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The empirical Karplus-type dependence of 3J(119Sn,13C) and
3J(119Sn,1H) couplings in organotin(IV) derivatives has been
computationally validated by DFT methods both at the non-
relativistic and scalar ZORA relativistic level. A preliminary
calibration of the computational protocols, by comparing ex-
perimental and calculated couplings for a set of suitable rigid
molecules, revealed their high predictive power: in particu-
lar, relativistic results for 3J(119Sn,13C) have a mean absolute
error of just above 2 Hz, over a range of values up to about
70 Hz. The latter protocol has then been used to study in de-
tail the influence of substituents and multiple paths connect-

Introduction
119Sn, 1H and 13C NMR spectroscopy is a powerful tool

in organotin(IV) structural studies both in solution phase
and in solid state. The huge amount of literature concerning
this topic,[1–4] and the ensuing amount of experimental
data, allowed to get empirical correlations between the
NMR parameters and the molecular structure around the
tin atom.

For organotin(IV) derivatives a correlation between
119Sn chemical shift, δ(119Sn), and tin coordination number
has been ascertained since the early years of 119Sn NMR
spectroscopy;[1] these data are often supported by the simul-
taneous analysis of the δ(1H) and the δ(13C) in the case of
specific classes of organotin(IV) compounds, e.g.,
RnSnIVX4–n (n = 2,3; R = methyl, butyl, phenyl, ben-
zyl).[5–11] However, despite the large δ(119Sn) chemical shift
range of organotin(IV) compounds, ca. 600 ppm ranging
from tetra- to hexacoordinate tin, and the various factors
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ing the coupled nuclei on the vicinal coupling con-
stants. Some conformational issues have been also consid-
ered. Significant effects have been observed and theoretical
Karplus-type curves for some representative systems have
been proposed and discussed. It appears that general equa-
tions for vicinal 119Sn-1H and 119Sn-13C couplings cannot be
derived, although the shape of the curves is preserved with
|3J(0°)| � |3J(180°)| and 3J(90°) ≈ 0 Hz.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2009)

influencing the 119Sn chemical shift, e.g., solvent effects,
self-association and temperature, the latter may not be suf-
ficient for a full structural characterization.

In this respect, spin-spin coupling constants nJ(119Sn, X)
(n = 1, 2, 3; X = 1H, 2H, 13C) have proven to be a powerful
complementary tool in structural studies. In particular, em-
pirical equations correlating the C–Sn–C angle, θ, with the
1J(119Sn,13C) value for MenSnIVX4–n

[12,13] and BunSnIV-
X4–n

[8,14] (n = 2,3) and the 2J(119Sn, 1H) for MenSnIV-
X4–n (n = 2,3) derivatives have been reported.[12] No explicit
equations have been proposed to correlate θ with any
nJ(119Sn, X) (n = 1, 2; X = 1H, 13C), for triphenyl- and
tribenzyltin(IV) derivatives. However structural trends in
these compounds could be inferred from the δ(13C) and the
nJ(119Sn,13C) (n = 1,2,3,4) couplings of the phenyl and ben-
zyl groups and, only for the tribenzyltin(IV) derivatives,
from the 2J(119Sn, 1H).[9,11]

3J(119Sn, X) (X = 1H, 2H, 13C) play a very important role
in organotin(IV) conformational studies, somehow mirror-
ing the distinctive role that the Karplus dependence of
3J(1H,1H) on the dihedral angle holds in structure elucida-
tion of organic molecules. Also in this case some empirical
relationships have been reported. Kitching and co-workers,
starting from a small set or rigid polycyclic organotin(IV)
compounds, proposed a Karplus-type equation which cor-
relates the 3J(119Sn-C-C-13C) with the dihedral angle,
φ;[15,16] they also pointed out that the occurrence of more
than one conformer in solution for flexible cyclic systems
must be taken into account when structural assignments are
inferred from the vicinal coupling constants.[17]
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A similar equation was derived by Quintard and co-
workers for 3J(119Sn-C-C-D)[18] from which it is possible to
obtain the corresponding 3J(119Sn-C-C-1H) dependence by
a simple conversion. Other Karplus-type equations have
been proposed for the 3J(119Sn,31P)[19] and 3J(119Sn,119Sn)
couplings.[20]

Conformational studies of organotin derivatives can
greatly benefit from the use of Karplus-type equations: for
example, weak tin-donor interactions, mainly of van der
Waals nature, rather than true coordination bonds, have
been highlighted by applying the above Karplus-type rela-
tionships to 3J(119Sn,13C) and 3J(119Sn,1H) in gem-bis(tribu-
tylstannyl) compounds.[21]

