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A full analysis of the pmr chemical shifts and coupling characteristics of the ergot alkaloids agroclavine, ely-

Bach, et al.

moclavine (and its acetate), festuclavine, and fumigaclavine B is described and some earlier assignments relat- -

ing to their stereochemistry are revised. The 13C nmr spectra of the ergoline bases methyl lysergate, its dihydro
product, ergonovine, ergonovinine, ergotamine, ergotaminine, ergokryptinine, agroclavine, elymoclavine acetate,
and festuclavine, their derivatives and models were recorded and their chemical shifts assigned. The cmr analy-
sis confirms the stereochemistry of the alkaloids and the pmr signal assignment in the case of elymoclavine ace-

tate. Pmr and cmr analyses of fumigaclavine B establish the stereochemistry of this rare alkaloid.

The hallucinogenic activity of some lysergic acid deriva-
tives® and the antitumor activity of various ergolines?
have reawakened recently interest in the structure®-7 and
biosynthesis8 of the ergot alkaloids. The complete absence
of available 13C nmr spectral data on this alkaloid family
and the disagreement between 1H nmr spectral data on
some clavine members of the group” with their estab-
lished stereochemistry?:19 necessitated a general nmr
study of the ergot alkaloid system. As a consequence the
complete pmr analysis of four clavines—agroclavine (la),
elymoclavine (1b) (and its acetate le), festuclavine (2a),
and fumigaclavine B (2¢)—and cmr analysis of selected
members of the clavine and lysergic acid types of ergot al-
kaloids were undertaken.

la, Y=H 2, R=Me; R =Y=H
b, Y = OH b,R=COMe RR=Y=H
¢, Y = OAc ¢ R=H R = Me; Y=0H

Proton magnetic resonance spectra at 220 MHz were
run on deuteriopyridine solutions of agroclavine (la) and
elymoclavine acetate (lc) and on a deuteriochloroform so-
lution of elymoclavine (1b). The interrelationship of the
hydrogens of rings C and D was established by analysis of
the spin-spin coupling characteristics deduced from the
spectral fine structure, intensity distribution and width of
the complex, but nearly first-order multiplets. The identi-
fication of the C-5 and C-7 hydrogens was confirmed by
the observation of an expected deshielding effect exerted
by the neighboring positive nitrogen on the addition of tri-
fluoroacetic acid to the solution of agroclavine (1a).** The
chemical shifts and coupling constants of the three com-
pounds are listed in Table I. The coupling constant for the
hydrogens at the bridgehead carbons 5 and 10 proved to
be 9.5 Hz, consistent with their being cis and nearly

eclipsed or trans with a dihedral angle of somewhat less.

than 180°. Since the constraint of the indole ring upon
ring C does not tolerate an eclipsed, cis arrangement, the
coupling data prove a trans C/D stereochemistry. This re-
sult is in agreement with stereostructure 1 for clavines on
the basis of chemical interconversions,?-12.18 While it is in
contradistinction to stereochemical arguments based on
an earlier pmr study of agroclavine (1a) and elymoclavine

(1b),” the previous analysis involved incorrect chemical
‘shift assignment of the 4o, 48, and 5 hydrogens.

Inspection of the 220-MHz pmr spectra of deuteriochlo-
roform solutions of festuclavine (2a) and fumigaclavine B
(2¢) and analysis by the above procedure yielded shift and
coupling data for these ergot alkaloids (Table I). The cou-
pling patterns indicate the natural bases to possess trans
C/D configurations. Festuclavine (2a) exhibits an equato-
rial C-8 methyl group in accord with chemical fin-
dings,1® 14 while fumigaclavine B (2¢) shows its 8-methyl
and 9-hydroxy functions to be axially oriented. Fumiga-
clavine B (2¢) had been considered to possess a H-5/H-8
cis configuration,'® i.e., an equatorial 8-methyl orienta-
tion, on the basis of its base-induced dehydration leading
to lysergine (3a). However, this experiment does not prove
the configuration of the C-methyl group in 2¢, since the
powerful base needed to execute the dehydration can be
expected also to epimerize the C-8 hydrogen of the prod-
uct and lysergine (3a) would be predicted to be more sta-
ble than isolysergine (3b). This argument is buttressed
strongly by the observation of the base-catalyzed isomer-
ization of agroclavine (la) into a mixture of lysergines af-
fording preponderantly lysergine (3a).*8

