XYPHAJ CTPYKTYPHOW XUMUU

2015. Tom 56, Ne 7 lexabpo C. 1398 — 1404

UDC 547.53:541.67

ASSIGNMENT OF THE ABSOLUTE CONFIGURATION OF FISCHERIN
BY COMPUTED NMR CHEMICAL SHIFTS

S.K. Amini

Chemistry and Chemical Engineering Research Center of Iran, Tehran, Iran
E-mail: amini_s@ccerci.ac.ir

Received April, 5, 2014 Revised October, 27, 2014

The unassigned configurations of a toxic metabolite to mammals extracted from Neosartorya
fischeri (fischerin) in C19, C20, C21, and C22 are assigned as R, R, R, and S, respectively. In
this assignment, the extensive ab initio calculations followed by chemical shift computations
are performed. Computed chemical shifts are correlated to experimental ones in order to find
the correct configuration shown here.
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INTRODUCTION

N-hydroxypyridone derivatives are a bioactive and structurally diverse group of compounds [ 1 ].
Some compounds of this group include secondary metabolites in a number of fungi [ 2 |. Fischerin, a
biologically active component of fungi, which causes tremors and lethal peritonitis in mice, was ex-
tracted from Neosartorya fischeri [ 3 ]. Fujimoto and co-workers reported the partial configuration of
fischerin [ 3 ]. They used NMR spectroscopic data to determine this partial configuration for the fused
bicyclic moiety of this compound [ 3 ]. As it has been established firmly that NMR spectroscopy is a
powerful technique to probe the structure of natural products, and it is used to probe a variety of impor-
tant structural features of these compounds, they used it to determine the partial configuration of the
target molecule. However, despite the use of this powerful technique, Fujimoto and co-workers were
not able to assign the relative configurations of the target molecule in C19, C20, C21, and C22 [3 ].

On the other hand, advanced methods in quantum chemistry facilitate the rapid, accurate, and re-
liable calculation of NMR chemical shifts. So, a comparison of the calculated and experimental
chemical shifts will provide an efficient method to identify and discriminate between the proposed
diastereoisomers [4 ]. Therefore, it was interesting to utilize computed 'H and *C NMR chemical
shifts in the assignment of these configurations of the target molecule. This approach, in brief, in-
volved a quantum mechanical treatment of candidate conformers in which geometry optimizations
followed by frequency and chemical shielding calculations were employed in order to find a set of
computed chemical shifts to compare the experimental ones. This technique has been successfully ap-
plied previously for other natural products [ 4 ].

Considering the triangular fusion between C20 and C21 and the assigned configuration of the
fused bicyclic moiety, four unassigned stereocenters allow for totally eight possible diastereomers for
the target compound (Fig. 1). In this paper these diastereomers (structures 1, 2, 3, 4, 5, 6, 7, and 8) are
also called as 19R-20R-21R-22R, 19R-20R-21R-22S, 19R-20S-21S-22R, 19R-20S-21S-22S, 19S-20R-
21R-22R, 19S-20R-21R-22S, 19S-20S-21S-22R, and 19S-20S-21S-228 respectively. They were used
as probable structures of the target molecule in the quantum mechanical treatments.

© Amini S.K., 2015
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Fig. 1. Eight diastercomers
of the target molecule exa-
mined herein

