Stable Carbocations.

5855

CLXXIII.! Carbon-13 Nuclear

Magnetic Resonance Studies of Alkynylcarbenium Ions and

Alkynoyl Cations:

the Relative Importance of

Mesomeric Vinylic (Allenylic) Cation Forms

George A. Olah,* Robert J. Spear,? Phillip W. Westerman,? and Jean-Marc Denis?

Contribution from the Department of Chemistry, Case Western Reserve
University, Cleveland, Ohio 44106. Received April 5, 1974

Abstract:
by cmr and pmr spectroscopy.

A series of alkyl- and aryl-substituted alkynylcarbenium ions and alkynoyl cations have been studied
In the alkynylcarbenium ions, it is concluded, on the basis of the cmr chemical

shifts, that the positive charge is extensively delocalized and the mesomeric allenyl cations, which are vinyl cations,

contribute extensively to the total ion structure.

In the alkynoyl cations, the charge is mainly localized on the

oxygen atom, i.e., the oxonium ion form, although in the phenylpropynoyl cation, some charge is delocalized into
the aromatic ring. On the basis of these results, the trends for competitive charge localization in oxonium ions,
tertiary carbenium ions, and vinyl cations have been deduced.

he structural properties of vinyl cations (I-11I) have

presented chemists with an intriguing problem in
recent years.®? The large volume of experimental data
which has been gathered so far is mainly indirect evi-
dence for the intermediacy of one (or more) of the vinylic
ions I-III in solvolyses of vinyl halides,®% vinyl tri-
flates,®5° and related systems,® or in the addition of
electrophilic reagents to alkynes.®” Most of these data
indicate that the vinyl cation intermediates in these

Q R v

C=C R —Ci=C;
VAN

Rl RZ
I, C, sp® hybridized II, C, sp hybridized

Rq
, s
/' +\\

Rl_ 01= CZ_ Rz

I
reactions are either of type II or III.  Vinyl cations have
not, as yet, been experimentally observed under stable,
long-lived ion conditions, despite extensive efforts in
many laboratories, including ours.

Alkynylcarbenium ions (IV), however, can also exist
in the mesomeric allenyl cation forms (V) and therefore
serve as convenient models for vinyl cations of type II.
Previous studies of alkynylcarbenium ions®*%® indi-
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cated, on the basis of pmr and uv spectroscopic data,
that the resonance form V was an important contributor
to the total structure of these ions. Allenyl cations have
recently been shown, by Schiavelli and coworkers,!
to be intermediates in the solvolysis of haloallenes, and
the solvolytic data indicate that there is extensive de-
localization involving the alkynylcarbenium ion forms.
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However, proton chemical shifts alone are not, in
general, sufficiently informative to give a firm indication
of the charge distribution in carbocations. This is
particularly apparent in the case of alkynylcarbenium
ion systems where only the tertiary ions (X, Y, or Z #
H) were stable and thus it was not possible to observe
any direct electronic changes at C,, C4, or C,. The
related alkynoyl cations have not previously been pre-
pared or studied.

Results and Discussion

Because of our continuing interest in vinyl cations,
we have studied the cmr spectra of the carbocations
Vla-e and VIIla-c. Cmr studies were well suited to
overcome the limitations, mentioned above of the
previous pmr studies because the carbon atoms C,,
Cg, and C, can be observed directly. Carbon-13 chem-
ical shifts cannot be directly equated with, but ob-
viously do reflect, the trend of charge densities at carbon
atoms of similar hybridization and substitution!!* and
can thus be successfully applied to the study of charge
distribution in carbocations.!'® The cmr data for the
ions VIa—e and VIila— allowed estimates of the relative

(10) (a) M. D. Schiavelli, S. C. Hixon, and H, W. Moran, J. Amer.
Chem. Soc., 92, 1083 (1970); (b) M. D. Schiavelli, R. P. Gilbert, W. A.
Boynton, and C. J. Boswell, ibid., 93, 5061 (1971); (¢) M. D. Schiavelli,
S. C. Hixon, H. W. Moran, and C. J. Boswell, ibid., 93, 6989 (1971),
(d) M. D. Schiavelli and D. E. Ellis, ibid., 95, 7917 (1973).

