(E)-4-Methyl-1-tributylstannyl-oct-1-en-6-yn-3-ol: Circular Dichroism
M easurement and Deter mination of the Absolute Configuration by
Quantum-chemical CD Calculations

E. N. Woloshina, G. Raabe, J. Fleischhauer, G. J. Kramp, and H.-J. Gais

Institut fiir Organische Chemie, Rheinisch-Westfélische Technische Hochschule Aachen,

Prof.-Pirlet-Strale 1, 52074 Aachen, Germany.

Reprint requests to J. F.; Fax: +49(0)241/8092385; E-mail: Joerg.Fleischhauer@thc.rwth-aachen.de

Z. Naturforsch. 59a, 124 — 132 (2004); received December 8, 2003

The chiroptical properties of the diastereomeric alcohols (E)-(3S,49)-4-methyl-1-tributylstannyl-
oct-1-en-6-yn-3-ol ((S9-3) and (E)-(3R,49)-4-methyl-1-tributylstannyl-oct-1-en-6-yn-3-ols ((R,S)-
3) have been studied experimentally as well as by quantum-chemical calculations. The structures
of 20 conformers of each isomer, which were found to represent local minima at the MNDO level,
have been optimized with density functional theory (DFT). Based on these geometries the excitation
energies and oscillator as well as rotational strengths have been calculated using a time-dependent
DFT (TDDFT) method. The CD spectra of the compounds were then obtained as superposition of
Boltzmann-weighted spectra for each of the structures. By comparison of the calculated and the ex-
perimental CD spectra the absolute configurations have been assigned to the investigated compounds.

Key words: Conformational Analysis; Circular Dichroism; TDDFT Calculations.

1. Introduction

Prostacyclin (1) (Fig. 1a), which was discovered by
Vane et al. [1] in the vascular endothelium, is the most
potent endogenous inhibitor of blood platelet aggrega-
tion and a strong vasodilator [2, 3]. Unfortunately the
medicinal application of 1 is hampered by its short
chemical and metabolic half lifes. Intensive synthetic
efforts directed towards the discovery of chemically
and metabolically more stable and biologically potent
analogues of prostacyclin led to the finding of ilo-
prost (2, cf. Fig. 1a) by a research team of the Scher-
ing AG [4]. lloprost shows a similar biological pro-
file as the natural compound and exhibits an enhanced
chemical and metabolical stability. lloprost has already
been marketed as Ilomedin® for the treatment of pa-
tients with ischemic heart and peripheral vascular dis-
eases [5, 6] and it is currently being studied in clinical
trails for the treatment of patients with primary pul-
monary hypertension, an increasingly common and fa-
tal disease [7, 8]. llomedin® is essentially a 1:1 mixture
of (169)- and (16R)-diastereomers. However, it was
found that the (16S)-isomer is approximately 5 times
more potent than the (16R)-isomer as an inhibitor of
ADP-induced platelet aggregation [3]. We are engaged
in a program to develop a more efficient asymmetric
synthesis of iloprost by using a new strategy [9] whose

key step is the conjugate addition of a organometal-
lic C13-Cyo w-side chain building block to a bicyclic
Cs-C1 azoene building block with the stereoselective
formation of the C1,-Cy3 bond. This strategy required
an asymmetric synthesis of the stannyl alcohol (SS)-
3 (Fig. 1b) having the (15S5169)-configuration as the
-side chain building block. Our synthetic efforts, the
results of which will be described elsewhere, led to
the attainment of a mixture of the enantiomerically
pure diastereomeric alcohols (S9)-3 and (R,9)-3 [10],
which could be separated by preparative HPLC. Un-
fortunately assignment of the configuration of the alco-
hols 3 at C-15 by NMR spectroscopic and other means
proved not to be possible. However, for the further syn-
thetic utilization of the w-side chain building block in
the planned asymmetric synthesis of 2 knowledge of
the absolute configuration of the two diastereomeric al-
cohols (§9-3 and (R,S)-3 was of crucial importance.
Therefore, we envisioned a determination of the abso-
lute configurations of the diastereomeric alcohols 3 by
measurement of their CD spectra and comparison of
the calculated and experimental CD spectra [11].

2. Results and Discussion

The experimental CD spectra of the separated di-
astereomers [10] are shown in Fig. 2a (sample 1) and
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Fig. 1. Structure of prostacyclin (1) and iloprost (2) (a); diastereomeric side chain building blocks (S 9-3 and (R,S)-3
(prostaglandine numbering) (b); (E)-4-Methyl-1-tributylstannyl-oct-1-en-6-yn-3-ol (numbering of the atoms used in the dis-

cussion) (c).

Fig. 2b (sample 2), respectively. The isomers differ
from each other only in the configuration at the chi-
ral centre C* (Fig. 1c). The spectrum of sample 1 has
its first Cotton effect at 235 nm. This band is negative
and is relatively weak compared to the second positive
one which occurs at 212 nm (Fig. 2a). In the spectrum
of sample 2 a strong negative Cotton effect observed
at about 215 nm corresponds to the positive one in
the experimental spectrum of sample 1. In addition a
weak shoulder is observed at about 230 nm (Fig. 2b).
This shoulder corresponds to the first negative band at
A = 235 nm in the measured spectrum of sample 1.