THEORY AND METHODS

The first step in this treatment was the conformational analysis of probable structures of the target
molecule in order to find candidate conformers at room temperature which contribute to the experi-
mental NMR spectra. In this analysis the restricted Hartree—Fock method [ 5—7 ], applying the Gaus-
sian double zeta-split valence basis set [ 8 | and the RHF/3-21G level of theory, was utilized in order to
sample all probable conformers in the gas phase. Since this natural product is rigid to some extent,
only some modes of conformational flexibility do exist that should be treated carefully. Due to bulky
substituents that occupy equatorial positions, the fused bicyclic moiety could adopt just a single con-
formation, and any attempt to move these substituents from these positions was accompanied by a
very large increase in the energy. On the other hand, owing to the existing fused triangular moiety and
bulky substituents, the terminal substituted cyclohexane moiety is approximately rigid and adopts just
a single conformation. The six dihedral angles, one controlling the orientation of bicyclic moiety rela-
tive to the ketone C=0 and another controlling the orientation of substituted cyclohexane relative to
the pyridone ring, and the other ones controlling the orientations of hydroxyl groups, have approxi-
mately 360° of freedom in all diastereomers (Fig. 2). Thus, six dihedral angles were sampled in order
to get candidate conformers which contribute to the observed experimental NMR spectrum at room
temperature. In order to sample all possible combinations of all six dihedral angles and to avoid over-
lapping structures, they were changed either by 60° or 90°. In the cases where the intramolecular hy-
drogen bonding was probable, both sides of the surface formed by hydrogen bonding constituents
were sampled equally. Of course, most structures with small deviations from the hydrogen bonding
geometry were relaxed to structures having this bond at the next step.
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Fig. 2. Six dihedral angles sampled in order to get candidate conformers
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At the next step, considering the Boltzman distribution function (P;/P;) = exp(~(E;—E;)/RT),
where P, and E, are the relative population and the computed free energy of the x conformer, respec-
tively, at 298.15 K, the postulated conformers within a 12.5 kJ-mol ' window of the lowest energy,
were subjected to the extensive geometry optimization followed by frequency calculations in order to
confirm the nature of the optimized geometries as minima and provide their computed free energies.
At this step, six, four, six, six, four, six, two, and three conformers were found for structures 1, 2, 3, 4,
5, 6, 7, and 8, respectively. Becke's three parameter hybrid functional [ 9 ], devised in 1993 using the
non-local correlated functional of Lee, Yung and Parr [ 10, 11 ] with VWN functional III for the local
correlation [ 12 ] and the Gaussian triple zeta basis set [ 13 ] with diffuse [ 14 ] and polarization [ 15 ]
functions, the B3LYP/6-311+G(d,p) level of theory, was used to optimize these candidate structures
and calculate their vibrational frequencies both in gas and solution phases.

At the last step, among these extensively optimized structures, those within a 10.5 kJ-mol™" win-
dow of the lowest energy were subjected to the chemical shielding calculations in the dimethylsulfo-
xide solvent. This treatment based on the results of the expensive B3LYP/6-311+G(d,p) level of the-
ory, guarantees that eliminated conformers have very little effect on the observed NMR spectra. At
this step five, three, five, four, four, six, one, and two conformers were found for structures 1, 2, 3, 4,
5, 6,7, and 8, respectively. Thus, in order to get the accurate calculated chemical shielding values, the
Boltzman-weighted averaging based on relative free energies of conformers at 298.15 K was used. Of
course, owing to the fast rotation of methyl groups their computed 'H chemical shielding values were
averaged beforehand. For the chemical shielding calculations, the B3LYP/6-311+G(d,p) level of the-
ory was employed as it has reproduced very good results for °C nuclei under the gauge invariant
atomic orbital (GIAO) condition in the previous calculation [ 16, 17 ].

In all calculations performed in solution, the solvent effects were taken into account using a con-
ductor-like polarizable continuum (CPCM) model for the dimethylsulfoxide solvent [ 18—20 ].

All ab initio conformational analyses, geometry optimization, frequency, and chemical shielding
calculations were performed using the G03 package from Gaussian, Inc [ 21 ].

Calculated chemical shielding values were converted into chemical shift data by plotting these
values versus the experimental chemical shifts and using the intercept of the best line as the chemical
shielding value of [ 22 ]. In order to determine the correct configuration of the target molecule, the cal-
culated chemical shifts were evaluated according to their largest and corrected mean absolute devia-

tion (CMAD: [(1/ n)2?=1| Bcalc — Oexp [1) in each configuration.

