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Abstract: The NMR parameters (‘H
and "C chemical shifts and coupling
constants) for a series of naturally oc-
curring molecules have been calculated
mostly with DFT methods, and their
spectra compared with available exper-
imental ones. The comparison includes
strychnine as a test case, as well as
some examples of recently isolated nat-
ural products (corianlactone, daphni-

usual and/or crowded structures and, in
the case of boletunone B, being the
subject of a recent revision. Whenever
experimental spectra were obtained in
polar solvents, the calculation of NMR
parameters was also carried out with
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[b]

the Integral Equation-Formalism Polar-
izable Continuum Model (IEF-PCM)
continuum method. The computed re-
sults generally show a good agreement
with experiment, as judged not only by
statistical parameters but also by visual
comparison of line spectra. The origin
of the remaining discrepancies is attrib-
uted to the incomplete modeling of
conformational and specific solvent ef-

paxinin, boletunone B) featuring un-

Introduction

There is hardly any doubt that NMR spectroscopy is an es-
sential tool for all branches of chemistry. The scope of NMR
spectroscopy encompasses both structure and dynamics, but
the most widespread use concerns the determination of the
structure of both organic and inorganic species. The charac-
terization of naturally occurring substances through 'H and
BC NMR spectroscopy is one of the major applications due
to the richness of information that can be obtained, includ-
ing information on through-bond and through-space connec-
tivities as well as chemical shifts and coupling constants.
Very often, application of available pulse sequences yields
most C—H connectivities, leading to cogent indication of the
molecular structure (often complemented by NOE-derived
data). Even though we see a steady advancement in NMR
techniques, this information may not lead to an unambigu-
ous structure: among many possible causes there are diffi-
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fects.

culties in resolving crowded spectral regions, in determining
small long-range couplings, or in assigning them. As a result,
the confirmation of the proposed structure through X-ray
analysis or total synthesis is required, but these avenues are
not always available. The scope of the problem is best ap-
preciated by the recent review by Nicolaou and Snyder, de-
voted to structural misassignments in natural-product chem-
istry.l'! Indeed, even the spectrum of a molecule as simple
and well-known as a-pinene has been revised.”!

While automated routines, based on database queries or
other predictor systems,*! have become increasingly popu-
lar and successful, their scope is limited to structures similar to
those for which the system has been validated, but “unusual”
molecules (often a valuable asset in natural-product chemis-
try) may not be properly treated by using these approaches.

On the other hand, there is unmatched progress in the
computational modeling of NMR parameters.*'” Such cal-
culations, most often by DFT methods, have proved very ef-
fective at predicting nuclear shieldings and coupling con-
stants of essentially all NMR-active nuclei. Quite naturally,
organic biomolecules such as proteins, nucleic acids,"™ and
carbohydrates!'” have been the object of such investigations.
Particular emphasis was placed by ourselves!*"! and by Bi-
fulco and co-workers,'*?% as well as others,?!! on the model-
ing of organic and naturally occurring molecules through
the calculation of 'H and *C NMR spectra.

For natural products with challenging NMR spectra we
face four major problems: a) These molecules possess a

Chem. Eur. J. 2006, 12, 5514-5525



large and complex molecular backbone, often with unprece-
dented features; b) flexible molecules may exist in many
conformations, thus greatly increasing the effort needed; c)
their spectral assignment relies largely on 'H and “C NMR
spectra with most signals lying within very crowded regions
for each functionality; d) 'H chemical shifts are generally
prone to solvent effects.

The question is whether the accuracy of quantum chemis-
try is adequate for this task. With regard to the size prob-
lem, important advancements have been made by Helgak-
er® for couplings and by Ochsenfeld®! for chemical shifts,
but a thorough validation is still needed. Most of the effort
has, thus, been devoted to the evaluation of modern DFT
methods for predicting NMR spectra containing several
closely spaced signals and that are influenced by solvent ef-
fects.

