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*C, N, and ®Si NMR chemical shifts have been computed for selected X-substituted silatranes (X=Cl, F, H,
CH,) using Gauge-Including Atemic Orbitals (GIAO) and Continuous Set of Gauge Transformations (CSGT)
at the Hartree-Fock level of theory. The isotropic *C chemical shifts are largely insensitive to substituent-in-
duced structural changes. In this study, the isotropic “C chemical shifts GIAO and CSGT calculations at the
HF/6-31G and HF/6-31G* levels are sufficiently accurate to aid in experimental peak assignments. The iso-
tropic °C chemical shifts X-substituted silatranes at HF/6-31G* level are approximately 4 ppm different from
the experimental values. In contrast, the isotropic '*N and *Si chemical shifts and the chemical shielding ten-
sors are quite sensitive to substituent-induced structural changes. These trends are consistent with those of the
experiment. The N chemical shift parameters demonstrate a very clear correlation with Si-N distance, espe-
cially when we use the polarization function. Changes in anisotropy, Ac as well as in the "N isotropic chem-
ical shifts are due primarily to changes in the value of . But in case of **Si the correlations are not as clean

as for the "N chemical shift,

Introduction

The isotropic chemical shift is an immensely useful
parameter in the determination of chemical structure. This
usefulness is largely due to empirical structure/chemical
shift correlations. However, the problem of understanding
the relationship between the chemical shift and molecular
structure can be quite difficult. Ab initio caiculations are
now attainable and accurate enough to be useful in the solu-
tion of some of these problems. Especially, the calculated
"C chemical shifts appear to be of sufficient accuracy to
aid in experimental peak assignments. A comparison of the
experimental and theoretical spectra can be very useful in
understanding the basic chemical shift-molecular structure
relationship.

The interest in silatranes - XSi(OCH,CH,)N, 1-organyl-2,
8,9-trioxa-5-aza-1-silabicyclo [3.3.3] undecanes — is due to
their intriguing molecular structure, biological activity, and
patterns of chemical reactivity.'™ The most intriguing aspect
of this structure is the existence of and influence of a
“transannular bond” between the siticon and nitrogen atoms.
The transannular Si-N donor-acceptor bond (Figure 1)
makes these molecules especially interesting and chal-
lenging for theoretical and experimental studies.*

In this study, in order to correlate the chemical shift in-
teraction with some structure parameter we have calculated
the chemical shift and the chemical shielding tensors for **C,
“Si, and "N nuclei in X-substituted silatranes with par-
ticular attention to transannular bond using the GIAOQ
(Gauge Including Atomic Orbitals)” and the CSGT
(Continuous Set of Gauge Transformations)® methods at
both Hartree-Fock levels of theory. While the GIAO
method uses basis functions which depend on the field, the
CSGT methods achieve gauge-invariance by accurately cal-
culating the induced first-order electronic current density by
performing a gauge transformation for each point in space.

The "N and *Si chemical shifts are susceptible to sub-
stituent-induced changes in the length of this transannular
bond. Thus, we pay particular attention to transannular
bond that effects the change of chemical shift.

Methods of Calculation

The molecular geometries of the 1-chloro-, 1-fluoro, 1-
methyl-, and 1-hydrogen silatranes were fully optimized by
the Hartree-Fock (HF) method using analytical gradient tech-
niques within the program GAUSSIAN 94." All the geome-
tries reported here were obtained by using the 3-21G, 6-
31G, and 6-31G* basis sets. No symmetry constraints were
impased during the geometry optimizations. Chemical
shielding calculations were done with the optimized molec-
ular geometries. In all calculations, 3-21G, 6-31G, and 6-
31G* basis sets were employed on all atoms. The GIAQ
and CSGT methods were also implemented into GAUS-
SIAN 94 for the calculation of the isotropic “C, *Si and
"N’ NMR shifts and their nuclear shielding constants for
silatranes.

The chemical shift  is obtained from & by

=0, -0

where G, is the shielding tensor of the reference compound,
in our case, TMS for ®C. A negative value of § means a
stronger shielding in the silatranes than in TMS (equivalent
to an upfield or low-frequency shift), while a positive value
of § means less shielding than in TMS. The chemical shield-
ing convention used in the ab initio calculations is the &
scale, in which algebraically larger numbers indicate higher
shielding, opposite in sense to the & scale of chemical shifts.

