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We perform a systematic investigation of how the B3LYP/6-8G12d,p) calculated®C nuclear magnetic
shielding constants depend on the 6-31G(d)-optimized geometries for a set of 18 molecules with various
chemical environments. For absolute shieldings, the Harffeek (HF)-optimized geometries lead to a mean
absolute deviation (MAD) of 5.65 ppm, while the BLYP- and B3LYP-optimized geometries give MADs of
13.07 and 10.14 ppm, respectively. For chemical shifts, the HF, BLYP and B3LYP geometries lead to MADs
of 2.36, 5.80, and 4.43 ppm, respectively. We find that the deshielding tendency of B3LYP can be effectively
compensated by using the HF-optimized geometries. When we apply the B3LYP//HF protocol to versicolorin
A and So-androstan-3,17-dione, MADs of 1.86 and 1.41 ppm, respectively, are obtained for chemical shifts,
in satisfactory agreement with the experiment.

1. Introduction As NMR spectroscopy is an effective tool to determine the
molecular geometry, it is not surprising that NMR constants
re very sensitive to the changes in the molecular geometries.
n this contribution, we have examined how the optimized
geometries influence the calculated NMR constants by using
HF, BLYP, and B3LYP with the 6-31G(d) basis set. Even
through all methods lead to reasonably accurate geometries,
there exists a systematic underestimation of bond lengths for
the HF method and a clear overestimation for the BLYP and
B3LYP methods. We find that the deshielding tendency of
B3LYP can be effectively compensated by using the HF-
optimized geometries. When we apply the B3LYP//HF protocol
to versicolorin A and &-androstan-3,17-dione, MADs of 1.86
and 1.41 ppm, respectively, are obtained for chemical shifts, in
satisfactory agreement with the experiment.

In the past few decades, theoretical prediction of NMR
(nuclear magnetic resonance) shielding constants has gaine
more and more attention? In order to obtain calculated results
with good accuracy for a correlated system, it is necessary to
introduce the post Hartred~ock (HF) methods such as the
Mgller—Plesset (MP) perturbation methods,’ the coupled
cluster method$g the multiconfiguration self-consistent-field
methods, and so forth. However, calculations with such
methods are too expensive to be applicable routinely to the
chemically interesting large molecules.

Density function theory (DFT) offers an alternative way to
take electron correlation into account, signifying itself with a
reasonably high accuracy and a favorable cost-to-benefit ratio.
As a salutary supplement to the wave-function-based methods,
DFT, in particular BSLYP,_has made great success in pre_dicting 2. Computational Details
the ground-state electronic structures, reaction energetics, mo-
lecular geometries, and so foRklowever, in NMR calculations In this work, we have examined the performance of a
with current DFT methods, some fundamental problems remain commonly used hybrid functional, B3LY#.It is based on
unsolved, that is, the current density dependency is not Becke's three parameter scheme, consisting of the Slater
included!® and it is not free from self-interaction errd. exchangé! the exchange functional of Becke88and the HF

For NMR calculations, there exists the notorious gauge exchange, as well as a mixture of the correlation functionals of
problem#512While several methods, for example, the gauge Vosco-Wilk—Nusaif® and Lee-Yang—Par?* In all NMR
including atomic orbital (GIAO) methot the individual gauge ~ calculations, the GIAO methétiwas employed to circumvent
for localized orbital (IGLO) method the continuous set of  the gauge problem. We adopted the 6-8Gi(2d,p) basis set
gauge transformation (CSGT) methtdind so forth, have been  as recommended by Cheeseman éf al.
proposed, it was concluded that no less than the tgdbasis A set of 18 molecules was employed as a testing set in the
set is necessary to reach the gauge invariance cond®idn. present work8 For the whole set of molecules, reliable
Unfortunately, it was found that B3LYP at the triplebasis experimental NMR datas( or dg) are available in the gas phase
set always underestimates the NMR shieldings and overestimatest the zero-pressure limit, such that the experimental measure-
the chemical shift$®181°Hence, Pulay et al. concluded that ments were taken under conditions as close as possible to the
the commonly used B3LYP method is significantly inferior to isolated molecule¥?25-27