In order to confirm the conclusion of the CMAD analysis and get more confidence of which con-
figuration is the correct one, the DP4 probability analysis developed by Smith and Goodman was also
employed [ 4 ]. The DP4 analysis has been designated especially for the cases in which one set of ex-
perimental data is available to which one possible diastereomer out of many can be assigned. The
analysis is based on the calculated error probabilities for the computed chemical shift values. It assigns
an error probability to each absolute error employing statistical Student’s z-distribution of the whole
set of errors and considering that this error is an independent random variable. Next, Bayes's theorem
is applied to get an overall probability by multiplying the probabilities just obtained for each error,
indicating that the selected structure is correct from the product of the individual error probabilities for
each atom [ 23 ]. The final equation is as follows [ 4 ]:

v |(61ac _aex )1 m v |(8£ac _Sex )~ 1|
P(i|61,52,...,SN)_H:VI[l—T[ ok . Pk D/Z_l.zll_[’kv{l—T[ ok . Pk (1)

where P is the probability that the i structure is correct among m candidate ones. In this equation, p, ©,
and T" are the mean, the standard deviation, and the cumulative #-distribution function with v degrees
of freedom, respectively [ 4 ]. The DP4 analysis is very easy to use, due to a versatile Java applet that
the Goodman group has provided [ 24 ].

The validity of the CPCM model for the purposes of this paper and of the DP4 analysis for
fischerin were investigated using some smaller molecules containing epoxycyclohexane, as in
fischerin, in chloroform (a highly polar solvent as well as dimethylsulfoxide).
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RESULTS AND DISCUSSION

Good agreement was obtained between the experimental data and the calculated chemical shift
values of the correct diastereomer of the test molecules in each case [ 25, 26 ]. This agreement certifies
the validity of both CPCM for highly polar solvents and DP4 analysis (DP4 probabilities were more
than 98.6 %).

The calculated chemical shift values of optimized diasteromers and the experimental data of
fischerin, both in the dimethylsulfoxide solvent, are summarized in Table 1 [3]. This table includes
the largest deviations shown in bold, the calculated CMAD values, and DP4 probabilities.

According to Table 1, good agreement is seen between the experimental chemical shift values of
fischerin and the calculated data of structures 2, 7, and 8. From Fig. 1 it is observed for these three
structures that the epoxy ring inside the cyclohexane ring is oriented anti relative to the pyridone
moiety, which can cause the formation of a more energetically stable diastereomer. The calculated
chemical shift values of structures 3—6 show that the syn orientation causes a very large deshielding
of C3 (7.0—7.6 ppm) and very large shieldings of C4 and C6 (7.4—10.6 ppm) relative to fischerin
[ 3]. These results reject the syn orientation as the correct one and their opposite trends for the calcu-
lated data are acceptable because in the pyridone moiety C3 is in the meta position relative to epoxy-
cyclohexane, while C4 and C6 are in orto positions. Of course, structure 1 which includes the anti
orientation for the epoxy ring and the pyridone moiety obeys the mentioned trends for structures 3—6
with 5.5—10.5 ppm of chemical shift deviations. Very large deshieldings of C4 and C6 of syn oriented
diastereomers and structure 1 relative to fischerin, are repeated for H6, H21 and H22 (0.6—4.5 ppm).
Very large shielding of C3 of syn oriented diastereomers relative to fischerin is also repeated for OH4
and H19 (2.0—4.9 ppm). Thus, it is concluded about fischerin that the epoxy ring inside the cyclo-
hexane ring is oriented anti relative to the pyridone moiety. All diastereomers with the anti orientation
show larger deshielding for C19 relative to fischerin (4.2—5.6 ppm), except structure 2 that shows
almost the same deshielding as fischerin. According to these deviations, the CMAD value of 2.2 ppm
was found for "*C nuclei of structures 2, 7, and 8 in comparison to larger values for other structures.
Thus, the mentioned conclusion about the anti orientation in fischerin is certified more by both CMAD
value and observation that structure 1 with epoxy and pyridone moieties in the anti orientation is the
next diastereomer having smaller CMAD values. Slightly better CMAD values were found for 'H nu-
clei of structure 2 in comparison to two other structures (0.57 ppm for structure 2 in comparison to
0.64 ppm and 0.71 ppm for structures 7 and 8, respectively). Thus, it is concluded that structure 2
(19R-20R-21R-22S diastreomer) is in better agreement with the real configuration of fischerin in

