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The rotation of a trimethylsiloxy (TMSO) group in three silylated phenols (with three different ortho substituents
-H, -CH3, and -C(CH3)3) was studied with the NMR nJ(Si,C), n ) 2, 3, 4, 5, scalar spin-spin coupling
between the 29Si nucleus of the TMSO group and the 13C nuclei of the phenyl ring. The internal rotation
potential calculated with the B3LYP and MP2 calculation methods including the effect of a solvent environment
(gas phase, chloroform, and water) was used for the calculation of the dynamical averages of the scalar
coupling constants in the framework of the rigid-bender formalism. Solvent effects, the quality of the rotational
potential, and the applicability of the classical molecular dynamic to the problem is discussed. Quantum
effects have a sizable impact on scalar couplings, particularly for the internal rotational states well localized
within the wells of the potential surfaces for the TMSO group. The overall difference between the experimental
and theoretical scalar couplings calculated for the global energy-minima structures (static model) decreases
substantially for both model potentials (B3LYP, MP2) when the molecular motion of the TMSO group is
taken into account. The calculated data indicate that the inclusion of molecular motion is necessary for the
accurate calculation of the scalar coupling constants and their reliable structural interpretation for any system
which possesses a large-amplitude motion.

Introduction

Nuclear magnetic resonance (NMR) has become an indis-
pensable experimental technique for the determination of
molecular structure and conformation.1 Experimentalists and
synthetic chemists can usually rely on empirical rules for the
structural interpretation of NMR parameters.2–7 In some cases,
however, such an empirical approach may not be suitable, and
the experimental values of NMR parameters cannot be straight-
forwardly related to the molecular structure. For example, the
calculated effects of molecular vibrations on NMR shifts8 and
scalar couplings9–11 were shown to be significant. From the
theoretical point of view, it is always advisable to take
vibrational behavior into account in order to ensure the
plausibility of the predicted NMR parameters.12 On the other
hand, solving the vibrational problem itself may represent a
nontrivial task. The theoretical methods for the calculation of
the NMR properties that include polarization of the solute by
solvent and the effect of molecular motion have recently been
reviewed.13

This work focuses on the correlation of the measured NMR
scalar couplings with the structural parameters of silylated
phenols. The static approach is shown to be inadequate when
accounting for the flexibility of the TMSO group in silylated
phenols. The studied molecules were especially designed to
allow a stepwise probing of the internal molecular rotation of
the TMSO group. The internal rotation barrier of the TMSO
group gradually increases when the ortho proton is replaced by

the -CH3 and -C(CH3)3 groups. The scalar coupling constants
reflect different rotational flexibility as the spin-spin coupling
pathway essentially coincides with the internal rotation coor-
dinate. By including both the internal rotation and solvent effects
into the theoretical model, we have calculated the scalar
couplings probably at the accuracy that corresponds to the
current limit achievable by means of the used ab initio methods.

Calculation Method

The molecular geometry was optimized using the B3LYP14

and the MP215 methods. Single-point energy calculations were
also performed with the CCSD method.16,17 The basis set (4s,1p)
f [2s,1p] for hydrogen,18 (10s,4p,1d)f [3s,2p,1d] for carbon,18

and (16s,10p,1d) f [4s,3p,1d] for silicon19 called 6-31G(d, p)
was used for the geometry optimization.

The potential energy surfaces were calculated as stepwise
variations of the torsion angle (the torsion along the link atoms
between the TMSO group and the phenyl ring, Scheme 1) while
optimizing the rest of the geometry parameters. The actual
calculations were performed for two solvents (chloroform and
water), which were modeled using the polarizable continuum
model20 (PCM) as implemented in the Gaussian 03 program
package.21
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SCHEME 1: A schematic representation of the three
substituted silylated phenols, R ) H, CH3, and C(CH3)3
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The NMR scalar spin-spin coupling constants13,22 were
calculated using the CP DFT method23,24 with the B3LYP
functional employing the atomic basis usually called IgloIII.25

All four coupling terms were included, that is, the diamagnetic
spin-orbit (DSO), paramagnetic spin-orbit (PSO), Fermi
contact (FC), and spin dipolar (SD), thus yielding the total scalar
coupling constant. The scalar couplings nJ(29Si,13C) were
calculated for the pair of silicon and carbon atoms separated
by n bonds (n ) 2, 3, 4, 5). The PCM approach was used
consistently in geometry optimization and the calculation of the
scalar couplings.