R K

N
H
3a, R=Me; R"=H
b, R=H R = Me
¢, R=COMe; R =
d R = CONHCH(CH,CH,OH; R = H
e. R = H; R* = CONHCH(CH,)CH,OH
f, R=CO4 R =H

g, R=H; R =C0

The analysis of the ergot alkaloid family by the natural
abundance 13C nmr spectral method was initiated by an
inspection of the proton-decoupled and single-frequency
off-resonance decoupled cmr spectra of the tricyclic mod-
els 4a1% and 4b, prepared from 4a by treatment with so-
dium hydride and methy! iodide. Assignment of the car-
bon shifts of the two compounds relies heavily on a com-
parison with the reported § values for indole (5) and its 3-
and 4-methy! derivatives, 6 and 7, respectively.}” Carbons
2, 8, and 8a are apparent from the expected shift pertur-



Nmr of the Ergot Alkaloids J. Org. Chem., Vol. 39, No. 9, 1974 1273
Table I
I!H Chemical Shifts and Coupling Constants
1a® 1b 1c 28 2c
P J B J 5 J 8 J E J
4a 2.78 dd 15, 12 2.89 dd 15,12 2.74 dd 15, 12 2.68 ddi15,11.5 2.58 dd 11,11
4B 3.31 dd 15,4 3.837 dd 15,4 3.27 dd 15, 4 3.39 dd 15,4.5 3.29 dd11,2
5 2.52 ddd 12,9.5,4 2.68 ddd12,9.5,4 2.53 ddd 12,9.5,4 2.10 ddd11.5, 2.66 ddd 11, 11, 2
9.5,4.5
T 3.24 d17 3.65 d17 3.37 d17 2.95 dell 3.38 d12
78 2.93 dde17,4 3.08 dd¢17,4 2.95 dde17,4 1.87 t11 2.82 dd 12,4
8 2.0l dad12,11, 2.15 m
6.5
9a . \ \ 2.63 ddc12, 3.5 .
98 6.18 s 6.80 8 6.47 s 1.08 q12 4.51 s° Wy 6
10 3.74 dd¢9.5,4 4.00 dd¢9.5,4 3.76 dd¢c9.5,4 2.97 ddd12,9.5, 2.58 d11
3.5
17 1.7 s 4.45 s 4% AB12 0.99 d6.5 1.25 47
NMe 2.49 8 2.45 8 2 .48 s 2 .45 s 2.39 8

@ Signals of the 48, 5, 7«, 78, and NMe hydrogens in CDCl;
and 2.56 ppm, respectively, all other signals remaining virtuall
signal.

bation of N-methylation.l? Carbons 2a and 5a are de-
shielded each by ca. 10 ppm with respect to C-3 and C-5 of
indole (5) in analogy with the ca. 9 ppm Aé§ value for
methylation of these indole carbons. While the C-7 shift is
close to that of the equivalent center in indole (5) and 4-
methylindole (7), C-6 is shielded anomalously by 7 ppm in
comparison to C-5 of 7, This strong abnormality, also en-
countered by C-2 (Ad 4.4 ppm with 6) and to a smaller ex-
tent by most of the aromatic carbons, is due to the strain
imposed on the indole nucleus by the trimethylene bridge,
an effect reminiscent of the 9-ppm shielding experienced
by the ortho methines C-2 and C-7 on conversion of 1,8-
dimethylnaphthalene into the strained acenaphthene.l®
Carbon 8b is the only remaining aromatic center, while
C-4 is the highest field methylene in view of its feeling the
least number of 8 effects among the three methylenes.
Differentiation of the benzylic methylenes relies tentative-
1y on the expected perturbation of their shifts upon im-
position of another ring on C-4 and C-5 in the creation of
the ergot alkaloid system (vide infra). All § values of tri-
cycles 4a and 4b are depicted on formulas 8 and 9, respec-
tively.