Table 1

Calculated and experimental chemical Shifts accompanying the corresponding
CMAD values (ppm) and DP4 probabilities (%) of optimized diasteromers *

Atom Calculated Exp.**
3 4 5
1 2 3 4 5 6 7 8 9 10
Be
2 158.0 | 156.7 | 157.9 | 157.9 | 157.0 | 157.6 | 156.3 | 156.4 | 157.9
3 113.5 | 106.4 | 115.1 | 1152 | 115.0 | 115.6 | 1049 | 105.0 | 108
4 167.1 | 1704 | 1669 | 167.0 [ 164.2 | 163.8 | 170.7 | 170.7 | 174.3
5 112.5 | 1151 | 112.6 | 1128 | 117.6 | 117.2 | 111.7 | 112.0 | 1125
6 129.3 | 133.2 | 130.6 | 130.9 | 130.1 | 130.6 | 134.8 | 134.8 | 139.7
7 216.7 | 217.4 | 214.7 | 2149 | 2159 | 216.1 | 218.0 | 2179 | 213.9
8 48.3 48.1 51.0 51.2 50.2 51.3 47.0 47.2 47
9 40.5 40.5 34.9 35.0 342 35.0 38.2 38.4 37.7
10 255 27.9 26.8 27.1 254 26.8 27.1 27.2 29.5
11 18.7 20.5 18.9 19.3 17.7 18.9 19.8 20.0 21
12 23.9 26.0 24.9 252 24.6 254 24.0 24.3 25.7
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Continued Table 1
1 2 3 4 5 6 7 8 9 10
13 284 301 | 203 ] 208 | 280 201 286| 288 283
14 383 | 386| 378| 380 369| 378| 374| 376| 367
15 134.6 | 1339 | 1360 | 1362 | 1359 | 136.0 | 1343 | 1344 | 1311
16 1352 | 1337 | 1362 | 1362 | 1354 | 1359 | 1332 | 1333 | 1313
17 357 | 407 | 400 | 402 | 385| 396| 397| 398 371
18 153 | 162 | 157 | 161 | 154 | 166 | 144 | 146 | 193
19 737 | 696 | 767 | 773 | 699 | 713 | 723 | 724 | 68.1
20 597 | 597 | 563 | 582 | 627 | 592 | 588 | 61.0 | 59.9
21 587 | 575 | 579 | 549 | 593 | 563 | 621 | 600 | 56.8
2 68.0 | 653 | 657 | 628 | 667 | 657 | 647 | 627 | 658
23 205 | 221 | 239 | 251 | 217 | 222 | 277 | 275 | 246
24 360 | 285 | 282 | 270 | 354 | 300 | 325 | 320 | 318
CMAD | 31 | 22| 32| 32| 34| 31| 23| 23
DP4, % | 00 | 764 | 00 | 00 | 00 | 00 | 66 | 170
'H
6 1039 | 9.09 | 1132 | 1126 | 1206 | 1242 | 924 | 923 | 7.94
8 474 | 540 | 503 | 495 | 485 | 492 | 540 | 534 | 493
9 213 | 233 | 238 | 231 | 233 | 220 | 250 | 242 | 217
IR | 131 | 143 | 157 | 146 | 147 | 126 | 152 | 144 | 1.66
10s | 093 | 141 | 100 | 091 | 101 | 077 | 141 | 132 | 12
IR | 043 | 118 | 072 | 064 | 048 | 021 | 134 | 126 | 1.29
1S | 069 | 147 | 238 | 234 | 255 | 235 | 144 | 135 | 137
2R | 132 | 168 | 149 | 144 | 141 | 115 | 185 | 178 | 16
12 | 080 | 118 | 070 | 068 | 070 | 038 | 145 | 136 | 12
3R | 071 | 127 | 075 | 065 | 062 | 037 | 134 | 127 | 137
138 | 134 | 173 | 139 | 130 | 121 | 1.03 | 1.80 | 1.73 | 137
14 196 | 221 | 216 | 210 | 205 | 182 | 226 | 219 | 205
15 806 | 661 | 837 | 828 | 838 | 879 | 654 | 651 | 564
16 785 | 616 | 753 | 749 | 775 | 793 | 639 | 635 | 545
17 337 | 281 | 216 | 211 | 217 | 201 | 287 | 279 | 248
18 041 | 085 | 015 | 009 | 010 | 025 | 097 | 088 | 092
20 412 | 344 | 376 | 386 | 3.77 | 364 | 364 | 375 | 3356
21 454 | 366 | 380 | 428 | 464 | 452 | 383 | 415 | 324
2 512 | 464 | 505 | 517 | 563 | 607 | 432 | 450 | 3.94
23R | 146 | 183 | 177 | 160 | 153 | 136 | 216 | 201 | 16
238 | 1178 | 155 | 100 | 116 | 106 | 120 | 147 | 152 | 108
2R | 1077 | 122 | 100 | 122 | 173 | 144 | 182 | 151 | 145
24s | 212 | 237 | 181 | 160 | 192 | 156 | 162 | 1.87 | 222
OHI | 1338 | 1031 | 1356 | 1355 | 13.89 | 14.54 | 1050 | 10.47 | 11.74
OH4 | 1434 [17.96 | 1435 | 1427 | 1418 | 12.62 | 1829 | 18.06 | 16.98
OHI9 | 422 | 314 | 259 | 2255 | 044 | 339 | 161 | 155 | 534
oH22 | 066 | 1.72 | 086 | 1.67 | 073 | 095 | 1.07 | 2.02 | 485
CMAD | 096 | 057 | 1.00 | 101 | 120 | 130 | 071 | 0.64
DP4, % | 0.0 | 1000 | 00 | 00 | 00 | 00 | 00 | 00
13C+1H
pP4, % | 00 | 1000 ] 00 | 00 | 00 | 00 | 00 | 00 |

