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I. INTRODUCTION

In the last fifteen years the determination of the solution con-
formations of organic molecules has been revolutionized by the
continual improvements in NMR instrumental and theoretical and
practical advances in the field. The recent breakthrough in the
building of commercial spectrometers able to routinely examine '3C

r 15N nuclei promises to inject even more interest in the topic of
molecular conformation for a long time to come. The potential of
the technique as applied to bioclogical or biochemical problems has
been realised particularly in the last two years (1970-71) and the

* An appendix to this chapter can be found on p. 223.

+ Present address: Roche Products Limited, Welwyn Garden City, Hertfordshire,
England.



2 W. A. THOMAS

domain of the X-ray crystallographer has been infiltrated to a degree
previously thought impossible.

In this review, the progress made in the conformational analysis of
amino acids and peptides, using NMR as the major tool, is examined,
to the end of December, 1971, with a few relevant references after
this date also incorporated. The reviewer must apologise for not
mentioning papers appearing in biological and biochemical journals
which are not covered by Chemical Abstracts and with which he is
not familiar.

The time-lag in the development of the NMR technique in
analysing the conformations of polypeptides and proteins was, in the
main, because of the apparent lack of information available from
complex spectra in aqueous solutions, insolubility in typical NMR
solvents, severe line-broadening in the spectra of large peptides
(proteins and enzymes) and a general disbelief that these problems
could be overcome. Introduction of super-conducting magnets, com-
puters and more recently, '3C and !°N facilities have overcome
many of the early problems. In this review, the progress made in
determining the conformations of amino acids and their derivatives,
small peptides, cyclic peptides, polyamino acids and proteins will be
dealt with in that order. For a more complete coverage of biological
applications of NMR, several other reviews on various aspects of the
subject have appeared, (1 to 13) which complement the material in
this chapter.

II. AMINO ACID CONFORMATIONS

Most of the twenty or so common amino acids were examined
using NMR as early as 1957-59. (14-16) Comprehensive and up-to-
date coupling constants and chemical shifts have been tabulated.
{1, 2) However, the conformations of these molecules were not
thoroughly investigated by NMR techniques until the spate of papers
following the valence-bond calculations of Karplus. (17, 18) Follow-
ing the apparently successful treatment of simple cyclic organic
compounds, Abraham and McLauchlan analysed completely the

Hb 0D
O -- __Ha Ha-- 3 & Ha
@ COZ e()2(: @ 5 Hb
N Ha” "N~ “Ha
D, D,

(1] 2]
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./'2333 7-66 Hz f2a3a 10-48 Hz
J2a3b 10-44 J2a3b 348
J3a3b ~14-06 J3a3b —-14-23
J3a40 1-41 J3a4a 471
J3b4ab 431 J3b4a 2-09
Jabsa 1-22 J4asa 4-57
Jabsb 4-09 Jaasy 094
Jsasb ~12:69 Jsasb ~12-50
J3as5a 1-6 J3b5b 2:0

60 MHz spectra of aqueous solutions of 4-hydroxy-L-proline [1] and
the corresponding allo-4-hydroxy-D -proline [2]. (19, 20)

H o o
CO
® 2
(<] N H N
0,C H H H oD

Y g

H H H H

OD H
[1a] [2a]

It was argued that the presence of large vicinal coupling constants in
the spectra of both compounds implied that both molecules were
relatively rigid in solution and not interconverting rapidly between
two or more conformations (leading to time-averaging and hence
decrease in the observed coupling constants). Using the accepted
“Karplus” type equations:

J=K, cos? ¢ 0<¢<90° (1)
J=K, cos® ¢ 90° < ¢ < 180° )

where K, and K, were constants for each particular C-C fragment,
and ¢ was the dihedral angle between the C-H bonds concerned, it
was proposed that the conformations [la] and [2a] were the most
likely for these molecules in aqueous solution i.e. envelope con-
formations with four out of five ring atoms in a plane. The
assignments for the protons fit these conformations, additional
support coming from the presence in each molecule of 4-bond
couplings between pseudo-equatorial protons. A similar investigation
of these two compounds in acid and alkaline media suggested that in
alkaline solution more than one conformation was present in each
case, the increase in mobility perhaps arising in part due to the

change I%Dz — N-D. (21) These papers were criticized by Robertson
et al. in later work on a series of 4-substituted prolines. (22) In the



4 W. A. THOMAS

light of present-day knowledge of stereochemical factors affecting
NMR data, it seems that quantitative use of “Karplus equations” was
unjustified at the time, though the qualitative features of the
proposed conformations were probably correct. Five-membered rings
have always proven difficult in conformation-determining exercises.
In the paper published by Robertson and his co-workers (22) it was
concluded that though the difference between cis and trans 4-substi-
tuted prolines could be rigorously defined by NMR, the individual
conformations of these compounds were not easily defined. Similar
problems have arisen with 3-methyl, (23, 24) 3-hydroxy, (25)
3,4-epoxy and 3,4-dihydroxy prolines, (26) where J, .5, and J, .3
often have similar magnitudes, making assignment difficult. Abraham
and Gatti, however, claimed some success with the determination of
the conformation of 3,4-cyclopropy! proline. (27)
In acyclic amino acids of the type RCH, CH(NH3 )C02 {31,

assuming the classical staggered forms, there are three possible
rotational isomers [3a, b and c]. In none of the isomers are H, and

R R R
2] o [S] ®
H3N\ H, H; CO, ozc\ NH,
H3 H2 H3 ® H2 H3 H2
co? NH,4 H,
[3a] [3b] [3c]

H; magnetically equivalent, the f-methylene protons thus being
diastereotopic. Therefore no matter what the rate of rotation about
the C,-C; bond and no matter what the mole fractions n,, n, and
n. may be, protons 1, 2 and 3 should show an ABC type of multiplet
in the NMR spectrum. This is usually so except in cases of accidental
equivalence, the extent of the non-equivalence depending on the
state of ionization of the molecule and the nature of R. Pachler (28,
29) discovered that in amino acids of the type [3] the average vicinal
coupling constant 4(/,, +J, 3) was largely independent of the group
R and was always approximately 6.3 Hz in magnitude. This figure
was arrived at by several independent routes. Making the assumption
that Jepycne =J12 in [a] =J;5 in [b] =J;, orJ,; in [c] and that
Jirans =413 In [al =J;, in [bl, it was found possible to derive the
mole fractions »n,, n, and n, using the following equations:

na+nb+nc=1 (1)
J12=na‘]g+nb]t+nc]g (2)
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J13 = i’la.]t +ang +nch (3)
Ji3 —J

- a3 g

ny = @)
Ji —J
_J12 g

=TT )

nc=1_(na+nb) (6)

If suitable values for J; and J, can be inserted in the equations, the
mole fractions n,, n, and n. can be estimated. However, the errors
implicit in the treatment may be considerable for the following
reasons; (i) the initial assumption of one gauche and one trans
coupling constant may be considered doubtful, since it is well-known
that electronegativity effects are maximum when the electronegative
group is trans to one of the coupling protons. It is therefore unlikely
that all the gauche couplings are identical (for an example note the
differences in the vicinal coupling constants in 4-phenyl-1,3-dioxan
(30)). (ii) the initial values of J, (13.6 Hz) and J, (2.6 Hz), although
suggested by perfectly rational argument, seem to be suspect in that
Ji in particular has rarely been found to be greater than ca. 12 Hz
even in systems where no electronegative substituents exist. Con-
versely the values J; (6.27) and J; (2.84) derived from a modified
Karplus equation (1) seem to have J, too small. An intermediate
value of the order of 10.5 Hz for J; and 2.7 Hz for J, would seem to
be more realistic. However, the errors made in the residence times by
varying J; and J, are not > 25% over the range suggested, so that the
treatment does apparently give a reasonable qualitative picture of the
situation. Another assumption made, however, in order that the
B-methylene protons be assigned is that the rotamer [a] is always the

Scheme 1
ﬁ) D
! 0 D CO,H
C— ~ o CO2
S P 5 ph~ > NHCOPR
N\<
Ph /
D e H o
H. / €O, enzymic D‘\ Z - CO, H-., /D/CO?
c—C e c—C + C—C
Ph~” S he resolution  Ph 7 7 N Ph RN
g NHs NH; H H oNH;

(28, 3R)B-2H phenylalanine
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favoured form. If this is the case, then the larger coupling constant
will always be J, 3 involving a frans coupling in rotamer [a]. The
only unambiguous method of assigning H, and Hj; is to stereo-
specifically substitute one of the (-protons for deuterium. This
experiment has been performed in the case of phenylalanine ([3],
R =Ph) and tyrosine ([3], R = p-C¢H,OH) by the following syn-
thetic scheme. (31, 32, 33)(Scheme 1)

The vicinal coupling constants of the specifically deuterated
phenylalanine derivatives [4] and [5] clearly indicate a marked
preference for the rotamer ([4a] or [5a]) with the phenyl and
carboxyl groups trans. These experiments confirm the previous
assignments in phenylalanine, and also for tyrosine which appears to
adopt a similar preferred rotational form.

Ph Ph Ph

Hx NHAc HO,C Hy AcHN CO,H

Ha D Hy D H, D
CO,H NHAc Hy
[4a] [4b] [4c]
Jax(ave.) =49 Hz

Ph Ph Ph

Hy NHAc HO,C Hy AcHN CO,H

D Hy D Hy D ~ Hp

CO,H NHAc Hx
(5al [5b] [Sc]

JBx(aVB.) =87 Hz

The most detailed analyses of the spectra of acyclic amino acids
have been performed on phenylalanine, tyrosine, tryptophan ({3], R
= 3-indolyl), histidine ([3], R = 5-imidazoyl) and serine ([3], R =
OH). In phenylalanine (34, 35) Cavanaugh found that the tempera-
ture variation of the vicinal coupling constants depended critically on
the concentration: at low concentration the two vicinal coupling
constants diverged with increasing temperature; at high concen-
tration they converged. It was concluded that deviations from
classical staggered conformations were small but that the anion
rotamer energies varied with temperature and concentration, the two
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less favoured rotamers becoming more stable at lower temperatures
and lower concentrations.

In the cation, however, the vicinal coupling constants varied very
little with temperature and concentration, suggesting that rotamer
energies do not vary to the same extent as in the anion. Similar
results were found for the tryptophan anion, but for histidine and
tyrosine slight differences in behaviour were noted. (36) However, in
all cases the two less favourable rotamers became less stable with
increase in temperature. These variations may arise from solvent-
solute and solute-solute interaction, the precise nature of which were
not defined. Although the concentration dependence of the NMR
data for serine was not evaluated, changes in the vicinal coupling
constants with temperature and pH were observed. (37) Throughout
the pH range the rotamer ([3c], R = OH) with the —OH and —CO¥%
groups gauche was always the most stable in contrast to most amino
acids, the dominance of this form increasing in the case of the cation.
Again the Pachler treatment (28, 29) was used in all this work to
derive the mole fractions of the rotational isomers.

The sulphur-containing amino-acids have received much attention,
(38-41) the —SH group of cysteine ([3] R = SH), cystine, cysteic
acid, lanthionine and djenkolic acid providing novel conformational
features. The sulphur substituent is bulky, and in cysteine has an
acidic proton which, in alkaline solution can be removed. Severe
repulsion between the —S® and —COO® groups makes the confor-
mation [3b or c¢] extremely unlikely. This feature is also true in
aspartic acid and similar amino acids. Martin and Mathur (39)
followed a different procedure from Pachler in examining cysteine,
considering limiting cases in the three rotational isomers. However,
the assumption of one J, and one J; was used once more, and the
values adopted by Pachler did not fit the treatment for cysteine. In

@
L-cystine [—-SCH, CH(NH; )C80] » in acid solution, it was suggested
that there is a stabilizing interaction between the two moieties,
which is absent in meso-cystine.

<]
In valine [6] [Me,CH CH(NI%QCOO] where the methy! groups

) )
H NH,4 Co,

Me Me Me Me Me Me
® ) ) ®
H3N CO, 0,C H H NH;4
H H H

[6a] [6b} [6¢]
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are diasterotopic the vicinal coupling constant varied from 5.1 Hz at
pH 14.0 to 4.3 Hz at pH 1.0. (42, 43) Although the presence of a
bulky group between the two methyl groups as in [6b] and [6¢]
would seem to be sterically unfavourable, the magnitude of the
coupling does not indicate a marked preference for the rotamer [6a].

Several papers have appeared (44, 45, 46) in which it has been
pointed out that the presence of an impurity in the racemic

threonine [7] [CH3CH(OH)CH(NI?I3 )CCS)O] examined by Aruldhas
(47) led to erroneous conclusions. By analogy with previous work,
(47) it was clearly shown that separate rotameric forms are not seen
in the NMR spectrum of threonine at room temperature and the
impurity in the sample examined by Aruldhas arose from the
presence of some of the allo isomer.

Further examples of successful conformational analysis with cyclic
imino acids are found with the six-membered pipecolic acid deriva-
tives [8] and [9]. Shoolery and Virtanen (48) from the 100 MHz
spectrum of the aqueous solution of 4-hydroxy pipecolic acid [8]
and 5-hydroxy pipecolic acid [9] established that the carboxyl and
hydroxyl functions were trans. The a-proton splittings for [8] of ca.
11 and 5 Hz indicated an axial orientation for the a-proton, and the
narrow septet for the —CH(OH) proton (ZJ = 14 Hz) clearly sug-
gested an equatorial proton coupled to four neighbours with similar
small couplings (axial-equatorial or equatorial-equatorial). The «-
proton was similarly oriented in 5-hydroxy pipecolic acid [9] but
the —CH(OH) proton was a considerably broader septet (ZJ ~
28 Hz). Thus the chair conformations shown were suggested for
these two molecules. Pipecolic acid [10] itself adopts a similar chair
conformation as expected, though acetylation (49) or nitrosation
(50) of the nitrogen inverts the ring into the other chair form with
the a-carboxy! function axial.

OH H H H
(<] <] ’ (=]
H Co, CO, Co,
H HO —H —H
e 18 Te
H H H H

[8] [9] [10]
Similar arguments were put forward in assigning the configurations
and conformations of the novel piperazic acids, products of hydroly-
sis of monamycin. (51, 52) The N-2,4-dinitro phenyl derivatives of
the chlorine containing piperazic acid [11] and the hydroxyl
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containing compound [12] were shown to possess the configurations
and conformations indicated using arguments similar to those put
forward for the pipecolic acid derivatives. The large NH .CH
coupling (J ~ 11 Hz) in both cases (dimethyl sulphoxide-d solvent)
suggested that the N—H proton was axiatly-oriented, presumably to
avoid steric interaction with the neighbouring bulky DNP group.
Again incorporation of these amino acids into peptide functions
reversed the chair conformations, forcing the a-carboxyl functions
into the axial position on account of unfavourable steric interactions
between the neighbouring amide groups for the equatorial confor-
mation.

A complete analysis of the complex 5-spin spectrum of azetidine-
2-carboxylic acid (53) [13] (previously published but not analysed

DNP e Hp H2

CO,H DNP.\ COo,H He 0,

[11] [12] 13]

(54)) suggests that as in the crystal, {55) some buckling of the
four-membered ring is present.

Although vicinal coupling constants in four-membered rings are
often unpredictable, and affected by other factors than dihedral
angle and electronegativity relationships, the vicinal couplings are
consistent with buckling of the ring as shown [13]. Thus Jop =
6.02 Hz, Jgg = 823 Hz, Jocg = 9.74 Hz and Jgp = 9.34 Hz in the
Cg-C, fragment, the difference between Jop and Jgg suggesting
dihedral angle differences.

Future prospects for studying conformational analysis via the
NMR spectra of !N (56) and '3C (57, 58) enriched amino acids
have been evaluated to some extent. Lichter and Roberts (56)
examined the proton spectra of some ' 5N enriched alanine, phenyl-
alanine and aspartic acid in order to investigate the usefulness of
15N-1H coupling constants as conformational probes.

For !*N-alanine (R = H), Jyu, JNH = 3.1 Hz; in ! * N-phenyl-
alanine (R = Ph), Jyy, = 3.4, JNH = 2. 9 and in 15N -aspartic acid
(R = COOH), Jxu, = 3.4 and JNH = 3.0 Hz. These couplings are
time-averaged for the three rotamers {14a, b and c¢]. The results,
taken with those from other ! N enriched compounds show a trend
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R ® ) R @ R o
H, !SNH, 0,C H, 15NH, Co,
H, H, H, 1 H, H, H,
5
COy NH, H,
[14a] [14b] [14¢]

for 3Jyyu to follow a fairly shallow and somewhat skewed Karplus-
type correlation with dihedral angle. However, before this can be
taken as a useful technique, in conformation assignment in amino
acids and peptides, a lot of “spade-work™ is necessary. Fifteen of the
naturally-occurring amino acids have been examined and their *3C
spectra assigned, using !3C-enriched samples obtained from algae
grown in an atmosphere of ! 3CO,. (57) Although proton-decoupled
13C spectra are desirable from the point of view of enhancing the
S/N ratio and simplifying the spectra considerably, much conforma-
tional information such as one-, two-, three- and four-bond !'3C-H
coupling constants is lost. Potentially, !3*C NMR is capable of
providing much information about amino acids and peptides which is
lacking in 'H spectra. Tabulated data on amino acids and peptides as
provided so far (57, 58) is invaluable in progressing towards this goal.

III. CONFORMATIONS OF N-ACYL AND RELATED
AMINO ACID DERIVATIVES

Before discussing dipeptide and polypeptide conformations, it is
worth examining the progress made in evaluating the conformational
features of model compounds, i.e. N-acylated amino acids. The
partial double-bond character of the amide bond presents a high
barrier to rotation, giving rise to geometric isomers as shown [15a,
bl normally detectable as an equilibrium mixture in NMR spectra.

O ! 2
AN /R O\ /R
/C—N\ — _C—-N{
R R" R R’
[15a] [15b]

(59) Although the two forms are readily observed as separate species
in the NMR spectrum, the assignment of the chemical shifts to one
form or the other is by no means obvious. Theory in general proving
inadequate, the experimental approach of Paulsen and Todt (60-64)
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has enabled a model to be drawn demonstrating the anisotropic
effect of the amide group [16]. In this model a proton a experiences
greater shielding than in position a'. In the out of plane region, for

(16]

instance, a proton at o' will be more shielded than one at ¢. In all
positions, the experimental data obtained from rigid compounds of
known stereochemistry supports this model. Thus in N,N'-dimethyl-
formamide the methyl group cis to oxygen resonates at lower fre-
quency than the frans methyl group, the assignments being proven by
Nuclear Overhauser experiments. (65)

In N-acylated amino acids which are examples of monosubstituted
amides, the tendency is for the amide bond to strongly prefer the
trans form ([15a], R” = H) with the N—H bond trans to the C=0.
(59) cis Peptide bonds have rarely been reported in monosubstituted
amides of this type in crystalline studies of peptides and proteins,
though in small cyclic peptides, as we shall see later, cis peptide
bonds are often a necessary requirement in the preferred conforma-
tion. One of the few examples quoted in the literature demonstrates
cis/trans isomerism in N-carbobenzoxy derivatives of alanine [17].
(66) It is argued that the cis form is stabilized by dimerization
through intermolecular hydrogen bonding as shown{18}. This iso-
merism was not observed at ambient temperatures, when the

CHj3

O0—H-0
| / N\
PhCH, OCONHCHCOOH —C C—
l
[17] (18]

spectrum was that of the averaged species, but was clearly demon-
strated at ~0°C.

In the cyclic imino acids, cis/trans isomerism about the amide
bond is commonly found, since the energy difference between the
two forms is governed primarily by the a-carboxy functions, and is
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generally small (<10 KJ/mole). Proline derivatives [19] have
naturally received most attention; it has been shown that in N-acetyl
proline derivatives, (67) N-carbobenzoxy proline, (68, 69) 4-hydroxy
proline derivatives, (70) and N-nitroso proline, (50, 71) cis/trans

i i
(4= 4
v Yo
C C
R/ \0 0/ \R

trans [19] cis

isomerism is a relatively slow process at room temperature, and the
spectra of the two forms are clearly visible. The assignments of the
two forms are by no means obvious. Benzene solvent shifts were
successfully used in the case of the acetyl prolines to assign cis and
trans isomers, (67) the trans form proving the more stable in most
solvents.

Similar studies have been carried out on N-acetyl azetidine-2-
carboxylic acid, (53) the four-membered ring homologue of N-acetyl-
proline. Again the trans isomer was generally the more stable except
for instance in pyridine solution. Acetylation was shown to flatten
the four-membered ring considerably. !'3C NMR spectroscopy
promises to be useful in studying conformational equilibria of this
type. In Fig. 1, the proton decoupled '*C spectrum of N-acetyl
pipecolic acid clearly demonstrates the geometric isomerism the
smaller peaks corresponding to the cis isomer. (49) It is an interesting
fact that dissolution of crystalline N-acetyl pipecolic acid in ds-
methanol at —60°, and examination of the spectrum at this tempera-
ture unambiguously shows only the cis form in solution, in contrast
to the acety!l derivatives of proline and azetidine-2-carboxylic acid
where the crystal form is the srans conformation. (49) In all cases,
the Paulsen model fits the observed spectra and assignments.

Newmark and Miller (72) have made a detailed study of the
conformations of derivatives of valine and phenylalanine. The vari-
ation of vicinal couplings with solvent was used to deduce the
populations of the usual rotational isomers using the Pachler
approach. They suggest that intramolecular interactions are more
important than the medium in determining rotamer energies. Finally,
as expected, cis/trans isomerism about the sarcosine (N-methyl
glycine) amide bond has been demonstrated. (73)
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CHym
C.
@Lco H Oco H Cem
C?(T)
07* CH3 C,n Csn CHy©)
TRANS(T) CIs(C) Ce)
X
Camide(T)
Cacid
Cxo
— kcsm
C2(C) &
(\Camide(c) X O
|
u WIABNLY
174 170 %6 162 ]_5r8 54 50 46 4]2 3813|41 3IO 2]6] 212 JSI 14 PPM.

FIG. 1. The !'3C spectrum of N-acetyl pipecolic acid in dimethyl sulphoxide-dg.

IV. DIPEPTIDE CONFORMATIONS

In recent years the study of dipeptide conformations by NMR
spectroscopy has been a source of several papers. (66, 69, 74-92) The
pioneering paper in the more recent series was undoubtedly the
study of alanine dipeptides, (37) in which it was proposed that in
non-polar solvents ca. 70% of the molecules existed in a folded form,
stabilized by an intramolecular hydrogen bond enclosing a seven-
membered ring [20]. Some criticism of the assignments made in this
work have since been published. (66) This cyclic conformation of
dipeptides had been previously suggested, (74) though in the context
that the D,1 forms of dipeptides preferred the folded form and the
L,L forms a “stretched”” conformation. A key factor in determining
the conformation of the peptide backbone in dipeptides, and in fact
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R R”
TN
i NN R H
0// N_._C%\O = v P O
\ Rn N
H R’ o \<,
R

[20]

in almost all conformational work on peptides using NMR spectro-
scopy, has been the angular dependence of *J(CH-NH), a plot of this
coupling against the dihedral angle § following a similar proposed
curve to that proposed for 3J(CH-CH) (Fig. 2) with maxima at 6 = 0
or 180° and minima at § ~90°.

10.0

8.0

6.0

4.0

2.0

FIG. 2. The modified “Karplus” curve plotiing JONHCH) against dihedral angle 6. [From
Bystrov er al (82)].

Previous work on CH . NH fragments in a variety of compounds
established the dihedral angle relationship, (93-103) but only in the
last four years has it been put on a firm footing. Gibbons e al. have
proposed that the use of 3J(NH-CH) coupled with the use of
conformational energy maps is the best way to determine the shape
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of peptide backbones. (104) This combination of experimental NMR
data and the calculation of potential energy minima (105) appears to
be becoming the most popular method of deriving conformational
information. (12, 85, 88). Very recently, Ramachandran,
Chandrasekaran and Kopple (106) have used PMR data and confor-
mational energy calculations to establish a more quantitative
coupling constant/dihedral angle relationship for the peptide unit.
From eight examples in which the number of theoretical assumptions
was least, best values were obtained for the coefficients A, B and C in
the equation:

J=A cos® 6 + B cos 6 + Csin* 0 (7

The values 4 = 7.9, B = —1.55 and C = 1.35 gave reasonable fits in
cases where NMR and other data correlated well. In peptide frag-
ments containing valine, isoleucine, phenylalanine and tyrosine,
however, the agreement was not so good, probably on account of
interactions not considered in the calculations.

In an exhaustive study of N-acetyl-alanyl-phenylalanines and
related peptides, (90) it was concluded that in CCl, solutions, from
60-80% of the molecules were in a folded conformation, the
preferred form having the CH . NH fragment cis in the D-D isomers,
and trans in the D-L isomers. However, much of the evidence
favouring the folded conformation of dipeptides is derived from IR
data, outside the scope of this review. Cis/trans isomerism about the
amide bond has been demonstrated in the case of N-methylated
dipeptides, (87) and in dipeptides containing proline. (67, 69, 84)
From the wealth of data obtained from the NMR spectra of
dipeptides it is clear that even in these small molecules, the number
of degrees of freedom allowed in the molecule complicates the issue
enormously. Therefore the possibility of applying the technique to
longer peptides is forbiddingly complex unless the number of
possible conformations is restricted, as in cyclic peptides.

V. CONFORMATIONS OF LINEAR PEPTIDES WITH
THREE OR MORE RESIDUES

The difficulties inherent in determining the conformations of tri-,
tetra- and longer peptides are reflected in the fact that very little
NMR work has been published on the investigation of such peptides,
although in small biologically-active peptides, structure-activity
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relationships are most important. Some success (107) was achieved
by examination of the C-terminal tetra peptide trp-met-asp-phe-
NH, of gastrin which has the activity of the parent 1I7-residue
hormone in stimulating acid secretion in the stomach. Rotamer
populations of the side-chains were derived using the Pachler
technique (28, 29) discussed earlier. It was concluded that the
peptide backbone adopts an extended coil conformation, with no
intramolecular hydrogen bonds and with the aromatic rings well-
separated.

An ambitious study of antiotensin II analogues has been published
by Weinkam and Jorgensen. (108, 109) The 'H spectra of this
biologically important octapeptide, (109) and in particular the
heptapeptide analogue [21], showed evidence of conformational

H-Gly . Val . Phe . Ileu . His . Pro . Phe-OH
(21]

stability, manifested in low-frequency shifts of proline protons in close
proximity to the imidazole ring, line broadening of the protons in
the imadazole rings, and the presence of a single, intramolecular
hydrogen bond. This result is in agreement with conclusions from
previous studies involving the ESR spectra of free-radical containing
antiotensin analogues. (108)

VI. CYCLIC PEPTIDES

Before discussing the information available from NMR studies of
long chain polypeptides, proteins and enzymes, it is worthwhile
reviewing the most fruitful area in the use of NMR in the conforma-
tional analysis of peptide molecules, i.e. cyclic peptides, where the
restriction in mobility allows more definite conclusions to be made.
Progress made in this field has been reviewed recently, (7, 8, 12)
clearly showing the enormous expansion of interest in this area of
chemistry.
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1. Cyclic Dipeptides (Diketopiperazines)

Cyclic dipeptides (DKP’s) with the general structure [22] have
received much attention. Kopple and co-workers have been the most
active in this area, (110-113) being the first research group to
demonstrate the preferred folded conformation of DKP’s having an
aryl methyl side chain as shown [23]. Similar conclusions have been

~ ><f0 N
N
N &CO—NH%
O)>< ~ NHm=CO

[22] [23]

published elsewhere, (114) and the recent publication of the crystal
structure of cyclo(gly-tyr) adds further weight to the argument.
(115) The energy difference favouring the folded form is estimated
to be 8 to 21 KJ/mole. (112) This attraction between the aromatic
ring and the DKP ring appears to arise from interactions between the
amide dipoles and dipoles induced in the w-electron cloud, and not
from a component of -7 donor-acceptor interaction. (112) Hatton
and Richards had proposed earlier that benzene-amide attractive
interactions could account for the differential shielding of the cis and
trans methyl groups in dimethylformamide. (116) Similar aromatic/
backbone interactions have been proposed in linear peptides with
aromatic residues. (16, 117) It is interesting that when two aromatic
side chains are cis. as in cyclo(r his-t his) [24], the aromatic rings

H
N
gl
H "2 g NN
T

N OJYN\H
@—CHz H
i

[24]



18 W. A. THOMAS

share the space over the DKP ring. (113) It should be noted that in
diketopiperazines and similar structures, the DKP ring itself is not
necessarily planar; (118, 119) various boat and skewed-boat confor-
mations have been suggested, again as found in the crystal structures.
(120-122) Quantum mechanical calculations have been used to
predict the favoured conformations of DKP’s, but this is outside the
scope of this review. Finally, the NMR spectrum of the novel
cyclo(L-cystine) [25] has been examined, and analysed to give

H
Gy
=S
JSQN
0" ™"~y
H

(25]

chemical shifts and coupling constants. (123) No conformational
information was inferred from the result. '

2. Cyclic Tripeptides

Dale and Titlestad in 1969 examined a series of cyclic oligo-
peptides of sarcosine {N(Me)-CH,-COly . (124) In the NMR
spectrum of the cyclic trimer (CDCl;, 40°), the N-CH; groups
appear as a singlet at 3.1 ppm, and the methylene protons as an AB
quartet (8, == 49, &z ~ 3.5, /=~ 16 Hz). The only conformation
fitting this data is a structure with all C=0 bonds cis [26], in which

(26]

the inner/outer nature of the methylene protons clearly explains the
large chemical shift difference observed. Coalescence of the methyl-
ene protons takes place at 145°C, giving a free energy of activation
of 84.4 KJ/mole for the ring inversion process. (125)

The peptide backbone of cyclo tri-L-prolyl again must adopt the
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form with three cis peptide bonds, (126) and is probably even more
rigid than the trisarcosyl derivative. Deber et al (127) have analysed
completely the 220 MHz NMR spectrum of this compound and
related derivatives, determining all the vicinal coupling constants

[27]

around the ring by computer-simulation. The three proline rings are
symmetrically placed about the axis through the ring and there is
therefore one multiplet for three equivalent a-protons, one multiplet
for each of the two S-protons, etc. Using the Karplus-type relation-
ship discussed previously, it was concluded that a rigid conformation
was present [27] similar to [26], in which the four carbon atoms of
each pyrrolidine ring were coplanar, with the nitrogen atoms out of
the plane. A large low-frequency shift of H, in cyclo(tri-L-prolyl) was
observed on adding C¢Dg to a solution in CD, Cl,. (128) This is
interpreted as arising from the formation of stereospecific collision
complexes, the preferred orientations resulting from attractive inter-
actions between the electron-rich aromatic ring and the electro-
positive a-protons and/or nitrogen atoms in the peptide backbone,
probably of a similar nature to these discussed previously. (112, 116,
117)

3. Cyclic Tetrapeptides

The conformation of the 12-membered ring of cyclic tetrapep-
tides in solution was the subject of much speculation, prior to the
experimental work of Dale and colleagues, (124, 129, 130, 131) who
showed clearly and unambiguously that cyclotetrasarcosyl adopts the
conformation [28], similar to that in the crystal. (131, 132) The
interesting features in this conformation are the presence of two cis
amide bonds, and the close proximity of the two trans amide bonds
(ca. 2.4 A apart) suggesting that there is some transannular inter-
action tending towards the extreme case as shown in {29]. Apart
from the evidence from the crystal structure, NMR evidence tends to
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support such interactions since the coalescence temperature for
cyclotetrasarcosyl (ca. 180°C) is very different from that in cyclo
(sar-gly-sar-gly) (ca. 20°C), the difference being attributed to the
lower basicities of NH than NMe, and consequently lesser trans-
annular interaction. Very recently, results have appeared in which
the conformations of protonated species of cyclotetrapeptides have
been discussed. (130)

Turning to 14-membered rings, the conformation of the naturally
occurring cyclodepsipeptide antibiotic serratamolide has been investi-
gated using a combination of NMR and IR spectroscopy. (133) The
presence of only five multiplets in the NMR spectrum of the peptide
backbone protons, and the apparent absence of conformational
mobility in the ring (between —85 and +150°C) suggested a two-fold
axis of symmetry. In addition small vicinal couplings (J =~ 2,5 Hz) for
the -CH, CH- fragments in the ring, and a large coupling (/ ~ 9 Hz)
for the CH . NH fragment suggested gauche and trans orientations
respectively. Rapid exchange of the NH protons in methanol-d, and
a high temperature dependence of the chemical shift of the NH
protons confirmed the lack of intramolecular hydrogen bonding
(NH ... 0=C). Again small vicinal couplings for the -C,H CgH,-
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fragments of the seryl residues suggested predominant gauche
relationships for these protons. This evidence, coupled with high
dilution IR measurements suggested a conformation [30]. It is
interesting to note that in the related compounds lacking the
hydrocarbon side-chains, the di-O-t-butyl or di-O-acetyl derivatives
apparently adopt similar conformations in solution, whereas the
meso-compound [31] with one L and one D serine residue prefers

OR

[31]  OR
the conformation shown. The NMR information from these com-
pounds seems unambiguous, conformational rigidity being clearly
present in the -CH,-CH,~ fragments, which appear as a readily
analysable ABXY system in suitable solvents.

4. Cyclic Pentapeptides

Interest in the conformation of actinomycin D [32] lies in the
desire to determine the mechanism of inhibition by this and related

/Sar\ /Sar\
}|’ro Me\llal Me\llal ll’ro L)
@

V;{ /O O\ /Val (D)
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molecules of DNA dependent RNA synthesis. Some controversy has
arisen over the interpretation of NMR data for actinomycin D.
(134-141). It seems agreed that there are intramolecular hydrogen
bonds in each peptide lactone ring in solution. The consensus of
opinion at present indicates that the isolated pentapeptide lactones
exist in solution with amide and ester bonds frans-oriented, except
for the amide bond between sarcosine and proline which is cis
(defined as in [19]). It is argued that Lackner’s conformation (135,
136) with the sarcosine-proline amide bond trans has the N-methyl
group too close to the proline ring. (141) It is agreed, however, that
in the isolated peptide lactone rings there is a hydrogen bond
between the D-valine NH proton and the sarcosine carboxyi group,
demonstrated by slow exchange and a low temperature coefficient of
the NH protons in the NMR spectrum. In the crystal structure,
however, (142) there are two hydrogen bonds between D -valine
residues in different rings, and cis sarcosine-proline amide bonds.
Clearly, this topic is by no means exhausted.

5. Cyclic Hexapeptides

Cyclic hexapeptides and depsipeptides are probably the most-
studied of the cyclic series, possibly because of their easy synthesis
and ready availability. An interesting factor is the ability of some
naturally-occurring and synthetic cyclohexapeptides or cyclohexa-
depsipeptides to complex with alkali metal cations. The ability of
some cyclic peptides or more often, cyclodepsipeptides to act as
selective ion transporters has been correlated with antibiotic activity,
(143) but this has been disputed by various groups. It is generally
agreed that the conformation of the peptide backbone is as shown
[33] with two anti-parallel hydrogen bonds, in a S-pleated sheet
structure as proposed by Schwyzer. (144-146)

The 'H NMR spectra of a wide variety of cyclic hexapeptides has
been studied, and the presence of two backbone NH protons shielded
from solvent, and four exposed, is good evidence for the typical
structure [33]. (147-151) Additional evidence concerning the pep-
tide backbone conformation is afforded by measurements of
3J(NHCH) for the six residues, where possible. An extensive examin-
ation of all possible combinations of L-alanine and glycine residues,
and all possible combinations of diastereomeric cyclohexa-alanyls,
showed that all the compounds examined revealed two groups of NH
resonances in the 'H NMR spectrum in the ratio 4:2, the 4 protons
appearing to lower field. (149-151) It is suggested that, since the
deuterium exchange rate does not differentiate between the two
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[33] R

groups, fast conformational isomerism of the type [34] is occurring.
Further evidence of conformational isomerism in cyclic hexapeptides
has appeared very recently. (152-154) From an examination of

N N
o @
N nH G
[A] [B] [C]
[34]
several cyclohexapeptides, Kopple et al. concluded that the trans-
annular hydrogen bonds are not important conformational deter-
minants and that the residues with side chains take up the most
favourable positions energetically. (152)

A thorough 220 MHz NMR analysis of cyclo(pro-ser-gly-pro-ser-
gly) provided convincing evidence that the molecule rapidly inter-
converts between two distorted S-structures, both with two gly-gly
intramolecular hydrogen bonds, and both with frans gly-pro peptide
bonds. (153) Further peaks in the spectra are consistent with a small
population of an asymmetric conformation possessing one cis and
one trans gly-pro amide bond, and separated from the more

favoured symmetric conformations by a high energy barrier. A
related examination of cyclo(ser-pro-gly-ser-pro-gly), (154) using
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evidence of *J(NHCH), NH exchange rates and temperature depen-
dence showed that this molecule adopts a major conformation in
aqueous solution similar to [33], with two ser-ser intramolecular
hydrogen bonds, but in DMSO solution, cis ser-pro amide bonds are
preferred, with no hydrogen bonds. It is evident that the confor-
mations of these cyclic hexapeptides are not limited to the (-
structure, the actual conformation depending on the nature and
order of the amino acids present and the solvent used.

The naturally-occurring cyclodepsipeptide enniatin B ({351,
R =CH;) is one of the antibiotic molecules capable of increasing

CIHMez l‘{ (IZHMeg
‘—[-OM-CH—CG-N—CH—CO—];

D L

[35]

specifically the ion permeability of artificial and biological mem-
branes. (155) The NMR spectrum of [35] in CS,-CD;C¢D; (2:1) at
different temperatures is shown in Fig. 3. At —127°C three equally
intense N-methyl singlets are visible suggesting that a dissymmetric
conformation has been frozen out or, less likely, that three different
equally-populated conformations are present. Therefore it seems that
in the preferred conformation at —127°C the three N-CH; groups
are in different environments, and a conformation incorporating
these features was proposed. This is in contrast to the structure of
the complex with potassium iodide, in which the potassium resides in
a compact symmetrical cavity equidistant from the oxygen atoms of
the six carbonyl groups as shown [36]. In the corresponding Li®,
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FIG. 3. The NMR spectrum of enniatin B in CS, at —119° (upper trace) and in
CS;:CD3C¢Ds (2:1) at different temperatures {lower spectrum) [From Ovchinnikov et al
(155).]

Na®, K® and Cs® complexes of tri-N-desmethyl enniatin B ([35], R =
H) 3J(NHCH) varied considerably (5.1, 6.5, 7.9 and 8.4 Hz respec-
tively). This increase, it is suggested, reflects the “opening-out” of
the carbonyl groups to accommodate the larger cation.

Ferrichrome [37], which can act as a growth factor for certain
micro-organisms and is suspected to have a role in ion transport, is
unsuitable for PMR studies owing to paramagnetic effects. A confor-
mational study of deferrichrome and its A1*® complex has been
reported, using 220MHz NMR as the investigating tool. (156) It was
concluded that the Schwyzer-type of structure was predominant, in
solution, with two transannular hydrogen bonds.

The overwhelming evidence therefore suggests that the cyclohexa-
peptides, where possible, adopt the conformation [33] with the
hydrogen bonds enclosing two 10-membered rings, termed S-turns
(8) or f-loops. (7) It is encouraging that this structure has been found
in the crystal of cyclo(gly-gly-p-ala-D-ala-gly-gly) (157) and in
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one of four conformations of cyclohexaglycyl. (158) The 8-loop has
been reported in many cyclic and linear peptides, (7, 8) and is now a
common feature particularly in large cyclic peptides.

6. Cyclic Peptides with 7 to 9 Residues

Evolidine, isolated from the leaves of evodia xanthoxyloides has
the structure cyclo(ser-phe-leu-pro-val-asn-leu) (all L). (159) The
temperature dependence of the chemical shifts of the peptide NH
protons indicated that those of the asparagine ([3], R = CONH,)
and phenylalanine residues were shielded from the solvent. Again
problems arise with the proline residue, the best fit with the data
having the leu-pro amide bond cis in the cycloheptapeptide.

A cyclononapeptide ‘“‘Cyclolinopeptide A” was examined by
Brewster and Bovey (160) and Tonelli. (161) Using the methods
described above, they concluded that the 27-membered ring in
dimethyl sulphoxide solution does not have intramolecular hydrogen
bonds. Of the seven peptide NH protons in the structure, cyclo(phe-
phe-leu-ile-ile-leu-val-pro-pro) (allL) five are apparently exposed
to solvent and two not. Spin decoupling assignments clearly show
that one of the proline a-protons appears as a sharp doublet
(J/ ~ 8 Hz) as is the case with several other cyclic peptides, (159,
162) suggesting dihedral angles of 30° and 90° with the 5-C-H
bonds, consistent with an envelope conformation with C,, out of the
plane of the other four ring atoms.

Oxytocin [38] and the related lysine vasopressin [39] have been
the subjects of intense interest as far as conformational analysis is
concerned. (163-170) Though these peptides are cyclic only in
having disulphide bridges, the very presence of the latter produces
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[38] X =1leu, Y =Leu
[39] X =Phe, Y = Lys.

novel conformational features. The crystal structure of a derivative
of the C-terminal tetrapeptide (S-benzyl-cys-pro-leu NH,) includes
a “B-loop”, (171) though the crystal structure of the cyclic moiety
has not, to the author’s knowledge, been determined. In solution,
NMR analysis shows the conformations of oxytocin and lysine
vasopressin are different in dimethyl sulphoxide and aqueous solu-
tions, the crucial issue, as in all studies of cyclic peptides, being the
presence or absence of transannular hydrogen bonds. In dimethyl
sulphoxide it is claimed that the 20-membered ring of oxytocin is
stabilized by two Schwyzer-like hydrogen bonds (163, 165) one
enclosing the familiar B-loop and that the C-terminal residue [40]

[40]

also includes a “‘B-loop” as in the crystal structure. (166) However, it
has been shown that in dimethyl sulphoxide solution, derivatives of
the side chain of oxytocin can adopt cis or frans conformations
about the cys-pro bond, (167) although only the trans form was
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found in oxytocin itself. (166) Since aqueous solutions bear more
relation to biological reality, it is interesting that Feeney et al. found
no evidence for intramolecular hydrogen bonding in aqueous solu-
tions of oxytocin and lysine-vasopressin, nor was the side-chain
folded over the ring. (168) From these and related studies on
lysine-vasopressin, (169, 170) it is clear that it is dangerous to
extrapolate results in one solvent to predict conformations in
another solvent, or to use crystal structures as a basis for arguing
solution conformations.

7. Cyclic Decapeptides

The conformation of Gramicidin S [41] has been sought after for
about twenty years, but only in the last two years has the 3-pleated
sheet structure [41], first proposed by Hodgkin and Oughton, (712)
been proved acceptable in solution by several research groups. (146,
173-177). NMR has again proved to be the most powerful available
tool for unravelling the conformation. The C, symmetry of the
conformation is evident from both 'H (146, 173-177) and !'3C
spectra, (178) and measurements of 3J(NHCH), and the exchange-
rates and temperature coefficients of the amide protons led to the
assignment of [41] as the only form in solution, similar to that
found in the crystal. (179) The anti-bacterial activity of this
compound is certainly not related to ion-transport activity, since
Gramicidin S, unlike the cyclodecapeptide antanamide [42], (180,
181) does not complex with alkali metal ions.

Val—Pro—Pro—Ala—Phe

Phe—Phe—Pro—Pro—Phe
[42]

At the present time the conformation of antanamide is a matter of
some controversy, the American group (using NMR, C.D. and
theoretical calculations) finding #no intramolecular hydrogen bonding
in their proposed model which has considerable symmetry, (180) and
the Russian group (using NMR, ORD, IR and theoretical treatment)
finding two conformations, one of which in non-polar solvents has
no less than six hydrogen-bonded NH groups. (182) Both groups,
however, agree that the amide bonds involving the proline nitrogen
atoms are trans oriented. Further work on the sodium ion-dipole
complex of antanamide (182) suggests that the cation residues in a
cavity of a conformation similar to that adopted by nonactin, (183)
the backbone resembling a tennis-ball seam, in wrapping itself around
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the cation, with six carbonyl groups involved in complexation.
Finally, the novel conformational characteristics of a cyclic deca-
peptide analogue of Gramicidin S with a chiral cystine disulphide
bridge have been reported, from NMR and CD investigations. (184)

8. Macrocyclic Peptides and Depsipeptides

From the previous discussion in this Review, the reader may
naturally consider futile any investigations into the conformations of
even larger rings, since the number of variables, and hence possible
conformations, would seem to be unlimited. However, in the case of
the 36-membered ring of the most famous of all cyclodepsipeptides,
valinomycin [43}, the high symmetry of the molecule means that

CHMe,  CHMe, CH, CHMe,
O0—CH—CONH—CH—CO0—CH—CONH—CH—CO—};
D D L L
[43]

study of the conformation by NMR and other techniques is both
practical and feasible, as noted by several groups. (8, 143, 175,
185-192) Although opinion is not unanimous on the conformation
of the uncomplexed valinomycin, it appears that several confor-
mations may exist depending on the solvent used. Ivanov et al. now
consider that valinomycin adopts a conformation with three S-loops
in non-polar solvents, and several conformations in polar solvents.
Opinion is fairly unanimous that the potassium complex of valino-
mycin is as in the crystal, (193) with the potassium ion at the centre
of a barrel-shaped peptide backbone, held together by 6 intra-
molecular hydrogen bonds each enclosing the usual ten-membered
ring (B-loop) [44]. (8, 143, 175, 185-192) 13C spectra of the free
and complexed molecule indicate that the carbonyl resonances shift
4 ppm to high frequency on compiexation, clearly a large effect readily
monitored by *3C NMR spectroscopy. (190, 191) It is thought that
larger cations such as Rb® and Cs® cause the cavity in the complex to
expand, thus lengthening and weakening the NH...OC hydrogen
bonds. (188, 192)

Finally, the cyclic polypeptide alamethicin (with a 53-membered
ring), which is yet another molecule with ion-transport properties,
has been examined by NMR and other techniques and a confor-
mation proposed, which must be highly speculative, judging by the
difficulty of assigning conformations to even small cyclic peptides.
(194-196)
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Summarizing this section on cyclic peptides, it is clear that NMR
alone is often insufficient to accurately predict the shapes adopted
by the rings, but that is by far the most powerful technique available
for determination of solution conformation. A combination of NMR
with IR and ORD measurements, or better potential energy calcula-
tions seems to offer the best solution to the problem. Doubts still
remain with regard to the presence or absence of transannular
hydrogen bonds in these systems. Another technique for establishing
the presence or absence of intramolecular hydrogen bonds or solvent
shielded protons is to study the 'H NMR spectrum in trifluoroethanol-
solvent mixtures. (197) Examples clearly show a dramatic low
frequency shift for the amide protons exposed to solvent, and a slight
high-frequency shift for amide protons shielded from the solvent,
without apparently changes in conformation occurring.

