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Ab initio NMR calculations arc now attainable and accu-
ratc cnough to be uscful exploring the relationship between
chemical shifi and molecular structure. The caleulated *C
chemical shifis. in particular. appear 1o be accuratc cnough
1o aid in experimental peak assignments. Density functional
theory (DFT) has emerged in recent years as a promising
alicrnative to conventional @b initio methods in quantum
chemistry. It therefore scems reasonable to investligale in
detail how well DFT predicts magnelic response properlics.
in particular shiclding tensors.

The interest in silatrancs -XSi(OCH-CH:):N. 1-organyl-
2.8 .9-trioxa-3-aza-1-silabicyclo |3.3.3] undecancs- is duc to
their intriguing molecular structure. biological activity. and
patierns of chemical reactivity.' ™ The most intriguing aspect
of this structure 1s the existence and inlluence ol a “transan-
nular bond™ between the silicon and nitrogen aloms. The
transannular Si-N donor-acceptor bond makes these mole-
cules cspecially interesting and challenging for theorctical
and cxperimental studics. !

Recently. we reported on *C. *N. and “*Si NMR chemical
shifts" (hat were computed for several silatrancs using
Gauge-Including Atomic Obitals (GIAQ) and Continuous
Sct of Gauge Transformations (CSGT)™ at the Hartree-Fock
level of theory. Both of the results for C isotropic chemical
shifts at the HF/6-31G* level arc sufTiciently accurate (o aid
in experimental peak assignments. Bul they arc about 3 ppm
from the experimental valucs because silatrancs arc strongly
corrclatcd molecules that have clectroncgative  atoms
altachced dircctly 1o carbons. Thus. we nced to perform
higher-quality calculations than Hartree-Fock Ievel.

In this study. o describe the clectron correlation clicct we
have calculated the *C chemical shifl in 1-Chlorosilatranc’
using the GIAO and the CSGT methods at DFT level of the-
ory. We usc lunctionals that do not include a specific mag-
nctic ficld dependent term. but which have viclded good
accuracy lor other chemical propertics. In addition. scveral
functionals. including hvbnd luncuionals. arc investigated
for their ability to predict NMR °C chemical shifts. The
molccular gcometry of the 1-chlorosilatrane was fully opti-
mized at BALYP/6-31G(d) level of thcory. The 6-31G(d)
basis sct uscd Cartesian d lunctions. All these calculations
were carricd out with Gaussian 94 package of programs. '

For the DFT mcthods. the combinations of functionals
considered in this study arc defined as follows: The LSDA
(Local Spin Density Approximation) uscs Slater exchange ¥
and the VWN corrclation functional.”” BLYP uscs the Becke
cxchange functional™ and the LYP correlation functional ™

BPWYI1 uses the Becke exchange [unctional™ and Perdew
and Wang’s 1991 gradient-corrected corrclation functional =
The B3PW9I functional is Becke's three parameter hybrid
functional.** The B3LYP hybrid lunctional is a slight varia-
tion of Becke's three parameter [unctional.

Calculations perlormed with GIAQ/DFT and CSGT/DFT
mcthods were used the geometry optimized at the B3LY P/6-
31G(d) level of theory. [n all “C NMR chemical shifi calcu-
lations with GIAQ/DFT and CSGT/DFT methods. 6-31G(d)
basis sct was cmployed on all atoms. To compare the results
ol DFT-mcthod with those of HF-mcthod. NMR chemical
shifl calculations were also performed with GIAO/DFT and
CSGT/DFT methods using the optimized geometry,

The chemical shift §is obtained from oby

5= O‘re[‘ - 0.

where G is the shiclding tensor of the reference compound.
in our casc. (ctramethylsilanc (TMS) for "*C. A ncgative
value ol dindicatcs a stronger shiclding in the silatrancs than
in TMS (cquivalent to an upficld or low-frcquency shift).
whilc a positive valuc of & indicatcs less shiclding than in
TMS.

GIAQ and CSGT thcorctical isotropic *C chemical shifis
arc given in Table | for 1-Chlorosilatranc obtained at the
Hartrce-Fock and DFT levels of theory, In Table 1. calcu-
lated C valucs arc rclative to TMS and compared with
cxperimental valucs. Dilferences between experimental and
calculated data arc given in the fourth (for OCH- carbons)
and sixth (for NCH- carbons) columns. Experimentally. the
OCH- carbons of the 1-Chlorosilatrancg framework have iso-
tropic *C chemical shift of 60,1 ppm. and the NCH. carbons
have isotropic *C chemical shift of 52.7 ppm. as shown in
Table 1. These assignments and the peak assignments lor
this molecule arc based on variable-ficld high-resolution
solid-state "*C NMR results.™ Also. all of the calculated iso-
tropic “C chemical shifts for the OCH- carbons of the 1-
Chlorosilatrane framcwork arc larger than those of NCHa,
Their assignment. therelore. was verified by calculated 1so-
tropic *C chemical shifts.