* Largest deviations for each set of data are highlighted in bold.
** From [3].
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Fig. 3. Correct three dimensional struc-
tures of fischerin (19R-20R-21R-228S)

comparison to all other diastereomers.
Its largest deviations are only 6.5 ppm
and 3.13 ppm for °C and 'H nuclei,
respectively, in comparison to much
larger deviations obtained for other
diastereomers. Finally, it seems diffi-
cult to rely completely upon the
CMAD values because not only diffe-
rences among all CMAD values are
small, but also structures 2, 7, and 8
produce almost the same values. Thus, for more confidence, a more precise analysis should be taken
into account and it was decided to resort on the DP4 probability analysis.

Analyzing DP4 probabilities, we see that all structures, except structures 2, 7, and 8, have zero
probabilities considering "*C nuclei. Since according to the DP4 analysis an increase in a deviation of a
calculated chemical shift value will result in a large reduction in its occurrence probability, zero pro-
babilities for the calculated °C chemical shift values of structure 1 and structures 3—6 are related to
their very large deviations such as chemical shift values of C3, C4, C6. Also small probabilities for *C
chemical shift values of structures 7 and 8 are related to their large deviations such as chemical shift
values of C3, C4, C6, C19, C21, and C23. Although structures 2, 7, and 8 have appreciable probabilities
considering just *C nuclei, but these probabilities become zero for structures 7 and 8, considering either
'H or "H+"C nuclei. Zero probabilities for 'H chemical shift values of all structures, except structure 2,
are related to their very large deviations such as chemical shift values of H6, H21, H22, OH4, and
OH22. Thus, the DP4 analysis strongly proposes structure 2 as the correct one for the target molecule,
which is in accordance with the CMAD analysis (Fig. 3). The DP4 probability of this structure is
76.4 %, 100.0 %, and 100.0 % considering carbon, hydrogen and both of them, respectively.