the HF method for general organic moleculgs. To investigate how the B3LYP-predicted NMR properties
depend on the chosen geometries, we have adopted the
TPart of the “Sheng Hsien Lin Festschrift”. optimized geometries obtained at the levels of HF, BLYP, and
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TABLE 1: Theoretical versus Experimental Bond Distances
(in Angstroms); Theoretical Optimization Values Were
Obtained with the 6-31G(d) Basis Set, and Experimental
Geometries Are the Equilibrium or Near-Equilibrium
Geometrie$—33

molecule distance HF BLYP B3LYP exXpt
CH, CH 1.0834 1.1003 1.0935 1.086
CH;COCHz? CHs 1.0810 1.0990 1.0914 1.085
CHa 1.0863 1.1051 1.0967 1.085
CcoO 11921 1.2281 1.2118 1.222
CcC 15139 15333 1.5127 1.507
CeHs CH 1.0755 1.0944 1.0870 1.0857
CcC 1.3862 1.4067 1.3966 1.3929
CoH; CH 1.0568 1.0727 1.0672 1.06215
CcC 1.1855 1.2151 1.2051 1.20257
CoH,4 CH 1.0760 1.0948 1.0874 1.081
CcC 1.3169 1.3408 1.3309 1.334
CoHs CH 1.0856 1.1037 1.0963 1.089
cC 15272 15408 1.5307 1.522
H.CCCH, CH 1.0756 1.0960 1.0885 1.076
cC 1.2959 1.3156 1.3070 1.3082
CH3CH,CH3® CnH 1.0872 1.1062 1.0986 1.0929
CiHa 1.0865 1.1046 1.0973 1.0907
CiHs 1.0857 1.1036 1.0962 1.0877
cC 15281 1.5432 15323 1.5202
CKy CF 1.3018 1.3469 1.3290 1.3151
CH:CN CH 1.0821 1.1024 1.0946 1.087
CcC 1.4676 1.4688 1.4615 1.457
CN 1.1347 1.1727 1.1603 1.156
CHgF CH 1.0818 1.1050 1.0964 1.095
CF 1.3646 1.3977 1.3832 1.382
CHaNH2 CHs 1.0909 1.1134 1.1099 1.0929
CH, 1.0840 1.1031 1.0998 1.0929
CN 14534 1.4794 14579 1471
CH;OH? CHs 1.0811 1.1010 1.0935 1.093
CHa 1.0875 1.1099 1.1013 1.093
CO 1.3997 1.4347 14191 1.421
CHR; CH 1.0747 1.1013 1.0928 1.098
CF 1.3166 1.3595 1.3420 1.332
CO CcoO 1.1138 1.1505 1.1379 1.12832
CO. CcO 1.1433 1.1828 1.1692 1.1615
H,CO CH 1.0913 1.1209 1.1100 1.1005
CcO 1.1846 1.2182 1.2069 1.2033
HCN CH 1.0588 1.0775 1.0709 1.06501
CN 1.1325 1.1691 1.1570 1.15324

aHs refers to the syn mode with respect to the CO,,Nét OH
group.? C, is the middle carbon; Cis the terminal carbon. The
conformation of the methyl groups is staggered with respect to the CH
group. H, refers to the anti mode; Hefers to the syn modé Refs
31-33. We have updated the experimental geometries, which differ
slightly from those used in ref 19.

prediction of molecular energiég2°Indeed, this is also the basis
set for geometry optimization used by Cheeseman & fai:
their NMR calculations. 6-31G(d) would be the basis set that
is affordable, yet accurate, enough for geometry optimization
of larger molecules.

All calculations are performed by using the GAUSSIAN 03
program suité?®

3. Results and Discussion
3.1. Geometric Parameters for the Testing SefTables 1

and 2 list the optimized bond lengths and bond angles, as well

as the corresponding experimental d&t&2 The mean absolute
deviations (MADs) and the mean deviations (MDs, theery

Zhang et al.