VII. POLY-AMINO ACIDS AND SEQUENTIAL CO-POLYMERS

The study of poly-amino acids by *H NMR spectroscopy is a review
initself and the reader is referred to several recent review articles on the
subject. (3, 46) These molecules provide spectroscopic data for
well-defined conformations in solution and transition to another
conformation is effectively monitored. For example, the addition of
trifluoroacetic acid (TFA) to chloroform-d solutions of poly-a-amino
acids breaks down the a-helix to the random coil form in which
different chemical shifts are observed. Sheard and Bradbury (4)
summarize the situation up to early 1969 as follows:
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(a) In chloroform solution, the «a-proton chemical shift is
apparently the same in helical and random coil conformations,
though in aqueous solution small differences are apparent.

(b) Addition of TFA to chloroform solutions causes a large
chemical shift to high frequency for the random coil o-CH
peak. In the mixed solvent, the helix content may be estimated
either from relative peak areas, or from the chemical shift of
the time-averaged a-proton under conditions of rapid exchange.

(¢) The a-proton chemical shift of an L-residue in a right-handed
o-helix is similar to that in an L-residue of a left-handed helix.

(d) Side chains have a considerable effect on the a-proton
chemical shifts in both helical and random-coil forms.

A selection of important papers appearing since 1969 are sum-
marized as follows: the kinetics of the helix-coil transition in
poly-L-ala, and poly-L-met have been followed by NMR/ORD, and
the results suggest that the helix-coil interconversion of low
molecular weight polypeptides has a longer relaxation time than high
molecular weight polypeptides. (198) Helix-coil transitions and
conformations have received further study in the case of poly(L-
glutamic acid esters), (199-202) poly(i-aspartic acid esters), (203,
204) poly(L-lysines), (205) various polymers of residues containing
aromatic groups, (206-209) poly(DL-alanine) and poly(L-alanine),
(210, 211) poly(B-alanine), (212, 213) several alternating sequential
polypeptides, (214, 215) poly(N-methyl-L-alanine), (216) poly(L
-proline) I and II, (84, 89, 217, 218) poly(sarcosine) (219) and
poly(L-thiazolidine-4-carboxylic acid) and poly(L-oxazolidine-4-
carboxylic acid). (220) Polymers of L-proline and N-methylated
amino acids are of immediate interest, the amide bonds in such
compounds may be cis or trans oriented. Poly-L-proline I has a
regular helical structure with allcis peptide bonds and when dis-
solved in water isomerizes to the all-trans form II. This can
effectively be monitored by NMR, since the a-protons have different
chemical shifts in the two forms. (218) It is suggested with some
experimental evidence that, in aqueous solution, the isomerization
begins at the carboxyl end of the polymer and proceeds stepwise
down the chain. (218)

Finally in this brief survey of the field of regular polypeptides,
some important general papers have appeared. The assignment of
o-CH peaks in the NMR spectra of polypeptides has been made with
further experimental evidence. (221) The conformation about the
N-C, bond in random-coil polypeptides has been discussed. (222)
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13C NMR has been used to study the helix-coil transition of poly(y-
benzyl glutamate). (223)

VIII. IRREGULAR POLYPEPTIDES, PROTEINS AND ENZYMES

As stated previously, although the information present in the
NMR spectrum should be sufficient to define the conformation of a
polypeptide fairly rigorously, :the ambiguitites associated with
analysis of the spectrum, and with 3J(CHNH) measurements of
dihedral angle cause extreme difficulty. Urry and co-workers have
bravely attempted to define conformational features of gramicidin
A’, a mixture of penta-decapeptides differing only in the residue at
position 11. (224-227) There is considerable evidence that this
family of peptides form channels through liquid bilayer membranes,
and also manifest many of the physical properties of proteins, e.g.
aggregation and interaction with lipids and metal ions. It is proposed
that gramicidin A" adopts a lipophilic, left-handed helical structure
termed the m(y p) helix. Two such helices joined head to head form
a channel through which cations may pass. NMR features, in
particular 3J(NHCH) values, are consistent with such a conformation
in dimethyl sulphoxide solution.

Determination of the complete solution conformations of giant
molecules such as proteins and enzymes is clearly impossible at the
present state of development of NMR spectroscopy and theory. Most
of the published work so far (228-240) has been concentrated on
lysozyme, an enzyme with a single chain of 129 amino acids with
four disulphide bridges. The proximity of the methyl groups of
valine, leucine and isoleucine residues to the axes of aromatic rings in
the enzyme in the folded form is demonstrated by the presence of a
low-frequency shift at § 0.7 to 1.0. These resonances are absent in the
denatured enzyme. (229) In a more recent paper five out of the six
indole NH protons have been resolved at 220 MHz and assigned to
specific residues in the enzyme by means of chemical modification,
deuterium exchange kinetics and inhibitor perturbation studies to-
gether with X-ray diffraction studies. (233) Summarizing briefly
other lysozyme NMR research, the mechanism of the reversible
denaturization of the enzyme has been studied, (232) partial
deuterium substitution has been used to aid assignment, (234) '°F
NMR has been used to study the binding of fluorinated substances to
the active site, (236, 238) and ! 3 C studies have been reported. (239,
240)
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More dramatic chemical shift abnormalities have been found in
protons containing paramagnetic metal species, e.g. the haem pro-
teins, (242-245) ferredoxins, (246, 247) cytochrome C, (248) cyano-
ferrimyoglobin (249) and chromatium high potential iron protein.
(250) Large pseudo-contact shifts in these molecules allow some
conformational features to be recognized. A large number of papers
have reported NMR studies of enzyme-substrate and enzyme-
inhibitor complexes, and metal binding reactions of enzymes. This
subject is outside the scope of this review, but a review of this work
with 118 references has recently appeared. (251)

It is clear that at the present time the amount of conformational
information gleaned from the NMR spectra of macromolecules of
this type is very limited, owing in the main to the complexity of the
spectra investigated. Use of nuclei other than hydrogen-'3C, '°F
appears to offer more scope, or examination of the 'H spectra of
massively deuterated proteins. The proteins. The problem of assign-
ment of !3C resonances has been simplified by a graphical technique
using off-resonance decoupling at the proton frequency. (252) Use
of lanthanide cations or complexes to simplify the spectra of pep-
tides has scarcely been used up to the present time, but offers
great potential as a conformational probe, and spectrum simplifier.
(253)

IX. SUMMARY

It is clear that despite the problems and ambiguities associated
with the determination of peptide conformations from NMR data,
the technique offers more information than other physical methods
in solution studies, particularly in the case of cyclic peptides, where
the number of possible conformations is limited. However, a com-
bination of NMR with other techniques used such as IR, ORD/CD
and potential energy calculations appears to offer the best solution.
Although it seems unlikely that all the information associated with
the NMR spectra of proteins and enzymes will ever be extracted,
valuable facts concerning active site interactions will probably be
determined. A technique not discussed in this Review is the measure-
ment of relaxation times of !3C nuclei. Since these are sensitive to
environment it is possible that yet another conformational probe will
emerge in the near future.

I would like to thank those authors who kindly provided reprints
and preprints of papers I have included in this Review.
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year has seen a further increase in the number of papers on the topic
of fluorine NMR in the literature. A large proportion of these were
either purely descriptive of the NMR spectra or a structural elucida-
tion of organic and inorganic molecules by NMR. A relevant number
of papers were also concerned with a detailed treatment of the
theoretical aspects of fluorine NMR Spectroscopy. The basic
Sections of this chapter will be essentially the same as used in
the other volumes of this Series. In Section III some aspects of
the '°F chemical shifts and coupling constants involving fluorine
nuclei which come out in the 1971 year are discussed. All fluorine
chemical shifts reported in this chapter are relative to CFCly scale
(6¢ra, = 0) are quoted as negative when the resonances are to lower
frequency (higher field) of CFCl;. When necessary, the chemical
shifts were converted to CFCl; scale by taking the following shift
values:

CF3COOH —78-5

CF3COOCH; ~74-2

CegFg -162-9

Ph- CF3 -63-9

CF3CCl3 -82-2

CyF,Cly —67-3

(CF,CCly), —114-1

WFg¢ +162

F — anion —201 (aqueous HF solution)
CHF,Cl ~72-5 (JHF = 63-1 Hz)
CF,Br *CF,Br —-63-4

I. FLUOROHYDROCARBONS

A. Fluorinated Aliphatic Hydrocarbons

The complete analysis of two fluoroethanes, 1,2-difluoro- and 1,1,2-
trifluoro- ethane, CH, F CH, F and CH,F CHF,, was presented. (2)
The NMR spectrum of CFH, CFH, was also independently analysed
by other workers. (3) The study of the solvent dependence of the
coupling constants was performed following the procedure already
outlined in other works of the same series. (4) The rotamer energies
in vapour and liquid phase, AE = Egyycne ~ Epans, were found AE, =
—0-6 Kcal/mole, AE; = —2-6 Kcal/mole, for CH,F CH,F, and AE, =
1-4 Kcal/mole, AE; = 0-0 Kcal/mole for CH,F CHF,. The !°F NMR
data are shown in [1] and [2].

A control study of the solvent dependence of the couplings was
also carried out for a similar molecule, CF; CH,F, for which no
rotational isomerism exists. (2) Three nonsymmetrical 1,2-disubsti-
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-2252 -1286 —-241-1
CFH, * CFH, CF,H* CFH,
(1] 2]
2JHE = 48.0 2HF =542 2MF =454
trans gauche trans  gauche
SHE o 306 3JHF(CH,CF,) 124 155
S/FF 30 —109  3JUF(CHCF) 4-8 127
3JFF —189  —137
CF,1*CF,Br  CF,I*CF,C1  CF,Br-CF,Cl
'—60-95 —-61-30 -62-88 —67-04 —-67-01 —69-63
(31 (4] {51

tuted tetrafluoroethanes, [3] to [5], were analysed. (5) Under
certain conditions of solvent and temperature the deceptive sim-
plicity of their AA'BB’ spectra could be lifted. Other fluoroethanes,

[6] to

[12], (5) and [13] (6) were considered. The results of [6] to

[12] with those of [3] to [5], together with other data of
Jop = —26 Jay = —6-02 Jw=-99
CF;- CF,Br CF;* CECl, CF; CFBr,
—84-8 —69-9 —85-7 —78-1 —82-9 —~77-6
[6] [7] [8]
Jy=—-106 Jp =—130 Jpp=—164
CF,* CFClI CF3* CFBIl CF5CFl,
-82-6 -78-3 -81-0 -859 -81-4 —87-5
[9] [10] (11}
F F
Jav =-223 Fl [ ! !
CECl, * CFCII Cl:@:I ! Fa Fy cl
~65-21 6320 a~+">a  a a  a- C
[12] F, cl I
Sp, 644 68-8 75-4
at —90°C { 65, 596 63-5 676
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15-5 Hz

-1127 l

CHF,* CH,1
2HF = 570
[13]
fluoroethanes reported in the literature, enable an attempt for some
rotationalization and correlations from the trends to be made. (5)
Complete analysis of the ABXR,; NMR spectra of two substituted

propanes were performed for different temperature. The NMR
parameters obtained at ca. 28° are shown in [14] and [15]. (7)

5 ar er Wap Vrx  ¥ax  ex
CFy 7636
(I:FC1 —133-24 968 1175 1747 —-6:12 669 —12-05
—63-78
CF,(Cl {—64-81
[14]

CFs ~7395
CFBr —132119 902 1258 1768 -872 -1470 —1543

| ~5623
CF2BI' {—58'22
[15]

From the temperature dependence of the F-F couplings the con-
formational energy difference between one of the gauche and the
trans isomers was estimated to be 0.5 Kcal/mole, for the dichloro-
and ca. 0 Kcal/mole for the dibromo-derivative. (5) For the dichloro-
compound [14] values of *J, = -2 Hz and of 3J, = —16 Hz in the
-CF,Cl. CFCl- fragment were derived, corresponding to the tem-
perature-extrapolated coupling J, x and Jpx respectively. *J, can be
taken as the average value of /5 g = 9-65 Hz, from which the value of
4J, = ca. 12-7 Hz could be extracted. The complete analysis of the
NMR spectrum of CH,Cl CFBr CH;, [16], in CCl,; and acetone was

AB X M; (Jax=11-04 Hz
CH,Cl1-CFBr-CH; {Jgx =23-61 Hz
~100-25 Jux =19:56 Hz

{16}
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given. (8) From an analysis of the solvent dependence of the
couplings the rotamer couplings and energies were obtained. The
NMR spectra of CH;CF,CH,CF,, [17], in several solvents were
analysed. (9) The !°F NMR data, using CFCl; as solvent, are given
below: -

5 encr,) Jeu,-cr,) Yer,~cry) Jen,—cr) Yen,—cr,)

s
CFy 8657 _
CIHZ 18-71 1023 8-90 077 2640
CF; —62:90

(17]

Decoupling experiments were performed showing that the pairs
3J(CH3-CF,) + 3J(CH,-CF,) and SJ(CH;-CF;) + 3J(CH,-CF,)
must have equal signs. Calculations are consistent with a low energy
difference between the gauche and the trans isomer, in agreement
with the experimental observation that the spectrum is almost
temperature invariant. It was found, in addition, that 5J(CH,-CF;)
is sensitive to the nature of solvent, ie. to the conformational
equilibrium. In particular it appears that this coupling, SJgp, is
bigger in the gauche isomer than in the trans isomer, J; > >J,. A
quantitative evaluation was possible: SJHF = 0-16 Hz, SJIF = 0-97
Hz.

The reactions of polyhalotertiary alcohols with a variety of
reagents, were described. Saturated and olefinic compounds, [18] to
[24], were obtained. (10) During the investigation of the synthesis
and decomposition of some diazoalkanes the NMR spectra of a
number of compounds containing the —CHF, « CF,— fragment were
reported; (11) most of the ! F NMR data are given in Table 1.
Chemical shift data were also reported for a diazofluoropentane

—124 —61:5 —65-5
27HF = 465 Hz (IIF2H 2jHF =555 He CF; (lng,
H,CF—C—H CICF,—C—Cl Cl,CF—C—l
3:5 Hz 12-5 Hz 13-5 Hz

[18] [19] (20]
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CF, CF, CF,Cl
\ / \ / \
Cl3C—C—Cl 677 Cl,C=C -59-3  (Cl,C=C -515
I / \ / \ /
CF, CF, CF,Cl
[21] [22] [23]
CeHs
N Ve -88-3
C=CF2
/
CeHs
[24]
TABLE 1
NMR data of CHF,* CF,—X (11)
@ @
Chemical shift Coupling cgglstant (Hy)
ey r
3)
—CH,Cl —140-3 —1234 534 4 135 26 -
—CH, OH —141-2  -129-5 535 42 14-0 32 -
—CH,F -142-5 -1319 2479 (CH,F) 53-0 45 120 3 45.5%
—CH,NH,Cl -137-7 -121-3 52-5 - 160 4 -
—CO,H —143-1 -1269 527 4.5 - 5-5 -
—CO,Et 140-7 126-9 52-8 48 - 6-6 -

@ J(CF,—CH,F) = 14 Hz.

[25] and for two components of a reaction mixture which were
tentatively assigned to the cis- and trans- isomer of [26]. Some other
-817 12719 -1109
CF3'CF2'CF2ﬁCH3
Ls9me |y,
[25]

| cis trans
—CF,H 1375 1373

F,H U= ) 2

CF,H * CF,* CH=CH - CF,CF,H ~CF, 1139 1185

[26]



FLUORINE-19 NMR SPECTROSCOPY 49

fluorohydrocarbons, shown in [27] to [29], (12) [30], (13) and
[31] and [32], (14) were characterized by NMR. In the study of

- ~762 ~
CF; CFCICFCICF;  CF5 CCl, CFCI CF4

'\/ 725 1209 745

-130-2 [28]
[27]
11-0 Hz
—114-4
CF;CCl,CF,CF,4 BrCH,CH,CF,CH,CH,Br
-74-6 ~-17-6 -99.3

4.7 Hz
47 | 0

[29]
954
AB ( -1160
-86-75 27 =270 Hz
CF,* CF,CH,CH,ICF,CF,CH=CH,

/417-2 ]\ -109-8
AB { ~120-2 AB { -1109

27 =266 Hz 27=263 Hz
[31]

—~86-4 —85.7
CF4CF,CH,CH,CF,CF,CH=CHCF,CF,
1 N7 1
~119:5 ~115-4 ~118-0
[32]

peroxide-initiated addition of I,l-dibromotetrafluoroethane to
ethylene, propylene and isobutene some new fluorohydrocarbons
[33] to [45] were characterized in our laboratory by *°F NMR. (15)

8-0 Hz 80 Hz
CF3 * CFBTCH2CH2BI CF3 CFBI(CH2)3CH2BT
-81-5  ~-1265 -81-4 -125-3

[33] [34]
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‘ 7-6 Hz \ 1 83 Hz \ /CH3
CF; + CFBrCH,CHBrCH; CF; - CFBrCch\—\Br
\ \ CH,
{~81-5 {—127-19
—82.68 -127.87
--82:13 -128-31
[35] {36}

FZHZ—‘ [ 721z |
CF3+CF(CH,CH,Br),  CH,BrCH,CF - (CF3)(CH;);CH,Br

~798  -1728 ~1725  -799
(37} [38])
3-3 Hz CH3 Hosm
CF; « CFBr-CH=CH, >c
-8132  -13373 “CFBr - CF,4
~1300 -815
177Hz B3
[39] [40]
[14-8 Hz l 70Hz | l 76| ¢
CF3 + CFH*C=C-CH, CF, - CFBr CH,C(CH;)=CH,
~8128  -124-92
803 11889
[42]

J(H * CF3) = 525 Hz.
J(CF3* CH3) = 0-27 Hz.

2JFH = 46.4 Hz.
[41]
86 Hz 6-7 Hz
CF; + CFH(CH=CH,), CH,=CHCF - (CF3)(CH,),CH=CH,
-81-29  -173-59 -179-74 —83-82
{43] {44]
7-0 Hz
CH2=CHCF . (CF3)(CH2)3CH2BI'
—-179-34 —81-80

[45]
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The photochemical reactions of trifluoroiodomethane or of HBr
with CF;CH, CH=CH, were studied. (16) CF;I gives in good yield
[46] and [47]. Treating [46] with KOH, the trans-but-2-ene, [48],

CF3CH(CH,)CHICF,

dcp, =685 3/HF - g 4 Hz
46 - 3
[46a] threo bep, =31 3JHE _ g 4 1o
[46b] erythro- Scr, =~646 3MF =89 Hy
Scr, =707 3HF =89 Hy
CF3([3H + CHICH;, Scr, = —533 3JHF = 9.0 Hy
CF3 6CF3 = _663 3JHF = 9.0 HZ
[47]

as well as some of the corresponding cis-isomer were prepared. [47]
treated with KOH gave [49]. From the reaction of
CF,;CH,CH=CH, with HBr one obtains, on the contrary, [50] and

[51] butalso [52}. (16)

—61-3
"—CFg\ /CH3
83Hz C|=C [48]
/ N\
H CF,
1.9 Hz
-73-6
—61-2 1-8 Hz
“ 1-1 Hz
CF, H—
23 Hz
7-2 Hz >C= C/
CF; \CH3
/ ' 84 Hz ‘
-67-3
[49]
3MF =70 Hz
CF3CHBI’CH2CH3 3JHF =09 Hz

~740
[50]
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CF3CH,CHBrCH,4 3/HF = 104
—659

[51]

—65-9
\ 2-0 Hz \

——CF3

6-0 Hz C C

H/

CH2 Br
3-0 Hz

[52]

In the preparation of fluorinated sorbic acid analogues some
fluorinated compounds, such as R{CH,CHICH,COOH and
RsCH, CHICH,CN [R; = CF3(CF,),~ with n = 2 and higher], were
synthetized and characterized by proton NMR. (17) Vicinal HF
couplings near to 20 Hz were extracted. Vicinal HF coupling
constants for [53] and [54] were also obtained. (17) The methyl

CF;CF,CF, - CH,CH=CHCOOH CF3CF,CF=——=
18-0 Hz J;=16 Hz

[53] [54]

nonafluoro-5,5-dimethoxyhexanoate, [55], was characterized by
19F NMR. (18) The use of specific '°F substitution in lipids was
demonstrated using three monofluorostearic acid derivatives
CH,(CH,),, CHF(CH,), _,CO,H where n = 4, 7 and 12. (19) The
19F chemical shift of the three acids were —178-9 (n =4), —176-25
(n = 7) and —175-9 (n = 12). The linewidths of the '°F resonance,
when the acids are incorporated in lecithin vehicles, were measured
as a function of temperature

CHCH=CHCOOH

CF3C(OMC)2CF2 CF2CF2C02M6
-73-0 -115-3 ~122-2 -118-3

[55]

B. Derivatives of Fluorinated Hydrocarbons
1. Alcohols, ethers, peroxy-compounds

Monomeric formaldehyde, generated by thermal depolymerisation of
paraformaldehyde, dissolved in 3 : 1 (v./v.) HF-SbFs solution, at
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—78° gave a white precipitate (probably a polymeric formaldehyde).
This precipitate, when the temperature is increased to —40°, is partly
dissolved. The clear supernatant consists of a saturated solution of
fluoromethylalcohol, [56], in its stable protonated form. (20a) The

HG
CH,0 +HF —— FCH,OH e FCH,OH? + SbF®

Fg
—166-7
CFH, 2JHF =479 Hy
OH? 3J(F+OH%) = 1-7 Hz

[56]

19F NMR spectrum of [56] is a triplet of triplets. The value of § =
—166-7 compares well with that obtained for FCH,OCH,; (6 =
—163-7). (20a) The proton spectrum, AA'BB’X, of FCH, . CH,OH
was analysed in various solvents with the aim of obtaining reliable
couplings for the gauche isomer. (20b) This compound, however,
does not exist as gauche isomer only, but contains up to 20% of the
trans isomer in solvents of low dielectric constants. The relevant
fluorine parameters given for FCH, - CH,OH are the 2Jyr and
3Jur couplings, as shown below:

Solvent BJHF ZJHF

CHCl; 29-7 477
FCH,CH,OH Neat 30-8 479

D,0O 31-8 477

Some polyesters have been prepared from 3-oxa-2,2,5,5-tetra-
fluoropentane and aromatic diacid chlorides. The preparation of
[571 is described. (21) Difluoromethyl-1,1,2-trifluoroethyl ether,

-80-9
O(CF,CH, OH),

[57]

[58]), was characterized by NMR. (22) In the same paper the sulfide
[59] was obtained and it is included here for comparison.
Fluorine-labeled nonionic detergents as 8,8,8-trifluorooctylhexa-
oxyethyleneglycol monoether, CF;(CH,),0(C,H;0)4H, and 8,8,8-
trifluorooctylmethylsulfoxide, CF;(CH,),S(O)CH;, have been
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—86-0

AB{ —862
2y - 166 Hz ~135:5 —146:0 JFL—F?)=70Hz
JFL—F*)=55Hz
HCF,—0—CFH CF,H J(F?—F3)=75Hz
" s 3 JF?-H3)=3-0Hz

3_12y=4.
2JHF = 73 Hz 2% = 57 Hz 2777 = 54 Hz HEHT) =45 He

[58]
—-40-3  —-170-7 -126-3
CF;—S—CHF CF,H J(F'—F%)=4Hz
1 2 3 J(F?>—F3®)=21Hz

2HF =54 2JHF =49
[59]

investigated. (23) Fluorine chemical shifts were measured and com-
pared with those of anionic trifluoroalkyl detergents. (24) In solu-
tion (in H,O, in 2 M and 4 M urea solution, in 2 M dioxane and 2 M
tetrahydrofurane solution) each detergent produces a triplet fluorine
signal GJHF = 10.5 Hz) indicating that exchange of monomeric and
micellar material is rapid on the NMR time scale. Micelle shifts &g,
were obtained by extrapolating the high concentration data.
Monomer shifts, §.gy, are the limiting values obtained in the most
dilute solutions. C.m.c. (critical micelle concentrations) were found

by extrapolating the two linear portions of chemical shifts, one in
concentrated solutions and the other in diluted solutions, until they

intersect. Typical value for CF3(CH,),0(C,H,;0)4H in H,0 at 27°
are:

b5y =—67-T1; 8,y =—6875 cm.c.=1-8x 102 m
The values found (23) are nearly the same as corresponding values of

anionic trifluoroalkyl detergents.

An ‘improved method for the preparation of trifluoromethylhydro-
peroxlde, CEF;00H(8 = —72-3), is described, which permitted an
investigation of its properties, and in particular of its reactions, to be
undertaken. (25) Five new compounds, [60] to [64], were

~69-6 ~74-0 ~772
(CF;00),CO CF300C(0)CF4

[60] (61]
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~1175 233 - 1.
-686 1160 -1230 / 513 ~ 1(2) g gz
CF300C(0)CF,CF, CF,C(O)F aliieis
24 = Z
1 2 3 4 J34 = 7 Hz
(62]
686 ~1160  —122:5
[CF300C(0)CF,],CF,
[63]
-69-0 -78-8 Jiz= 53Hz
CF300CF(OF)CF, Jiz= 17Hz
~110:0+ 139-0 Jy3 =37-0 Hz
[64]

prepared and characterized by '°F NMR. (25) The compound
CF;00Cl, which is the first stable compound containing an - OOCl
linkage, was prepared and a single resonance was observed at —69-9.
(26) Ether-trifluoroacetic anhydride (TFAA) adducts,

l
CF; C[(OCH;),, 1,OCCF,, were prepared; the !°F NMR for the
CF; group was a sharp singlet in the range —75-8 to —75-9.

2. Ketones, esters, amides, nitroalkanes

1-Bromo-1-chloro-1-fluoroacetone, BrCIFCC(O)CH;, and some
other halogeno-acetones were prepared. (28) Proton NMR spectra
were recorded; so only the H-F coupling parameters are available.
Some *JHF are of interest; it was found that these vary in the range
1-5 to 4 Hz. A reinvestigation of the proton and fluorine NMR
spectra of CFH, - CHFCOOEt [65], has been described. (29). The

Hp He

l JAX =30-25 JAY =46-59
H,—C=C—CO,Et Jex =21-30 Tgy =4794
1[_ llj Joy = 2842 Jox = 4731
y X JXY =-11-16
-231-92 -198.96
(651

CH,FCHF- fragment was analysed as an ABCXY spin system. The
NMR parameters obtained were critically compared with those
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already known in the literature. It was concluded that the molecule
examined must exist principally as isomer [66]. In addition this

R=-CO,Et
2 HA HC

Fy Hp

Fx
[66]

dominant rotamer is likely to be considerably distorted from a
perfectly staggered orientation. Consideration of the coupling con-
stants obtained suggests a distortion as depicted in [66], resulting
from a repulsion between the electric dipoles of the fluorine atoms.
(29)

Trifluoroacetamide, CF;CONH,, and N-methyltrifluoro-
acetamide, CF; CONHCH;, was studied by NMR. (30) The fluorine
spectrum of CF;CONH, shows a triplet (0-7 Hz) at high temperature
and a doublet (1-8 Hz) at low temperature. The experimental
observation of this doublet indicates that the fluorine nuclei are
coupled weakly with only one of the two protons at low tempera-
ture. (30) The fluorine spectrum of CF;CONHCH; in acetone-dg
consists of six peaks: a doublet by coupling with NH (1-1 Hz) which
is further split into a quadruplet by coupling with CH; (0-7 Hz).
(30) The perfluoroalkyl detergent, [67], was studied by NMR. (31)

—93-5 —134-5
CF3 CF2 (CF2)4CF2 CO2 Na
—138-5 -128-5

[67]

The concentration dependence of the chemical shifts yielded a
critical micelle concentration (c.m.c.) of 0-030 M at 35°. Some
para-substituted hexafluoroacetone N-phenylimine were studied by
!9F NMR at variable temperature in pyridine or acetone as solvent.
(32) The kinetic parameters were obtained by line-shape analysis of
the NMR spectra. The free-energies of activation at 25° are collected
in Table 1l together with the spectral parameters; A is the chemical
shift difference in Hz at 0° between the two CF; resonances. Each
CF; resonance, below the coalescence temperature, is a quartet
arising from the *J¥¥ coupling. (32) In the study of the Mannich
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TABLE II

Kinetic and °F NMR parameters of para-substituted N-phenylimines (32)
(CF3)2C = NC6H4-X

-X A(Hz) 4Jpp(Hz) G* (kcal/m)
H 434 71 1545
al 429 69 15-53
F 419 6-9 15-35
OCHj, 367 7-2 14-35
CHj3 416 69 1514
MO, 430 66 14-90

reaction of 2-fluoro-2,2-dinitroethanol with primary and secondary
amines, 2-fluoro-2,2-dinitroethylamines were obtained. (33) 2-
Fluoro-2,2-dinitroethylamine reacts with chloroformates giving N-
fluorodinitroethylcarbamates. (33) The fluorine NMR data of the
compounds obtained are collected in Table II1. 2-Deoxy-2-trifluoro-
acetamido-o-D-glucose, [68], shows a CF; low-frequency shift in

TABLE I

19 NMR parameters of 2-fluoro-2,2-dinitroethylamines (33)
X
CF(NO,);CH—NT,

X Y 5 CF 3JHF

CH3 H ~109-8 18-7
CH,CO,H H —~109-7 180
CH,CO,Et H ~110-2 183
CH,CH(OEt), H ~109-5 180
CH(CO, H)CH,COOH H ~109-8 15-0
CH,CH=CHj, H ~109-3 19-7
CH,CH=CH, CH,CF(NO3), 1082 18-0
CHCH; CHNHCH,CF(NO3), H ~110-0 17:0
CO,Et CO,Et

NHCH,CF(NO, ), H —109-0 17-5
CO,Et H —-109-5 14-9
H3S0® H® ~101-0 10-4

presence of lymozyne. (34) An aqueous solution of [68] has two °F
signals, at 339-6 and 312-0 Hz to high-frequency of ext. CF;COOH
(6 = —78-5), arising from the o- and (- anomers respectively. (18) In
presence of lymozyne the signal of the a-anomer moves to low-
frequency to an extent depending on the concentration of lymozyne.
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H CONHCF; <——ca. 75

[68]

The signal of the -anomer moves to high-frequency (ca. 4 Hz) and the
shift is concentration independent. (34)

The !°F NMR spectrum of a protein modified by covalent
attachment of a small fluorinated probe moiety was described. (34b)
The fluorine probes used were trifluoroacetyl groups introduced
specifically at lysine residues 1 and 7 of bovine pancreatic ribo-
nuclease S (R Nase S). It was possible, by comparison with model
compounds, to assign all the observed !°F resonances in the
spectrum of trifluoroacetylated S-peptide and to further monitor all
such resonances caused by binding of inhibitors to the S-protein.
(34b)

3. Olefins

When substituted 1-chloroperfluoroolefins were treated with meth-
oxide ion to obtain B-substituted l-methoxyperfluoro olefins (35)
(Table IV) retention of the original cis or trans configuration was ob-
served in all cases. The absolute configuration of the methoxy products

TABLE IV

I9F NMR data of g-substituted 1-methoxyperfluoro olefins (35)
Y(CF,X)C=C(F)OCH3
1] [2]

Y X isomer? &1 [P le(HZ)
CgHs F cis —81-7 -57-2 24
Ce¢Hs F trans —-80-0 -57-2 13
CgHjs CF; cis -79-8 —108-3 26
CgHs CF;3 trans -75-3 -108-0 10
p-ClC¢Hy F cis —-81-4 -57-1 24
p-CICgHy F trans -80-8 -57-7 13
p-MeOCsHy F cis —80-7 -56-8 24
p-MeOCsHg ¥ trans ~79-4 —57-3 13
c-CsHyy F cis —82-8 -57-4 27
c-CsHyy F trans -81-9 —58-0 13

@ The configuration is that of CF,X(1) vs. F(2).
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was determined by !°F NMR spectroscopy. The assignment derives
from previous observations; cis-vinylfluorine to CF,X coupling con-
stants are in the range 24 to 27 Hz and the corresponding frans coup-
lings are in the range 10 to 13 Hz. From the irradiation of 3-diazo-
1,1,2,2-tetrafluoropropane there was isolated, as a by-product, a
high boiling material in which two components were tentatively
assigned to the cis- and trans- isomer of [69] (11). The couplings
of 1,1,3,3-tetrafluoropropene, [70], are of interest. (11) The

~1375 —CF,H —137-
CF,HCF,CH=CHCF,CF,H 139 e 8;
cis I trans
[69]
8501 UFF g epy, | ACFaH T FA)=14Hz
1::A\ _ /H 2 JHF JC(CF2H * FB) =4 Hz
>c=cZ JUF = 54.8 Hy
—85-86 ~1139 £ 2 z J{Fg*H) =225 Hz
[70]

vinylic fluorines were assigned on the basis that JYF (trans)
> JHY (¢is). On this basis J(CF,H-H) (trans) is greater than
J(CF,H-H) (cis), whereas from similar olefins containing the
CF, group just the opposite is expected. (11) Some olefin products
were characterized by NMR in our laboratory. (15} These are shown
in[71] to [76].

116 Hz| [29-2 Hz | J(F < CH,)=2:0 Hz

CF3 - CF CHCH, Br J(CF3 CHy) = 14 Hz

~74-33 -131-8 J(CF53+H)=0-7Hz
(71}

-73-1

Js¢ = 11-4 Hz

r——cpaf‘) B Jas= 07 Hz
e =G0 B Ty = 06H
F C—=C Jag = O0-THz

H H  Jy=310Hz
-133-2 4) (1)

[72] [73]
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17'5 Hz 11-1 Hz
~70-9 8-26 Hz ~13-07
CF; + CF=C=CCHCH; = CF; - CF—=CHC(CH;)=CH,
-1589 ~133.74
0-7 Hz 359 Hz
[74] [76]
J12 = 53.8Hz
-939 —‘1719 J14 19 HZ
Fiv_~-F3 Ju= 19Hz
~C=C__

F2 C=CCH3 J13 = 289 Hz
~115-0 4 LJ23=115'8 Hz
[75] J34 = 52 Hz

In the preparation of some novel perfluorcheterocyclic com-
pounds the compounds [77] and [78] were isolated and charac-
terized by NMR. (36) A spectroscopic study of the rotational

~1365 ~1143 Jiz= 80Hz
~C= C/F“ Jas = 64-5Hz
6F/ ~OCF,CF,CFO Ju = 836 Hz
-1223 N Jss = 1099 Hz
-121-3 —87-8 +23.4
{771
_1;6-0 _1;3.3 Jue = 600 Hy
5\
Ja6 =10
~123'7 @) (2) (1) 56 = z
—1237 -85-5 276
[78]

equilibria in fumaryl fluoride, [79], and maleoyl fluoride, [80], was
performed. (37) The relative energies of the three possible isomers,
for each compound, may be arranged in six ways. The NMR data are
consistent with only two of these arrangements. The variable tem-
perature NMR data of [79] (3JHF =6-5 to 7-5 between —13° and
+47°C) and of {801 (3J"F and 4JHF in the range 4-2 to 5-2 between
—53° and +27°C) may in fact be explained on the basis of the
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F Q 0]
\ AN
>C=0 >C—F C—F
C/C=C ! == /C:C
F F 0
trans-trans cis-trans Cis-cis
[79]
o—clczc\c—o o—c/C:C\c F F—C/C:C\C F
BN . 7 N 7
- v d o d
trans-trans cis-trans cis-cis
[80]

following ordering of energies: cis-trans, trans-trans, cis-cis or cis-cis,
trans-trans, cis-trans, where cis and trans refer to the conformation of
the double bonds about the single bonds. The preparation and
reactions of some carbinols containing the pentafluoropropenyl
group were described. (38) The type of reaction described gave
exclusively (Z)-pentafluoropropenyl carbinols. The cis-structure was
elucidated by the small F-F coupling (3J = ca. 10 Hz) through a
double bond. Treating (Z£)-CF;CF=CFC(CF;), OH with SF,, the
(E)-isomer was obtained; this was confirmed by the large value of
3J(CF=CF) = ca. 137 Hz. (38)

4. Aromatic alkyl substituent groups

The reaction of hexafluoropropylene with arylamines to prepare
tetrafluoropropionarylides and tetrafluoropropylarylamides was de-
scribed. (39) The products [81] to [83], were also characterized by
19F NMR.

—-190-9 -75-9
NHCOCHFCF,4
-203-3  -756
NH
CH,
[81]

CH, [82]
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-204-7 -7891
NHCH,CHFCF,
CH,

[83]

The binding of N-trifluoroacetylated amino-acids by chymotrypsin
was investigated by 12 F NMR spectroscopy. (40) The fluorine signal
of N-trifluoroacetyl-D-tryptophan, [84], goes to higher frequency in
the presence of chymotrypsin in the pH range 6-33 to 8-12. The
fluorine signal of N-trifluoroacetyl-p-phenylalanine, [85], and of N-
trifluoroacetyl-L-tryptophan is shifted to higher frequency at pH =
6:34. (40)

CH,CHCOOH
|

NH COCF, NHCOCF,

(84] [85]

5. Polymers

The results of a study at 94-1 Mc/Hz, using the techniques of noise
decoupling and of time averaging to improve the spectral quality, is
reported for poly(vinyl fluoride). (41) Whereas the undecoupled
spectrum is completely useless, because of the large H-F couplings,
the noise-decoupled spectrum reveals several resonances which may
be ascribed to individual groupings within the polymer. Eleven
resonances were observed, as can be expected if a five-atom fragment
centred on fluorine is considered (Table V). The assignments, as
given in Table V, were made on an empirical, but reasonable, basis.
The fraction of head-to-head imperfections depends on the poly-
merization conditions. Only diads effects are important in deter-
mining the polymer structure. The various tacticities deviate little
from a statistical distribution and there is little difference between
the fraction of meso- and diI- head-to-head units. Additional fine
structure was evidentiated on the resonances of heterotactic and
syndiotactic triads of the head-to-tail sequences, which were asso-
ciated with the existence of pentad structures of monomer units.
Pentad effects were not visible on the isotactic triad (head-to-tail
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TABLE V
The eleven triad sequences of poly(vinyl fluoride) (41)

Sequence
CHF-—-CH3»CHF—CH,CHF— Chemical shift of @& Assignment
r ® r
) -178-5 Head-to-tail
r ®
2) —180-65 Head-to-tail
F
3) -182-0 Head-to-tail
F F
F
@) ‘l ~179-2 Tail-to-tail
) = -181-1 Tail-to-tail
F
r ®
6) -189-2 Head-to-head (meso)
F
™ -191-1 Head-to-head (meso)
F
) i| \l 1 —191-6 Head-to-head (meso)
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TABLE V—cont.

Sequence
CHF—CH,CHF—CH,CHF— Chemical shift of (F) Assignment

O
| |
I

9) l I } { -195-3 Head-to-head (dI)
® &

(10) -196-1 Head-to-head (dl)
® &

a1 -196-7 Head-to-head (d!)

sequence); neither the head-to-head nor the tail-to-tail triads revealed
fine structures. Copolymer isobutylene-chlorotrifluoroethylene, I-F,
was investigated by proton and fluorine NMR. (42-44) A study was
carried out at various temperatures for copolymers deviating from
the alternating structure. (42) Apart from the considerations ob-
tained from the proton spectra, in the fluorine spectra, in addition to
an AB-type quartet (-CF,-) centred at —114-0 and a triplet
(-CFCl-) at —118-5 characteristic of the alternate structure, (45)
there appear an additional quartet centred at —113-2 and two extra
peaks at —117-5 and —117-8. These new peaks are explained in terms
of tetrads of monomer units. The assignment found is reported in
Table VI. I and F are isobutylene and trifluorochloroethylene units
respectively. The - CFCl- resonances are explained as X-parts of ABX
spectra with the following coupling parameters:

IFII  [Jax +Jpx| = 28 to 29 Hz

IFIF |JAX +JBX|=54 to 56 Hz

The two quite different values of |J,x + Jgx| suggest that the
spectra must be quite sensitive to the conformational structure of the
polymer segment. The temperature dependence of the spectra was
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TABLE VI
Assignment of fluorine resonances of isobutylene-trifluorochloroethylene copolymer (42)
Chemical shift
Assignment Pattern (central position)
—CFy— IIF ¢ AB quartet -113:2
—CFy— FIFI AB quartet -113-0
—CFCl— IFI1 Two lines —~117-8; -117-5
—CFCl— IFIF Triplet —118-5

21 and F are isobutylene and trifluorochloroethylene units respectively.

also investigated: |J,x + Jpx | increases with decreasing tempera-
ture; only the values for the IFIF arrangement are, however,
reported. (42) The difference of chemical shift between the geminal
fluorine atoms in CF, groups also increases with decreasing
temperature. The alternate copolymer, isobutylenetrifluoro-
chloroethylene, with composition 50 : 50, already considered in a
previous paper, (45) was reinvestigated (43, 44) by both proton

I
{CcmFC’—CHZC }
| &

CHz

._.CF —
[ 2 _100¢css
-CFCl-
i
wi v ;
112.4 113.8 17 6

FIG. 1. The '°F NMR spectrum at 94'1 Mc/H, in C,Cl; of isobutylene-dichlorotri-
fluoroethylene copolymer (1:1 molar ratio). (From Cavalli. (43))

and fluorine NMR. The fluorine spectrum of the -CF,CFCl-
fragment was interpreted as constituted by two partially overlapped
ABX patterns, where the AB part is the CF, group and the X part is
~CFCl-. The NMR parameters of the two ABX parts are given in
[86]. This interpretation is consistent with variable temperature
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C CFCl1

FA” TFp Jep STar Tar
(1) ABX 1124 1137 -1173 265 33  <I0
(2) ABX —1124 —1139 —1176 265 33  <I0

[86]

measurements, which showed that the two broad doublets at low-
frequency (CFCl absorption) can move apart by varying the tempera-
ture. The fluorine resonance, as well as the proton absorption, was
explained by the existence of a random configuration or stereo-block
configuration of the copolymer: the former hypothesis is most
likely. (43, 44) These conclusions are, however, contrary to those of
previous workers (45) who suggested for the 1:1 copolymer a stereo-
specific structure, which is probably the isotactic one.

Wide line NMR and the spin-echo methods were used to study the
structure of graft polymers of polytetrafluoroethylene and styrene.
(46)

C. Fluorinated Cyclo Hydrocarbons

1. Saturated systems

Some gem-bromofluorocyclopropanes were prepared and charac-
ferized in order to study their reduction with Iithium aluminium
hydride. (47) The structure assignments given in [87] [90] were

(CHz)—A(CHz)

H H—
Br
(CHy), 17 (CHy), 13 Hz
-1545 F——m-——
-1195 21 Hz
[87] [88]
Ph H —H H
H w H Ph w H
17 Hz -122-5 3Hz —143-5
F F

(89] [90]
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made on the basis of some generalizations known for fluorocyclo-
propanes: 3/MF and 3/HH gare larger for nuclei in cis-arrangement
than for nuclei in frams-arrangement, and the ring proton and
fluorine are shielded by cis- and deshielded by trans-substituents. The
two isomers, [91] and [92], of 1,]l-difluoro-2,3-dimethylcyclo-
propane were also reported. (48) The !'°F NMR spectrum of
the cis isomer was described in detail and the NMR parameters
obtained are shown in [92]. (48)

H CH,; F -1281
F, -1423 3JHF = 14-1 J(F—CH;3)cis = 0-13
CH; H F -1571 3 =ca.0 J(F—CH;)mrans =03
ZJFF = 157-6
[91] [92]

Thermal cycloaddition of tetrafluoroethylene to propadiene gives
[93] and {94] in addition to [95] and {[96]. (49) The tetrafluoro-

8CFy(1)  8CFy(2)  “FF(H2) SJHE (Hz)
-1164 —124-1 ca. 210 13
F, Fy
@ @)
[93]
F, F,
—-124-1 —124-1 - 8 ca.
F, Fy
1) 2)
[94]
—118-8 -117-3 — 12
F, F,

ORI
[95]
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F, )

F, @
F, F
o @)
[96]

L. CAVALLI

-1169 —123-3

211
217

13

ethylene reacts with 3-methylbuta-1,2-diene to give a mixture of

isomeric 1:1 adducts [97],

%

C
"™ CH,

F, F,
(1) 2)
[97]

CHs

F, F,
M @
[98]

CH,
C

&

Fy F,
1) (@)
[99]

§CF,(1)

—117-0

—128-4

~111-4
—112-4
2J¥F =216 Hz

AB
(1)

—111:0
—1135
2J¥F = 226 Hz,

AB
€Y

5CF,(2)

—-113-8

—115-0

~122:0
AB{ 1240
@ 2 sFF
JFF =206 Hz

—~121-5
—126-0
2JFF =226 Hz

AB
()

[98], and [99]. (49) To assign the

3JHF

12Hz

13 Hz

14 Hz
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structure of [98] the absence of any CH-CF coupling is particularly
decisive. The reaction of tetrafluoroethylene with 2,4-dimethylpenta-
2,3-diene gives a product which was identified as having the
structure [100]. (49) Thermal cycloaddition of chlorotrifluoro-
ethylene and 1,1-dichlorodifluoroethylene to Me, C=C=CH, gives
mixtures of four 1:1 adducts, [101] to [104]. (50) The analysis of

CH, H
(I: CH, (l; CH=CH, CH=CH,
“SCH, Hs;C “ SH H,C
XY F, XY F, XY F, XY F,
[101] [102] (103] [104]

the products were performed in order to obtain useful mechanistic
information of the reactions. It was also desirable to test the
orientation specificity in the addition of unsymmetrical fluoro-
olefins, to show whether o-bond formation occurs concertedly or in
a step-wise manner. The identification of the products and the
definition of their structures was done by spectroscopy, including
19F NMR technique. 1 °F NMR data for a few 1:1 adducts are given
in Table VII. Proof that the CF, group of the olefin is attached to

TABLE VII
19F NMR parameters of the 3-methylbuta-1,2-diene cycloadducts (50)
Adduct Chemical shift Coupling constant (Hz)
e —— ~ A & N

X Y 8CF, 8cFci JFR 3JuF
[101] C1 F —100-3; -1099 -120-6 215 13
[101] a -96
[102) C1 F -102-7; -112-3 —128-6 219 -
[102} C -99-5
{103] Cl  F(cis or trans) —100-5; -109-7 -125-3 202 10
[103] Cl  F(trans or cis) —-103-3; -110-9 —-128-1 203 14
[104] C1  F(cis or trans) -100-7; -121-2 —140-6 199 14
[104] C1  F(trans or cis) -107-5: -112-5 -109-5 200 —

the sp-hybridized carbon of the allene in the adducts [101] to [102]
follows from a detailed study of their proton and fluorine NMR
spectrum. (50)

The peroxide-initiated cyclodimerization of CH,=CHCF,CF,I
gives a mixture of the geometrical isomers of the cyclopentane,
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[105]. where R =-CF,CF,l. (51) The assignments were given on
the empirical basis of the electric substituent rule. (51) Reactions of

= _CF,CF,lI 8CF,1  85CF,(exoc.) §CF,—1 §CF,—2
R CH,I

—~1066 —1172 —~113-3
H, F2 cis{ —59-7 —115°5 ~119-8 —1322
i, 2JFF = 266 2JFF =242 2JFF =241

[105]
—100-0 —-119-7
trans { —59-1 —~111-7 —115-4 —126-6
2JEF = 261 2JFF =243

3,3,4 4-tetrafluorohexa-1,5-diene, CH, =CH—CF, CF,CF,CF,—CH=
CH,, were studied. (14, 52) Thermal addition of this olefin to
tetrafluoroethylene, to chloro-trifluoroethylene and to pentafluoro-
iodoethane gives cyclic mono- and di- adducts, [106] and [107], the

RiL_HR,  x-p
RI = H, _CH2CF2CF3
F2 FX R2 = _CF2CF2CH=CH2,
—CcmFzEt, CF2CF2CHBICH2BI, CHzl, CH3

[106]
H H
2——CF,CF, 2

X=F,Cl
3 2
F, FX XF  F,

[107]

structures of which were established by spectroscopic methods. (14,
52) The NMR parameters are collected in Table VIII and Table IX.
The assignment of the cis- and trans- cyclobutane structure was made
following the criteria derived from chemical shift calculations, (53)
which show that relative fluorine chemical shifts are mainly deter-
mined by the electric field effect of neighbouring groups. According
to these calculations a fluorine paramagnetic shift is expected to be
more pronounced the more polarizable and nearer to the resonant



TABLE VIII
19F NMR parameter of cyclobutanes [106] (14, 52)

RiH— HR,
3 2
F, FX
[106]
X R, R, § [CFX (-2)1 §[CF5 (-3)] § [CF,CHL]
-105-33 ~11049
F H —CF,CF,CH=CH, —~131-06 —~120-15 ca. ~118 —115-85 (CF,CH=)
2JFF=218 ’ZJPF 210
—98-66 ~118-34
trans Cl H —CF,CF,CH=CH, ~107-20 —119-43 -120-70 —114-66 (CF,CH=)
2Jpp =196 2JpF =276
-107-36
cis CIH —CF,CF,CH=CH, —-139-23 ~108-14 ca. —-119 —114-52 (CF,CH=)
2]1:[; =195
—~105-46 -11063
F H ~CF,CF,Ft -131-18 —~120-18 ca. ~118 ~116-73 (—CF,E)
2JpF = 215 2Jpp =212
-98-67 -118-23
trans C1 H —CF,CF,Et -107-23 —~119-44 {—120-67 —116-68 (—CF,Et)
2‘1FF =196 2JFF =276
-107-38
cis Cl H —~CF,CF,Et —~139-42 -108-15 ca. —119 —116-52 (—CF, Et)
2Jpp =195

AdODSOYLIOAdS NN 61-INIMONTA
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TABLE VIllI—cont.