Three-bonds coupling constants 3J(119Sn, X) are influ-
enced by the kind of atoms in the bonding path and poss-
ibly by the substituent groups bound to them. This effect
has been recently investigated by Quintard and co-workers
for 3J(119Sn-C-Z-13C) (Z = N, O) in a series of substituted
cis- and trans-2-stannyloxazolidines.[22] Some additional ex-
amples of “through N” vicinal 119Sn-13C coupling constants
have been also reported for isoquinuclidine derivatives.[23]

Although the above mentioned relationships involving
nJ(119Sn, X) are undoubtedly useful in organotin(IV) struc-
tural studies, their use is often confined to specific struc-
tural patterns since they arise from empirical approaches.
For example, in the case of di- and tri-methyltin(IV) deriva-
tives the well-known 2J(119Sn,1H) vs. θ Lockhart-Manders
relationship[12] fails for cis-methyl configuration in hexaco-
ordinate dimethyltin(IV) derivatives and it needs to be dif-
ferently parameterized when heavy atoms, like chlorine or
bromine, are bound to tin. On the other hand, as previously
mentioned, Karplus-type equations for 3J(119Sn,X) are ex-
pected to be significantly dependent on the coupling path
(i.e. the type of atoms in the path and the presence of mul-
tiple paths connecting the coupled nuclei) and on the pres-
ence of lateral substituents. In addition to this, their deriva-
tion may sometimes be hampered by the lack of experimen-
tal data for rigid systems encompassing the whole range of
dihedral angles.

As far as the calculation of 119Sn NMR parameters is
concerned, DFT approaches have proven to be a useful
methodology to support and/or predict experimental data.
Chemical shifts can be accurately predicted even at the non-
relativistic level due to error compensation in the calculated
shielding constants,[24–28] provided no other heavy atoms
are bound to tin.[29,30] Regarding the calculation of the cou-
pling constants it has been shown that even for moderately
heavy nuclei scalar relativistic effects are not negligible.[31,32]

In this context relativistic ZORA DFT calculation of
nJ(119Sn,X) (n = 1,2; X = 1H, 13C) have been re-
ported[29,33,34] but fully satisfactory results have not been
obtained so far. For example, relativistic DFT calculations
at the scalar and spin-orbit level, within the ZORA formal-
ism, underestimated 1J(119Sn,13C) and 2J(119Sn,1H) by
about a factor of 3.[29] In contrast, recent calculations at the
non-relativistic DFT level of 1J(119Sn, 13C) and 2J(119Sn,
1H) of di- and trimethyltin(IV) derivatives[35] allowed to
correlate these couplings with the θ angle of the dimethylti-
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n(IV) moiety even in those cases where the aforementioned
Lockhart–Manders equations fail.[12] Again, a systematic
error compensation might be at the root of the observed
good agreement.

In this work we present a DFT study, both at the ZORA
relativistic and non-relativistic level, concerning the calcula-
tion of the 3J(119Sn,13C/1H) coupling constants for a series
of R3SnIV (R = Me, Bu) derivatives. The aim of the work
is twofold: i) the validation of the computational protocols
and the assessment of the importance of relativistic effects
(scalar and spin-orbit) in calculating three-bonds couplings
between tin and carbon or proton; ii) the use of the compu-
tational protocols to study in detail the dependence of the
vicinal coupling constants on the dihedral angle as well as
the effect of lateral substituents and multiple paths.

Results and Discussion

Comparison with Experimental Data

The molecules investigated are shown in Scheme 1. Com-
pounds 1–7 have been studied experimentally by Kitching
and co-workers[15] who measured the magnitude of several
3J(119Sn,13C) in the whole range of dihedral angles, al-
though the latter were determined using simple molecular
models. They represent a very suitable set of compounds
to validate our computational protocols because of their
perfectly rigid structure, based on norbornyl (1, 2, 6, 7) ada-
mantyl (3, 4) and nortricyclyl (5) carbon skeletons. The ro-
tation of the trimethyltin group is not relevant to our study
since all three rotamers are equivalent. The authors pro-
posed a Karplus-type Equation (1) as

3J(119Sn,13C) = 30.4 – 7.6 cosφ + 25.2 cos 2φ (1)

for the dependence of 3J(119Sn,13C) on the dihedral angle.
Compounds 8 and 9 have been recently studied by Santi-

ago et al.[23] who reported some additional 3J(119Sn,13C)
coupling constants, in which, in some cases, the connection
is through the nitrogen atom; although the isoquinuclidine
skeleton of these molecules is rigid, there is the possibility
of a cis/trans isomerism for the carbonyl group in 8 and a
syn/anti isomerism for the N-methyl group in 9. In addition,
the butyl chains may have several gauche/trans conforma-
tions, although the investigated models are always in the all-
trans arrangement. Some other systems based on the more
flexible cyclohexane skeleton (10–13) have also been in-
cluded.[17]

