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The Structural Dependence of the Inductive Effect. Part lll.'* The
Calculation of Geminal Substituent Effects upon 'H and *C Chemical
Shifts, and Directly-bonded Substituent Effects upon !3C, B, 3P, and
19§n Shielding

By L. Phillips ®* and V. Wray, Organic Chemistry Department, Imperial College of Science and Technology,
London SW7 2AY

The calculational procedure applied in Part | to 1*F shielding is extended to other nuclei. Substituent effects
caused by directly bonded interactions are allowed for, in addition to geminal effects.

The method enables the chemical shifts of 1H, 13C, 11B, and 31P nuclei in a variety of situations to be calculated
(from suitable references), and successfully explains deviations from additivity of substituent effects. An important
exception is noted for the case of 11°Sn shielding in some mixed halides of Sn'".

In Part 11 we described a method of calculating the equation,? and that changes in this term may be related
chemical shifts of F nuclei, in a variety of molecules, to changes in the ionic character of the bond of whichThe
from an arbitrary reference. The method is based upon L o

the assumption that the dominant contribution to 4., ,(“)(bP)’% ;I'z%hlg_hﬂhps and V. Wray, J. Chem. Sec. (), 1971,
shielding of 19F lies in the paramagnetic term of Ramsey’s * N. F. Ramsey, Phys. Rev., 1950, 78, 699; 1952, 86, 243.
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fluorine is part.3 It is generally accepted¢ that the
paramagnetic term is the more important for nuclei in
atoms which have 9, 4, or f electrons, and so the method
should be equally applicable to other nuclei such as 13C,
31p, 1B, or 119Sn,

It is supposed that H shielding has little or no
dependence upon the paramagnetic term, and that
diamagnetic contributions are all important.> In spite
of this, it is observed that substituent effects upon 'H
shielding are frequently paralleled by such effects upon
13C or 9F shielding, e.g., in the case of para-substituted
benzenes.® Such parallels have not been generally
discussed in the case of aliphatic derivatives, but this
may be because of the complexity of the situation.
However, inductive effects do play an important part in
deciding the chemical shifts of protons® as the dia-
magnetic term depends upon the 1s electron density at
the H atom which is dependent upon the inductive
powers of substituents. It is therefore valid to examine
the applicability of the approach developed previously *
to the case of H shielding as well as to the shielding of
other nuclei.

RESULTS AND DISCUSSION

Geminal Substituent Effects wpon H Shielding—By
analogy with equation (23) in Part I the 'H chemical
shift between two molecules C(abd)~H and C(efg)-H
will be given by equation (1), where the various terms

A = E{(keFEc + ksEr)(Es + Eo + Eq — Eo —
Et — Eg) + E°E,Ey + kSE,Eq + FOEEq —
KEEE, — kEEE, — kEEr} (1)

have the same significance as before ! but the constants
refer specifically to 1H resonance.

For a series of molecules of the type C(abX)~H where
a and b remain constant and X is varied, the chemical
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(Ex — Ex) should be linear, and have a slope which
depends upon the sum of the electronegativities of the
groupsaand b. This is demonstrated in Figure 1 for the
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FiGURE 1 Substituent chemical shifts, referred to X =1, for
the series A, CH,X; B, CHyCH,X; and C, (CH,),CHX
plotted against the Huggins electronegativity difference, (E1 —
Ex).

series CH3X, CHy'CH,X, and (CH,),CHX. The chemical

shifts of the relevant protons in these series are listed in

Table 1, together with the slopes of the lines drawn in

Figure 1. According to equation (2), these slopes S are

related by equation (3).

