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The 3C NMR spectra of a large number of stereochemically well-defined model compounds possessing heteroat-
oms have been obtained and assigned. An analysis of the data provided the following conclusions: (1) hyperconjuga-
tive w-polarization is an important.component of the net electronic effect of -CHoX groups in the neutral ground
state; (2) polar field effects play an important role in determining aryl 3C chemical shifts; and (3) the vy shielding
effect of second-row heteroatoms is a very general phenomenon.

In order to assess the relative importance of the possible
modes of action of substituents in unsaturated systems (polar
and w-electron effects) it is necessary to study a series of
stereochemically well-defined model systems in which the
capacity for the transmission of the electronic effects may be
varied systematically. Recently, 1°F NMR studies?® have
shown that model systems 1, 2, and 3 are of value in this regard
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since here the CX ¢ bond is constrained to a varying degree
to the nodal plane of the adjacent = system, thus allowing the
possible assessment of the relative importance of polar
(field-inductive and o-inductive), #-inductive (inductome-
someric), and mesomeric or resonance (hyperconjugation)
effects of substituted methyl groups (vide infra).

In an earlier paper* we described a 13C chemical shift study
of systems 1, 2, and 8 [where X = Si(CHg)o] which helped to
confirm our previous conclusions? regarding the importance
of metallohyperconjugation in the neutral ground state. Here
we report an extension of our 13C NMR studies of these sys-
tems to situations where X is an electronegative element or
group (NH, NCHj3, CO, O, CFy, S, and SO»). The basic ob-
jectives in this investigation were threefold. Firstly, we wanted
to substantiate our recent proposals® regarding the electronic
behavior of ~CHyX substituents where X is electronegative:
namely, that hyperconjugative electron withdrawal involving
the CX ¢ bond is an important mode of interaction of these
groups in the neutral ground state. Secondly, we wanted to

examine the effect of pure polar contributions (field-inductive
or electrostatic-field effects) on aryl 13C chemical shifts.
Previously, this has been prevented because of the difficulty
of separating polar and 7-electron effects in unsaturated
systems where the substituent (X) is directly attached to the
substrate, as well as a lack of suitable model compounds with
well-defined stereochemistry.

Finally, we wished to assess further the generality of a
phenomenon recently reported by Eliel and co-workers.® Their
13C NMR studies of a series of model alicyclic systems indicate
that a carbon atom located anti or gauche to a second-row
heteroatom in the v position generally resonates at a signifi-
cantly higher field than an analogous nucleus anti or gauche
to a methyl or methylene group, or to a third-row heteroatom.
Furthermore, it was also observed that the incremental upfield
shift for the anti carbon was generally greater than that for
the gauche carbon. A 13C NMR study of systems 2 and 3
should indicate whether this effect can also be transmitted to
aromatic carbon centers which are vy disposed to an externally
located heteroatom.

Experimental Section

13C Spectra. A Bruker Scientific, Inc. WH-90 Fourier transform
spectrometer operating at 22.625 MHz was used to record the spectra.
All samples were prepared in deuteriochloroform (0.5-1.0 M) with
Me4Si as an internal reference.

Chemicals. Most of the compounds were known and thus were
synthesized by well-established literature procedures: 1-phenylpro-
pan-2-one,8 benzyldimethylamine,” benzyl methyl sulfide,® benzyl
methyl sulfone,® 2-indanone,® 1,3-dihydroisobenzofuran,’® 1,3-
dihydroisoindole,!! N-methyl-1,3-dihydroisoindole,!! 1,3-dihydro-
benzo[c]thiophene,'? 1,3-dihydrobenzo[c]thiophene 2,2-dioxide,!?
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9-tetralone,'® 1,2,34-tetrahydroisoquinoline!* (and N-methyl de-
rivative!?), isochroman,¢ and isothiochroman.'” The latter compound
was oxidized to 1,2,3,4-tetrahydro-2-thionaphthalene 2,3-dioxide (mp
164-165 °C) utilizing the procedure outlined for 1,3-dihydroben-
zo[c]thiophene.!2 Geminal difluoro derivatives of systems 1, 2, and
3 (X = CF,) were synthesized from the corresponding ketones
employing diethylaminosulfur trifluoride as the fluorinating agent.!®
Except for 6- or 7-fluoro-2-methyl-1,2,3,4-tetrahydroisoquinoline,
all the necessary aryl fluorine analogues of 1, 2, and 3 were available
from other studies.38:18 6-Fluoro-2-butyl-1,2,3,4-tetrahydroisoqui-
noline was prepared from 4-fluoro-o-2-bromoethylbenzyl bromide
and n-butylamine in acetone as described previously for the N-methyl
analogue.3 The n-butyl derivative was employed rather than the
methyl analogue because it was easier to prepare in good yields.

Benzyl ethyl ether, n-propylbenzene, indan, and tetralin were
commercially available.