Finally, compounds 14–21 were considered by Quintard
and co-workers[18] for the determination of 3J(119Sn,2H)
coupling constants; we note that, also in this case, only the
magnitude of the coupling constants could be determined.
The Karplus-type Equation (2) proposed was

3J(119Sn,2H) = 8.5 – 3.0 cosφ + 9.0 cos 2φ (2)

The original work was concerned with tin-deuterium
coupling constants; however, if vibrational effects are ne-
glected, they differ from tin-proton coupling constants only
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Scheme 1. Compounds investigated (boc = tert-butoxycarbonyl).

by a scaling factor given by the ratio of proton and deute-
rium magnetogyric ratios, that amounts to 6.5144. There-
fore, in the rest of this work only coupling constants involv-
ing protons will be considered and the above Karplus-type
equation will be scaled accordingly.

The calculated coupling constants, reported in Table 1,
have mostly a negative sign. However there are few excep-
tions: 3J(Sn-C-C-C7) in 1 and 3J(Sn-C-N-C1) in 8 are cal-
culated to be +2.6 Hz and +2.9 Hz, respectively, at the rela-
tivistic level, although the latter value is quite in error, see
below. Notably, the dihedral angle in 1 is almost perpendic-
ular: 93.1°. This result might have some implications be-
cause the fitting Karplus equations are obtained assuming
that the coupling constants have the same sign over the en-
tire range of the dihedral angle. However, in this particular
case, the magnitude of the coupling constant with positive
sign is rather small.

The correlations between experimental and calculated re-
sults are shown in Figure 1 for the whole set of data and for
the 3J(119Sn,13C) and 3J(119Sn,1H), respectively. Statistical

www.eurjoc.org © 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Org. Chem. 2009, 3526–35343528

Table 1. Calculated and experimental 3J(119Sn,13C) and
3J(119Sn,1H) coupling constants [Hz].

Compound 3J(SnCYX) NON-REL[a] REL[b] Exp.[c]

1 SnCCC4 –9.5 –11.3 12.7
SnCCC6 –48.7 –69.5 67.4
SnCCC7 –0.9 2.6 0.0

2 SnCCC4 –17.4 –22.2 23.4
SnCCC6 –28.3 –38.1 36
SnCCC7 –44.1 –60.5 56.6

3 SnCCC3 –34.8 –49.1 51.1
4 SnCCC8 –42.7 –61.0 60.0

SnCCC4 –6.7 –7.3 8.5
5 SnCCC1 –41.4 –51.1 53.6

SnCCC5 –7.1 –5.2 9.7
SnCCC6 –6.0 –5.6 8.0
SnCCC7 –41.8 –52.8 57.8

6 SnCCC3 –38.2 –50.5 51.9
SnCCC4 –50.7 –65.4 65.8

7 SnCCC2 –49.6 –66.2 67.5
SnCCC5 –8.1 –9.2 11.9

8[d] SnCNC1 –0.3 2.85 11.8
SnCCC5 –37.7 –50.9 52.7
SnCCC8 –13.7 –16.5 14.8

9[e] SnCNC1 –23.3 –35.2 30.5
SnCCC5 –46.7 –65.5 62.5
SnCCC8 –9.9 –9.7 12.0
SnCNMe –4.7 –1.5 5.8

10[f] SnCCC3 –21.8 –22.9 23.1
11 SnCCC3 –48.3 –68.8 67.5
12[g] SnCCC3 –8.5 –8.4 12.0
13 SnCCC3 –48.1 –68.99 67.1
14 SnCCH –110.0 –170.3 120.6
15 SnCCH –12.9 –19.2 14.0
16 SnCCH –104.1 –164.1 138.8
17 SnCCH –81.0 –129.6 109.4
18 SnCCH –25.8 –40.4 35.2
19 SnCCH –27.3 –42.5 38.4
20 SnCCH –73.6 –126.6 101.6
21 SnCCH –50.4 –53.6 61.9

[a] Non-relativistic BLYP. [b] Relativistic: Scalar ZORA BLYP. [c]
See text for references of the experimental values. 3J(119Sn,2H) cou-
plings have been rescaled by 6.5144 to obtain the corresponding
3J(119Sn,1H) couplings. [d] Average, see text. [e] anti isomer. [f]
Average 3:1 of (ax,eq) and (eq,ax) conformers, see ref.[17] [g] (ax,eq)
conformer only, see ref.[17]

parameters are reported in Table 2. The negative slope in
Figure 1 is due to the fact that the calculated, negative, 3J
coupling constant is correlated with the absolute value of
the experimental one. In fact, whereas the sign of 3J for the
investigated structures is often negative,[36] there is a lack of
data for some of them.

