupling constant in turn.

3Jer. The behavior of ®%/pp in the polar molecules
V and VII parallels that in the much less polar molecule
as shown in Figure 6. Because similar behavior is

(35) See A, L. McClellan, “Tables of Experimental Dipole Mo-
ments,” W. H, Freeman, San Francisco, Calif., 1963.

(36) For arecent review, see P. Laszlo, Progr. Nucl. Magn. Resonance
Spectrosc., 3,231 (1967).

(37) L. Onsager,J. Amer, Chem, Soc., 58, 1486 (1936).
(38) A.D.Buckingham, Can.J, Chem., 38,300 (1960).
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Figure 7, Correlation of #/ry in 1,2,3,5-tetrafluorobenzene, 1,2,4-
triffuorobenzene, and 1,2-dibromotetrafluorobenzene with the
“‘reaction field** expression of Emsley and Phillips.1® Error bars are
+0.05 Hz.

found in both polar and nonpolar molecules and there
is no correlation with solvent dielectric constant, these
results imply that the ‘“‘reaction field” mechanism is
unimportant for *Jgp, as we concluded earlier.®* A
fuller discussion of the possible source of the observed
changes has been given elsewhere. *

“Jpr. In each of the three molecules investigated, it
is seen that when ‘“‘anomalous” solvents (i.e., those
known?3¢.39 to behave contrary to the expectations of the
“reaction field’’ theory) are ignored, “Jrr exhibits an in-
crease on going from nonpolar to polar solvents.
Emsley and Phillips have shown!? that where the “reac-
tion field” mechanism is dominant in the solvent de-
pendence of chemical shifts (and therefore presumably
also in the case of coupling constants) and the solute is
similar in size to hexafluorobenzene, then a linear cor-
relation should be obtained with the expression (¢ —1)/
(e + 0.789), where ¢ is the solution dielectric constant.
Since the dielectric constants of the solutes are unknown
here, we shall take ¢ as being approximately the same as
that of the pure solvent. Plots of “/rr against this func-
tion of dielectric constant are shown in Figure 7, and
there is a very reasonable correlation which is rather
better for V and VII than for IX.

(39) R.J. Abraham and M, A. Cooper, J. Chem. Soc. B, 202 (1967),
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At first sight, therefore, these results suggest that the
solvent dependence of */rp is dominated by the reaction
field term. Some reservations ot this proposal must be
stated. First, it has been shown that the magnitude
and orientation of the solute dipole moment may be
critical in determining the sizes of “‘reaction field”” con-
tributions.*»*! Assuming additivity of bond dipole
moments, the net dipole moments of the solutes studied
here are as shown. In spite of the great differences in

F] Fz FG
F, F F; F, Br,
F, Br,
F4 F5 FS
V,152D VII, 152 D 1X,03 D

dipole moments and their orientations, the ranges over
which *Jgr vary are quite similar in each case, being 0.3,
0.4,and 0.3 Hzin V, VII, and IX, respectively. Second,
and as we shall discuss more fully in terms of the chem-
ical shifts, there is some evidence that there is some
form of “complexing’’ by solvent at the hydrogen atoms
in V and VII. This might be expected to have an effect
on the coupling constants. The third reservation is
most conveniently discussed after the behavior of 8Jpp
is outlined.

sIgp. The variation of this coupling constant with
solvent is less than that of 4/gr. In VII and IX, *Jpp de-
creases with increasing solvent polarity, whereas in V
and VII it increases with solvent polarity. The correla-
tion with the reaction field term is shown in Figures 8a
and 8b. In these cases, there is considerably more
scatter than in the case of “/gp. The ranges of variation
are ca. 0.35 Hz for the polar molecules and ¢a. 0.5 Hz
for the nonpolar case.

The scatter observed in the present case of %/rr Sug-
gests that while there is perhaps a substantial contribu.
tion to the solvent dependence from a reaction field
mechanism, there must also be other mechanisms op-
erating. There is evidence!® that both *Jpp and “Jpp re-
sult from major contributions to the coupling, trans-
mitted via the m-electron system. Therefore, we might
expect that a component of the solvent dependence
should be linked to changes in the m-electron system,
This is one reason why we are inclined to view the good
correlation of “Jpp with dielectric constant with some
suspicion, since the correlation for %Jrf is much poorer.
We stress that we do not deny that the reaction field
mechanism may well be important or even predom-
inant in causing the solvent dependence of “/gr and
sJgr. In the absence of reliable estimates of other con-
tributions to these couplings, however, and in view of
the anomalous results for %/rr and the chemical shifts
(vide infra), we think it unwise at the present time to at-
tribute all of the observed variations to one mechanism.