Results

Since our recent 13C NMR studies of various phenyl de-
rivatives,41? particularly benzocycloalkenes,?® demonstrated

convincingly that fluorine substitution is an effective and’

relatively simple strategy for 13C spectral assignments in such
systems, and since all the necessary fluorine analogues of 1,
2, and 3 were available from previous investigations,36:18:2!
we adopted this approach in order to unambiguously assign
the aromatic region of the 13C spectra of systems 1, 2, and 3.

Fluorine substitution in the phenyl ring manifests itself in
two important ways. Firstly, there is observed a characteristic
regular pattern of 13C-1%F coupling constants in the aromatic
region of the proton-decoupled spectrum, 1J (=245 Hz) >
2J (~18-20 Hz) > 3J (~6-9 Hz) > 4J (~1.5-4 Hz). In addi-
tion, coupling is generally observed (4J1sc_1op & 2 Hz) to any
meta disposed external carbon center which is in a preferred
“zigzag” array. A consideration of these data, together with
signal intensities and the observed chemical shift patterns
previously reported®20 for 5-fluoroindan and 6-fluorotetralin,
leads to the assignments listed in Table I for the aromatic
carbons of the various fluorine derivatives of 1, 2, and 3. The
assignments listed (Table I) for the aliphatic carbons were
relatively straightforward for most of the compounds, being
based essentially on the known « and 8 effects of the various
elements or substituent groupings.?2 However, it should be
noted that for many of the bicyclic derivatives (6, 8, 12, 16, and
19-22) the expected coupling (4J13c_157) to the meta disposed
external carbon center, which would have immediately iden-
tified that particular carbon, was not resolved. Thus, the listed
assignments for C; and Cy (entries 6, 8, and 12) and C; and Cyq
(entries 19 and 20) could possibly be reversed. Unfortunately,
the o and 3 shifts of sulfur522 are such that the chemical shifts
of C7 and Cyp in entries 19 and 20 are fairly similar. Incomplete
spectra are listed for entries 9, 13, and 18 because of the lim-
ited amounts of these compounds which remained from our
previous investigations.?1821 No concerted effort was made
to observe the remaining carbon resonances since they were
not crucial for assigning the spectra of the unfluorinated an-
alogues.

Secondly, fluorine substitution induces a regular and pro-
nournced effect on the 13C chemical shifts which is an added
benefit with regard to the use of fluorine as an assignment
strategy. The carbon bearing fluorine is quite deshielded (by
>30 ppm), whereas carbons ortho to fluorine experience quite
large upfield shifts (~14 ppm). Carbons para to fluorine are
also shielded by a lesser amount (~5 ppm) whereas meta
carbons appear to be always deshielded (1-2 ppm). A con-
sideration of this information, together with the data listed
in Table I, leads to the assighments tabulated in Table II for
systems 1, 2, and 3. The assighments for the asterisked carbons
are insecure and could possibly be reversed. It is of interest
to note that although the aromatic carbons for entries 18-22
could be readily assigned on the data from one appropriately
substituted fluorine derivative, two such derivatives were
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required for the confident assignments listed for entries 23
and 24. Here many of the aromatic carbons absorb over a
narrower range.

The spectra for 2 and 8 where X = Si(CHj)o, which have
been previously reported (measured as concentrated solutions
in cyclohexane at 15.18 MHz),* were reexamined in DCl; (0.5
M) as solvent and are also listed in Table IT (entries 16 and 25).

Discussion

It is well known that a manifold of factors determine the
magnitude of carbon chemical shifts.?%232¢ However, by
confining comparisons of chemical shifts to a closely related
series of compounds and, at the same time, to those carbons
reasonably remote from the site of substitution such that
steric, neighboring group, and bond order effects are not im-
portant, the 13C nucleus can be employed as a sensitive and
reliable monitor of charge density fluctuations. This fact is
clearly exemplified by a number of successful empirical and
theoretical correlations which have clearly established that
para (or Cq) 3C SCS?7 of monosubstituted benzenes accu-
rately reflect the charge density at that position.24-28 Recent
studies have shown that this close relationship between 13C
SCS and charge density is also strongly adhered to at para (or
C,) sites remote from the substituent in disubstituted ben-
zenes.'? However, various attempted correlations of meta (or
Cs, Cs) carbon chemical shifts, which absorb over a narrow
range and appear to be only marginally influenced by the
electronic effect of a substituent, are much less satisfacto-
ry.24-26 Although meta carbon chemical shifts are of limited
value, they do assist in substantiating mesomeric phenomena,
particularly for weak polar substituents,?® since it is generally
observed that any substituent exercising a significant reso-
nance component clearly effects a chemical shift differential
between the meta and para carbon sites.

Thus, in the present context of trying to assess the relative
importance of hyperconjugation (o—= interactions involving
the CX ¢ bond) vs. 7-inductive effects of -CHoX groups from
the 13C chemical shifts of 1, 2, and 3, as well as the significance
of polar field effects on aryl carbon chemical shifts, the rele-
vant carbon centers are C4 and C35in 1, C4 and Cs in 2, and
Cys in 3. Since our recent 3C NMR studies of benzocy-
cloalkenes? indicated clearly that the Cy 5 chemical shifts in
these systems are not very sensitive to ring size effects, we were
confident that effects related to strain should not cloud the
interpretation of the C4 and Cs chemical shifts of 2 and 8 for
most of the substituents (X). However, our previous studies?
of 2 and 3, where X is a large third-row element [Si(CHj)s),
suggested the possibility that structural factors may compli-
cate the interpretation of the chemical shifts in terms of pure
electronic phenomena where X = S or SOz in 2 and 3. We shall
return to this point below.