S =K, + Ky(E,s + Ep) 3)

A plot of S against (E, + Ey) is linear and yields the
values of constants K; and K,; K; = —12:96 p.p.m./
Huggins unit and K, = 2-56 p.p.m./(Huggins unit)2.
Equation (2) therefore takes the form (4). Equation (4)

8k = (E; — Ex)[+12:96 — 256(E, + Eo)]  (4)

enables the substituent chemical shifts in the series
CH,X, CH,CH,X, and (CH;),CHX to be calculated to
within 0-17 p.p.m. (r.ms.) of their reported values

TABLE 1
Observed and calculated substituent chemical shifts (referred to X = 1) for the series CHgX, CH;*CH,X, and (CH,),CHX

F
Compound Slope from p A .\
type Figure 1 Obs. Calc.
CH,X +1-68 —1.94 —2-13
CHyCH,X +0-74 —1-29 —0-84
(CH,),CHX —0-36

shift of any member referred to the case where X =1 *
is given by equation (2) where K, = k'(kEq + ksEn)

ACahIU

CabXH = (EI - EX)[KI + Kz(Ea + Eb)] (2)

and Ky = R'RX(Ey + E,) = k'RPX (Ey + E,).
Equation (2) predicts that a plot of A% against

* In the earlier work * the compound in which X = I was
chosen as the reference point; because of the non-availability of
suitable compounds and the lack of a convenient compilation of
1H chemical shifts, it is necessary to choose X = I as the reference
for *H shielding.

3 A. Saika and C, P. Slichter, J. Chem. Phys., 1954, 22, 26.

4 J. W. Emsley, J. Feeney, and L. H. Sutcliffe, * High Resolu-
tion Nuclear Magnetic Resonance Spectroscopy,” Pergamon
Press, Oxford, 1966, vol. 1, p. 151,

5 Ref. 4, p. 130.

Cl Br
Obs. Calc. Obs. Calc.
—0-89 —0-85 —0-52 —0-51
—0-37 —0-34 —o0-21 —0-20
4014 +0-18 +0-09 +0-11

averaged from four compilations;? a comparison of
observed and calculated substituent chemical shifts
(referred to X = I is given in Table 1.

The form of equation (4) correctly predicts that a plot
of AL against (F; — Ex) may have either positive or
negative slope depending upon (E, + E,) and will have

% H. Spiesecke and W. G. Schneider, J. Chem. Phys., 1961,
85, 731.

? Ref. 4, p. 672; L. M. Jackman and S. Sternhell, ‘ Applica-
tions of Nuclear Magnetic Resonance Spectroscopy in Organic
Chemistry,” 2nd edn., Pergamon Press, Oxford, 1969, p. 164;
J. A. Pople, W. G. Schneider, and H. J. Bernstein, ‘High
Resolution Nuclear Magnetic Resonance,” McGraw-Hill, London,
1959, p. 277; D. Chapman and P. D. Magnus, ‘ Introduction to
Practical High Resolution Nuclear Magnetic Resonance Spectros-
copy,” Academic Press, London, 1966, p. 73.
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zero slope when (E, + Ey) = 51 Huggins units. This is
exactly analogous to the results obtained for similar
series of fluorinated compounds by use of 9F resonance,®
in which the corresponding value of (E, + Ep) is 5-8
Huggins units. The difference between the 'H and 9F
values may be real, but probably arises in part from the
fact that fewer series are conveniently available for 'H
studies and the determination is therefore less precise.
Calculations of Chemical Shifts from CH,—The 'H
chemical shift between the indicated protons in any two
molecules of the type C(abd)-H and C(efg)-H can be
calculated from equation (1) if the various interaction
constants such as £'k*®, k'ke8, efc., are known: R'(kEc -+
kgEx) has been evaluated above as 12-96, and the other
constants may be deduced empirically as described
earlier.’?> For 13 compounds of the type CH,X,, (where
X = halogen) the experimental results can be calculated
to a satisfactory degree of accuracy (40-18 p.p.m.) by
use of the following values: A'AXX = RRHE — —]1-94;
RREF = —2:17; R'REOl = —2-04; R'RHBr = —1-99; and
R'EEl = —1.82. Table 2 compares observed and calcu-