Results and Discussion

This study is the continuation of our previous studies,
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Figure 1. The Structure of X-Substituted Silatrane (X=Cl, F, H,
CH,).

which have reported '*C, "N, and *Si NMR chemical shifts
computed for selected X-substituted silatranes using GIAQ
method at the small basis sets.’® In this study, we added
CSGT method and polarization functions to previous study
for calculation of chemical shielding tensors and isotropic
chemical shifts of ®C, *Si, and "N in the set of some sub-
stituent silatranes.

The structural parameters of X-substituted silatranes and
the isotropic “C chemical shifts are tabulated in Tables 1
and 2, respectively. Experimentally, the OCH, carbons of
the silatranes framework have isotropic chemical shifts in
the neighborhood of S8 ppm and the NCH, carbons have
isotropic chemical shifts of approximately 51 ppm, as

Table 1. The Geometrical Parameters of Selected X-Substituted
Silatranes

Distance (pm)

X Basis Set Energy(a.u)
Tsin Tsix

Cl 3-21G 22294  217.03 - 1255.2908
6-31G 24825  214.42 - 1261.4883
6-31G* 25746  205.75 - 1261.8055
* X-Ray 202.30

F 3.21G 239,14  161.48 - 896.9190
6-31G 249.07  165.26 -901.4556
6-31G* 25549  158.10 -901.7817
"ED 232.40 156.80
X-Ray 204.20 162.20

H 3-21G 24963 146.11 - 798.5078
6-31G 26447  146.49 - 802.5554
6-31G* 265.56  145.94 - 802.8423

CH, 3-21G 263.33  187.05 - 837.3579
6-31G 27392 186.83 - 841.5992
6-31G* 27410 18606 - 841.8930
‘ED 245.35 185.30 '
* X-Ray 21754  187.00

The experimental values taken from refs. 5-9 (°Reference 3.
" Reference 6. “ Reference 7. ¢ Reference 8. ° Reference 9.)
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shown in Table 2. These assignments and the peak as-
signments for the substituents bound to the silicon atom are
based upon solution-state '*C NMR studies'™™ and variable-
field high-resolutian solid-state “C NMR results."” Alse, atl
of calculated isotropic chemical shifts for the OCH, carbons
of the silatranes framework are larger than those of NCH,.
Their assignment, therefore, was verified by calculated iso-
tropic '*C chemical shifts, although there were some as-
signment problems for the “C spectra in both the solution
and solid NMR experiments.

As with reported solution-state *C NMR studies,'™™ the
isotropic *C chemical shift of silatranes in the solid-state™
appears to be nearly independent of the Si-N distances (or
substituents). Also the calculated isotropic *C chemical
shift of silatranes appeats to be nearly independent of the Si-
N distance. One should expect that the isotrapic *C chem-
ical shift of silatranes calculated using 6-31G* will be im-
proved more than that of 6-31G basis set because they are
especially strongly correlated molecules composed of elec-
tronegative atoms. In the CSGT method, the isotropic '*C
chemical shifts calculated at 6-31G* level of theory are im-
proved about 3 ppm more than those of 6-31G while there
are only a little difference in GIAO-SCF calculation. Both
of the results using GIAO and CSGT methods at HF/6-31G*
level are about 4 ppm different from the experimental
values as shown in Table 2. It is well-known that the shield-
ing tensor is very sensitive to the quality and size of the

Table 2. Comparison of Calculateda and Experimental Isotropic
“C Chemical Shifts of Selected X-Substituted Silatranes

X Basis Set Method  OCH, NCH, o

a 321G GIAO 5007  45.08
CSGT 4314 3731
6-31G  GIAQ 5542 4807
CSGT 5291  44.66
6-31G*  GIAO 5507 4832
CSGT 5517 4752
Exp 60.10  52.70
F 321G GIAO 5060  46.47
CSGT 4392 3862
6-31G  GIAQ 5485 4861
CSGT 5260 4541
6-31G*  GIAQ 5472  48.63
CSGT 5499  47.94
Exp 5850  51.40
H 321G GIAO 5017  44.69
CSGT 4426  37.06
6-31G  GIAO 5461  47.69
CSGT 5294 4444
6-31G*  GIAO 5442 4826
CSGT 5444  47.69
Exp 5820  51.80
CH, 321G GIAO 5156 4535 -0.67
CSGT 4517 3762 ~-2.00
631G GIAO 5520 4778 -132
CSGT 5312 4445 —0.15
6-31G*  GIAO 5486 4833 - 1.12
CSGT 5524 4770 082
Exp S840 4920 3.80

? All Shifis are taken relative to TMS.