The parent systems employed for computing the 13C SCS27
of the relevant carbon centers in 1, 2, and 3 are n-propylben-
zene (1, where X = CHy), tetralin (2, where X = CHb), and
indan (3, where X = CHy), respectively. It is then assumed,
as a first approximation, that these 13C SCS are reasonable
monitors of the electronic behavior of the CX ¢ bond. This
postulate is based essentially on two reasonable assumptions:
(1) that the effects of CH and CC hyperconjugation are in-
distinguishable in the ground states of neutral molecules;?°
and (2) that the extent to which CHs can undergo hypercon-
jugative electron release from its CH bonds is the same for
similar groups (X) in each particular system.

Before considering the relative 13C SCS of these various
carbon centers (listed in Table I11), it is pertinent to discuss
the structural features inherent in these model systems which
allow a definitive decision to be made on the involvement of
the CX ¢ bond in the electronic behavior of a ~-CHyX sub-
stituent. From an examination of Dreiding molecular models
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Table I. Carbon-13 Assignments®? of Fluorine-Substituted Derivatives of Systems 1, 2,and 3
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Registry
no. Entry Compd C, C, C, C, C, Cs C, C, C, (O
459-03-0 1 p-FC.H,- 130.4 131.2 1155 162.0 1155 131.2 497 2059 29.2
CH,C(=0)CH, (3.7)  (8.5) (22) (244.1) (22) (8.5)
58325-14-7 2 p-FC,H,CH,CF,CH, 129.8 1321 1155 162.6 1155 1321 43.8 1235 228
(broad) (8.8) {20.6) (245.6) (20.6) (8.8) (26.5) (239.7) (27.9)
702-11-4 3 p-FC,H,CH,N(CH,), 134.9 130.5 1150 1621 1150 130.5 63.6 ‘ 45.2
(broad) (8.6) (22) (245.5) (22) (8.6)
7116-50-9 4 p-FC,H,CH,OCH, 134.1 1296 1153 1625 115.3 129.6 74.0 58.0
(broad) (8.6) (22) (244.5) (22) (8.6)
5925-83-7 5 p-FC,H,CH,SO,CH, 124.1 1325 1161 163.2 116.1 132.5 60.2 39.1
(broad) (7.3) (22) (250.2) (22) (7.3)
57584-69-7 6 @Q,:O 133.5 1399 1123 1623 1146 126.4 434 2143 443
- (broad) (8.8) (22.1) (245.6) (22.1) (7.5) (broad)
57584-73-3 7 F 133.3 139.8 1121 162.8 114.8 1262 41.8 131.5 421
F (broad) (10.3) (23.5) (244.1) (22.1) (8.8) (25.0) (250) (26.5)
57584-70-0 8 mo 134.8 141.7 1084 1629 1144 1222 73.1 73.4
- (broad) (10.3) (23.6) (244.1) (23.5) (8.8)
57584-71-1 9 Q:/\N” 109.7 1140 123.4
. (22.0) (23.5) (10.3)
55831-05-5 10 m 136.1 1429 111.5 1621 1138 1255 37.1 37.8
. (broad) (7.4) (22.1) (245.6) (22.1) (8.8) (2.9)
58325-15-8 11 S 144.4 1277 1591 1131 128.8 120.2 38.2 33.9
(7.3) (18.3) (246.6) (20.7) (7.3) (3.6)
!
55831-03-3 12 /@/" 127.2 1334 113.3 1626 116.3 127.9 56.3 57.0
r ¢ (broad) (8.8) (22.1) (248.6) (23.5) (8.8) (broad)
/O
58325-16-9 13 Se 115.3 130.5 121.7 56.9 53.0
0 (19.5) (7.3) (3.6) (2.4)
F
29419-15-6 14 F 0 1355 1324 129.0 113.5 161.7 1149 44.8 2092 381 27.7
\Q::( (7.9)  (3.1) (7.9) (21.4) (248.8) (22.0) (1.20)
50396-63-9 15 )ij:j 130.6 135.4 1153 161.5 113.2 1259 67.7 65.0 28.5
o (3.1) (7.3) (20.8) (244.1) (22.0) (7.9) (1.2)
/<CH,,).;CH,, .
58325-17-0 16¢ N 130.7 136.5 1148 161.5 112.7 127.9 58.3 55.8 29.4
(broad) (6.1) (19.5) (245.5) (22) (8.6)
F
57584-67-5 17 ’ 127.6 136.4 115.0 161.8 113.8 130.6 37.5 1231 30.8 271
; F (broad) (8.8) (22.1) (244.1) (22.1) (8.4) (27.2) (289.7) (25.0) (5.9)
57584-68-6 18 F A 130.0 114.0 1154 38.1 31.1 26.3
\@\y (8.8) (20.7) (22.1) (27.2) (25.0) (5.9)
50396-75-3 19 /@3 130.8 1389 1158 161.5 112.9 129.1 28.7 25,9 30.6
. (=2.0) (7.4) (22.1) (245.6) (22.1) (8.8)
50396-76-4 20 T . 136.9 1324 1306 113.4 161.0 114.3 29.2 26.5 29.7
\QO (7.4)  (2.9) (8.8) (20.6) (245.6) (20.6)
50396-79-7 21 s{o 124.5 1857 1159 1626 1148 131.7 54.4 49.3 28.4
/©:>\() (=2.0) (7.4) (22.1) (248.6) (22.1) (8.8)
F
50396-80-0 22 F AV 130.8 129.3 130.8 1157 161.7 116.6 54.6 497 28.4
\@\0 (7.4)  (2.9) (7.4) (20.6) (245.6) (22.1)