TABLE 2

Comparison of observed and calculated H chemical
shifts for a variety of halogenomethanes

Compound A obs./p.p.m. @ A calc./p.p.m.
CH, 0 0
CH,C1 —2-82 —2-82
CH,Cl, —510 —527
CHCl, —17-01 —17-37
CH,Br —2-45 —2-67
CH,Br, —471 —4.90
CHBr, —6-95 —6:69
CH,I —1-93 —1-99
CH,I, —3-67 —3.82
CHI, —4-68 —4-80
CH,F —3-87 —3-57
CH,F, — 522 —5-48
CHF, —6-02 —5-74

e Ref. 7.

lated chemical shifts for these compounds, referred to
CH,, and shows that the method is successful in account-
ing for the deviations from additivity observed on
successive replacement of H by halogen in a series of the
type CH,X,, (Table 3). Another interesting feature is

TABLE 3

S A
A obs. —2-82 —2-28 —1-91
A calc. —2-82 —2-45 —2-10

the observed behaviour of the proton chemical shift in a
series of the type CH,X,, where #» and  remain constant
and the nature of X is changed. For CH,X, the chemical
shifts lie in the expected order of electronegativities of
X, with increased shielding in the order F < Cl < Br <
I < H (Table 4). For CHX, however, the shifts do no?

TABLE 4
CH,F CH,Cl  CH,Br CH,I CH,
A obs. —387  —282  —245  —193 0
A calc. —3-57 —2-82 —2-67 —1-99 0

lie in the expected order but occur, in order of increased
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shielding, as C1 < Br < F <1 < H (Table 5). Ineach
case the observed trend is correctly predicted.
TABLE 5
CHCl, CHBr, CHF, CHI, CH,
A obs. —17-01 —6-59 —6-02 —4-68 0
A calc. —17-37 —6-69 —5-74 —4-80 0

For substituent groups bonded to the «-C atom by sp®
carbon, the interaction constants 2'k°E and &'k°C can
be obtained as described previously,!® and for the series
CH,, CHyCH,, (CH,),CH, and (CH,),CH values of
F'REE = —1.94, E'RHC = —2-04, and A'E°C = —2-09
enable satisfactory calculation of shielding to be carried
out, as shown in Table 6.

TABLE 6
Observed and calculated 'H chemical shifts for a series of
hydrocarbons
Compound A obs./p.p.m. A calc./p.p.m.
CH, 0 0
CH,CH, —0:65 —0-65 *
(CH,),CH, —1-12 —1-12
(CH,),CH —1-33 —133 %

* The exact agreement for these values arises from the use of
these data to calculate 2'ACHs"H and k’ACHaCHa,

It is apparent that the method of calculation 1? for
geminal substituent effects upon °F shielding is equally
applicable to H shielding.

Geminal Substituent Effects uwpon 3C Shielding.—The
methods applied 1* to the calculation of 1°F chemical
shifts and 'H chemical shifts (above) should also be
applicable to 13C shielding. Thus, the differences in the
shielding of 13C nuclei in the 13CH, groups of a series of
molecules C(abX)-CHj; should be calculable by an
equation similar to (2) in which the constants K, and
K, refer specifically to 13C. Data for three such series 8
are shown in Table 7, together with values calculated by

TABLE 7
Observed and calculated substituent chemical shifts (re-
ferred to X = I} for the series CH;'CH,X, (CH;),CHX,
and (CH,),CX

Compound X A obs./p.p.m.® A calc./p.p.m.