Calculation of NMR Shielding Tensors for Silatranes

Table 3. The Absolute "N NMR Shift Parameters of Selected
X-Substituted Silatranes Using GIAQ

X Basis Set Lo o, Ao o

Cl 3-21G 239.23 27982 -4059 266.29
6-31G 226.29 287.52 -61.23 267.11
6-31G* 22347 293.56 - 70.09 270.20

F 3-21G 236.03 28793 -51.90 270.63
6-31G 225.71 28776  -62.05 267.08
6-31G* 223.26 292.14 -68.88 269.18

H 321G 234.52 20824 -63.72 277.00
6-31G 223.56 30202 -7846 275.87
6-31G* 221.94 30096 -79.02 274.62

CH, 3216 233.24 30374 -70.50 280.24
6-31G 22293 30628 —83.35 278.49
6-31G* 221.27 30553 -8426 277.44

basis set used.** Thus, to make a comparison with the ex-
perimental values precisely, we need to use larger basis sets
or the other theory”* to describe electron correlation effect
because all of carbon atoms are bound to electronegative
atoms, e.g., OXygen 07 nitrogen atom.

In contrast to the isotropic “C chemical shift, the iso-
tropic "N chemical shift demonstrates a very clear corre-
lation with Si-N distance. The "N NMR shitlding tensors
of selected X-substituted silatranes, as well as the isotropic
N chemical shifts, by GIAO-SCF and CSGT-SCF cal-
culation at the Hatree Fock levels are given in Tables 3 and
4. Close inspection of Tables 3 and 4 reveal the isotropic
"N chemical shift and chemical shielding tensors indeed ex-
hibit modest dependencies on substituent variation. The ef-
fect of the substituent on the structure of a silatrane is
perhaps most directly seen in Si-N distance. More elec-
tronegative substituents give a silatrane geometry with a
smaller Si-N distance than those characteristic of silatranes
with less electronegative substituents. We can see clearly
the trend in Figures 2 and 3. For the set of silatranes in this
study, we can see from Tables 3 and 4 that, as the Si-N dis-
tance decreases, the absolute isotropic N chemical shift de-
creases, with changes about 7 ppm in both of methods. The
larger absolute calculated value means higher shielding.
This trend is consistent with that of experiments.'***

Since the isotropic shielding, usvally observed in the li-

Table 4. The Absolute *N NMR Shift Parameters of Selected
X-Substituted Silatranes Using CSGT

X Basis Set o, o, Ao T,

Cl 3-21G 230.18 24363 -1345 239.15
6-31G 227.06 25211 -25.05 243.76
6-31G* 226.73 286,70 -59.97 266.71

F 3-21G 228.04 24535 -1731 239.58
6-31G 226.77 25149 -2472 243.25
6-31G* 226.51 285.10 -S5R.5% 265.57

H 3-216 227.53 25136 -23383 243.4]
6-31G 226.13 25938  -33.25 248.30
6-31G* 225.57 292.20  -66.63 269.99

CH; 3-21G6 227.26 25278 2552 24427
6-31G 22641 26093 -3452 249.43
6-31G* 225.16 296.14 -7098 27248
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Figure 2. Correlation curves for some '*N chemical shift

parameters vs rg,n. All of data were calculated using * GIAO and
"CSGT at the HF/6-31G level.