All calculations were performed with the G03 program
package.21

Dynamical Calculations. The dynamical calculations were
performed within the framework of the rigid-bender formalism26,27

using a nonrigid molecular reference closely following the
internal rotation of the TMSO group with respect to the phenyl
ring of the studied molecules (the motion being measured by
τ). The appropriate Hamiltonian acquires the following form

Ĥ) 1/2µττ Ĵ2
τ + 1/2(Ĵτ µττ)Ĵτ +

1/2µ1/4{ Ĵτ µττ µ-1/2[Ĵτ µ1/4 ]} +V(τ) (1)
where Jτ ) -i�(d/dτ), µττ is the internal rotation component of
the tensor, which is the inverse of the 4 × 4 generalized
Hougen-Bunker-Johns27 molecular inertia tensor, µ is the
determinant of the matrix [µR�] (R,� ) x,y,z, τ; x,y,z being
Cartesian atomic coordinates in the molecular-fixed-axis sys-
tem), and V(τ) is the internal rotation (energy minimum path)
potential (for further details, see refs 26 and 27).

Effective, state-dependent spin-spin coupling constants
nJ(Si,C)(i) are evaluated as the following averages28,29

nJ(Si,C)(i)) 〈ψi(τ)|J(Si,C)(τ)|ψi(τ)〉 (2)
where Ψi(τ) is the wave function of a given internal rotation
state i.

To allow for a qualitative estimation of the temperature
dependence of the probed coupling constants, the following
thermal average characteristics are also evaluated

〈J(Si,C)〉T ) ΣjJ(Si,C)(j)exp{-Ej/kT}/Σjexp{-Ej/kT} (3)
where Ej are internal rotation energies, T is temperature, and k
is the Boltzmann constant.

Making it possible for the molecular valence coordinates to
vary with the “low-frequency” internal rotation coordinate τ,
the model allows for the important interactions with the
remaining “high-frequency” molecular vibrational modes (see,
e.g., ref 30). As a matter of fact, these adiabatically accounted
interactions are of only minor consequences, thus evidencing
the rather marginal role of the remaining (high-frequency)
molecular vibrations in the dynamical averaging.

Classical MD Simulation. The dynamical behavior of
silylated phenol with an ortho proton was probed using a MD
simulation technique with the program TINK31 and the Universal
Force Field32 employing an implicit chloroform solvent at room
temperature (300 K). The classical internal rotation potential
function was replaced by the potential function calculated with
the B3LYP method employing the PCM chloroform solvent.
The snapshot geometries (54 geometries) along the trajectory
sampling the internal rotation coordinate were randomly selected
and, in turn, used for the calculation of the scalar couplings.

Experimental Section

Synthesis. The studied compounds were prepared by means
of standard synthetic methods; the details will be published
elsewhere.33

NMR Measurements. 13C and 29Si NMR spectral measure-
ments in solution were performed on a Varian UNITY-500
spectrometer (operating at 499.9 MHz for 1H, at 125.7 MHz
for 13C, and at 99.3 MHz for 29Si NMR measurements) using a
5 mm Si{C,H} Nalorac probe. The spectrometer was equipped
with an X,Y,Z-Performa gradient module and has four rf
channels, two of which were fitted with waveform generators.
The standard vnmr 6.1C software was used for all of the
experiments except for the (Si,C,Si)gHMQC pulse sequence.
All of the spectra were recorded at 25 °C in 0.3-1.5 M solutions
in dry CDCl3 (Aldrich, 99.8 atom % D, stored over activated
molecular sieve 3A) containing 1% (v/v) of hexamethyldisilane
(Aldrich, HMDSS, 29Si secondary reference). The 13C NMR
spectra were measured using a spectral width of 30 000 Hz.
The WALTZ decoupling was applied during both the acquisition
(1 s) and relaxation delay (10 s). Zero filling to 128K and a
mild line broadening were used in data processing. The spectra
were referenced to the line of the solvent (CDCl3, δ ) 76.99
ppm). The 29Si NMR spectra were measured by the INEPT pulse
sequence as modified for Si(CH3)3 groups34 (75 ms polarization
and 16 ms refocusing delays optimized for polarization transfer
by 2J(29Si-C-1H) ) 6.7 Hz from a nine-spin proton system)
using a relaxation delay of 10 s, a spectral width of 10 000 Hz,
an acquisition time of 4 s, and FID data zero filled to 128K.
The spectra were referenced to the line of HMDSS (δ )-19.79
ppm).