(11) (a) H. Spiesecke and W. G. Schneider, Tetrahedron Lett., 468
(1961); (b) G. A. Olah and P. W, Westerman, J. Amer. Chem. Soc., 95,
7530 (1973).
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Table I. Cmr Data of the Alkynylcarbenium Ions Vla-e«— and Their Precursor Alcohols VIla-es-*
C, phenyl s, phenyl
Compd Ca Cg C, C.CHj, C,CH; Cipso C, Cun G Cipeso C, Cn Co
Via* 269.0 110.6 219.1, 43.7 14.0
Jens.cy =
(204.0) (26.0) (141.4) 12.7) (11.2)
VIb 195.7 93.2, 165.1, 9.1 144.8 141.5 131.4 145.4
Jens.cg = Jens.cy =
4.4 11.6
(121.6) (10.9) 81.7) (5.8) (-0.7) d d (18.1)
Vici 237.1 123.5 199.4 38.5 119.9 141.7 131.4 145.5
(170.4) (28.1) (116.5) (7.7 (3.1 d d (16.1)
vidi 200.8 111.1 167.5 28.8 140.8 141.0, 131.7 148.9 119.9 139.0 130.8 137.0
140.2
(130.7) (18.6) (83.3) (—4.2) (—4.7 d d (21.4) (=2.5 d d 8.8)
Vies 186.8 105.9 159.1 138.7 139.4/ 131.4f 144 .0/ 119.9 138.7 130.7 137.6
(112.3) (14.4) (72.95) (-5.9 d d (21.5) (—2.0) d d 9.6)
Vila* 65.0 84.6 77.7 31.0 2.8
JoHs.0y =
10.1
ViIb! 741 82.3, 83.4, 3.3 145.5 127.9¢ 125.7 127.3
Jems.c8 Jons.cy =
R 10.5
Viic™ 66.7 95.4 82.9 30.8 123.0 129 .4¢ 132.3 129.4
VIId® 70.1 92.5 84.2 33.0 145.5 125.00 128.2  127.5 122.4 128.20  131.6  128.2
Vile! 74.5 91.5 86.6 144.6 125.7¢ 1280  127.4 121.9 128.00  131.4  128.0

= The coupling constants (in Hz) were obtained directly from the spectra recorded without proton decoupling. * The numbers in parentheses refer to the difference in chemical shift between the ion
4 Assignment of C, and C,, in precursor is uncertain,
carbons in the C,-phenyl will be approximately twice those of the C,-phenyl. ¢ Alternative assignments. * In FSO;H-SbFs-SO.CIF at —80°, ¢ In FSO;H-SbFs-SO;CIF at —60°, 7 In FSO;H-SbF5—

and precursor.

¢ Chemical shifts are in ppm from TMS.

g0z at —60°. *In SOCIF at —60°. !In CDCl;at 35°. = In SO; at —40°.
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contributions of the mesomeric forms IV and V to be
made, and indicate significant contributions from the
allenyl form V in the former (VIa-e) but not the latter
(VIlIa—c) examples.

The preparation of the alkynylcarbenium ions Vla-¢
from their alcohol precursors, VIla-e, respectively, has
been reported previously® (the present work utilized
these preparations with some improvement on the
methods used previously and is described in the Experi-
mental Section). The novel alkynoyl cations VIlla—c
were generated from their corresponding acyl fluorides
IXa-c'? using antimony pentafluoride in sulfur dioxide
solution (the preparation of XIlla—c and IXa—c is fully
described in the Experimental Section and the relevant
'H and '*F parameters are summarized in Table III).

The carbon-13 nmr spectra were obtained by the fast
Fourier transform method!® on a Varian Associates
XL-100 spectrometer.

The cmr data for the ions Vla—e and their precurser
alcohols Vila-e are given in Table I. The assignment
of C,, Cs, and C,, did represent some difficulty but it was
possible to identify C, in VIa and VIb by the large long-
range coupling to the C,—~CH; protons in the spectra ob-
tained without proton decoupling. Dreeskamp, ef al. !4
have determined the geminal and vicinal *C-'H cou-
pling constants in a number of methylacetylenes (Xa—)
shown below. The analogous coupling constants were

CH 3—QEC3—X

Xa (X = H),““ JoH,c, = 10.6 Hz; Jew,.c, = 4.8 Hz

b (X = CH,Cl),1% Jeg,,c, = 8.2; Jom,.c; = 4.3

¢ (X = CH;Br),1* Jou,c, = 1.9; Jomyo, = 47
determined in VIa, VIb, VIIa, and VIIb (Table I) and
they clearly differentiate C,, C4, and C,. There was no
observable coupling between the C,-CH; and C, in
these four examples while the inability to observe a
coupling between the C,—~CH; and C,4 in Vla and V1la is
probably due to the broadening of the C,; signal by
smaller long-range coupling to the C,~CH; protons.
The aromatic and methyl resonances were identified by
“off-resonance” decoupling experiments.