@ Chemical shifts referenced to Me,Si (: 0.1 ppm). Positive values indicate decreased shielding relative to Me,8i. » Values in
parentheses are '*C—'?F couplings in hertz. The carbon numbering system is as shown on the structural formulas in the intro-
duction. This system is for convenience only and bears no relation to the numbering system employed for the systematic
naming of these compounds. ¢ Chemical shifts for the N-butyl group are as follows. ~CH,2CH,"CH,CH,9: a, 50.6; b, 29.4;
c, 20.8;d, 14.1.
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Table II. Carbon-13 Assignments®? of Systems 1, 2, and 3
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Carbons
Registr
go. Y Entry Compd C, C, C, C, C; C, C, C, C, C
103-65-1 1 PhCH,CH,CH, 142.7 128.3% 128.6% 1257 128.5*% 128.3* 38.2 24,7 13.9
103-79-7 2 PhCH,C(==0)CH, 134% 129.5 128.7 126.9 128.7 1295 50.7 205.8 29.1
58325-18-1 3¢ PhCH,CF,CH, 134.1 180.5 128.7 127.5 1287 130.5 44.5 123.7 22.8
, (4.4) (26.5) (238.2) (28.0)
103-83-3 4 PhCH,N(CH,), 139.0 129.0 128.2 127.0 128.2 129.0 64.4 45.3
539-30-0 5 PhCH,OCH,CH, 138.8 127.6 1283 127.4 1283 127.6 72.7 65.7 15.2
766-92-7 6 PhCH,SCH, 138.3 128.8* 128.3*% 126.8 128.3* 128.8* 38.2 14.7
3112-90-1 7 PhCH,SO,CH, 128.4 130.6 1291 129.1 129.1 130.6 61.2 39.1
496-11-7 8 3,X=CH, 1441 1441 1244 126.0 126.0 1244 32.9 25.4 32.9
496-12-8 9 3,X=NH 1419 1419 1221 1264 1264 122.1 52.9 52,9
3474-87-1 10 3,X =NCH, 140.8 140.8 122.0 126,56 1265 122.0 60.9 60.9 42.1
615-13-4 11 3,X=C=0 137.8 137.8 124.8 127.2 127.2 124.8 43.8 214.5 43.8
54265-06-4 12 3,X=CF, 137.8 187.8 1249 127.6 1276 124.9 42.8 131.5 42.8
(4.4) (4.4) (26.5) (250) (26.5)
496-14-0 13 3,X=0 139.4 1394 121.0 127.2 127.2 121.0 73.5 78.5
2471-92-3 14 3,X=8S 140.4 1404 1246 126.6 126.6 124.6 38.0 38.0
2471-91-2 15 3,X =S80, 131,56 131,56 1261 1289 128.9 126.1 57.0 57.0
2474-87-6 164 3, X = Si(CH,), 1422 142.2 129.2 125.6 1256 129.2 21.3 21.3
119-64-2 17 2,X=CH, 187.1 137.1 1291 1254 1254 129.1 29.5 23.3 23.3 29.5
530-93-8 18 2,X=C=0 133.0 136.3 127.7 126.3* 126.2* 127.0 44.4 209.2 37.56 27.8
58325-19-2 19 2,X=CF, 1321 134.2 1286 126.7* 126.6*% 129.2 38.1 123.1  31.1 27.0
(broad) (27) (239.7) (25) (5.9)
91-214 20 2,X=NH 136.1 134.8 129.2 125.8*% 125.6* 126.1 48.2 43.8 29.1
1612-65-3 21¢ 2, X =NCH, 136.0 134.8 128.5 125.9*% 125.4%* 126.3 57.9 52.8 29.2
493-056-0 22 2,X=0 135.0 ~133.2 128.8 126.3*% 125.9% 124.3 67.8 65.2 28.3
4426-75-9 23 2,X=8 135.0 136.7 129.1 126.7 1261 127.6 20, 1% 26.3 30.4%
18436-01-6 24 2,X =S80, 129.0 133.5 129.0* 128.7*% 127.7 130.0 55.¢ 49.9 28.0
5136-93-6 259 2, X = Si(CH,), 138.2 1417 1295 124.9 126.3 127.9 20.9 11.7 29.6

2 Chemical shifts referenced to Me,8i (£ 0.1 ppm). Positive values indicate decreased shielding relative to Me,Si. Asterisked
assignments could be reversed. » The carbon numbering system is as shown on the structural formulas in the introduction.