The (Si,C,Si)gHMQC correlation experiment employed the
pulse sequence described earlier,35 with the INEPT part the same
as that described above for the INEPT experiment. Each sample
was measured with two values of polarization transfer delay
(Sif C) in the gHMQC part of the sequence, 160 and 500 ms.
The former value was used in measurements of the couplings
in the 1-3 Hz range, and the latter was for the couplings below
1 Hz. The intensity of the first gradient pulse was 9.93
gauss · cm-1, whereas that of the second alternated between 2.74
and -22.5 gauss · cm-1 for the two FIDs needed for phase-
sensitive 2D detection. The 90° pulses of 1H, 13C, and 29Si were
18, 20, and 8 µs long, respectively. The other parameters were
set at an acquisition time of 4.0 s, a spectral width in the F2
(29Si) dimension of 2000 Hz with zero filling to 64K data points
and a Gaussian broadening (5 s), a relaxation delay of 10 s, a
gradient duration of 1 ms, and a spectrometer recovery time of
1 ms. The spectral width in the F1 dimension was 6000 Hz, at
2 × 32 t1 increments, at least 16 scans per increment, zero filling
to 256 and a Gaussian broadening (0.005 s).

It is not problematic to achieve a line width of 0.1 Hz or
even less when a sufficiently long acquisition time is used in
the measurements of these samples by the standard refocused
decoupled INEPT34,36 and with sufficient digitalization to
measure the peak position within an accuracy of 0.02 Hz. In
the measurements reported here, a shorter acquisition time had
to be used in order to avoid the occurrence of echoes during
the detection period and to get a sufficient S/N ratio in a
reasonable time.

In the (Si, C,Si)gHMQC spectra, the coupling constants are
read off from the separations of lines in the antiphase doublets
along the F2 axis. In determining the coupling constants in the
range of 1-3 Hz (measured with a polarization delay of 160
ms), no overlap occurred, and the antiphase lines were well
separated by a plateau and allowed measurements of the line
widths (at half-height) that were subsequently used in line
simulations for small couplings. The observed small separations
that were measured with a delay of 500 ms were corrected by
simulations to yield estimates of the coupling constants. The
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corrections varied between 0.00 and 0.10 Hz for the couplings
of 0.60 Hz or less, depending on the separation and line width
determined from those experiments employing a shorter delay.
Although the antiphase line separation could be read with a
precision of (0.04 Hz, the accuracy of the corrected values
was estimated as asymmetrical within -0.10 and +0.05 Hz.

The unambiguous and independent assignments of the lines
in the 13C NMR spectra (based on 13C line intensity, multiplicity,
and 1H-13C correlations) will be described elsewhere.33

Results and Discussion

Rotation of the Trimethylsiloxy Group. The internal
rotational barrier of the TMSO group is affected specifically
by the group in the ortho position of the phenyl ring (Scheme
1). If there is only a hydrogen atom in the ortho position, the
TMSO group can rotate, nearly freely, around the O-C1 bond
(the calculated B3LYP barrier is 0.5 kcal/mol, Figure 1). If there
is a larger ortho substituent (R ) CH3, R ) C(CH3)3), the
rotation is hindered effectively, and the potential energy
increasessteeplywhenthevalueofthetorsionangleSi-O-C1-C6
(further called torsion τ) approaches the interval of 0-90°,
which corresponds to a steric clash between the TMSO group
and the substituted group (Figure 1). The two kinds of molecular
motion (free and hindered) of the TMSO group were described
at the B3LYP and MP2 levels of theory. The free rotation was
also modeled using the classical molecular dynamic (MD)
simulation technique.

The optimal values of τ calculated for the global energy
minimum with the B3LYP method including a chloroform
solvent (B3LYP(chloroform)) were 90, 114, and 164° for the
substituents -H, -CH3, and -C(CH3)3, respectively. The more
the rotational coordinate τ is confined in space due to the
increasing size of the ortho substitution, the more the optimal
value is shifted toward the antiperiplanar orientation with respect
to carbon C6 (Scheme 1). The geometries optimized with the
B3LYP and MP2 methods were not the same. The optimal
torsion angles τ calculated with the MP2(chloroform) method
were 90, 108, and 134° for the -H, -CH3, and -C(CH3)3

substitution, respectively. The value of the bond angle Si-O-C1
calculated with the B3LYP method was larger than the angle
calculated with the MP2 method for the same geometry grid
point. For example, the Si-O-C1 angles calculated with the
B3LYP(chloroform) and MP2(chloroform) method (R ) H; τ
) 90°) were 126 and 120°, respectively. The MP2 geometries
thus possess a closer spatial proximity of the TMSO group and
phenyl ring.