A crucial issue to be addressed is the way in which the ac-
curacy of computed chemical shifts and coupling constants
is assessed. Very often, in the literature, a plot of calculated
versus experimental data is presented, and the accuracy
judged according to whether: a) there is a linear correlation
between the two; b) a statistical parameter such as the cor-
relation coefficient is sufficiently high; c) the mean absolute
error is minimal; d) the slope is close to unity and the inter-
cept is close to zero. This approach is certainly a valid one
when only the major features are sought, for example, when
the whole chemical shift range of a given nucleus is being
studied. In such cases (especially with heteronuclei), any
given molecule contains only one or very few nuclei of inter-
est and the spread of chemical shifts is so large that statisti-
cal errors are likely to be smaller than the Ad between
chemical shifts of individual molecules. This is, however, not
necessarily a good guide for assessing the accuracy of calcu-
lated *C and especially 'H shifts as these nuclei resonate in
a relatively small range, and particularly as organic mole-
cules contain dozens of such atoms in very similar chemical
environments. Thus, no experimental NMR spectroscopist
would be interested in sorting out an olefinic and an aro-
matic carbon or hydrogen atom by calculation, except in
special instances. The crucial concern of structural or syn-
thetic chemists is the assignment of carbon and proton sig-
nals belonging to similar functional groups the chemical
shift of which is influenced by subtle differences in structure
and environment. If quantum-chemical calculations are to
be of any use in structure elucidation of complex organic
molecules, they should be able to provide computed param-
eters affected by a smaller error than the smallest Ad being
looked for (often <0.1 ppm for 'H). As a consequence, stat-
istical arguments may overlook or hide the fact that a suc-
cessful calculation must provide chemical shifts in the cor-
rect order, in addition to the value of the other indicators.
Some of these issues have been discussed in detail by Bal-
dridge and Siegel.”" For this reason, we have devoted great
attention to the evaluation problem. Since, as just men-
tioned, the ordering of a given pair of signals may be re-
versed by extremely small inaccuracies, this is the challenge
that computational chemistry has to face.
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Thus, we have proceeded to calculate the NMR parame-
ters of a series of natural substances to establish whether
computational methods can provide a complementary ap-
proach to spectroscopic structure determination. In this
work we have restricted our study to relatively rigid mole-
cules, for which a single conformation can be reasonably as-
sumed to represent the dynamic structure in solution.

Experimental and Computational Section

Unless otherwise stated, the structure of the molecules investigated was
firstly preoptimized at the AMI level and further optimized at the
B3LYP/6-31G(d,p) level. In almost all cases, the final steps of the optimi-
zation had to be run by using the GDIIS algorithm.”® When more than
one conformer was conceivable, the choice was based on the experimen-
tally observed NOESY correlations reported in the literature. The opti-
mized structure was then used to calculate NMR properties (isotropic
shielding constants ¢ and spin-spin coupling constants J). Most of these
calculations have been performed at the B3LYP/cc-pVTZ level, as in our
previous works.'>**! In addition to this, other levels of theory have been
tested; when a different method was used to calculate the NMR proper-
ties of the molecule, the shielding constant of the reference tetramethylsi-
lane (TMS) was also recalculated with the same method by using the
same geometry. Chemical shifts were calculated as 0 =0,.—0, where 0,
is the shielding constant of '"H or C in the reference compound TMS.
Calculated coupling constants were restricted to the Fermi contact
term, ™ calculated by the finite-perturbation method. In order to account
for solvent effects we adopted the Integral Equation-Formalism Polariza-
ble Continuum Model (IEF-PCM) method.”® Calculations with Gaussian
032" employed the B3LYP®! and the PBE1PBE®! hybrid density func-
tionals or the MP2 ab initio method, with the 6-31G(d,p) and cc-pVTZ
Gaussian basis sets. Calculations with ADF®* employed the Becke 88—
Perdew 86 (BP)P!U pure functional with the triple-zeta, polarized TZP
and TZ2P Slater basis sets as defined in the package.

For experimental NMR studies on strychnine the sample had a concen-
tration of approximately 100 mm in CDCl;, NMR measurements were
carried out at 298 K on a Bruker Avance DMX 600 spectrometer equip-
ped with a 5 mm TXI xyz-gradient inverse probe. J(C,H) coupling con-
stants were measured through heteronuclear J-resolved and non-decou-
pled HSQC experiments. We measured the J(H,H) couplings by means
of standard J-resolved spectroscopy; when assignment was ambiguous,
we employed a doubly-selective J-resolved pulse sequence based on a
modification of the scheme reported in the literature® (see Supporting
Information for details).