With the chemical shifts of the model 4a (8) in hand
and with the recognition of all nonaromatic carbons of
agroclavine (la) and elymoclavine acetate (l¢) being envi-
ronmentally unique, the cmr analysis of these clavines is
easy and dependent on the application of simple chemi-
cal-shift theory.1® Carbon 12 of these compounds feels the
shielding peri effect on the imposition of a new ring onto
model 8 (Table II).20

with added trifluoroacetic acid appear at 3.19, 2.68, 8.33, 3.13,
y unchanged. ® Acetate methyl hydrogens at 2.04 ppm. ¢ Broad

The carbon shift analysis of festuclavine (2a) and meth-
y1 9,10-dihydrolysergate (2b) is facilitated by the determi-
nation of the C-4 resonance of the clavines 1a and lc (vide
supra), since the 6 values of C-4 and the aromatic carbons
would be expected to remain unchanged for compounds of
identical C/D ring juncture. Application of standard shift
theory'® elucidates all chemical shifts of the environmen-
tally unique, ring D carbons of festucalvine (2a) and
methyl 9,10-dihydrolysergate (2b) except C-8 and C-10.
Differentiation of this carbon pair relies on the shift con-
stancy of C-10 in the two alkaloids (Table IT).

While the cmr data discussed thus far are consistent
only for a common configuration of the C/D ring juncture
among compounds la, le, 2a, and 2b, the relative stereo-
chemistry of the bridgeheads required further elaboration.
The following interpretation of stereochemically signifi-
cant features of the ring D carbon shifts of festuclavine
(2a) and comparison with the shifts of 1,3-dimethylpiperi-
dine (10)?! proves a C-5/C-10 trans stereochemistry for
the four substances. On the assumption of festuclavine
(2a) having its ring D in a chair conformation and of 1,3-
dimethylpiperidine (10) being in a similar conformational
constraint with its methyl groups preponderantly equator-
ially oriented, the alkaloid can be assessed to have an
equatorial methyl group and C-7 and C-8 unencumbered
by nonbonded interactions with ring C carbons. This lim-
its festuclavine (2a) to the conformational representation
11,

CH,

32.5

N/Me

11

The chemical shift assignment of all carbons of fumiga-
clavine B (2¢) except of its nonaromatic methines follows
previous arguments, while the shift analysis of these
methines is interwoven intimately with the stereochemis-
try of their substituents. The identity of the C-4 methy-
lene shift with that of all clavines 1 and 2 is suggestive of
a C/D trans configuration.??2 The C-7 signal in the spec-
trum of 2¢ being 8 ppm upfield of that in the festuclavine
(2a) spectrum is compatible only with the summation of a
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Table I1
13C Nmr Chemical Shifts of Clavine and Lysergic Acid Systems