quid state, is simply the mean of the component of the '*N
chemical shift tensor, 6.=1/3(0,+0,+0,), other com-
binations or chemical shielding tensors, might be expected
to follow different trends. The shielding anisotropy, i.e., the
individual tensor components of the shielding tensor, should
be even mare sensitive to the quality of the quantum-chem-
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Figure 3. Comelation curves for some “N chemical shift
parameters vs 5.y All of data were calculated using " GIAO and
"CSGT at the HF/6-31G* level.
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Table 5. The Absolute Si NMR Shift Parameters of Selected
X-Substituted Silatranes Using GIAO

X Basis Set g, o, AC O

Cl 3-21G 541.51 56498 -23.47 557.16
6-31G 503.02 509.92 -6.90 507.62
6-31G* 496.44 502.95 -6.51 500.78

F 321G 567.15 60883 4168 594.93
6-31G 518.15 55092 -32.77 540.00
6-31G* 510.46 53361 -23.15 525.90

H 3-216 558.92 567.60 ~8.68 564.70
6-31G 521.11 516.62 4.49 518.12
6-31G* 504.33 502.04 229 502.80

CH, 3-21G 586.67 554.37 32.30 565.14
6-31G 538.28 479.54 58.74 499.12
6-31G* 517.97 470.12 47.85 486.07

Table 6. The Absolute ~’Si NMR Shift Parameters of Selected
X-Substituted Silatranes Using CSGT

X Basis Set o, (o] Ac Gin

Cl 3-21G 402.24 52600 -12376 484.75
6-31G 400.13 45973 -596 439.86
6-31G* 436.11 445.23 -9.12 442.19
F 3-21G 432.08 496.44 - 64.36 474.99
6-31G 418.49 48137 -62.88 460.41
6-31G* 44921 49845 -49.24 482.04
H 3-21G 434.76 52497 -90.21 494.90
6-31G 429.88 47269 -4281 458.42
6-31G* 444,01 45936 -15.35 454.25
CH; 3-21G 449.04 47881 -29.77 468.8%
6-31G 447.14 427.90 19.24 434.32
6-31G* 458.74 420.04 38.73 432.94

ical method used than the isotropic shielding constant. Here,
we define the shielding anisotropy Ao as the difference
between the parallel and the orthogonal principal com-
ponents:? (Ao=o, — ¢,). The o, element lies along the sil-
icon-nitrogen internuclear axis and the o_ elements lie in a
plane perpendicular to the silicon-nitrogen internuclear axis.
Figures 2 and 3 graphically depict the plots of the various
"N chemical shift parameters (G, 0|, ¢.) versus Si-N dis-
tance. Particularly, we recognize a very clear correlation for
G Oy, O, in Figure 3 which is the calculated result using
polarization function. As the Si-N distance decreases, the ab-
solute chemical shielding anisotropy by the GIAO-SCF/6-
31G* level changes in magnitude, from —84.26 to - 70.09
ppm for the ethyl and chloro derivatives, respectively.
Changes in Ac as well as in the N isotropic chemical
shifts are due primarily to changes in the value of o,
which varies between 305.53 and 293.56 ppm at the GIAO-
SCF/6-31G* level, while it varies between 296.14 and 286.
70 ppm at the CSGT-SCF/6-31G* level. Because of the z-
symmetry of the Si-N interaction, the value of ¢ is being
fairly constant and exhibiting no easily recognized depend-
ence on substituent.

The chemical shielding tensor for °Si yields a more strik-
ing dependence on the substituent variation than that for "N
because the substituent is directly attached to silicon. Al-
though the correlations are not as clean as for the "N chem-
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ical shift, the calculated variation in the ¥Si chemical shift
is much larger. The principal elements of the *Si chemical
shielding tensors, as well as the isotropic chemical shifts,
are given in Tables 5 and 6. The *Si isotropic chemical
shifts and anisotropies calculated by GIAO-SCF and CSGT-
SCF methods exhibit wider variation than do those of the
"N. For *Si the anisotropy varies from -6.51 to 47.85
ppm for the chloro and methyl derivatives, respectively,
with all of the principal elements exhibiting a dependence
on the substituent at the GIAO-SCF/6-31G* level, while it
varies from - 9.12 to 38.73 ppm at the CSGT-SCF/6-31G*
level. @, changes by approximately 32 ppm with increasing
Si-N distance, and ¢ changes by approximately 22 ppm
while the variation of ¢, for “N is nearly constant as men-
tioned above.