Results and Discussion

As mentioned above, several statistical parameters are avail-
able to judge the quality of a calculation but none of them,
if taken alone, is fully satisfactory. As will be seen later,
most calculations concern chemical shifts rather than cou-
plings, and these have been analyzed in greater detail. For
each system we present the parameters a and b of the linear
regression g =a+b0e; the correlation coefficient, r*;
the mean absolute error (MAE) defined as X, | Ocyica—Oexpu |/
n; the corrected mean absolute error, CMAE," defined as
2| Ocorr—Ocxpu | /1, Where 8 oy = (Ocuca—a)/b and therefore cor-
rects for systematic errors. For coupling constants the above
formulae may be used by replacing 6 with J.

In addition, we also compare calculated and experimental
chemical shifts by means of bar-graph spectra, connected by
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dotted lines to visualize any inversion in the order of the
resonances, thus providing an intuitive guide to appreciating
the quality of calculated data. All tables with numerical
values of calculated and experimental NMR parameters are
collected in the Supporting Information.

The structures of all substances investigated are presented
in Scheme 1.

TH 2

Scheme 1. Structures and numbering of natural products investigated:
a) Strychnine; b) corianlactone with three-dimensional structure; c) daph-
nipaxinin; d) boletunone B: originally proposed structure (left); revised
structure (right).

Strychnine: Strychnine, a well-characterized alkaloid of the
Strychnos genus, was chosen as a test example to investigate
the applicability of the protocol because its NMR parame-
ters are well understood (it is often used to test new pulse
sequences) and is also a fairly rigid molecule.

The '"H NMR spectrum in CDCIl; was assigned by Carter
and co-workers®™ and was later corrected by Chazin et al.**l
For C NMR chemical shifts for strychnine see for example
ref. [35]. We have calculated the NMR properties at the fol-
lowing levels of theory: A) B3LYP/cc-pVTZ; B) PBE1PBE/
cc-pVTZ; C) BP/TZP; D) BP/TZ2P (Table 1).

Table 1. Correlation and fitting parameters of calculated NMR properties of strychnine.!
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Figure 1. Correlation between calculated and experimental 'H chemical
shifts of strychnine. Methods: A (0); B (m); C (0); D (e). For clarity, re-
sults obtained with methods B, C, and D are shifted along the y axis by 1,
2, and 3 ppm, respectively. For each set of data the linear fitting is also
reported as a dashed line.
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Figure 2. Correlation between calculated and experimental *C chemical
shifts of strychnine. Methods: A (0); B (m); C (0); D (e). For clarity, re-
sults obtained with methods B, C, and D are shifted along the y axis by
30, 60, and 90 ppm, respectively. For each set of data the linear fitting is
also reported as a dashed line.

The PBEIPBE functional
slightly increases the agreement

for 3C chemical shifts but does

Method a b 7 MAED CMAE!M =

5(H) not significantly affect the .re—
B3LYP/cc-pVTZ (A) ~027+£005  1.07£001 09977 0.12 0.07 sults for the 'H chemical
PBE1PBE/cc-pVTZ (B) —036+005  1.094£001  0.9974 0.16 0.08 shifts.*®! Pure functionals com-
BP/TZP (C) 0.06+0.09 1.02+0.02 0.9923 0.16 0.14 bined with the Slater basis sets
g(f;/g)zzp (D) —0.014£0.09  1.03+002 09933 0.16 0.13 (methods C and D above) yield
A 511 1014001 0.9979 57 14 slightly worse results. The cor-
B 241 1.02+0.01 0.9985 32 0.9 relation between calculated and
C 9+1 0.9740.01 0.9953 71 19 experimental chemical shifts is
D 941 0984001  0.9960 7.6 1.8 shown in Figure 1. In this
A "J(H,H) 0174009  093+001  0.9940 0.6 0.4 Figure and those that follow, it
A J(CH) —2946 1124004 09741 125 1.4 e ) ’
A J(CH) 0.5+£02 0.82+£0.03  0.9190 26 24 1s 1mportant to point out two