Considering the overall correlation (Figure 1 top and
first two columns of Table 2), we note a very high corre-
lation coefficient for both protocols, and, generally, a closer
agreement with the calculated values of the relativistic pro-
tocol, see the lower MAE. However the slopes of the fitting
lines are either higher or lower than unity. A clearer picture
is obtained by looking at the 3J(119Sn,13C) and 3J(119Sn,1H)
couplings in turn. For the 3J(119Sn,13C) the performance of
the relativistic protocol is very high. The statistical param-
eters reported in Table 2 indicate a very good correlation
with an average mean absolute error (MAE) of 2.55 Hz for
couplings spanning a range of about 70 Hz. It appears that
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Figure 1. Correlation between calculated and experimental
3J(Sn,X), data from Table 1. (open squares) non-relativistic level
BLYP; (solid circles) relativistic level Scalar ZORA BLYP. (top
panel) X = 1H, 13C; (middle panel) X = 13C; (bottom panel) X =
1H. Statistical parameters are in Table 2.

Table 2. Statistical parameters of the correlations reported in Fig-
ure 1. Mean Absolute Error, MAE = Σi||Ji,calc| – |Ji,exp||/n, Maxi-
mum absolute Error (ME), linear fit Jcalc = aJexp + b, correlation
coefficient, R2.

3J(SnCYX)[a] 3J(SnCYC)[a]

NON-REL REL NON-REL REL

MAE (Hz) 11.08 5.95 9.44 2.55
ME(Hz) 34.66 49.74 19.20 8.95
a –0.7767 –1.2351 –0.7332 –1.0646
b (Hz) 0.9755 8.0175 –0.1685 3.5210
R2 0.9786 0.9666 0.9836 0.9836

3J(SnCCC) 3J(SnCCH)
NON-REL REL NON-REL REL

MAE (Hz) 9.78 2.14 16.84 17.86
ME (Hz) 19.20 5.00 34.66 49.74
a –0.7188 –1.0438 –0.7918 –1.2950
b (Hz) –1.0187 2.4546 0.7105 7.0564
R2 0.9916 0.9932 0.9588 0.9548

[a] Y = N,C; X = 13C,1H.

only 3J(Sn-C-N-C1) in 8 is quite in error. The calculated
value is the average (as for all data of 8) of the results ob-
tained for the two conformers (full data are reported in
Supporting Information, Tables S10 and S11). The presence
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of a conformational equilibrium and the difficulty in cor-
rectly modelling the flexibility of the molecule might, in
part, explain the poor result obtained for this coupling con-
stant. If this point and the few others having a nitrogen
atom in the path are excluded from the statistical analysis,
the performance for 3J(119Sn,13C) becomes excellent. We
also note that the results obtained for the syn/anti isomers
of 9 are quite different, particularly for the 3J(Sn,Me), see
Table S12. In fact the dihedral angle Sn–C–N–Me for the
optimized geometries is 27.5° and 84.4° for the syn and anti
conformers, respectively. The latter structure is favoured by
2.6 kcal/mol (relativistic level) because of steric interactions
in the syn conformer and, in fact, is the one for which calcu-
lated values are in very good agreement with the experimen-
tal results.

Vicinal couplings with protons seem, instead, less accu-
rately reproduced with both protocols. Correlation coeffi-
cients are lower and the slopes of the fitting lines show a
large deviation from unity. In particular, a very large error
is found for 3J(119Sn,1H) in 14 (ca. 50 Hz at the relativistic
level), which markedly deviates from the linear correlation.
It should be noted, however, that the calculated result only
regards the conformer having a dihedral angle of approxi-
mately 180° (ax,eq), but the existence of a second con-
former, with a dihedral angle of about 60° (eq,ax) cannot
be ruled out (see structures (e) and (f) in Figure S1 of Sup-
porting Information). In fact, the calculation of the cou-
pling constant for this latter conformer provides, as ex-
pected, a significantly lower value of –18.7 Hz (see Support-
ing Information, Table S19). Calculations at the relativistic
level predict that conformer (ax,eq) is 0.4 kcal/mol more
stable than (eq,ax). Averaging the calculated J values by
using the Boltzmann distribution at 300 K, gives a
3J(119Sn,1H) of –119.1 Hz. Actually, such a good agreement
with the experimental value could be fortuitous because the
DFT protocol probably does not have the accuracy neces-
sary to quantitatively describe the population of two con-
formers so close in energy. Nevertheless, considering the
presence of a second conformer in solution certainly im-
proves the agreement between the calculated and the experi-
mental value. In contrast, results for compounds 15 and 16
lie on the same correlation line of the remaining values of
3J(119Sn,1H): in these cases the two conformers, exchanging
equatorial and axial positions, differ in energy by about 4.5
and 2.0 kcal/mol, respectively, the (eq,eq) conformer being
more stable for 15 and that with axial trimethyltin being
more stable for 16. In fact the results for these latter con-
formers are in much better agreement with experiments
than the corresponding values obtained for the other two
conformers, see Tables S20 and S21.