TABLE 2: Theoretical versus Experimental Bond Angels (in
Degrees); Theoretical Optimization Values Were Obtained
with the 6-31G(d) Basis Set, and Experimental Geometries
Are the Equilibrium or Near-Equilibrium Geometries 3133

molecule bond angle HF BLYP B3LYP  expt
CH3;COCH# CCC 116.6 116.5 116.4 117.2
HaCHs 109.6 109.5 109.6  108.8
OocCccC 121.7 1218 121.8 121.4
CoH, HCH 116.4 116.2 116.3  117.37
CoHs HCH 107.6  107.5 107.5 107.69
H,CCCH, HCH 117.8 116.6 117.0 1182
CH3CH,CHg? CcCC 112.8 1131 1129 11235
HCH 106.3 106.0 106.1  106.13
HaCiHa 107.6 1074 107.5 107.04
HaCiHs 107.8 107.7 107.7 108.41
CnCiHs 1114 1115 111.6 111.6
CnCiHa 1111 1111 1111 1102
CHsCN HCC 109.9 110.5 110.3 110.1
CHgF HCH 109.8 109.2 109.3  110.45
CH3NH2 H.CN 109.2 109.0 109.1  108.80
HaCHs 108.0 107.6 1075 108.4
CH3;OH? HaCHs 108.4 108.1 108.1 107.8
CHR; FCF 1085 108.6 108.6  108.8
H,CO HCH 115.8 114.9 115.4 116.3

aHs refers to the syn mode with respect to the CO, ,Nér OH
group.® C,, is the middle carbon; Cis the terminal carbon. The
conformation of the methyl groups is staggered with respect to the CH
group. H, refers to the anti mode; Hefers to the syn modé Refs
31-33. We have updated the experimental geometries, which differ
slightly from those used in ref 19.

are too short, and the BLYP method gives bond lengths which
are consistently too long (see Table 1). Previous stitiiés6
showed that the MP2/6-31G(d) results, on average, were similar
to those of the HF/6-31G(d) method. The MAD from MP2 for
bond lengths of this set of molecules is 0.010 A. For the HF
method, the maximal error happens at the CO oCBICH;,

for which the error is up te-0.030 A. As the correlation effect

is not included in the HF method, the predicted CC or CX bond
lengths are less accurate than theKCbond lengths. For the
BLYP method, a CF in Clcontributes the maximal error (0.032
A). While the CX bonds are described slightly better by BLYP,
MADs for all other bonds are more than doubled as compared
to those from HF. B3LYP also shows a consistent overestima-
tion of bond lengths with 6-31G(d), similar to BLYP. B3LYP
behaves less satisfactory in predicting theHCbonds. Error

in the C—H bonds of CHNH, is as high as 0.017 A.
Nevertheless, B3LYP is most satisfactory for the CC and CX
bonds, leading to a MAD and MD of 0.007 and 0.005 A,
respectively, for the whole set.

For the bond angles, the deviations from the experiment are
all around 0.8. For OHCH, the HF, BLYP, and B3LYP
methods lead to MDs 0f-0.14, —0.53, and—0.42, respec-
tively. Hence, this bond angle can be calculated as too small
for all three methods. For other angles like HCC, HCN, HCO,
OCC, and FCF, the optimized angles can be too large, giving
MDs of 0.08, 0.20, and 0.25for HF, BLYP, and B3LYP,
respectively. The maximum errors are0.99 (HF), —1.63
(BLYP), and—1.19 (B3LYP).

The above comparison demonstrates that the errors of the
calculated geometries by the HF and BLYP methods are highly
systematic. Omitting the correlation effects in the HF method

expt) of the optimized structures from the experimental values usually gives too short of a bond distance, while the BLYP
are summarized in Table 3. Altogether, we have 39 comparisonsmethod consistently leads to bond distances which are too long.
for the bond distances and 19 comparisons for the bond anglesB3LYP shares the same tendency with BLYP, showing an

Our calculations give MDs 0f-0.009 and+0.015 A, with
MADs of 0.011 and 0.015 A for HF and BLYP, respectively.

overestimation of bond lengths with this basis set. For ordinary
organic molecules, all three methods are able to predict