X Ry R 8 [CFX(-2)] §[CF3(~3)] &[CF,CHX]
—105-19 —110-43 —106-86 —107-27
F H —CF,CF, CHBrCH;, Br ~130-65 -119-73 ca. —=115 —11411  -114-94 (—CF,CHBr—)
2Jpp = 214 2Jpp =210 2Jpp =277 Wpp =271
—109-8 —~111-0 -117'6
cis F CH,CF,CF, CH,1 -135-3 —-132-7 - —~118-1 (—CF,CH,—) —86-3 (CF3)
ZJFF 213 2JFF 212 jFF:?
-113-3 -1133 —117-8
trans F CH,CF,CF3 CH,I -127-7 -125-8 - —1134  ((—CF,CHy—) —-86-3 (CF3)
2]FF 212 ZJFF 216 JFF =260
—~111-0 —-36-5
cis F CH,CF,CF; CH; 2jpp = 216 1116 - ca. 119 (—CF3CHy—) —86:5 (CF3)
2JpF =210
-118-1 —109-6
trans F CH,CF,CF; CH; —125-0 ~127-8 - ca. —118 (—CF,CHy—) —86-5 (CF3)
ZJFF 211 ZJFF 211

L
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TABLE IX
19F NMR parameters of di-adducts {107] (52)

H2 1 1 CF2CF2 H2
1

F, FX Xr T

X 8 {CFX(-2)} §{CF(-3)] § [>CH(CFy),CH{}
—-10541 —110-40
i3 -129-84 -119-45 ca. — 117
2JpF = 215 2JpF =210
-98-48 -118-1
trans. Cl -107-02 -119-16 -1203
2Jpp =195 2JgF = 276
cis. Cl —138-6 cq. -107-6 ca. —117

fluorine nuclei the neighbouring group is. The internal chemical shift
between the two fluorine of CF, groups in [106] and [107] is
expected to be greater for the CF, at C-2 (observed 8,5 = ca. 25
ppm) than for that at C-3 (observed 04 5 = ca. 9 ppm). Analogously
the chemical shift difference of the -CFCl- fluorine in the cis- and
trans- structure of [106] and [107] should be quite large (observed
ca. 32 ppm), with the lower field resonance assignable to the
trans-structure. (52, 53)

Dehydroiodination of 3,3,4 4-tetrafluoro-1-iodo-methyl-2-(2,2,3,-
3,3-pentafluoropropyl)-cyclobutane gave one methylenecyclobutane
derivative, [108]. (14) An isomeric saturated monoadduct con-

III SCE, (=2 :11‘6135’ S6CF _]l.i;?
: F— Ay 22 2JFF =226 Hz exo) 2/FF 2 566 Hz
3 2
F2 Fo 5CF (_3){ iﬂf{-z §CF3 = —86-43
R = CH,CF,CF, S P >
[108]

taining a five-membered ring, [109], and series of acyclic mono-
adducts were also isolated. (14) The latter compounds have been
already discussed in Section IB. In the study of the gas phase
chlorination of fluorohexane there was the problem to identify the
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F, F, —1123 —~115-7
§CF,(—1) —~1183 §CF,(ex0) ~119-9
RH HI 2J¥¥ =232 He 2JFF = 266 Hz
Hy 1095
R = CH,CF,CF, 5CF,(=2) ~126'3 8CF4 = - 855
2 7FF _
[109] JFF =239 1y

products of the reaction constituted by isomeric chlorofluorocyclo-
hexanes. (54) '*F NMR as well as 'H NMR spectroscopy were
employed in the identification of the compounds reported in
Table X.

TABLE X
19F NMR spectral data of the isomeric chlorofluorocyclohexanes (54)
Compound 5F 2JyF (Hz)

trans-1,2-chlorofluorocyclohexane -200-7 45
trans-1,3-chlorofluorocyclohexane -192-0 —
cis-1,3-chlorofluorocyclohexane —-188-7 48
trans-1,4-chlorofluorocyclohexane -182-7 45
cis-1,4-chlorofluorocyclohexane —181-2 46

The addition of trans 1-bromo-2-fluorocyclohexane to trans-
IrCICO-—(PMe; ), was said to occur with inversion of configuration
(55) according to the equation below, [110]:

F F

+ IICICO(PMe;), ——> N
IrCICO(PMes),

Br
[110}

The work was reinvestigated (56) and it was found that no reaction
occurs under the reported or more severe reaction conditions. Only
one fluorine resonance at —166-3, characteristic of 1-bromo-2-
fluorocyclohexane, was observed and the appearance of a new signal
at —142-7, claimed in previous work, was not observed. (56) Ring
inversion in +y,y-difluoro-e-caprolactone, [111], and v,y-difluoro-
e-caprolactam, [112], was studied. (57) [111] displays a quintet
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F —22.4%
2,2\‘__—’// {_35-8 at ~85°
2JFF - 940 Hz
[111]
H
H, N (0] _182%
—189 at —81°
H, Ha 2FE - a1 e
[112]

(3JHF = 14-5 Hz), —30-8,* at room temperature; at —85° an AB
pattern is observed. Also [112] shows a guintet (—29-4* with 3JHFE
= 14.1 Hz) at room temperature, which becomes an AB pattern at
low temperature (—81°). The rates of ring inversion of [111] and
[112] were measured to give free energies of activation of 10-0 and
10-4 Kcal/mole respectively (at —53°). The NMR spectra of both
compounds were best interpreted in terms of the existence of the
only chair conformations. (57)

A detailed study was made of the !°F NMR spectra of the
anomeric pairs of all five deoxyfluorod-glucopyranoses and of
2-deoxy-2-fluoro-d -mannopyranose in D, 0. (58) Each carbohydrate
studied contains only one fluorine atom and the behaviour of
equatorially disposed fluorine atoms in the various positions of the
p-glucopyranose ring system and of axial fluorine atoms in the
2-positions of the bD-mannopyranose ring was examined. (58)
Samples of each carbohydrate dissolved in D, O were set aside until
the anomeric equilibrium was established. The NMR spectra of
[113] to [118] were analysed on first-order basis; the !°F NMR
parameters obtained are collected in Table XI. Configurations and
conformational properties of these molecules were established by the
values of 2J"F and 3J2F | together with the 'H NMR parameters
and observed equilibrium anomer concentrations. The same types of
interactions which control the variation of HF coupling constants
(see Section II) also control variations in the shielding of the fluorine

* 19F chemical shifts to low frequency with respect to ethyl chlorodifluoroacetate.
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CH,OH
HO 0

a: Fax
B: F eq.
1 deoxy-1-fluoro-D-glucose

[113]

HO OH ™ (U, F) {

CH,OH
HO 0

o: OH ax.
F OH ™ (H, OH) { 8: OH eq.

3-deoxy-3-fluoro-D-glucose
[115]

CH,OH
HO 0

a: OH ax.
8: OH eq.

HO F N\, OH){

2-deoxy-2-fluoro-D-glucose
[114]

CH,OH
F 0

o: OH ax.
8: OH eq.

HO OH ™M(H, OH){

4-deoxy-4-fluoro-D-glucose

[116]

HO— CH,F o HO —.CH,OH 0
F
Hm H, O {"“ Ot ax: Hm H, OH {a: ot o
(H, Om) 8: OH eq. (H, OH) 8: OH eq.
6-deoxy-6-fluoro-D-glucose 2-deoxy-2-fluoro-D-mannose
[117] [118]

nuclei. (58) In Table XI is shown the consequences of changing the
OH at C-1, from the axial to the equatorial orientation, upon the
shielding of a 2-, 3- and 4- equatorial fluorine atom and of a 6-fluorine
atom. (58)

Four isomers of the 3,4,6-tri-O-acetyl-2-deoxy-2-fluorohexo-
pyranosyl fluoride, [119] to [122], were studied by 'H and '?F

AcO—_CH,0A¢ AcO—L CH,0Ac

AcO Ry AcO ~Rq
R, Ra
R, =H;R,=F R, =H;R,=F
[119] [121]
R =F;R,=H R,=F;R,=H
[120] [122]}
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TABLE XI

NMR parameters of the deoxyfluoro-D-glucoses and 2-oxy-2-fluoro-D-mannose in D, 0 (58)

H-F Coupling constant (Hz)
Chemical
Shlft ' A )
Compound  8p  J(F+Hy) J(F*Hy) J(F-Hsz) J(F-Hg) J(F-Hs) J(F*Hg)

o —146.08 522 27.2 - _ -
113 {;3 _139.04 529 12:0 _ _ _
14p o —19541 <08 49-0 14-5 _ _
g -19523 2.5 50-0 14-5 _ _
s o -19595 39 12:0 53.0 120
8 —191.04 <05 135 52:0 13-5
(1) o 19415 3 - 15-0 49.0 ca. 45  ca 30
8 —196-16 0 — 16-0 49.5 ca. 45 ca. 20
o -23127 - _ - ~ 280 473
[117] {5 ~230-54 - - - 270 475
sy o 20074 75 49:0 30-0 -
5 —21922  20:0 52:0 32.0 -

NMR spectroscopy. (59) The configurations and conformations of
these molecules were based on conventional analytical data and on
NMR data, in particular on the H-H coupling constants. The values
of JILH and JiH, for example, enable the approximate *C,(D)
conformations to be stated for all four compounds. The angular and
configurational dependences of the other couplings (HF and FF)
could be consequently studied. The magnitude of the F-F couplings
were estimated from both the normal !°F spectrum and the
proton-decoupled spectrum F {H}. The signs of many coupling con-
stants were determined using heteronuclear double resonance experi-
ments. (59) Two isomers, the a- and - anomers, of 2,4,6-tri-O-acetyl-
3-deoxy-3-fluoro-p -glucopyranosyl fluoride, [123], [124], and one

ACO/ CH20ACO

F AcO R,
R,
a:R; =H;R,=F
[123]
B:R;=F;R,=H
[124]
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isomer, the f(-anomer, of 2,4-di-O-acetyl-3-deoxy-3-fluoro-p-
xylopyranosyl fluoride, [125], were studied by 'H and '°F NMR
spectroscopy. (60) The H-H and H-F couplings are consistent with

F

F
)

l
OAc OAc

[125]
the 4C,;(D) conformation as shown in [123], [124] and [125].

Chemical shifts, H-F and F-F couplings of [119] to [125] are
collected in Table XII. (59, 60)

TABLE XII
Chemical shift and coupling constant of fluorinated carbohydrates (59, 60)

[119] [120] [121] [122] [123] [124] [125]
§Fy -151-5 -140-3 -1434 1464 -149-8 -138-8 -1377
&§F, -204-5 -2009 -207-2 (-207-0) - - —
§F3 -~ - - - -201-1  —196:0 -195.7
JH,F, +53-3 +51-7 +48-0 +48-5 +52-2 +51-5 +49-8
JH,F, +48-3 +49-0 +48-5 +49-0
JH,F, +23-8 +11-2 0 +8-0 +22-6 +10-8 77
JH{F, 0 +4-0 +4-0 +13-5
JH3F, +12-3 +15-0 +27-0 +22-4
JH3F, 0-5 -1-0 +2:5 0-5 10 0 0-1to0-2
JHsF, 0 0 0 0-8 0-5¢ 04 04
JH4F, 0 0 (V] +2-0
JH5F, 0 0 0 0-5
JHF) + (HgF ) 0 1-5 0 20
JH3F; +51-5 +51-3 +45-5
JH2F3 +14:5 +15-0 +12
JH4F 3 +13-5 +13:5 +12
JH,F;3 +4-0 0 0
JH;5F4 1-0¢ —1.04 +2-5¢

— — 0-3b

JFF cis. -18-8 —15-8 -200 -13:5
4JFF +1-0 -3.0 +104

4 HF vicinal coupling involving axial proton.
b HF vicinal coupling involving equatorial proton.

Configurational dependences of the !°F-shifts in fluoromono-
saccharides were reported. (61) Preliminary communica-
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tions were made of the !°F chemical shifts for F(1) and F(2) for a
number of fluorocarbohydrates. (62) Some of the earlier values were
revised and the investigation was extended to F(3) in the pyranose
series. (61) Potentially the use of ! 2 F-shifts offers a powerful means
of specific stereochemical determination. Values were found at —125
to —156 for F(1), at =211 to —215 for F(2), at —229 to —-230 for
F(6) and at —60 to —61 for —OCF;. F(3) in pyranoses show two
sets of resonances, at —~194 and —200 to —202, attributed to the 3-
and o- anomers respectively. Several HF couplings were also re-
ported; (61) it is noticeable that in the pyranose series the gem
couplings 2J(F, H,) are greater (/ = 53 Hz) than the values *J(F, H,)
(/ = 46 Hz) when the fluorine nucleus is equatorially disposed. The
H-F vicinal couplings are in the expected order: trams diaxial >
axial-equatorial > equatorial — equatorial. The fluorine spectrum of
5-deoxy-5-fluoro-1,2-0O-isopropylidene-a-D -xylopentose, [126], was
reported and discussed. (63) 1H 4-trifluoromethyl-decafluorobicyclo-
[2,2,11heptane, [127], was prepared and its fluorine NMR spectrum
described. (64)

0 2J¥H = 47 Hz
FCH, H
16 HZL - N
H H ?
H 0"‘C(CH3)2

[126]

~114-8
e o, J(CFor Fbridge) =47 He
J(CF4* Fy endo) = 47 Hz
~1114 IJFF B
1177 =250 Hz. J(CF4* F3 ex0) = 176 Hz

~61-5
[127]

2. Unsaturated systems

The proton and fluorine NMR spectrum of 7,7'-difluoro-benzo-
cyclopropane, [128], was analysed to obtain all the chemical shifts
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H,
Hj
2P 504
F7'
H
Hs
[128]

and coupling constants. (65) The ! °F NMR spectrum shows a triplet
at —80-4 with splitting value of 3-4 Hz. The H-F couplings were
derived from the proton analysis of the spectrum and were #JHF =
+3-64 Hz and 5JH¥ = —0-33 Hz respectively. The signs, in such a case,
were established from heteronuclear double resonance experiments,
[1281 was also observed in N«(p-ethoxybenzylidene)p-n-butylaniline
as nematic solvent at 30°. (66) The dipole coupling constants were:
D,,=-48-6 Hz, D4, = —48-2 Hz and D, = 455-1 Hz.

The ' °F NMR data of three cyclopropenes, [129] to [131], were

—63.3 —-115-8 —85-85 -182-2 ~77-05
H\ /CF3 H CF,CF; H CF(CF3),
F2 F2 F2
-102:6 —104-6 —-104-9
[129] [130] [131]

reported in relation to a study of some fluorocyclopropenyl deriva-
tives. (48) On the extension of a work on highly-fluorinated
norbornanes the '°F NMR spectrum of decafluorobicyclo[2.2.1]-
hept-2-ene (decafluoronorbornene), [132], was described. (67) An
effective method for the synthesis of 7,7'-difluoronorbornene and of

[132]

its endo-5-phenyl derivative was described; (68) a chemical shift
difference of A8 = 8-6 ppm was found for the 7-CF, group with



TABLE XIII

19F chemical shifts and geminal coupling constants for some derivatives of decafluorobicyclo {2.2.1] heptene [132] (69)

CF,—7 CF,—5 CF,—6 =CF
A A : Al P N,
Banti Ssyn 2JFF(HZ) Bexo Sendo 2JFF(HZ) dexo Sendo Jr¥(Hz) 82 83 54
1H, 4H— -103-7 -131-0 207 -112-6 1246 233 -112:6 —124-7 233 ~141-7 —1417
11, 41— -109-4 1272 193 -104-6 —-116-0 218 —-104-6 —116-0 218 -1329 -1329
11, 4F— -115-6 —136-5 195 -122-1 1221 — -105-8 1181 220 —131-1 1483 -2144
i, 45— -104-9 1294 196 —108-2 1135 218 -109-3 -1179 226 ~1404 1344
1H, 4F— -115-7 -139-3 205 —-124-4 1244 — -1119 1158 229 —138-7 1494 -216-8
1Br, 4F— -120-0 -1399 188 -122-6 1226 — -112-6 1203 218 ~138-3 1486 —-216-8
1H, 4Me— -112.0 -137-6 205 -120-2  -120-2 - -1119 -115-6 231 ~143.5 1478
1Me, 3Me—  —123-3 1459 209 -122.1 12241 - -1231 -127-0 225 -129-0 - -217-§

AdODOSOYILIHdS YN 61-ANIMONTI
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2JFF = 186 Hz. The '°F NMR spectra of a series of derivatives of
decafluoro[2.2.1]heptene were examined. (69) The assignments of
the chemical shifts were made utilizing the previously reported
electric field method. (70) The compounds examined are collected in
Table XIII. Relative intensities, trends in chemical shifts and
coupling constant details were used to perform the assignments as
reported in Table XIII. Chemical shift calculations for the 7-CF,
suggest that the fluorine syn- to the double bond gives rise to the
low-frequency lines and that the fluorine anti- to the double bond
resonates at high frequency in the appropriate AB band in each of the
spectra. (69) For the fluorine at C-5 and C-6 it was calculated that the
endo-nuclei are ca. 10-4 ppm more shielded than the exo-nuclei.
Experimentally a 2-0 ppm shift was observed. This assignment is in
agreement with the coupling which is exhibited at the bridge fluorine

£
&
S
300 (-
250 -
200 |
Cs
c.&.c. bond angle
150 | i | J 1 I
80 80 100

FIG. 2. The dependence of geminal F - F coupling on C—C—C internal ring angles in
saturated cyclic fluorocarbons. (From Homer and Callaghan. (69))
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at C-7,anti to the double bond (a triplet of ca. 20 Hz). This coupling is
evident as a doublet on the low-field pair of lines of the AB band of the
CF, groups at C-5 and C-6. These triplet-doublet splittings are likely to
arise from couplings between F,-anti and Fs ¢-exo. The geminal
coupling constants of the compound [132] (69) were compared
with analogous couplings in other fluorinated cyclic compounds.
Despite some approximations arising from the uncertainty of the
right geometry of the molecules there is indication that the 2/FF
coupling becomes larger with an increase of the internal ring angle,
C-C-C, of the carbon skeleton (Fig. 2). The same 2J¥¥ trend was
elucidated by other workers. (14) The value of 2J¥Y =cq. 256 Hz,
found for the 5-CF, and 6-CF,, corresponds approximately to an
internal angle of ca. 104° in agreement with the same calculations
relative to bicyclo{2.2.1]heptane skeleton. (71) The value of 2J¥F =
ca. 206 for the CF, at C-7 indicates that the angle in the bicyclo-
[2.2.1]heptene molecule is ca. 88°, which is an angle smaller than
that proposed for the bicyclo[2.2.11heptane (71) (95°).

A series of fluorinated cyclobutenes, [133], have been reported.

A B

XY F,
[133]

(14, 72, 73) Table XIV collects the ! F chemical shifts. Some of the
structures for the cyclobutenes [133] were defined by NMR. {133],
for example, displayed (14) a coupling /3L = 34 Hz, consistent with
H and F in trans neutral position. Irradiation of the CF; group of
[133f] revealed that the CF resonance has an FF couplingJ¥F =12-8
Hz, which must come from the nearest ring-CF, group. The lack of
this coupling in [133g] demonstrates that the ethylene acetal group

CF3\C:C/H o CF3\ s
B _ 3 F/C—C _ CH;
%8 Hz
FF F, %/O J
e%/
°

[1331] [133 g]



TABLE XIV A B

19F chemical shifts of fluorinated cyclobutenes [133] [133]
XY F,

X Y A B SoXy 5CF2 32} A Ref.
() F F 1 1 ~1131 —1131 - - Unpubl.
) F F F 1 —-116-4 —-118-4 - —104-9 (73)
) F F F H -114-0 —118-7 - -105-3 Unpubl.
@ F F cl 1 ~1146  —117-0 - - (73)
) F F I H —1119 1133 - - a3)
# F F CF3CF=CH— CHj; -1139 -1174 — { —-73-4 (CF3) (14)

-116-3 (—CF=)

. . N 3 e N —73-1 (CF3)

€ —O(CH,),0 CF3CF=CH— CHj 116111 1190 (-cp=) 9
ca. —110-1 , _ .
M) H OCH; H F - {m_ 123 Mrpp=215Hz. 1104 - (72)
. ca. —109-4
@ H OCH; H OCHj; {ca. 1227 2Jpp = 1975 Hz. - - 72)
ca. ~1095 5 _
O H OEt H F - g WEF=214Hz. 1093 - 12)
m) I FF H ~109-9 {:??'31‘0 2pp = 182 Hz. - 1007 a3)
1
(n) F F I -1099 -113-1 (73)
I I

© F F ~1089  —1089 (-112, -113.0) 3)

123]

I'TTVAVD 1



TABLE XV

12F chemical shifts of fluorinated cyclopentenes [134]
A B

XYéan)
Fa(1)
[134]
X Y A B Soxy SCFQ(I) SCF,(l) &g S A Ref.
F F I I -106-8 —-130-0 -106-8 — - (73)
F F 1 Cl —-106-9 -1299 —-114.0 - - (73)
F F I F -107-2 -129-0 —115-1 -115-1 — (73)
F F I -108-8 -1314 ~109-6 - - (73)
1
. -116-2 2, _ ) -1161 . .
H OMe H F - {*130'8 Jpy = 246 Hz. {‘123_9 Jpp =260 —135-2 - (72)
-116-7 , o —-1150 4 - _
H OMe H OMe - 1314 JFF=255Hz. 1230 Jrr = 269 Hz. a2
OMe OMe H H — —-129-63 —-111-06 - - (72)
H H CF; H - -116-9 -113-3 — -70-4 (18)
H H CHF, F — ~115-2 -1219 -137-0 -122-0 (18)
H H CH,F F - -115-1 -1209 -142-2 -230-0 (18)
H H CHF, H - -117-0 -113-0 — —-122-0 (18)
F F CF3 F -111-0 -131-3 -121-3 -115-6 —68-1 (18)
F F CH; F -114-1 -131-0 -120-1 -137-2 — 18)

AdODSOALDAdS NN 6 T-ANIYONTA
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TABLE XV-—cont.

X Y A B ScXyY 5CF1(1) 5CF2(2) g 5 Ref.
F F CF; H _1121 ~1324 ~113-0 - 655 (18)
F F CHy H ~1169 ~132:0 1097 - - 18)
F F CFy 1 1119 ~131-0 1089 - —62-5 (18)
FF I CoH ~109-0 ~131-0 ~1112 - - (18)
F F F CF,Cl ~1211 ~131-9 ~110-1 ~509 —116-9 (18)
F F F CFyl ~1211 _1272 ~114:0 —44-5 —1179 (18)
Fooa F CFCl ~1119 {:38:3 2jpp =233 Hz. ca. 1094 _50-5 1249 8)
: ~1089 ~1319 1106 . ~
FF  CF ‘@ {415-9 {434-5 Juro 620 18
CFy
) N
aF F CFj @ _CF =176-0 - - —57 - (18)
bp F F —(CFa) @ ~121-8 ~1319 ~111+6 - 1110 a8)
¢ F  CF, _1121 _1328 1131 - 628 (18)
-NH F NH, - ~119.97 ~119-97 ~_15997  (76)
H NH, F NH, - (two AB* at —104 to —130) — 147 to ~150 (76)

2 The fluorine resonances give a too complex spectrum to be interpreted.

b =CCF;, CF,C=resonates at —108-0.

€0-F=-1379; m-F = ~-161-0; p-F = ~148-8.

98
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is in the position adjacent to CF3;CF=CH-. (14) The electric field
method. (53) was utilized to assign the chemical shifts of these
fluorinated cyclobutenes. The same method, in conjunction with
intensity criteria and coupling constant values, was used to assign the
chemical shifts of several fluorinated cyclopentenes, [ 134], prepared
from the photochemical isomerization of decafluorocyclohexene.
(18) A group of these compounds together with some others (72, 73,
76) are reported in Table XV. A further cyclopentene, which could
not be included in Table XV, is shown in [135]. Perfluoromethylene-

H,
)
Fy;—F —1421 8663
_102.61 R= CHzCF2CF3
—-107-01
2JFF = _-2-52 Hz -118-6
2J¥F =268 Hz
[135]

cyclopentane, [136], and perfluoro-(3-methylenecyclopentene),
{1377, have been described. (18)

~733 F,  Fp-T194

N
CF2 59 ]
F, F,-111:1 ~1185 F, F -139:9
Fy—F, 1350 -115-8 F;7— F -1610
[136] [137]

Two perfluoro-cyclopentadienes, [138] and [139], were also
characterized by '°F NMR. (18) The diene [139] was heated to

—-62:0
oy —154 9
166 Hz | 7'1 Hz —156 0 _113 0
~146-0 F F -130-0 /
5. 2 Hz 7Hz| |2-8 Hz
-138-0 F, F —-170-6 _132 8 9 7
F; 2 2 28Hz CF3

(138] [139]
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ascertain its thermal stability; perfluoro-1,4-dimethyltricyclo-
[5.2.1.0] deca-3,8-diene, [140], was obtained and its structure was
assigned on the basis of spectroscopic measurements. The dimer

1: CF; —614 3:=CF -102-8
4:CF; —61-0 8: =CF —1409
-94-5 9: =CF -146-1
5: CF, AB{—109-4 2:>CF 1758
L s F 2P =269Hz 6:>CF -189:9
—~116°1 7:>CF -213:0
[140] 10:CF, AB{—131
2J¥F = 184 Hz

[140] is likely to have an endo-configuration in agreement with
some literature results (74) and the existence of a long-range F-F
coupling (J = 44 Hz) between 8-F and one of CF,-5 fluorine nuclei.
(18)

In the study of the synthesis of 1-iodo- and 1,2-diiodo- perfluoro-
cyclo-olefins a few polycyclo-olefins were also obtained and charac-
terized by NMR (73) [141] to [147]. In the AB spectrum of the

S
F, F, 1056 F{:m-e
F,-104-9 (OMe)2 0
100 AL
F2 F2
Fy AN
[141] (~104:6 10 ~1052)
~104°8 to -105-2)
[142]
[143]
F,
F, Fa ~107-9
F, «——AB! ~115-1
F, F 27FF < 280 Hz
2
P, O [ -1300
AB{ —134-1
2/FF 244 12



FLUORINE-19 NMR SPECTROSCOPY 29

~105-1
F, F, —129-0 (t./=4-0Hz)
o A Jan e
Fa CF2C={ ~ _107:5
F2 F2 '—1097
F
2 By | | [-1312
[145] R L

quintets (J = 4 to 4-5 Hz)

F, F, -1260 (t.J=22Hz)

l
F 0 CF,C=: five complex signals at --106-8 to —108-9
2
F, F, | { {—-131-0
Fy F, _C( F2 C(_ ~1315
146
[146] Z]uintets (J=4'5Hz)
F, F,
Fy
F,
F, -1141

F, F, -1311
[147]
| |
—?CFz (‘3— group of [144] at room temperature, the A part is made

up of two triplets (3J¥F = 5-0 Hz) arising from the coupling with the
two vicinal fluorines which resonate at —115-1 and B consists of
two broad bands (half width = ca. 10 Hz). A variable temperature
study of the NMR spectrum of [144] indicates that the cyclo-octa-
tetraene ring must have a very low rate of inversion because, even at
+180°, the rate of inversion increases only to average the vicinal



TABLE XVI

19F chemical shifts of fluorinated cyclohexenes
A B
XY F,
F2 FZ
[148]
X Y A B 83 b4 b5 L3 5 S Ref.
-117-0 ~125-4 -1319
H OMe H F -127-5 -133-0 -139-7 —1324 — (72)
2JFF =293 ZJFF =268 ZJFF =276
F OMe H H -119-4 (-105-8 -130-9
~113-6 -139-9 -130-8 - - (72)
2Jpr =300 Hz. | 2Jpp = 269
-1262 -1344
H F H OMe —187-5 {-1333 -136-8 -1199 - - 72)
2Jpp=295Hz. |\2JFf = 286 Hz.
OMe OMe H H -128-3 -138-1 -108-6 - - (72)
BE 1253 ~1114
H F OMe F -199-7 -1334 -114-4 -167-8 (75)
—1405 1364 1223
—143-5
L
=NH CF3 NH; -117-3 -136-8 -1224 -569 (76)
) S
=NCHj F —NHCH3 - -116 —~134-3 -116 -154-0 (76)
| I |
=0 F —NHCH3 - -114-3 -133-3 -1234 —165-1 (76)

06
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coupling constants but not the geminal couplings or the difference in
the chemical shifts. (73)

A few fluorinated cyclohexenes were obtained, Table XVI, by
treating 1H,2H-octafluorocyclohexene with CH;OH in the presence
of base. (72) In Table XVI other cyclohexenes are also included. (75,
76) A further fluorinated cyclohexene, which could not be included
in Table XVI, is shown in [149]. (75) The assignments of the '°F

(~1181 to ~122-6)
A B )
F2" oMe
<y . (-157:0) F F -1358
2 (~158-5) F F-2103

F, F, F, H

(148) ()
(—103-5 to —-112-0)

[149]

chemical shifts of these cyclohexenes were not always given. The
assignments reported in Table XVI are only tentative being mainly
made by comparison with other cyclo-olefins. Some cyclohexa-1,3-
and 1,4- dienes, [150] to [157], were prepared in the study of
nucleophilic substitution reactions of octafluorocyclohexa 1,3- and
1,4- diene. (75) Two heptafluorobicyclo[2.2.2]oct-2-enes, [160],
were also obtained. (75) Some other cyclohexadienes, [158] and

[159], (76) and [161] and [162], (77) were obtained and charac-
terized by ! °F NMR.

F M F
F F, F F, 1209 € F, -1263
~126:3
F E, F F, —1263 F F, -1271
F F
—132. —140-
i [ 1545 I 1323 0-0
~CF 163.9 ~CF { —152.0 —CF { —1569
—1065- —1627 —168-9
[150] {151] {152]
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F
MeO F, -1258
F F, 1236

F

I —-149-1
_CF{ -1673
—-171-5
[153]
—130-3F OMe
F F
F F
F, 1148
I |-=157-0
—CF) 1688
[156]
OFEt
-1101 F2©F
F F, -1101
F
-157-1
—CF { —1589
—163-3
[158]

L. CAVALLI
~150-0 OMe —152~6F Me
F F, ~1229 F F
F F, —1379 F F
F F, _1093
| |—1568 | |—1487
—CFY 646 —CFY 1618
[154] [155]

I {~162-9
—CF

—170-0 « intensity = 1

[157]

F

Fj OEt
F, F
F

. ~1223
2| _1244

[159]

—147-0

—CF{ —166-0

—168-5
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F
X H,
F H,
F
[160]
F
H;C F, -1272
H;C F,
F _140-5

[161]

|
X=Me J =CE 1336

I

-

CH,

O
F F,
—141‘N'7
~160-1

[162]

- CF, centred at —128-0, —129-7

I
—(ljF —191-8, -201-3

- CF, centred at —127-8, —128-8

|
—CF —195-6,—-198-6

93

Studying the cyclo-addition of benzyl azide with olefins it was of
interest to examine the action of phenyl azide on the thermal dimer
of perfluorocyclopentadiene [163]. (78) At 70° a slow reaction
occurs to afford [164]. (78) Several important comparisons may be

Dy

[163]

CF(3 or4) —-137-0
CF(4 or 3) —146-5
CF(8) —~164-8
CF(10) —1699
CF(2 or 6) —181-7
CF(6 or 2) —1896
CF(1 or 7) —-209-4
CF(7 or 1) -2109

CF,(5) centered at —107-0, 2J¥F = 260 Hz
CF,(11) centered at —125-5, 2JFF =220 Hz
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drawn between the spectra of the aziridine [164], (78) of {163]
(74) and [140]. (18) A coupling, with a large through-space
component, between one fluorine at C—5 and the fluorine at C—8
(J =105 Hz) was in fact observed. This suggests an exo-fusion of the
aziridine ring which forces F—8 and F—10 into endo-positions.
Another large coupling (73 Hz) was assigned to the interaction
through space between one F—11 and one of the tertiary fluorine
(F—2 or F—6). Coupling of the same F—11 with the other nucleus of
the F—2/F—6 pair is appreciably weaker (/ = 21 Hz), which suggests
that the aziridine molecule is twisted. It is noteworthy that the value
of 2J¥F =220 Hz, for the bridging CF, group, falls between those
observed for the corresponding group of some bicyclo[2.2.1]-
hept-2-enes (3J¥¥ =172 to 185 Hz), and those for CF, groups in
nearly planar polyfluorocyclopentanes (2J¥F =265 to 275 Hz). This
suggests that the C(1) - C(10) - C(8) - C(7) -C(11) ring in the aziridine
ring is closer to planarity than the corresponding rings in the
bicycloheptenes; a similar effect was also noticed for [165]. (78)

F
CIF HCl N
— 2JFF 2 295 Hz
CIF HCl
F

[165]

The study of the Diels-Alder reactions between perfluoro-cyclohexa-
1,3-diene and substituted alkenes and alkynes has been extended.
(77) Reactions employing 2H,3H-hexafluorocyclohexa-1,3-diene
and its adducts were investigated. (77) Several adducts, bicyclo-
[2.2.2]octa-2,5-dienes, [166], bicyclo[2.2.2]oct-2-enes, [167], and

Fy Fy
Fz F Y F2 F
) o

[166] [167]

5-methylenebicyclo{2.2.2 Joct-2-enes, [168], were prepared and
characterized by elemental analysis and spectroscopy. !°F NMR
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spectra were the major factors used to assign structures. The ! °F NMR
parameters obtained for the three series of adducts [1661, [167] and
[168] are reported in Tables XVII, XVIII and XIX. For [166]
compounds the presence of two fluorine resonances in the region
associated with bridgehead fluorines, as well as some other charac-
teristics of the proton resonances, exclude the alternative bicyclo-
[4.2.0] structures, [169]. For compounds of the type [168] the

F,
A H
F F H
Y 32 /C|~B F~
NN : |
F 2 >
C F, H
[168] [169]

NMR spectra could establish the structures and the stereochemistry
at the 5-fluoromethylene groups. For one of the [168] compounds
{Table XIX), in the region appropriate for bridgehead fluorines, it
was observed that the lower-frequency resonance of one of the two
fluorine resonances is split into a doublet (J¥¥ = 44 Hz) through a
coupling with vinylic fluorine. (77) This coupling was interpreted as
arising from the close proximity of the vinylic fluorine and of a
bridgehead fluorine. The single symmetrical resonance for the
6—CF; group of two of the [168] compounds is evidence that only
one isomer must be present for these compounds; on the basis of
models the endo-configuration is suggested. (77)

The Diels~Alder addition of two of the alkynes, perfluorobut-2-yne
and 3,3,3-trifluoropropyne to 1H,2H-hexafluorocyclohexa-1,3-diene,
was also investigated. (79) 1H,2H-hexafluorocyclohexa-1,3-diene was
found to slowly dimerize at room temperature to give a product the
structure of which may be either of those shown in [170]. The !1°F

|
NMR spectrum of [170] shows a bridgehead fluorine —?F at —203-4,

F F,
X F F,
F F, F F
F F, F F



96

L. CAVALLI

TABLE XVII

19F NMR parameters for polyfluorobicyclo[2.2.2] octa-2,5-dienes (77)

Chemical shift (§)
Al
e |
CF3; CH; H —195-9, —~199-7 -117-3 - -55-3
CH; CH; H —196-7 —-118-1 - -
CH; CH; F —199-1, -211-0 -121-1, —-125-8 ~124-3 —
CF; CF; H ~196-7 ~118-7 - 543
H CF; H —194-5, -201-5 -115-8, 1204 - -60-9
H CH; H -193-5,-1979 -1174 - —
a B . .

H CH; F ~1984, -2142 25 L) _ 1514 10 1262 B B
CH; H F -201-7, -210-3 (1 1)

4 The two isomers were observed in mixture (ratio 2-5 : 1) and were not assigned.

TABLE XVIII

19F NMR parameters for polyfluorobicyclo[2.2.2] oct-2-enes [167] (77)

[167]

Chemical shift, §

—A Y
X Y —CF —CF,—CF,— =CF
H H —187-1 -127-1 -
-126-7
F H —184-9, -100-9 —126-4, AB{-130-4 —119-5
2JFF =220 Hz
F F —200-7 -129:2 —152-4
CH; CH; 1950 ~1322 -




TABLE XIX
19F NMR parameters for polyfluoro-5-methylenebicyclo[2.2.2] oct-2-enes [168] (77)

Chemical shifts, &

,
Y A B C —CF CF,CF,— =CF CFs3
1250
H H H H ~190-9, —~198-2 ~127-0; AB {429.7 - -
F H H H ~204-4, ~209-0 ~127-8 —-152-0, ~154-0 -
~128-8
H F H H¢ -190-8, —-198-8 ~1269; AB{ —124-6 ~1279 -
ZJFF =234 Hz
1256
H H F 13 -191.7, —200-7 —~127-8, AB { ~1292 ~131-3 -
2JFF =234 Hz
H H F CF3¢  -191-1,-199-1 ~120-0, —126-8 ca. -126 ~59.9
~120-7
H H H CF3 -192-5, -197-6 -128-0,{ —123-1 - —-61-3
2Jpp = 240 Hz

42J4F = 79—80 Hz; Jpp(A —F4) = 44 Hz.
%2315 = 19-80 Hz; Jpp(B—F4) = ca. 0 He.
€ 2JyF = 83 Hz; Jpp(B~F4) = ca. 0 Hz.

AdODSOY1DddS dNN 61-ANIHONTA

L6



98 L. CAVALLI

one distinct vinylic fluorine at —146-1 and a complex set of
resonances between —89 and —131-7, from which one may dis-
tinguish one AB quartet: §, = —113-0, 85 = —1184,J,5 =230 Hz.
Besides this structure, the addition of the alkynes to the diene gives
(1711 and [1721. (79) It was found that hexafluorobicyclo-
[2.2.0] hexa-2,5-diene, [173] is an active dienophile, forming with a

{AB: ~108-2,—111:3,J 45 = 234 Hz

F2f |Ln two multiplets at —124-8, 1254
/ ‘—-' —62-1

F

CFy—
-1236 _214.2 3

[171]

_CF2CF2‘—'

=CF

} —108-1 to —123-5
|

[172]

variety of electron-rich cyclic and acyclic dienes, both 1:1 adducts
and, more slowly, 1:2 adducts at ambient temperature and in good
yield (22 to 100%), [174] to [180]. (80) The reaction of [173]

F

F
m X = CH,, NH, O, —CCH;=CCHj;—,
F F —~(CHy),—

F
[173] [174]

F FF fh
m
R] = R2 = H F F F
Rl = H, R2 = CH3 Ph
[175] [176]
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F F F B F F F
by G
F Br F FF

F F
X =CH,,NH, 0 X =CH,, NH, O, >C=C(CH,3),
[177] [178]

F F
R
R4 F F F 2 F FF
Br Br
A m
. Br Br
Rl =CH3, R2 =H, R3 =H(0r CH3) F F F
R4 = CH3(or H) X=CH,,0

[179] [180]

with pyrrole to give 1:1 and 1:2 adduct is noteworthy: it is in fact
the first example of Diels- Alder adducts of this diene. (80) NMR
investigation showed that reaction occurs by 1,4-addition to the
diene and 1,2-addition to the dienophile and that 1: 2 adduct
formation occurs by addition of the second molecule of diene in the
same stereochemical sense as that of the first molecule of diene. The
19F NMR chemical shifts of several adducts are shown in Tables
XX and XXI.

All 1:1 adducts show an absorption band in the !°F NMR spectra
which is shifted slightly from that of the olefinic fluorines in the
parent bicyclohexadiene [173] (6§ = —125-1). Chemical shift assign-
ments for 1:1 adducts follow from the shifts of the olefinic fluorines
well removed from the other fluorines, from the substantial
coupling of F-3 with protons, from the weak coupling between F-1
and F-3, and from the trends of chemical shifts, which are fairly
regular for similar fluorines in corresponding adducts. (80) Chemical
shift assignments for the 1:2 adducts follow from the relative
intensities 2:1 of the absorption bands. Considerations of the
19F NMR results obtained are in agreement with exo-attack upon
the bicyclohexa-2,5-diene, [173], and also with exo-attack upon



TABLE XX
19 NMR chemicat shifts of the 1:1 adducts (80)

F F F
F F F
LU T V) I €]
Compound 5(1) 6(2) 8(3)
[174] X=CH,. -121-7 -191-7 -1767
[174] X=NH —122.7 ~193-1 ~1811
[174] X=0 ~122:8 ~1943 ~1827
[174] X = C(CH3)=C(CH3)- -118-2 —187-9 —-172-7
[174] = (CHp)y— ~122:0 ~189-3 ~1741
[175] R; = R;=CH3; ~12241 -195.7 ~167-0
{175] Ry =Ry=H —120-8 —1919 ~162-8
~ _ . . —165-8
{175] R; =H, Ry =CHj; -122-7 —189-3 _166-8
[176] -1219 —188-9 -170-5
{177} X =CH, ~121-5 -191-7 -185-9
[177] X =NH -121-7 -192-9 -1894
[177] X=0 ~120-3 ~1921 ~187-1
TABLE XXI1
19% NMR chemical shifts of the 1:2 adducts (80)
F F F
F F F
o @ &
Chemical shift
~ A
Compound 8(1) 5(2)
[178] X =CH, ~182-9 ~184-1
[178] X =NH -1837 —185-5
[178] X=0 ~1881 ~190-1
[178] X =—C(CH3)=C(CH3)— ~181-9 -182-7
[179] R1’2y23’4 =CHj -1724 -189-6
~169-0
Rl =CH3, R2 =H
[179] - _ ~170°3 1864
R3 = H(CH3), Rq = CH3(H) _1708
[180] X =CH, -193-3 -193-7
[180]

X=0 —-193-3 -1879
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cyclic dienes. Further support is provided by the !°F NMR
spectrum of the phenyl azide adduct, [181], in which pairs of non-
equivalent fluorines have very similar chemical shifts, implying that
the heterocyclic portion is well removed from their environment. (80)

Ph

|
F F F N
e
F F F N
—-120-5 —-1849
-191.7

[181]

D. Fluoroaromatics

The synthesis of 1-diazotetrafluorobenzene 2-oxide, [182], and
of the isomeric 1,4-compound, [183], together with some reactions
of the former, are described. (81) Pentafluorobenzonitrile was

Q
lm Iml F3 Faq Fs Fe
Ne N® ~1632 —145-3 —1766 —145-3
F 0° F 0
6 - ° J3a=147THz Jus=182Hz
Fa Fq Jag=11-4Hz  Jse =169 Hz
[182]
I\{ I}ﬁe Fe  Fss
1\110 N® —144-0 —157-9
Fe Fooo _, Fs By J=144Hz Jy=78Hz
Fs Fy Fs Fs  J,5=22 Hz J35=43Hz
I
0° 0
[183]

prepared (82) and some reactions of it also reported. (83) In these
studies several fluorinated aromatics were identified and charac-
terized by NMR. Their fluorine chemical shifts are collected in Table
XXII.



Fluorine chemical shifts of fluorinated aromatic derivatives?

TABLE XXII

6
5
a
1 2 3 4 5 6 8y 649 63 84 55 66 Ref.
OH NO, F F F F - — -151-4 -171-1 —1524 -162-0 (81)
OH F F NO, F F - —-163-0  -151-0 - -151-0 -163-0  (81)
OH F OH NO, F F — -162-7 — - —150-8 ~169-6 (81)
0oCo F OH NO, F F — —-151-8 — - —150-8 -159-2 (81)
OH NH, F F F F - - —167-3 —176-3 —1811 ~170-5 (81)
OH F F NH, F F - -166-4 ~-165-4 - -1654 -166-4 (81)
Ph F F F F OH — —146-6 -1739 -162-1 -164-3 — (81)
F —N O F F F —-154-8 — — -162-0 ~163-3 ~165-5 (81)
N
|
Ph
F —N=C-0— F F F —156-2 - - ~1634 —165-3 ~167-1 81
|
CHj
CN F Cl F F F — -1121 — -1240 -161-7 -129-5 (82)
CN F Cl F Cl F - -106-3 — -101-3 - —106-3 (82)
F 1 F F F H -117-5 - -133-1 ~163-5 ~134-6 — (82)
e Cl F Cl F H -112-8 — —-1117 — ~-112-8 - (82)
CN F F NH, F F — —140-8 —163-7 — -163-7 —140-8 (83)
CN NH, F F F F - - -162-8 ~152-5 -177-1 -139-4 83)
CN F F NH F F — —-138-0 —-151-6 - -151-6 -138-0 (83)

a0l
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TABLE XXII—cont.