The correlation obtained at the non-relativistic level is
also very good, being the correlation coefficients essentially
the same as for the relativistic protocol (see Figure 1 and
Table S2 for the statistical coefficients). However there is a
systematic underestimation of the magnitude of the cou-
pling constant. This results in a slope of the fitting line,
considering e.g. 3J(119Sn,13C) couplings, of about 0.7 and,
correspondingly, a larger value of the MAE. Nevertheless,
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the predictive power of the non-relativistic protocol, which
is computationally less expensive, is rather high once the
above scaling factor is taken into account.

In contrast to the results obtained with the non-relativis-
tic approach for 1J and 2J couplings, which showed a
marked dependence on the functional used,[35] the results
obtained for 3J are almost independent on the particular
functional and pure and hybrid ones seem to perform simi-
larly, see Figure 2 and Table S1.

Figure 2. Correlation between calculated and experimental
3J(Sn,X) (Hz), using several functionals at the non-relativistic level.

Finally, regarding compound 14 discussed above, it
seems that the non relativistic DFT approach cannot dis-
criminate which conformer, between (ax,eq) and (eq,ax), is
the most stable. In fact, the B3LYP functional used for ge-
ometry optimization predicts that the (eq,ax) conformer is
slightly more stable (by 0.05 kcal/mol), in contrast to the
relativistic result. On the other hand, if the relativistic en-
ergy difference is used, the averaged 3J(119Sn,1H) is
–77.4 Hz, now in line with the other non-relativistic results.
Thus, care should be paid when average properties are in-
ferred from a Boltzmann population based on very small
energy differences obtained from the non-relativistic ap-
proach used here.

Theoretical Karplus-Type Curves

As we have seen in the previous Section, the relativistic
protocol, particularly if referred to the case of 3J(119Sn-C-
C-13C) couplings, is very accurate. With a MAE of just
above 2 Hz its predictive power appears more than ade-
quate for a detailed computational investigation of substitu-
ents, on both tin and carbon, and structural effects on the
coupling constants. We have selected simple model systems,
as shown in Scheme 2, and we have calculated the tin-car-
bon coupling constants as a function of the dihedral angle
φ.

The effect of trimethyl, tributyl and triphenyl substitu-
ents on the tin atom has been considered, while for the γ-
carbon we have considered a methyl, an isopropyl and a
terbutyl group. In Figure 3 we show the results obtained for
the trimethyltin(IV) model systems.
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Scheme 2. Schematic representation of the model systems investi-
gated.

Figure 3. Calculated 3J(119Sn,13C). (open triangles) 22a; (open
circles) 22b; (open squares) 22c; (solid lines): fitting curves 3J(φ) =
A + Bcos(φ) + Ccos(2φ), parameters are reported in Table 3.
(dashed line) original Karplus–Kitching curve, Equation (1).[15]

(solid circles) (trimethylstannyl)cyclohexane.

The calculated coupling constants have a negative sign
except in the region around 90° where they have a positive
value, although rather small. Nevertheless, as already men-
tioned, this change of sign is of importance since all
Karplus-type equations have been determined only from
the magnitude of the coupling constants. If these were nega-
tive over the whole range of dihedral angles then it would
suffice to change the signs of the three coefficients A, B and
C (Table 3). On the other hand, if a change of sign occurs
and the experimental data are reported only in magnitude
an error in the derivation of the Karplus equations might
arise.

Table 3. Fitting parameters of the Karplus-type curves of the model
systems investigated for the trimethyltin(IV) model systems.