Hence, the HF method consistently predicts bond lengths which geometries with reasonable accuracy. Nevertheless, as the NMR
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TABLE 3: Mean Absolute Deviations (MADs) and Mean Deviations, (MDs, Theory— Expt) of the Optimized Structures from
the Experimental Values 33 Bond Distances Are in Angstroms, and Bond Angels Are in Degrees

number of

structural type comparisons HF BLYP B3LYP
MAD MD MAD MD MAD MD

CH 20 0.006 —0.006 0.014 0.014 0.007 0.006
cca 8 0.011 —0.003 0.015 0.015 0.005 0.004
CX(X=C)P 11 0.019 —0.019 0.018 0.018 0.007 0.003
bond distance 39 0.011 —0.009 0.015 0.015 0.007 0.005
max. dev. —0.030 (CO, CHCOCH) 0.032 (CF, Ch) 0.017 (CH,CHNHy)
HCH 11 0.52 -0.14 0.79 —0.53 0.69 —0.42
other angles 8 0.42 0.08 0.44 0.20 0.43 0.15
bond angles 19 0.48 —0.05 0.64 —0.23 0.58 —-0.18
max. dev. —0.99 (OHCH, CH,) —1.63 (JHCH, CH,CCH,) —1.92 (JHCH, CH,CCH,)

aCC single, double, and triple bondsCN triple bonds, CF single bonds, and CO single and double b6mtiSC, HCN, HCO, OCC, and FCF

angles.

TABLE 4: Calculated? and ExperimentalP Isotropic
Magnetic Shieldings @, in ppm)

B3LYP// B3LYP// B3LYP//
Exptog? HF erf BLYPerc B3LYPere

CH, 195.1 —3.54 —7.53 —5.91
CoH> 117.2 —4.88 —7.79 —6.79
CoHy 64.5 —7.84 —-12.97 —10.85
CoHe 180.9 —4.85 —9.41 —7.45
H.CCCH, —28.9 —14.35 —19.38 —17.00
HCCChH, 115.2 —4.67 —10.31 —8.00
CH3CH,CHs 169.3 —6.05 —10.94 —8.62
CH3CH,CHs 170.9 —-3.97 —8.20 —6.46
CeHs 57.2 —5.79 —11.03 —8.51
CHsF 116.8 —3.50 —10.30 —7.43
§HF3 68.4 —4.74 —17.63 —12.33
CFs 64.5 —-7.31 —21.48 —15.75
CO, 58.5 —2.00 —12.34 —8.61
Co 1.0 —5.76 —22.89 —16.93
H.CO -1.0 —10.19 —20.68 —17.10
CH30OH 136.6 —4.31 —10.68 —8.08
CH;COCHs —-13.1 —8.65 —20.87 —16.44
CH;COCHs 158.0 —4.13 —8.67 —6.54
HCN 82.1 —4.22 —11.98 —9.33
CH:CN 187.7 —-3.49 —8.48 —6.03
CH:CN 73.8 —5.11 —13.38 —10.65
CH3NH; 158.3 —4.88 —10.58 —8.19

aMethod_1//method_2 stands for NMR calculation at the level of
method_1 with the basis set of 6-3#&(2d, p) using the geometry
obtained by method_2 with the basis set of 6-31G{d@xperimental
values for'3C are taken from refs 16 and 227. ¢ Errors are calculated
with (theory — expt).

TABLE 5: Mean Absolute Deviations (MADs) of the
Theoretical Magnetic Shieldings and Shifts from the
Experimental Values (@ and d);16-2527 the Maximum
Errors (Theory — Expt) for Each Method Are Also
Included, and Numbers in Boldface Represent the Best
Method in Each Entry

method3 shielding shift
MAD max. err. MAD max. err.
B3LYP//HF 5.65 —14.35(H,CCCH;) 2.36 10.81(H,CCCH,)
B3LYP//BLYP  13.07 —22.89 (CO) 5.80 15.36 (CO)
B3LYP//B3LYP 10.14 —17.10 (HCO) 4.43 11.19(HCO)

aMethod_1//method_2 stands for the NMR calculation at the level
of method_1 with the basis set of 6-3&&(2d, p) using the geometry
obtained by method_2 with the basis set of 6-31G(d).