1a% 1c? 2ab:° 2hd 2 3c? 344 3e¢ 3£.124 3g-134 3g-14¢
C-2 118.3 117.9 117.7 118 .4 117.9 118.2 119.1 119.0 119 .4 119.7 119 .4
C-3 111.2 111.3 110.5 109.9 110.6 110.2 108.9 108.9 108.8 109.0 108 .2
C-4 26 .4 26 .4 26.6 26 .4 26.6 26.9 26.8 26.9 26 .6 26.9 26.7
C-5 63.6 63.4 66.7 66 .4 60.7 62.6 62.6 62.0 62 .4 61.7 61.9
C-7 60.2 56.8 65.0 58.3 56.9 54.6 55.5 54.0 55.1 53.0 53.7
C-8 131.9 180.9¢ 30.2 39.3 35.8 41 .8 42.8 ~42 .2 42.5 41.8 ~42 .2
C-9 119 .4 124 .8 36.2 30.3 68.1 117.6 120.1 119.0 118.3 118.1 117 .6
C-10 40 .8 40.5 40 .4 40.7 41 .4 136.0 135.0 136.1 136.0 137.1 136.7
C-11 131.9 131.3¢ 132.7¢ 132.0 130.8 127.6 127 .4 127 .6 127 .1 127.9 126.7
C-12 112.0 112.2 112.0 112.0 112.9 112.0 111.0 111.0 111.0 111.4 111.5
C-13 122.0 122.6 122.0 122.0 122.0 122.9 122 4 122.1 122 .2a 122 .4 122.2
C-14 108 .4 108.7 108.3 108.7 108.0 109 .4 109.0 109.8 110.2 110.3 110.2
C-15 134.0 133.4 133.1 133.2 134.0 133.7 133.7 133.7 133.8 133.8 133.6
C-16 126.6 126.1 125.9 125.8 122.9 125.9 125 .8 125.7 125.9 126.1 125.8
C-17 19.9 66.2 19.3 173.6 16.5 172 .4 171.2 172.1 174 .3 175.3 175.8
NMe 40,2 40.5 42.7 42 .4 42 .9 43.4 43 .4 43 .6 43 .4 42 .5 42.6
Me 20.6 51.5 51.9 17 .4 17.2
C= 170.9
NCH 46 .4 46.2
OCH, 64 .4 64.3

¢ In pyridine-d; solution. » In CDC]; solution. ¢ 8(pyridine-d;) =

8(CDCl;) =+ 0.3 ppm except for C-13 and C-16, which

are 120.8 and 121.7 ppm, respectively. ¢ In DMSO-d; solution. ¢ Signals in any one column may be reversed.

Table III
1H-13C Chemical Shift Correlation of
Elymoclavine Acetate (1¢)

3(3C) Caled 5(1H)® Exptl s(tH)?

Ac Me 20.6 2.04° 2.04
C-4 26.4 2.99 3.01¢
NMe 40.5 2.49 2.48
C-10 40.5 3.69 3.76
C-7 56.8 3.22 3.16¢
C-5 63.4 2.50 2.53
C-17 66.2 4,56 4.56¢

¢ Bach value is =+=0.05 ppm. * From Table I. ¢ The average
of 3.27 and 2.74 ppm. ¢ The average of 3.37 and 2.95 ppm.
¢ Center of gravity of AB pair of doublets.

v effect of 5 ppm by an axial 9-hydroxy group and a re-
duced 8 effect of 3 ppm by the reorientation of the 8-
methyl group from an equatorial into an axial conforma-
tion. The presence of an axial hydroxy function in fumiga-
clavine B (2¢) is in consonance with the abnormally high-
field resonance of C-5 (Aé 5.9 ppm with C-5 of 2a). Identi-
fication of the latter leads to the immediate shift designa-
tion for C-9 in view of this oxymethine being expected to
exhibit a low-field signal. The cancellation of a v effect by
an axial 8 effect on C-10 produces nearly the same chemi-
cal shift for this methine in festuclavine (2a) and fumiga-
clavine B (2¢). Finally, C-8 is allotted its shift by being
the remaining methine. All these arguments support
strongly stereostructure 2¢ for fumigaclavine-B.