22a 22b 22c 22a
3J(Sn,C) 3J(Sn,C) 3J(Sn,C) 3J(Sn,H)

A –42.77 –30.02 –27.03 –78.17
B 8.87 15.80 17.04 29.18
C –43.88 –30.95 –28.23 –79.64
3J(0°) –77.78 –45.17 –38.22 –128.63
3J(180°) –95.52 –76.77 –72.33 –186.99

The substitution of the hydrogen atoms of the terminal
methyl group with one or more methyl groups leads to a
regular decrease of the magnitude of the coupling constant
except in the region around 90°, where the constant is, how-
ever, small. It is noteworthy that the Karplus–Kitching
curve, also shown in Figure 3, was derived from a set of
data where the vicinal carbon coupled to tin was either a
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methylene or a methine group (compounds 1–7). In fact,
the theoretical curve obtained for the substituted model sys-
tems is rather close to the original one of Equation (1).

By fitting the calculated coupling constants with a
Karplus-type curve like 3J = A + Bcos(φ) + Ccos(2φ) we
obtain the fitting coefficients reported in Table 3.

There is still some disagreement between the theoretical
Karplus curves and those derived by Kitching and co-
workers[15] for compounds 1–7, see Equation (1). We have,
therefore, investigated more in detail if this might be due
to the fact that the original curve was derived for cyclic
compounds where multiple coupling paths may occur. Then
we have considered a model of 3 where some of the connec-
tions have been removed, as in Scheme 3.

Scheme 3. Left: model system of 3 where one of the paths connect-
ing Sn and C3 has been removed. Right: the original structure with
the removed path highlighted.

For this model the coupling constant is now –76.7 Hz,
against the calculated value for 3 of –49.1 Hz (which is in
very good agreement with the experimental value of
51.1 Hz, see Table 1). This confirms that the presence of
multiple paths connecting the coupled nuclei is of great im-
portance: the magnitude of 3J(119Sn,13C) decreases signifi-
cantly by increasing the number of connections between tin
and carbon; it is to note, then, that the Karplus curve de-
rived from the polycyclic compounds 1–7 of Scheme 1
should be considered not strictly valid for the general case.
We also emphasize that the coupling paths considered are
non-equivalent and might have different signs. However, be-
cause of the complicated dependence of such couplings on
the relative orientation of the bonds it is difficult to predict
whether the coupling should increase or decrease for the
general case.

We further investigated the multiple paths issue by deriv-
ing the Karplus-type equation for the case of (trimeth-
ylstannyl)cyclohexane by regularly varying the conforma-
tion from one chair to the other, meaning exchanging the
equatorial positions to axial ones and vice versa. The Sn–
C–C–C dihedral angle varies in this case from 74° to 180°.
The curve is shown in Figure 3: remarkably, the maximum
of the coupling is obtained for a dihedral angle of about
103° rather than 90°, as usually found. Apart from this
phase shift, the curve would be rather close to that of 22b
and 22c; however, the net result is that, for the same dihe-
dral angle, the calculated coupling for the cyclohexane de-
rivative is lower, in magnitude, than that obtained for a lin-
ear alkyl chain, for dihedral angles larger than about 100°;
the opposite is true for smaller angles. This is in agreement
with the behaviour of 3 and its model compound discussed
above.

Eur. J. Org. Chem. 2009, 3526–3534 © 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjoc.org 3531

As far as the effect of the substituents on tin is con-
cerned, see models 23 and 24 in Scheme 2, the presence of
the butyl chains reduces the tin–carbon coupling constant
by about 15%, as noted experimentally:[22,37] for example
3J(0°) is reduced (in magnitude) from –44.0 Hz in 22b to
–38.7 in the analogous tributyl derivative 23. Similarly, the
3J(180°) is reduced from –76.7 Hz to –65.3, respectively. In
contrast the presence of phenyl groups appears less clear:
whereas the value of 3J(0°) in 22a is –77.0 Hz and is reduced
to –74.5 Hz in 24, 3J(180°) in the same two compounds is
–94.2 and –99.2 Hz, respectively, thus increasing in magni-
tude as methyl groups are replaced by phenyl ones; the
overall effect is, however, rather small. In all cases the value
of the coupling for a dihedral angle of 90° is close to zero.

Finally, we have considered the effect of an electronega-
tive substituent bound to one of the carbon atoms on the
bonding path, that is 2-hydroxy-1-(trimethylstannyl)pro-
pane, 25, to investigate whether a substituent not directly
bound to either of the coupled nuclei might have a signifi-
cant influence on the coupling constants. In fact, 3J(0°) is
reduced from –77.0 Hz in 22a to –56.4 Hz in 25 while
3J(180°) changes from –94.2 Hz to –68.5 Hz, respectively.
Therefore, there is a remarkable effect on the coupling con-
stant even from substituents located somewhat far from the
coupled nuclei.