deshielding tendency by the B3LYP method. For example, as
compared to the B3LYP geometry oblds, the HF-calculated
C—H and C-C bond lengths are too short by 0.006 and 0.017
A, respectively; an improvement of 3.01 ppm is observed for
this molecule with B3LYP//HF. This kind of improvement can
be as high as 11.17 ppm in CO with a 0.015 A shrinking of the
bond length (see Table 4). Overall, B3LYP//HF leads to a MAD
of 5.65 ppm for'3C. Our testing set contains carbon nuclei in
various environments, but the two sources of errors are so
systematic and comparative that the B3LYP//HF protocol works
well for all 22 comparisons examined here (see Figure 1a).
Since the BLYP geometries are systematically too long, it is
not surprising to see that combining with such geometries
deteriorates the performance for the B3LYP prediction of the

shielding constants are very sensitive to the geometric changesNMR shieldings. The MAD for'3C shieldings is as high as

we will see that small differences in the geometry can have
large effects on the calculated magnetic constants.

3.2. Magnetic Shieldings and Chemical Shifts for the
Testing Set.Table 4 reports the NMR shieldings at the level
of B3LYP/6-31H-G(2d,p) using the geometries optimized by
HF, BLYP, or B3LYP with basis set 6-31G(d) (denoted as
B3LYP//HF, B3LYP//BLYP, or B3LYP//B3LYP, respectively).
MADs with respect to the experimentay are summarized in
Table 5. At this point, we would like to point out that the
calculations of NMR shieldings are performed at fixed equi-
librium geometries such that the rovibrational effects are not
included?!819.25.27

13.07 ppm with B3LYP//BLYP.

Quantum chemistry calculates the magnetic shielding con-
stants, which, however, cannot be directly measured in practice.
Because the magnetic field strength and the nuclear magnetic
moments are not known to parts per million accurhahat is
measured experimentally is the chemical shift, defined as the
difference between the magnetic shielding of a reference
compound and that of the probe. Therefore, it is more interesting
to check how the B3LYP-predicted chemical shifts depend on
the chosen geometries.

As chemical shift is a relative quantity, errors in the prediction
of chemical shifts could be better controlled for a method with

From Table 4, we see that BALYP has a heavy tendency of systematic errors in the shielding prediction. Other effects, such

deshielding at the B3LYP geometries. The MAD from B3LYP//
B3LYP for 22 comparisons of3C shieldings is 10.14 ppm.
Interestingly, by adopting the HF geometry, the performance
for B3LYP to predict'3C shieldings impressively improves. As

as relativistic effects, intermolecular interactions, solvent effects,
and rovibrational effects, are also expected to affect the chemical
shift calculations less severely. Indeed, the widely observed
success of BLYP for chemical shift predictions benefits from

decreasing bond lengths always result in increasing shieldings,this systematic error cancellatiéA®1%-3"Hence, we found that
the tendency of systematic underestimation of the bond lengthsthe MP2//MP2 protocol leads to a MAD of 10.02 ppm 6€
by the HF method corrects, to some extent, the systematic magnetic shieldings but only a MAD of 2.80 ppm for chemical
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I B3LYP//B3LYP TABLE 6: Calculated? and ExperimentalP Chemical Shifts
N B3LYP/HF dp in ppm