[a] Linear fitting parameters refer to Ogeq=a+bd.pg. [b] Mean average error: MAE=X,|0cuca—Ocxpu | /1.
[c] Corrected mean average error: CMAE =X, | 0co—Ocxpu| /1 (see text). For coupling constants replace 6 with

J. [d] Experimental values from ref. [41], method 1.
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facts: a) The general correlation
is very satisfactory, in the sense
that all signals originating from
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Figure 4. Calculated versus experimental direct 'J(C,H) coupling con-
stants in strychnine. Linear fitting is shown as a dashed line.
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Figure 5. Calculated versus experimental long-range "J(C,H) coupling
constants in strychnine. Linear fitting is shown as a dashed line.

different functional groups fall into their own distinctive re-
gions. Thus, the overall reliability of these calculations is
borne out. b) Whenever two data points can be connected
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20

30

Figure 6. Calculated (method A) and experimental 'H spectrum of
strychnine: a) Aromatic region; b) olefinic region; c) aliphatic region. In-
versions between calculated and experimental resonances are highlight-
ed.

by a segment with negative slope, those signals appear in re-
verse order than they would in the experimental spectrum,
that is, a misassignment would be made. We note that a few

— 5517
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Table 2. Correlations and fitting parameters of 'H and **C chemical shifts of corianlactone.l!

of these cases do occur, however, only for closely spaced
points, hence presumably originating from nuclei in the
same functional group.

With method A the order is correct for 14 (out of 22) 'H
NMR signals, but four pairs are interchanged with respect
to the experimental ordering: H-12,H-23b (A0=0.14 ppm);
H-14,H-11a (A6=0.04 ppm); H-20b,H-11b (A6 =0.05 ppm);
H-17b,H-17a (A6=0.01 ppm). The first signal of each pair
has a calculated value that is too much deshielded, while the
second one is in good agreement with the experimental
data.

Most of the 21 *C NMR signals (Figure 2) are also in
agreement with literature data, except for the pairs C-5,C-
21; C-20,C-7; and C-18,C-13 that are calculated in reverse
order. Again we note that the two signals of these pairs are
quite close in the experimental spectrum: o 1.6, 1.0, and
2.1 ppm, respectively. Also, the wrong prediction for C-13
(CH) and C-18 (CH,) would be very easy to correct.

We have also calculated (method A) all J(HH) and
J(CH) coupling constants (Figures 3-5). Most experimental
J(H,H) couplings®***¥! have been recently corrected and
agree better with our calculated values: thus, %/(H-17a,H-
17b) was reported™ to be 15.5Hz and was revised to
10.3 Hz; (caled —11.6 Hz). Similarly, 2/(H-20a,H-20b) was
revised to 14.3 HZP” against 14.7 (caled —14.0 Hz); 2J(H-
23a,H-23b) was revised to 13.7 Hz®) against 14.2 Hz (calcd
—13.0 Hz). Some new J(H,H) couplings of strychnine have
been recently determined by an indirect deconvolution
(post-processing) method, including a remarkable J(H-
20a,H-23a) of 1.80 Hz (calcd 2.04 Hz)."! We have measured
the same previously unreported proton couplings of strych-
nine with our new pulse sequence obtaining similar but
slightly higher values (see Supporting Information) together
with an additional coupling constant, >J(H-15b,H-22), close
to our experimental resolution of 1.0 Hz (calcd 0.7 Hz).

As mentioned in the introduction, only the Fermi-contact
term was calculated. In this context, we note that diamag-
netic and paramagnetic spin—orbit contributions to long-
range C-H coupling constants
might be significant for aromat-
ic spin systems, but they are