Greater improvement should be expected i the 1sotropic
13C chemical shift of silatrancs calculated using DFT than in
the calculations bascd on the Hartree-Fock approach
becausce they arc strongly corrclated molecules composed of
clectroncgative atoms. Both results using GIAQ and CSGT
methods at HF/6-31G(d) level diverge by about 5 ppm from
the experimental valucs. as shown in Table 1. [n the DFT
method. as we expected. the isotropic “C chemical shifls
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Table 1. Comparison of *C Chemical Shitts ( , in ppm) Calculated
at the Hartree-Iock and DIFI Levels of Theory

Method Basis Set OCH: (Cal-Fxpty NCH: (Cal-Fxpty’
GIAO  HF 321G 5007 -10.03 4528 =742
HF 6-31G° 53542 -4.68 48.07 -4.63
HF  6-31G(d)* 355.07 -5.03 48.32 -4.38
HF  6-31G(dY 34.54 -5.36 48 56 =414
LSDA 6-31G(d) 60.85 0.73 5418 1.48

BPWYI 6-31G(d)* 6(1.68 (.58
BLYP 6-31G(d)® 60.25 0.13

3331 0.61
33.32 0.62

B3PWO16-31G(d)* 59.58 -0.52 3239 011
B3LYP 6-31G(d)* 39.17 -0.93 3253 -0.17

CSGT  HF 321G 4314 -169 3731 -13.39
HF 6-31G7 3291 S7.19 0 d4.66 -8.04

HF  6-31G(d)” 35.17 -4.93 4732 =318

HF  6-31G(d)Y 3441 =369 4750 -3.20

LSDA 6-31G(d)* 61.99 1.89 3449 1.79

BPWO! 6-31G(d)* 61.93 1.83
BLYP 6-31G(d)* 60.93 0.83
B3PW916-31G(d)" 60.63 (.53
B3LYT 6-31G(d)" 39.78 -(0.32 3236 -(.34
Expte 6010 32.70
“Hatree-Fock results from Ref 13, *Optimized with B3LY16-31¢G(d).

-

‘Experimental VC values taken from Rel. 24. “Dillerence ol C
chemical shift between the calculated and experimental values.

3379 1.09
33.30 0.60
32.80 0.10

calculaled at DFT/6-31G(d) levels improved by about 3 ppm
over those of HE/6-31G(d). In ihe DFT calculation. all the
13C chemical shifts for 1-Chlorosilatranc arc in good agree-
ment with the experimental values. These results indicate the
importance of including clectron corrclation in the GIAQ
and CSGT calculations.

It is obscrved that the gradient-correeled DFT (unctionals
provide mprovement, Differences between the gradient-cor-
recied DFT functional and cxperimental valucs. with the
exception of BPWY1 with CSGT. arc less than 1 ppm. When
we usc cspecially hvbrid functionals (B3PW91 and B3LYP)
with the CSGT mcthod. the differences are in excellent
agreement with the experimental valucs. On the other hand.
the calculated CSGT results for all carbons are greater than
thosc of GIAQ by an avcrage ol 0.28 ppm.

To investigate the theoretical value depending on geome-
try. ¢.g.. the transannular Si-N donor-acceptor bond. we have
also calculated the °C chemical shifls for 1-Chlorosilatranc.
using the GIAO-HF/6-31G(d) and B3LYP/6-31G(d) opti-
mized geometrics. In this calculation. the OCH- carbons of
the 1-Chlorosilatrane framcwork in the GIAO-HF/6-31G(d)/
/HF/6-31G(d) and GIAQ-HF/6-31G(d)/B3LYP/6-31G(d)
calculations have isotropic *C chemical shift of 53.07 ppm
and 34.34 ppm. rcspectively. This difference (0.33 ppm)
reflects the obscrvation hat the isotropic “C chemical shift
of this molccule appecars 1o be nearly independent of the
level of optimized geometrics. The caleulated isotropic *C
chemical shifts of 1-Chlorosilatrane depend on mainly the
mcthod (or Ievel) of calculation for NMR chemical shift,

Comparisons of the GIAOQ/SCF and GIAQ/DFT (or
CSGT/SCF and CSGT/DFT) isotropic '*C chemical shifis of
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1-Chlorosilatranc clearly show that clectron corrclation
cffects must be considered when calculating NMR chemical
shifis of strongly correlated molccules that have clectroncga-
tive atoms attached dircctly to carbons. [n the CSGT/DFT
calculation. the "*C chemical shilts for 1-Chlorosilatranc arc
in very good agreement with the experimental values. cspe-
cially when we usc hybrid lunctionals. There is no clear
trend in the caloulatcd “C NMR chemical shifls that
depends on whether the gcometry is optimized at the HF or
DFT levels.
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