B3LYP//  B3LYP// B3LYP//
expto? HF ere BLYPerc B3LYPerf

CoH> 77.9 1.34 0.26 0.88
CoHy 130.6 4.30 5.43 4,94
CoHs 14.2 1.31 1.87 1.54
H.CCCH, 224.0 10.81 11.84 11.09
HCCCH 79.9 1.13 2.78 2.09
CHsCH,CHs 25.8 2.51 3.40 2.71
CH3CH,CHs 24.2 0.44 0.66 0.55
CeHs 137.9 2.26 3.49 2.60
CHF 78.3 —-0.04 2.77 1.52
§HF3 126.7 1.20 10.09 6.42
CFy 130.6 3.78 13.95 9.84
CO, 136.6 —1.54 4.80 2.70
CO 194.1 2.22 15.36 11.02
H.CO 196.1 6.65 13.15 11.19
CH30OH 58.5 0.77 3.15 2.17
CH;COCH; 208.2 511 13.33 10.53
CH;COCHs 37.1 0.59 1.13 0.63
HCN 113.0 0.68 4.45 3.42
CH;CN 7.4 —0.05 0.94 0.12
CHsCN 121.3 1.57 5.84 4.74
CH3NH; 36.8 1.34 3.05 2.28
CH,COCH, =
CH,COCH, aMethod_1//method_2 stands for NMR calculation at the level of

method_1 with the basis set of 6-3tG(2d, p) using the geometry
obtained by method_2 with the basis set of 6-31G{@xperimental
values for*C are taken from refs 16 and 227. ¢ Errors are calculated
with (theory — expt).

CHF
cnyf
CeH,

CH;CH,CH,

CH,CH,CH,

CH,CCH,
CH,CCH,

N\ (1.
(b) \\\73}’;1\ ([1.558,%] Q\-%\
Figure 1. Errors (theory— expt) for the prediction of thé’C NMR & [HF/6-31G]
he | | of B3LYP/6-315G(2 i he B3LYP- ’
constants at the level of B3LYP/6-31G(2d,p) by using the B3 OH (B3LYP/6-31G)

optimized or the HartreeFock-optimized geometries; (a) magnetic
shieldings, (b) chemical shifts. Figure 2. Geometries optimized at HF/6-31G(d) and B3LYP/6-31G(d)

. . for versicolorin A.
shifts1® It is therefore expected that B3LYP//B3LYP for
chemical shifts works better than it does for magnetic shield- L
ingsi® (see Table 6 for details). For example, the error associated_ S-3- Application of the B3LYP//HF Protocol. 3.3.1.
with B3LYP//B3LYP for 2C shielding in GH, is —6.79 ppm, Versicolorin A.We have applied the B3LYP//HF protocol to

which reduces to 0.88 ppm for the chemical shift, as B3LYpy/ the calculation of thé3C chemical shifts of versicolorin A, a
B3LYP has an error 0£-5.91 ppm for shielding of the reference key intermediate for the biosynthesis of aflatoxin®The HF/

13C in CH,. For B3LYP//B3LYP, the MAD for 19 comparisons ~ ©-31G(d)- and B3LYP/6-31G(d)-optimized geometries are
of 13C chemical shifts is 4.43 ppm, improved on average by represented in Figure 2. Generally, the HI_: geometry agrees v_wth
5.71 ppm with respect to the shielding prediction. We agree the B3LYP geometry but shows a consistent underestimation

with Cheeseman to recommend B3LYP/6-313(2d,p) at the tendency. The MAD fot the HF bond lengths yvith respect to
B3LYP/6-31G(d)-optimized geometry for the prediction‘st the B3LYP geometry is around 0.015 A, with the largest
chemical shiftdé difference at two CO bonds. For the benzoquinone ring, the
From Table 6. we notice that the B3LYP//B3LYP results still /ack of electron correlation may lead to less electron delocal-
show a systematic overestimation of the chemical shifts. The 1Z&tion, which may make the CC bonds too long for the HF
situation may be further improved if the B3LYP//HF protocol 9€0metry. : . .
is applied. For example, B3LYP/B3LYP has errors of 1.52 Table 7 lists the experimentally measure chemical shifts. As
6.42, and 9.84 ppm for tHEC shifts in CHF, CHR;, and Ch " the experimental chemical shifts are usually reported with

respectively, whereas B3LYP//HF has only errors—3.04, respect to "qUid_ TM,S' we need a scheme to c.onvert. th?
1.20, and 3.78 ppm for the corresponding molecules. The calculated shieldings in the gas phase to the chemical shifts in

improvement is most significant for CO. For this molecule, Solutions. Taking the experimental shieldifigef 184.1 and
B3LYP//B3LYP has an error of 11.02 ppm, which reduces to 195.1 ppm fof*C of liquid TMS and gaseous Gitespectively,
2.22 ppm with B3LYP/HF. Figure 1b demonstrates the W& may have

consistent improvement fot°C shifts with the B3LYP//HF cal . cale cal Expt Expt
protocol over B3LYP/B3LYP, leading to a MAD of only 2.36 A W.r.t. TMS()) = (ociyg ~ 0a" ) + (Frmise) ~ Icriye)

ppm for 19 comparisons (cf. Table 5). (1)
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TABLE 7: Versicolorin A Calculated @ and Experimental 19