¢Values in parentheses are *C—"F couplings in hertz. ¢ Chemical shift for Si(CH,),, —2.4 ppm (16) and —2.1 ppm (25).

€ Chemical shift for NCH,, 46.0 ppm.

Table III. *C Substituent Chemical Shifts (SCS)?

System
b Ied d
Substituent 1 2 3

X Cs s C, C, C, C,.s
CcO +0.2 +1.2 +0.9 +0.8 +1.2
CF, +0.2 +1.8 +1.3 +1.1 +1.6
NH +0.4 +0.2 +0.4
NCH, —0.3 +1.3 +0.5 +0.0 +0.5
0 —0.2 +1.7 +0.9 +0.5 +1.2
S —0.2 +1.1 +1.3 +0.7 +0.6
SO, +0.6 +3.4 +3. +2.3 +2.9

2 Positive values imply a downfield shift relative to the ap-
propriate standard. 2 Relative to C, (or C;) and C, in n-pro-
pylbenzene. ¢ Relative to C,, C, in tetralin. 4 Relative to C,,
C; in indan.

it is readily seen that the geometries of the bicyclic systems
2 and 3 are considerably more constrained than those of the
monocyclic analogues 1 in which the ~-CHyX group can be
assumed to undergo free rotation. In system 2, where X =
CHj, CO, CF3, NH, NCHg, or O, the alicyclic ring is confor-
mationally mobile, there being two freely interconvertible
conformations in which the dihedral angle (4) (angle between
the C;C7X plane and the plane of the aromatic ring) is ~25
+ 5° for CHjy, CF2, NH, or NCHj3; ~15 &£ 5° for O; and =~0°
for CO. However, where X = S or 8O, the models cannot be
maintained in a half-chair-like conformation but prefer a rigid
half-boat arrangement in which the dihedral angle (4) is ap-
proximately 65 + 5°. A consequence of the half-boat ar-
rangement is that the benzylic hydrogens are eclipsed with Hg
and Hg whereas they are staggered in the half-chair. This leads
to “perilike” nonbonding interactions which appear to have
a significant influence on the chemical shifts of remote carbon

positions (vide infra). It is important to note that our previous
deductions?* from Dreiding models regarding the half-boat
conformation of 2, where X = Si(CHjz),, have subsequently
been vindicated by x-ray crystallographic studies.?°

For system 3, the models indicate essentially a coplanar
situation where the CX ¢ bond lies in the nodal plane of the
adjacent  system, i.e., the dihedral angle (0) is zero. Inter-
estingly, recent structural studies3* on 3, where X = SiPh,,
indicate the possibility of substantial deviations (=~30°) away
from coplanarity of the C;XCy plane with respect to the aro-
matic ring.

Important consequences follow from this systematic vari-
ation of the geometrical relationship between the CX ¢ bond
and the adjacent aromatic ring within model systems 1, 2, and
3. First, if hyperconjugation is important, and if we neglect
electrostatic-field effects, then according to the specific
stereoelectronic requirements of this mechanism?2%32 (an
approximate cosine dependence on the appropriate dihedral
angle, cos 90° — 6) the relative magnitude of this interaction
as monitored by the 13C SCS should be C4 (system 1) > Cy
(system 2) > Cy 5 (system 3) where X = CO, CFy, NH, NCH3,
or O. However, where X = S or SO, the order of 13C SCS could
be somewhat perturbed (1 &~ 2> 3 or 2 > 1 > 3), depending
on the magnitude of the effective dihedral angle in the mo-
nocyclic analogue 1. In addition, if hyperconjugation is sig-
nificant then a chemical shift differential should be observed
between C4 and Cg 5 in system 1, and C4 and Cs in system 2.
This should be particularly pronounced in the latter system
where cos 90° — 4 is significant (X = S or SO5), and marginally
so where X = CFq, NH, NCHj3;, or O.

If, on the other hand, the 7-inductive effect?® (no angular
dependence) is more important than hyperconjugation in
effecting w-polarization of the adjacent aromatic ring, then
the electrical effect of the CX o bond should be similar in all
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systems for a particular substituent, i.e., in terms of the rele-
vant 3C SCS, C; (system 1) & Cy (system 2) & Cy5 (system
3). However, since the r-inductive effect is indistinguishable
from mesomeric phenomena in the way it polarizes a = sys-
tem,? a chemical shift differential should still be observed
between Cy4 and Cs 5 in system 1, and C, and C; in system 2,
as mentioned above for hyperconjugation.