1 2 3 4 5 6 61 52 53 54 55 66 Ref
CN F F a F F - ~1323 -1377 - ~1377 1323 (83)
CN F F Br F F - S1317 1294 - ~1204 1317 (83)
CN F ¥ I F F - ~1320  —1167 - ~1167  —1320  (83)
CN F F CH F F - (~1346) (~137-4) ~ (C1374) (-1346) (83)
F CH;  CH, F f u ~1233 - - ~1233 - - an
F H CH, ¥ H H (~120-1) - - -1262) - - an
CFy H F F H H —64-5 - ~1341  -1374 - - 9)
CF3 H F Cl H H —63-8 - -112-5 - - - 79)
OH F NH, F F F - (-1609) - (~1689) (~169-8) (-1746) (76)
oH ¥ NHPH T F F - (-1568)  — (~165-6) (~168-5) (~171-6) (76)
NH, CFs  NH, ¥ ¥ ¥ - -55.1 - Z172:5  —158-0  —1725  (76)
NHCH; F NHCH; H F F - (-1400)  — — (-158)  (-167)  (16)
OEt  F F F ¥ ¥ - ~1579  -1652  -1652 -1652  —1579  (16)
OMe F F H F F - (~158-5) (—140-8) — (<1408) (-1585) (92)
OMe F F SH F ¥ - (~1580) (~139-4) — (-1394) (~158:0) (92)
CO,Br  Br F OMe F F - — (-1233) ~ (-1400) (~150-8) (94)

4 Values in parentheses were not assigned.

AdODSOULIOAIS NN 61-ANITIONTA

€01



104 L. CAVALLI

A number of m- and p- substituted benzotrifluorides, [184], was
examined to evaluate the solvent effects of the fluorine chemical
shift and to determine the !3C-F coupling constants of some

CF;

X X =p—NH, X=p-H X =p—NO,
J(BC—F)=-270Hz —272 Hz —275 Hz
[184]

representative cases. (84) In Table XXIII there are collected the 1°F
chemical shifts of some new benzotrifluoride derivatives together
with some others already reported. Whereas there is little change in
the chemical shift with m-substitution there is significant spread in
the '°F chemical shift for the p-substituted cases. It is also
interesting to note that the value A(p — m), the chemical shift
difference between m-substituted compounds and p-substituted com-
pounds, gradually increases, becoming more negative as the electron
donating ability of the substituent group increases. In addition it was
noted that the !°F chemical shifts at infinite dilution in general
decrease as the dielectric constants of the solvents used increase. A
possible explanation of these data may be found either on the basis

TABLE XXIII

19F chemical shifts for benzotrifluoride derivatives at infinite dilution in CFCl3 (84)

CF;
X
[184]

X p-Substituted m-Substituted Ap —m)
CN —64-19 — -
NO, —64-10 —63-87 +0-23
COCH; —64ati_ 6405 - -

1 —64-04 —63-87 +0-17
Br —63:76 -63-79 -0-03
Cl —63-48 - -

F —~62-97 —63-82 -0-85
OH —62-37 —63-69 —1:32
NH, —62-29 —63-82 —1-53

H(CH3), -61-98 —63-73 —1-75
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of negative hyperconjugation or p-7 interactions which should
operate in the paramagnetic term 1-0,; of the '° F shielding constant
and thereby produce a net high-frequency shift. The '*C—F couplings
of three benzotrifluorides X = p-NH,, p-H, p-NO,, were also reported,
(84) observing that the trend of the values is analogous to that
observed for halomethanes.

19F NMR spectroscopy was extensively used to study the re-
actions of pentafluorophenyl-lithium with halogeno-olefins (85) and
the synthesis of polyfluoro aralkyl amines. (86) The three monofluoro-
benzaldehydes as well as 2-chloro-6-fluorobenzaldehyde and 4-fluoro-
2-nitrobenzaldehyde were studied by proton NMR. The ring proton-
fluorine couplings and the couplings over four and five bonds,
4J(F, CHO) and 3J(F, CHO), were reported. (87) The proton NMR
spectrum of para-fluorotoluene was analysed to derive the ¢- and
7-contribution to JHF (JF'F = 1-14 Hz). 2-Fluoro-5-chloro-, 2-fluoro-
6-chloro-3-nitro- and 2-fluoro-6-chloro-5-nitro-benzalchlorides, [185]
were studied by proton NMR. (89) The long range H-H and H-F

Cl

cl S H

[185]

couplings were shown to be stereospecific. In particular, the coupling
over four bonds between side-chain proton and the ring fluorine is
—0-3 Hz when the C-H and C-F bonds are arranged cis to each other
but is —2-5 Hz when these bonds have a fransoid planar arrangement.
These molecules prefer conformations in which the C-H bond of the
side-chain lies in the plane of the aromatic ring. (89) The AA'BB'MX
spin system was considered with application to the analysis of two
molecules: para-fluorophenyl dichlorophosphine [186] and tris-para-
fluorophenylphosphine, [187]. (90)
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F
[187]
8 Jam(ap)  JTemClur)  JuxCJer)
[186] - 5-40 8:53 —5-35
(187] —1182 50 872 454

Unambiguous synthesis of 2,2',3,3",5,5"-hexafluoro-4,4'-dimethoxy-
biphenyl, [188], (91) 2,2',4,4',5,5"-hexafluoro-3,3"-dimethoxy-
biphenyl, [189], (91) and heptafluoro-2-methoxydibenzothiophen,
[190], (92) were reported. On the basis of chemical shift results of
[188], [189] and [190], several fluorine assignments had to be

-150-3
~134-7 -141-5
5 4’ 5 4
F Qs F —-150-9 Me0< Oa}OMe
<r 25 Iy
F H H F F H H F
-141-2 -133-5
[188] [189]
—131-3 -126-0
-1554 (F }; b, OMe
{ 50 Ji3= 75Hz  Jg; =189 Hz
-1573 \F 5 g F Jia=135Hz Jgg=13:0Hz
F F —-148-7 J34 =194 Hz Jgg =180 Hz
-139.8 -141-3
[190]

reconsidered in some perfluoroaromatic derivatives of the dibenzo-
series. The compounds, the chemical shifts of which were amended,
are shown in [191] to [199]. 2,2'-Dibromo-octafluorobiphenyl,
[200], was also prepared (92) as intermediate in the synthesis of
[190]. These results permitted it to be demonstrated that 2H 2H'-
octafluorobiphenyl is attacked by sodium methoxide at the 4,4'-
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-1327
F F
13 F}(—154-5)
F \é/ F J(-157-0)
F F
—-140-0
[191]
—1326
F F
F F —143:3
F F -151-0
F Il F 1380
[193]
—~133-1
F F
F F -1403
CH;0 CH;0
F | F
0 —~133-1
[195]
~129-4
F F
CH;0 — OCH,4
CH;0 OCH,
F | F
0 ~134.7
[197]
—1301
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(~134-0)
F F
F O F -152:5
CH,0 S OCH,
F F(-135.0)
{192}
F F -127'5
CH,0 OCH,4
F F —1496
F \ ~140-8
0 13
[194]
~1301
-144~5
CH;0 ||
[196]
~1279
F F
F@—;@F 1434
F F —147-7
S ¥
F 0,
—140-$
[198]
—130 1
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~134:3 ~1547 734 - 20:6 Hz
F F F F J35 = 37 HZ
J36 = 9-6Hz
FF 1503 J4s =192 Hz

Jag = 44 H
F Br Br F J46_21‘2 HZ
~1275 56 ~ ‘

J66I= 16 HZ

[200]

positions and not at 5,5" as claimed in earlier literature. (91)
Analogously octafluororen-9-one is attacked by methoxide at the 3-
and not at the 2- position and octafluorodibenzothiophen and its
dioxide are attacked at the 2- and not at the 3- position.

In the study of the electrochemical oxidation of polyfluoro-
aromatic amines, anthranil, [201], benzhydrol, [202], and benzo-
phenone, [{203] to [205], derivatives were obtained and charac-
terized by ' °F NMR. (93)

L [ ~1379 2 intensity
F Z —1472 2 intensity
F = F P —148-6 1 intensity
F ~153-7 1 intensity
F —156-1 1 intensity
F Lv158-5 2 intensity
{201}
( —139-3 1 intensity
F F (!)H H F —~143-1 2 intensity
_ —1439 1 intensity
F@ CH@F ~1554 1 intensity
F F F F —157-5 2 intensity
L —-162-7 2 intensity
(202]
F F o HF —136-0
< > I ~1377
F F F F —144-1
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NO, —1387 1 intensity

F F o F —140-5 2 intensity

. L . 1418 1 intensity

—145-3 2 intensity

F F F F —146-8 1 intensity
1606 . .

(204] 60-6 2 intensity
—140-2 1 intensity

NH, —143-6 2 intensity

S C“) | F —146:6 1 intensity

F@C F —153-6 1 intensity

—161-0 2 intensity

F F F F —162-8 1 intensity

[205] —175-8 1 intensity

Nucleophilic replacements in decafluorophenanthrene were de-
scribed; this compound in fact reacts with sodium methoxide and
with dimethylamine with replacement of the fluorine atoms at
positions 2 and 7. (94) The 2,7-replacement was proved by NMR
spectroscopy and chemical analysis. The !F NMR spectrum of [206]
shows an AB pattern (—140-4, —147-4,J o5 = 85 Hz), assignable to
1-, 8, 9- and 10-fluorine, and two bands at —129-4 and —149-4,
assignable to 4-, 5- and 3-, 6- fluorine respectively. The '?F NMR
spectrum of [207] shows signals of equal intensity at —131-4 (F-4,

MeO®©
Y

or Me, NH
[206] X = OMe
[207] X = NMe
F-5), at —142-9 (F-3, F-6) and an AB pattern (F-1, F-8: —-138-2, F-9,
F-10: —147-8,J,p =88 Hz). Oxidation of [206] with potassium
permanganate gave the hexafluoro-4,4'-dimethoxy biphenyl-2,2'-
dicarboxylic acid, [208]. NMR parameters were also reported for the
hexafluoro-5,5"-dimethoxybiphenyl-2,2'- dicarboxylate and dicar-
boxylic acid, [209]. (94)
COOH COOH

() ~1319
MeO — OMe 1392
1490

[208]
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CO0® CO0°
Y ~133'5
OSONEE:
—149-6
OMe OMe
[209a]
COOH COOH
N 1317
OSOME"
~150-2
OMe OMe
[209b]

A study of a series of substituted Me-aromatic derivatives has been
reported, which are pertinent to the question of interaction between
the unshared p-electrons of substituents on a Me group and the
m-system of an aromatic ring to which the Me group is bonded. (95)
A series of meta- and para- o-substituted fluorotoluenes, FCoHs X,
where X is a mono-, di- and tri- substituted Me group, CH, Y, CHY,
and CY; (Y = F, Cl, Br, OMe, SCF; and CN), a total of 24 new
products, were investigated. (95) The !'°F chemical shifts at infinite
dilution were measured relative to C,HsF. The data obtained were
compared with results of other related substituted fluorotoluenes.
From comparison of all the '°F NMR data it appears that the
electron withdrawing character of the methyl groups increases with
substitution. However, for the trihalomethyl groups, particularly in
the chloro- and bromo- series, the effect definitely drops off so that
trisubstitution is not significantly better than disubstitution. There is
some sort of saturation effect for halomethyl groups, particularly
with bromine and chlorine, where two substituents do as well as
three. This is not the case for the cyano-substituent, for which an
additive linear effect of substitution was found. The observed
substituent effects strongly suggest that unshared p-electrons on
substituents Y of CY; groups interact with the w-system of the
adjacent aromatic ring and may be of some importance in trans-
mission of electronic effects. A through space p-w donation is an
attractive way, even if not the only one, to interpret this interaction.
(95) If was shown by '°F NMR studies that the amide linkage does
transmit electronic effects in the ground state. The transmission of
electronic effects through the amide linkage for a series of 3- and
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4-substituted -4'-fluorobenzanilides, [210] was in fact reported. (96)
Plotting the shielding parameters against Taft’s ¢° constants, a
guantitative measurement of transmission was obtained. It was found
that the amide is ca. 40% as effective as a double bond in

X
<@y we

[210]

transmitting conjugation. Some reactions of 1,2,3,4-tetrafluoro-
naphthalene (97) and the thermal decomposition of 1,2,3,4-
tetrafluoro-5,8-dihydro-5,8-(N-methylimino)-naphthalene (98) were
studied making extended use of ' °F NMR spectroscopy.

As a part of a general study of substituent effects in the
naphthalene ring system, some substituted fluoronaphthalenes,
namely [211a] to [211d] were prepared and studied by proton and
fluorine NMR. (98b) The relevant NMR parameters of these com-
pounds together with those of ortho-, meta- and para- fluoroaceto-
phenones were reported.

COOCH3
[211a] [211b]
F COCH;
o1or.
COCH,4
[211c] [211d]

II. HETEROCYCLIC COMPOUNDS

A. Nitrogen heterocyclics

As an extension of previous work, where it was found that
acid-induced processes are particularly useful for fluorinated hetero-
cyclics, reactions of pentafluoropyridine, heptafluoro- quinoline and
isoquinoline with hydrogen halides in tetrahydrothiophene were
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described. (99) Replacement of fluorine ortho- and para- to the ring
nitrogen by another halogen occurs. The mechanism of the reactions
was discussed in terms of nucleophilic displacement of fluoride ion
from the protonated species. All products of reaction were charac-
terized by NMR, in particular by '°F NMR spectroscopy; structure
determinations were mainly given on NMR basis. (99) The fluorine
NMR parameters are collected in Tables XXIV, XXV and XXV
Assignments, when possible, are given in parentheses. In the case of
polyfluoroquinolines, 2-, 4- and 5- fluorine resonances were assigned
on the basis of their chemical shifts and the large peri-coupling (J¥ ¥
= ca. 44 to 50 Hz) between the 4- and 5- fluorine atoms. It is known,
in addition, that resonances ortho- to a halogen or hydrogen are
shifted to higher frequency; on this basis, the highest-frequency
resonances for the dihalogeno-derivatives may be assigned to the 3-
fluorine. The assignment of the methoxy-group to the 2- or 4- position
was deduced from the proton NMR spectra. For the polyfluoroiso-
quinoline the 1- and 3- fluorine atom could be distinguished by their
high-frequency position and the large peri-coupling (J¥F =ca. 60 to
65 Hz) between 1- and 8- fluorine atoms. The assignments of poly-
fluoropyridines were made on the basis of the large chemical shift
difference between the -, 3- and v- fluorine atoms and the known
effect of halogen on fluorine chemical shifts. The proton NMR spectra
of the methyl derivatives of 2-fluoropyridine were analysed. (100)
Dramatic changes were observed in the ring proton-fluorine couplings,
while the couplings involving CH; vary little from those in the corre-
sponding toluene derivatives. Coupling over six bonds, ®J(F, CH3),
was found to be 1-25 Hz in 2-fluoro-5-methylpyridine. (100) Using
‘super acids’, i.e. mixtures of HF with antimony pentafluoride or
boron trifluoride, hexafluoroantimonate salts of perfluoro- pyridine,
quinoline, isoquinoline, pyrazine and 3,5-dichloropyridine were iso-
lated. (101) The '°F NMR spectra are consistent with N-
protonation. The !°F NMR data for the salts, dissolved in SO,, are
given in Table XXVII; comparison is also made with the free bases in
the same solvent. As shown, fluorine atoms in positions para to ring
nitrogen have substantial high-frequency shifts; smaller high-frequency
shifts are observed for corresponding meta positions, but, in contrast,
positions ortho to nitrogen are shielded. !°F shifts, therefore, may
be used, at least qualitatively, to reflect electron distribution in
charged systems in comparison with neutral molecules. It was also
possible to give a relative order of base strength by making measure-
ments on mixtures of bases with acids. (101) It appeared that the
most important factor which changes the relative order of base



19F Chemical shifts for polyflucroquinolines [212] (99)

TABLE XXIV

R, R, Chemical shift?

T F L1722 (F2) --126:0 (F4)  —145-7 (I-5) —148-3 ~150-7 ~154-4 —160-6

Cl F -128-0 (I'4)

c cl 1447 1466 ~1522 ~116-8 (F-3)
Br F —128-7 (F4)

Br Br ~143.9 ~146-1 ~151-9 1007 (F-3)
I I ~143-0 _146+4 ~152-5 ~73-9 (F-3)
H H 1492 -1509 —155-5 - 125-3 (F-3)
a OMe ~144.5 —1497 ~153-5 ~1566 —140-9 (-3}
OMe a ~146-1 1500 ~153-4 ~1589 —1339 (F-3)
Br OMe ~144-5 ~1489 ~153-7 ~156-3 ~133-8 (F-3)
b b —~140-8 1485 —151-2 -161-7 —~120-0 (F-3)

# Assignments are in parentheses.

F cl
b, F X Fs
F 1 2 o

F N

CH;

AdODSOULDIdS NN 6T-ANTMONTA

€1l
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TABLE XXV
19 Chemical shifts of polyfluoroisoquinolines [213] (99)
F F
OO
[213] F g 7 2N
F
R Chemical shift®
F -61-0 (F-1) -96-5(F-3) -1389 -144-5 -1452 1524 1546
cl -94.5 (F-3) 1368 1443 (F5) -1459 -1519
Br -93.7 —136-5 -144-3 (F-5) -1463 -1516

@ Assignments are in parentheses.

TABLE XXVI1
L9F Chemical shifts of polyfluoropyridines [214] (99)
Rz
FANF
6 2
[214] Rj § Ry
Rl R2 R3 Chemical Shifta
F F F —863(F-26) —~132-7 (F4) ~160-5 (F-3,5)
a a a -1172
Br Br Br -103.7
OH Br Br ~117-1 (F-5) —13049 (F-3)
Br I Br -916
F Cl F -886(F2,6) —~141-3 (F-3,5)

4 Assignments are in parentheses.

strength from hydrocarbon to fluorocarbon series is the number of
fluorine atoms which flanks the ring nitrogen in each system.
Preparation and nucleophilic substitution of hexafluoroquinoxaline
were reported (102) (Table XXVIII).

Thermal rearrangement of perfluoropyridazine and perfluoroalkyl-
pyridazines to pyrimidines was studied. (103) !°F NMR spectros-
copy was used as an analytical tool and some new pyrimidine and
pyrazine derivatives [216] and [217] have been characterized. The



TABLE XXVII?

19F NMR chemical shifts of the hexafluoroantimonate salts of some perfluoroheterocyclic compounds and of the bases dissolved
in strong acids (101)

Base in SO, Salt in SO, Base in HpSO4 Base in FSO3H Base in FSO3H/SbFs

F F

N
F[C)j F -95-9 -90-9 (5-0) -93-7 (2-2) -92-6 (3-3) -
N

. 4F . F-2,6 —89-5 ~97-8 (8-3) -91-8 (2:3) ~97-4 (79) —96-4 (69)
@ F-4 ~135-0 —-107-1 (~28-9) —126-0 (-9-0) —-109-4 (—25-6) ~102-8 (~32-2)
F N Fopss 1635 —~1564 (=7-1) ~160-0 (—3-5) ~156-7 (—6-8) —154-5 (~9-0)
F
4
A~ r26  -711 ~79-1 (8:0)
2
F6N F  Fr4 -96-8 —68-1 (-28-7)

AdODSOULOAdS YN 6T-ANIYONTA

Sil



TABLE XXVIl—cont.

911

Base in SO, Salt in SO, Base in H, S04 Base in FSO3H  Basein FSO,H/SbFs
F-2 -75 —78-1(31) —861 (11°1) -85-3 (10-3) ~773 (2-3)
F F F4 ~126-5 ~95-2 (~313) ~92:1 (—34-4) —91.5 (—35-0) -40-5 (~36-0)
5 4 — . _ . — . _ B
F6O O3F 138-1 134-1 1341 1350
Fl Up F5 ~148-5 —140-0 (~55) ~136-3 (~12-2) ~136-0 (~12:5) ~137-7 (~10-8)
= N ~151-0 ~147-0 ~144-9 ~143-8 ~1455
~154-2 ~150-7 ~146-5 ~146-2 ~1512 -
~157-5 ~159-4 ~156-2 ~156-0 ~158:2 -
~163-7 >
<
<
FF F-1 —63-5 —69-1 (5-6) =
3 AN fF F3 ~99-3 ~113-9 (14-6)
OO’ 1416 1332
FL3 i N —147-3 -134-8
F F ~148-0 ~142.7
~155-3 ~147-1
~157-5 ~150-3
F
1A (3) Il\l F-3,6 -90-7 ~80-2 (~10-5) ~81-0 (-9-7) ~80-3 (—10-4)
FE N F4,5  —144.7 ~121-4 (-23-2) ~123-0 (=21-6) ~122-0 (—22-6)
F

2 In parentheses chemical shift difference with the free base.



TABLE XXVIII
I9F Chemical shifts for polyfluoroquinoxalines [215] (102)

BN\
QI
N

[215]
2 3 5 6 7 8 Chemical shift
F F F F F F ~1526 ~149'5 ~78 (F3 3)
F F a4 F F F4 ~152-3 1444 1266 (F6) —796 (F; or F3) 774 (F3 orF,)
F F H H H H 824
cl cl F F F F 1510 -150-0
H H F F F F —149-2 ~147-5
F OCH; F F F F —~1539 ~156-0 ~152:3 ~76-3 (F-2)
OCH; OCH; F F F F ~161-6 (Fg 7)  ~154-5 (Fs_g)
OCH; OCH; F F OCH; F 1557 -155-1 ~148-1 (F-8)
H
F
N
F o)
@) ~159-4 -170-0
F
N 0
F H
F N o
F
(b) ~1521 ~160-0 ~164-3 -165-8
F . OCH,4
F
N
H,N NH,
©) O
F N F —~118-8

aJ23 = 30 Hz.

AdOISOULIAIS INN 6T-ANIYONTA

LT1
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isolation of the first valence isomer of an aromatic diazine is
reported. (104) Photolysis of perfluoro-(4,5-bisisopropylpyridazine),
in fact, yvielded a para-bonded valence isomer, the structure of which

l 26 Hz
48 6

(CF3)2CF SN ~172-6 (CFS)ZCF 175 3
-73.9 5<:y
peal e 69”7 //L\
-39.6 N CF(CF3), CF(CF3),
-719 -179-3
[216a] [216b]
(Structures [216c] to [2161] are shown in Table XXIX)
(CF3)2CF 4 3 F (CF3)2CF 2 F
0OF orm SO Jasne
F 276 H,N 2N
CF(CF3), 2 CF(CF3),
-185-4 -74.9 —185-4 -74-9
[2172] [217b]

was demonstrated to be [{218]. The '°F NMR spectrum gives a
resonance at —37-0, characteristic of a -CF=N- group, a resonance at

|
—181-1 for —?F and two resonances at —74-2 and —75-7 for the

C3Fy

F7C3
F7C3
C3F7

[218]

CF; groups. The existence of two CF; resonances is likely to arise
from restricted rotation of the perfluoroisopropyl group. (104)
Reaction of hexafluoropropene with tetrafluoropyrimidine in a
dipolar aprotic solvent, in the presence of caesium fluoride, was
shown to give [216d, e, f] and [216h], in amounts determined by
reactant ratio and reaction conditions. (105) Treatment of {216e]
with sodium cyanide gave [216h]}. One of the cyano-groups so
introduced may be displaced by a heptafluoroisopropyl carbanion
giving [216i]. 1°F NMR data of these compounds are presented in
Table XXIX. (105)
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TABLE XXIX

19F NMR parameters of polyfluoropyrimidines [216] (105)

J(CE—CF3)

—_—
at C4 at G2 J(C¥F=Fs) J(CF3—F35) J(CF-F2) Jas Jss

[216]
~747
-1685 F
(c) @ 470 - - - - - 26 175
_747
-1887  -781
_1s4.s CF(CF3),
F N 59 50-0 51 23 290 20-0
d
@) F O)F -487
~72:5
-1863 -76'5
71325 CF(CF3)2
59 - 56-0 56 17 320 -
(CF3)2CF )F —48:6
~186:3
CF(CF3)2
~123.1
59 68 560 51 - - -
® (CF3)2CFOCF(CF3)2
—1821
~1817  ~74:5
720 ~151 -0
CF(CF;),

(CF3)2CF N 26 69 ~ - - - -
(CF3)2CF CF(CF3)2 31

—736 1718 1850 _76.7
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TABLE XXIX—cont.

J(CF—CF3)
N

atC4 at C2  J(CF-Fs) J(CF3~Fs) J(CF-Fy) Jys Jsg

1801  -74-5
CF(CF3),
6-2 - - - - - -
(CF)ZCFOCN
-1807  -74.9
CF(CF3),
56 68 -~ - _ -
(CF3),CF O CF(CF3)2
—1831 ~757
—186-1
CF CF(CF3)2
/7
n 779 7 —765
o7 OA
CF, CF(CF3)2
T
~183-3

1t was observed that the average effect on ring-fluorine chemical
shifts by the introduction of a ~-CF(CF;) group into the pyrimidine
nucleus was: ortho +22-5, meta +1-0, para +9-4. The —CF(CF;),
groups at C-4 and C-6 are not equivalent, [216g]. This compound at
room temperature is in a fixed conformation, in which rotation of
the 2-substituent is free, but the rotation of the 4-, 5- and 6-
substituents is highly hindered. The assignments of the coupling
constants as given in [216g] were mainly made on the assumption
that very large couplings are associated with nuclei in close proximity
and upon the spectral changes on raising the temperature. (105)
From the coalescence of the CF, resonances of the groups at C-4 and
C-6 (111 to 127°C) was calculated a free energy of activation of 19-6
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Kcal/mole for [216g]. (105) Reactions starting from tetrafluoro-
pyridazine and involving fluoride ion were described. (106) Prepara-

42Hz 2-6 Hz

CF
CF
3 ~CF3
8 Hz 4 -0 Hz .
120 Hz
2z
18Hz 3.1 Hz ,, CF(CFa)z
CF3 CF3 6 9 Hz

[216]

tion, rearrangement and hydrolysis of some perfluoroisopropyl-
pyridazines were reported and the compounds [219] to [223] were
characterized. (106) A heptafluoroisopropyl group either in 3- or in

—69-2
~71-s -1692 F

(CFa):CF G
(CF3)2CF5 6 N
F

[219a]

CFs

E !

\ ~73.9
54 Hz .'—‘CF3
—1009 4@

(CF5),CE” ¢
-73.9 F _65.9

[219¢]

—68-2
-1155 F

o)

(CF,4),CF

~73-8 -180-0 F _g4.4

[219b]

|
-—$F at C—3 —185-9; doublet (/ = 54 Hz) of

heptets

—(IJF at C—5 —180-9; doublet of doublets

(J >~ J ~ 40 Hz) of heptets
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—839 |
F
(CF3),CF 733N —(IDF at C—4,5 —165-9
26 -NH —669
(CF3),CF ¢ CF, {—68.9
0
[220]
0
-171-7 -699
(CFa O (CF3),CF  CF(CF,),
(CF3),CF NH —
-679 —1627 0 0
Y 0
[221] [222]
0
F NH
~1454 | |
F NH
[223]

6- position of the pyradizine system adopts a fixed conformation as
shown in [219¢]. This is demonstrated by the large coupling, J= 54
Hz, between —CF group and F-4 fluorine, close to the value observed
in the pyridine series. (107) The '°F NMR of the heptafluoroiso-
propyl groups in the 4- and 5- positions of the pyridazine system,
indicates a fixed conformation only at low temperature, (106) as
already observed for the same group in the 4-position of the pyridine

system. (107) At room temperature the resonance of the — [F group

at C-5 in [219c] consists of an overlapping doublet of doublets (of
heptets), arising from coupling with F-4 and F-6. At —40° this
resonance reduces to a doublet (of heptets), from coupling with only
one ring fluorine atom. The direct synthesis of 5-fluorouracil bases
and nucleosides by direct fluorination was reported. This is the first
direct synthesis of the biochemically and therapeutically important
fluoropyrimidines and nucleosides. (108) The compounds [224] were
characterized by ' °F NMR.
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() R=H =C-F
0 (YR =CH, _171
NS F HOCH,

5
2 6

R

| 0
N OH (©R= —170

OH oOH

~165-8
HOCH,
0
()R = 1658
[224] OH
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3JHF

6-0 Hz

7-0 Hz

65 Hz

66 Hz

Nucleophilic substitution in perfluoro-(4-phenylpyridine), [225],
was studied. (109) It was found that initial anionic attack by sodium
methoxide in methanol and concentrated aqueous ammonia, or by

TABLE XXX

L9F chemical shifts of polyfluoro(4-phenylpyridines) {225] (109)

N
[225]

2,6 3 5 26" 3’5 4'

[225] —92.3 1419  -1419 1401  —1640 —1523

(a) 2-OCH3 —95.2  —141.8 1529  _1404  —1642 —1532

(b) 2-OH 950 -1422  -153.1 1405 1642 1534

(c) 2-NH, ~952  -143.1 1598  -140-7  —1647 —154-1
@) 2,4'-(OCH3), -95-5  -141-8  -153-0 1425 1601 -
(e) 2,4'-(OH), 949 1417  —1523 1429  _1635 -
() 2,4'-(NHa1), -95-8 1426 1587 —1442  —164-1 -
&) 2,6,4«(OCHs); -~ ~151-9 1519 1425 1599 -
(h) 2,6,4'-(NH,)3 - ~157-0 1570  -1451  -1653 -
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potassium hydroxide in f-butyl alcohol occurs predominantly or
exclusively at the 2-position in the tetrafluoropyridyl ring. Further
attack on the mono-substituted compounds, thus formed, occurs
first at the 4-position in the pentafluorophenyl ring and then, in the
case of the first two reagents, at the 6-position of the pyridyl ring.
The '?F NMR data are presented in Tables XXX and XXXI. The
chemical shifts were assigned by comparison with previous studies of
polyfluoro- pyridines and benzenes. the two rings were shown to be
highly non-coplanar. In the 2-substituted derivatives the 2',6'-fluorine
nuclei were chemically equivalent and approximately equally
coupled to the non-equivalent 3,5-fluorines. These results suggest
that, on a time-averaged basis, the two rings are mutually perpen-
dicular. (109) The couplings (Table XXXI) were assigned on the basis
of previously known results, for example [3JFF| > [SJFF| in
polyfluorobenzenes and [3JF¥| < {SJ¥F| in polyfluoropyridines.
(109)

Some novel perfluoroheterocyclic compounds were produced by
cyclizations via fluoride ion-induced isomerization. (36) The com-
pounds examined by !°F NMR are shown in [226] to [236].
N-Phenyl-4,5,6,7-tetrafluoro-2-phenylindole, [237], was synthesized
by a new cyclization reaction. (110) The reaction of aziridine with
chlorotrifluoroethylene, perfluorobenzene, cyclic perfluoroolefins
and tetracyanoethylene was investigated. (110b) Some products,
resulting from substitution of fluoroatoms or cyano groups by
aziridine, were characterized by !*F NMR.

—133-0}
1344 -1276 ~1335)NTPF, 10
F'), F2 F’l F2
4 3
F25 O F2
N0
_96:5 ITI -90-8 |
CFs CF3
—58.0 -55-8
[226] [227]
0C_ CO —608
F4C CF
3 \N/‘\N/ 3 CFs\ €O ~1182
N F,
~60'9IL IL | AB{ —1354
N<__F
FsC7 of Co CFs CF™ To =282 He

[228] [229}



TABLE XXXI
Coupling constant of polyfluoro-(4-phenylpyridines) [225] (109)

[225]

Moduli of coupling constant (Hz)
A

23 25 26 35 36 56 32 52’ ¥y 24 26 26 3's’ 34’
36’ 56' 56 46 36

[225] 204 290 144 13 290 204 99 9.9 212 39 80 61 04 19.9
@) - - - 4.9 302 217 89 86 214 33 78 55 03 201
) - - - 58 302 227 91 88 212 32 77 54 <05 20-4
© - -~ - 8-4 309 243 85 83 220 31 82 53 0-8 201
@) - - - 4-4 300 219 92 88 206 - 82 47 21 -
© - - - 4.7 295 229 97 9.4 216 - 89 57 4.9 -
® - - - 6-4 304 246 97 9.3 207 - 82 41 86 -
3) - - - - - - 82 82 207 - 85 48 21 -
() - - - - - - 18 78 - - - - - -
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—61-4 f‘)
F3C > —-113-0
PII >F\‘AB ~126:0
N —127-4 2JFF =282 H
F3C” \‘C‘ F, ‘
0
[230]
-61.7 I
F3C\N/CjF2\ ~70-0
! AB{ 801
F C/N\C
3~ i F, 2JFF = 158 Hy
0
[231]
~630
F3C C —119-2
R m ’
~128-8
N
F,C7 C 2JFF = 294 1z
I F2
0
[232]
~1150
~62:0 O F,
F3C._ | C/\Fz—SIZ
\/Fz
[233]
F5C o o o
P NN——F, T°C  +65 ~86
| CF; —674; 665 doublet (J = 160 Hz)
N——IF 879
/ 2
F5C CF, -970;  AB {-1039
2J¥F = 1359 Hz
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F3C\ R
+64 _58°
I :>F2 636 —63-7 doublet (/ = 20 Hz)
P CF2 atC—3,5 —99-8 902
F3C 1092
CF,atC—4  —1265 AB{ 1260
27FF = 189 Hz
1235]
1280
. { 1383
:) 2/ 27FF = 270 Hz
FiC7 F) ~91-1
\*AB{ ~1172
[236] 2JFF =220 Hz
_1519
~159'6
Lph —166-1
—169-7

[237]

B. Oxygen and Sulphur Heterocyclics

Several new fluorinated 4-oxazolidinones, [238] were prepared by
the reaction of cyanide ion with fluoroketones. (111) In these com-
pounds the CF; groups adjacent to the carbony! function (71 to —75)

0)

[238]

were at higher frequency than those adjacent to the nitrogen function
(—75 to —81). The -CF,- and ~CF,H resonances appeared in the region
~121 to —144, and CF,Cl in the —-55 to —66 region. (111)
2-Methyltetrahydrofuran and 2,5-dimethyltetrahydrofuran were
fluorinated with potassium tetrafluorocobaltate(Ill). (112) The
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major product in the former case was [239] and in the latter a
mixture of the cis and trans isomers of [240]. (112) The stereo-
chemistry of the isomers [240] were tentatively assigned on the
assumption that the -CF,; H group, which is a prochiral centre and o

738 H H ~1190

- Ji, =158 Hz
i <F3 Jiz= 12Hz
F2 O CF'zH J23 = 12 Hz
~65:6 ~134-0
[239]
H H 9 ;119 0
Her, 07 CRH R, H
-1339
ca. —1336
ca. —1338
[240a) [240b]

to a chiral centre, will show greater chemical shift difference (AB
character) between the !°F nuclei in the cis-isomer. A few 2,5-

dihydrofuran derivatives, {2411 to [245], were prepared by fluori-

Cl=Cl Cl=Cl

c1240 )cn: c12( )Fz
653 ~-71-6
[241) [242]
Cl Cl—610 Cl_Cl _63-1
Q" o7 F o7
[243a] [243b]
—67-2
a AB) CF, —~72:6
= 2JFF = 151-0 Hz

F, FCl -4
0 X) CFCl  —536 {JAX 46 Hz

JBX =7-5Hz
[244a4]



FLUORINE-19 NMR SPECTROSCOPY 129
Cl F —— triplet at —126-7 (J =65 Hz)

F [ >C1
Wdoublet at —78-1 (/ = 65 Hz)

[244b)

F F
E /—_\F\~ triplet —1557 (J = ca. 7 Hz)
2 2
0 > doublet at ~78-1 (/=ca. 7 Hz)
[245}
nation of perchloro-2,5-dihydrofuran. (113) In the study of cycliza-
tions via fluoride ion-induced isomerizations some novel oxygen

perfluoroheterocyclic compounds were obtained (36) [246] to
[248] in addition to compounds [226] to [236] already reported.

-819 O\ Fy AB —121-1
~13211
CF, .
F7 072 795
-121-7 AB{ -
[246] 934
-93-0 )

5 0Cs ~124-2
Py -794  CF, atC-4 -137-6
F,5 2<CF; 2J¥F =248 Hz

F
~1231 820
[247] CF, at C-5 ~85-8
2JF¥ = 128 He
1249
T 1361
F, — (OH), 2J¥F = 238 Hz
£ F -124-2
207 CFs g ~81+4
\/ AB 855
2JFF =132 Hz
[248]

The synthesis of 4,5,6,7-tetrafluorobenzofuran and of 4,5,6,7-tetra-
fluoro-2-phenylbenzofuran, [249], by a new cyclization reaction was
described. (114) Only the ! ° F NMR data of [249] were reported.
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F
F ~H —1489
| —162-65 < intensity = 2
F ~o~ “Ph | —1651
F

[249]

A second fully fluorinated five-membered heterocycle, tetrafluoro-
thiophen, [250], (the first one was tetrafluorofuran) has been
described together with some other polyfluorothiophenes. (115) The
19F NMR spectra of these thiophenes could be rationalized if the
chemical shift of the o-fluorines were taken at low frequency with
respect to those of the f-fluorines and if the J5£ coupling is large (26 to
31 Hz). The fluorine NMR data are collected in Table XXXII. Some
reaction products were also characterized; these are shown in {251]

to [253]. (115) Tetrachlorothiophen, thiophen and tetrahydro-
-161-6
Fl OMe FH H, OMe

sz §F2 sz §F2 AB{ ca. —70

1 S S —~B88-5
A <\ s Y&\ 2yFF = 201 Hz
{ —-79:3 ca. =70
[25 1] AB{ —-104-5

[252] 2JFF =210 Hz
H H,OMe

pl P2 —66'5

~1071 AB ~869
2 FF _

[253] J¥¥ =208 Hz

thiophen were fluorinated over cobaltic and manganic trifluorides
and over potassium tetrafluorocobaltate(Ill). (12) Polychloropoly-
fluorobutanes (see page 49) and cyclic sulphur compounds were
obtained [254] to {263] depending on the reaction conditions. (12)
~112-6
Ccl Q Cl, CIF

/“\ ~766 / \
F F ~F F
2 g 2 / 2 S 2
&) —64-4 —614
[254] AB -86-6 AB _82:6
2JFE = 198 Hz 2JFF = 196 Hz
[255]
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F-5 —-609
FCl Cl, Cl, FCl F—3 (or F—4) —1103
3 4 3 4 —66-
F 12 SBFC1 or F ZZ 5>FC1 663
2g g CF,-2 AB{ 875
. 2JFF = 196 Hz
[256]
~-1282
AV p2 (o F-5) 735 H F
Fzé )5 F; F—5(or F—2) -753 EF F,
S (or ) —685 O —81-8
[257] [258]
H H H F2 -94.6
@ -70°1 /3 Z
F, F, FoRR 2Fy o540
S _1062 S 92
[259] {260]
-1480 ~162:7 —-1159
F F F F,
rl g, rl r,
S”_g1-6 ~124.7 8" 935
[261] [262]
1235
~209-1
HE F,  ——AB ~130-1
Cs 7 2JFF = 256 Hz
F,2 9F,
ca. -859 S« —74:5
AB —84-8
[263] 2jFF =212

Some 2-substituted-5-fluorothiophenes were synthesized and in-
vestigated by NMR. (116) The assignment of the position of
substitution was based upon comparisons with known coupling
constant for 2-fluorothiophenes. (117) In all cases typical J(F—H3) =
14 to 2-1 Hz values were observed (Table XXXII). The H-F
coupling increases in going from H,; to H; in 5-fluorothiophenes.
This effect is further exemplified in the quite large SJ(F—CHO) = 4-2
Hz of 5-fluoro-2-thenaldehyde, [250/xi]. The conformation as



L9F NMR data of polyfluorothiophenes [250] 2 Z/ \B 5

TABLE XXXII

3

4

S
Chemical shift Coupling constant (Hz) Ref.
~ A
2 3 4 5 F, F3 Fa Fs 23 24 25 34 35 45
@ F F F F -1649 1559 1559 -1649 7 17 31 7 17 7 (115)
(i1) F H H F -136-9 - - -1369 35 35 - — 35 35 (115)
(i) F OMe H F ~165-2 - - -137-7 20 3-8 265 — — 3-8 (115)
@iv) F F OMe F —166-8 —153-1 — -164-9 54 - 306 — 154 241 (115)
) F F F OMe -164-0 —-156-1 -154-6 — 54 178 - 100 — 0-6 (115)
Vi) H H H F - 31 16 (116)
(vii) COCH; H H F -119-5 36 14 (116)
(viii) COOH H H F - 40 18 (116)
(ix) I H H F — 36 21 (116)
(x) NO, H H F — 46 2:0 (116)
(xi) CHO H H F -116-7 38 14 (116)
(xii) F H H OCHj34 -139-28 346 3-02 119)
(xiii) F H H CH3 -133-30 2-03 320 277 119)
(xiv) F H H Et -133-69 195 320 266 (119)
(xv) F H H n-Pr -133-51 1-85 317 2-74 (119)
(xvi) F H H n-Bu —-133-60 190 314 275 119)
(xvii) F H H C(CH3)3 —134-40 175 319 - (119)
(xviii) F H H SCH3 -123.83 2-52 349 030 (119)
(xix) F H H CeHs -131-07 192 348 (119)
(xx) F H H C1 —128-39 2-76 349 119)
(xxi) F H H Br -126-73 2:39 343 (119)
(xxii) F H H 1 —124-15 2:22 322 119)
(xxiii) F H H CH -122-16 1.82 3.74 (119)
(xxiv) F H H CHO —117-17 117 366 4-20 (119)
(xxv) F H H COCH3 -119-76 1-45 352 0-44 (119)
(xxvi) F H H COOH -121-73 176 3-89 - (119)



(xxvii)
(xxviii)
(xxix)
(xxx%)
(xxxi)
(xxxii)
(xxxiii)
(xxxiv)
(XxXXV)
(xxxvi)
(xxxvii)
(xxxviil)
(xxxix)
)
(xli)
(xlii)
(xliii)
(xliv)
(x1v)
(xlvi)
(xlvii)
(xlviii)
(xlix)
@

i)

(ii)
diii)
div)
av)
(vi)
dvii)
(lviii)
(lix)

e ST B s By e o B> Mie s B s Mie o e s Bie s By Bie o e ol oo fia sl = e vl s« villa ol e i anfies e xiiias e =n Jhu il =liu ol e

jarianie=fievien

CHj

SCH3

CG Hs

Cl

Br

I

CN

CHO

COCH3
COOH
COOCH3
CHNOH(anti)
CHNOH(sym)
SO,CH;3

=oji=rfisiiaiiesifasiieriiasiievianilerianiianiian

COOCH3 -122.08
CHNOH(anti) —128-96
CHNOH(sym) —128-76

SO,CH3 ~120-25
NO, ~116-59
H ~132:29
H ~129°66
H ~13091
H ~127-54
H ~128-30
H ~129-65
H —128-41
H ~127-52
H ~129-50
H ~129-90
H ~12992
H ~133-34
H ~130°51
H ~126-18
CHj ~128-25
SCH; ~126-31
CeHs ~126-85
c —124-50
Br ~125-14
I ~126-32
CN ~126-55
CHO ~125-93
COCH; ~125-68
COOH ~126-02
COOCH3 ~126-42
CHNOH(nti) —131-18
S0, CH; ~124-69
NO, ~121-88

1-50
223
1-98
1-47
2-06
1-55
1-34
1-74
0-95
0-78
0-61
1-18
1-37
1-53
1-56
1-36
2-04
1-98
1-12
1-45
175
1-21
2-00
1-88
1-54
1-08
0-58
078
1-15
0-87
1-61
0-87
1-55

3-85
4-01
377
375
4-29
0-11

3-29

1-07
2-27

3-76
3-42
0-32

3-55
3-44
3-54
340
332
3-13
3-55
3-63
3-55
392
3-86
397
3-78
3-82

—0-69 —0-22

—0-90
-0-54
—0-80
-0-96
-1-16
—0-86
-0-99
—0-96
—-0-80
—0-87
—0-55
-1-09
—0-89

0-11

0-57

(119)
(119)
(119)
(119)
(119)
(119)
(119)
(119)
(119)
(119)
(119)
(119)
(119)
(119)
(119)
(119)
(119)
(119)
(119)
119)
(119)
(119)
(119)
(119)
(119)
(119)
(119)
(119)
119)
119)
(119)
(119)
(119)
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1 42 Hz 1
/
F/L—SB\C/H
[250 xi]

shown in [250/xi] was suggested in analogy with results on sub-
stituted benzaldehydes, because it allows the transmission of the
interaction by a W effect. (116)

Other substituted fluorothiophenes were extensively investigated
by NMR. Nineteen S5-substituted-2-fluorothiophenes, thirteen 4-
substituted-2-fluorothiophenes and fourteen S5-substituted-3-fluoro-
thiophenes were prepared. (118) Their NMR spectra were analysed
and the NMR parameters are tabulated in Table XXXII. (119) The
relative signs of the couplings between fluorine and ring protons were
determined by double resonance. In 5-substituted-3-fluorothiophenes
J(F-4) is of opposite sign to J(F-2), which is assumed to be positive
as are the other pairs of H-F couplings. In order to obtain a better
understanding of substituent effects on this class of compounds,
empirical correlations for the NMR parameters were also attempted.
(120) Good correlations for most of the NMR parameters were
found with the reactivity constants. The three ortho H-F couplings
were found to increase linearly with increasing electronegativity of
the halogen. The substituent effects on the '°F chemical shifts of
fluorothiophenes compare well with those on the ! ° F chemical shifts
of fluorobenzenes. One linear relation between the couplings J(2F-3)
and J(3F-2) (J(3F-3) = 0-61 + 1-02 J(3F-2)) in the 5-substituted
fluorothiophenes and one between the fluorine shifts in the meta
substituted fluorothiophenes: [6F(5-substituted-3-fluorothiophenes)
= —0-2+ 0-81 §F(4-substituted-2-fluorothiophenes] was given. (120)

Fluorination of 1,4-dioxan, (22) 1,4-oxathian (22) and of 1,4-
dithian (121) were reported. The structures of a large number of
fluorinated dioxans and oxathians were deduced from their !°F
NMR spectra by means of a chemical shift parameter scheme. (122)
The parameter scheme is given in Table XXXIII for CF, and CFH
type fluorine groups. Some eighty-one chemical shifts of fluorine
atoms in some twenty-six molecules were correlated well in such a
way. The axial fluorine was assumed to resonate to high frequency of
the equatorial, in line with the polyfluorocyclohexane results. It was,
in addition, assumed that the molecules adopt a certain conformation,
which is the one having the most ~-CFH- fluorine atoms axial; in
other words it was assumed that a strong anomeric effect, or its



TABLE XXXIII

19F chemical shift parameters (in ppm) for polyfluoro-1,4-dioxans [264] and -14-oxathians [265] (119)

SNe

[264] [265]
F axial F equatorial
(e — A N A R ¥
Base Base
aHyy aHey 8 Hyx B Heq volume & Hgy aHegq B8 Hgx B Heq volume
)
CIJHF fluorines
« to oxygen in [252] 11 6 -5 0 -140 16 2 0 -2 —158
o to oxygen in {253] -5 6 -5 0 ~139 9 10 - -3 ~153
a to sulphur in [253] -3 4 0 0 -166 - 11 - -3 -178
in polyfluoro-
cyclohexane -4-5 — - - -212-2 11 7-6 - - —233-2
|
$F2 fluorines
ato oxygenin [252] -5 7 -5 0 -82 9 4 0 -4 -90
ato oxygen in {253] —4 5 — 0 —78 17 12 0 -5 —88
a to sulphur in [253] —12 9 -9 0 —82 6 S 0 -7 -97
in polyfluoro-
cyclohexane -2-3 43 - - —124-2 15 10-5 -4 - —142-7
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equivalent, prevails over any other effects in deciding the conforma-
tion of these rings. There are a few compounds which do not fit
the parameter scheme; these compounds, however, must adopt
flexible conformations for relatively large percentages of the time.
The geminal coupling constants are also useful structurally: (122)
CF, vicinal to oxygen has a 2J¥F value equal to 140 to 170 Hz,
while CF, « to sulphur gives 2JFF = 220 to 260 Hz. As far as the
fluorination of 1,4 dithian is concerned, (122) the main products
were polyfluoro-2-methyl-1,3-dithiolans, [266]. Evidence for these
compounds was that peaks characteristic of CF; —C groups and peaks

in positions reasonable for ———S—ClF —S— fluorine groups were observed
in the spectra. The fluorine data of five compounds are reported in
Table XXXIV. Other major fluorination products, polyfluoro-1,4-
dithians, were obtained. (122) These all showed similar NMR
spectra: bands at —157 to —173 due to -CFH-S- (?.JHF = ¢q 45
Hz) and AB patterns (2J¥F = ca. 250 Hz) at —70 to —101.