CH,-CH,X 1 0 0
Br 2-9 2-8
Cl1 47 4-6

(CH,),CHX I 0 0
Br 3-8 34
Cl 50 57

(CH,),CX 1 0 0
Br 4-1 4-1
Cl 70 6-9

¢ Ref. 8.

use of equation (5). The numerical constants were

AGRIHs — (E; — Ex)[15-74 — 5-66(E, + Ev)]  (5)

obtained as described previously, and the substituent
chemical shifts shown in Table 7 agree with experimental
results to within 40-25 p.p.m. (r.m.s.).
Equation (5) shows that the slope of a plot of Acalc.
against (E1 — Ex) becomes zero when (E, + E,) = 2-78.
¢ P. C. Lauterbur, Ann. New York Acad. Sci., 1958, 70, 841.
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For compounds other than those containing C-metal
bonds, this is not possible to realise in practice; the
minimum value for (E, + E;) occurs when a=b =H
at 4-40 Huggins units. Unlike *H and °F shielding,
replacement of geminal halogen substituent by a less
electronegative halogen should always result in a de-
shielding of the 13C nucleus in a CH, group, but it is not
possible to predict what the behaviour of *3C in some
other situation (e.g., 13CF,) will be.

The number of 13C data available for consideration is
limited, but the results are encouraging.

Direcily-bonded Substituent Effects—The shielding of
a nucleus in a multivalent atom presents a somewhat
different problem from those considered so far. Suitable
cases for examination are 13C, 1B, 31P, and 9Sn nuclei
in series of compounds in which the substituents directly
bonded to the central atom (C, B, P, or Sn) are changed.

13C Shielding. In a molecule of the type C(abde), the
shielding of the 13C nucleus will be proportional to the
sum of the effective electronegativities of the groups a,
b, 4, and e [equation (6)]. By use of the perturbation

G1:gavde = 69 + K'[E's + E'» + E'a + E's] (6)

method described in Part I1% the effective electro-
negativities can be evaluated and substituted into
equation (6). This leads to expression (7). The various

6'ugabde = g + R'[Ea + Ep + Eg + E. +
Eu(k"Ey, + #9Eq + k@E, 4+ OEq) + Eo(kPE, +
ROUE, 4 ROE,) + EqktoE, + Eo(RNEq + E*E.)] (1)

k's are composite constants 1* and express the net effect
that each interacting group has upon the -electro-
negativity of the others. The problem now is to
evaluate the constants; as before it is assumed that the
value of & for interaction between two halogens, XX,
is independent of the nature of the halogen and the value
of k for the interaction between carbon and halogen,
kCX, is also independent of the nature of X. This
simplifies equation (7) for the situation in which all
substituents are halogens, and the difference in shielding
between 13C in such a molecule and a suitable reference
such as 13CCl, will be given by equation (8). (& 4+

A%e = (B + R'R°XE)(4Eq — Ey — Ey —
Eq — E;) + FRXX(6E® — EE,, — E,Eq —
E.,E, — EvEq — EvE. — E4E:) (8)

k'E°XE) can be evaluated as a single composite constant,
K¢, as can kXX (K§). With the appropriate value
for Eg, the Huggins electronegativity of chlorine,
equation (8) becomes (9). The number of data upon

Al‘;8gll)‘de = K? (1260 —E, —E, — Eq — Ee) +
K§ (5952 — E,E, — E,Eq — E,E. — EyEq —

E4E. — EnvE:) (9)

which equation (9) can be tested is limited, but an
empirical evaluation of the constants yields the results
K¢ = 612-50, K¢ = 50-00. With these values it is
possible to calculate the chemical shift from 13CCl, of
the 13C nuclei in a variety of mixed halogenocarbons to
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within experimental error; the results are shown in
Table 8.
TABLE 8

Observed and calculated 12C chemical shifts for a variety
of fully-halogenated methanes

Compound A obs.[p.p.m. @ A calc.[p.p.m.
CCl, 0 0
CClyBr 28 28
CCl,Br, 61 58
CClBr, 90 90
CBr, 124 124
CI, 355
CF, —251

¢ Ref. 8.