The B3LYP and MP2 calculation methods also provide
different internal rotation potentials. Consequently, the corre-
sponding internal rotation wave functions and thus also the NMR
parameter averages differ for these methods, as will be shown
further.

The location of the TMSO group above the phenyl ring (R
) H; τ ∼ 45-135°; Figure 2) leads to a drop in the potential
energy. The MP2 potential curve drops roughly four times more
sharply than the B3LYP one (Figure 2). The same trend (i.e., a
larger decrease for the MP2 method) was also predicted for the
hindered rotation potential (τ between the global minima and
180°; R ) CH3, R ) C(CH3)3; Figure 3). Once the TMSO group
gets close to the ortho group, both potentials become closer
(Figure 3).

The calculated potential energy surfaces (R ) H; B3LYP
and MP2) differ qualitatively. Whereas the B3LYP curves
possess one global (τ ) 90°) and one local (τ ) 0°) minimum,
the MP2 curves exhibit only one global minimum (τ ) 90°)

with the maximum of the rotation barrier at τ equal to 0° (Figure
2). The energy difference between the local and global minima
calculated with the B3LYP(chloroform) method is only 0.4 kcal/
mol, while the MP2(chloroform) barrier is 1.6 kcal/mol (Figure
2).

The quantum description of the internal rotation states is
strongly affected by the shape of the calculated potential energy
curve (R ) H; B3LYP, MP2; Figure 4). Whereas the low-lying
rotational states are localized in the region of the global energy
minimum for both potentials (τ ) 90°; Figure 4), some higher
states calculated with the B3LYP potential (i ) 16, 17,. . ., 30
and i ) 31, 32, 33) are localized in the region of local minima
(τ ) 0, 180°; Figure 4). Localization of the quantum states
(calculated as a maximum of the square of the rotational wave
function) modeled with the B3LYP potential alternates between
the global and local minima. On the other hand, the MP2
rotational states are well localized in the global minimum region
for all states lying below the MP2 rotation barrier (Figure 4).
The states lying safely above the barrier (“free rotation” states)
are delocalized over the whole space. Since the global minimum

Figure 1. The dependence of energy on the rotation of the TMSO
group relative to the energy of the global minimum calculated with
the B3LYP method and a chloroform solvent.

Figure 2. The dependence of energy on the rotation of the TMSO
group relative to the energy of the global minimum calculated for the
R ) H substitution.
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of the MP2 surface is deeper than the B3LYP one, the
delocalization of the MP2 states requires higher activation
energy.

The potentials calculated for the hindered rotation possess
only one global minimum (Figure 3). The rotation of the TMSO
group is spatially confined by an effectively infinite barrier (R

) CH3, R ) C(CH3)3; Figure 3). All quantum internal rotational
states are thus localized within the interval confined by the steric
clash, and the spreading of their wave functions increases as
the activation energy increases.

Effect of Solvent on the Rotation Potential. A solvent
environment affects the calculated profile of the rotational
potentials for both kinds of rotational motions (Figures 2 and
3). Three environments with an increasing polarity of solvent
(gas phase, chloroform, and water) were considered. The gas-
phase calculation and inclusion of the PCM water solvent
theoretically mimic the limit conditions with regard to the
experiment (chloroform). (The NMR experiment using water
solvent is only hypothetical as moisture leads to a decomposition
of the compounds.)

A relatively large solvent effect, up to ∼0.3 kcal/mol, was
calculated for the internal rotation potential of the TMSO group
without steric hindrance (R ) H; Figure 2). The separation
between the curves calculated in the gas phase and chloroform
is comparable for both methods used (Figure 2). The additional
increase of the polarity of the solvent (water) has only a marginal
effect on the calculated potential (chloroform), increasing the
energy near the global minima and decreasing the energy in
the region of the antiperiplanar arrangement (Figure 2). The
separation of the potential curves calculated for chloroform and
water is smaller than 0.1 kcal/mol (Figure 2). The effect of
polarization of the solute by the solvent on the internal rotation
potential is thus already saturated for chloroform, and the impact
of the calculation method (B3LYP, MP2) dominates (Figure
2).