III. THEORETICAL CONSIDERATIONS

A. Chemical Shifts

One volume (Vol. 7) of the Progress in Nuclear Magnetic
Resonance Spectroscopy was completely devoted to a discussion of
fluorine chemical shifts. (123) The book consists of a comprehensive
review on the fluorine literature on attempts to use ! ° F shifts to give
information on the electronic structure of molecules and on the
nature of intermolecular interactions. The importance of medium
effects on !°F shifts was stressed; a discussion on the theoretical
calculations of !°F chemical shifts and on the correlations
between ! °F chemical shifts and semi-empirical parameters, such as
Hammet and Taft o-values, was given in detail. The bulk of the book,
however, consists of an extensive compilation of ! ° F chemical shifts,
which are believed to cover the fluorine literature up to January
1968.

A simple method was given to calculate the effects of geminal
substituents upon the differences in shielding between !'°F nuclei
bonded to sp® carbon in a variety of compounds. (124) Only the
Huggins electronegativity of a-substituents was used. The method
permits the calculation of the chemical shifts (referred to CFCly) of
19F nuclei in a variety of molecules containing the elements C, H, N,
O, F, Cl, Br, and I. The method was applied with success to the
calculation of the chemical shift of fluorine nuclei bonded to tin(IV).



TABLE XXXIV
19F NMR data of polyfluoro-2-methyl-1,3-dithiolans [266] (122)

B
CF;
A /cC ><
Fe
Fq
[266]
Chemical shift Coupling constant (Hz)
« Ae— N\ 4 —A—
A B C A B C Fyq Fe CF3  J(A*Fy) Jae J(CF3* Fy)
F F F -92-4 —-924 —89-0 —89-0 -1134 -799 210 210 10-3
F F F -92.4 —-924 -87-9 -87-9 —116-6 —132-74 202 202 188
F F H -70-3 -152-6 — -92-7 -1139 -78-6 220 53 108
F H F - 88-6 - -151-9 -72-8 —108-1 -784 221 52 10-0
H F H — —146-0 - —146-0 —-111-0 -76-9 50 50 11-8

2 Fluorine shift of CF,H group.
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(125) The fluorine chemical shift parameter scheme deduced to
elucidate the structures of polyfluoro- 1,4-dioxans, [264], and 1,4~
oxathian, [265], has already been mentioned in Section IIB, p. 134.
Molecular orbital calculations of '°F chemical shifts in fluoro-
thiophenes were performed showing that it is possible to account
satisfactorily for the substituent effects on chemical shifts. (126)

Accurate '°F NMR chemical shift in pure CF,, SiF, and SF4
gases and their mixtures with other gases were obtained in an
attempt to explain the pressure and temperature effect on their
shifts. (127a and b) A gas-tight sample tube was designed to keep a
pressure up to ca. 60 atm. The chemical shift of CF, was in the range
—430 to —480 Hz (from CF;CQO, Et at 56-44 MHz) and that of SiF,
in the range +5400 to 5450 Hz (again from CF;CO,Et at 56-44
MHz). A distinct non-linear temperature dependence was found.
(127b) The changes in chemical shift may be adequately described in
terms of the London dispersion field and a field due to repulsion.
(127a and b) The proton and fluorine chemical shifts of fluoroform,
CHF,, in a variety of solvents was determined; (128) this is one of
the few solvent studies involving nuclei other than proton. With the
exceptions of benzene and anisole (aromatic solvents) it was ob-
served that all proton chemical shifts were downfield from the value
observed in least polar solvents, i.e. cyclohexane. The fluorine
chemical shifts, on the contrary, were upfield in all solvents com-
pared to cyclohexane. This behaviour suggesis the proposal that the
operation of the solvent “reaction field” is the dominant effect.
Specific complexation of CHF 4 to benzene was also suggested by the
marked low frequency shifts of both proton and fluorine chemical
shifts. The fluorine shift varies from —35:96 in cyclohexane to —34-39
in acetonitrile. The H-F coupling, on the contrary, may be considered
solvent independent, J2 ¥ =79-2 to 79-4 Hz. (128)

Another solvent study is that relative to pentafluorophenol (PFP).
(129) The NMR parameters of PFP were shown to be sensitive to
solvent conditions. The most pronounced variation for the chemical
shift was observed for the para fluorine nucleus. The coupling
constants change by as much as 3 Hz, the effect being greatest for
nuclei situated meta to each other. The fluorine magnetic resonance
solvent shifts Ao(F) relative to the gas phase of a number of simple,
non-polar compounds (CF,4, SiF,, SF,, C¢(Fs, p-fluorotoluene and
p-difluorobenzene), each at infinite dilution in a series of non-polar
solvents, C(NO, )., Si(OMe),, Si(OEt),, SiEt, SnEt,, SuMe,, SiCl,,
CCl,, CS, were also presented. The gas phase fluorine chemical shifts
of the molecules studied are shown below: (129b)
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23
SF¢ —49-47
CF4 70-03
p-fluorotoluene 126-68
p-difluorobenzene 128-27
CgFg 171-69
SiF, 174-22

The same molecules observed in solution show high frequency !°F
chemical shifts, a reduction in shielding which is in the range of 3 to
16 p.p.m. These shifts are about twenty times larger than those
found in proton resonance. Comparisons with proton solvent shifts
reveal a parallel behaviour of proton and fluorine solvent shifts,
Ao(H) and Ao(F). The London dispersion forces are likely to be the
main factor responsible for the solvent effects upon fluorine
chemical shifts. However, unlike proton resonance, where the local
diamagnetic shielding is mostly affected, it is probably through the
local paramagnetic shielding that solvents alter fluorine chemical
shifts. (129b)

A series of p-fluorophenyl derivatives were studied by !°F NMR.
(130) In particular, it drew attention to the secondary hydrogen-
deuterium isotope effect upon the fluorine chemical shift of some
methyl p-fluorophenyl carbonium ions, (Table XXXV). Evidence was

TABLE XXXV

Fluorine chemical shifts and isotope effects for p-fluorophenyi derivatives (130)

(O )

R Solvent °C Chemical shift NS
C(CH3),0H CCl, 25 ~1164 0-5
C(CH3),OH CH;0H 25 ~120+6 0-0
C(CH3)0 CCly 25 -106-3 0-5
C(CH3)0 CH;0H 25 ~108-8 0-0
N(CH3)5® 1° H,0 25 —1115 ~0:5
N(CH3)® I° CH;CH 25 ~113-2 0-0
N(CH3):® 1® HMPA 25 -~113-8 05
C(CH3)NH,® MA ~40 ~974 2.0
C(CH3)OH® MA —40 -32-8 6-0
C=C—C(CH3)® MA ~40 ~776 8-0
C(CH3),® MA —40 615 12:5
C(CH3)H® MA —40 —47-4 18-5
C(CH3)CF® MA —40 —27-7 22:5

4 Isotope effects on the fluorine shifts; positive signs denote resonance for CHy at higher
field than CD;.
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obtained which indicates that there are little or no steric interaction
effects on the observed p-deuterium ' ? F shifts. The shifts follow the
electronic sequence X = NH, < OH < Me < H < CF; in the series
[267]. There is, in addition, an excellent correlation of the §-

@/CH3(CD3)
F &

[267)

deuterium '°F shifts for the series [267] with the corresponding
observed effects of the substituent, X, on the '®F shifts of the
carbonium ions. (130)

B. Spin Coupling Constants

Several one-, two-, three- and four- bond !3C-F couplings were
determined for a series of substituted monofluorobenzenes by direct
observation of '3C NMR spectra. (131) The carbon fluorine
couplings in fluorobenzenes are 'J(C-F) = —245-3 Hz, J(CCF) =
+21-0 Hz, J(CCCF) = +7-7 and J(CCCCF) = +3-3 Hz. Carbon-fluorine
couplings were also extracted for three difluorobenzenes, benzotri-
fluoride, three tetrafluorobenzenes, pentafluorobenzene, a few
pentafluoro derivatives, hexafluorobenzene and 1- and 2-fluoronaph-
thalene. A linear correlation between the one-bond C-F couplings in
para-substituted fluorobenzenes and the fluorine chemical shifts was
found. (131) The determination of carbon-fluorine couplings was
also extended to some aliphatic compounds. (131) It appears that
the one-bond C-F coupling in cyclic geminal difluorides is sensitive
to the hybridization of the carbon orbital. This coupling in fact
becomes more negative as the S character in the carbon orbital
increases: 'J(C-F) = 240 Hz in C4, -280 Hz in C, and —330 Hz
in C; cyclic hydrocarbons. A new method to measure ! 3C resonance
positions in fluorinated organic compounds was described; (132)
19F{13C} double resonance experiments, for example, allowed the
value J(!3C-F) = 283 Hz to be determined for ' 3CF;COOH. The
density dependence of the coupling constant, J(*° Si-F) in SiF, (gas
phase) was studied. (133) The measurements were made for the pure
SiF, and in various gaseous solvents. The hypothetical liquid phase
values fall nicely into the range (170-5 to 1785 Hz) of the
extrapolated gas-phase values. (133)

An investigation of the anisotropy of the indirect fluorine-fluorine
coupling in CF,=CH, and the determination of its tensor elements
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was reported. (134) The NMR spectra of CF,=CH,, partially
oriented in nematic solvents were measured at different concen-
trations and temperatures. (134) The indirect couplings involving
fluorine were found to be: JHF = +34.7 Hz; JI'F = +0-9 Hz; JFF =
+32-5 Hz. The signs were relative to those of the anisotropic
couplings and the magnitudes were determined in the isofropic phase
of 4-ethoxy-4"-n-butylbenzylideneaniline (EBBA). J¥F could also be
determined from spectra in nematic phase. In EBBA it was found
that JFF = +330-5 Hz. The separate components of the J¥F tensor
were calculated with the relation:

JFF = % Uxx +Jyy +J57) =325 Hz

Assuming some geometrical parameters, the tensor elements resulting
from the calculations are: Jx x = —720 + 39 Hz, Jy y = +339 = 39
HZ, Jz 7z = +478 + 26 HZ.

The interpretation of the NMR spectra of 1,2-difluorobenzene in
nematic solvents leads to a very small anisotropy in the indirect
coupling between the fluorine nuclei. (135) The geometrical data
obtained from the dipolar couplings are compared with those
obtained from microwave work and a molecular geometry is pro-
posed which is consistent with the results of these two methods.
NMR measurements of CH3F in a liquid crystalline solvent gave
evidence of large anisotropic indirect spin-spin couplings. (136) It
was found that direct dipole-dipole interactions show a large dis-
crepancy with respect to the total anisotropic couplings observed. It
is concluded that solvent effects on isotropic couplings seem to be
the most obvious cause of the observed discrepancy. (136) CH; F was
also studied in order to investigate the influence of vibrations on
molecular structure determinations from NMR spectra in liquid
crystals. (137)

1. HF coupling constants

An attempt has been made (88) to establish the 7 contribution to
SJpara(H-F) in fluorobenzene and thus to determine the o-
contribution to the same coupling, already known for a series of
fluorobenzene derivatives. The proton magnetic resonance of p-
fluorotoluene, [268], was carefully analysed using LAOCN 3 and
LAME programs. (88) The coupling over six bonds, between the
fluorine nucleus and the methyl protons, ¢/para(CH3-F) = 1-15 Hz,
was taken as a measure of the m-electron contribution to the coupling
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6
) (CHs) \ Jis=Jps =543 Hz
J3s =J4s = 896 Hz
H, H, Jse =+1-15 Hz
Fs
[268]

over five bonds between the fluorine nucleus and the para-proton in
fluorobenzene, SJpara(H-F). In other words the value —1-15 Hz
represents the m-electron contribution to SJpara(H-F). The
SJpara(H-F) in fluorobenzene lies between 0-2 to 0-4 Hz, depending
on solvent and analytical conditions. Writing SJ(H-F)y,, = "J + °J, it
follows that "Jpara(H-F) = ca. 1-4 Hz in fluorobenzene. Jpara(H-F)
of a few 2-X- and 3-X- fluorobenzene derivatives were also con-
sidered to demonstrate that the observed dependence of Jpara(H-F)
on the electronegativity of X, Ex, is exactly as expected from
previous observations on the Ex dependence of 0, m and p JHH and
of o and m JBY in benzene and pyridine derivatives. (88) Con-
sequently H-F couplings in aromatic compounds show the same
qualitative dependence on £x as do H-H couplings. The magnitude
of the changes is, however, larger for H-F than for H-H couplings. In
contrast, the analogous F-F couplings behave quite differently.
(138) The importance of through-space contributions to H-F
coupling was sought by determining whether long-range H-F and
F-F couplings show comparable stereochemical dependence in re-
lated compounds. (139) A series of derivatives of 4,5-difluoro- and
4-fluoro-5-methyl- phenanthrenes were considered (Table XXXVI).
(139) Compounds [269a] and [269c] may be considered planar
molecules. The other molecules, on the contrary, must exist in
nonplanar enantiomeric forms. This is clearly demonstrated by '°F
spectrum of [269b]; the proton decoupled spectrum of this com-
pound, 1F {H}, exhibits a single !°F resonance at room temperature.
Upon cooling, however, this resonance progressively broadens and
eventually resolves into a typical AB pattern. This behaviour is
clearly indicative of the slowing of the interconversion of the
non-planar enantiomeric forms of [269b]. Going from [269a]} to
[269b] there is an increase of the fluorine-fluorine distance. This, as
expected for a through-space coupling mechanism, produces a
dramatic decrease in F-F coupling: 5J¥¥ = 170 Hz [269a] 3JFF =
98 Hz [269b]. Consequently there must be changes in the distance
between the 4 and 5 position along the series of compounds
considered, which are also reflected by changes in the coupling
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TABLE XXXVI

Coupling constants and chemical shifts for derivatives of 4,5-difluoro- and
4-fluoro-5-methylphenanthrenes [269] (139)

CH3 R CH;

R X J(X—F4)(Hz) F4
(@) —CH=CH—~ F 170 —1039
H OH H OH
®) \C,~ \Cx F 98 —111-2
©) CH=CH CHj; 119 -
H OH H OH
N N . _
(d) o c CHj 7-7
0 8]
) N\ / CHa 82 -
—C—C—
O\ /0
® /C—O—C\ CH; 37 —

constants between these two positions. The decrease in *JF ¥ from
[269a] to [269b] can be taken as a standard fractional decrease in
through-space coupling as a consequence of this structural variation:
(SJFY in [269b]): (SJY¥F in [269a]) = 0-57. The observation that
H-F coupling decreases by a comparative amount, *J(CH;-F) in
[269d]/6J(CH;-F) in [269c] = 0-64, implies that a through-space
interaction contributes substantially to the $J% ¥ . The H-F coupling
of 11-9 Hz in [269c] appears to be the largest SJHF coupling
reported to date. (139)

Further support for through-space H-F long-range coupling was
obtained when studying a novel class of 2-substituted-3-trifluoro-
methylquinoxalines, their l-oxides and 1,4-dioxides (Table XXXVII).
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TABLE XXXVII

H-F couplings in 2-substituted-3-trifluoromethylquinoxalines, their 1-oxides and
1,4-dioxides [270] (140)

X,®

|

NI CF;

3 Jorn

oL

N7 ~Ri

[

X;®

[270]

Ry Xy X, J(HF)(Hz)

@ H (o 0 ca. 0
by CH; 0 (6] 3.0
(¢) CH,CH; o] o} 2-1
@ CHyBr 0 o 1-3
(e) CH,OH 0 (6] ca. 0
(f) CH,O0CH;3 0 o} 2-0
() CH,0MO, 0] 0 2-0
(h) CHyBr 0 - ca. 0
@  CH; e} - 1-2
()  CHj - - 1-6
2 0 = oxygen.

(140) The through-space mechanism provides a good explanation for
the variations of the JHF observed in Table XXXVII. In quinoxaline
1,4-dioxides, [270a to g), there are two possible important con-

H
7 | X CT) }|{
N CH N C..- ¥
OE Qe
3 -F 3\ —~F
N C N C
\ I>F [
0 F
A {270 a to g}

y F H
O....F._- \>_AH.-..O O..-. F >WH-...O
A F>_' H
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formational isomers of the CF; group, A and B. One fluorine of the
CF; group can be either coplanar (A) or skew (B) with the 4-oxide
oxygen. Isomer B was supposed to be strongly favoured. If only
across-space interaction is operative, there are only two out of a
possible nine which contribute to the observed coupling constant:
J(obs) = 2J', where J' is the coupling for the closest fluorine and
hydrogen nuclei. For compound [270b] it is found that: 3 = %J’ and
hence J' = 13-5 Hz. When X is not a proton: J(obs) = £J', from which
one may calculate J (calc.) = 13-5/6 = 22 Hz. In the case of
quinoxalines and their 1-oxides [270h to 1) only one conformer for
the CF, group can be postulated, where no fluorine-oxygen re-
pulsion exists. When X =H, compound [270i], one finds: J(obs) =
2J' = 1-22 Hz, J' = 5-49 Hz. For X = Br, J(calc.) = /' = 0-91; this
explains the broad singlet of [270h]. (140)

0 H
Lt
(clol
+F

N )

¥ CI\IF

F
[270 h to 1]

F H
F—< >~H---o
F H

The results of three fluoroethanes (2, 4), CH,F-CH,F,
CH,F - CHF,, CHF,- CHF, were considered together in detail to
give the couplings of every fluoroethane. Vicinal H-F couplings,
3JHF appear to behave as the corresponding H-H couplings both as
regards their orientation and substituent dependence. The effect of
successive fluorination on 3J2Y is a general decrease (Fig. 3); the
change is greater, however, if the fluorine atom is attached to the

| .
—?H group of the >CH-CFZ fragment. The values of 3JHF

demonstrate the large orientation effect of electronegative sub-
stituents. (2) Calculations were performed on CH; CH, F in order to
derive a stereochemical dependence of vicinal H-F coupling; 3JHF
was found to go through a minimum at 90° and maxima around 0°
and 180°. (141) The dihedral angle dependence of vicinal H-F
coupling was studied employing finite perturbation molecular orbital



146 L. CAVALLI

F F F
H F H F F F
H H H F H H
H H H
J(Hz)  (45) 0 127
F H H
F F H H H H
F H F H F F
H F F
(8+4) J(Hz) (15) (10)
H F H
H F H F H F
F H F H F H
F F H
4-8 1-8 0

FIG. 3. 3HE couplings in fluoroethanes. (From Abraham and Kemp. (2))

method. (142) Several H-F couplings were obtained in the carbo-
hydrate series (see compounds [113] to [118] and Table XI). (58) It
was found that geminal H-F couplings all lie in the range normally
associated with sp3-hybridized carbon in a six membered ring (R ¥ =
47 to 57 Hz). The vicinal H-F coupling ranges from 0-5 Hz to 32 Hz.
The trans vicinal H-F coupling (20-0 to 32-0 Hz) decreases as the
number of directly bonded oxygen atoms increases. The gauche
coupling situation (0-5 to 16 Hz) is more complex.

A detailed examination (58) shows that the changes in observed
couplings parallel the changes in three important factors in the
environment of the coupling fragment, namely:

(1) The number of substituent oxygen atoms on the carbon atoms
of the coupling fragment.

(2) The presence of an oxygen atom which is trans to the fluorine
atom via the coupling pathway.
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(3) The presence of a hydroxy-group which is trans to the C-C
bond of the coupling pathway; this contribution depends
upon whether the coupled nucleus (H or F) on the central C
atom is axial or equatorial.

Effects (1) and (2) are already known, but (3) is novel. It was
possible to calculate empirical contributions to 3J§{ ¥ for each of the
three previous factors, which are as follows:

Contribution to 3J§1F Factor
~2.5 1
~7-0 2

eq

HO /Y—eq,

ax

-2:0 3 \HO /\(‘ax HO/\(e;‘eq.

+2-0

From the values quoted previously the gauche 3J8' ¥ coupling may be
calculated for all situations of the carbohydrate investigated [113]
to [118]. It was shown that it is also applicable to a variety of
different carbohydrate classes already reported in the literature. The
large value of the H-F coupling between Hs and F in compound
[117] (J®Y = 27 to 29 Hz) was indicated as evidence of the
existence of a favoured conformer, in which F-6 is antiparaliel to Hs.
(58) As far as long-range H-F couplings in these carbohydrates are
concerned it was shown that five-bond coupling has a stereospecific
dependence showing maximum values when it can be regarded as a
linear extension of the W characterizing the four-bond coupling. (58)

2. F-F couplings

In the case of the vicinal F-F coupling of fluoroethanes it was
found (2) that the trans oriented coupling, 3J ¥ | varies enormously,
from —30 to ca. 0 Hz. (Fig. 4), with successive fluorine substitution
and the decrease is most marked for the first fluorine atom
introduced. 3J§ ¥ on the contrary, is relatively unaffected (—13-7 to
—5-4 Hz) and shows no consistent change with substitution. These
results for 3JFY are in agreement with those obtained in the
-CF,-CF,- fragment of the 1,2-dihalotetrafluoroethane. (5) It was
found that for these compounds 3JFY varies considerably (from
—185 to +6:6 Hz) becoming absolutely more positive as the
electronegativity of the substituents increases. 3J§F, on the con-
trary, is almost unaffected and the direction of the small change
observed (from —6-6 to ca —11 Hz) is opposite to that of 3JFF . (5)
The geminal and vicinal couplings of these halofluoroethanes are
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F F F
H H H H F
H H F F H
F F F
J(Hz) -30 —52 —06
H F H
F | H F H F F
F/\@iH F H F F
H H H
Jg(Hz) —10-9 —137 ~54
H F
F H F H
F F F H
F
Jo(Hz) -9-2 —88

FIG. 4. 3JFF couplings in fluoroethanes. (From Abraham and Kemp. (2))

shown in Table XXXVIII, together with the couplings of the single
isomers derived using energy differences AE(E,~E,) between gauche
and trans isomers determined by IR. A correlation between rotation-
ally averaged couplings, /5" = [§(J; + 2J,)], and the sum of the
Huggins electronegativities, TE, of the four remaining substituent
atoms in the >CF-CF< fragment of fluoroethanes was also reported

(Fig. 5).

TABLE XXXVII
Coupling constants (Hz) of 1,2-disubstituted tetrafluoroethanes -CF,* CF;- (5)

AA" BB 278 g 37 L A Jg  AE(Eg—Ej)kcal./m.
CF,1+ CF,Br 2032 1705 -9:60 —-867 -99 -85 1150
CF,1° CF,Cl 2130 1710 —6-12 -847 —47 92 870

CF,Br - CF,Cl1 177-1 1702 -2.79 -7-76 +55 -119 600
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>
-250 -3
b CFClp—CFCII
o
—200
CF,Br—CFBrCl
—150 CF3CFHz O
CF,Br—CFB»
CF3—CF~
-10.0 +- —CFpCFp-
o
501 CF3(CF,),CF3
o CF3CF—
CFpH-CFpH o
CF3CFoH
-0.0
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5 0L | ! 1 ! |
) 1.0 12.0 13.0 14.0 i5.0 16.0

FIG. 5. Rotationally averaged couplings, 3Jg‘1;ﬂ, against the sum of the Huggins electro-

negativity, XF, of the four remaining substituent atoms in the >CF—CF< fragment. (From
Cavalli (5))

A new series of F-F coupling constants have recently become
available for cyclic compounds such as cyclobutenes (Table XXXIX)
and cyclopentenes (Table XL). (143) The assignments of the
couplings in the fluorocyclobutenes follow those already known,
which indicated a large positive value for 3J5F and a negative value
for 3J; F. The assignments of the couplings and their signs in the
fluorocyclopentenes are only tentative: these were mainly made on
the basis of electronegativity considerations and of the detailed
analysis of the NMR spectra. Evidence that the *J¥¥ coupling is
extremely dependent upon the relative orientation of the fluorine
substituents and on the nature of the nearby substituents is demon-
strated by the results obtained for some carbohydrate molecules (60)
(see [123], [124] and [125] and Table X1I), ideal molecules for this
purpose. The magnitudes of the *J¥F couplings of these molecules
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TABLE XXXIX

Coupling constants in fluorocyclobutenes (143)

A B
F2 F2
€O @
A B 3J trans (F-F) 3J cis (F-F)
I I 24-47 -15-35
1 Cl 24-7 -13-8
1 F 257 —1413 Jip=17-8 Jryg=52
H { 27-5 -14-0 Jia=14 Japn =917
. ) J1g=19-8 Jog=5-1 _ .
H F 27-7 -12:5 Jia=16 Jon =98 Jap=171
TABLE XL
Coupling constants (Hz) of fluorocyclopentenes (143)
K B
RG!
X
MX coupling AX coupling AM coupling
h*‘/k—ﬁ
K B 3, 37, 3, 3, 47, 47,
i I —8-44 -1-37 —8-44 -1-37 +1-24 +4:12
Ct Cl -5-75 -1-03 -5-75 —~1-03 +1-32 +3-01
a I —~6-89 -0-91 —6-42 —1-44 +1-28 +3-56
F I —-5-55 +0-66 —4-45 -1-85 +1-68 +3-07

aJAK = —15‘71;JXK = +4'91;JMK = +10-64.

were obtained from !9 F {H} spectra. The signs of the corresponding
couplings were derived with the help of double resonance experi-
ments. For [123] and [125] it was found unequivocally that 4J¥F
must be positive. For [124], even if it cannot be stated with
certainty, the spectra may most readily be interpreted on the basis of
the negative sign of *J¥T. The stereospecific dependences of the
long-range 4J¥¥ coupling in these carbohydrates are found to be:
(60) *J,, = +10:4 Hz, *J,, = +1-0 Hz and %J,, = —3-0 Hz. In the



FLUORINE-19 NMR SPECTROSCOPY 151

carbohydrate series (59) it is also worthwhile to mention some
vicinal F-F couplings (see [119] to [122], Table XII). It was found
that these vicinal F-F couplings are all negative. Furthermore, the
value of the frans coupling ([1211, J = —20-0 Hz) is approximately
the same as that of the gauche couplings ([119}, J = —18-8 Hz;
(1201, J = —15-8 Hz; [122], J = 13-5 Hz). (59) Attention was
concentrated on ! °F NMR studies with complete proton decoupling,
which permits, in many instances, the analysis of the spectrum by
simple inspection. (144)

Several fluoroaromatic hydrocarbons were studied under similar
conditions. Besides confirmation of numerous }°F NMR parameters
already known, a number of examples of long-range F-F coupling were
also obtained for the first time; these are shown in [271] to [276].

F
- F ©
DG ©
2
F Me
[271] [272] [273]
F
. I
Cl,
~F @
© :
F
[274] [275] [276]

The value of 0-8 Hz for [273] is a seven-bond coupling and no other
example of 7J¥F in an unsaturated molecule is known. A solvent
dependence study was also carried out. (144) The behaviour of J'F
in these aromatic systems shows no correlation with solvent di-
electric constant, which is interpreted to imply that reaction field
mechanisms are not important here. However, the smaller variations
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in 4J¥¥ and 5JFF reasonably correlate with the dielectric constant
of the solvent, which suggests that the reaction field mechanism is
more significant here.

IV. ORGANO-METALLIC AND METALLOID COMPOUNDS

One volume on characterization of organometallic compounds
considers shortly some aspects of !F NMR spectroscopy which
pertains directly to organometallic compounds. (145) Some litera-
ture results relative to fluoroalkyl-, fluoroalkenyl- and pentafluoro-
phenyl- derivatives were reported. In all cases fluorine atoms located
near to the metal show a paramagnetic shift, which is quite large
when the metal is a transition metal. A short discussion on the
dominant contribution to the !°F chemical shift of these com-
pounds is also reported.

Group 11

19F NMR data were presented for o-, m- and p- (CF;C,H,),Hg
and CF;C¢H,HgBr. (146) The CF; fluorine shift varies in the range
—63-2 to —64-8. Evidence that a “through-space” mechanism is the
main contributor to *J(*°°Hg-F) (26 to 29 Hz) in the ortho-
compounds was given. (146) Magnetic non-equivalence in a bis(per-
fluorovinyl)mercury compound was demonstrated. (147). The NMR
data are collected in Table XLI. (147)

Group 111

In the study with perfluoroalkylhypochlorites, a novel reaction
with boron trichloride was discovered in which displacement of
chlorine from BCl; yields perfluoroalkylborate esters, [(Rf 0);B].
(149) The '°F NMR spectrum of [(CF;);CO];B showed a single
sharp resonance at —68-1. Indium(l) halides react with 1,2-bis(tri-

1
fluoromethyldithieten, L = S(CF,)C=C(CF;)S, to give the com-
pounds InLX (X = C], Br, and I), which are believed to be polymeric
indium(II)-dithiolato-complexes. (150) Reaction of these latter
compounds with DMSO gave [InL(DMSO), ] X. A brief investigation
by '?F NMR spectroscopy was performed on the free ligand and on
[InL(DMSO),1X. The free ligand gave a single resonance at +64.1,
whereas for the DMSO complexes the resonance signal was found at
+51-5 (X =CD, +51:6 (X = Br) and +51-55 (X = D). (150) Covalent
fluoro-substituted isopropoxides of aluminium and of some Group
IV elements were synthesized, (HFIP);.,4 X, where HFIP =




TABLE XLI
19F NMR data of (perfluorovinyl) mercury compounds (147)
Fa Fp Fc 2y 3y, 3y Y1 Sigr Sle 1 SIee SUer Sy, 2J(Hg-F)
(CF,=CF),Hg -184-79 -123-73 -89-24 7471 36-72 —108-8 -3-35 0-094 247 045 -0-09 047 820-5
(CF,=CF)HgCH3 —183-83 —126-96 9169 812 36-5 —-107-1 0-28 584-6
(CF,=CF), —179-95 -108-22 -94-12 See Ref. 148
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(CF3),CHOH and X = Al, Si, Ge, Ti, Zr and HF. (151) The '°F shift
or the parent alcohol of HFIP is —76:8 and those of the complexes
vary in the range —73-6 to —76-4. The progressive higher-frequency
shift observed from Si to Hf may arise from the degree of covalency of
the metal ions and/or to an increase in the mass of the central metal
atoms. (151)

Group 1V

In the Iliquid-phase photochemical <chlorination of
(CF3CH,CH,);SiCl, silicon-containing compounds were formed
with the chlorine atom in a trifluoropropyl group, in a-position to
the Si atom. (152) In this way the orienting effect of the CF; group
could be established. * °F shifts of the CF5 groups are in the range
—110-1 to —114-2. As a part of an investigation of the chemistry of
Hg(SiMe;),, its reactions, under uv irradiation, with some fluoro-
olefins and acetylenes were reported. (153) The reaction with
CF,=CF, gave Me;SiF (—156-5) and Me;SiCF=CF, (-88.5,
—117-5, —198-5) and a high boiling liquid residue in which was
identified Me, SiCF, CF, HgSiMe; (—105-5). The reaction with hexa-
fluorocyclobutene, hexafluoropropene, perfluorobut-2-yne and per-
fluoropropyne affords products resulting from the replacement of
one or more vinylic fluorine atoms by trimethylsilyl groups. The
NMR data of these compounds are collected in Table XLII. (153) In
the synthesis of «,w-bis(silyl)polyfluoroalkane the !'°F chemical
shift parameters of [CI(CF;CH,CH,)(CH;)SiCH,CH,],CF, were
reported (CF5: —69-0, CF,: —103-4). (13) The preparation of group
IV derivatives of the alkynes HC=CRf, [Rf=CF,CF; and
—CF(CF3),] were reported (Table XLIII),
(CH;),, M(C=CRf),_,. (154) The '°F shifts of the fluorine atoms
go to higher frequency as the metal changes from Si to Ge, to Sn. In
addition, in those compounds where M and Rf are constant the
fluorine shift values go to low frequency as n decreases (3 = 0). (154)

A novel class of organometallic compounds in which a Group IV
element (Ge and Sn), other than carbon, is o-bonded to a cyclo-
propene ring at vinylic position were prepared. (48) Analytical and
spectroscopic data leave no doubt concerning the proposed struc-
tures, (CH, )nM((f:CRfCF2)4_n; 19F chemical shift of the CF,
bridge groups ranges in —102 to —105. (48)

Groups V and VI

In the X-ray study of the structure of a complex containing a
decafluoro-arsenobenzene, F,(CO),4{AsC¢Fs),, a spectroscopic in-
vestigation was also carried out. (155) The '°F NMR spectrum
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TABLE XLII
19F NMR data of trimethylsilylperfluoro-olefins (153)
A B X JAB Jax  IBX
1
(BB FX) —-113.28 -119-16 -102-70 -15-05 229 4-5
1 . +27-85
(AA")YFy SiMes
F SiMe
: ’ ~107-3
F2 SiMe3
CF3CF=CFSiMe;(trans) —1593 -168-5 -69-7 1380 22-0 105
X A B
CF3CF=CFSiMe3(cis) -138-7 -1427 -59-3 107 13-5 7-3
CF3C(SiMe3)=CFSiMe3? —72-5 - —53-5 — 8-4 -
X A
CF3C(SiMe3)=CFSiMe3? —68-0 - —66-0 - 7-9 -
CF3C(SiMe3):C(SiMe3)CF3 — — —-53.5 (JHF =ca. 1 HZ)
(trans)

CF 3CF(HgSiMe3)CF, SiMe3 —CF3 X —67-4; Jax=70; Jpx=113
or —CF,— AB -100-2; -112.8 Jap =355
CF;CF(SiMe3)CF,HgSiMe3 —¢F K -197-8; Jgx =11-3

@ The cis and trans isomer cannot be assigned unambiguously.

TABLE XLII

19F NMR parameters of the parent fluoroalkynes and Group 1V perfluoroalkynyl
derivatives, (CH3),M(C=C Rf)4_,, (154)

CF3 CF, CF JrE
HC=CCF; 5555
(CH3)3SiC=CCF; —49-95
(CH3),Si(C=CCF3), 5341
(CH3)3GeC=CCF3 —51-35
(CH3)')_GC(CECCF3)2 -52-6
CH3Ge(C=CCF3)3 ~52:85
Ge(C=CCF3)4 —53.35
(CH3)3SnC=CCF5 . _5025
(CH3),Sn(C=CCF3), —-51-54
HC=CCF,*CF3 —88-7 —-1059 36
(CH3)3GeC=CCF,CF3 —86-65 —-101-9 41
(CH3)2Ge(C=CCF,CF3), —86-9 -103-7 3-8
(CH3)35n(C=CCF,CF3) —86-43 —101-1 4-1
HC=CCF(CF3), 907 ~171-8 9.9

(CH3)3GeC=CCF(CF3), -73-0 -166-0 10-6
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shows ortho-, meta- and para- resonances centred at —117-9, —159-2
and —150-7 respectively. The reaction of pentacarbonyl manganese
hydride, HMn{CO)s, with bis-trifluoromethylphosphino- derivatives
(CF;3),PX where X = I, Br, Cl, F, CH; or CF; was described. (156)
The main reaction is an exchange of halogen for hydrogen to give
XMn(CO);. Some bridged complexes, which are also hydrides, have
been produced (156) as minor products in a mixture of cis and trans
isomers, [277a and b] HMn(CO), [P(CF;), X] (Table XLIV). Proton

H
oC L ocC Cco
~N s N
/Mn\ / (cis) /Mn\ (trans)
oC CcO ocC CcO
CcO
[277a] [277b]
TABLE XLIV
NMR data for fluorocarbon phosphines and their complexes with HMn(CO)s (156)
CF3 PF Lirp 3JFF 3JFH
P(CF3),F ~66-5 -219-0 1013 346 —
cis-HMn(CO)4 [P(CF3), F] —69-9 —139-6 988 3-8 0-7
trans-HMn(CO)4[P(CF3),F]4 —69-1 —134.0 1002 2:2 310
P(CF3)3 —50-8
cis-HMn(CO)4 [P(CF3)3] ~571
trans-HMn(CO)4[P(CF3)3] —56-5
P(CF3),CH3 —66-9
cis-HMn(CO)4 [P(CF3),CH3] —634
trans-HMn(CO)4[P(CF3),CH3} —62-8

a 4‘]FH =1-8 Hz.

and fluorine NMR spectroscopy were useful to demonstrate that each
of the new hydrides was a mixture of cis- and frans- isomers and to
establish their relative proportions. In the !F NMR spectra the
resonance of the CF5 group is consistently at slightly lower frequency,
with a larger J(F-C-P) in the cis- than in the frans- isomer. In the
trans isomer of HMn{(CO), [P(CF;),F1 3¢y and *Jey had values of
31-0and 1-8 Hz respectively;in the corresponding cis-isomer 2Jpy was
drastically reduced to 0-7 Hz and *Jyy was undetectable. In both
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isomers, in addition, the PF resonance was shifted 80 ppm to high
frequency from that of the free ligand. (156)

The reaction of arsine substituted Ni complexes and of bis(wr-2-
methylallyl)Ni were investigated. (157) Treatment of L, Ni, where

L =PhAsMe, or 0-C4Hs(AsMe,),, with C,F, or C,F;H gave
[278a and b] respectively. (157)
Fy @ CFy, B-CF,  J(Eu-Fp)
L\N.O (i) L = PhMe, As 990 1391 <1Hz
1
L F, (i)L=0CeHa(AsMey), —990  —1375 <I1Hz
F,
[278a]
F, —85-6
L /~F" ()1 =PhMe,As a CF, AB ~94-4  CFH: 2102
LN 2JFF 259 Hz

F, ' (i) L= 0-C4Ha(AsMe,), multiplet —85, —95, ~210

[278b]

The compounds C,F4Ci, C,F;Br, CCl,=CF, and CFCI=CFC] react
with (PhMe, As)sNi to give respectively the stable crystalline
o-bonded vinylnickel complexes [279], [280] and [281]. (157)
Hexafluorobuta-1,3-diene reacts with (PhMe, As), Ni to give [282].

Fal F
L. o= F, Fy Fs J12 Jis Jas
Ni Fy (a) -87'5 —130-8 —163-8 109:0 360 1090
X7 L (b) —86:1 —130-8 —1629 1060 360 1060
[279] (a) L=PhMe,As X=Cl
(b) L="PhMe,As X =Br
L CCI=CF ~70-7
ONiT ? AB { —98:0
a "L 2JFF = 73.0 He
[280] L = PhMe, As
2 1 Fl F2 J12
L\Ni/CF =CFCl  _gg4  —1063 14 cis isomer
c- N ~123-5 -131-0 122 trans isomer
L = PhMe, As

[281]
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F,————— 849

L .@F——% ~148-6
L/Nl
F L = PhMe, As

R
F2 [0-C6H4(ASM32)2] NIC(CF3)2O
—65-3
[282] (283 %

The stable crystalline complex {2831, prepared by displacement
of cyclo-octa-1,5-diene from (1,5-CgH, ,)NiC(CF;), 0, reacts with

(CF;3),CO and with (CF;),CNH to form five-membered ring com-
pounds, which are likely to be [284] in one case and one of the two
isomeric structures [285]. (157) Double irradiation of one CF,
multiplet of [285] collapsed the other CF; to a singlet. Bis(w-2-

CF
3 CFS\ {'657 CF; CFy
—81-5 NH
L\NiZL — 8 L\N.
L CFs | er,
Q]
CF, CF,
L= 0-C6H4(ASM32)2 L= O'C6H4(ASM62)2
{2841 [285a]
CF3 CF;
L 0
N
Ni [285a] } ; & 8.
1~ N‘LCFS or [285b] multiplets at —64-4 and —82-0
H CF;

L= 0-C6H4 (ASM62)2
[285b]
methylallyDnicke! and C,F, gives a complex to which is

tentatively assigned the structure [286]. (157) Two resonances were
observed for [286] at —100-7 and —107-9 (JHF = 180 Hz); the two
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resonances were assigned to the two C,F, groups inserted betwéen
the Ni atom and the two 2-methylallyl groups. !°F NMR studies
were performed on the following systems: (1) fluorochromate(VI)
chloride, (2) fluorochromate(VI) fluoride, and (3) chromylfluoride-
chromyl chloride. (158) For system (1) the exchange in DMSO was
shown to be slow. No substitution was detected in acetonitrile for
system (2) and rapid fluorine exchange was observed in system (3).

Groups VII and VIl

The reactions of low-valent metal complexes with fluorocarbons
continue to be extensively studied. The effect of hexafluoro-
but-2-yne, CF3;C=CCF5, on various zero-valent nickel complexes was
investigated. (14) In C4H, bis-(cyclo-octa-1,5-diene)Ni reacts with
CF;C=CCF, at room temperature to give two purple-red crystalline
complexes, [287] and [288]. (159) The '°F NMR spectrum of
[288] shows resonances at —49-4, —52-4 and —53 with relative

(1,5-CgH;3)Ni[C4(CF3)6] (1.5-CgNy4),Nip [C6(CF3)6 ]
[288]
—52-0 at 30°
—51-7 at —90°
1287]

intensities 1 : 3 : 2 respectively. The resonance at high frequency
(—49-4) is extremely broad and the relative intensities of the three
peaks are temperature dependent. Cyclo-octa-1,5-diene may be dis-
placed from the mononuclear complex [287] by I =Ph,PMe, PhMe,As,
Ph;P, (MeO);P, and MeC(CH,0);P to give the complexes L,Ni-
[C6(CF3)g1. (159) The ' °F NMR spectra of these complexes show
only one single resonance (—50-2 to 52-1); however, in some cases
the single resonance appears as a well-resolved triplet owing to the
coupling with 3!P nuclei. This triplet structure is evidence of the
symmetry of the bonded C4(CF5)¢ unit with respect to the two 31 P
nuclei of the co-ordinated phosphorus ligands. At —90° the !'°F
NMR spectrum of these complexes shows a general line broadening
and a collapsing to a broad singlet for those showing a triplet pattern.
It is suggested that these Ni-complexes are extremely fast 18-electron
fluxional systems. Treatment of [288] with (MeO);P or
MeC(CH,0); P gave [289] and [290]. (159)
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[(MeO)3P] 4Niy [C4(CF3)6] [MeC(CH,0)3P]4Nij [C¢(CF3),]

~52.0 (Jpp = 40 Hz) ~523 (Jpp =80 Ha)

[289] [290]

A plausible structure of [288], [289] and [290] is a fluxional
system where the L, Ni-NiL, system is free to rotate about an axis
perpendicular to the plane of the ring and the Ni- Ni bond.