The shielding of the 13C in a series of partially halogen-
ated methanes presents some interesting problems.
Lauterbur & has recorded the data for these compounds,
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Ficure 2 Graphs of the observed 13C chemical shifts (lines)
and calculated chemical shifts (points) of some substituted
methanes CH,X,_, against the number of substituent atoms;
A, X=1I; BX=3Br; C,X=Cl

but is unable satisfactorily to account for the observed
trends which are shown graphically in Figure 2. Suc-
cessive chlorination of methane results in a deshielding

TABLE 9

Observed and calculated 13C substituent chemical shifts for a
variety of halogenomethanes referred to CH,

Compound A obs./p.p.m. A cale./p.p.m.
CH, 0 0
CH,Cl —24 —33
CH,CI, —57 —61
CHCl, —83 —82
ccl, —100 —100
CH,Br —16 —21
CH,Br, —25 —25
CHBr, —13 —9
CBr, +24 +24
CH,I +17 +18
CH,I, +59 +-66
CHI, +135 +145
CI, +256

of the central 13C nucleus, as shown in Table 9: successive
bromination causes an initial deshielding, but this
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changes to a shielding (¢f. 8CH,) for CBr, while suc-
cessive iodination always causes a shielding increase.
None of the substituent effects is linear with respect to
the number of halogen atoms.

The chemical shift (from $8CH,) of each of the examples
can however be calculated by use of equation (7) and the
empirically derived constants shown in Table 10. The
calculated and experimental values are shown in Table 9,

TaBLE 10
Values of empirically derived constants for 12C and B
shielding
13C up
1% +2967-89 r +1563-32
(p.p.m./Huggins unit)
k'RCX —905-92 R’RBX —565-01
k’ROH —814-80 k’kBF —593-43
k’REE —97-57 k'EFF —50-01
k'RXX —50-00 R'RXX —66-00
k’RECY —69-48 k’RFX —57-70
i il —68-49
k’REL —67-96

[p.p.m./(Huggins unit)?}

and compared graphically in Figure 2 in which the
continuous lines are experimental while the points are
calculated values. The data in Table 8 can be calcu-
lated by using the same constants, and some 17 experi-
mental results have been calculated to within 45 p.p.m.
(r.m.s.) with eight constants. It would be helpful if
more experimental data were available, but it has
nevertheless been demonstrated that the method of
calculation is capable of explaining the behaviour
depicted in Figure 2 very satisfactorily by use only of
those approximations detailed earlier.1

LB Shielding. The shielding of 1BJin molecules of
the type BXYZ where X, Y, and Z are halogens, can in
principle be calculated by equation (10) which is similar
to (7).

onpxyz = 6o + R'[(Ex + Ey + Ez) + Ex(F*YEy +
kXZEz + EXBEg) 4 Ep(kPYEy + RPZE7) +
Ex(k¥2Ez)] (10)

If all interaction constants between B and halogen
have the same value, and all halogen-halogen constants
are also independent of the nature of the halogen, the
chemical shift of a molecule MBXYZ from UBCl,
(arbitrary reference) can be calculated from equation (11)

ANERyz = KP (945 — Ex — Ex — Ez) +
K% (2976 — ExEy — ExEz — ExEz) (11)

in which KP = (k' + k'kBXE3) and K§ = k'RXX.
Empirical evaluation of Kf and K (422-00 and
—66-00 respectively) enables satisfactory calculations to
be performed for a variety of boron halides of this type,
provided that none of the substituents is fluorine. Table 11
compares calculated and observed ® values for a variety
of such compounds, while Table 12 shows the un-

® W. G. Henderson and E. F. Mooney, ‘ Annual Review of
NMR Spectroscopy,’ ed. E. F. Mooney, Academic Press, London,
1969, vol. 2, p. 271.
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successful attempts to calculate chemical shifts for
fluorine-containing analogues.