Thus, the values of 3J(119Sn,13C), particularly for dihe-
dral angles of 0° or 180° where it has the largest magnitude,
is a very sensitive probe of the overall structure of the mole-
cule, carrying information not only on the relative orienta-
tion of the three bonds involved but also on the presence
of substituents on or near the coupled nuclei.

Concerning the theoretical Karplus curves involving tin
and proton we have calculated the coupling constants in
22a. Results are reported in Figure 4 and in Table 3. Simi-
larly to the 3J(119Sn,13C) couplings, the calculated values
are generally larger, in magnitude, than those predicted by
the Karplus-type curve derived by Quintard and co-
workers, see Equation (2). Substituent effects are expected

Figure 4. Calculated and experimental 3J(119Sn,1H). Open circles:
1-(trimethylstannyl)propane, 22a; solid line: fitting curves 3J(φ) =
A + Bcos(φ) + C cos(2φ), parameters are reported in Table 3;
dashed line: original Karplus–Quintard curve, Equation (2);[18] so-
lid circles: 2-hydroxy-1-(trimethylstannyl)propane (25).
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to play a non-negligible role. We note, however, that some
disagreement is also observed in the direct comparison of
calculated and experimental data of 3J(119Sn,1H) in com-
pounds 14–21 that might be partly ascribed to conforma-
tional effects.

In Figure 4 we also compare the calculated values for 22a
with those obtained for 1-(trimethylstannyl)-2-hydroxypro-
pane. Again, the effect of the electronegative atom is quite
large, e.g. the magnitude of 3J(180°) decreases from –187.0
to –156.9 Hz. Curiously, the calculated values for the hy-
droxy derivative almost perfectly lie on the original
Karplus-type curve of Equation (2).

Conclusions
The Karplus-type dependence proposed in the literature

for vicinal 3J(119Sn,13C) and 3J(119Sn,1H) coupling con-
stants in organotin(IV) derivatives,[15,18] has been confirmed
by DFT calculations for simple model systems. Scalar
ZORA relativistic and non-relativistic protocols have been
tested and a very good correlation with experimental values
has been observed. Concerning 3J(119Sn,13C) the relativistic
protocol gives results in excellent agreement with the experi-
mental coupling constants. On the other hand, non-relativ-
istic protocols, computationally less expensive, have been
found to perform rather well, the quality of the correlation
being similar to the relativistic level; however, because of a
general underestimation of the magnitude of the couplings
a scaling factor is necessary if predictions have to be made.
Analogous trends for the relativistic and the non-relativistic
protocols have been observed for 3J(119Sn,1H) although in
this case the overall performance of both methods was com-
parable, either underestimating (non-relativistic) or overesti-
mating (relativistic) the magnitude of the coupling con-
stants.

Calculations showed that 3J(119Sn,13C) and 3J(119Sn,1H)
couplings do not keep the same sign over the whole range
of the dihedral angle: in fact, they are mostly negative ex-
cept around 90°. The magnitude is, however, small in that
region, so that the sign inversion does not introduce signifi-
cant errors in the derivation of the Karplus equation from
the experimental data, which are generally known only in
absolute value.

We have also investigated the effect of substituents and
molecular structure on the vicinal couplings. It has been
confirmed that several factors, often overlooked, greatly af-
fect the value of the coupling constant, namely: substituents
on tin, substituents on the γ carbon and on the carbon
atoms on the path as well as the presence of multiple paths
connecting the coupled nuclei. Each of these contributions
should be kept in mind when a Karplus-type equation is
applied to the system of interest; thus, it is not possible to
propose a single, general relationship valid for all the classes
of vicinal coupling constants here investigated. We note,
however, that the shape of the curve is not significantly al-
tered, with the largest magnitude occurring for dihedral
angles of 0° and 180°, with |3J(0°)| � |3J(180°)|, and the
coupling always close to zero in the region around 90°.
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Finally, as recently reported, the presence of nuclei other
than carbon in the bonding path produces even larger ef-
fects on the vicinal coupling constants.[22] These effects are
currently under investigation in our laboratories.