[b] . . . . . .
Geometry a b r MAE CMAE  hegligible in aliphatic spin sys-
1
()5(( o (A) 0.3+0.3 0.93+0.08 0.9268 0.50 0.23 toms." Our own  measured
-ray —-0.3=£0. . . . . . 1 .
X-ray, H opt (B) ~01+02 0.910.06 0.9521 0.40 0.16 J(CH)  coupling  constants
X-ray, H opt + PCM (B') 01402 1.00-£0.06 0.9631 0.16 0.13 appear to be systematically un-
B3LYP/6-31G(d,p) (C) —0.05+0.2 0.90+0.06 0.9513 0.41 0.19 derestimated by approximately
B3LYP/6-31G(d,p) + PCM (C) ~0.1402 0.98+0.04 0.9805 0.16 0.11 15-20 Hz. Nevertheless the cor-
MP2/cc-pVDZ (E) 0.24+0.2 0.87+£0.06 0.9370 0.26 0.21 relation shown in Figure 4 is
MP2/cc-pVDZ + PCM (E') 0.2+0.1 0.95+0.03 0.9898 0.10 0.09 .
8(5C) satisfactory. Recently, long-
A 62 0.99£0.02 0.9942 59 31 range "J(CH) coupling con-
B 7£2 0.98£0.02 0.9956 6.2 2.7 stants of strychnine have been
B’ 6+1 1.02£0.02 0.9964 72 23 measured with two new meth-
¢ 3£l 1.03:£0.01 09985 >3 1.6 ods."! There is a good correla-
C 1£1 1.07£0.01 0.9990 6.4 1.2 A g
E 32407 1.041£0.007 0.9994 6.1 11 tion between the calculated
E’ 15405 1.07840.007 0.9993 72 1.0 values and both experimentally

[a] See footnotes to Table 1. [b] B3LYP/cc-pVTZ always used for NMR calculations. The prime indicates that
NMR properties have been calculated by using the PCM solvation model (see text).
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derived values except for a few
cases: *J(C-16,H-17a) is found
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to be 5.5-5.6 Hz,*!! while the
calculated value is only 0.45 Hz.
The second case is *J(C-10,H-
12), determined as 5.8Hz
(caled 1.29 Hz). The correlation
coefficient between calculated
and experimental data by
Keeler when method 1 of
ref. [41] is used is slightly better
and these new values correlate
significantly better with our cal-
culations with respect to previ-
ously available ones.**]

In Figures 6 and 7 we show
the simulated 'H and *C NMR
spectra (9.4 T) of strychnine ob-
tained by using the calculated
and experimental parameters.
The aromatic 'H region is well-
reproduced even if the H-4
proton is too much deshielded;
coupling patterns are also pre-
served. The apparent broad
triplet of the H-22 vinylic
proton is seen to arise from an
unresolved complex coupling of
H-22 with H-14, H-20a, H-23a,
and H-23b. The crowded ali-
phatic region, spanning across
3 ppm, is predictably the most
difficult as discussed above.
However, coupling patterns
seem to be preserved (as far as
one can judge graphically). In
particular, calculated proton
spin—spin coupling constants
are very well correlated with
the experimental values.

The strychnine case shows
that a good level of accuracy
can be attained by DFT calcu-
lations, even though some
shortcomings remain that con-
cern essentially only chemical
shifts. Indeed, in some cases
where a disagreement is noted
the peaks are so close that,
probably, factors such as con-

centration and temperature
may alter the experimental
data.

We now turn our attention to
some recently discovered mole-
cules, for which the structures
have been determined by
means of NMR spectroscopy
and for which some ambiguities

Chem. Eur. J. 2006, 12, 5514-5525
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Figure 8. '"H NMR spectra of corianlactone. Experimental (middle); method A (top); B’ (bottom).
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Figure 9. '"H NMR spectra of corianlactone. Experimental (middle); method C (top); E’ (bottom).
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have emerged in the literature.
Since the modeling of coupling
constants is much more satisfac-
tory than that of chemical
shifts, we will focus on the
chemical shifts only, except in
specific cases. Also, the perti-
nent spectra were often ob-
tained in more polar solvents
than chloroform, so that solvent
effects will also be tested.

Corianlactone: Corianlactone is
a new sesquiterpene recently
isolated and characterized by
Sun and co-workers from Cor-
iaria nepalensis.*! Tts structure
has been determined by NMR
spectroscopy in [Ds]pyridine
and by X-ray diffraction; it is
rigid, sterically congested, and
features 12 '"H and 15 "C sig-
nals. In our calculations we
have used the following
models: A) X-ray geometry;*’
B) X-ray geometry for the skel-
eton but with the coordinates
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Figure 10. ®C NMR spectra of corianlactone, full range. Experimental (middle); method C (top); E’ (bottom).
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of hydrogen atoms optimized with B3LYP/6-31G(d,p); C)
fully optimized geometry at B3LYP/6-31G(d,p) in vacuo; D)
fully optimized geometry (B3LYP/6-31G(d,p)) with solvent
reaction field of pyridine (¢=12.5); E) fully optimized ge-
ometry (MP2/cc-pVDZ) in vacuo. NMR properties have
always been calculated at the B3LYP/cc-pVTZ level, both in
vacuo and with the reaction field of pyridine (indicated by a
prime). In Table 2 we report the correlation parameters for
chemical shifts, which span over 8 2.9 and 44 ppm for the 'H
and “C NMR data.