TaBLE 11

Observed and calculated 1B chemical shifts for a variety
of halogenoboranes, referred to 1*BCl; ¢

Compound A obs./p.p.m.? A calc./p.p.m. ¢
BCl, 0 0
BBrCl, 1 1
BBr,Cl 4 5
BBr, 8 12
BCl,I 10 4
BCII, 26 23
BI, 54 59
BI,Br 35 38
BIBr, 19 22
BCIBrl 14 12

¢ r.m.s. Deviation = +3p.p.m. ¢ Ref.9. ¢ From equation
(12).
TaABLE 12

Observed and calculated 1'B chemical shifts for a variety
of fluorohalogenoboranes, referred to BCl,

A obs./ A calc.| A cale./

Compound p.p.m.* p.p.m.? p.p.m.°
BCl, 0 0 0
BFCl, 16 —4 16
BF,Cl 25 29 29
BF, 38 98 40
BFBr, 17 —18 14
BF,Br 28 10 23
BFI, —30 21
BF,I —17 15
BFICI —25 10
BFIBr —27 15
BFCIBr 16 —12 14

o Ref. 9. b From equation (12). ¢ From equation (13).

The reason for the breakdown of equation (11) when
applied to fluorine-containing compounds probably lies
in the well established tendency 19 of fluorine to ‘ back-
donate’ electrons from its filled 2p orbital into the empty
boron 2p orbital of appropriate symmetry. This has
the consequence of giving to the B-F bond more =-bond
character than have the other B-halogen bonds, and the
values of &'kBF, k'kFF, and k'kFX will not be the same as
for the other halogens. The general expression (12) for a
chemical shift from *BCl,; can be deduced from equations
(10) and (11).

AR, = 202374 — {¥'(Ex + Ex + Ez) +
KFXYExEy -+ K'FX2ExEy + K E¥2EyE; +

KkPXEgEx + K'RPYEpEy + K'APMEpEz} (12)

Empirical evaluation of the constants in equation (12)
gives the values shown in Table 10, and enables the
chemical shifts of compounds containing fluorine to be
calculated to the same degree of precision as those in
Table 11; these results are shown in the relevant column
in Table 12. Equation (12) can also be used to calculate
the data in Table 11 and yields the same results.
Sixteen chemical shifts have therefore been calculated by
use of the six constants listed in Table 10, and comparison
with the experimental results verifies the validity of the
treatment. Table 12 also lists calculated chemical shifts

10 F. A. Cotton and G. Wilkinson, ‘Advanced Inorganic
Chemistry,” Interscience, New York, 1966, 2nd edn., p. 256.
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for UBF,I, UBFI, UBFICl, and BFIBr for which
experimental results are not available.

31P Shielding. In order to demonstrate the extension
of the theory to 3!P shielding two convenient series of
molecules are available, namely (CFg),PX 1 and
PX, 1213 where X = halogen.

The shielding of 3P will be given by an equation
exactly analogous to equation (10) in which all constants
refer specifically to 3'P resonance and the terms Ey are
replaced by Ep. By use of the same approximations as
before, the chemical shift of any member of a series of
the type P(RR)-X (X = halogen) referred to the com-
pound in which X = F will be given by equation (13).
ANDERP — (R’ 4 2F'ERXEy 4 K'RPXEp)(Ey — Ex)  (13)

"PRRX

A plot of the left-hand side of equation (13) against
(Ep — Ex) is linear as required by this equation and has
slope —98-1 p.p.m./Huggins unit.

For the series PX,, the chemical shift of any com-
pound referred to X = F will be given by equation (14).

ALPR, = 3(' + F'*Es)(Ep — Ex) +
SHERSX(ER — ER)  (14)

Empirical evaluation of (8 + £’RPXEp) and A'AXX yields
the values 429-50 and —69-00 respectively, and enables
the chemical shifts from PF, of PCl;, PBr,, and PI; to be
calculated to within 45 p.p.m. (r.m.s.) of their observed
values as shown in Table 13.