The marked deshielding of C, and C, in the ions
Vla-e relative to their precursor alcohols VIla—e (Table
I, shown in brackets) clearly indicate substantial contri-
bution from the mesomeric vinylic cation form V in all
cases; positive charge at C, should result in some de-
shielding of Cgz (compare XlIa and b, below) while C,
should not be significantly affected. Aromatic sub-
stitution at C, and C, results in these carbons becoming
less deshielded in the carbocations relative to their
precursor alcohols and this is consistent with the ex-
pected lessening of positive charge at C, and C, by
delocalization into the phenyl rings. There is clearly
more delocalization of charge into the C,-phenyl group
since the para carbon in the C,-phenyl group in VId and
e (Table I) is significantly more deshielded, relative to
the precursor alcohols VIId and e, than is the para car-
bon of the C,-phenyl group.

To estimate the relative contributions of the meso-
meric forms IVa and Va in VIa, we have chosen, as a

(12) VIIIc can also be generated from the more readily accessible
phenylpropynoyl chloride, using the same conditions.

(13) (a) R. Ernst, Advan. Magn. Resonance, 2, 108 (1966); (b) R.
Ernst and W. A. Anderson, Rev. Sci. Instrum., 37, 93 (1966).

(14) (a) H. Dreeskamp, E. Sackman, and G. Stegmeier, Ber.
Bunsenges. Phys. Chem., 67, 860 (1963); (b) H. Dreeskamp and E.
Sackman, Z. Phys. Chem., 34,273 (1962).
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model for the C, carbon in the mesomeric form IVa, the
tert-butyl cation XIa,!® where the central carbon is de-
shielded by 257.5 ppm relative to its precursor 2-methyl-
2-propanol (XIb). 3-Methyl-1,2-butadiene (XII)¢ was
considered as a model for C, in Va, but the deshielded
central carbon of the allene is not reflected in the chemi-
cal shift of C; in the ions Vla-e; this is presumably due
to the sp hybridization of C, in Va. Therefore, 2-
methyl-2-propene (XIII) was used as a model—it is ex-
pected that the positive charge at C, will not have a
significant effect on the chemical shift of C,in Va; thus
C, should be deshielded by 79.5 ppm (= 144.5 — 65.0)
relative to the precursor VIla (Table I).

Experimentally C,, is deshielded by 204.0 ppm in VJa
relative to VIla and substituting the values from the
model compounds (above) reveals that the relative con-
tributions of IVa and Va are in the ratio of about 2:1.
This conclusion is supported by the fact that the de-
shielding of C para in the C,-phenyl group of VId is
approximately twice that of C para in the C,-phenyl
group, consistent with the amount of positive charge at
C, being approximately twice that at C..

For the ion Vic, XIa and b serve as suitable models
for mesomeric form IVec (AC, = 257.5 ppm) while
XIII serves as a model for Ve (AC, = 1445 — 66.7 =
77.8 ppm). C, is deshielded by 170.4 ppm in VIc rela-
tive to VIIc and this represents equal contributions of
IVc and Ve in VIc. Schiavelli concluded, on the basis
of his solvolytic studies of haloallenes,02~4, that the
intermediate allenyl cations (including Ve from 1-
chloro-1,3,3-triphenylallene) were extensively delocal-
ized with more charge residing at C, than C,, consistent
with our conclusions. It should be noted, however,
that the charge distributions are not reflected in the sub-
sequent reactions of these ions since attack by solvent
occurs exclusively at C, to give propargyl alcohols un-
less C, is sterically hindered (i.e., VI, R, = R, = ¢-
Bu, R; = #-Bu or Ph), where 10~15% of the solvolyzed
products originated from attack at C,.10%<

The results for VIa indicate that where there is com-
petitive charge localization in a carbocation, a tertiary
carbenium center (i.e., the positive charge residing at
C.) localizes approximately twice the charge as does a
secondary vinylic cation center'® (i.e., the charge re-
siding at C,). When C, is a secondary benzylic vinyl
cation® (Ve¢, Vic), the charge localization at C, is
approximately equal to that of a tertiary carbenium
center.