The results from the X-ray structure A) are very poor es-
pecially for the proton chemical shifts; little improvement is
observed when the hydrogen atom positions are minimized
(B). A substantial improvement occurs when the solvent
effect on the hydrogen-relaxed X-ray structure is introduced
(B'). Still, H-14a and H-3b deviate by about 0.5 ppm; also,
H-14b and H-4 are reversed (Figure 8).

Since the experimental data have been recorded in pyri-
dine, we have also optimized
the structure in pyridine at the
PCM-B3LYP/6-31G(d,p) level
(Table 2(D)), but the minimized
structures are almost indistin-
guishable, that is, if there is a
solvent effect on the structure it

17, 17,16,

FULL PAPER

the carbonyl group. Unfortunately, even at this level the H-
14b and H-4 proton chemical shifts are still reversed.

The *C chemical shifts are also in better agreement with
experiment when calculated on the MP2 structure; little
effect of the reaction field is observed. In Figure 10 we show
the comparison between calculated and experimental "“C
NMR spectra across the full chemical shift range, while an
enlarged region is shown in Figure 11. Even at level E’ the
C-4 and C-14 chemical shifts (A6=0.3 ppm) are reversed
(again, this inconsistency should be easily addressed experi-
mentally). The solvent effect is much less important, as ex-
pected. The choice of geometry is the only important factor
and, as expected, the MP2 geometry gives better results
than the B3LYP one. This example highlights the need for
accurate methods for sterically crowded molecules where
electron correlation effects may be important to obtain the
correct structure. In addition, solvent effects have to be in-
cluded to obtain a good agreement.

18 11,16, 11,6 3,7,23, 12 12, 21 20

is not modeled by the reaction :
field method. Therefore, by
using the structure optimized in ;
vacuo (C), we have calculated [
the NMR properties both in 17, 47,
vacuo and in pyridine. There is

no significant improvement

when the NMR properties are

calculated in vacuo; however,

Ty

' ' '
. I

' . R

: i

w16 4g 2 e 63 i2, 12,21 20

the improvement is substantial
when the NMR properties are
calculated by using the solvent
reaction field (C'). In this case,
the only two protons which
appear to be less well-correlat-
ed are H-14a and H-14b which
are both calculated too much
shielded. | |

~.b b/ "a I
H 11

18

12, 2120

a v

1 1 L 1 1 J

Since the C-14 methylene 4.5
group is close to a carbonyl
group, we expect the geometry
(and electronic structure) to be
affected by its m electrons.
Subtle effects related to electron correlation are not always
correctly modeled by DFT; to check for this, we optimized
the geometry at the ab initio MP2/cc-pVDZ level
(Table 2(E)). The distance between the C-15 carbonyl
oxygen atom and the C-14 atom changes from 2.94
(B3LYP) to 2.83 A (MP2) (exptl 2.76 A). As can be seen in
Figure 9, the calculation of NMR properties including the
solvent reaction field on the MP2 structure (E’) improves
the agreement also for the H-14a and H-14b protons facing
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3.5 2.5 15 1
d/ppm

Figure 12. 'H NMR spectra of daphnipaxinin. Experimental (middle); method A (top); A’ (bottom).

Table 3. Correlations and fitting parameters of NMR chemical shifts of
daphnipaxinin./*!

Structure a b 7 MAE CMAE
o('H)
A —-02+0.2 1.06 £0.09 0.9028 0.17 0.13
A’ —-02+0.2 1.11+0.06 0.9543 0.14 0.11
o(**C)
A 3+1 1.009 +£0.008 0.9986 3.9 1.6
A’ 2.1+0.7 1.030 £0.006 0.9993 4.7 12
[a] See footnotes to Table 1.
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Figure 13. 3C NMR spectra of daphnipaxinin. Experimental (middle);
method A (top); A’ (bottom).