Chemical Shifts dp in ppm I

18
~ B3LYP/  B3LYP/ i~ .
expto® HFert  B3LYPerr ChemNMR ere P R i N
o 56 9 8 12213

1 108.8 -1.08 0.87 -05 / \14\\

2 165 -0.24 1.56 -17 7 "\ o
3 107.8 —3.15 —-1.91 —-0.8 (A) %

4 164 2.23 5.27 0.5

5 108.4 1.67 2.01 0.5 0 13

6 1346 3.86 3.02 18 N\ y

7 188.7 0.28 4.00 -0.7 \\2_1 6 T~ \13

8 111.3 0.87 1.02 -33 — /\ / 12\/ AN

9 135.1 3.35 2.38 2.2 N —d S

10 180.4  —1.04 4.08 1.7 T 15—~

11 158.2 2.16 5.10 3.1

12 120.4 0.61 2.01 -5.3 19

13 163.4 3.65 5.75 2.3 (B)

1‘51' 12%2 ii; ggg 5 2'2 Figure 3. Conformation change of ccandrostan-3,17-dione; (A)
16 1128 208 283 _16.2 (5S8R,95105135149) and (B) (5,8R,9510R,13514R).

17 101.2 0.97 2.09 —-1.0 . ;

TABLE 8: Conformation Change of
18 1453 1.04 3.48 3.5 50-Androstan-3,17-dione with Calculated and
MAD 1.86 3.00 3.05 Experimental® Chemical Shifts o in ppm; Conformer A

Corresponds to (55,8R,9S,10S,13S,14S) and Conformer B
aMethod_1//method_2 stands for NMR calculation at the level of Corresponds to (55,8R,9S,10R,13S,14R)

method_1 with the basis set of 6-3&&(2d, p) using the geometry

obtained by method_2 with the basis set of 6-31G{dxperimental expt ChemNMR B3LYP/HF erf
values are with respect liquid TMB. ¢ The theoretical values are Oo° err conformer &  conformer B
obtained by using eq 1. Errors are calculated with (theergxpt).

dThe theoretical values are obtained with ChemNfMFErrors are % igig _O(f’l 06?701 _Eggg
calculated with (theory- expt). 3 ~16.5 1.9 —117 ~0.32
4 148.1 0.3 0.67 —-0.70
That is, we may first calculate the chemical shift with respect 5 145.8 -0.1 2.09 1.83
to the gaseous CH which may then be converted to the 6 163.7 —05 1.02 1.66
chemical shift with respect to the liquid TMS by using the ; iggg _1135 _0'175’7 :g ﬁ
difference between experimental shieldings of gaseousaDH 9 138.2 11 1.33 ~10.29
liquid TMS. 10 156.6 -0.5 3.86 4.77
Errors (theory— expt) from B3LYP//HF and B3LYP//B3LYP 11 171.7 -0.3 0.05 —1.44
are summarized in Table 7. From Table 7, it is clear that 12 161.8 0.7 1.33 —0.53
B3LYP//HF agrees with the experiment better than B3LYP// ii iﬁi 700'28 22(')184 71%32
B3LYP. For 18 comparisons 6fC chemical shifts, B3LYP// 15 170.7 0.0 —0.72 163
HF leads to a MAD of 1.86 ppm, while that for B3LYP//B3LYP 16 157.1 0.4 —0.76 1.10
amounts to 3.00 ppm. For B3LYP//HF, the maximum error (4.11 17 —25.9 25 —0.04 4.44
ppm) occurs at &, with the other four large errors (3.43.86 18 181.5 3.2 —0.76 14.24
ppm) being at G Cs, Co, and Gs. For B3LYP/B3LYP, there 19 1790  -19 —5.75 743
are five values with errors larger than 4.0 ppm. The maximum MAD 0.93 1.41 3.62