Reaction of Ni(Bu'NC), with (CF;),CO and (CF;), CNH affords
[291] and [292]. (160) the reaction with C,F, and
CF,=CFCF=CF, gave [293] and [294]. Using an excess of
(CN), C=C(CF3), the reaction affords [295]. (PhNC),Ni reacts with
(CF3),CO to give [296]. (160) The corresponding 3-membered ring
complexes with ligand L = Bu'NC was also prepared, [297] and
[298]. (15) Treatment of [297] with (CF;),CNH or treatment of
[298] with (CF3),CO leads to a 3- to 5-membered ring expansion
reaction and to the formation of a complex which is likely to have
structure [299]. (160) Treatment of [296] with (CF;),CNH
affords, on the contrary, the complex [300]. (CF;),CO reacts with
(Bu'NC),N(O,) (1:1 molar equivalent) to form [301]; with an
excess of (CF3),CO one has yellow crystals of [302]. (160) [301] is
unstable in diethyl ether and gives [303]. An investigation of the

~64-3 —-66-1
FoC CF, F3C CF,
BuNC, Q ButNC\N. NH
~ 1 t - 1
ButNC 0 CF3 807 Bu'NC HN CF3 ~80-6
[291] [292]
~101-6 —87-6
Bu‘NC._ Bu'NC-_
_Ni _Ni
Bu!NC BufNC
F, F, F, F

[293] [294]
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Bu'NC-_ (CF3), 560 PhNC._ (CF3), 677
ButNe j PANC~
(CN), 0
[295] [296]
Bu'NC-_ <1(CF3)2 - Bu'NC\ (CF3), 641
Ni<l
BUtNC BUtNC/ NH
[297] (298]
F3C CF, —65+4 (CF3)2 ~668
Bu'NC._ NH PhNC._
Ni
Bu'NC” :CFs PhNC/ o—l
0—<(p. 807 (CF3), —821
3
[299] [300]
ButNC. 99 ButNc,_ 90
" >Ni< l—82~6 (@t —40°) ) >Ni< J—sz-s
! Bu*NC
Bu'NC 0—C(CF;), u T (CF3),
[301] ”
C(CF3),
—83-5
[302]

But NC\
tNC/ (CF3), 799 (at —-40°)
[303]

reactions of Pd(Bu'NC),, Pd(AsMe,Ph),, and Pd(PPh,), with
CF,=CFX (X=Cl, Br or CF3) and (CF;),C=X [X=0, NH or
C(CN), ] was performed. (161)

A series of new compounds [304] to [308] were characterized by
19F NMR. (161) For [306] only one line (—61-7) was observed. As
already discussed for related Pt and Ni complexes, this indicated
either a change in the hybridization of the N atom on co-ordination
to metal or the existence of a dynamic system (rapid inversion of the
nitrogen atom). The CF; chemical shift values for {3071 and [308]
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Fs F
L e=cl
Pd F
X7 N 2
[304]

L X F, F, Fs3 Jia
(a) Bu'NC Cl  -975 —12611 —1494 959
(b) Bu'NC Br  -975 1159 —1275 975§
() AsMe,Ph Cl —942 —1292 1519 1050

L. (CF3),
/qu
L
(CN),
[305]
L CF, JEE
() Bu'NC ~54-1 -
(b) AsMe, Ph ~55-0 -
(c) P(OMe), —55-06 -
(@) PMePh, —54-4 4-0
(e) P(Et), ~542 2:0
€y} (Ph,PCH,), ~54-5 50
L CFs3 Jes
Lo Q(CF”’ PPh, 617 30
Pd
L/
N—H
[306]
-68-3
(CF3),
L
SPd( J
L
O (CF3)2 —811
L=Bu'N

[307]

45-0
48-0
43-0

PF
Jtrans

10-0
11-0
110

PF
J trans

120

108-0
107-0
108-0
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(CF3)
Lo 32NH
_Pd
HN-—(CF3),
[308]
() L=Bu'NC 657 (.+ CF3)  —80'5(8+ CF3)
(b) L= AsMe,Ph 644 (0+CF3)  —81-1(8:CF3) “*J"F =3-0Hz

suggest the illustrated head to tail linkage of the (CF;),C=X units in
agreement with results of some related Ni-complexes. (157) The
reactions of tricarbonyl (w-allyl) - Co complexes with fluoro-olefins
and with hexafluorobut-2-yne were studied. (162) The fluoro-olefins
insert themselves into the carbon-Co-o-bonds of the allyl systems to
give stable o,m-fluoroalkyl cobalt tricarbonyl complexes ([309] to
[312]). These compounds react with PPh; to form o-bonded
derivatives such as [313] and [314]. (162) UV irradiation of

F,
M5k 0o R=H ~73-2 (aCFy) —-108'5 (BCF,)
R \-s90< R=Me —73-4(aCF,) 1074 (6CF,)
CO co
[309]
F l —96-7
i A ~F R=H —67-5(CF3) —161:7 (—CF) AB (8- CF,) ~1053
2 CF, ‘ 2JFF = 940 Hz
R \“’CO<CO | —94-0
| “CO  R=Me—676 (CF5) —1624 (—CF) AB (8- CF,) 10677
0 ' 2JFF = 230 Hz
[310]

e ~108-8
l_, ~57-5t0 —59-2 F2 0

' H F, —74-4
F3C /7 3\ CF3 —528 2 2
€O Ly P
~ H A AN
CcO l CO
CO cO

[312] JPF =331z
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R
\
OC\C /(]iF2CF2CH2C=CH2
o
oCc” |
Cco
[313]
«+CF, B-CF, J'F JHF
R=H L = PPh; —51-1 ~1012 34 19
R=Me L=PPh, ~509 —1007 29 19
R=Me L= AsPh, —-49-0 ~100:5 - 19
R
\
o —
oc” | 3
CcO
[314]
|
CF, -(fF CF,(AB)
R=H —65-7 —~1459  -76-0; —98-0; 2JFF =270 Hz
R=Me —664 —145-0 765, -980;2JFF =260 Hz

[Fe(CO3m—C4Me, ) with CF;COCE; afforded [IEeC(CFa)za)(CO)r
1—C,Me, 1; (163) 1 °F NMR spectrum displays two singlets at —80-0
and —82-8 which are assigned to the two possible isomers [315]. The

Me

Me
Me Me Me Me
Me 0 Me CF,4
co-llie <§<CF3 OC—ll:e<f CFs
O
Co CF, co
a b

[315]

corresponding reaction with fluoroolefins affords novel w-allylic
complexes; (136) the reaction with CF,=CF, gave [316]; the
reaction with CF;CF=CF, gave [317]. The reaction on irradiation
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Me
Me Me
\
CF,
[0
— —7 | -120"8
/Fe CF,
oc” |
co
[316]
Me
CF; 693 Jy,=240-0Hz J(F;—CF3)= 3-0Hz
Me Me F, —1076 Jy3= 120Hz J(F,~CF3)=170Hz
_CFs
Me 2 F, —1123
F - - 19.
0C- /£F13 Fy —1550 Jy,3= 60Hz J(F3—CF3)=120Hz
OC/|e \F2
Co
(317]

of [Fe(CO);7—C4Me, ] with CF;C=CCF; was also investigated; the
compound obtained, on the basis of spectroscopic evidence, is likely
to have structure [318]. (163)

Me
Me CF,
Me //CF3 —55-2 (quartet: J¥F = 18)
Me /' _55-4(JFF=18;JFH_—_3.0)
Fe
oc” | ¢
co ©

[318]

Some reactions of fluoro-olefins with tricarbonyl (buta-1,3-diene,
trimethylenemethane, or cinnanaldehyde) iron were reported. (164)
UV irradiation of a hexane solution of C,F, and buta-1,3-diene
tricarbonyliron afforded high yields of a crystalline 1:1 adduct,
[319]. The related reaction using CF; - CF=CF, gave a similar 1:1
adduct. Reaction under UV irradiation of tricarbonyl (trimethylene-
methane)iron with C,F, gave the adduct [320] (164) In an attempt
to obtain an insight into the mechanism of these reactions the
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M= Fe(CO)3

Fy — 1085 J;,=222 Jy, =236
F2 —104-5 J13 =20 J14 :J16 =14-0
F3 — 873 J23 =80 J24 = 10

F4 — 768 J25 = 380

M = Fe(CO)3

—75-8
—106-2

[320]

| — .
complex, [Fe C(CF;),0 (CO),m—C,Me, ], (163) was treated with
trimethyl phosphite, leading to a similar linking reaction; (164) the
adduct obtained was assigned the structure [321].

Me

Me Me

CF,
~714
Me CF,
MeO),P
(Me0)4 NFeo—O)

co~ | T
P(MEO)3

[321]

Bis(trifluoromethyl) diazomethane, (CF5),CN,, was shown to
react with zerovalent Ni, Pd and Pt complex to give compounds

having the general formula L, MC(CF;),N-N : C(CF;),. (165) NMR

investigation indicated that these are all isostructural. A typical '°F
NMR spectrum is reported for P(Ph,), PtC(CF5),NN : C(CF,;), :~
three resonances were observed at —59-5 (2CF; :Jp¢ = 10 Hz,
J(Pt-F) = 79 Hz), —63-5 (1CF; : J(F-F) = 6:0 Hz, Jp_y = 2:5 Hz,
—65-8 (1CF; : J(F-F)} = 6:0 Hz, J(P-F) = 6:0 Hz). NMR observa-
tions and chemical behaviour support the structure [322]. The !°F
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CF
- 3
Ph3P__ C‘\CFa Ph,P

—

C
~p,
Pt p— Pt ]
~ - A

|
C(CF3),
[322]

NMR spectrum of the above compound requires that, on the NMR
time scale (even at —80°C), the CF; groups attached to the carbon
adjacent to the platinum are in identical environments. (165) It is
therefore necessary to postulate that in solution rapid inversion
occurs at the nitrogen bonded to the platinum. The reactions of
CF;SAg with metal halides having olefinic ligands were described.
(166) The work resulted in the preparation of the first compounds
with two terminal CF;S-groups aftached to a single metal atom
£323] and [324] as well as novel nortricyclic derivatives of the type
[(C;HgSCF;)Pd], XY ([325]: X =Y =Cland X=ClL Y =CF;3S-).

¢ ¢

S \

Pd Y
CF s/\ /N
3 SCF34 CF.S  SCF,
-26-0 268
(323] (324]
CF
e 3
S\ /X\
Pd\ /Pd\ (a) X =Y = Cl(CF5) —40 to —43
/ Y A (b) X=CL Y = CF,S 1-26
CF3 2 —40 to —43
[325]

(166) The resonance at ca. —26 is in the range associated with
terminal CF;S groups bonded to transition metals. Structure [325],
on the contrary, has an unusual type of CF3S group, which bridges
between carbon and palladium atoms. This can justify the high
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chemical shift observed (—40 to —43). A cobalt derivative, [326],
was also prepared, [(C¢Hg),C4 Co-(CO)SCF;],. (166)
)
l -32-3
o— 0 GFs
S
I AN
/CO CO.
CF, p— ¢
~323
o
[326]

The action of a number of ligands on Pt(C,F,)(AsPh;), was
investigated. (167) It was found that phosphines displace tripheny}-
arsine, to give air stable, white crystalline complex, Pt(C, F;)(PR3),"
o,o’-Bipyridyl, o-phenanthroline, and 5-methyl-o-phenanthro-
line similarly displace triphenylarsine to give complexes
Pt(C,F,)(N-N),. All '°F NMR spectra show satellites due to

TABLE XLV
19F NMR data for the complexes Pt(C;F4)L, (167)
L SF J(Pt-F) (Hz)
H,HCH,CH, NH, ~124-0 501
ajal-bipy. —1249 494
o-phen. —124-4 491
s-Me-o-phen. —1244 485
AsPh; —125-0 343
Ph,PCH,CH,PPh, -1292 316
PEt,Ph -130-1 290
PMe,Ph —131-3 286
PMePh, ~1307 284
PBu? --130-8 281
PPhs —130'5 278

coupling with '?5Pt (/ = 1/2, abundance 33%). The spectra of the
phosphine derivatives give patterns typical of an X, AA'X) system.
The results are in agreement with an essentially square planar
arrangement of atoms around platinum. It is suggested that the high
value of J(Pt-F) indicates a strong platinum-ethylene bond in the
tetrafluoroethylene complex. !°F NMR data obtained for the
Pt(C, F4)L, complexes are collected in Table XLV. The zero valent
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complex Pt(AsPh;),(PF3), [6F = —10:5, JFF = 1337 Hz] was also
produced by action of PF3; on the complex Pt(C,F,;)(AsPh;),.
(167)

Reactions of some fluorinated acetylenes with tetra-
kis(triphenylphosphine) platinum(0) were investigated. The com-
pound [327] was characterized by NMR. (168) The syntheses of

/ﬁ —44.2
cis-(PPh3 ), Pt(C=CCF
(PPha)2 P 3)2 J(Pt+ CF3) = 29-8 Hz.

[327]

hexafluroro-monothioacetylacetone was described and the possibility
of this compound giving stable chelate-complexes with metal ion was
elucidated. (169). The '°F NMR parameters of a Ni-complex,
[328], were reported. (169)

H
CFs/\\\ _CF3
C. .S
50 CF —c//o CF3—C//S
3 N \
CFM “CF, 8=-7363  5=_6361
H
[328]

V. FLUORINATED DERIVATIVES OF ELEMENTS

Boron

Choosing aromatic amine-oxides as ligands (where Z-pyNO,
Z-QNO and Z-ANO represent the substituted pyridine-l-oxides,
quinoline N-oxides, and acridine N-oxides respectively), some
adducts of BF; were investigated especially the study of solvent and
concentration effects on the chemical shifts and the variations in
H1B-19F coupling due to differing donor basicity of ligands. (170)
The !°F NMR parameters of these adducts are collected in Table
XLVI. The opinion is that the negative contribution to J(! ! B-1°F)
decreases as the bond polarity increases. The examination of the
trend of the absolute magnitude of J(*'B-!9F) relative to the
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TABLE XLVI
19F NMR parameters for some substituted aromatic amine oxide adducts of BF 3 (170)
BF3* Z-py NO BF3*Z-Q NO BF3° Z-A NO
Y ™
z s JOIB-19F) g JAIB-19F) sy J(UB-1PP)

4-CH30 -154-3 5-0 -153-1 53

4-CH3 —153-7 4-5 -152-6 4.8

4-H —153-6 4-3 -152-7 4-6 —149-8 5-5

4-C1 —153-8 4-3 -1529 41

4-CH30C(0) —153-6 3-8 - —

4-CN -153-5 3-5 —152-6 34

4-NO, —153-5 3-3 -152-6 33

2-CH3 -152-5 4.7

2-Et -152.1 4-5

2,4-(CH3z), -152:5 52

2,6-(CH3), -149-1 4.9

3,6-(CH3), ~153-7 4.6

basicity of the donor molecule suggests that this coupling should be
negative. The same conclusion may be reached considering the
hybridization of the boron when complexed. It also appears that the
chemical shifts reflect the bulky nature of the ligand, and its
interaction with the fluorine NMR spectra, in addition, appeared to
be temperature dependent. (170) Rapid fluorine exchange among the
boron atoms is occurring since there is a collapse of the quartet at
high temperature (*'B, 7 = 3/2). A possible mechanism, [329],
involving a 1-oxide bridge is proposed. (170)

BF;+ 4-CH;0 - py - NO == BF; +4-CH;0 - py NO

/BF3

*BF; + BF;- 4-CH;0 - py NO > [4CH,0+py - NOLypp

I

BF; + *BF;- 4-CH;0 - py NO
[329)

The formation and the stereochemistry of Borane adducts of a
serics of methylhydrazines and of tfrifluoromethylphosphinehydra-
zines were studied using mainly NMR techniques. (171) The fluorine
NMR data are collected in Tables XLVII and XLVIII respectively.
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TABLE XLVII
19F NMR data for the BF 3 adducts with hydrazines (171)

BF; JBF
MeNH * NH, * BF; ~151-6 17
BF3* NH(Me) * NH, -1592 15-1
BF; -149-3 -
Me,N * NH, * BF 5 ~1669 135
Me, N * NHMe - BF3 ~162-7 14-2
Me, N « NMe, * BF3 -151-1 -

TABLE XLVIII
19F NMR data for trifluoromethylphosphinohydrazines and their BX3 adducts (171)

CF3 BF, IpF
(CF3),PNMe * NM, —63 - 82
(CF3),PNMe * NM, * BMes —-61-5 — 85-5
(CF3),PNMe * NM, * BF3 -596 —1534 88-5
(CF3),PNMe * NM, * BCl3 -~58-1 - 93-3
(CF3),PNH * NMe, —63-5 - 84-0
(CF3),PNH * NMe, * BMej —65-0 — 83.0
(CF3),PNH * NMe, “ BF; -63-7 —-1634 —
(CF3),PNH * NMe, * BCl; —62-7 - 89-0
(CF3)2 PNMe * NH, ~60-6 — 843
(CF3)2 PNMe NH2 * BMG3 —-60-6 - 83-7
(CF3), PNMe * NH, *BF3 -59-8 — 895
(CF3),PNH * NHMe —63-8 - 80-0
(CF3),PNH * NHMe * BMej -63-5 — 82-7
(CF3),PNH * NHMe * BF3 -629 —159-0 86-5

Nonoctahedral c¢lathro-chelate complexes, [M(P..BF)]BF, with M =
Fe, Co, Ni, Zn and P, = C,;gH,,N40O5, were synthesized from
tris( 2-aldoximo-6-pyridyl)phosphine and boron trifluoride or tetra-
fluoroborate. (172) The ! °F NMR data are reported in Table XLIX.
A study of the '°F NMR spectra of complexes formed by BF; with
several aliphatic and aromatic ethers was performed showing that the
19F chemical shifts may serve as a measure of the complexing power
of the ethers and that information on the nature of the donor-
acceptor bond may be gained. (173)

Addition of fluoride ion to aqueous solutions containing Al salts
and phosphoric acid resulted in the formation of eight new fluoro-
phosphato-aluminium complexes containing direct Al-F bonds,



172 L. CAVALLI

TABLE XLIX
19F NMR data of [M(P..BF)] BF,4 (172)

Chemical shift
A

—

M B-F BF;

Fe ~166-7 (13)% ~150-6
Co ~133-8 ~1482
Ni —240-4 —144-4
Zn ~167-1 (12)2 ~150-9

% In parentheses: J(11B » F) values,
Pee = C13H12Ng03.

(174) in addition to the known binary complexes AIFG-m¢ 19F
NMR at room temperature showed a sharp peak due to AIFS and
AlF?® and a very broad high-frequency peak. At —130° the spectrum
was resolved into eleven peaks, three of which were assigned to AIF?®,
AIF? and to exchanging AIF(3~")® (n = 3 to 6), F®, HF and HF,.
The remaining eight peaks were assigned to complexes containing
both fluorine and phosphorus. The !°F shifts were given respect to
BF; * OEt, (—153-0). AIF§ and AIF?® resonate at —154-6 and
155-65 respectively. The eight new peaks resonate in the range
—141-8 to —153-0. (174)

In the study of system (CH;);P/BF; the fluorine spectrum of a
mixture of the two components in the ratio 1:1 was recorded. A
broad signal (ca. 500 Hz half width) was observed at —138 ppm.
(174b)

Silicon

Several halogenodisilanes (Table L) were identified as products
coming out from the action of an ozoniser-type silent-electric
discharge on fluoro-, chloro- and bromo- monosilanes. (175) Two
new fluorodisilanes, SiH,F . SiH,F and SiHF, - SiHF, were pre-
pared. (175) Their NMR spectra are of interest because, in contrast
to the corresponding chloro- and bromo- derivatives, these are not
first order, but of type X, AA'X,; their spectra were analysed by
trial and error calculations assuming Jxx =0 (this assumption is,
however, not valid for SiHF, - SiHF,). Some fluorochloro-, and
fluorobromo- trisilanes were also described. (176) The '°F NMR
spectra were useful to define the structure of SiH; - SiH, - SiH, F,
SiH; - SiH, - SiHF, and SiH; - SiH, - SiF5. (176) No !'?F chemical
shifts were given. The SiHF,-resonance is a doublet (2JHF = 53-2
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TABLE L
19 NMR parameters of some fluorinated disilanes (175)
S SiF T Tae Tic. J(Si*F)
SiHj3* SiHF, —142-0 53-0 6-0 — —
SiH3* SiF3 —-120-3 — 6-0 — 356
SiH,F * SiH,F ? 450 7-0 5-0 -
SiHF, -SiHF, -152 520 9-0 8-0 —
SiH;3 * SiHCIF —159 51-5 5-8 — —

Hz) of triplets (3J}f =62 Hz). The triplets are further split into
quartets from longrange coupling, *J(HSiSiSiF) = ca. 1 Hz. The
-SiF, resonance is a triplet (JIY = 49 Hz) of quartets
(®J(HSi- Si-Si-F) = 0-9Hz). The analyses of the difluoro- and
trifluoro- trisilane derivatives were done by trial and error calcu-
lations using the first part of LAOCOO NII. (176) CF;SiCF;,

[330], was obtained in high yield and its salient properties deter-

J(F—F) = 109 Hz
663 —~150-7 { J(Si-F)=2732Hz [330]
CF,SiF, J(Si—CF) =722 Hz

mined. (177) Some monofluoro halosilanes, [331] to [335], were
also prepared and characterized by !'F NMR. (178) The fluorine
spectra consist of singlets with 2°Si satellites. Increasing the electro-
negativity of substituents the signals are shifted to lower frequency and

§p  J(°Si—F) (Hz)

[335] SiFCII, ~70-0 401
[331] SiFCIBr ~74-5 380
[332] SiFBr, —765 365
[333] SiFCIBr, 815 351
[334] SiFCl,Br —87-0 332

the J(?° Si- F) value decreases. (178) By reaction of xenon difluoride
with organosilicon compounds some new compounds, [336] to
[340], were identified by their characteristic !°F NMR spectra.
(179)

The NMR spectra of some fluorosilyl amines, of the type F;Si- and
-SiF,-, were also reported. (180) The chemical shifts, &g, are all in
the range —148 to —157 and the J(?° Si- F) values near to 202 to 219
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~159 ~139
(CH3),CeHs SiF CH3(CH, CI)SiF,
J(F - CHz) =75 Hz
[336] [337]
—-164 ~136
CoHs (CH,)(CH, CISiF CH5(C4Hs)SiF,
[338) [339]

-170-8 { 2 J(FSiH) = 58 Hz
J(F+CHj3)=8 Hz
[340]

CH5(C4Hs)SiHF

Hz. (180) The results of the reaction between SiF, and trifluoro-
propyne were reported. (181) Two products were isolated with
formulae C3HSi,F, and C¢H,Si,F,,. Spectroscopic investi-
gations are in agreement with the structure (341] and [342]

—65-66
CF3 H
N
— J(CF3+H) =16 Hz
Fgi dE J(CF,8iF,)=24Hz  J(CF3* Si- SiF,)=08 Hz
- 1 M . . -
_131.25 —1322-68 J(HSiF,) = 165 Hz J(H-Si-SiF,)=16Hz
[341]
H
Z S “H)=0-
_gs-g5 T3C |‘F2 140:0 J(CF3- H) = 05 Hz
F5C's_SiF, J(CF3- SiF,) = 06 Hz
H
[342]

respectively. (181) When {342] was treated with CH; OH/KOH solu-
tions, compound [343] was obtained. (181) The preparation of
some pentafluorophenyl-and 2-(pentafluorophenyl) ethyl- derivatives
of silicon and of the corresponding polymers were described. (182)
Only the compounds shown in [344] to [346] were characterized
by *°F NMR spectroscopy.
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H
CF gC/COCH-” -131-7 ((0.) 1295
661 1 Ce¢F5SiMeFCl{ (m.) —1627
CF3—C (p.) —1496
COCH,4
H [344]
[343]
-1385 ((5) ~1475 T3 (o) —148-1
(».)-161-5 (».)-161-3
[345] [346)

Nitrogen

The reactions of (CF5), NBr with cis and trans but-2-ene and
of (CF;),NCl with trans-but-2-ene in the dark at low tem-
perature were investigated in order to determine whether
reaction under such conditions proceeds via ionic intermediates
(expected trans-addition), by a four-centre mechanism (expected
cis-addition), or by a mixed mechanism. (183) After 3 days in the
dark at —78°C, trans-addition products, [347] and [348], were
obtained, showing that the reaction proceeds via ionic intermediates.
The determination of the configurations of [347] and [348] is based

. —~55-0
threo - isomer
(CF3),N - CHMe - CHMeBr { erythro - isomer  —55-5

[347]

threo-isomer ~ —54-7
(CF3);N - CHMe - CHMeCl {erythro-isomer —55:0

[348]

on proton NMR evidence. Dehydrobromination of [347] gave cis-
and trans- olefin, [349]). (183) These olefins, together with other
N,N'-bistrifluoromethylvinylamine derivatives, are shown in [349] to
[351]. The reactions of (CF;), NCI with propene and vinyl fluoride
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cis —569

=C(H)CH
(CF3);NC(CHa)=CH)CH, | 7 2

[349]

cis —60-4

(CF3), NC(H)ZC(H)CH3 { trans —59-8

[350]
(CF3),NC(CH3)=CH, 581
[351]

and of (CF;), NI with vinylfluoride, carried out under ionic con-
ditions, were also investigated. (184) The series of compounds shown
in [352] to [357] was prepared and characterized. (184) N-

~554 —559
(CF3),NCH,CHCIMe (CF3)2N(IJHCH2 Cl
[352] CH,
[353]
~59-8 —145-6 4J(CF3' H) =12 Hz 3JHF =10-1 Hz
(CF3),NCH,CHFCI { *J'(CF4- H) = 1-6 Hz 3Jir =257 Hz
[354] SJ(CF3- H)=0-5 Hz
~56-9 _148-8 ~562 —138-3
(CF3)2N M CHF * CHzC] (CF3)2N M CHF * CHzI

[355] [356]

(CF3),NCF=CH, { 3] cis (H—F) = 49 Hz

-59.9 835 {3J trans (H—F) = 30-5 Hz
J(CF3—F)=2-5 Hz

[357]

Halogenoamines, in particular (CF;), NCl and (CF;), NI, were also
made to react, under free-radical conditions, with olefins such as
hexafluoropropene, trifluoroethylene and vinylfluoride. (185) The
reaction with hexafluoropropene gave [358], [359] and [360]. The
reaction with trifluoroethylene gave a series of adducts, the '°F
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ca. —-88-8 —139-0

544
(CF3)2NCF2 . CFCI . CF3 JAG = 100 HZ
A‘B’ G ’ Jpe =24 Hz
15-2 Hz 12-1 Hz
[358]
~53:1 ~1542 -76-6 —65-8 -59-7 815 1463 -753
(CF3), *NCF - (CF3) - CF,Cl (CF3),+NCF, - CFl - CF,
[359] [ 15-5 Hz
2-0 Hz
[360]

NMR parameters of which are collected in Table LI. The reaction
with vinyl fluoride gave, on the contrary, another series of adducts,
which are shown in Table LII. CIF was found to add to >C=NF

TABLE LI
19F NMR parameters of the trifluoroethylene adducts, Y-CF,CFH—Z [361] (185)
Y z 8CF, §CHF Sy bz 2yFF  2yHEF
Cl (CF3)2N ~68-2 -167-0 - -57-3 172 42-4
Br (CF3),N —62-8 —165-5 - -56-7 - -
i (CF3);N —54-7 —-163-1 - ~56-6 ca. 200 42-1
(CF3),N cl -97-1 -156-2 -54-3 — ca. 240 47-8
(CF3)2N Br -94-0 -1573 -56-5 - 229 47-7
(CF3);N I -90-1 -167-1 —56-6 - ca. 240 47-5
TABLE LII
19F NMR parameters of the vinyl fluoride adducts, Y-CF,CHF-Z [362] (18%)
Y Z 6CHF E(CF3)2N 2JHF
Cl Ct -139-0 - 504
(CF3),N Cl —145-6 -59-8 52-0
(CF3);N Br -147-9 -59-4 51-8
(CF3),N I —155-4 —58-3 51-6
Cl N(CF3), —148-8 -56-9 46-3
Br N(CF3), —144-5 -56-9 46-6

I N(CF3), ~138-3 ~562 46-8
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imines when the carbon substituents are chlorine or fluorine. (186)
In some cases, when CF; is bonded to the imine carbon, caesium
fluoride is required to catalyse the reaction. The compounds shown
in [363] to [368] were obtained and then characterized by '?F

—-46-0 +22-1 -72:2  -139-8
Cl,CF - NFCI (CF3)2C|FNC12
28 Hz 3 Hz
[363] (364]
~76-8 —163-3 -71-8 -161-5 -76-6
(CF3), CFN=NCCI(CF3), (CF3),CENN - CF  (CF3),
49 Hz 5 Hz
[365] [366]

J(CF4%+ NF) =241 Hz
J(CF;®- NF)=9-7 Hz

Ef))) T Ry O NFOL at 4074 J(CRy® CP) = 28 e
[367] J(CF,° CF)=3-8 Hz
J(CF3®+ CF3*)=9-4 Hz
(a) —55-6a +7.2 | J(CF?®+ NF)=24 Hz
(b) 52 CICF,* NFCl | (CE®. NF) = 13 Hz
(3681 J(CF®- CF®) = 128 Hz

NMR. The imine NF=CCl, gave a single broad peak at +57-3. (186)
The coalescence temperature for the two CF5 resonances of [367] is
at ca. +60°C. The two >CF—resonances of [368] still do not coalesce
at +100°C. From photodifluoroamination of fluoromethane, which
contrasts dramatically with that of methane, one of the products
was FCH, * NF,, [369]. (187) An improved synthesis of perfluorourea,
F,NC(O)NF,, was reported. (188)

-202-8 +27-6
F CH2 * NF2

48 Hz 22 Mz
[369]
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A 20% solution in CFCl; yields a broad resonance at +33-4, with
no indication of splitting arising from nitrogen. (188) The reaction
of HNF, - KF molecular complex with various fluorinated acyl
fluorides gave a new class of compounds, RfC(O)NF,. (189) These
fluorinated amides, as well as the ester CF;CO,C(NF,)CF,, were
characterized by '?F NMR; the compounds reported are shown in
[370] to [374]. The NMR spectra are all typically first order except

-82:8 —1200 +26-4
-74-5 +25-4 CF3 . CF2 . C(O)NF2
CF3C(O)NF, “ 131z || 96 e ”
7-9 Hz 29 Hz
[370] [371]
~74-9 +25-3 —69 -81-1 -1259 —-117-1 +26-8
CF3;CO,C(NF,) » CF, CF; CF,CF,- C(O) - NF,
109 Hz 94 Hz
[372] [373]

—-133.0 -1200 +25-2
F2N(O)CCF2CF2 * CF2C (O)NF2

[374]

that of [374], which is rather complex. The reaction of bis-trifluoro-
methy! nitroxide radical, (CF;),NO -, with N;S,; and with some of
its derivatives was studied. (190) For example: sulphamuric bis-
trifluoromethyl nitroxide, N3S;0,[ON(CF;),15, was obtained
from (CF3),NO - and S3N,0,; a singlet (—69-3) is observed corre-
sponding to the cis-form, which slowly isomerizes to the trans form
(—68-1); thiazyl bis-trifluoromethyl nitroxide, NSON(CF;),, ob-
tained from reaction of Hg[ON(CF;),], with NSF, displays a
singlet at —69-4. (190) Reactions of (CF;),NO with acetylene,
3,3,3-trifluoropropyne, perfluoropropyne, perfluorobut-2-yne,
perfluorodiphenylacetylene and glyoxal (191) were .also investigated
as well as reactions of (CF;),NO - with some alkanes and alkenes.
(192) Several compounds obtained by these reactions were charac-
terized by !°F NMR. The NMR spectral data of some previously
unreported compounds are shown in [375] to [397]1. (191, 192)
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—-69-2 ~724 731 ~52:0 699 —737
[(CF3),NOJ},C(CF3)COCF3 [(CF;),N] [(CF3)2NO] ,C(CF3)COCF;
[375] [376]
—69-5 -734 4315 ~53-0 +31-5
[(CF3),NO],C(CF4) COF [(CF3)2N] [(CF3),NO] C(CF3)COF
[377] [378]
~70-1 ~79-0 —571 -70-1 -78-2
[(CF3),NO],CHCOCF, [(CF3),N][(CF3),NO],CHCOCF 5
[379] [380]
ca. —70-4
—69-9
[(CF3),NO],CHCOON(CF;), CH3CO,N(CF3),
[381] [382]

-68-34 —69-72 —67-84
CH,CH,ON(CF3),  (CH;3),CHON(CF;),  (CH3);CON(CF3),
[383] [384] [385]

~69-52 -70-3
(CH;3)3CCO;N(CF3), (CH3),CCH,ON(CF3),
(386] [387]
~70-44 —57-65
(CH3),CHCH, ON(CF3), CH3CH, C(CH;3),ON(CF3),
[388] [389]
—-70-12 -67-3
(CH3)2C=CHCH2ON(CF3)2 CH2=CHC(CH3)20N(CF3)2
[390] [391]
~70-02 ~70-82 /(—697, —693)
(CF3),;NOCH(CH;)CH,ON(CF3), (CF3),NOC(CH3), CO,N(CF3),
[392] [393]
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—58-4 ~70-4 705 —685
(CF3),NOC(CH;),CH,0N(CF5),  (CF3);NOCH,CH,C(Et)(CH3)ON(CF3),
[394] [395]
—5811 -589 —67-5
(CF3),NOC(CH3), CH(CH3)ON(CF3); (CF3),NOC(CH3), C(CH3),ON(CF3),
[396] [397]

Difluoroamidosulphurylchloride, [398}, dichlorocyano difluoro-
aminomethane, [399], and two imine isomers, [400], were prepared.

+55.2 +48-3
NF, S0, Cl NF,CCl,CN
[398] [399]
+63-4 +69-0
F\N—c/ o F\N—C/Cl
~Cl ~CN
() (b)
[400]

(193) The assignment of the configurations of the two imine isomers,
[400], was made by comparison with other similar compounds.
Some perfluorinated N-fluoroimines of the type: RfRf'C=NF,
RfCF=NF and RfC(CN)=NF were studied. (194) These compounds
were prepared and their reactions with some nucleophiles (amines,
alcohols, water, diazomethane) leading to fluorinated diaziridines,
N-fluoro imino-acids and their derivatives, gem-alkoxy-N-fluoroamines
and N-fluoroethyleneimines, were investigated. (194) Many of these
compounds are shown in [401] to [421]. The '?F NMR data of

‘ —66-6 +32.6
o N oo [J(CF3NF) =129 (CF3)3CNF,
NF, 9-8 Hz
+35.8
[401] (402]
9.7 Hz
—67-60]
—CF,4
6-5 Hz \C=N +44.7
—CF3 F
~63-96 |__26:5 Hz |

}403]
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—-62-6 -63-0 +60-0 ca. —103°9  +21°1
F\N_C/CF3 F\ _ ~CF,NF,
“CF,NF, “CF,
ca. —103-9 +21°1 —66-2
(a) (b)
[404]
—-61-2
e
“CN 1
122 Hz
[405]
+62-2 rCF3 NEt
CNCCI=NF 57 HZ>< \ { 751
[406] \" CF, NH r 647
[407]
L
416203
F NCFZ/ NH {J(CF3'FA=5-6HZ
2 . =4.
J(CF3-Fp=48Hz .
CF. NFH
5 *Egj -/7'463\C/ Jea =507 Hz
~118: J(CF4+ NF) =116 Hz
%JpF = 206 Hz \CFa OEt (CFa NF)
[409]
[408]
-125.1 N—N Q
7CF3 CF3 F
108 \C/NFH 2Jur =456 Hz &-H Fa N .
CF3” “CN  4J(NF-CFj)=105 CFs CF3 “CH,N=N
[410] [411]
CF3: —70-7

NF: —-37-2
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<] CF3I —71-3
CF,4 N—Il\l . CF3\C/NF CF,: —111-1
F NCF& LS Ny @ NF: —37-7
:NCF2 N FoNCE;  "CHpNSN g3
[412]
_ +16-0 -109-2 +17-3 —-104-2
CICH,C <N—I\i] F,NCF,COCH, FaNCF,00CH, CH,
,C—
Y —413 ~380
+33.5
{413 [414] (415
+21.2 —102-5 +17-§ —1094 #816:'8
FzNCFz(“?CN F2NCF2ﬁ - NH, NP
) e
63 Hz I—NF +83-1 ll\IF _42.1 CN \NC2H5
|
4-3 Hz
[416] [417] [418]
g 537 ~781 1275
CF3CNHC,H;  CF; CFy  NFH L
I } :C:NN(Et) ) >Ci Jpu =493
sem N NC™ "OC;Hs  *J(CF3-F)=12:0
[419] [420] [421]

F,NCF,CF=NF and CF;CF=NF and of their hydrolysis products,
on the contrary, are collected in Table LIIL. (194)

The thermal and photochemical reaction of hexafluoroacefone-
azine, (CF;),C=NN=C(CF,),, with three olefins, ethylene, propene
and but-1-ene, gave in each case 2 : 1 olefin: azine adducts as the
major products, (195) which were found to have the structure of
1,5-diazabicyclo[3.3.0)octanes, [422]. Acetylene reacted only

c CHR
N H,
Fj CH 111 CF, R = H, —CH,, —CH,CHj
CHR CF, (@) (b) (c)

[422]
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TABLE LIII

I9F NMR parameters of FyNCF,CF=NF and CF3CF=NF and their
hydrolysis products (194)

CF3 CF, CF NF NF,
F,NCF,CF=NF - ~108-0 ~76-4 —12:6 +20-7
F,NCF,C(OH)=NF - —111-4 - —45.84 +155
F,NCF_C(OCH3)=NF - ~109-8 - -41.3 +15-9
F,NCF,CO,H - -110-9 . - +18.7
F,NCF,C0,CH3 - -109-9 - - +17-7
CF3CF=NF —-749 - -856 -239 -
CF3C(OH)=NF ~79-0 - - 520 -
CF3C(OCH3)=NF ~723 - - ~40-8 -

4 The NF chemical shift varies (—45-3 to —58-6) depending on the concentration.

thermally to give the corresponding 1,5-diazabicyclo-
[3.3.0]octa-2,6-diene, [423]. (195) The '°F NMR data of these

H
F3C> NN H
F3C | CFj
H[\ ;N
H Fj

[423)

adducts are presented in Table LIV. The singlet observed for the CF,
group of [422a] suggests that rapid nitrogen inversion, on the NMR
time scale, is taking place at both nitrogen atoms. For [422b and ¢]
there are two isomers depending on the cis and trans orientation of
the R groups. In each configuration the geminal CF,; groups are

TABLE LIV
19F NMR data of 2:1 olefin: azine and acetylene : azine adducts (195)
8CF, 4J(CF3* CF3) (Hz)
[4222] R=H ~72-9 —
_ isomer 1 -73-0 —68-5 10
[4226]  R= CH3{ isomer2  —736 ~68-3 10
_ isomer 1 -73-4 —684 10
[422¢c] R=E {isomer 2 —730 ~68:0 10

[423] ~66-9 —-59-5 6-2
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non-equivalent and rapid nitrogen inversion must again take place. In
the case of [423], because of the presence of two signals for CF;, it
is suggested, on the contrary, that inversion at both nitrogens is slow
on the NMR time scale, which would render the geminal CF; groups
non-equivalent. (195)

Problems such as six-membered ring reversal vs. nitrogen inversion
were tackled using N-fluoro compounds. (196) The two N-fluoro
derivatives of cis- and trans- 2,6-dimethylpiperidine, (424] and
[425], were prepared separately. The !°F NMR of the trans-N-
fluoroderivative, [424], for which ring reversal is allowed, shows at
room temperature one signal at —64. (196) At low temperature

F

1

H3C N—F HsC N-82
M 570 M

CH3 CH3
[424a) [424b]

(—65°) this signal splits into a doublet (/ = 20-5 Hz), 6 at —57 and
a doublet of doublets (J=11-8 Hz, /=58 Hz), 6y at —82, with
relative intensities 85 : 15 respectively. On the basis also of the
proton NMR spectra it was concluded that the molecule has a
nitrogen rigidity (compared to the NMR time scale) even at room
temperature. A fluorine atom is always frans to one of the methyl
groups and always cis to the other. At low temperature the ring
reversal is slowed down and the two conformations, [424a and b],
appear clearly. (196) The spectral behaviour of the cis-NV-fluoro
derivative, [425], confirms this interpretation. For this isomer ring
reversal is not allowed; the methyl groups are always equatorial. At
room temperature two signals were observed:

F 122
|
CH;  N-F CH; N
LT LT
CH3 CH3

[425a] [425b]

a triplet (J/ = 22-8 Hz), 8y at —47, and a triplet (J/ = 48:3 Hz), 67 at
—122, of relative intensities 95 : 5 respectively. In this case it was
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shown that nitrogen does not invert fast (compared to NMR time
scale) even at +60°C. (196) An unambiguous assignment of the
conformers of [424)] and [425] cannot be made, however, on the
hypothesis that the HCNF coupling constant follows a Karplus type
law (as in the case of HCCF coupling) one can predict that 3J,, >
3] ... On this basis the (a) conformers correspond to the equatorial
N-F bond and the (b) conformers to the axial N-F bond. Conse-
quently the nitrogen-halogen bond seems to be more stable in the
equatorial position. (196)

The proton spectrum of (CH;), NCOCF; was recorded in several
solvents of varying dielectric constants at room temperature as well
as the high temperature rotationally averaged spectrum. (197) The
two SJBF were accurately measured (°JHF =0-6 to 0-8 Hz and
SJHE’ = 1.5 to 1-7 Hz); it was shown that it is likely they have the
same relative sign. By decoupling the HF spin-spin interaction, the
proton spectrum simplifies to a doublet. Line-shape analysis of the
temperature-dependent doublet peaks, in CHCI, - CHCl, as solvent,
gave the activation parameters for the hindered internal rotation
around the central C-N bond (AH* = 19-2 Kcal/mole, ASt =11
e.u., AG* = 18-8 Kcal/mole). (197) Similar values of the activation
parameters were obtained for the same molecule using complete ! H
NMR line-shape analysis. (198)

Complete 'H NMR line-shape analysis was used to study the
internal hindered rotation around C-N bond of (CH;),NC(O)F
(AH* = 17-7 Kcal/mole, AS* =14 e.u., AG* =18-1 Kcal/mole).
(199) The two H-F couplings were also measured (*J2F = 0-30 Hz,
4JHF!" = (.80 Hz) and were shown to be temperature independent.
(199a)

Phosphorus

From the Proton NMR spectrum at variable temperature the
values of the coupling constants and their relative signs for
(CH3),PF, were derived (199b) (J(F . H)=+3-0Hz and J(F, - H) =
+12-6 Hz). The activation energy of the intramolecular exchange was
estimated to be 15+ 2 Kcal/mole in TMS as solvent. From a new
synthesis of unsymmetrical diphosphines and arsenophosphines the
two products shown in [426] were characterized by 19F NMR.
(199¢)

~525 ZJPF =700 Hz
(CF3);PyPiH, =55 M2

[426a]

JFH =0-35Hz
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—~47-7 3JPF =525 Hz
CF3), AsPH
(CF3)2 AsPHz 4 Jen = 0-46 Hz
[426b]

Commercial difluorophosphoric acid, HOPOF,, [427], could be
purified by treating it with excess of P,O;, at 0°. (200) u-oxo-
bis(phosphory! difluoride), [428] was obtained pure in high yield

55 =—862 5p =810
HOPOF, 7 =992 1y Pa0sFa = 1048 12
(427] [428]

from photolysis of POF,Br with excess of oxygen. (200) Two
mixed dihaloacids, H[PO,CIF] and H[PO,BrF], [429] were
obtained by reaction of H[PHO,F] with chlorine or bromine. (201)

§p=—452 6p =—322
HIPOLCIFT 7~ 1055 12 HIPO.BIFT )~ 1106 1y
[429a] [429b]

The formation of diphosphinoethanes from a number of olefins by
reaction with P,Me, or P,(CF;), was described. (202) The NMR
spectra of these compounds are complex and not susceptible to a
complete analysis. The '°F shifts of some of them are shown in
[430] to [438].(202)

-196-5 --96
Me,PCH,CHFPMe, Me,PCH,CF,PMe,
[430] [431]

_49.5 ~104-5 —-55-5
(CF3),PCF,CF,P(CF3), (CF3),PCH,CH,P(CF3),
[432] [433]

-53-5 ~58-5 -52-5
(CF5),PCHMe - CHMeP(CF3), (CF3)2P CF2CH2 P(CF3),
[434] [435]
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~57-5 ~190'5 535 ~56-5 —53.5
(CF3),PCH,CHFP(CF3), (CF3),PCH, - CHMeP(CF3),
[436] [437]

~48-5 _48-5
(CF3),PCF,CCl,P(CF3),
[438]

Spectroscopic investigations of the uncoordinated phosphines and
of some of their transition-metal carbonyl derivatives were under-
taken. (203) In order to determine the significance of steric effect in
the fluorophosphines, Bu4PF and Bu'PF,, a comparison of NMR
parameters within the series RyP, R, PF, RPF, and PF; was made
for R = Me, Bu', Ph, and CF;. (203) The fluorine shifts for these
phosphines are reported in Table LV. The ! ? F shielding increases vary
substantially in the order PF; < Bu'PF, < BuiPF. It is suggested
that the inductive effect of the Bu'-group causes an increasing
polarization in the sense P®-F®, and this gives rise to an increase of
electron density at fluorine. A series of transition-metal carbonyl
derivatives were also prepared. (203) In Table LVI are collected the
19F NMR parameters of monosubstituted M(CO)s L and Ni(CO);L,
complexes (M = Cr, Mo, W; L = Bu'PF, and Bu}PF). As shown, the
8¢ values change only slightly in going from chromium via molyb-
denum to tungsten and nickel. Some multiple substituted derivatives
of Group VI carbonyl, cis-Mo(CO), L, and cis-Mo(CO); L5 were also
characterized (Table LVII). (203) The '?F NMR spectra have been
reported for the diphosphine (CH;CEF;P), and the thio-bisphos-
phine (CH;CF;P),S, together with the corresponding deuterated
analog (CD;CF;P),S, the spectrum of which is an M3 XX'Mj3 spin
system. (204) The !°F NMR spectra of these compounds show two

TABLE LV

19F NMR parameters of some fluorophosphines (203)

5F Jprp(Hz)

R PF, PF,R PFR, PFq PF,R PFR,
But -35 1115 2154 1411 1219 —873-6
CH3 - -92 -1955 - 1167 823
Ph - -92.3 —202-0 - 1173 905

CF3 - —106-9 -219-0 - 1250 996
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TABLE LVI

19F NMR parameters for monosubstituted transition-metal
complexes, M(CO)s L and Ni(CO)3 L (203)

SF Jpr(Hz)
PF3* Cr(CO)s -2-06 1315
PF3* Mo(CO)s -470 1310
PF3* W(CO)s -7-89 1245
PF,But - Cr(CO)s5 ~67-3 1184
PF,But - Me(CO)s 664 1114
PF,But * W(CO)s —~66 1104
PFBul, * Cr(CO);5 ~164-2 865
PFBut; * Me(CO)s ~169-2 853
PFBut, » W(CO)s —-182-3 848
PF,But * Me(CO);3 ~71-2 1135
PFBu',* Me(CO); ~179-8 870
TABLE LVII

NMR parameters of multiple substituted derivatives of Group VI carbonyls,
cis-Mo(CO)4 L5 and cis-Mo(CO)3L3 (203)

8F l7pr +37pF| *IrH
(PF3)2M0(C0)4 -2-9 1305 —
(PF,But), Mo(CO)4 —65-4 1104 1:2
(PFBut, ), Mo(CO)4 ~1721 855 1-3
(PF3)3M0(C0)3 -2-1 1306 -
®F,Bul)3Mo(CO)3 —634 1087 0-8
(PFBut,)3Mo(CO)3 —-170-0 - 07

chemically shifted absorption bands. Although no evidence con-
clusively establishes the nature of the two isomers, all the results
strongly support their assignment as the meso- and d,/-diastereco-
isomers. Complete analysis of the 'F NMR spectra was only
possible for (CD;CF3P),S. Coupling constants are shown in [439]
and [440]. The temperature dependence of the ! °F NMR spectra of
the above compounds with those of (CF3),PP(CF;),,
(CF;5),POP(CF;), and (CF;),PSP(CF;), were examined over a

fold Jpr Jepr  J¥F
high field isomer 66-1 43 03
(CD3CF;4P),S gh

low field isomer 66-1 4-3 20

[439]
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high field isomer 79-1%

(CH;CF3P),S
low field isomer 73-1%
[440] * JPF | fPPF

wide range of temperature. (204) No significant variations in spectral
patterns could be observed even at temperatures down to —100°.
This means that the rotational barrier about the P-P bond must be
less than ca. 7 Kcal/mole. It was suggested that the high-frequency
isomer of (CH53CF;P),S may be the meso-diastereoisomer because of
the larger five bond F-F coupling justified by conformation considera-
tions. (204)

The reaction of NO with some uncoordinated trifluoromethyl-
phosphino-derivatives [CF3;PX,, X =F, Cl, H and CF;; (CF;),PX,
X =F, Cl, H and P(CF3),] was explored. (205) The oxidation of
(CF3),PF and (CF;),PP(CF;), by NO gave two new compounds,
(CF3),P(O)F and (CF3), P(O)OP(O)CF;), respectively. (205) The
19F NMR spectra of the products obtained show two distinct areas of
absorption: (1) a high-frequency (CF5;: —68 to —72) doublet of
doublets caused by coupling of the equivalent fluorine atoms of the
trifluoromethyl groups with phosphorus and with the distant fluorine
atom and (2) a low-frequency (PF: —106 to —137) doublet of septets,
assigned to the single fluorine atom. (205) The preparation and the
NMR characterization of some di-and tri- fluorophosphines, containing
the 2,4-di-z-butylcatechol ring system linked to five-coordinate phos-
phorus, were described ([441] and [442]). (206) The NMR para-
meters observed for [441a and b] are intermediate between normal

But But
O _39 Q 611
PFMe JPF3
But 0] But 0]
[441a] [441b]
But Bu!
O\ /O
N
Bu' 0 ’ 0 But
F
& —689
-70-1
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axial and equatorial values. At —88° the fluorine spectrum of [441a]
for example, becomes the AB part of an ABX spin system, where X is
the P atom. Because of the unsymmetrical substitution of the
catechol rings, two isomers are expected for [442], as observed.
(206) 2-Methyl-, 3-methyl- and 4-methyl- piperidylfluorophos-
phoranes, [443], were prepared and characterized by ' F NMR.