The same effect of solvent (increase in energy) on the rotation
potential as that calculated for the free rotation (R ) H) was
also found for the hindered rotation when the TMSO group was
spatially well separated from the substituent (the region between
the global energy minimum and antiperiplanar arrangement;
Figure 3). An opposite trend, a decrease in energy due to the
solvent effect, was found for the area of steric clash (Figure 3).
The separation of the B3LYP potential curves in the gas phase
and chloroform was smaller than 0.5 for R ) CH3 and 0.1 kcal/
mol for R ) C(CH3)3 (Figure 3).

The rotational flexibility of the TMSO group was respected
using the classical molecular dynamic (MD) simulation only
for the free rotation (R ) H). The dispersion of the calculated
energies was much larger (∆E ∼ 14 kcal/mol; 54 selected MD
geometries; NMR calculation; see Supporting Information) than
the barrier (∆E ∼ 0.5 kcal/mol; Figure 1) obtained using the
B3LYP(chloroform) method. This is because of the inclusion
of all of the vibration modes in the MD calculation; the rotation
of the TMSO group is only one of many molecular motions.
The calculated energies (∆E ∼ 14 kcal/mol) therefore do not
exhibit any smooth dependence on the rotation coordinate. We
note that the MD geometries calculated using the universal force
field31,32 differ qualitatively from the B3LYP and MP2 grid point
geometries. This difference may result in systematic shifts of
the NMR parameters, as will be shown in the next section.

Quality of the Potential for the Internal Rotation. The
choice of the quantum chemical method used for the calculation
of the internal rotation potential of the TMSO group obviously
affects the rotational barrier and curvature of the calculated
potential surfaces (Figures 2 and 3). The interaction between
the phenyl aromatic ring and the methyl group(s) is clearly
different when described with the B3LYP or MP2 method. The
trends calculated for the internal rotation in the silylated phenols
are in agreement with the recent calculation carried out also
with the B3LYP and MP2 methods in peptides containing an

Figure 3. The dependence of energy on the rotation of the TMSO
group relative to the energy of the global minimum calculated for the
substitutions R ) CH3 and R ) C(CH3)3.

Figure 4. The B3LYP and MP2 rotation potentials (thick lines) and
wave functions of some localized, nearly delocalized, and completely
delocalized internal rotation states calculated for the TMSO group. The
energies of the rotational states in cm-1 are represented by the baselines
of the plotted wave functions.
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aromatic ring.37 In particular, the dispersion interaction is known
to be inadequately described by the B3LYP method, leading
thus to the underestimation of the stabilization energy,38,39 while
application of the MP2 method leads to the relative increase of
the stabilization energy.40 In order to assess the reliability of
both model potentials, we carried out the single-point CCSD
energy calculations (τ ) 0, 30, 90°; Figure 2) for the grid point
geometries optimized with the B3LYP and MP2 methods
including chloroform solvent. As the dispersion contribution is
treated more properly with the CCSD method, notable increase
of the rotational barrier for the grid point geometries optimized
with the B3LYP method was obtained (Figure 2). On the other
hand, for the grid point geometries optimized with the MP2
method, a relative decrease in energy was calculated. Both
CCSD grid point calculations thus give the rotational barriers
that are confined between the potential curves obtained with
the MP2 method in the gas phase and chloroform, which gives
somewhat higher credibility to the MP2 potential compared to
the B3LYP one.

Calculation of the NMR Spin-Spin Coupling Constants.
The scalar coupling constants were calculated for the silicon
nucleus of the TMSO group and the inner ring carbon nuclei
of the phenyl ring in the three silylated phenols (Scheme 1).
The absolute magnitudes of the calculated couplings range from
2.7 (3J(Si,C)) to 0.2 Hz (nJ(Si,C), n ) 4, 5), in agreement with
the measured couplings (Table 1). The calculation predicts a
negative sign for the nJ(Si,C), n ) 2, 4, coupling constants,
whereas the opposite sign is calculated for an odd number of
bonds (n ) 3, 5) separating the coupled nuclei. The sign of the
couplings has not been determined experimentally yet.