error is 5.75, occurring at & We noticed that most of t_he aMethod_1//method_2 stands for NMR calculation at the level of
_carbon atoms close to oxygens are erroneous and are partlcularlynethod_l with the basis set of 6-326(2d, p) using the geometry
improved by the B3LYP//HF protocol. obtained by method_2 with the basis set of 6-31G{@xperimental
For comparison, we also present the results with the fragment-values are with respect liquid ¥ °The theoretical values are
based model using ChemNMRChemNMR predicts the shifts obtained by using eq 2. Errors are calculated with (theergxpt).

; . ; dThe theoretical values are obtained with ChemN®IRith respect
ina ngw m?llelc;éle br)]{f(t:omr;arlnglllts frfagmentst WIFh the Ipt;estored to liquid TMS, which are then converted to data with respect to liquid
experimen a_ SHIS or Similar-iragments in-a |l _rary. CS by using the experimental values of shieldidgsErrors are
Generally, this model works well. There, however, exists an cajculated with (theory- expt).®Based on HF/6-31G and B3LYP/6-

exception for versicolorin A. The error at§ which connects 311+G(2d,p)//HF/6-31G, conformer A is 1.99 and 1.93 kcal/mol more
two oxygen atoms, is as high as 16.2 ppm. The final MAD for stable than conformer B, respectively.
versicolorin A is 3.05 ppm. ) o
3.3.2. G-Androstan-3,17-dioneFigure 3 depicts two con-  take the experimental shieldirfgof —8.3 and 195.1 ppm for
formers of Gi-androstan-3,17-dione, which is a kind of steroid the*°C of liquid CS and gaseous Ckirespectively, such that
characterized by a carbon skeleton with four fused rings. The cal cale cal Exot Exot
structural differences between conformers A and B originate Ox" (W.I.t. CS(1) = (0¢ii(qy~ 9a~ ) + (9cs) — Ickiyg)
from the difference in the stereo structures gf &nd Ga. Here, 2)
A adopts (1@ and (14), whereas B takes (K) and (1R).
On the basis of HF/6-31G, A is 1.99 kcal/mol more stable than  In Table 8, we lists the experimental data, as well as errors
B. B3LYP/6-311-G(2d,p)// HF/6-31G(d) also favors conformer  from ChemNMR® and B3LYP//HF. As is obvious, Chem-
A 1.93 kcal/mol more than conformer B. NMR3°works very well in this case, leading to a MAD of only
Reich et al. have measured i€ NMR chemical shifts with 0.93 ppm. The maximum error is 3.2 ppm, occurring a C
respect to carbon disulfid€.In a way similar to eq 1, we may  Hence, thé3C chemical environment for this molecule is typical
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to be well predicted in the library. Nevertheless, ChemNRIR
is unable to predict the NMR difference for conformers.
B3LYP//HF reveals the dramatic difference for NMR chemical
shifts of conformers A and B. Changing structure from A to B
makes G and G be deshielded by about 13 ppm angs @nd
Cioto be overshielded by about 13 ppm. As compared with the
observed3C chemical shifts, B3LYP//HF leads to a MAD of
1.41 ppm for conformer A and 3.62 ppm for conformer B.
Hence, B3LYP//HF concludes that conformer A is the experi-
mentally observed structure, which is in line with the conclusion
based on the energy criterion that A is more stable than B.

4. Concluding Remarks

A typical study using ab initio methods starts with a tentative
molecular structure for a system that may or may not be known.

Through a geometry optimization, a stable system is obtained.

Then, all of its properties can be abstracted from the wave
function. While experimental determination of the geometry can
be a nontrivial task for a polyatomic molecule, geometry
optimization from first principles is now routinely applied in

Zhang et al.

3,17-dione in this way, MADs of 1.86 and 1.41 ppm, respec-
tively, are obtained, in satisfactory agreement with the experi-
ment.
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