Daphnipaxinin: Daphnipaxinin was isolated by Yue and co-
workers and is the first alkaloid of the genus Daphniphyllum
with an unprecedented hexacyclic fused skeleton.*! The
structure was determined mainly by using NMR data (in
[D,]MeOH) since it was not possible to obtain high-quality
crystals for X-ray analysis. The proposed structure*! was op-
timized at the B3LYP/6-31G(d,p) level. NMR properties (18
'H and 21 “C signals) were calculated in vacuo (Table 3(A))
and with the solvent reaction field of methanol (¢=32.63)
(A’). Correlation parameters (Table 3) do not indicate a
fully satisfactory correlation for protons, while the situation
is remarkably better for carbon atoms.

Concerning protons, the disagreement between gas-phase
calculated and experimental results is large only for H-2
(calced 6 4.20, exptl 3.17 ppm) and H-16b (calcd d 2.17, exptl
2.89 ppm). The remaining shifts are in very good agreement
with experiment (excluding H-2 and H-16b protons, 7* be-
comes 0.9968). These two protons are close to the hydrogen-
bonding sites of this molecule (the amino and keto groups,
respectively). In fact, when using the PCM method the
agreement is improved only for the H-2 proton (Figure 12).
The situation is again much better for *C, with a very good
correlation between experimental and calculated resonances
(Figure 13). These observations suggests that, when hydro-
gen bonds or other specific interactions with the solvent
occur, a full dynamic treatment of the solvent molecules
should be considered,*”*” but such an approach is not yet
feasible for molecules of this size.

Boletunone B: Finally we present the case of boletunone B,
a fungal metabolite recently isolated from the mushroom
Boletus calopus by Yoo and co-workers.”!! This is a repre-
sentative example of situations that may arise in this con-
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Table 4. Correlations and fitting parameters of the 'H and "*C chemical
shifts of the two proposed structures of boletunone B.""!

Structure a b r MAE CMAE
o('H)

B1M 0.24+0.2 0.99+0.08 0.9439 0.31 0.29
B1' 0.1+0.2 1.07+0.06 0.9675 0.36 0.22
B2l 0.14+0.1 1.04 £0.04 0.9856 0.24 0.16
B2’ 0.14+0.1 1.114+0.04 0.9844 0.39 0.15
6(13C)

B1 612 0.98 +0.02 0.9944 53 3.9
B1' 542 1.014+0.02 0.9952 6.0 3.7
B2 442 1.03+0.01 0.9986 6.2 1.8
B2’ 342 1.05+£0.01 0.9984 7.2 1.9

[a] B3LYP/cc-pVTZ//IB3LYP/6-31G(d,p); the prime indicates that NMR
properties have been calculated by using the PCM solvation model. See
also the footnotes to Table 1. [b] Original structure.®! [c] Revised struc-
ture.*

text. The structure firstly proposed on the basis of NMR evi-
dence was soon revised by Steglich and co-workers,* still
based mainly on NMR data in [Dg]DMSO. Thus, we have
calculated the 'H and "*C spectra (12 and 15 signals, respec-
tively) both for the original proposal (Table 4(B1)) and the
revised structure (B2). Drawing on the previous results, the
geometries have been optimized at the B3LYP/6-31G(d,p)
level in the gas phase, and the NMR properties calculated
with B3LYP/cc-pVTZ, in the gas phase and with the solvent
reaction field of DMSO (£=46.7), denoted with a prime as
before (Table 4).

The fit parameters (Table 4) indicate that a better correla-
tion is obtained by using the revised structure (B2). Howev-
er, some 'H chemical shifts are still not in perfect agree-
ment, for example, the geminal protons H-11a,b. In particu-
lar, H-11b is more deshielded (Figure 14). The "*C spectrum
calculated by using the revised structure is also in better
agreement with the experimental spectrum than the one cal-
culated by using the originally proposed structure (see
Figure 15). An inversion of resonances still occurs (C-4 and
C-11) but the two signals differ by only 2.5 ppm.