Me Me Me

| Sl S

.3 -3 Lo

N—-P~ N—P~ N—P~ 3

| | Vg | >y
2 2 2

[443] [4431] [43311]

(207) The results are all consistent with a trigonal-bipyramidal
structure in which the amine and hydrocarbon groups occupy the
equatorial positions. Di-, tri- and tetra- fluorophosphoranes were
considered (Table LVIII). The !°F NMR spectra of [443a, b and c]
at room temperature, are constituted by an average resonance which
can be explained by the exchange of the fluorine atoms in the axial
and equatorial positions. Only at low temperature (ca. < —60°) this
exchange is slowed down to permit observation of distinct axial and
equatorial fluorines. For compounds [433a and b] the two axial
fluorines, F, and F,, are equivalent, whereas the equatorial ones, F;
and F,, are non-equivalent. For [433c] all fluorines are equivalent
even at low temperature. For difluoro-compound [443g] an AB
spectrum is observed for the two fluorines at low temperature; for
[443h] no substantial spectral change was observed when cooling
down. This is consistent with an axial position for the two fluorines
(F, and F,). For the trifluoro-compounds, [443d and ¢] all three
fluorines are already non-equivalent at room temperature. For
[443f] two fluorines remain always equivalent at —90°. All these
observations may be explained by the rate of positional exchange of
fluorines and the rate of P-N bond rotation being within the time
scale of the NMR measurements. It is suggested that the piperidyl ring
will take the position of least stereochemical hindrance, which is the
equatorial plane for the tetrafluoro-compounds, [443 1], and the
axial plane for the trifluoro- and difluoro-compounds, [443 II].
(207) For the 4-methylpiperidylfluorophosphoranes no conforma-
tional preference can be inferred for the piperidyl ring because the
axial and equatorial fluorines were always noted to be equivalent.
(207) The reaction of aryl- and alkyl- fluorophosphoranes,
R, PF;_ ,, with silyl ethers was reported. (208)
Benzodioxaphospholes, containing at least one fluorine atom on



TABLE LVIII
19F NMR data for methylpiperidylfluorophosphoranes [443] (207)

Me
Py
| .Fa
| “F,
Fy
[443]
Fy Fy F; Fa Ji2 Ji3 Jia a3 Jsa Jpa Jp2  Jpa Jpa T°C
Tetrafluorophosphoranes
(@) 2-CH (-66-9) (846) 30
3 -60-3 —-60-3 -72:2 -742 - 74 67 - 51 781 781 921 905 —-100
{(-67-8) {849) 30
(6)3-CH5 602 —602 -721 -740 — 77 63 - SO 763 763 940 940  —100
(c) 4-CH; (~67-6) (865? 30
Trifluorophosphoranes
(d) 2-CHj —-426 —443 _67-8 - 14 55 - 55 - 828 814 965 - 30
(e) 3-CHs —434 -43.7 -69:1 - 14 55 - 55 — 823 820 1006 - 30
(f) 4-CH3 —43-5 -43-5 -68-1 - 0 56 - 56 B 820 820 965 — 30
Difluorophosphoranes
(-37-9) {712 30
(g) 2-CH3 -34-6 -36-8 -~ — 14 689 689 -70
{-38-1) (715 30
(h)4-CH3 {-381) (715) -70

61

ITIVAVD 1T
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TABLE LIX
NMR data for 1,3,2-dioxo-4,5-benzophosphole derivatives {444] (208)
0)
\ /Rl
P ~
ol TRy
F
[444]

Ry Ry BF Jrp(Hz)

@ F Et _466 987
0 0

®) -70-4 1011
(c) Me Me -8-0 741
@) Ph Ph -30-3 772
©) Me Ph -18-3 766
® Me CH,Ph -15-0 764

CH2 CH2
@®) N (CHy), ” 218 799

TABLE LX
191 NMR data of some alkoxyfluorophosphoranes [445] (209)
R
R 1\ PF
AL
Rj
[445]

R; R, Rj SF JPF
CeHs50 CgHsO Ce¢Hs0 —44-8 768
CeHs0 CeHsO CH; ~181 825
Ce¢HsO CeHsO CgHjs -35-0 829
CHsO CH; CHj —42 736
C6H50 CeHs CgHs ~33-3 797
CsFs0 Ce¢Fs0 CgFsO -50-3 809
Ce¢F50 C¢FsO CHj -219 870
C6F50 C(,FSO C6H5 —-382 817
CFsO CH; CH; _53 747
CegF50 CeHs CgHs -35-1 812
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phosphorus, [444], were obtained (Table LIX). (208) The fluorine
spectrum of [444a] consists of only one resonance, a doublet
because of JP¥. Fast positional exchange must occur in this compound
because it is likely that there would be one equatorial and one axial
fluorine atom. The single fluorine of [444b] and of [444¢g] is suggested
to occupy an equatorial- and axial- position respectively. (208) The
first known examples of aryloxyfluorophosphoranes, {445], were
reported. (209) Unlike the alkoxyfluorophosphoranes, these new
compounds are thermally stable and they may be prepared in high
yields by reaction of fluorophosphoranes with aryl trimethylsilyl
ethers. The '°F NMR (Table LX) together with those of 3!P suggest
that the molecules are trigonal bipyramidal in every case, with two
axial fluorine atoms. The !'"F data for the ionic compounds
[(CeHs0)4P1®[PF¢1® and [(CeHsO),[(CH;),N],PI®[PF¢]°, [446]
and [447], and for the trifluorophosphorane C¢H;OPF;C¢Hs, [448],
which can be considered as an intermediate species, were also given.
(209)

[(C4Hs0)4P] ®[PF¢)® [(CsH50),((CH3),N),P] ® [PF4 }°
~72-8 -73-0
Jpp =720 Hz JpE =715 Hz
[446] [447]
axial region equational region
6p, = —383 b, =—654
CeHsOPF3CHs | J(P-F) = 864 Hz J(P-F) =986 Hz
[448] J(F,-F,)=72Hz J(F,-F,)=72Hz

The 1:2 adduct formed by 2,2,4,4-tetramethyl-1-phenyl-
phosphetan and hexafluoroacetone was studied by '°F NMR
spectroscopy at variable temperature. (210) The '°F spectrum at
room temperature and below in o-dichlorobenzene consists of two
signals at —67-07 and —69-91. Above 120° these signals broaden and
finally coalesce at 155°. The behaviour was interpreted as arising
from pseudorotation between two equivalent structures, [449]. The
free energy of activation for this process at 155° was calculated to be
20-1 Kcal/mole. (210) A series of four-membered ring compounds
containing only one five-coordinate phosphorus atom, were in-



FLUORINE-19 NMR SPECTROSCOPY 195

H Me H Me
H—J—-r—Me H Me
Ph
_.Ph .
Me———p=" — Me P 0
M Me / CF
€ O/F3C CF3 ¢ (¢ CF3 R 3
4 \CF3 CF3
\CF3 i CF,
[449a] | [449b]

vestigated. (211) The NMR data obtained for these compounds
(Table LXI) could best be understood by assuming the configuration
[450]. For compounds [450a to f] the values of J*¥ are in the range
828 to 959 Hz and the value of 6 within the range —66-9 to —79-3.
These data suggest that the fluorine atoms are in axial and equatorial
environments around a trigonal-bi-pyramidal phosphorus and that
rapid positional exchange is taking place. For [4501 and m], on the
contrary, axial and equatorial fluorines were distinctly observed at
—40°; 8¢ values (—33-7 to —40:6) and Jpp in the range 733 to 759

TABLE LXI
19F NMR data for some N,N'-disubstituted-1,2,4-phosphadiazetidin-3-ones [450] (211)

I‘J—N
[450]
X Y R, ) R, 5 JpF JFH
{a) F F Me Me -79-3 959
) F Me Me Me —62-8 930 7
(¢) F Et Me Me ~69-3 949 6
d) F Ph Me Me —-66-9 937
) F NMe, Me Me —75-8 887 2
©® F NEt, Me Me -72-0 828
) Me Me Me Me —34-7 733
(h) Me Ph Me Me -33.7 746
@d) Ph Ph Me Me —40-6 759
m F Me Me Ph —60-4 945

(m) F Et Me Ph —68-3 885
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Hz for compounds [450g, h and i] are consistent with only axial
fluorine environment. (211)

The proton NMR spectra of the trivalent fluorophospholanes,
[451] to [453], were analysed. (212) Double resonance experi-
ments, irradiating in the 3'P and in the ! °F region, permitted the

e

0 N S
P—F P—F P—F

/ /
0 ITI S

CH,
el 21 5-7 40
S 16 58 23
Yk ~1226 —1055 ~1120
4J(FPNCH3;) - 31 -

[451] [452] [453]

extraction of the relative signs of some coupling constants (referred
to the known negative sign of !Jpg). The *Jry couplings, which
transmit through the F. PXC-H fragment, are all positive and do
not show any stereospecificity, contrary to analogous *Jgy
couplings through F-CCC-H fragment. Details of the synthesis and
properties of the mixed-valence compound, the diphosphorus com-
pound, [454], in which the phosphorus atoms are bridged by a
sulfur atom and the related tetrasulfur-diphosphorus compound,
{455] were reported. The best evidence for the mixed-valence

-,

2J(CF3PY)=1117
—68-7 ~53-8 4J(FPV) =ca. 06
(CF3),P(S)SP(CF3)2 < SJ(FF)=0-5
[454] 2J(CE3P™) = 813
| J(FP) = 49

—66°5 —66-5
(CF3),P(8)—S * S—P(S)(CF3), |2J(P - CF3) + SJ(PF)| = 1055

[455]
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structure of [454] is provided by the !°F NMR data. 3!P NMR
spectra of [454] and [455] were also described. (213) Trifluoro-
phosphazodifluorophosphine, [456], was prepared from PF;Cl, and
PF,NH,; (214) no coupling was observed between P! and !°F
through three bonds.

—-828 —45-7 L7 PIEY = 1279 J(PVF) = 1031
FsPY =NPF, ( v ) 4( )
3JPVF) =241 J(FF)=7
[456]
Four new compounds, methylamino-derivatives of some difluoro-

and bis(trifluoromethyl)- phosphorus compounds, [457] and [458],
were prepared and proton and fluorine NMR observed. (215) The

(CF3),P(X)NHCH; F,P(X)NHCH,

@X=0 —-722, JFF=112H @X=0 —805, JF¥ =991 Hz
b)X=8 -—723, JF=106Hz ®X=S —524, JF=1083 Hz

[457] [458]

N-deuterated analogs were also prepared and investigated. The
spectra were observed down to —90°, but, with the exception of
[458b] no change with temperature was observed. The variable
temperature investigation (down to —90°) did not provide evidence
of distinct rotational isomers in any of these compounds. (215)
Aminodifluorophosphine, [459], was prepared in high yield by the

590 JPF = 1180 Hz
PF,+ NH, { J('*N—F) =64 Hz
JHF = 133 Hz
[459]

gas-phase reaction of NH; and PF,Br. (216) The ! F NMR spectrum
was obtained for solutions of [!3N]-amino-difluorophosphine in
CFCl; /cyclohexane as solvent. The reactions of fluorination of tris-
and tetra-kis- dimethylaminochlorotriphosphonitriles were described.
(217) Assignments of the structure of the compounds obtained,
[460] to [464], follows mainly from 'H and ! °F NMR data. (217)
Methylaminotetrafluorophosphorane, [465], was prepared by re-
action between (CH;);SiNHCH, and PFs. (218) The !°F NMR
spectrum of [465] at 70° shows that all fluorines are equivalent
(65 = —74-0; J°F = 847 Hz). At 30° no resonances were observed but
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MC2N F

/61 1(LFF = 907)
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TN
Me,N, F —-63-8(1JFF = 860)
\/

Py N/P§N ~62-8('JFF = 885)
Me,No ! | »NMe, Me2N\I|)| | JF
F~ N7 OF F77 N7 SNMe,
[460] [461]
cis-tris- trans-tris-
Me,N NMe
2N/ E () X=F;Y=Cl -627("J°F =910 Hz)
N
1 yPF _
Ypal §+NMe, Fa —69-6 (1J°" = 900 Hz)
YA~ N N (b) X=Y =F { Fy —68-8 (*J*¥ = 900 Hz)
1462] F  —62:6 (1J°F =905 Hz)
gem-1ris-
MeoN, - NMe, MeoN NMez _g4p (FF = 905)
S PEES
MeZN\ “ /( ,NMez F\“ . ‘,NMez
SENNTF TN ANt S
F N F\ | PF NMe2 N F
—627 ({J°F =920)
[463] [464]

cis-tetrakis- trans-tetrakis-

at —80° three fluorine environments were present. These results are in
agreement with a trigonal-bipyramidal structure with non-equivalent
axial fluorine atoms. Two effects must contribute to the behaviour
of the fluorine spectrum of [465] at variable temperature: (1)

Fy J%a JPa' ']Pe Joe J;e
a = .
Fe.l  _H ;a - gg 755 770 920 68 69
Fe¢l|)—N \CH?’ . : B
Fa 63 =83 Jaa JCHa.a’ JCHa‘e JNH'a'
caes] 28 2:8 21 276

pseudorotation exchange process and (2) hindered rotation around
the P-N bond. (218) There are few examples of nitrogen bridged
phosphorus compounds. Two of these ([466] and [467]) have now
been prepared from the action of Me;Si+ NMe- PF, on PF; and
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[466] PF,NMe:POF, &, 65  J(PAFa) J(PgFp) J(PgFs)

—70 —61 1280 896 3-7
J(PAFg) J(FaAFg) J(F H) J(FgH)
87-0 9-8 27 20
A B Sa dg  J(PsFa) J(PgFg) J(PgF,) J(PoFg)
[467] PF,-NMe-PF, 71 —68 1272 1039 82 -

J(FoFg) J(FoAH) J(FgH)
4-5 1-7 0-5
PF, Cl respectively. (219) The NMR spectra were interpreted on the

basis of first-order analysis. NMR data of MeNHPXF, (X = lone pair,
0 and F,), [468] to [470] were also given. (219)

—72 UJpp = 1193) =79 (Jpg = 1000) ~74 Upp = 847)
MeNHPF, MeNHPOF, MeNHPF,,

[468] [469] [470]
Three new substances, [471] to [473], were prepared combining
(CH;3),NPF, and F,PH as bases in adducts with triborane and

diborane. (220) Spectroscopic data were also presented for
(CH3),NPF, * B3;H,, [474]. (220) The synthetic procedures for the

~53.8 -59-5
(F,PH),B,H, { Jpp = 1147 Hz F,PH - ByH, { Jpp = 1100 Hz
J(HPF) = 50-3 Hz J(HPF) = 56 Hz
[471] [472]
~76-3 -76-5
[(CH3),NPF,],B,Hy :JPF - 1140 Hz (CH3),NPF, - B3H, {_]PF = 1100 Hz
[473] [474]

preparation of H,PPF, and (CF;),PPF, and their interactions with
B,H, were reported. (221) The !?F NMR spectra of these com-
pounds showed the expected first-order splitting patterns. Their
NMR data and those of the adducts, H,PPF, -BH; and
(CF;),PPF, - BH; are shown in Table LXII. These data were
compared with those already known of HPF, - BH;, F3PBH; and
H;PBH;. It was possible to establish that BH; coordinate only to
the PF, site: neither H,PPF, nor (CF;),PPF, were found to
coordinate two BHj groups. (221)

The preparation of some chlororhodium complexes with
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TABLE LXII
NMR data for HyPPF, and (CF3),PPF, and of their adducts with BH3 (221)
(CF3),PPF, H,PPF, (CF3),PPF;* BH3 H,PPF; - BH3

8§(CF3) —~45-94 —43-6¢ —
5 (PF5) —94.6% —89-8P ~77-8¢ —744
J(P-F) 1249 1190 1267 1204
J(P-PF) 874 83 32 29-5
J(FCPPF) 3.7 - — —
J(FCP) 60-0 — 76-3 —
J(FCPP) 140 — 52 -
J(HPPF) - 22:0 - 144
J(FPBH) — 270 232

@ At —40°.

b At —20°.

¢ AL0°.

PF, * NEt, were described. (222) The '?F NMR data are shown in
[475] to [477]. The complex [477), showing two resonances,

-63.9 —474
) RhCI(PF,NEt
PF,- NEt, 17(PF) = 1206 Hz [RhCIPF;NEt2), ]2 :IJPF+ 37pF = 1100 Hz
[475] [476]
/_\ 1 3 —
_ -349  (Mpp +3Jpp = 1106)
. PF,NEt P!
cis-[RhCI(PF, NEt, ), (PPh3)] {_48-4 (MJpp + 3Jpp = 1148)

[477]

indicates the non-equivalence of the two PF, « NEt, groups. Metal-
trifluorophosphine complexes are prepared by a new general method
consisting of the thermal reaction of various transition metal deriva-
tives with an excess of the commercially available Ni(PF;),, as
source of the trifluorophosphine ligands. (223) The compounds
shown in [478] to [480] were characterized by !°F NMR. (223)
The single fluorine resonance attached to Ir in [480] failed to be
observed. The reaction of di-iron enneacarbonyl with aminofluoro-
phosphines resulted in the formation of compounds of the type
R,NPF2-Fe(CO); or (R,N,;)PF-Fe(CO),. (224) These com-
pounds can then react with anhydrous HCl and HBr to form mixed
halogenophosphine adducts containing the Fe(CO), moiety. The
19F chemical shifts range between +5-2 and +8-0 for the mixed
halogenofluorophosphine compounds and between -—-28-0 and
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CH,
CH3 l CH2 I‘IPF = 1334 HZ
(CHs)sCsRAPEs ), 2JrhF = ca. 30 Hz
CHs CH3 3, pF =ca. 6 Hz
Rh
VAN
PF; PF,
-10-8
[478]
—-16-6 1 _
(CH3)5 C5Ix(PF), | JpF = 1250
Jpr = ca. 2
[479]
i
H3 /CH3

C
{CH3)5CsIrF(PF,)PF,

[480] CH; CHs
pg,— PF2 =44 (1Wpp = 1177)
SPF3 ~20-5 (*Jpp = 1280)

—45-5 for the others. Low-temperature NMR studies failed to
demonstrate the presence of the two possible types of isomers. (224)
For the first time the limiting, slow exchange, NMR spectra of a class
of transition metal hydrides, HML,, [481], (M = Os, Rh, Ru, Co, Ir;
L = PF;) was observed. (225) The !°F NMR spectra are rather complex
and a complete analysis was not possible in any case. The NMR data
which could be extracted are collected in Table LXI11; Ypp couplings
were all ca. 1250 Hz. In the low temperature limit the !°F NMR spectra
are consistent with a coordination sphere having three coplanar P
nuclei, and the hydrogen atom and the remaining P nucleus, trans to
each other, on the threefold axis of the P; plane. The !°F resonances
assigned to the axial and equatorial groups were well separated and
integration gave intensities close to the expected 1 : 3 ratio. A prelimi-
nary line-shape analysis gave the free-energy values reported in Table
LXIIL. (225) Some related molecules of the form M(PF;)s [M = Fe,
Ru and Os] were also observed at low temperature, down to —160°

(CHCIF, solutions). (225) There were no indications that these
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TABLE LXIII
19F NMR data for complexes HML,4 [481] (223)

HCO(PF3)4 HR}I(PF3)4 HII(PF3)4 HRU(PF 3)4 HOS(PF3)4

High temp. limit

Jur 9-75 16-5 14-75 165 15-0

SF -7-3 —4-4 ~14-4 +5-9 +3:5
Low temp. limit

8F axial ~6-4 —83 —-20-2 +0-4 2.5

8 Fequat. ~8:3 —4-2 ~14-5 +6-5 +4-1

AG *(kcal/m) 55 9-0 10-0 7-0 8-0

complexes are fluxional on the NMR time scale. Anionic species
formed in hydrolysis of some trivalent and pentavalent trifluoro-
methylphosphorus compounds were characterized. (226) In the
course of the study complete ! °F NMR data of some new oxythio-
phosphorus compounds were obtained. The !°F NMR chemical shifts
for the ions CF;PS,0%®, CF;PS03°, CF;PS,0H® and CF;PSO,H® in
aqueous solution were found in the range —74-6 to —77-1. (226)
The compound (CH;NPFCl,),, [482], was obtained by reaction
1 CH,
C . ]
A
\F +43-6
a”’ \15/ cl
CH;
[482]

of BF; with (CH3NPCly), in benzene solution. (227) The two
fluorine atoms are located at the axial positions of the two trigonal
bipyramidal phosphorus atom environments. The reaction between
Ce¢H, 0, PCl; and BF; in C4Hg resulted in the formation of two new
compounds, [483] and [484]. (227) Diethylaminotetrafluorophos-
phorane, [485], was prepared by fluorolytic cleavage of the P=N
bond. (228)

C¢H,0,PF,Cl CoH,0,PF, (C,Hs)NPF, | ~63°1
2 e 2o Jop 859 Hz
[483] [484] [485]

The theory for the X spectrum of an [AX, ] spin system, in the
limits |JAo x| 2> [Jaal > 1Jax:1 > [Jxx | =0, was extended (228b)



19F NMR data for fac-{L;Mo(CO)3] complexes (228b)

TABLE LXIV

8 p(free ligand) 8 p(complex) 1 rpp(free ligand) 1 Jpp(complex) 3JpE

Jac- [ (PhPF3)3Mo(CO)3 ] -92:3 —43-2 1174 ~1096 617

fac- [(PhO2PF)3Mo(C0O);]4 ~37-0 +1-08 —1307 ~1269 12

Jac- [(PhOPF,)3Mo(CO)3]) —44-5 —-12-12 —-1326 -1243 2:5

Jac- [(PF3)3Mo(CO)3] -33-7 -1-17 —1441 ~-1296 2-4
@4Jpp = 0-5 Hz.

AdODSOYIIAdS YNN 6 F-ANIJONTA

€0¢C
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to give details of the intensities. The theory was applied to the !°F
spectra of complexes of the type fac-L;Mo(CO)4 for the ligands L =
Ce¢H,40,PF (n = 1), PhOPF, (n = 2), PF; (n = 3) and PhPF, (n = 2).
The general !°F pattern in the region of the X spectrum, is two
groups of eleven lines each. If the magnitudes of /5 x, Ja o, Ja x’ and
Jx x are in the limits already given, the lines fall into a “doublet of
quintets” pattern from which it is possible to measure J, o,/ x and
Ja x' directly. (228b) The relative intensities were calculated for the
individual lines of the “quintet” in an [AX,]; spin system. Forn =1
the relative intensities are in the ratio: 7:20:42:20: 7;forn= 2,
1:5:12:5:1 and for n=3, 23: 148 : 426: 148 : 23. The '°F
NMR parameters found for the complexes investigated are collected
in Table LXIV. From the data reported in Table LXIV it is evident
that |'Jpp| decreases and 65 is reduced (high frequency shift) on
complex formation. This probably arises from changes in hybridiza-
tion of the P orbitals involved in forming bond with F and changes in
bond angles. The absolute signs of the couplings given in Table LXIV
are based on the assumption that 'Jpp is negative; hence 3Jp was
found to be positive as well as the *Jg g coupling of one compound
(see Table LXIV). The results for the long range P-F coupling, 3/p,
are of the same order of magnitude as found for cis-fluorophosphine
molybdenum complexes. However, comparison of cis- and trans-
isomers indicates that this coupling, 3J/p ¢, increases by an order of
magnitude on going from a cis- to a trans- isomer (for example the
value for trans- (PF3), Mo(CO), is +37 Hz). (228b)

Arsenic and Antimony

The kinetics of the fluoride exchange of (C¢H; CH,);ASF, in
CH, Cl, were reported. (228c¢) One could ascertain that the fluoride
exchange is intermolecular; the calculated enthalpy and entropy of
activation are 11-5 Kcal/mole and —11 e.u. respectively. (228c)

Cleavage reactions of AsF; with element-trimethylsilyl com-
pounds were performed. (229) Mono-trimethylsilyl-substituted com-
pounds gave rise to the corresponding -AsF, derivatives, while some
unusual products were obtained from bis- or tris- trimethylsilyl
precursors. NMR spectroscopy was used to characterise the products
obtained, which are shown in [486] to [491]. In the study of the
reactions between AsFg and trimethylsilyl compounds, compounds

-75-0 --82-0 —68-0
Me,NAsF, Et,NAsF, MeOAsF,

[486] [487] [488]
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~65-5 ~67-0 QA so1
EtOAsF, (EtO), AsF AsF
0

[489] [490] [491]

such as MeSiF; (—135-5), Me, SiF, (—130-0), Me; SiF (—156), AsF,
(—43-5) and MeF (—268-0) were identified. (229) !°F NMR studies
showed that SbF; forms HSbF;(OOCCEFE;) in CF3; COOH. (230) The
I9F  resonance of the fluorine attached to antimony of
HSbF(OOCCF;) is broadened by exchange process at +25°. At
—15° these processes are slowed sufficiently and the spectrum of F
nuclei on Sb consists of an AX, type. (230) The chemical shifts and
areas of the resonances observed are those expected for the complex
anion, [492].

[492]

Using fluorine resonance, the interactions of SbF; with SbCls,
SO, Cl,, and COF,, generally in sulphuryl chlorofluoride as solvent
were studied. (231) Low temperature '°F NMR spectra of systems
NbFs;-SbF;-SO,CIF and of TaFs-SbF4-SO,CIF were studied.
(232) The spectra, as well as the conductivities of the liquid systems,
are consistent with the formation of neutral fluorine-bridged poly-
mers with mixed transition metal and antimony units. These poly-
mers may be fluxional on the NMR time scale. The results are
shown below. (232)

Molar ratio Chemical shift Half width (Hz)
NbFs/SbF3 F on Nb

0-063 to = —274-5 to 1807 200 to 900
TaF5/SbFs FonTa

0-067 to o —165 to —-95-5 -

Adding XeF, it was possible to enhance the solubility of XeF, in
SbFs so that the !°F NMR spectrum of the solution could be
interpreted.(232b) The high-frequency Xe-F region is dominated by an
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AB, spectrum with '2°Xe satellites. The AB, spectrum was assigned
to the XeF% ion. where B, at higher frequency, are the axial fluorines,
and A is an equatorial fluorine. The NMR parameters extracted are
listed below:

SF JFF I (X-F)
® A 230 2440
XeFs {Bz -38-7 74 2620
XeF® +291°5 7260
SbFs/SbFY, +112-5

This enhancement of the solubility of XeF, is apparently due to the
increased ionizing power of the solvent resulting from the presence
of the XeF® and Sb, F$, ,, ions. (232b)

Sulphur

In the study of the low temperature reactions of H, S with FSSF,
SSF,, SF, and SOF, it was found that mixtures of sulfanes, HS, H,
were formed; (233) '°F NMR spectroscopy was employed to
analyze the products. The mixture of FSSF, SSF, and SF,, obtained
by reaction of AgF with sulfur were condensed directly into a NMR
tube and then analysed at —100°. Two triplets were observed at
—91-5 and —35-3, both assigned to SF,, together with two con-
siderably more intense peaks: one at —78-3 and the other at —122-7.
These peaks were assigned to SSF, and FSSF respectively. Allowing
the NMR tube to warm to room temperature the ! °F NMR spectrum
showed that the two SF, triplets have collapsed to a single broad
resonance at —63-4, the SSF, has increased in intensity and the
FSSF peak has diminished to a very low intensity. Fluorosulfanes,
S.F, with n > 3 were unable to be observed by '°F NMR. (233)
The nature of the adduct of chlorine with bis-(p-fluorophenyljsulfide
in CH,Cl, was investigated. (234) It was found that a rapid
equilibrium exists between adduct and starting material. The equilib-
rium, [493], is likely to be the best description of the process in

(F¢)2 S+ Clz : (F¢)2 S"‘Cl2

[493]

solution. At low temperature (—39°) only one multiplet is observed
for the fluorine nuclei, which moves to high frequency with an increas-
ing ratio chlorine/sulfide (from 268-3 Hz to 3202 Hz high frequency
with respect to C¢Fg; 94-1 MHz?). Tetrafluoro-1,3-dithietane, [494],
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F, g F, Ji12=519Hz
. >< >< Jis = 137:06 Hz Dy, = 5361 Hz
4 S F3 J1a=3191 Hz D53 =—450-08 Hz
[494] J(13C~F)=-31531 Hz D4 =16-08 Hz

J(*3CSCF) = 1349 Hz

was observed in isotropic (70% in CF4CCl,) and lyotropic crystalline
medium (D, 0-C, H,SO,Na, —C, H,,;OD—Na,SO,) by ' °F and
13C NMR. (235) The signs were chosen such that the geminal F-F
coupling was positive. Interchange of cis and trans coupling, J, , and
J14, gave an equally good NMR analysis. In the lyotropic mesophase
the indirect and direct couplings and the chemical shifts were
extracted. (235) Only the experimental direct couplings, D;;, with
signs relative to positive J, 5, are reported for [494]. The values of
D;; for [494] are for a temperature of 26°C and concentration of
3-02% w/w. These parameters, in fact, vary in general with both
temperature and concentration. The nematic phase results permitted
the unambiguous assignment of the smaller coupling (*Jg§ = 5-19
Hz) to the cis-arrangement. It was also possible to conclude that the
anisotropic indirect contribution to the spin-spin coupling is negli-
gible in this molecule. From the spectra, in addition, it was not
possible to determine all bond distances. However, assuming the
values of the C-F and C-C distance, an FCF angle value of 109-2°
could be calculated. (235)

Photolysis of CF3;SOC(0)CF,CF; and CF;SOC(O)CF,CF,CF,
gave some previously unreported sulfides, CF; SCF,CF;, [495], and
CF;SCF,CF,CF;, [496]. (236) The fluorine resonance for CF;S-
occurs at ca. —36, which is typical of trifluoromethyl groups bonded

2-25 Hz
-362 -90-4 —84-6 -355 —86-3 —1249 808
CF3 ¢ SCF2 CF3 CF3 « S CF2 * CF2 * CF3
LT ] W |
99 Hz 2-85 Hz 99 Hz
26 Hz 35 He
94 Hz
[495] [496]

to sulphur. Fluorination of bis(perfluoroalkyl) sulfides with CIF led
to some new derivatives, [497] to [500], such as CF;SF,CF;,
CF;SF,CF,CF; and CF;SF,CF,CF;. (236) The spectrum of
[497] is first order. The higher members of the series have much
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more complex spectra owing to the magnetic non-cquivalence
(AA'XX") of the fluorines bonded to the sulfur atom and of those of
the a-methylene carbon atom. The analysis of these compounds is,
however, incomplete and it will be the subject of further investi-
gation. Some bis(perfluoroalkyl) sulphoxides, ([501] to [5041), were

580  —14-2 558  —13-0 —100-7 —180-2
CF; S F,* CF, CF3+S F,+CF, + CFs
coo ]
195 Hz 195 Hz 9.4 Hz
7-0 Hz
11
[497] [498]
~-556 —11-2 -971 —1231 —812 -11-2 -989
C\F3 S F2 M Clr2 . Cj:z M CF3 CF3CF2SF2 . CF2 . CF3
20-1 Hz ’ 13-0 Hz 19.0Hz 96 Hz
7-25 Hz 9.15 Hz
[499] [500]}
C”) 0
_64-5 —-667 || -11699 -809 J(Fa*Fg)=242 Hz
CF;—S—CF, CF3-S * CF, CF, (Fa Fp)

[501]

\ AB J(CF3S . FA) =14.0 Hz
\ J(CF5S + Fg) = 10-0 Hz

2:6 Hz
[502]

O - —_—
I —115-8 —806 J(F5-Fp)=228Hz
CF3CF 2‘5‘?:2 - CF; J(Fa+ CF3)=3-8 Hz

AL J(Fg+CF3)=22Hz

[503]

J(Fp- Fp) 242 Hz
0 . - 1.
664 | 1146 1255 —so1 |/FarCF3S)=15-0Hz
CF3+S + CF, + CF, CF4 < J(Fg- CF4S)=8-8 Hz
| 1 | J(F - CF3)=9-1 Hz
27 He AB J(Fg- CF3)=9-1 Hz

[504]
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also described. (236) The resonances assigned to fluorines of the
trifluoromethyl groups bonded directly to >S=0 appear at —64-5 to
—66-7, which is considerably lower than values observed for com-
pounds CF;S(0)X where X =O0CH,CF,, NH,, OCH,CH,, Cl, F,
0, CCF;. (237) For these molecules the a-methylene fluorines are
magnetically non-equivalent.

Partially fluorinated sulphinyl esters, CF;S(O)OR, were prepared
by the alcoholysis of trifluoromethylsulfinyl fluoride, CF;S(O)}F.
(237) Analogous reactions with the mercaptans, ethanethiol and
methanethiol, do not give the thiolsulfinates but rather disulfides,
RSSCF;. Primary and secondary amines also react with CF;S(O)F to
give mono- and bis- (trifluoromethylsulfin)amides. (237) The new
compounds characterized by NMR, together with two alkyl fluoro-
sulfites already known and included for comparison, (238) are shown
in [505] to [513]. The presence of CF;S- or CF5S(0)- group may

0] 0] 0]
| +s54.7 I +58-6 I =791
CH3 OSF CH3CH2 OSF CH3O S - C|F3
1-2 Hz 1-0 Hz 1-2 Hz
[505] [506] [507]
(”) 0
~79-95 | J(H, + CF3) =06 H | =75-19 { J(FA - SCF3)=0-6
CH,CH,0S CF, = |/t " CFa) %R, CH,08 Chy | AT SCF)
1 J(Hp *CF3)=1-1Hz | J(Fg*SCF3)=10
AB 0-7 Hz
[508] [509]
0] 0
I -77-3 I —754 I —746
(CH3CH, ), NSCF, (CH3),NSCF, CH5N(SCF3),
0-8 Hz 1-4 Hz 1-5 Hz
[510] [511] [512]
0]
I —81-25
H,NSCF,

[513]
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be easily determined from NMR spectra since the fluorine resonance
in the former occurs over the range —35 to —55 and in the latter over
the range —74 to —85. (237) The resonance observed at —46-3 may
be assigned as CF;S- rather than CF3;S(O) and consequently must
arise from the presence of CF;SSCH,CH;. (237) The reaction of
(CH;3)3Si0C,Hs with OSF, gave C6H50ﬁF3, [514]. (239) The

Fa F, = +88.15
| »F.
Oz?“*oc . Fe=v6740
B, = J(FgFe)=202:87 Hz
[514]

NMR data shown in [514] suggest a trigonal-bipyramidal structure,
where one F,, the phenoxy group and the oxygen atom lie in the
plane; the other fluorines, F,, are in axial orientation. Reaction of
[514] with (CH;);SiN=C=N-Si(CH3); gave [515]. (239) [514]
treated with [(CH;);Si],NCH gave, on the contrary, [516]. (236)
The treatment of [514] with CF3C[OSi(CH;); ]=NSi(CH,); gave
1517].(239)

0O 0

| +s0-2 | +44-4
N=CN=S (F) ¢ OC6H5 CH3N=S (F) . OC6H5
[515] 39 Hz
[516]
0]
~766 [ +476
CF5CON=S (F)-OCgHs
[517]

The reaction of fluorosulphurylisocyanate, FSO,NCO, with various
alkali metal fluorides were examined to determine whether addition
products would form. (240) Solid adducts having a molar ratio,
FSO,NCO : MF, close to 1:1 and with M = Cs, K, and Na were
obtained. Physical and chemical data supported formulation of these
adducts as M*[N(SO,F)C(O)F]. Two fluorine resonances, split into
doublets (*Jgr = 15 to 16 Hz), were displayed by these adducts: one
at —46 to —47-7 (SO, F) and the other at —3-9 to —4-7 [C(O)F].
The hitherto unreported chlorodifluorosulphur(Vl) oxide hexa-
fluoroarsenate(V), OSCIF;[AsF¢] 7, was prepared by the reaction of
CIF, AsF5 and OSF,.(241) The '°F NMR spectrum of this compound
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in a large excess of anhydrous HF (6 = —201) at room temperature
showed a single peak at +70. The lack of a fluorine signal attributable
to AsF? could arise from solvent exchange. The '°F chemical shift

OSF;*® +32 OPF, —94-8

OSCIF,® +70 OPCIF,  —48-6
[518]

of OSCIF; shown in [518] is compared with OSF5", OPF; and
OPCIF,. (241) The first sulphur-nitrogen compound, [519], con-
taining SN single, double and triple bonds was described. (242)
Perfluoroalkanesulfinic acids, [520] and RS(O)OH, were isolated for
the first time. (243)

F

| +37-2 (t. JFF =42 HZ) —78
NESN=SF CF,S(0)OH

F+1015 (4 Jpp = 42 Hz) [520]

[519]

Selenium, tellurium and tungsten

The results concerning the temperature dependence of the proton
NMR spectra of dimethyl-, diethyl- and diisopropyl- selenium di-
fluoride and the '°F NMR spectrum of diisopropylselenium di-
fluoride, [(CH;),CH],SeF, were reported. (244) Such a fluorine
spectrum exhibits a single peak at room temperature which broadens
on cooling. At —60° one has the expected triplet, (Jy¢ = ca. 7 Hz)
along with satellites due to 77Se-!°F coupling (/ = 642-1 Hz). The
results of such a study which was mainly considered via ! HNMR
spectroscopy, suggest that the rate-determination step for the
fluorine exchange process in R, SeF, molecules is mainly heterolytic
Se-F bond breaking, i.e. a first order dissociative process as the
following: (244) R,SeF, = R, SeF® + F®. The reactions of tellurium
hexafluoride with silylamines, R, N « SiMe; were described in detail.
(245) Dialkylaminotellurium pentafluorides, TeFs « X, and some
tellurium tetrafluorides, TeF, * X,, were prepared (Table LXV).
125Te-19F couplings (ca. 3000 to 4000 Hz) and '23Te-!°F
couplings (ca. 3000 to 3150 Hz) were also observed. The '°F NMR
spectra of the tellurium tetrafluorides consist of two triplets in
agreement with the cis-orientation of the two amino groups. (245)
Tungsten hexafluorides and tungsten oxotetrafluorides were studied
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TABLE LXV

19F NMR data of tellurium(VI) pentafluoride?, TeF;X, and tellurium (V1) tetrafluorides?,
TeF,X, (245)

X Sa g JAB(HZ)
TeFs*NMe, —-374 -59-6 168
TeF 5 * NEt, -339 -55-9 165
TeF5*NCsHg -35-8 -55-7 172
TeF 5 * NMeSiMe3 -379 -53-0 170
TeF 5 * N(Me)C, HqgN(Me)SiMe, F -35-0 -59-5 173
TeF4* (NMej), ~47-5 -784 135
TeF 4 (NMe, X (NEt,) GAB™ 32-6) 142

2 The fluorine spectra exhibit second-order AB4 and A, B, pattern.

by both '°F and '¥3W NMR spectroscopy with the help of '°F
{*83W} doubleresonance experiments. (246) These are the first
reported measurements of tungsten chemical shifts. The relative signs
of various spin-spin couplings were also obtained, making possible
certain unequivocal structural assignments. The compounds studied
are shown in Table LXVI together with the !°F NMR data. The

TABLE LXVI
19F NMR parameters of WFg and WOF, derivatives (246)

J(l 83y.1 9F)b

§(F)® 8(Fp° F, F; J(F, * Fpb
WFg +162 44
WF s OMe +116 +87 +43 +33 +66
cis-WF 4 (OMe), +61 +41 +45 +25 +67
cis-WF 3(OMe); +16
trans-WF 3(OMe); +34 +10 45 62
cis-WF,(OMe)4 20 12
WF(OMe)s 42
WF5(OPh) +129 +115 +42 +38 63
cis-WF 4(OPh), +85 +78 35 38 62
WOF 4, OMe, +61 67
WOF 4, OP(OMe), Me +62 67
WOF,, OS(OMe), +66 675
WOF 5~ +51 -81 +71 758 +53
(F4OWFWOF4)® +63 142 +70 749 +58

@ F; refers to a fluorine atom frens to a substituent {0), while F,, indicates a fluorine
atom trans to another fluorine.

b For the relative signs obtained it should not be assumed that there is necessarily any
relation between the signs quoted for different compounds.
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compounds studied contain octahedrally co-ordinated tungsten. The
spectroscopic properties of the WOF,,L complexes are consistent
with a monomeric structure having oxygen and L in frans-positions.
The '°F chemical shifts of WF¢_,(OMe),, n=1 to 3, may be
represented by the equation &g = 45¢ + 68¢, where 65 is chemical
shift relative to WF6 (6 = +162) and ¢ and ¢ are the number of
methoxy-groups respectively cis and trans to the fluorine atom. o is
dominated by the variation of the effective nuclear charge; the '°F
shift moves to lower frequency as the number of less electronegative
methoxy-groups increases. (246)

VI. COMPLEX FLUORIDE ANIONS

The !°F NMR spectrum at low temperature of bifluoride ion, as
tetraalkylammonium salts, dissolved in aprotic solvents, shows a
doublet (J = 120-5 Hz). (247) The two fluorines in FHF® are sym-
metric with respect to the hydrogen, on the NMR time scale. The
shielding of FHF® is temperature dependent: (247) from —145-5 to
—149-5 going from —20° to +70°C. In the investigation of the methods
for the preparation of high purity LiAsF,, the commercial HAsFg was
studied by IR and NMR. (248) Such a study suggests that in addition
to AsFS ions (—64-3 with J(?5As!°F) = 933 Hz) the commercial
HAsF, contains several percent of fluoroarsenate species (probably
AsF;OH® and AsF,(OH)S) and smaller amounts of other fluoro-
arsenate species (possibly the dimeric or polymeric anions). Solutions
of the acids SbF., AsF; and PF; were investigated in HF as solvent.
(249) Cryoscopic and conductimetric measurements showed that
AsF; dissolves to form the strong electrolyte H, F®As, F$, . In such
conditions no !*F NMR evidence was found for the As,F,, ion.
Solutions of AsF; in HF showed only one average absorption at all
temperatures, which is likely the result of rapid exchange between
As,F9, and the solvent and presumably also with any small
concentrations of AsFs and AsF¢ ions, which may be present. The
dimeric anion was isolated as the tetraethylammonium and tetra-
butylammonium saits. (249) These salts are soluble in SO, and the
19F NMR spectra of these solutions consisted of a single broad line
in the fluorine-on-arsenic region. Bu"N®AsF¢ in SO,CIF + SO, as
solvent displays a '°F NMR spectrum constituted by a 1:1:1:1
quartet [/(75As) = 3/2; J(As-F) = 900 Hz). This coupling persists
down to ca. —90°, then the absorption broadens and collapses to a
single line which is relatively sharp at —105°. This behaviour is
associated with rapid relaxation of the quadrupolar 7% As nucleus at
low temperature. At room temperature an SO, CIF solution of Buy N
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product gave a broad signal in the fluorine-on-arsenic region. (249)
At —140° a more complicated spectrum appears: a single line at
—61-6, which can be assigned to AsFé9 ions; then three other
resonances at —21-1, —48-6 and —85, with intensity ratio 1 : 8 : 2,
which can be attributed to F,, F, and F. respectively of the
As, F$, (shown in [521]). The coupling constants could also be

Fy I Fb\l?b
FC—A\s\hFa—As—F ¢
7, Fo £ Fb
[521]

extracted and had the following values: J,, = 51 Hz, J,. = 127 Hz
and J,, < 10 Hz. The reaction of Me,PF; with several N-
trimethylphosphine imines, Me; SiN=PR;, was investigated. (250)
Salts of the hitherto unknown dimethyltetrafluorophosphate anion,
[Me, P(N=PR;),]°[Me,PF,]® were obtained. The formation of
such salts was established by NMR spectroscopy. The fluorine
resonance consisted of a doublet of septets at —20-9 (*Jpr = 856 Hz,
3Jur = 10 Hz). The NMR data are consistent with an octahedral
structure of the anion; the possibility, however, of rapid positional
exchange processes within the fluoroanion cannot be excluded.
(250)

The reactions of V,0O; and vanadates with anhydrous HF, in an
attempt to isolate a solid VOF§ salt, were studied. (251) When
vanadium pentoxide and caesium fluoride reacted in anhydrous HF
at —30°, a green solution was obtained, from which crystals of
CsVOF,(C,4, symmetry) were obtained. The *°F NMR spectra in
anhydrous HF or 49% acqueous HF solution gave a broad doublet at
+57-7 (measured relative to solvent HF, &y = —-201). The V-F
coupling was 120 Hz at —20° in 49% HF and 140 Hz at —80° in
anhydrous HF. The shape of the observed ! °F spectra are consistent
with a partially collapsed spectrum of fluorines coupled tc a nucleus
(*1V) with I = 7/2. It is suggested that the VOFY ion in solution may
be in rapid interconversion between C4, and C,, symmetries (square
pyramidal and trigonal bipyramidal arrangement) or rapid exchange
amongst the fluorines in both these symmetries. In such situations
the fluorines will appear to be magnetically equivalent and also the
electric field gradient at the 3!V nucleus will be averaged to a small
value by the rapid intermolecular motion such as to allow the
observation of the V-F coupling. (251)

The isolation and spectroscopic properties of the species SbFj,
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SbF and SbF2® were described. (252) Dichloromethane or aceto-
nitrile solutions containing SbF§ failed to reveal a !°F NMR
signal. Only when the F : Sb ratio was in excess of 4 : 1, a relative
sharp signal was observed at room temperature, —69-1 in CH,Cl,
and —66-7 in CH;CN, which may be compared with the value of ca.
—55 for SbF, and ca. —150 for F® in CH;CN. For the pure SbF§
ion, as well for the parent SbF;, '2!Sb-1°F (/ = 5/2) and
1238p-12F (J = 7/2) couplings produce resonances so diffuse as to
sscape detection (J(Sb-F) = ca. 1800 Hz). Only in presence of an
sxcess of fluoride ions, ligand exchange become sufficiently rapid to
produce a detectable resonance. (252)

The !2F NMR spectra of a number of NbY complexes in aqueous
and non-aquecus HF solution were investigated to confirm the
presence of NbOF2® and NbF¢ ions and to establish whether or not
the NbF2® ion exists in solution. (253) NbOF2® is present in
solutions of NbY complexes containing up to 30% HF, and gives a
signal at ca. —41. NbF¢ ion is present when the HF concentration is
more than 30% and resonates at ca. +44. Solutions of NbY com-
plexes in anhydrous HF showed the existence of two overlapping
signals: a doublet centred at ca. +92 with W, ,, =ca. 3000 Hz, and a
singlet at +94. The doublet arises from a partially collapsed NbF¢
decet (°3Nb : / = 9/2) and the singlet must arise from another Nb-F
ion, probably the NbF2® jon. This is the first spectroscopic evidence
for an ion, other than NbF$, which contains only Nb and F. An
unusual feature of the ' °F NMR spectrum of solutions in anhydrous
HF was that the HF peak splits into a sharp doublet at —75° (*Jyr =
490 Hz). (253)

Some 1:1 and 2 : 1 complexes of TaF; with organic ligands were
investigated to determine whether or not they possess the same
chemical and spectral properties of the analogous Nb complexes and
to study the NMR behaviour of the TaF§ ijon. (254) AgTaF¢ in
several solvents shows a broad signal (ca. +41-5) in the region
characteristic of TaF¢ ion. The 1:1 complexes display a quite sharp
signal, the chemical shift of which is too high (+61-5 to 81-5) to be
due to TaF¢ ions. The 2 : 1 complexes are not very soluble. The only
complex sufficiently soluble to give a useful spectrum is TaF - 2
DMSO. Four peaks were observed, at +35-5, +42-8, +58-9 and +70-4.
The peak at +42-8 was assigned to the TaF§ ion. The other peaks can
only arise from other Ta-F species in solution. The NMR spectra of
the (TaFs, 2L) complexes are in marked contrast to those of the Nb
complexes. (255) To a significant extent the differences in the NMR
spectra may be attributed to the contrasting magnetic properties of
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Nb and Ta nucleus. The completely collapsed octet for the TaF ?

ion (/ = 7/2 for '81Ta) is due almost entirely to the very large
quadrupole moment of Ta and the consequent fast rate of quad-
rupole relaxation. The analogous spectra of the NbF® ions are
extremely broad or show the Nb-F coupling (a decet because of [ =
9/2 for ?3Nb); this is caused by the slower rate of quadrupole
relaxation of Nb. (254)
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NMR and Conformations of
Amino Acids, Peptides and
Proteins—A ppendix

W. A. THOMAS

Due to the very long delay in publication of this review, it is felt that
some attempt should be made to cover the intervening period, at
least by highlighting some key references summarizing the recent
advances made in the field. In general, advances have been made in
areas where improved instrumentation has helped to overcome
previous experimental difficulties.