Second, since the CX ¢ bonds lie in the plane of the ring
system in system 3, s—7 conjugation should play no role here
in determining the chemical shifts. Hence, perturbations of
the chemical shift at Cy5 can only be induced by a significant
electrostatic-field or r-inductive effect. According to recent
proposals,®? the effect of an electric field emanating from a
polar substituent (dipole or pole) on aryl *3C chemical shifts
can be interpreted on the basis of nonlocalized polarization
(the 7-inductive effect is a localized polarizing phenomenon)
of the adjacent w-electron system such that significant elec-
tron density variations only occur at the terminal carbon
centers. Since the 7 electrons should be polarized toward a
positive charge, the polar field effect from electronegative
elements or groups (X) will decrease the electron density at
Cyinsystem 1, C4 and Cs in system 2, and Cy 5 in system 3, and
thus lead to more positive 3C SCS at these remote probe sites.
Intuitively, one would also expect that this w-polarization
phenomenon should be dependent on the component of the
electric field in the plane of the aromatic ring and, therefore,
be most pronounced when the lines of force emanating from
a dipolar group are constrained to operate in the plane of the
aromatic ring, i.e., as in system 3. An examination of molecular
models indicates that in system 2 the dipole or group moments
for the strong polar substituents (excluding X = N or S) lie
in a plane which makes a distinct angle (¢) with the plane
containing the aromatic ring: for X = CO or CFy, ¢ =~ 40 4 5°;
and for X = SOy, ¢ =~ 65 % 5°. Only where X = O in system 2
does the plane containing the dipole almost coincide with the
molecular plane (¢ 2~ 15 £ 5°). Thus, a distinction between
polar field and w-inductive effects can be made on the fol-
lowing basis. If the electrostatic-field effect predominates
(neglecting hyperconjugation) then the relative magnitude
of the 13C SCS should be Cy 5 (system 3; cos ¢ = 1) > C,4 and
Cs (system 2; cos ¢ = 0.766) where X = CO or CFy; Cy 5 (system
3; cos ¢ = 1) =~ C4 and Cs (system 2; cos ¢ = 0.966) where X
= 0; and Cy 5 (system 3; cos ¢ = 1) > C4 and Cs (system 2; cos
¢ = 0.423) where X = SO,.

If, on the other hand, the =-inductive effect is more im-
portant, then the 13C SC8 of C5 in system 2 should be small
for all the groups and the magnitude of the C4 SCS in all the
systems, which should parallel the polarity of the CX ¢ bond,
will be similar for a particular substituent.

Since the direction and magnitude of the resultant dipole
in system 1 depends upon the various rotamer populations in
an unknown way, the data from this system are of little value
for defining unambiguously polar field effects. However, it
should be noted that if hyperconjugation is highly significant
then the relative magnitude of the C4 SCS for 1 and 3 should
be 1 > 3. This should be particularly pronounced for weak
polar groups (X = N or S).

We have already mentioned that the size of X markedly
influences the geometry of system 2 and, according to our
previous 3C NMR studies on 2 where X = Si(CHjs)s, the 13C
SCS at remote sites in this system. Thus, it is informative at
this stage to reevaluate the 13C SCS data from 2 (and 3), where
X = Si(CHy)z, in the light of recent structural studies®%3! on
these systems as well as the now-established importance of
metallohyperconjugation in the ground state of neutral mol-
ecules.'® This should provide a firm basis for interpreting the
data from system 2 where X = S or SO; and thus allow the
data for these groups to be discussed within the general
framework. Based on tetralin and indan as the parent systems,
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the 13C SCS (ppm) for C4 and Cs in 2 (entry 25, Table II) and
Cy5 in 8 (entry 18, Table II) are —0.5, +0.9, and —0.4, re-
spectively. Two aspects of this data deserve notice with regard
to the validity of these systems as models for investigating
electronic phenomena. First, the SCS at C5 in 2 implies fairly
strong electron withdrawal by the CSi ¢ bond, a result which
is clearly contrary in magnitude and direction to expectations
based on the established weak polar character of this
bond!%:34 (a valueof ca. zero was expected). Second, the hy-
perconjugative effect of the C-Si bond, as monitored by the

- C4 SCS, is approximately the same in both systems yet a

simple cosine dependence of the s—r interaction implies that
the interaction in 2 should be approximately 2.6 times that
in 3.35 We believe that these anomalous results are a mani-
festation of structural factors due to “perilike” nonbonding
interactions (vide supra) in the half-boat form of 2 which do
not occur in the parent system (tetralin).