Since different configurations around stereocenter nuclei affect absolute deviations in the bond
and the steric vicinity of these centers more than other ones, the conclusion about the correct configu-
ration is more confirmed by a comparison of those of structures 1—S8, reported in Table 2. The devia-
tions highlighted in bold in this table are larger than 4.0 ppm and 1.0 ppm for *C and '"H nuclei, re-

Table 2

Absolute deviations (ppm) of °C and 'H nuclei in the vicinity of the unassigned stereocenters of structures 1—8%

won] 0 [ 2[5 [ 4[5 o [ 7 s [am|[ 12 2 a5 7]
13C IH

2 0.10(1.160.01 {0.01] 0.93]| 0.32]1.60(1.49 6 [245(1.15|3.38|3.32|4.12(4.48(1.30(1.29

3 5.47(1.60(7.07(7.15| 7.01| 7.58(3.07(3.03f 20 |0.56(0.12(0.20(0.30]0.21]0.08|0.08(0.19

4 7.2013.93(7.39(7.35]10.09 | 10.55|3.56|3.59( 21 |1.30|0.42(0.56(1.04|1.40|1.280.59(0.91

5 0.0312.58(0.12(031| 5.13| 4.66(0.81(0.53( 22 |1.18|0.70(1.11|1.23|1.69|2.13|0.38|0.56

6 [10.42]6.54|9.12(8.84( 9.56| 9.13(4.93(4.87| 23 [0.14]0.23]0.170.00(0.07(0.24]0.56]0.41

19 | 5.61|1.46(8.64(9.20| 1.78| 3.19(4.164.29| 23 |0.10|0.470.08 {0.08(0.02]0.12]0.39 | 0.44
20 | 0.1810.25(3.59(1.74| 2.84| 0.74|1.12|1.15( 24 ]0.37|0.23(0.45]0.23|0.28]0.01 [0.37(0.06
21 1.90(0.68|1.08|1.89| 2.52| 0.48|5.30(3.20 24 |0.10]0.15(0.41]0.62{0.30]|0.66|0.60 [ 0.36
22 | 2.2410.45(0.08(3.03| 0.87| 0.06|1.15]|3.08|OH1 |1.64|1.43(1.82|1.81|2.15|2.80(1.24|1.27
23 4.10|2.52(0.68(0.53 | 2.92| 2.44|3.06|2.93(|OH4 |2.64|0.98(2.63|2.71|2.80|4.36(1.311.08
24 | 4.17|3.35(3.60(4.79| 3.59| 1.76(0.680.23 ||OH19 | 1.12 | 2.20 | 2.75(3.09 | 4.90 | 1.95 | 3.73 | 3.79
OH22 | 4.19|3.13|3.99 | 3.18 [ 4.12 | 3.90 | 3.78 | 2.83

* Larger deviations for each set of data are highlighted in bold.
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spectively. As the whole outputs of the DP4 analyses show, these large deviations result in several
probabilities smaller by an order of magnitude for the relevant configurations. By a good approxima-
tion, their plurality and absolute values for each configuration relative to the others, can determine the
relative probability of that configuration regardless of other deviations.

It is seen that minimum deviations of most nuclei occur for structure 2. When this trend is not
met, this structure provides small differences in comparison to the minimum deviations. On the other
hand anywhere the data on this structure have been bolded, data on all other structures have been
bolded, too. It is seen that their bolded values are much larger than those of this structure, except just
several cases in which the bolded data on this structure are the same. Especially, it is seen that this
conclusion is met for the stereocenter carbon nuclei and for the hydrogen nuclei directly bonded to
these stereocenters. Thus, very large bolded values in the bond and steric vicinity of configurationally
incorrect assigned stereocenters of the other structures confirm that they are not the correct structure of
the target molecule.

CONCLUSIONS

In this brief study the unassigned configurations of fischerin, extracted from Neosartorya fischeri,
at C19, C20, C21, and C22 were assigned as R, R, R, and S, respectively. In this assignment the exten-
sive conformational analysis and the geometry optimization followed by frequency and chemical
shielding calculations were employed in order to get the best computed chemical shifts as compared to
the experimental ones. This conclusion was a result of both CMAD and DP4 analyses which produce
smaller deviations and larger probabilities for the structure.

The author acknowledges Prof. Alex D. Bain (McMaster University) for his instructive comments.
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