While both the *H and 13C nmr spectra of the clavines
1 and 2 now showed the substances to belong to the C/D
trans series, the recent misinterpretation of the pmr spec-
tra of la and 1b7 necessitated careful checking of the
above TH nmr results, As a consequence a ¢mr method of
analysis was used to determine the chemical shifts of the
nonaromatic hydrogens of elymoclavine acetate (lc) and
their relationship to specific carbon shifts.28 This method
is based on a graphical technique?? involving the plotting
of residual splitting observed in a series of single-frequen-
¢y, off-resonance, decoupled cmr spectra spanning the
pmr spectral region of interest against the decoupling fre-
quency. The pairs, trios, and quartets of resultant straight
lines corresponding to methine, methylene, and methyl
resonances, respectively, intersecting at the locus at which
the residual splitting constant and concomitantly the dis-

tance between the frequencies of a specific hydrogen and
the applied radiation equal zero yield the ¢ values of hy-
drogens bound to specific carbons.2¢ While the technique
leads to the same information obtainable by specific hy-
drogen decoupling experiments, it has the advantage of
defining all hydrogen resonances without prior knowledge
of the pmr spectrum and otherwise time-consuming opti-
mization of carbon signals.

The calculated *H é values depicted in Table III were
acquired by assigning to the known hydrogen resonance of
the unambiguous acetate methyl group the measured de-
coupling frequency at the time of tatal collapse of the fine
structure of the carbon signal at 20.6 ppm into a singlet
and then adding to this frequency the measured difference
(in hertz) of its value and that of the frequency of the
locus of multiplet collapse of each nonaromatic carbon
signal. The 1H shift data of Table III are based on the ex-
perimental results shown in Figure 1. The nonequivalent,
methylene carbon signals of C-4 and C-7 require special
treatment. Were narrow line width associated with their
residual splitting multiplets, their one-bond *H-18C cou-
pling could be expected to be reflected solely by the diag-
onal and parallel, dashed, vertical lines in their plot in
Figure 1. Since in practice not all long-range *H-13C cou-
plings are eliminated in the single-frequency, off-reso-
nance, decoupled cmr spectra and the signals display
bandwidths of several hertz, the central components of
the reduced splittings cannot be analyzed individually.
However, the individual hydrogen resonances can be de-
termined in view of their being equidistant from the fre-
quency representing the confluence of the diagonal lines
in Figure 1. The magnitude of the bandwidths of the C-4
and C-7 signals is described by the size of the separation
of the dashed, vertical lines in their plots and the center
of the broad signals by the solid vertical lines.

A large number of ergot alkaloids are based structurally
on the lysergic acid system (3). An analysis of the cmr
spectra of five natural products, ergonovine (3d), ergono-
vinine (3e), ergotamine (3f-12), ergotaminine (3g-13), and
ergokryptinine (3g-14), was undertaken and modeled after
the chemical shift assignment of methyl lysergate (3¢).
The latter was easy in view of the uniqueness of each no-
naromatic carbon center. All chemical shifts of the model
and the alkaloids are listed in.Table II. Expectedly, con-
jugation of the ring D double bond with the indole nucleus
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Figure 1. TH-13C chemical shift correlation for elymoclavine acetate (1c).

modifies the C-11 and C-14 shifts.1® As the A§(C-7) for
methyl lysergate (3e) and its dihydro derivative (2b) indi-
cates, the introduction of a double bond into the piperi-
dine nucleus shields the homoallyl carbon (i.e., C-7).25
While a difference of the chemical shift of C-8 for the
quasi-equatorial (3d, 3f-12) and quasi-axial C-8 carbox-
amido compounds (3e, 3g-13, 3g-14) is noticeable, it is
minimal and hence of little stereochemically diagnostic
value. However the A§(C-7) is sterically more revealing.

Application of chemical shift theory and recourse to
carbon shift data of peptides?® allow the assignment of the
aminopropanol carbons of ergonovine (3d) and ergonovi-
nine (3e) (Table II) as well as the environmentally diverse
carbons of the peptide portions of ergotamine (3f-12), er-
gotaminine (3g-13), and ergokryptinine (3g-14). The shifts
of the latter are designated on formulas 12, 13, and 14, re-
spectively.