If we assume that this structural factor affects the chemical
shifts equally at the C4 and Cj5 probe sites, then the most re-
alistic measure of the o= interaction of the CSi ¢ bend in
system 2 is the difference between the 13C SCS at C4 and Cs,
i.e., —1.40 ppm. Based on a simple cosine dependence,? the
mazximum effect of the ~CHSi(CHs)s group in the phenyl ring
in terms of a 13C SCS is then computed to be —1.75 ppm. The
experimental value? of —1.50 ppm is in excellent agreement
with this prediction given that the relevant effective dihedral
angle in benzyltrimethylsilane is ca. 30° (based on the value
determined for benzyltrimethylstannane from carbon-tin
coupling constants!®). The calculated value for 3, where X =
Si(CHg)g, is —0.5 ppm, which is also in excellent agreement
with the experimental result (—0.4 ppm). Thus, it is clear from
this analysis that although the 13C SCS at C, and Cs in the
half-boat arrangement of 2 may be unreliable monitors of
electrical phenomena in an absolute sense, their difference
provides a sound measure of hyperconjugative interactions.
Since similar structural factors will perturb the chemical shifts
at C4 and Cs in system 2 when X = S or SO, then based on the
relatively weak polar character of the CS ¢ bond, the fact that
the dipole moment is considerably out of plane of the aromatic
ring (¢ = 65 % 5°) and the chemical shift at C; for silatetralin
{entry 25, Table II), the 13C SCS at C5 in 2 where X = S should
be approximately zero. It follows then that a correction factor
of —0.7 ppm should be applied to the 18C SCS for C4 and C;
in system 2 where X = S or SO; (Table III) in order to provide
approximate values that can be validly compared with the
other groups.

Examination of the data listed in Table ITI indicates quite
clearly that the 18C SCS of the appropriate carbon centers for
a large variety of groups (X) in 1, 2, and 3 provide a distinct
pattern consistent only in terms of angular dependent elec-
tronic mechanisms.3 It can be seen that in general the elec-
tron-withdrawing ability of the CX o bond in the various
systems is in the order Cy (system 1) > Cy 5 (system 3) > Cy4
(system 2) and Cy 5 (system 3) > Cj (system 2). Furthermore,
the differential between C4 and Cs in 2 is most significant
when the dihedral angle is substantial (X = S or SO,). Based
on our proposed criteria (vide supra), we believe that only
combined significant hyperconjugative and polar field effects
can account for these observations. However, it is important
to stress that since our arguments are based on geometries
deduced from molecular models it is impossible to estimate
accurately the relative magnitude of the inherent hypercon-
jugative abilities of the various CX bonds. The qualitative
order deduced from the data in Table [I1is S~SO;~N >0
> CF, > CO, which is in line with predictions from the 1°F
NMR studies.?1821 The importance of similar hyperconju-
gative interactions in several other connections has been de-
scribed elsewhere.337

Unfortunately, it is not possible to distinguish from NMR
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experiments such as those described here whether the o—n
interactions involve charge redistribution with associated
charge transfer.

Perhaps the most important aspect of the data in Table ITT
is the pronounced influence of polar field effects on aryl 13C
chemical shifts. Note the significant SCS for the very polar
groups (CO, CFq, O, and SO) in system 3 where structural
factors should preclude hyperconjugative interactions.?8 This
was somewhat surprising since in most discussions of aryl 13C
SCS (remote carbon sites) it is tacitly assumed that mesomeric
phenomena are overwhelmingly more important than field
effects. Apart from the fact that no suitable studies had been
performed on well-defined model systems, this situation seems
to have arisen essentially from two well-established correla-
tions:22-25 (1) para 3C SCS (monosubstituted benzenes)
correlate better with o+ (66% resonance) than oy (53% reso-
nance); and (2) para 3C SCS (monosubstituted benzenes)
correlate as well with CNDO/2 calculated w-charge densities
as they do with total charge densities, More recently, an em-
pirical analysis by Schulman et al.3® has led to the conclusion
that mesomeric effects are 41 times greater than field effects
in their effect on aromatic 13C chemical shifts.

An approximate estimate of the relative importance of field
vs. mesomeric effects on aryl 13C chemical shifts can be ob-
tained from the 3C SCS for system 3 where X = CF, (+1.6
ppm; Table IIT) and the para SCS (+3.2 ppm; CCl,)?5 for the
CF; substituent in trifluoromethylbenzene. If we make the
very reasonable assumption that the SCS of the former is a
minimum value for the electric field contribution to the total
electronic effect by the latter substituent at the para position
in trifluoromethylbenzene, then by utilizing the oy and og°
values for the CF3 substituent (0.45 and 0.08, respectively)4®
it can be readily shown that mesomeric effects are approxi-
mately five times greater than field effects in their effect on
aromatic *3C chemical shifts. Interestingly, a correlative
analysis by the Taft dual substituent parameter (DSP)
equation of para 13C SCS derived from monosubstituted
benzenes leads to a similar conclusion.!

Two final features of the data listed in Table III, which re-
flect on the way polar field effects perturb the !3C chemical
shifts of remote aromatic carbon sites,*2 are worthy of note.
First, it can be seen that the formally meta Cs position in
system 2 is significantly more affected by the electric field of
the strong polar substituents than the meta position in system
1. This confirms that only the chemical shifts of the terminal
carbon positions of the aromatic ring are markedly effected
by electric field induced =-polarization. Second, it is clear from
the larger Cy 5 SCS in system 3 compared to Cs (and C) in 2
(particularly for X = 80,) that electric field induced #-po-
larization is more efficient when the lines of force emanating
from the dipole (or pole) are constrained to operate in the
plane of the aromatic ring.