Solvent Dependence of Chemical Shifts. The most
extensive investigation of the solvent dependence of
YF chemical shifts in aromatic molecules is that of
Emsley and Phillips.’® These workers gave a detailed
discussion of the factors influencing the choice of a ref-
erence compound. They concluded that for polyfluoro-

(40) S.L,SmithandR.H. Cox, J. Chem, Phys., 45, 2848 (1966).
(41) S. L, Smith and A, M. Thrig, ibid., 46, 1181 (1967).
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Figure 8, Attempted cortelation of /rr in {(a) 1,2,4-trifluoroben-
zene and 1,2,3,5-tetrafluorobenzene and (b) 1,4-difluoro-2-bromo-
benzene and 1,2-dibromotetrafluorobenzene with the reaction field
term of Emsley and Phillips.!* Ertor bars are £0.05 Hz.

benzenes the reference hexafluorobenzene best matched
up to the requirements of nonpolarity and similarity of
size and shape, Henge, this reference was also used in
the present work. Those same workers also showed
that there was a good correlation between the shifts
and the “reaction field”” expression (¢ — 1)/(e 4+ 0.789)
for a number of polar fluorobenzenes, but that for non-
polar molecules there was no correlation, and the total
change in the shift was small. In the present case, it is
similarly found that for the nonpolar IX the change in
shift is small, only ca. 13 Hz at 56.4 MHz, and there is no
dependence on dielectric constants. More surprisingly,
there is also no correlation for the polar molecules
studied here, even though the range of the chemical
shift variation is much larger—ca. 150 Hz at 94.1 MHz,
This is so even when “anomalous” solvents such as
benzene are ignored. At the same time, there is con-
sistency in the behavior of similarly situated fluorine
atoms in the polar molecules. For example, consider
the chemical shifts of F, in V and IX, and F; in VII
(see Figure 9).

There is therefore a direct contradiction between the
generally expressed conclusions!® of Emsley and Phil-
lips that the shifts referenced to C¢Fs may be correlated
with a “reaction field”’ expression, and the results of the
present work. We suggest that the following provides
a partial explanation. In the great majority of the mol-
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Figure 9. Correlation of the chemical shifts of F, in 1,2,4-trifluoro-
and 1,4-difluoro-2-bromobenzene with the chemical shifts of F; in
1,2,3,5-tettafluorobenzene, Shifts are downfield from CeFe, in
hertz at94.1 MHz.
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Figure 10, The correlation of the chemical shifts of the 0- and m-
fluorines in pentafluorobenzene with the reaction field term of
Emsley and Phillips.1®* Data of ref 19,

ecules studied by the previous workers, fully substituted
benzenes or pyridines were considered. In the one case
where an H atom is present, pentafluorobenzene, there
is a very poor correlation between the “reaction field”
expression and the shift of the o-fluorines (see Figure 10),
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while the correlation is much better for the m- and p-
fluorines. Now in the tri- and tetrasubstituted ben-
zenes studied by us, all the fluorines whose shifts have
been measured are adjacent to at least one proton. It
may be that there is sufficient “complexing” of the sol-
vent around the relatively electron-deficient protons in
these molecules to produce large van der Waals shifts
which “swamp”’ the “reaction field” contribution to the
shifts. It must also be noted that in some meta- and
para-substituted fluorobenzenes'®*? good agreement

(42) R. W, Taft, E, Price, I, R, Fox., I, C. Lewis, K. K. Anderson,
and G, T, Davis, J. Amer. Chem. Soc., 85,709, 3146 (1963).

with the reaction fleld term is found, even though there
are four “free” proton positions. In this case, how-
ever, the reference was monofluorobenzene, so per-
haps the effects of ‘“‘complexing” at the protons are
thereby effectively eliminated. This would not be the
case for the fully fluorinated C¢Fj.
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Abstract:
to 1400 Torr in the gas phase.