TABLE 13
Observed and calculated 3P chemical shifts for PX; (X =
halogen)
Compound A obs.[p.p.m.* A calc./p.p.m.

PF, 0 0

PCl, —122 —129

PBr, —130 —124

PI, —81 —84
@ Ref. 12.

It is noteworthy that the present calculations ration-
alise the anomalous order of shielding in this series
(decreasing in the order F, I, Cl, Br) as being a conse-
quence of an inductive effect which is modified by
geminal delocalisation between the substituents.

Previous workers (e.g., Gutowsky and McCall13)
suggest that an inductive mechanism cannot explain
these observations and that the reasons for the anomaly
lie in the opposing effects of ionic and double-bond
character of the P-X bonds which vary with the nature
of X. The present work suggests that only the ionic
character of the P-X bonds change with X and that
double-bond character (P=X) remain constant.

19Sn Shielding. The shielding of the central 119Sn

11 K. J. Packer, J. Chem. Soc., 1963, 960.

12 N. Muller, P. C. Lauterbur, and J. Goldenson, J. Amer.
Chem. Soc., 1956,78, 3557.

12 H. S. Gutowsky and D. W. McCall, J. Chem. Phys., 1954,
22, 162,
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nucleus in a variety of mixed Sn!V halides 15 has been
studied. The substituent effects upon this shielding
are remarkably additive; chemical shifts from 19SnCl,
of 14 such compounds containing various numbers of
atoms of Cl, Br, and I can be calculated to within
experimental error by adding 4121 p.p.m. for each Br
atom which replaces Cl and +396 p.p.m. for each I
atom which replaces Cl (e.g., the chemical shift of
1954 CIBr,I from 119SnCl, is calculated to be 2 x 121 +
396 = 638 p.p.m. and is observed to be 639 p.p.m.).

Similar additivity of substituent effects upon the 9F
shielding of fluorine bonded to Sn has been observed 15
and in Part II12 it was suggested that for this type of
compound the indirect geminal interaction constants
between substituents [the constants such as A*® efc.,
in equation (7)] were negligible. This must also be true
for the case of 119Sn shielding in the mixed Sn¥ halides,
hence the observed additivity. For compounds of the
type Sn WXYZ, where W, X, Y, or Z may be Cl, Br, or I
the 19Sn chemical shift from SnCl, should then be given
by an expression (15) analogous to (8) in which all inter-
action constants 2XX are zero.

AngSicrs = (B + KRS Eg)(4Eq — Ew —

Ex — Exy— Ez) (15)

Equation (15) predicts that the observed shielding
increments on changing Cl for Br or I should be directly
proportional to the difference in electronegativity
between Cl and Br or Cl and I. This is not the case, and
such an assumption does not lead to agreement of
calculated chemical shifts with observed values.

The apparent breakdown of the theory probably arises
from the assumption that the directly-bonded inter-
action constants kSuCl gSnBr and kSol have the same
value, which leads to the form of equation (15) expressed
above. Differences in these values would indicate that
the double-bond nature of the Sn-X bond varies with
the nature of X in addition to its ionic character. It
may be that there is sufficient overlap between filled 5p
orbitals on I with vacant 54 orbitals on Sn to cause
significant n-bonding. These interactions would not be
important for Cl or Br because the energy differences
between their respective orbitals and the Sn 54 are too
large for significant overlap to occur.

Conclusion.—A wide variety of n.m.r. shielding data
have been rationalised by the inductive theory previ-
ously described.! The method clearly indicates the
occurrence of the high degree of double bond character
in B-F bonds, which is well established; it also indicates
that such interactions are not significant for PHI-
halogen bonds but may be important for bonds between
Sn'V and I.

[1/836 Received, 24th May, 1971]

14 7, J. Burke and P. C. Lauterbur, J. Amey. Chem. Soc.,
1961, 83, 326.

15 P. A, W, Dean and D. F. Evans, J. Chem. Soc. (4), 1968,
1154.