The symmetrically disposed carbon atoms in pairs (C2,C6)
and (C3,C5) are indistinguishable in the NMR experiment only
for the compound with R ) H. In this case, the dependence of
the 3J(Si,C) and 4J(Si,C) couplings on the torsion angle τ was
averaged (nJ(Si,C) ) 1/2(nJ(Si,C′) + nJ(Si,C′′ )), n ) 3, 4;
(C′,C′′ ) was (C2,C6) or (C3,C5)).

The geometry optimization and NMR calculations were
performed using the same solvent model. As the NMR calcula-
tions were performed only with the B3LYP method, the “MP2
scalar couplings” will hereafter refer to the NMR calculation
carried out with the B3LYP method using the geometry
optimized with the MP2 method.

The values of the scalar couplings calculated for different
environments are very similar. The choice of the method for

geometry optimization has a greater impact on the calculated
couplings than the model of solvent. The difference between
the couplings calculated with the B3LYP method in the gas
phase and those in chloroform is smaller than 0.1 Hz, and a
similar shift was calculated also for water (Supporting Informa-
tion). The difference between the scalar couplings calculated
using the B3LYP and MP2 geometries in chloroform was
smaller than 0.2 and 0.8 Hz for the free (R ) H) and hindered
rotation (R ) CH3, C(CH3)3), respectively.

If the rotation freedom of the TMSO group is large, both the
geometry and solvent effects are comparable. For example, the
2J(Si,C1) coupling calculated with the B3LYP method in the
gas phase, chloroform, and water (R ) H; τ ) 90°) is -2.92,
-2.92, -2.93 Hz, respectively. For the geometry optimized with
the MP2 method, the 2J(Si,C1) coupling is -2.76, -2.74, -2.72
Hz, respectively. The B3LYP and MP2 couplings differ more
profoundly for geometries in the region of steric clash (Sup-
porting Information).

Substitution at the ortho carbon has a specific effect on the
calculated scalar couplings nJ(Si,C), n)2, 3, 4, 5 (B3LYP(chloro-
form); Figures 5–8). The curves for the individual couplings
calculated for the discussed substitutions do not coincide
(Figures 5–7), with the exception of the 5J(Si,C4) coupling
(Figure 8). The calculated dependence of the 5J(Si,C4) couplings
on the torsion τ is therefore not affected by the ortho substitution
(B3LYP, Figure 8, and also MP2, Supporting Information). The
measured values of the 5J(Si,C4) coupling are 0.42, 0.43 and
0.25 Hz for the -H, -CH3, and -C(CH3)3 group, respectively.
This observed decrease (Table 1) agrees with the prediction
obtained with the “static” approach, because the optimum for
the torsion τ shifts toward the antiperiplanar arrangement due
to the size of the substituted group (B3LYP, τ ) 90, 114, 164°,
and MP2, τ ) 90, 108, 134°).

The absolute difference between the calculated (static ap-
proach; Table 1) and measured couplings ranges from 0.8
(2J(Si,C1); R ) H; B3LYP) to 0.0 Hz (4J(Si,C3); R ) CH3;
B3LYP). The averages of the absolute difference of the
calculated couplings from the experiment were 0.6/0.6, 0.3/0.4,
and 0.6/0.2 Hz (B3LYP/MP2) for the substitutions R ) H, R
) CH3, and R ) C(CH3)3 (static approach; Table 1).

The internal rotation wave functions calculated for the TMSO
group (Figure 4) were used for the calculation of the average
scalar couplings (eqs 2 and 3 in the Dynamical Calculations
subsection). The averages were calculated for the individual

TABLE 1: The Scalar Spin-Spin Coupling Constants between a 29Si Atom of the Trimethylsilyl Group and a 13C Carbon of
the Phenyl Ring in the Three Silylated Phenolsa

substitutionb methodc 2J(Si,C1) 3J(Si,C2) 3J(Si,C6) 4J(Si,C3) 4J(Si,C5) 5J(Si,C4)

R ) H static -2.92/-2.74 1.04/1.12 1.04/1.12 -0.80/-0.89 -0.80/-0.89 0.80/0.89
〈J〉55/120 -2.60/-2.46 2.14/2.37 2.14/2.37 -0.16/-0.10 -0.16/-0.10 0.32/0.31
〈J〉T)293K -2.66/-2.63 1.95/1.52 1.95/1.52 -0.28/-0.62 -0.28/-0.62 0.40/0.69
MD-DFT -1.17 2.40 2.4 -0.60 -0.60 0.78
experimentd -2.08 1.67 1.67 -0.33 -0.33 0.42