238 859 1028 639 238 857 1029 639
l lOHl 25.9 HC, lOHl 25.9
0 ! 217 3g-NH-- 0 / 21.8
N N— 58 165.9° N N5
56.1 164.2* 0 56,1 164.5%
38.7 0 38.7 0
1387 129.9 1389 129.9
1277 1279
1274 126.1
12 13

33.8 891
164 1028 63.4

15‘3(CH3)2CH1 lOHl 25.9

3g-NH-- Oyl_(jzu
164.8 .
N N 45.5

o i

Experimental Section

The pmr spectra were recorded on a Varian HR-220 spectrome-
ter at 16°. The pmr § values in Tables I and III are in parts per
million downfield from TMS (used as internal standard). The J
values in Table I are in hertz. The cmr spectra were obtained on
a Varian DP-60 spectrometer operating in the Fourier transform
mode at 15.08 MHz and 25-40° and on a Varian XL-100-15 Fouri-
er transform spectrometer at 33°, The cmr § values of Tables II
and III and on formulas 5-10 and 12-14 are in parts per million
downfield from TMS [6(TMS) = §(CDCl;) + 76.9 = é(pyridine-
ds C-4) + 134.6 = 5(DMSO-dg) + 39.5 ppm], those of formulas
5-7 having been converted from the CS; scale [(TMS) = §(CSz)

+ 192.4 ppm].17 Starred ¢ values within any one formula may be
reversed.

1-Methyl-1,3,4,5-tetrahydrobenz{cd]indole (9). A 50% disper-
sion of sodium hydride in mineral oil, 435 mg, was added to a
stirring solution of 1.45 g of 8 in 25 ml of dry dimethylformamide
under nitrogen and the mixture was stirred while being cooled in
ice for 15 min. A solution of 1.30 g of methyl iodide in 25 ml of di-
methylformamide was added and the stirring mixture was al-
lowed to warm to room temperature during 20 min. Cold water
was added and the mixture was extracted with ethyl acetate. The
extract was washed with water, dried over sodium sulfate, and
evaporated. Vacuum distillation of the product yielded 9, bp
169-172° (8 Torr).

Anal. Caled for C12HysN: C, 84.17; H, 7.65; N, 8.18, Found: C,
83.99; H, 7.78; N, 8.27,

Registry No.—la, 548-42-5; 1b, 548-43-6; lc, 5080-45-5; 2a,
569-26-6; 2b, 35470-53-2; 2¢, 6879-93-2; 3¢, 4579-64-0; 3d, 60-79-7;
3e, 479-00-5; 3f-12, 113-15-5; 3g-13, 639-81-6; 3g-14, 511-10-4: 8§,
826-67-5; 9, 50921-47-6.
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The 13C chemical shifts of a variety of perchlorocarbons, their hydrogen-substituted derivatives, and chloro-
carbon ketones have been determined and assigned to specific carbons by high-resolution nuclear magnetic res-
onance spectroscopy. The assignment of 13C resonances for these substances was often aided by 13C-*H cou-
plings and Overhauser enhancements observed in the carbon spectra of the hydrogen-substituted derivatives.
Correlations between 13C chemical shifts and structure were found for simple molecules and these correlations
appear to provide the possibility of reasonable structural assignments for complex perchlorocarbons.

Chlorocarbon chemistry is growing in interest and im-
portance,? and because the number of techniques for
structural analysis of this type of substance is limited, we
have investigated the degree to which 13C nmr (cmr)
spectra might be useful in this difficult area.

Detection and interpretation of the cmr resonances of
chlorocarbons is substantially harder than for hydrocar-
bons of corresponding structures because of the absence of
Overhauser enhancement of the 13C signals associated
with proton decoupling and the lack of spin-spin splitting
information, as can be obtained for hydrocarbons by off-
resonance decoupling. Nonetheless, we have been able to
find correlations between 13C chemical shifts and struc-
tural features for chlorocarbons and it is possible that cmr
spectra may, in the long run, prove nearly as useful in the
chlorocarbon area as 19F spectra have been in the study of
fluorocarbon structures.