The shielding effects of carbon nuclei oriented anti (or syn)
to the 4 heteroatoms in systems 2 and 3 are given in Table IV.
It should be noted that whereas the v effects of NH, NCHj,
0, and S are referenced with respect to methylene, O in CO
and F in CF; are referenced with respect to hydrogen. How-
ever, since the v effect of methylene should be small in the
configurations described here, all the values can be considered
referenced to a common standard, hydrogen. A careful scru-
tiny of Dreiding molecular models indicates that the anti co-
planar arrangement is well defined in system 3 where X = NH,
NCHjg, O, CO, or S. Although there are minor deviations away
from exact coplanarity where X = NH, NHg, O, or CO in
system 2 for the anti (and syn) arrangement, coplanarity is
completely destroyed where X = S since here the fused ring
adopts a half-boat configuration. Where X = CFs, both fluo-
rines are out of plane by approximately 50° in the anti ar-
rangement of 3, but in system 2, the quasi-equatorial fluorine
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Table IV. Y Shielding Effects (ppm)¢ of Heteroatoms
in Systems 2 and 3

System
2
Substituent 3

X Anti Syn Anti
NH -—3.00 —2.34 —2.3f
NCH, —2.80 —2.3d —2.47
(0] —4.8b —3.94 —3.4f
S —1.5b —0.44 +0,2f
CO —4.,1¢ —1.7¢ —6.38
CF, —5.0¢ —2.5¢ —6.3¢

@ Negative values imply an upfield shift relative to the ap-
propriate standard. ® Relative to C, in tetralin. ¢ Relative to
C, in tetralin. 4 Relative to C, in tetralin. € Relative to C,, in
tetralin. / Relative to C, , in indan. & Relative to C, , in
indan.

is almost coplanar for the anti arrangement and roughly so for
the syn.

Inspection of the data in Table IV clearly reveals that sec-
ond-row heteroatoms (N, O, F) in systems 2 and 3 cause sig-
nificant upfield shifts in the resonance of anti- and syn-co-
planar carbon nuclei, the effect being more pronounced for
the anti than the syn conformational array. Furthermore, the
anti v effect of a third-row element (8) is almost negligible (X
= S; system 3). These observations are clearly in line with the
recent observations reported by Eliel and co-workers® from
a 13C NMR study of a large number of alicyclic derivatives.
Thus, the generality of this phenomenon has clearly been
extended since all the anti carbon centers in 2 and 3 are part
of an adjacent aromatic framework, i.e., sp® hybridized carbon
centers. The larger anti effects observed in 3 for O in CO and
F in CF; as compared to the same effects in 2 is not surprising
since the chemical shifts of the C; and Cs carbon centers in the
former system are expected to be more sensitive2® (hybrid-
ization effects) to the nature of X in the smaller fused ring.
Further, the significantly smaller anti effect for O in 3 as
compared to 2 could be a consequence of complicating strain
effects in the former system 290

Although we do not wish to rehash in detail on the possible
origin of the shielding v anti effect, since this has been ade-
quately discussed by the previous workers,? we would like to
comment briefly on the favored proposal, namely, direct hy-
perconjugative transfer of charge from the free-electron pairs
on the heteroatom to the trans v atom. Eliel et al.? failed to
point out that CNDO/2 calculations?® indicate that the
donation of the free electrons on a heteroatom by this mech-
anism in a o-bonded framework go preferentially to the 8 and
not the v position, the latter being positively charged. In va-
lence bond terminology, a no-bond resonance structure can
be drawn to represent this. More recently, experimental evi-
dence has been presented** which appears to support the
computational result. Unfortunately, the myriad effects de-
termining the chemical shifts of carbon sites proximate to
substituents®%23,24 preclude any disentanglement of the hy-
perconjugative mechanism at the 8 position by 13C NMR.
Thus, although we believe that hyperconjugative transfer of
charge is likely to be important in an indirect way (relay of
charge from the (8 to the v position), other mechanisms must
also be contributing (field effects® and 1,3-back-lobe inter-
actions®) which are impossible to specify in any sort of quan-
titative and predictable way. Interestingly, the anti v effect
for O in SO, (system 3), where a very polar *S-O~ bond is
involved, is —8.9 ppm (referenced with respect to Ci2insys-
tem 3 where X = S).
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Carbon-13 NMR spectra of the acyclic and alicyclic diester and 8-methoxy ester products from the palladi-
um(ID)-catalyzed olefin carbonylation reaction are reported. Substituent effects were derived for the carbons of an
alkyl chain containing two carbomethoxyl functions which demonstrate the importance of the steric environment

on carbon-13 chemical shifts.

Carbon-13 nuclear magnetic resonance spectrometry
(13C NMR) is one of the most powerful techniques avail-
able for the study of the structure of organic molecules.
This usefulness is based, in part, on empirical correlations
of carbon-13 shieldings and molecular structure.?? In gen-
eral, the effects of various substituents on the 3C

shieldings of neighboring carbons are found to be additive
within families of compounds. Consequently, the positions
of 13C absorptions for related compounds may often be pre-
dicted with good precision in a wide variety of systems and
can be valuable for signal assignments in the analysis of
complex spectra.