Experimental Section
Computational Details: The relativistic protocol is based on the
Zeroth Order Regular Approximation (ZORA) formalism as im-
plemented in the software package ADF.[38] Coupling constants
were calculated using the cpl module of the software.[39] According
to our previous experience,[29] and for the sake of comparison, we
have selected the BLYP[40] functional and the all-electron TZ2P ba-
sis set at the scalar relativistic level. Geometry optimization were
in all cases at the scalar ZORA BLYP/TZ2P level. For partially
optimized geometries the dihedral angle was fixed by the applica-
tion of a restraining force to the specified dihedral while all remain-
ing coordinates were fully relaxed. At the non-relativistic level, cal-
culations were performed with the Gaussian 03 package.[41] We
have selected several functionals, of both pure and hybrid type,
similarly to our previous study on 1J(119Sn,13C) and
2J(119Sn,1H),[35] and a relatively small basis set as the double zeta
valence plus polarization DZVP[42] for tin and the 6-31G** for ligh-
ter atoms; an integration grid of 99 radial shells and 302 angular
points in each shell was employed. All geometries were optimized
by using the B3LYP[43] functional with the above basis sets. All
contributions to the coupling constants have been calculated:
Fermi Contact (FC), Diamagnetic and Paramagnetic Spin Orbit
(DSO and PSO) and Spin Dipole (SD), although at the relativistic
level the sum of FC and SD term is obtained. At the relativistic
level DSO and PSO contributions, partly cancelling each other,
were found to be negligible, representing no more than about 1%
of the total coupling constant. At the non-relativistic level the three
terms PSO, DSO and SD were all small and partly cancelling each
other while the FC contribution resulted the predominant term
contributing at least for the 96% to the total coupling constant
value. Moreover for small coupling constants, falling in the 0–1 Hz
range, even if the FC contribution is still predominant its effect
is reduced to about 88–96%. Details are reported in Supporting
Information, Tables S3–S26.

Solvent effects have been neglected in the present study since all
experimental data were collected in low-polar solvents, such as
CDCl3, CS2 or neat liquid for compounds 1–7, C6D6 for com-
pounds 8, 9 and 14–21 and CDCl3 or CCl4 for compounds 10–13.
In these cases, long range solvent effects, that might be treated by
continuum models, are expected to play a minor role on J cou-
plings.[44]

Additional tests were run to check the convergence of the levels of
theory. At the relativistic level the all-electron QZ4P basis set and
the Spin-Orbit approximation were used for compound 1. The val-
ues obtained (see Supporting Information, Tables S3 and S22)
showed that neither the use of a quadruple-ζ basis set nor the in-
clusion of Spin-Orbit coupling in the Hamiltonian produce a sig-
nificant change in the 3J(119Sn,13C) calculated results, while a small
but non-negligible effect on 3J(119Sn,1H) can be observed. At the
non-relativistic level the effect of basis set was tested on compound
1 by uncontracting the basis sets and adding tight s functions for
the core in the calculation of the Fermi Contact term. This is ac-
complished by using the keyword nmr = mixed in the Gaussian03
input; in this case a large spherical product grid (200,100,200) was
used. The FC terms obtained with the smaller basis set for the
three coupling constants slightly differ from the corresponding val-
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ues obtained with the uncontracted basis (Table 4); we also note a
change in the sign of the SnCCC7 coupling which is now in agree-
ment with the relativistic results (see “Results and Discussion” sec-
tion). Differences, however, are small and non-systematic in con-
trast to what we found for 1J(119Sn,13C), where the effect of the
basis set was sizeable.[35] It is noteworthy that the calculation with
the tight functions requires an ultrafine integration grid, as re-
ported above, hence a whopping increase of computational time
making the calculation with the larger basis set very expensive.

Table 4. Effect on the Fermi contact contribution of 3J(119Sn,13C)
for 1 on passing from the original basis sets (bs) to the uncontrac-
ted plus tight functions basis sets (ubs+s).

3J(SnCCC) bs ubs+s

SnCCC4 –9.30 –7.99
SnCCC6 –47.74 –51.75
SnCCC7 –0.79 1.23

Supporting Information (see also the footnote on the first page of
this article): Tables of calculated coupling constants and cartesian
coordinates for all the systems investigated.
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[1] P. J. Smith, A. P. Tupčiauskas, Ann. Rep. NMR Spectrosc. 1978,
8, 291–370.

[2] R. Hani, R. A. Geanagel, Coord. Chem. Rev. 1982, 44, 229–
246.

[3] B. Wrackmeyer, Ann. Rep. NMR Spectrosc. 1985, 16, 73–186.
[4] B. Wrackmeyer, Ann. Rep. NMR Spectrosc. 1999, 38, 203–264.
[5] W. H. Manders, T. P. Lockhart, J. Organomet. Chem. 1985, 297,

143–147.
[6] T. P. Lockhart, W. H. Manders, J. Am. Chem. Soc. 1985, 107,

5863–5866.
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