The alkynoyl cations VIlla-c, prepared from their
parent alkynoyl fluorides IXa—-c (see Experimental Sec-
tion), can exist in the mesomeric forms XIVa—c, XVa-c,
and XVIa-c, of which the latter are vinyl cations. The
cmr, pmr, and fmr data for VIIla-¢ and IXa-c are
given in Tables II and I1I, respectively.

+

O=( a—CﬂEC.Y-R 6EC¢,—C55C7—R O=Ca:Cﬂ—C+ 7—R

XIVa,R = H XVa,R = H XVia,R = H
b, R = CH; b,R = CH; b, R = CH;
¢, R = Ph ¢, R = Ph ¢, R = Ph

The C,, C4, and C, resonances were readily differen-

(15) G. A. Olah and A. M. White, J. Amer. Chem. Soc., 91, 5801
(1969).

(16) R. Steur, J. Van Dongen, M. DeBie, and W. Drenth, Tetrahedron
Lett., 3307 (1971).

(17) In SO solution at —40°.

(18) The term ‘‘primary” has been used previously®® for the C=
C+—H ion.
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Table II. Cmr Data of the Alkynoyl Cations VIIla-c¢— and Their Precursor Acyl Fluorides IXa—cs.°
Compd Ca Cg C, CH; Cipso C, Cn C,
ViIad  124.1, 48.9, 110.7,
Jeamg = 7.6 Jog.m = 54.4 Joym = 294 .9
(—17.6) (-20.2) (28.3)
VIlIbs 124.2, 45.9 130.8, 8.6,
Jeam = 2.2 Jog.u = 3.5 Joym = 11.0 Jecg = 138.8
(—18.3) (—21.5) (36.4) (5.6)
VIiicd 124.2f 56.9 134.2/ 107.1 141.8 131.2 143.0
(—25.5) (—26.9) (39.3) (—9.8) (7.6) (1.8) 9.9
1Xac 141.7, 69.1 82.4,
Jeam = 5.7, Jogouw = 51.7 Joym = 265.3,
Joar = 318.4  Jogr = 105.8  Joyr = 14.5
IXbe 142.5, 67.4, 94 .4, 3.0,
JCa.H < 1.5, JCﬂ.H = 3.5, JC'y.H = 10.5, JCH = 133.3,
Jear = 315.7 Jeg,r = 103.5 JoyF = 14.1 Jor < 1.5
IXce 149.7, 83.8, 94.9 117.3 134.2 129.4 133.1
Jear = 313.9  Jogr = 103.1  Joyr = 14.0

@ The coupling constants (in Hz) were obtained directly from the spectra recorded without proton decoupling.
theses refer to the difference in chemical shift between the ion and precursor.

® The numbers in paren-
¢ Chemical shifts are in ppm from TMS. ¢ In SbF;-SO; at

—40°, ¢InSOzat —40°. / The alternate assignment is equally possible.
Table III. Pmr and Fmr Data for the Alkynoyl Cations VIIIa—*? and Their Precursor Acyl Fluorides IXa—c4°
Compd HC=C CH; H, Hpn H, F
VIiIad 5.21(1.85)
VIIIbé 2.94(1.15)
VIlIcd 8.22(~1.02) 7.60 (~0.40) 8.02 (~0.82)
1Xae 3.36, Jur < —47.94
0.5
IXbe 1.79, Jar = —47.91
2.3 Jar = 2.3
IXce ~7.2 ~7.2 ~7.2 —47.41

@ Proton chemical shifts are in ppm from TMS (capillary) and coupling constants are in Hz.
¢ Fluorine chemical shifts are in ppm from CFCl; (capillary) and coupling constants

ference in chemical shift between the ion and precursor.
are in Hz. ¢ In SbF;-SO; at —40°. ¢ In SO; at —40°.

tiated in IXa—c by the '3C-!F coupling constants.
These coupling constants rapidly diminish as the '3C-
F distance increases until, in IXb and ¢, there is no
measurable coupling between the methyl carbon, or the
ipso carbon, and the acyl fluorine. A similar distance
effect has been observed in fluoronorbornanes.!®® In-
terestingly, there is a substantial value of °Jur in IXb
but a negligible */g,r in IXa; this is presumably due to
the fact that there is no 7 contribution to the coupling
mechanism in the latter case.!® The long-range *C-
'H couplings were also determined in 1Xa and b, and
in VIiIa and b, thereby distinguishing the C,, Cq4, and
C, resonances in the ionic species. However, it was
not possible to positively identify C,, Cq, C,, or Cips in
VIIIc but C4 and Cipso were assigned by analogy with
the results for VIIIa and b (Table II) and VIc, d, and e
(Table I); the assignment of C, and C, in Table II is
speculative and could be reversed.