R ) CH3 static -2.87/-2.71 1.04/1.14 1.72/1.51 -0.47/-0.68 -0.67/-0.80 0.64/0.78
〈J〉55/80 -2.9/-2.7 1.4/1.7 1.9/2.2 -0.3/-0.3 -0.5/-0.5 0.5/0.5
〈J〉T)293K -2.7/-2.6 1.5/1.5 2.6/2.1 0.1/-0.6 -0.4/-0.4 0.3/0.6
sxperimentd -2.12 1.28 1.95 -0.49 -0.25 0.43

R ) C(CH3)3 static -2.68/-2.46 2.34/1.86 3.27/2.36 0.34/-0.07 0.52/-0.34 0.02/0.37
〈J〉55/80 -2.9/-2.9 1.5/1.7 2.2/1.9 -0.4/-0.3 -0.1/-0.5 0.4/0.5
〈J〉T)293K -2.7/-2.5 2.1/2.1 2.9/2.6 -0.1/0.1 0.3/-0.2 0.1/0.3
experimentd -1.95 1.83 2.69 -0.20 -0.25 0.25

a The scalar couplings in Hz. b See Scheme 1. c Static (B3LYP/MP2) is a NMR calculation for the B3LYP and MP2 equilibrium geometry
including a chloroform solvent. 〈J〉n/m is the average coupling for individual rotational states n and m calculated using the B3LYP and MP2
potential, respectively. 〈J〉T)293K (B3LYP/MP2) is a thermal average calculated with the B3LYP and MP2 rotational potential. d The signs were
not measured.
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vibrational states n (B3LYP) and m (MP2) (〈J〉n,m) and the
thermal average of the couplings (〈J〉293K) (Figure 9; Table 1).
The 〈J〉n,m values change rather dramatically, and their “quantum
character” manifests itself particularly in the case of the low-
lying rotational states (Figure 9). The discontinuity of the
average couplings 〈J〉n,m (Figure 9; B3LYP) corresponds to the
alternation of the localization of the states between the global
and local minima (Figure 4; B3LYP). With the increase of
activation energy, the internal rotation states become delocalized,
which leads to merging of both alternating dependencies (for
the states with n > 50; Figure 9; B3LYP). A similar strong
modulation of the average couplings was calculated for the MP2
model potential; however, the delocalization of the rotational
states (narrowing of the dependence) corresponded to a higher
activation energy (for the states with m > 120; Figure 9).

The average couplings 〈J〉n,m shown in Table 1 correspond
to completely delocalized internal rotation states. Of course, the
individual rotational states cannot be probed by the NMR

experiment as they cannot be selectively populated in the thermal
bath of the liquid-state experiment. The thermal averages are
more reliable quantities for comparisons (eq 3 in the Dynamical
Calculations subsection). It should be emphasized, however, that
a physically correct approach would require a complete ac-
counting of the role of all molecular motions.

The absolute difference between the 〈J〉293K couplings and
the couplings calculated using the static approach ranges from
0.9 (3J(Si,C2); R ) H; B3LYP) to 0.0 Hz (2J(Si,C1); R )
C(CH3)3; B3LYP, MP2). The absolute difference between the
〈J〉 couplings and experiment ranges from 0.8 (3J(Si,C2); R )
H; B3LYP) to 0.0 Hz (5J(Si,C4); R ) H; B3LYP). The overall
average relative deviation from experiment in percents ((100/
N)i)1,...,N |(Ji

exp - Ji
cal)/Ji

exp |), taking all N couplings (nJ, n ) 2,
3, 4, 5; R ) H, R ) CH3, R ) C(CH3)3) calculated for the
static approach into consideration, was 84 (B3LYP) and 54%
(MP2), whereas in the case of the thermal average, it was 46
(B3LYP) and 37% (MP2).

The scalar couplings modeled with the classical MD geometry
(54 snap shots) were calculated only for the R ) H substitution

Figure 5. The dependence of the 2J(Si,C2) coupling on the rotation
of the TMSO group calculated with the B3LYP method including a
chloroform solvent.

Figure 6. The dependence of the 3J(Si,C) couplings on the rotation
of the TMSO group calculated with the B3LYP method including a
chloroform solvent.