One of the arguments given in support of the revised
structure over the original proposal®™ was that methyl pro-
tons H-13 are unusually shielded (0.94 ppm) compared with
the chemical shift of 1.57 ppm exhibited by the same methyl
group in the structurally related boletunone A (not dis-
cussed here). According to Steglich and co-workers this dif-
ference can be accounted for by the revised structure B2
(Table 4), where the methyl group lies above a conjugated
system. However, the calculated chemical shift of the H-13
proton is, for both B1 and B2, in very close agreement with
the experimental data: we obtain d 1.02 ppm for the revised
structure (B2) and 6 1.08 ppm for the original proposal (B1)
(see Supporting Information). Thus, this difference appears
too small to favor one structure or the other. Therefore,
subtle details of the geometry cannot be ignored when un-
usual structures occur, as we have found in the case of cor-
ianlactone. Another argument against the original proposal,
according to Steglich and co-workers, is that in structure Bl

Chem. Eur. J. 2006, 12, 5514-5525
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15 We have also optimized the
level, but the changes in geom-
etry were very small and NMR
properties were very similar.

10

‘ structures at the MP2/cc-pVDZ
' The disagreement for protons
. H-11 may be explained by the
fact that DMSO is a strong hy-
drogen-bond acceptor and is

likely to interact with the hy-

this specific interaction may
affect H-11b, lying on the same
side as the OH. Clearly, the

L | 1 | 1

above considerations on specif-
ic solvent effects apply here as
well.

! . D We have also calculated all
i coupling constants for structure
‘ B1; some of the experimentally

‘ droxyl group on the C-7 atom;

observed couplings and calcu-
lated values are reported in
Table 5. Together with the pre-

4
o/ ppm

Figure 14. "H NMR spectra of boletunone B. Experimental (middle); calculated for the original structure B1’

(top); revised structure B2’ (bottom).
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Figure 15. *C NMR spectra of boletunone B. Experimental (middle); cal-
culated for the original structure B1' (top); revised structure B2’
(bottom).

there should be a relatively strong vicinal *J/(H-3,H-7) cou-
pling. Indeed, our calculated value of 6.9 Hz, obtained by
using the originally proposed structure, should have been
easily detected in the spectrum.
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viously mentioned *J(H-3,H-7),
we also note that the observa-
ble correlation 2/(C-4,H-5a)
was calculated to be larger in
structure B2 than in B1.

Table 5. Selected coupling constants of boletunone B.

Jexpul [Hz]™ Jeatea [Hz]™
Bl B2

not observed!! J(H-3,H-7) 6.4 0.0
H-2 (d, 3.6) J(H-2,H-3) 1.9 38
H-5a (dd, 11.5, 6.8) J(H-5a,H-5b) ~10.9 ~10.6

J(H-52,H-4) 5.6 6.1
H-5b (dd, 11.5, 11.5) J(H-5b,H-52) ~10.9 ~10.6

J(H-5b,H-4) 10.6 11.4
observed!®! ’J(C-3,H-52) 6.8 55
observed! 2J(C-4,H-5a) —0.8 -17
observed!¥ 3J(C-12,H-5a) 8.6 6.9

[a] From refs. [S1] and [52]. [b] B3LYP/cc-pVTZ/B3LYP/6-31G(d,p),
Fermi contact term only. [c] Not observed in the correlation spectrum.
[d] Observed in the correlation spectrum but value not determined.

Conclusions and Outlook

DFT calculations can attain a considerable degree of accura-
cy in the prediction of the *C and '"H NMR spectra of com-
plex organic molecules such as naturally occurring substan-
ces. In most cases the correct ordering of 'H and, especially,
of *C signals is predicted. When experimental spectra are
recorded in polar solvents, the modeling of solvent by
means of a reaction field generally leads to a substantial im-
provement. The importance of geometry optimization is
also highlighted; an ab initio method such as MP2 is shown

www.chemeurj.org
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to perform better than DFT in critical cases. While some
shortcomings remain, they are probably related to the need
for a wider sampling of conformations in flexible molecules,
a better treatment of specific solvent effects, or possibly to
minor factors like concentration and temperature effects.
Nevertheless, such calculations can considerably aid in the
assignment of crowded, poorly resolved, or unusual spectra,
without recourse to external sources like database lookup.
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