The cmr data for the alkynoyl cations VIIla and b
(Table II) are interesting in that C, and C,4 are substan-
tially shielded relative to the precursors IXa and b
while C, is deshielded. The cmr parameters for the
acetylium ion (XVII)!* and the propenoyl cation (XV-
II1)% are shown below for comparison. The data indi-

CHC=0 H;C—CH-C=0
7.5 150.3 1771 927 147.1
KVIT XVII®

(19) (a) J. B. Grutzner, M. Jautelat, J. B. Dence, R. A, Smith, and
J. D. Roberts, J. Amer. Chem. Soc., 92, 7107 (1970); (b) M. Barfield
and S. Sternhell, ibid., 94, 1905 (1972).

(20) G. A. Olah, J. M. Denis, and P. W. Westerman, J. Org. Chem.,
in press.

® The numbers in parentheses refer to the dif-

cate that the oxonium forms XVa and b are the pre-
dominant mesomeric contributors and the mutual
shielding of the two sp carbons (C, and Cg) gives rise to
the substantial upfield shifts observed for these two
carbons. Similar shielding is observed for the Cipe
resonances in ethynylbenzenes and benzonitriles.2!®®
Although C, is deshielded in VIIla and b relative to
IXa and b (Table II), the difference is much smaller
than is observed for C, in the ions VIa— (Table I) and
it must be concluded that the mesomeric forms XVIa
and b and XIVa and b make only a small contribution
to the total structure of these ions. Indeed, whereas
the alkynylcarbenium ions VIa-e are all deep red in
color, the alkynoyl ions VIIIa and b are pale yellow,
suggesting that there is less extensive charge delocaliza-
tion. The fact that it was not possible to prepare the
ions H-C=C-*CR,, R = alkyl or aryl, while VIIla is
quite stable, is also indicative of the high contribution
from the oxonium form XVa, but this does not nec-
essarily (although it is likely) result from the delocal-
ization factor alone.

In contrast, the phenyl-substituted ion VIIIc is of
deep red-orange color and the pmr (Table I1I) and cmr
(Table II) spectra indicate that there is substantial de-
localization of charge into the ortho and para aromatic
positions since these carbons, and their attached pro-
tons, are deshielded relative to the meta carbons and
protons. However, the only change in C,, Cg, or C,
in VIIIc relative to VIIIb is that C4 is somewhat de-
shielded—the position of C, and C, is virtually un-

(21) (a) G. L. Nelson, G. C. Levy, and J. D. Cargioli, J. Amer. Chem.
Soc., 94,3089 (1972); (b) J. Mason, J. Chem. Soc. 4, 1038 (1971).
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changed. The cmr data reported previously in our
work for the benzoyl (XIXa)?? and 3-phenylpropenoyl
(XX)® cations are shown for further comparison.

817
149.4®——C=O - C=O
1548

1329 1413
XIXa®® XIXb

O
H R
\C ﬁ:’lc/ 157.0

~N
1BLe 84 “H
1421 1339

130.0
Xx20,23

In the case of benzoyl cations,?? it was concluded
that ‘‘ketene-like”’ mesomeric forms XIXb made a
large contribution to the total ion structure. Com-
parison of the cmr data for VIlic (Table II) and XIX
leads to the conclusion that there is significant delocal-
ization of positive charge onto C, and C, but not onto
C, or C,, and thus the mesomeric forms XVc and
XXla and b are the only significant resonance contrib-

+

XXla XXIb
Ph
So=c=0
Ph” 46 201.4
XXI[22:28

utors. Because of the rather unique nature of the
mesomeric forms XXIa and b, it is not possible to
choose a model system for direct comparison. In-
deed, the unusual cmr shift for allenic (e.g., XIJ)1 and
ketenic (e.g., XXII)?? carbons indicate the limitations
for comparison with model compounds.