The reaction of recoil tritium with cyclohexene was studied in the liquid phase and at pressures from 9
Products observed in the work were HT, ethene-#, 1,3-butadiene-#, n-hexenes-¢,
methylcyclohexane-t, propene-#, cyclohexane-¢, cyclohexene-#, and tritiated polymers.

Comparison of the recoil

tritium—cyclohexene system with known parameters from earlier kinetic studies of the unimolecular decomposition
of cyclohexene to ethene plus 1,3-butadiene shows an average excitation energy of 5 eV/molecule for the gas-phase
species undergoing this decomposition and 8-12 eV/molecule for the same decomposition in the liquid phase. The
observed ratio of cyclohexane-/n-hexene-f led to an average rate constant of 1.0 X 108 sec™! for decomposition of

cyclohexyl-f radicals in this system,

Butler and Kistiakowsky* have shown the equivalence
of different ground electronic state vibrational ex-
citation modes in determining the fate of unimolecular
decompositions which proceed by way of an internally
equilibrated intermediate. Also similar products have
been observed in pyrolysis,’ shock-tube,® and photo-
chemical studies of cyclohexene’ decomposition. The
present work extends these studies to the use of recoil
tritium as an excitation source to study the pressure de-
pendence of the unimolecular decomposition of cyclo-
hexene. In this system, the initial locus of excitation is
that C-T bond at which tritium has undergone direct
substitution for H on the cyclohexene molecule.

Experimental Section

In this work it was necessary to study the cyclohexene decom-
position reaction over a wide range of pressures. Samples with
vapor pressures above the cyclohexene room-temperature vapor

(1) Presented in part before the 158th National Meeting of the Ameri-
can Chemical Society, New York, N. Y., 1969,

(2) A portion of the material was submitted by R. W. W, in partial
fulfillment of the requirements for the Ph.D. degree, University of
Missouri.

(3) (a) American Oil Co.; (b) Washington State University.

(4) J. N. Butler and G. B. Kistiakowsky, J. Amer. Chem. Soc., 82,
759 (1960),

(5) M. Uchiyama, T. Tomioka, and A. Amano, J, Phys. Chem,, 68,
1878 (1964).

(6) W.Tsang,J. Chem. Phys,, 42, 1805 (1965).

(7 R.D.Doepker and P. Ausloos, ibid., 42, 3746 (1965).
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pressure were prepared with the sample ampoule temperature in
the range 25-135°. This was done using a specially constructed
vacuum system within an oven as was previously described.8 The
oven temperature was the parameter varied to reach the desired
cyclohexene vapor pressure, The samples in which the cyclohex-
ene pressure was below 7.0 cm were filled by sequential addition
of *He, moderator gases, and cyclohexene on a vacuum line. LiF
(natural abundance ¢Li, Riedel-de-Haen, West Germany) was used
as the tritium source for liquid-phase studies. Pyrex 1720 sample
ampoutes were used for both gas and liquid phase studies. All
ampoules were “flamed out’’ in vacuo before use.

Neutron irradiations of samples were performed at the Missouri
University Research Reactor. The nominal flux was 1.4 X 1012
n em~: sec~! and irradiations were typically 3-5 min. The ¥ in-
tensity was 4.2 &= 0.4 X 107 rads/hr. When irradiating at a lower
flux, the irradiation time was longer so that a similar integral flux
was seen by all samples. The external + radiation and the internal
radiation due to the recoil tritium and recoil proton gave radiation
damage less than 1%;.8

The sample holder for the irradiations was an aluminum vessel
which contained an aluminum block with bored holes to hold the
ampoules. For the samples in which the cyclohexene vapor pres-
sure exceeded 7.0 cm, the sample ampoules were placed in the
block holes and heated to the temperature necessary to avoid any
condensation before or during irradiation. The block and samples
were then placed in the irradiation vessel and its lid was fastened
using a polyethylene O-ring to ensure that the vessel was water
tight during irradiation, Since the rate of cooling with respect to
time was known, it was possible to determine an average tempera-
ture and pressure which existed during irradiation,

(8) R. W. Weeks, Jr., Ph.D. Thesis, University of Missouri at Colum-
bia, 1969.