The correlations are not also as clear as those discussed
above for the "N data. The added complication is the pres-
ence and the local effect of the directly-attached substituent.
Thus, the substituent effect on the *’Si chemical shift can be
viewed as having three types of arigins: i} the geometry-
structure effect associated with variations in the £QSiO
bond angle; ii) the substituent effect due to variations in the
N-Si transannular interaction; and iii) the direct substituent
effect. This third type of effect is, of course, absent in the
"N case, so one can expect that the interpretation of chem-
ical shift data in terms of the transannular bond should be
more difficult for ?Si than for “N. In addition, 1-chloro-
and 1-fluorosilatranes are strongly correlated molecules that
have electronegative atoms attached directly to silicon. 1-
chloro and 1-fluarosilatrane are strongly correlated molec-
ules composed of clectronegative atoms as mentioned
previously. In order to interpret for this effect on nmr
parameters, we need to adopt larger basis sets than those in
this study because the shielding tensor is very sensitive to
the quality and size of the basis set used™ or the other
theory,?* e.g., GIAO-MP2 and DFT theories as mentioned
for "*C above.

In conclusion, the isotropic “C chemical shift of sila-
tranes in these calculations appears to be nearly independent
of the Si-N distances (or substituents). In contrast to the iso-
tropic *C chemical shift, the "N chemical shift demon-
strates a very clear carrelation with Si-N distance. For *Si,
correlation between nmr parameters and Si-N distance is
not as simple to interpret as for the “N results because the
»Si chemical shift tensor is strongly affected by the directly
attached substituent as well as by the silicon-niirogen tran-
sannular interaction. To predict quantitatively the effects of
substituent variation on **Si nmr chemical shift, we need to
perform higher-quality calculation than Hartree-Fock level.
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2,4-Di-(2-vinyloxyethoxy)benzylidenemalononitrile (2a), methyl 2,4-di-(2-vinyloxyethoxy)benzylidenecyanoacet-
ate (2b), 3,4-di-(2-vinyloxyethoxy)benzylidenemalononitrile (4a), and methyl 3,4-di-(2-vinyloxyethoxy)benzyl-
idenecyanoacetate (4b), 2,5-di-(2-vinyloxyethoxy)benzylidenemalononitrile (6a), and methyl 2,5-di-(2-vinyloxy-
ethoxy)benzylidenecyanoacetate (6b) were prepared by the condensation of 2,4-di-(2-vinyloxyethoxy)benzalde-
hyde (1), 3,4-di-(2-vinyloxyethoxy)benzaldehyde (3), and 2,5-di-(2-vinyloxyethoxy)benzaldehyde (5) with malo-
nonitrile or methyl cyanoacetate, respectively. Trifunctional divinyl ether monomers 2, 4 and 6 were poly-
merized readily by free radical initiators to give optically transparent swelling poly(vinyl ethers) 7-9. Palymers
7-9 were not soluble in common organic solvents such as acetone and DMSO due to crosslinking. Polymer 7-9
showed a thermal stability up to 300 "C in TGA thermograms.

Introduction

Electron-rich alkyl vinyl ethers do not radically homo-
polymerize, but copolymerize readily with electron-poor ole-
fins such as vinylidene cyanide,' 2-vinylcyclopropane-1,1-di-
carbonitrile,” alkyl acyanoacrylate,” alkyl vinyl ketone,®
maleic anhydride,”® and others by radical initiators. These
facile reactions proceed through an electron donor-acceptor
(EDA) complex, which generates zwitterion or diradical
tetramethylenes as initiating species.”"” Trisubstituted elec-

tron-poor olefins such as benzylidenemalononitrile and ethyl
benzylidenecyanoacetate do not homopolymerize, but co-
polymerize with ethyl acetate, styrene, acrylonitrile, or
methyl acrylate by radical initiators."*" The captodative (cd)
olefins with geminal electron-withdrawing and electron-
donating groups have a strong tendency to polymerize due
to the resonance stabilization of propagating radical species,
if appropriate electron-donor and -acceptor ¢combinations in
the c¢d substituents are chosen.”®' Bifunctional monomers
containing both electron-rich alkyl vinyl ether group and