From the above data, we conclude that the positive
charge on the alkynoyl cations VIila and b resides al-
most exclusively on the oxygen atom while the ion
Vl1Ilc has significant delocalization of charge onto the
ortho and para ring carbon atoms; C, does not appear
to carry any substantial charge and the mesomeric
vinylic forms XVIa-c make no significant contribution
to the total ion structures. Since we have shown that
the mesomeric vinyl (allenyl) cations contribute exten-
sively to the total ion structures of the alkynylcarbenium
ions Vla—e, we can combine these results to predict the
positions at which charge will preferentially localize in
a range of carbocations which can exist in two, or
more, mesomeric forms. The trend shown below re-
lates, from right to left, the increasing charge localiza-
tion at these positions at the expense of other meso-
meric forms

CH3

+ |
-C=0> CHr-C- ~ Ph-C=—C- > CHyC—=C- 3 H-CeC—

(22) G. A. Olah and P. W. Westerman, J. Amer. Chem. Soc., 95,
3706 (1973).

(23) Converted to 6 3C from external TMS from the original data
given from external CS. using 8$5% 193.7.
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Although ion stability is a combination of several fac-
tors, this may indeed represent the relative order of ion
stability for carbocations containing these isolated
fragments and thus it should, under suitable conditions,
be possible to generate vinyl cations under stable, long-
lived ion conditions. It cannot be overemphasized
that vinyl cations are highly reactive species which are
generated by a relatively slow ionization step, and it is
highly likely that the inability, so far, to observe these
ions under stable conditions is due to the reaction of
the vinyl cations with un-ionized precursor and not due
to any inherent instability.

Experimental Section

The precursors of the alkynylcarbenium ions Vla—e used in this
study were commercially available or were prepared by standard
methods.?

Propynoy! Fluoride (IXa). A mixture of propynoic acid (7 g) and
benzoyl fluoride (37 g) was heated to 150°, The distillate boiling
in the range 24-40° was collected and redistilled to give IXa (4.6 g)
as a colorless liquid, bp 23-24° (lit, 24 bp 22-23°).

2-Butynoy! Fluoride (IXb). A mixture of 2-butynoic acid (5 g)
and benzoyl fluoride (35 g) was heated to 150°., The distillate
boiling in the range 67-80° was collected and redistilled to give IXb
(3.6 g) as a colorless liquid, bp 77-78°: vmax (neat liquid) 2440,
1810, 1225, 1008, and 746 cm~!; mass spectrum (70 eV, 50°) m/e
86 (PH), 67 (P — 19%), 58, 57, 43,39. Cmr data are given in Table
I1, and pmr and fmr data are given in Table II1.

Phenylpropynoy! Fluoride (IXc). Selenium tetrafluoride® (4.5 g)
was added dropwise, with stirring, to a slurry of sodium phenyl-
propynoate (from phenylpropynoic acid (3.65 g)) in benzene (30
ml) at 0°. The mixture was stirred overnight at room temperature
and worked up by the addition of water. IXc was obtained as a
colorless liquid (0.8 g), bp 76-78° (10 mm) (lit.2s bp 53° (2 mm)).

Preparation of Ions. The preparation of the alkynylcarbenium
ions VIa-e has been described previously.? It was found, in this
study, that if the carbocations Vla and b were generated by the
addition of solutions of VIIa and b, respectively, in SO:CIF at
—130° to a rapidly stirred (shaken) solution of 1: 1 SbF;~FSO;H in
SO,CIF at —130°, by-product formation was completely avoided.
The pmr spectrum of Vla in SO,CIF at —80° was slightly different
to that reported previously in SO, solution at —60°:® C,-CHj,
§3.70 (q, Jem,.cr, = 2Hz); C,-CHj, § 3.50 (septet).

The alkynoyl cations VIIla— were prepared by adding a solution
of the corresponding fluorides, 1Xa—c, respectively, in SO, at —80°
to a slurry of SbFs in SO; at —80°. The resulting mixtures were
allowed to warm up to —40° to afford complete dissolution and
ionization.

Proton and Fluorine Magnetic Resonance Spectroscopy. Pmr and
fmr spectra were obtained using a Varian Associates Model A56/
60A nmr spectrometer equipped with a variable-temperature probe.
External TMS (capillary) and CFCl; (capillary) were used as a refer-
ence for pmr and fmr spectra, respectively.

Carbon-13 Nuclear Magnetic Resonance Spectroscopy. Cmr
spectra were obtained using a Varian Associates Model XL-100
nmr spectrometer equipped with a broad-band decoupler, Fourier
transform accessory, and a variable-temperature probe. The
spectrometer was operated at 25.16 MHz and was interfaced with a
Varian 620-L computer. Chemical shifts were measured from the
13C signal of 5% !3C-enriched TMS in a 1.75-mm capillary held
concentrically inside the standard 12-mm sample tube. Coupling
constants were obtained directly from the cmr spectra measured
without proton decoupling.
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