Experimental Section

Chlorocarbons. cis- and trans-1,2-dichloroethylene, trichloro-
ethylene, tetrachloroethylene, 1,1,1-trichloroethane, hexachlo-
roethane, hexachloropropene, 1,1-difluorohexachloropropane,
1,1,1-trifluoropentachloropropane, hexachlorobutadiene, and hex-
achlorocyclopentadiene were commercial samples. All of the other
chlorocarbons used in this study were generously provided by
Professor R. West (University of Wisconsin) and Dr. V. Mark
(Hooker Research Center).

Cmr Spectra. Cmr spectra were obtained for 13C in natural
abundance using a Varian DFS-60 spectrometer® operating at
15.08 MHz. For the hydrogen- and fluorine-substituted chlorocar-
bons, cmr spectra were determined both with and without proton
or fluorine noise decoupling.* The preferred solvent was chloro-
form, which provides resonances for a proton field-frequency lock
and internal 13C reference. However, dioxane, cyclohexane, ben-
zene, or tetrachloroethylene were sometimes used. Sweep rates of
40 Hz sec1 or less were employed, which allowed the use of a
high radiofrequency power level without saturation of the 13C res-
onances.’ The chemical shifts were reproducible to %1.0 ppm.
This variation in chemical shift with solvent, while relatively
large, is not so large as to vitiate the structural correlations to be
described later. Chemical shifts measured relative to internal
standard were corrected to carbon disulfide as internal reference
by the relation 6:°82 = §cINT + N, where N is 165.8 ppm for cy-
clohexane, 126.2 ppm for dioxane, 115.4 ppm for chloroforms, 64.6
ppm for benzene, and 71.0 ppm for tetrachloroethylene in a 1:1

tetrachloroethylene-dioxane mixture. Coupling constants and line
widths are believed accurate to %3 Hz. All chemical shifts ob-
tained in this study are presented in Tables I-III. If it is desired
that the shifts be referenced to tetramethylsilane (TMS), they
can be corrected by the relation §TMS = 192.8 — §CSe2,

Results and Discussion

Assignments. The bulk of the compounds we have in-
vestigated are perchloroalkenes and cycloalkenes which
are available in considerable profusion.? For these com-
pounds, it is easy to distinguish between the resonances of
the double-bond carbons, which fall between 50 and 75
ppm, and those of the single-bond carbons, which come
between 90 and 120 ppm. It is interesting that the 50-75-
ppm range of the alkenic carbon resonances for perchlo-
roalkenes is not substantially different from the 40-80-
ppm range of the corresponding resonances of ordinary
alkenes,® although the alkane carbons of the perchlorocar-
bons are shifted some 50 ppm downfield relative to hydro-
carbons by the substituent effect of the chlorines.

With the start provided by the differences between dou-
ble-bonded and single-bonded carbons and taking advan-
tage of symmetry or spin-spin splittings where present, it
is possible to assign unambiguously the resonances of
many of the compounds shown in Table I, which is ar-
ranged to highlight the structural features of each com-
pound for future comparisons. The resonances of the more
complicated compounds were assigned (where possible) so
as to be consistent with the general pattern of correlation
of chemical shifts with structures, as will be discussed
below.

A. Single-Bonded Carbon Chemical Shifts. The data
of Table I show that the chemical shift of a single-bonded
carbon is strongly influenced by the nature of the directly
bonded atoms. The single-bonded carbons are here classi-
fied as trichloromethyl (CCls), dichloromethylene (CCly),
or chloromethine (CCl). Each class is then subdivided ac-
cording to the number of directly attached double-bonded
or single-bonded carbons. The chemical shift of each
subgroup falls within a relatively narrow range, as illus-
trated in Figure 1.

1. The CCl;s Carbon. Chemical shifts for trichlorometh-