The availability of very high magnetic fields (up to ca. 8 Tesla),
probes for larger sample tubes (up to 20 mm O.D.), better software
for Fourier Transform techniques allowing measurements of NOE
effects and spin-lattice relaxation times (T,), plus the ready avail-
ability of '3C and !°N labelled materials, and shift reagents, has led
to a general acceptance by chemists and biologists of the potential of
the NMR technique in the examination of biological systems.

Amino Acids and Derivatives

Detailed examination of a variety of amino acids has continued
without pause. Proline and its derivatives have again been the most
popular target, with further detailed conformational studies at
different pH and in various solvents (254-261). Histidine is another
popular amino acid (262) primarily due to the fact that in the 'H
and 13C spectra of proteins, the histidine nuclei are often clearly
resolved. A method for overcoming the uncertainty in assighment of
the diastereotopic protons in amino acids, makes use of 3J.y4 to
determine the preferred side chain conformation of some amino
acids (263, 264). The library of '3C (265, 266) and ' SN (267, 268)
chemical shifts has continued to grow. Lanthanide ion shifts have
been used to reinvestigate the conformation of L-azetidine-2-
carboxylic acid (269) the results being similar to those found
previously, La*** binds only to the carboxylate group and not to
the amino group nor to hydroxyl groups in the side-chain (270).
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13C spin-relaxation times have been measured to a high degree of
accuracy in aqueous solution (271, 272). Convincing argument has
suggested that it is vital to remove all paramagnetic impurities
present in commercially available D,0 (272); e.g. in glycine
T, (C=0) = 86 seconds, far longer than measured previously.

Small Linear Peptides

The Karplus relationship between Jyycn and torsion angle has
been further refined (273-278). Bystrov in particular has been active
in the theory and practical measurement of three-bond ' N—H and
13C—H coupling constants, as reported in a recent review (274). The
coupling between the 3N of the amide bond and the a-protons has
been shown to follow a normal cos? ¢ relationship, though the curve
obtained is too shallow to be a reliable and sensitive measure of
conformation (279).

The use of '3C in defining the cis/trans nature of amide bonds
preceding proline has been the subject of several groups (49,
280-283). Since proline is also found in the neurohypophyseal
hormones, oxytocin and lysine-vasopressin angiotensin I, and in the
releasing hormones thyrotropin-releasing hormone (TRH), luteinizing
hormone releasing hormone (LRH) and others, the subject of the
conformations of these small peptides has mushroomed considerably.
1t is not possible to provide all the references here, but useful reviews
have been published (281, 284, 285). The general consensus seems to
be that small linear peptides are not, as was originally suggested, in
single conformations in solution, particularly in water, where there is
no evidence for intramolecular hydrogen bonding (see, for instance,
286, 287). Both cis and trans proline are found in these compounds,
the trans form being normally favoured (except when the preceding
residue is phenylalanine (288)) and the ratio depends on the solvent
used. '

An examination of fully !'3C enriched TRH has recently been
reported (289). 13C spin-lattice relaxation times have also been
reported, confirming the flexibility of these small linear peptides (e.g.
285, 290).

Several papers (291-294) have reported the possibility of using
NMR to sequence small peptides, by high field analysis, NOE effects
between the CH, of one residue and the NH of another, and by
complexation at the carboxylate end by Gd***. Finally in this
section, the presence of cis/trans isomerism in peptides due to the
presence of cyclic imino acids, or N-methylated amino acids, leads to
differences in the pK, of the acidic or basic functions present for
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each conformer. These can be measured by !3C or ' H NMR plotting
chemical shift versus pH in the usual way (258, 288, 295, 296).

Cyclic Peptides

The literature has been very comprehensively covered in a recent
review by Ovchinnikov and Ivanov (297). The last three years have
been used to re-examine cyclic peptides examined previously, in the
light of the newer techniques, higher fields, !*C, T, measurements
and shift reagents. Valinomycin, enniatin B and antanamide have all
been shown to complex with metal ions in solution in “‘sandwiches”,
with ratios of 2 : 1 or 3 : 1 (peptide : metal ion) 285 p. 195, 297).

This adds further weight to the proposed mechanism of action of
the cyclic antibiotics in which the peptide molecules are thought to
stack up in the biomembrane in cylindrical formation, passing the
ions from one to the other in a tunnelling effect.

The elucidation of those NH protons involved in intramolecular
H-bonding has continued to be a source of high activity. The
difficulty of differentiating between NH protons shielded from the
solvent, and those which are involved in intramolecular H-bonding is
still apparent. In addition to the combination of chemical shift
temperature gradients, exchange with ?H, and solvent delineation,
nitroxyl radicals (285 p. 139) and solvent saturation methods
(285, p. 159) have been used to good effect. Peptide ionophores have
been shown to complex not only with metal ions, but also with NHJ
(298) and amino acid esters (H; N*CH(R)COOR,) (285, p. 203).
The novel technique of ?3Na NMR has been used to study the
kinetics of complexation of valinomycin/sodium), by measurement
of the Ty of the sodium ions (299).

The assignment of NH protons in peptides is often a slow and
difficult process requiring extensive homonuclear spin-decoupling
experiments, and not generally applicable in FT mode. The triple
resonance method of Campbell ef al. (300) as applied to bacitracin in
H,O solution is a particularly attractive method which should be
applicable to aqueous solutions of many complex peptides, in FT
mode.

The other attractive technique is that of Gibbons ef al., i.e. the
homonuclear INDOR approach, which not only provides the scalar
decoupling experiment, but also significant NOE effects and time-
resolved difference spectra as described earlier (294).

Work on the solution conformation of actinomycin D has been
reviewed (301) the nature of the bonding of this molecule to DNA
being one of the prime targets. Complex formation of this type has
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been the subject of several papers by Patel (302) and Krugh (303).
'H studies of the aggregation of Actinomycin D in aqueous solution
(304) and ! 3C assignments (305) have been reported.

It is not possible to cover in this brief survey the continuing work
on other cyclic peptides such as valinomycin, enniatin, beauvericin,
antanamide, phalloidin, telomycin, stendomycin and other natural
products, not to mention the large number of synthetic peptides
whose conformation is of interest. The reviews mentioned above
provide detailed information on these compounds.

Proteins and Enzymes

Although three or four years ago the spectra of proteins in the
folded state seemed uninterpretable, high magnetic fields and/or 20
mm tubes, together with difference spectroscopy and lanthanide
probes have meant that considerable progress is possible. Individual
carbon sites of proteins in solution have been reported by Allerhand
et al. (306). The Oxford group has shown considerable resolution
enhancement of the ' H spectrum of lysosyme (307). The same group
has reported a probe method for simplification of protein spectra,
making use of the fact that T, for NH’s (~7 msec), aromatic CH’s
(~30 msec) and the C, histidyl protons (~150 msec) are very
different from each other (308).

Benz and Roberts have reported some elegant studies of the
unfolding of ribonuclease by guanidine hydrochloride, using the
four histidine and residues as a probe for conformational changes
(309).

There have been innumerable studies of the binding of small mole-
cules and metal ions to enzymes, reviewed by Jardetsky et al. (310).
One interesting application has been the '®F study of the binding of
racemic N-trifluoroacetyl phenylalanines to chymotrypsin, showing
preferential binding of the L isomer (311). Binding of '3CN, !3CO,
and H! *COj; to carbonic anhydrase has been studied (312, 313).

Basic pancreatic trypsin inhibitor, a ““small”’” peptide of 58 residues
(molec. wt. 6,500) has been thoroughly examined by H! (314) and
13C (315) NMR spectra. The stability of this peptide up to 85°C
helps considerably in the analysis of the spectrum. In this compound
there is clear evidence of slow rotation of the aryl rings of
phenylalanine and tyrosine, leading to non-equivalence of the 2 and
6 protons or carbons.

In conjunction with this Review, a number of other reports should
be consulted regularly. These include the Chemical Society Specialist
Periodical Reports Vol. 1-7 and the proceedings of the 4 American
peptide symposia already referred to.
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Finally, the author apologizes for the brevity of this Appendix and
for not mentioning all the aspects of NMR and conformation of amino
acids and peptides which are undoubtedly worth their place. In order
to do this properly, the Appendix would have to be twice as large as
the initial Review.
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Asterisks indicate the pages on which the topic is discussed in detail.
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[AX,;]3 spin system, 202
Acetyl proline isomers, assignment of by
benzene solvent shifts, 12
N-Acetyl-alanyl-phenylalanines, conforma-
tions of in CCly, 15
N-Acetyl pipecolic acid 13¢ spectrum of, 13
N-Acetyl proline derivatives, cis/trans iso-
merism in, 12
M-Acetyl azetidine-2-carboxylic acid, 12
Actinomycin D, conformation of, 21*
Acyclic amino acids, rotational isomers of, 4
detailed analyses of the spectra of, 6
N-Acylated amino acids, conformations of,
10
Alamethicin, proposed conformation of, 30
Alanine, proton spectrum of ‘SN enriched
sample of, 9
N-carbobenzoxy derivatives of, 11
Alanine dipeptides, conformations of, 13
Alkali metal complexes of tri-V-desmethyl
enniatin B, values for 3J(NH-CH)
of, 25
Alkoxy-N-fluoroamines, !°F data on, 182
Alkoxyfluorophosphoranes, 19F data on,
193
Allo-4-Hydroxy-D-proline, 3
conformation of, 3
coupling constants of, 3
Aluminium(Ill) complexes with fluoro iso-
propoxides, 1°F data on, 154
Amide group, anisotropic shielding of, 11
Amide linkage, transmission of electronic
effects by, 110
Amino acid conformations, 2*
sulphur-containing ones, 7
Amino difluorophosphine, '°F data on, 197
Anisotropic spin-spin coupling in mono-
fluoromethane, 141
Anisotropy of 2J (F-F), 140
Antanamide, 28

Anthranil derivative, !°F data on, 108

Antimony compounds containing fluorine,
204*

Antiotensin analogues, 'H spectra of, 16

Arsenic compounds containing fluorine, 204*

Arsine complexes of nickel, '°F data on, 157

Aspartic acid, 7

proton spectrum of 15N enriched sample

of, 9

Aryloxyphosphorous salts, 19 data on, 194

Azetidine-2-carboxylic acid, complete analy-
sis of the spectrum of, 9

Azine adducts with olefins and acetylenes,
19% data on, 184

B

Benzene solvent shifts, use of to assign acetyl
proline isomers, 12

Benzhydrol derivative, 19F data on, 108

Benzophenone derivatives, 19F data on, 109

Benzotrifluoride derivatives, 19F data on, 104

Boron adducts with trifluoromethylphos-
phinohydrazines. °F data on, 171

Boron compounds containing fluorine, 169*

Boron trifluoride adducts with aromatic
amine oxides, 19F data on, 170

Boron ftrifluoride adducts with hydrazines,
19F data on, 171

Butyl isocyanide complexes of nickel, 19g
data on, 160

C

13¢ gpectra of enriched amino acids, 10

13C gpectrum of N-acetyl pipecolic acid, 13

Calculations of 19F chemical shifts, 136*

Calculation of 3J(F-H), in fluoroethanes,
145
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N-Carbobenzoxy derivatives of alanine, cis/
trans isomerism in, 11

N-Carbobenzoxy proline derivatives, cis/trans
isomerism in, 12

Chemical shift calculations for decafluoro-
[2,2,1] heptene derivatives, 82

Chilorodifluorosulphur(VI)oxide hexafluoro-
arsenate(V), 19F data on, 211

2-Chloro-6-fluorobenzaldehyde, 'H data on,
105

Chlorofluorocyclohexanes, 19F data on, 74

Chromyl chloride, 159

Chromylfluoride, 159

Clathro-chelate complexes of boron, 171

Complex fluoride anions, 21 3%

Conformations of N-acyl and related amino
acid derivatives, 10*

Cyclic decapeptides, 28

Cyclic dipeptides, 17*

Cyclic hexapeptides, 22*

Cyclic imino acids, cis/trans isomerism in, 11

Cyclic pentapeptides, 21*

Cyclic peptides, 16*

Cyclic peptides with 7 to 9 residues, 26*

Cyclic phosphorus nitrogen compounds, *°F
data on, 198

Cyclic tetrapeptides, conformations of, 19%

Cyclic tripeptides, 18*

Cyclo (L-cystine), ' H spectrum of, 18

Cyclo (gly-gly-D-ala-D-ala-gly-gly), 25

Cyclohexaglycyl, 26

Cylo (L His-L His), 17

Cyclolinopeptide A4, spin decoupling assign-
ments of, 26

Cyclo-octa-1,5-diene complexes of nickel,
19F data on, 159

Cyclo (pro-ser-gly-pro-ser-gly), 220 MHz 'H
spectrum of, 23

3,4-Cyclopropyl proline, 4

Cyclo(sor-gly-sor-gly), coalescence tempera-
ture of, 20

Cyclo(ser-pro-gly-ser-pro-gly), 220 MHz 'H
spectrum of, 23

Cyclotetrasarcosyl, conformation of, 19

coalescence temperature of, 20

Cyclo tri-L-prolyl, form of peptide backbone

of, 18
analysis of 220 MHz 'H spectrum of, 19
Cysteic acid, conformation of, 7
Cysteine, conformation of, 7
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Cystine, conformation of, 7
L-Cystine in acid solution, 7
Cytochrome C, 34

D

Decafiuoro-arsenobenzene, 17F data on, 156

Decafluorobicyclo-[2,2,1] -hept-2-ene, °F
data on, 80, 81

Deferrichrome, 220 MHz 'H spectrum of, 25

Deoxyfluoro-D-glucopyranoses, !°F data on,
75,77

5-Deoxy-5-fluoro-1,2-O-isopropylidene «-D-
xylopentose, 1°F data of, 79

2-Deoxy-2-fluoro-D-mannopyranose, 1 9F data
on, 75,77

2-Deoxy-2-trifluoroacetamido - «- D-glucose,
19¢ data on, 57

Derivatives of fluorinated hydrocarbons, 52*

2,4- Di-O-acetyl-3-deoxy- 3-fluoro-D-xylo-
pyranosyl fluoride, 'H and !°F
data on, 78

1,5-Diazabicyclo[3,3,0] octanes, 19F dataon,
183

Diazofluoropentane F chemical shifts of,
47

1-Diazotetrafluorobenzene-2-oxide, °F data
on, 101

1-Diazotetrafluorobenzene-4-oxide, 19 data
on, 101

Dichlorocyano difluoroamino methane, 19g
data on, 181

Dienkolic acid, conformation of, 7

Difluoroamidosulphuryl chloride, 198 data
on, 181

Difluoroarsenic compounds, 9F data on, 204

1,2-Diflucrobenzene, 1°F data in nematic
solvents, 141

7,7'-Difluoro-benzocyclopropane, 'H and
19¢ data of, 79
in a nematic solvent, 80
v,y-Difluoro-e-caprolactam, rate of ring

inversion of, 75
v,y-Difluoro-e-caprolactone,
inversion of, 75
1,1-Difluoro-2,3-dimethylcyclopropane, 1°F
data on, 67
1,2-Difluoroethane, analysis
spectrum of, 44
rotamer energies of, 44

rate of ring

of the 19F
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1,2-Difluoroethylene, '9F data in nematic
solvents, 141

Difluoromethyl-1,1,2-trifluoroethyl
19F data of, 53

7,7'Difluoronorbornene, 1°F data on, 80

1,2-Dihalotetrafluoroethanes, 3J(F-F) for,
148

3,4-Dihydroxy proline, 4

Diisopropylselenium difluoride, 211

N, N'-Dimethylformamide, assignments of, 11

shielding of cis and frans methyl groups

of, 17

1,3,2-Dioxo-4,5-benzophosphole derivatives,
19F data on, 193

Dipeptide conformations, 13*

Diphosphinoethanes, 1°F data on, 187

1,2-Disubstituted hexafluoropropanes, coup-
ling constants and chemical shifts
of, 46

N,N'-Disubstituted-1, 2, 4-phosphadiazetidin-
3-ones, 19F data on, 195

1,2-Disubstituted tetrafluoroethanes, coup-
ling constants and chemical shifts
of, 45

ether,

E

Electric field method, use of in assigning g
shifts, 82, 87

Enniatin B, 'H spectra of at various tem-
peratures, 25

Enzymes, 33*

3,4-Epoxy proline, 4

Ether-trifluoroacetic anhydride adducts, !°F
data on, 55

Evolidine, structure of, 26

F

19p 19 coupling constants, temperature
dependence of, 46

19F shift parameters .for some polyfluoro-
1,4-dioxans and -1,4-oxathions,
135

Ferredoxins, 34

Five-membered rings, conformation of, 4

Fluoride exchange in arsenic compound, 204

Fluorinated aziridene, !°F data on, 93

Fluorinated alcohols, 52*

Fluorinated aliphatic hydrocarbons, 44*
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Fluorinated amides, 55%*

Fluorinated aromatic alkyl substituents, 61*

Fluorinated carbohydrates, 1°F data on, 78

Fluorinated compounds of sulphur, 206*

Fluorinated cyclobutanes, 1°F data on, 71

Fluorinated cyclobutenes, 1°F data on, 84

Fluorinated cyclohexa-1,3-dienes, 1°F data
on, 91

Fluorinated cyclohexa-1,4-dienes, 1°F data
on, 91

Fluorinated cyclohexenes, '9F data on, 90

Fluorinated cyclopentenes, °F data on, 85

Fluorinated diaziridines, °F data on, 182

Fluorinated dicyclobutanes, !°F data on, 73

Fluorinated dihydrofurans, 19F data on, 128

Fluorinated disilanes, 1°F data on, 173

Fluorinated derivatives of antimony, 204*

Fluorinated derivatives of arsenic, 204*

Fluorinated derivatives of boron, 169*

Fluorinated derivatives of nitrogen, 175%*

Fluorinated derivatives of phosphorus, 186*

Fluorinated derivatives of selenium, 211*

Fluorinated derivatives of silicon, 172*

Fluorinated derivatives of tellurium, 211%*

Fluorinated derivatives of tungsten, 211*

Fluorinated esters, S5*

Fluorinated ethers, 52*

Fluorinated furans, *°F data on, 129

Fluorinated heterocyclic compounds, 111*

Fluorinated ketones, 5%

Fluorinated methyl allyl complexes of nickel,
19F data on, 157

Fluorinated methylenecyclobutane deriva-
tive 19F data on, 73

Fluorinated nitroalkanes, 55*

Fluorinated nitrogen heterocyclics, 111*

Fluorinated olefins, S8%*

Fluorinated organo metallic compounds, 1°F
data on, 152

Fluorinated 4-oxazolidinones, 19F data on,
127

Fluorinated oxygen heterocyclics, 127*

Fluorinated peroxy compounds, 52*

Fluorinated phenyl mercury compounds,
19F data on, 152

Fluorinated polycyclo-olefins, 1°F data on,
88

Fluorinated polymers, 62*

Fluorinated sulphinyl esters 1?F data on, 209

Fluorinated sulphur heterocyclics, 127*
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Fluorinated tetrahydrofurans, '°F data on,
128

Fluorine bridged polymers of transition
metals and antimony, 205

Fluorine probes, use of in study of bovine
pancreatic ribonuclease S, 58

Fluoroacetophenones, 19 data on, 111

Fluoroaromatics, 101*

Fluoroalkyl cobalt tricarbonyl complexes,
19F data on, 163

Fluoroalkynes, °F data on, 155

2-Fluoro-benzalchloride derivatives, 'H data
on, 105

Fluorobenzenes, 9F data on, 140

Fluorocarbon phosphines and some com-
plexes, 19F data on, 156

Fluorochromate(VI)chloride, 159

Fluorochromate(VI)fluoride, 159

Fluorocyclobutenes, 3J’(F-F) for, 150

Fluorocyclopentenes, J(F-F) values for, 150

Fluorocyclopropanes, 19% data on, 66

Fluorocyclopropenes, °F data on, 80

N-Fluoro 2,6-dimethylpiperidines, 19F data
on, 185

2-Fluoro-2,2-dinitroethylamines,
on, 57

Fluoroethanes, 19F data on, 145

Fluoroethylene complexes of palladium, 1°F
dataon, 162

N-Fluoroethyleneimines, 1°F data on, 182

Fluoroform, 'H and 1°F shifts of, 138

Fluorohydrocarbons, 44*

N-fluoroimines, '°F data on, 181

N-Fluoro imino acids, !F data on, 182

Fluoromethyl alcohol, 19F spectrum of, 53

Fluoromonosaccharides, configurational de-
pendences of the 1°F shifts of, 78

Fluoronaphthalene derivatives, 1H and !°F
data on, 111

4-Fluoro-2-nitrobenzaldehyde, H data on,
105

Fluoro-olefin complexes of cobalt, 19F data
on, 163

Fluoro ofefin complexes of iron, 1°F data
on, 164

Fluorophenanthrenes, 1°F data on, 143

p-Fluorophenyl derivatives, 1°F data on, 139

Fluorophenylphosphine derivatives, 19F data
on, 106

Fluoro-phosphato-aluminium complexes, 171

19F  data
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Fluorophosphine adducts with boranes, 1°F
data on, 199
Fluorophosphines, 1°F data on, 188
Fluorophospholanes, 19¢ data on, 196
5-Fluoro-2-thenaldehyde, '°F data on, 131
p-Fluorotoluene, 1H data on, 105
Fluorotoluene derivatives, 1°F data on, 110
5-Fluorouracil bases, 1°F data on, 123

G

Gas phase 1°F shifts, 139

Gastrin tetrapeptide, 35

Gramicidin 4’, conformational features of,
33

Gramicidin S, 'H and '3C spectra of, 28

Group IV elements, 1°F data on complexes
of with fluoro isopropoxides, 154

Group IV perfluoroalkynyl derivatives, 1°F
data on, 155

H

Haem proteins, 34

Heptafluorobicyclo-[2,2,2] -oct-2-enes,
data on, 91

Heptafluoro-2-methoxydibenzothiophen,
19 data on, 106

Hexafluoroantimonate salts of some per-
fluorcheteracyclics, '9F data on,
115

Hexafluoro bicyclo-{2,2,0]-hexa-2,5-diene,
19F data on, 98

adduct of with phenyl azide, !9F data
on, 101
adducts of cyclic and acyclic dienes, 1F

data on, 100

Hexafluoro bicyclo-{2,2,2]-octa-2,5-dienes,
19 data on, 94, 96

Hexafluoro bicyclo-{2,2,2]-oct-2-enes,
data on, 94, 96

Hexafluoro biphenyl dicarboxylic acids, 19%
data on, 109

2,2',3,3',5,5-Hexafluoro-4,4"-dimethoxy bi-
phenyl, 1°F data on, 106

2,2'.44°,5 5'-Hexafluoro-3,3'-dimethoxy bi-
phenyl, 1°F data on, 106

Hexafluoro 5-methylenebicyclo-[2,2,2]-oct-
2-enes, 19F data on, 94, 97

19F

1 9F
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Histidine, 6
temperature and concentration depend-
ence of vicinal couplings in, 7
3-Hydroxy proline 4
4-Hydroxy-L-proline, 3
conformation of, 3
coupling constants of, 3
4-Hydroxy proline derivatives, cis/trans iso-
merism in, 12

I

Indium(1) complexes with 1,2-bis(trifluoro-
methyl) dithieten, 1°F dataon, 152

Iridium trifluorophosphine complexes, 1°F
data on, 201

Irregular polypeptides, 33*

Isobutylene-chlorotrifluoroethylene copoly-
mer, 'H and 19F data for, 64

Isobutylene-trifluorochloroethylene 'H and
19F data on, 65

Isomeric imines, 1°F data on, 181

J

17(As-F), in fluoroarsenate jons, 213
L7(F~B), in aromatic oxide adducts of boron
trifluoride, 170
in clathro-chelate complexes of boron,
172
in hydrazine adducts with boron trifluor-
ide, 171
LI(F~C), in benzotrifluoride derivatives, 104,
105
in monofluorobenzenes, 140
in tetrafluoro-1,3-dithietane, 207
Lj(P~F), in alkoxyfluorophosphoranes, 193
in amino-difluorophosphine, 197
in an arsine platinum complex, 169
in cyclic phosphorus nitrogen com-
pounds, 198
in diethylaminotetréﬂuoro phosphorane,
202
in difluorophosphoric acid, 187
in dimethyltetrafiuoro-phosphate
214
in 1,3,2-dioxo-4,5-benzophosphole de-
rivatives, 193
in  N,N'-disubstituted-1,2,4-phosphodi-
azetidin-3-ones, 195

ion,
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in fluorocarbon phosphines and mangan-
ese complexes, 156
in fluorophosphines, 188, 203
in fluorophosphine adducts with boranes,
199
in fluorophosphine complexes with moly-
bdenum, 203
in fluorophospholanes, 196
in hexafluorophosphate anion, 194
in methylamino derivatives of fluoro-
phosphorus compounds, 197
in methylaminotetrafluoro-phosphorane,
198
in methyl piperidyl fluorophosphoranes,
192
in mixed dihalo acids, 187
in nitrogen bridged phosphorus com-
pounds, 199
in w-oxo-bis(phosphoryl difluoride), 187
in thodium and iridium complexes with
trifluoro phosphines, 201
in substituted transition metal carbonyls,
189
in  trifluorophosphazo-difluoro
phine, 197
L7(Sb-F), in antimony fluorides, 215
17(Se-F), in diisopropylselenium diftuoride,
211
1J(Si-F), in a fluoro silane, 173
in silicon tetrafluoride, 140
LJ(Te-F), in some tellurium fluorides, 211
L7(V-F), in vanadyl fluoride complex ions,
214
LJ(W-F), in some tungsten fluorides, 212
1J(Xe-F), in xenon fluoride ions, 206
2J(F-C), in monofluorobenzenes, 140
2J(F-F), dependence on internal angle, 82
in bicyclo-[2,2,1]-hept-2-enes, 94
in bifluoride ion, 213
in cobalt fluoroalkyl complexes, 163
in decafluorobicyclo-[2,2,11-hept-2-ene,
81
in ethylene palladium complexes, 162
in a fluorinated aziridine, 93
in fluorinated cyclobutanes, 71
in fluorinated cyclobutenes, 84
in fluorinated cyclohexanes, 90
in fluorinated cyclopentanes, 70
in fluorinated cyclopentenes, 85
in fluorinated dicyclobutanes, 73

phos-
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27 (F-F)—continued

in fluorinated furans, 129

in fluorinated imines, 182

in a fluorinated methylene-cyclobutane
derivative, 73

in fluorinated olefins, 59, 60

in fluorinated oxygen heterocycles, 136

in fluorinated polymers, 66

in fluorinated sulphinyl compounds, 210

in fluyorinated sulphur heterocycles, 136

in fluorinated tetrahydrofurans, 128

in fluoro arsenate ions, 214

in fluoro cyclobutanes, 67

in fluoro olefin complexes of iron, 166

in a fluoro silane, 173

in group IV perfluoro-alkynyl derivatives,
155

in halogenoamine adducts, 177

in halogenoimines, 178

in hexafluoro bicyclo-{2,2,2]-0ct-2-enes,
96

in hexafluoro-5-methylenebicyclo-[2,2,2}-
oct-2-enes, 97

in methylaminotetrafluorophosphorane,
198

in 3-methyl-1,2-diene cyclo adducts, 69

in methyl piperidyl fluorophosphoranes,
192

in perfluoroalkyl sulphoxides, 208

in perfluoro- 4-dimethyltricyclo{5,2,1,0] -
deca-3,8-diene, 88

in pertluoroheterocyclic compounds, 124

in perfluorovinyl mercury compounds,
153

in polycyclo olefins, 88

in polyfluorocyclopentanes, 94

in polyfluoro-1,4-dithians, 136

in polyfluorodithiolans, 137

in polyfluoro thiophens, 130

in tellurium fluorides, 212

in tetrafluoro-1,3-dithietane, 207

in 1H, 4-trifluoromethyl decafluoro-
bicyclo-[2,2,1]-heptane, 79

in vinyl nickel complexes, 157

in xenon fluoride ions, 206

2J(F-H), in aliphatic fluorocarbons, 45

in S-deoxy-5-fluoro-1,2-Q-isopropylidene-
a-D-xylopentose, 79

in fluorinated carbohydrates, 75

in fluorinated ethers, 54

SUBJECT INDEX

in fluorinated imines, 182
in fluorinated olefins, 59
in fluorinated pyranoses, 79
in fluoro ethyl alcohol, 53
in fluoroform, 138
in fluoro methyl alcohol, 53
in fluorophosphine adducts with boranes,
199
in fluorotrisilanes, 172
in halogenoamine adducts, 177
in organosilicon compounds, 174
in polyfluoro-1,4-dithians, 136
2J(F-N), in aminodifluorophosphine, 197
2J(Hg-F), in some (perfluoro vinyl) mercury
compounds, 153
2J(P-F), in diphosphines, 186
in diphosphorus compounds, 196
in fluoromethylphosphinohydrazine
boron adducts, 171
in fluorophosphine adducts with boranes,
200
in methylamino derivatives of fluoro
phosphorus compounds, 197
in thiophosphines, 189
25t -F), in some fluoro ethylene complexes,
168
2J(Rh-F) in some rhodium trifluorophos-
phine complexes, 201
3J(F-C), in difluoro-1,3-dithietane, 207
in monofluorobenzenes, 140
3J(F-F), in aliphatic fluorocarbons, 45
dependence of upon electronegativities,
149
in 1-diazotetrafluorobenzene oxides, 101
in ethylene palladium complexes, 162
in fluorinated carbohydrates, 151
in fluorinated cyclobutenes, 83
in fluorinated dihydrofurans, 129
in fluorinated ethers, 54
in fluorinated olefins, 59
in fluorinated organic nitrogen com-
pounds, 179
in fluorinated polycycioolefins, 89
in fluorobenzothiophen, 106
in fluorocarbon phosphines and mangan-
ese complexes of, 156
in fluorocyclobutenes, 150
in fluorocyclopentanes, 150
in fluoroethanes, 147, 148
in fluoroolefin complexes of iron, 166
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37 (F=-F)—continued

in a fluorosilane, 173

in fluorosulphides, 207

in halogeno imines, 178

in pentafluoropropenyl carbinols, 61

in perfluoroalky! sulphoxides, 208

in perfluorovinyl mercury compounds,
153

in polyfluorodithiolans, 137

in polyfluoro-(4-phenyl pyridines), 125

in polyfluoropyrimidines, 119

in polyfluorothiophenes, 132

in trimethylsilyl perfluoro olefins, 155

in vinyl nickel complexes, 157

3J(F-H), in aliphatic fluorocarbons, 45

in aminodifluorophosphine, 197

in cobalt fluoroalkyl complexes, 164

in detergents, 54

in y,y-difluoro-e-caprolactam, 75

in y,y-difluoro-e-caprolactone, 75

in dimethyltetrafiuorophosphate ion, 214

in N, N'-disubstituted-1,2,4-phosphadi-
azetidin-3-ones, 195

in substituted phosphines, 106

temperature dependence of, 60

in trifluorophosphine complexes of trans-
ition metals, 202

3J(H-H), in alkali metal complexes, of tri-N-

desmethyl enniatin B, 25
angular dependence of, 14
in cyclic hexapeptides, 22
in fluorocyclopropanes, 67
in Gramicidin S, 28

3J(P-F), in cobalt fluoroalkyl complexes, 163

in diphosphines, 186

in fluorophosphine adducts with boranes,
200

in fluorophosphine molybdenum com-
plexes, 204

in iridium trifiuorophosphine complexes,
201

in nitrogen bridged phosphorus com-
pounds, 199

in rthodium trifluorophosphine com-
plexes, 201

in trifluorophosphazo-difluorophosphine,

in 1,1-difluoro-2,3-dimethyl cyclopro- 197

pane, 67 3J(Pt-F), in trifluoromethyl complexes of
empirical contributions to, for carbo- platinum, 166

hydrates, 147 4J(F-C), in monofluorobenzenes, 140

in fluorinated carbohydrates, 75 4 J(F-F), in  l-diazotetrafluorobenzene
in fluorinated cyclobutenes, 83 oxides, 101

in fluorinated ethers, 54 in fluorinated aromatic hydrocarbons,
in fluorinated olefins, 59 152

in fluorinated polymers, 66

in fluorocarbon phosphines and mangan-
ese complexes of, 156

in fluorocyclobutanes, 67

in fluorocyclopropanes, 67

in N-fluoro-2,6-dimethylpiperidines, 185

in 2-fluoro-2,2-dinitroethylamines, 57

in fluoroethanes, 145

in fluoroethyl alcohol, 53

in fluorotrisilanes, 173

in fluorouracil bases, 123

in a methyl allyl nickel complex, 158

in methylaminotetrafluoro-phosphorane,
198

in 3-methyl-1,2-diene cycloadducts, 69

in organonitrogen compounds, 176

in organosilicon compounds, 174

in polyfluorothiophenes, 132

stereochemical dependence of, 145

in fluorinated carbohydrates, 78, 149

in fluorinated dihydrofurans, 129

in fluorinated ethers, 54

in fluorinated imines, 182

in fluorinated olefins. 60

in fluorinated organic nitrogen com-
pounds, 179

in fluorinated peroxides, 55

in a fluorinated sulphur nitrogen com-
pound, 211

in a fluorobenzothiophen, 106

in fluorocyclopentenes, 150

in fluorophosphine adducts with boranes,
200

in a fluorophosphine complex with moly-
bdenum, 203

in fluorosulphides, 207

in fluorosulphuryl! isocyanate salts, 210

in halogeno imines, 178
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47 (F-F)—continued
in organosilicon compounds, 174
in perfluoroalkyl sulphoxides, 208

in trifluoromethyl complexes of nickel,
palladium and platinum, 166
5J(F-F), in 1-diazotetrafluorobenzene oxides,

in perfluorovinyl mercury compounds,
153

in polyfluoro-(4-phenyl pyridines), 125

in polyfluoropyrimidines, 18

in polyfluoroquinolines, 112

in polyftuorothiophenes, 132

in p-substituted A-phenylimines, 57

in g-substituted 1-methoxy perfluoro-
olefins, 58

in tetrafluoro-1,3-dithietone, 207

in trifluoromethyl complexes of nickel,
palladium and platinum, 166

in trifluorophosphazodifluorophosphine,
197

in trimethylsilylperfluoro olefins, 155

4J(F—H), in 7,7'-dif1u0robenzocyclopropane,

80

in diphosphines, 186

in fluorinated olefins, 59

in fluorinated sulphinyl compounds, 209,
210

in 2-fluorobenzal chlorides, 105

in fluorobenzaldehydes, 105

in fluorocarbon phosphines and mangan-
ese complexes of, 156

in fluorophosphine adducts with boranes,
200

in fluorophospholanes, 196

in p-fluorotoluene, 142

in fluorotrisilanes, 173

in halogeno acetones, 55*

in methylaminotetra-fluorophosphorane,
198

in organic nitrogen compounds, 176

in organic silicon compounds, 174

in polyfluorothiophenes, 132

in a substituted amide, 186

in substituted molybdenum carbonyls,
189

in substituted phosphines, 106

temperature dependence of, 60

101

in fluorinated aromatic hydrocarbons,
152

in fluorinated organic nitrogen com-
pounds, 179

in fluorinated peroxides, 55

in fluorinated tetrahydrofurans, 128

in fluorobenzothiophen, 106

in fluoro olefin complexes with iron,
165

in fluorophenanthrenes, 142

in fluoro sulphides, 207

in organo silicon compounds, 174

in perfluoroalkyl sulphoxides, 208

in polyfluoro-(4-phenyl pyridines), 125

in polyfluoropyrimidines, 118

SJ(F-H), in 7,7"-difluorobenzo-cyclopropane,

80

in fluorinated olefins, 59, 60

in fluorinated sulphinyl esters, 209

in fluorobenzaldehydes, 105

in fluorobenzene, 141

in fluoro olefin complexes with iron,
165

in S5-fluoro-2-thenaldehyde, 131

in p-fluorotoluene, 105

in isomerism, 47

in organo nitrogen compounds, 176

in perfluorovinyl mercury compounds,
153

in a substituted amide, 186

in  2-substituted-3-trifluoromethylquin-
oxalines and oxides, 144

5J(P-F), in substituted phosphines, 106
8J(E-F), in diphosphorus compounds, 196

in fluorinated sulphinyl esters, 209
in thiophosphines, 189

SJ(F-H), in fluorinated olefins, 60

in fluorophenanthrenes, 143
in p-fluorotoluene, 141
in polyfluoropyridines, 112

7 . . . .
4J(Hg-F), in phenyl mercury compounds, J(F-F), in a diphenyl derivative, 151

152
4J(P-F), in diphosphorus compounds, 196
in nickel complexes, 160 K
in palladium complexes, 162

in thiophosphines, 189 Karplus relationship, 3, 4, 5, 10, 14, 19
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L

LAME, analysis of 'H spectrum of p-fluoro-
toluene, 141

Lanthionine, conformation of, 7

LAOCOON 1II in analysis of fluorotrisilanes,
173

LAOCOON III, analysis of 'H spectrum of
p-fluorotoluene with, 141

Line shape analysis of hindered rotation,
186

of some trifluorophosphine complexes

of transition metals, 202

Linear peptides with three or more residues,
conformations of, 15*

London dispersion field, effect on 1°F shifts,
138

Luteinising hormone-releasing hormone, 35

Lysine vasopressin, conformation of, 26, 27

Lysozyme, 33

M

Manganese (I) complexes with trifluoro-
methylphosphines, 1°F data on,
156

Macrocyclic peptides and depsipeptides, 30

Methylamino derivatives of some fluoro-
phosphorus compounds, 197

Methylaminotetrafluorophosphorane, 19F
data on, 197

N-Methylated dipeptides, cis/trans isomerism
in, 15

3-Methylbuta-1,2-diene cycloadducts, 1°F
data on, 69

Methyl nonafluoro-5,5-dimethoxy-hexano-
ate. 19F data on, 52
Methyl-piperidylfluorophosphoranes,
data on, 191
3-Methyl proline, 4
N-methyltrifluoroacetamide, 1°F data on, 56
Molybdenum complexes with fluorophos-
phines, 19¢ data on, 203
Monofluoro arsenic compounds, 1°F data on,
205
Monofluoro benzaldehydes, 1H data on, 105
Monofluoromethane, anisotropic spin-spin
coupling in, 141
Monofluorostearic acid derivatives, chemical
shifts and linewid ths of, 52

19F

237

N

15N enriched alanine, proton spectrum of, 9

5N enriched aspartic acid, proton spectrum
of, 9

15N enriched phenylalanine, proton spectrum
of, 9

Niobium fluorides, 215

Nitrogen bridged phosphorus compounds,
19F data on, 199

Nitrogen compounds containing fluorine,
175*

N-Nitroso proline, cis/trans isomerism in, 12

Nortricyclic derivatives of palladium, 19F
data on, 167

0

Oxythiophosphorus compounds, 9F data
on, 202
Oxytocin, conformation of, 26, 27, 35

P

Pentafluorophenol, 1°F data on, 138
Peptide backbones, determination of the
shape of, 14
Perfluoroalkylborate esters, 1%F data on, 152
Perfluoroalkyl detergent, 19F data on, 56
Perfluoroalkyl sulphoxides, 208
Perfluoro-cyclopentadienes, 9F data on, 87
Perfluoro-dibenzo-aromatic derivatives, 1°F
data on, 107
Perfluoro-14-dimethyltricyclo-[5,2,1,0}-deca-
3,8-diene, 19F data on, 88
Perfluoroheterocycles, !°F data on, 124
Perfluorovinyl mercury compounds, 1°F data
on, 153
Phenylalanine, substitution of g-proton in, 6
temperature variation of vicinal coupling
constants of, 6
proton spectrum of !N enriched sample
of, 9
conformations of derivatives of, 12
4-Phenyl-1,3-dioxan, vicinal coupling con-
stants in, 5
N-Phenyl-4,5,6,7-tetrafluoro-2-phenyl indole,
19F data on, 127
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Phosphorus compounds containing fluorine,
186*
Pipecolicacid, six-membered derivatives of, 8
chair conformation of, 8
Piperazic acids, derivatives of, 8
Poly-L-ala, kinetics of helix-coil transforma-
tion in, 32
Poly (DL-alanine), helix-coil transformation
in, 32
Poly (L-alanine), helix-coil transformation
in, 32
Poly (B-alanine), conformation of, 32
Poly-amino acids, 31*
Poly (L-aspartic acid esters), helix-coil trans-
formations in, 32
Polyfluoro-1,4-dioxans, 1°F shift parameters
for, 135
Polyfluoro-1,4-dithians, !9F data on, 136
Polyfluoroisoquinolines, 1°F data for, 114
Polyfluoro-2-methyl-1,3-dithiolans, '°F data
on, 137
Polyfluoro-1,4-oxathians,
meters for, 135
Polyfluoro (4-phenylpyridines), 19F data on,
123, 125
Polytluoropyrazines, 1°F data on, 118
Polyfluoropyridines, '9F data on, 114
Polyfluoropyrimidines, 1°F data on, 119
Polyfluoroquinolines; 1°F data on, 113
Polyfluoroquinoxalines, *°F data on, 117
Polyfluorothiophenes, 1°F data on, 132
Poly (L-glutamic acid esters), helix-coil
transformations in, 32
Poly (L-lysines), helix-coil transformationsin,
32
Poly-L-met, kinetics of helix-coil transforma-
tion in, 32
Poly (N-methyl-L-alanine), conformation of,
32
Poly (L-oxazolidine-4-carboxylic acid), con-
formation of, 32
Poly (L-proline), conformation of, 32
Poly (Sarcosine), conformation of, 32
Polysulphur fluoride compounds, 19% data
on, 206
Poly (L-thiazolidine-4-carboxylic acid), con-
formation of 32
Poly (vinyl fluoride), 19F data on, 63
Potassium complex of valinomycin, con-
formation of, 30

19 shift para-

SUBJECT INDEX

Potential energy minima, calculation of for
dipeptides, 15

Proline derivatives, cis/trans isomerism in, 12

Proteins, 33*

Pseudo-equatorial protons, 4-bond couplings
between, 3

R

Repulsive tields, effect on 19¢ shifts, 138

Restricted rotation of perfluoroisopropyl
group, 118

Rhodium trifluorophosphine complexes, 1°F
data on, 201

S

S character of L/(C-F), 140
Sarcosine, cis/trans isomerism of, 12
cyclic oligopeptides of, 18
Saturated fluorinated cyclo hydrocarbons,
66
Secondary isotope effects in !°F shifts of
some p-fluorophenyl derivatives,
139
Selenium compounds containing fluorine,
211*
Serine, 6
Serratamolide, conformation of, 20*
Sequential copolymers 31*
Silicon compounds containing fluorine, 172%
Silicon hexafluoride, '°F shift of, 138
Solvent reaction field, effect of on '°F shifts,
138
Solvent shifts, 138
Substituent effects on !°F chemical shifts,
136
p-Substituted hexafluoroacetone N-phenyl-
imines, }°F data on, 56
kinetic parameters for, 57
g-Substituted 1-methoxyperfluoro olefins,
9% data on, 58
4-Substituted prolines, 3
cis and trans isomers of, 4
2-Substituted-3-trifluoromethyl-quinoxalines
and oxides, 1°F data on, 144
compounds containing fluorine,
206%
Sulphur-containing amino acids, 7
Sulphur hexafluoride, !°F shift of, 138

Sulphur
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T

Tantalum fluorides, 215

Tellurium compounds containing fluorine,
211%*

Tellurium fluorides, 212

Tetrafluoro-1,3-dithietane, 1°F data on, 207

Tetrafluoromethane, !°F shift of, 138

4.5,6,7-Tetrafluoro-2-phenylbenzofuran, 19F
data on, 130

1,1,3,3-Tetrafluoropropene,
constants of, 59

2,24 4-Tetramethyl-1-phenylphosphetan ad-
duct with hexafluoroacetone, !°F
data on, 195

Threonine, racemic and «allo isomers of, 8

Thyrotropin-releasing hormone, 35

Transition metal carbonyl complexes,
data on, 189

2,4,6-Tri- O-acetyl-3-deoxy-3-fluoro-D-gluco-
pyranosyl fluoride, 'H and !°F
data on, 77

3,4 ,6-Tri-O-acetyl-2-deoxy-2-fluoro-hexopy-
ranosyl fluoride, 'H and 1°F data
on, 76

Trifluoroacetamide, 1%F data on, 56

N-Trifluoroacetylated amino acids, binding
of by chymotrypsin, 62

1,1,2-Trifluoroethane, analysis of the 1°F
spectrum of, 44

Trifluoroethylene adducts with halogeno-
amines, 1°F data on, 177

1H,4- Trifluoromethyl - decafluoro - bicyclo-
[2,2,1]-heptane, 1°F data on, 79

Trifluoromethylphosphino derivatives, 1°F
data on, 190

8,8,8-Trifluorooctylhexaoxyethyleneglycol
monoether, 19F chemical shifts of,
53

19F  coupling

19[;

239

8,8,8-Trifluorooctylmethylsulfoxide, '°F
chemical shifts of, 53

Trifluorophosphazodifluorophosphine, 197

Trifluorophosphine complexes of some trans-
ition metals, '°F data on, 202

Trifluoropropyl silicon compounds, *°F data
on, 154

Trimethylsilylperfluoro olefins, 1°F data on,
155

Trp-Met-Asp-Phe-NH,, rotamer populations
of the side-chains of, 16

Tryptophan, 6

temperature and concentration depend-

ence of vicinal couplings in, 7

Tungsten compounds containing fluorine,
211

Tungsten hexafluorides, 1°F data on, 212

Tungsten oxotetrafluorides °F dataon, 212

Tyrosine, substitution of g-proton in, 6

temperature and concentration depend-

ence of vicinal couplings in, 7

U

Unsaturated fluorinated cyclo hydrocarbons,
79*

v

Valine, conformations of derivatives of, 12
pH dependence of vicinal coupling con-
stant of, 7
Valinomycin, conformation of, 30
Vicinal coupling constant, average value of
in amino acids, 4
values of in specifically deuterated
phenylalanine derivatives, 6
Vinyl fluoride adducts with halogenoamines,
19F data on, 177
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