Figure 7. The dependence of the 4J(Si,C) couplings on the rotation
of the TMSO group calculated with the B3LYP method including a
chloroform solvent.

Figure 8. The dependence of the 5J(Si,C) couplings on the rotation
of the TMSO group calculated with the B3LYP method including a
chloroform solvent.
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(Figures 5–8). The dispersion of the calculated couplings is large
when they are correlated only with torsion τ as all the vibrational
modes are active in the MD simulation. Interestingly, this
“complete” vibrational effect decreases with the number of
bonds between the coupled nuclei increasing. The dispersion
of the MD couplings arising due to molecular vibrations is
smoothed out, and the MD couplings fit relatively well to the
B3LYP calculations (Figures 5–8). The 2J(Si,C1) couplings
calculated with MD geometries are larger than those calculated
with the B3LYP method (Figure 5). This systematic deviation
can most probably be attributed to the drawbacks of the used
force field. The overall difference of the MD couplings from
experiment is larger than the difference obtained with the static
and dynamic approach (R ) H; Table 1). On the other hand,
the MD approach is more advantageous when compared to the
quantum approach because it allows for the simultaneous
treatment of all molecular vibrational modes. However, a better
adjustment of the force field parameters in that regard seems to
be necessary.

Conclusion

The scalar coupling constants for the silicon nucleus of the
TMSO group and the carbon nuclei of the phenyl ring were
theoretically modeled and measured.

The degree of the internal rotation flexibility was probed for
the TMSO group in the three silylated phenols, and the

theoretical method for the calculation of the scalar couplings
including rotational motion was found to be superior to the
approach that uses only static geometry.

A decrease in the rotation flexibility of the TMSO group with
the size of the substituent (-H, -CH3, -C(CH3)3) in the ortho
position of the phenyl ring was found using the B3LYP and
MP2 methods including the effect of environment (gas phase,
chloroform - actual experiment, water).

The potential energy surfaces calculated for the TMSO
rotation differ for the B3LYP and MP2 methods. For the -H
substitutent, the geometry of the local energy minima calculated
with the B3LYP method corresponds to the transition state
calculated with the MP2 method, and the MP2 internal rotation
barrier is roughly four times higher than the B3LYP barrier.
The larger substituent groups (-CH3, -C(CH3)3) effectively
hinder the rotation of the TMSO group (steric clash), and the
optimal value of the internal rotation coordinate progressively
shifts toward the antiperiplanar orientation.

The effect of the environment (gas phase, chloroform, water)
on the internal rotational potential is smaller than the calculation
method effects (B3LYP, MP2). For arrangements of the TMSO
group which are out of the steric clash region, the inclusion of
solvent (chloroform, water) leads to an increase in the energy
of the internal rotational potential as compared to the gas phase.
An opposite trend is found for the structures within the steric
clash region.

For the static approach, the overall average deviation of the
calculated scalar couplings from experiment was 84 and 54%
for the B3LYP and MP2 methods, respectively.

The quality of the internal rotational potential substantially
affects the calculated averages of the scalar couplings. The
overall average deviation of the calculated thermally averaged
scalar couplings from experiment decreases, when compared
to the static approach, to 46 and 37% for the B3LYP and MP2
methods, respectively.

Better overall agreement of both static and rotationally
averaged scalar couplings with the experiment obtained with
the MP2 internal rotation potential is in agreement with the
CCSD calculations that indicate a similar internal rotational
barrier of the free rotation as a barrier calculated with the MP2
method.

The theoretical models presented in this work strongly
indicate that the inclusion of the molecular dynamics is
necessary for an accurate calculation of the scalar coupling
constants and their reliable structural interpretation if the
spin-spin coupling pathway includes atoms that possess large-
amplitude molecular motions.
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(23) Sychrovský, V.; Grafenstein, J.; Cremer, D. J. Chem. Phys. 2000,

113, 3530.
(24) Helgaker, T.; Watson, M.; Handy, N. C. J. Chem. Phys. 2000, 113,

9402.
(25) Kutzelnigg, W.; Fleischer, U.; Schindler, M. NMR-Basic Principles

and Progress; Springer: Heidelberg, Germany, 1990.
(26) Hougen, J. T.; Bunker, P. R.; Johns, J. W. C. J. Mol. Spectrosc.

1970, 34, 136.
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