2.1. Semiempirical Conformational Analysis

Since the two molecules under consideration are
very flexible a careful conformational analysis is re-
quired to get a reliable CD spectrum. First, a local
minimum for each optical isomer has been found with
MNDO method [12]. Then the conformer searches
have been performed. This search for the (SS)- and

the (R S)-isomers of 3 (Fig. 1c) was carried out with
the Monte-Carlo method employing the semiempir-
ical MNDO parametrization and the program Spar-
tan [13]. The Monte-Carlo method uses a standard sim-
ulated annealing algorithm [14, 15] with a temperature
ramp of

I 3
nar(i )

|max

where AT = T — T, Ti and T¢ are the initial and final
temperatures, respectively, T is the current tempera-
ture; | and Imax are the current step humber and the
maximal number of steps, respectively, which depends
on the number of the flexible centres of the studied
molecule and the number of increments in the rotation.
The new conformation is weighted via the Boltzmann
criteria (exp(AE/KT)).

The following 4 dihedral angles were chosen to be
involved in the search (Fig. 1c): £C°-C8-Cc*-C3, ~ C'-
c*-c3-C?, £ 0°-C3-C2-C?, and £ H®-0°-C3-C?. For
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Fig. 2. Experimental CD spectra of sample 1 (a) and sample 2 (b) (measured in cyclohexane); CD spectra of (SS)-3 (c) and

(R9-3 (d), calculated at TZVP/B-P86 level of TDDFT.

the first three the values 0, 120, and 240 and for the
last one the values 0, 90, 180, and 270 were assumed
with regard to the initial local minimum.

In our calculations we have used T; = 5000 K, Tf =
300 K and I max = 169.

The combination of all orientations mentioned
above leads to 108 possible conformers for each di-
astereomer. However, only those conformers whose
energies are not more than about 3 kcal/mol above the
one of the energetically lowest structure will contribute
significantly to the overall CD spectrum. Based on this

criterium only the 20 energetically lowest conformers
for (§9)-3and for (R,S)-3 have further been considered
in the calculation of the chiroptical properties.

2.2. Geometry Optimization with DFT Method

The corresponding 20 conformers obtained at the
MNDO level were reoptimized with a density func-
tional theory (DFT) method, as implemented in the
TURBOMOLE set of programs [16,17], using the B-
P86 functional [18] and a TZVP (Triple-¢ Valence plus



E. N. Voloshina et al. - (E)-4-Methyl-1-tributylstannyl-oct-1-en-6-yn-3-ol

Table 1. DFT-optimized structural parameters and relative

energies of the conformers of (S9)-3.
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Table 2. DFT-optimized structural parameters and relative
energies of the conformers of (R,9)-3.

Confor- Geometry Relative w? Con- Geometry Relative w?®
mer £C%-C® «C7-C* £0%-C® /H®-O° energy % for- «C%-C® «C’-Cc* /0°-C® /HS-O° energy %
-c4-c?® -cdc? -c2ct  -ci:C?  (kcal/mol) mer -C*C® -cdc? -c2c! -Cc3-C? (kcal/mol)

a 172.106 59.569 113.969 —51.690 0.00 27.68° a 174436 176.165 —115.863 51.100 0.00 14.9
b —65.659 60.135 113.969 —52.697 006 24.9 b 62.089  67.504 4.007  59.404 001 1468
c 172.969 171.390 126.667 —53.097 0.78 7.4 c 173.026 66.029 —8.659 —54.713 0.12 12.2
d 170915 167.680 —6.862 —51.684 091 5.9 d 64.929  69.159 8.648  57.687 030 9.0
e 171.674 54.099 —15.922 —-51.111 1.08 45 e 61.813 62.718 —127.888 58.299 031 88
f 170.803 —58.644 119.069 —49.285 111 42 f 171527  66.045 7.211  52.061 034 84
g 172.099 54.289 —15.187 51.206 1.16 3.9 g —175.527 67.463 4.088 59.970 035 8.3
h  169.478 168.843 8.869 47.842 118 3.8 h 169.637 59.775 —125.654  52.557 049 65
i —68.208 50.459 8.419 47.788 125 33 i 169.678  64.903 4429  52.720 050 6.4
j 169.187 50.356 8.536  47.810 1.28 3.2 j —65.922 65.167 —144.098 —169.969 0.70 4.6
k  169.533 167.817 5.628 —48.135 132 30 k —80.878 —65.621 —118.052  46.886 127 17
| 168.348 53.054 —2.908 59.799 1.50 2.2 | 174.702 177.862 —112.444 —60.715 132 16
m 174.184 171.296  2.603 —172.053 1.58 1.9 m 178.415 —177.831 17.663 50.071 143 13
n 167.490 —62.986 —11.960 —47.932 1.90 11 n 166.801 62.763 —6.536 161.864 173 0.8
o] 45.294 —63.043 —11.588 —47.947 1.94 1.0 o 175529 171.437 —127.802 —179.081 192 0.6
p 166.308 —61.047 5.920 54.434 2.22 0.6 p —80.225 -—-86.857 163.705 —2.454 2.98 0.09
r 177.758 176.298 142.902 —176.902 242 0.5 r 61.384 —81.548 —125.258 46.366 3.35 0.06
S 170.545 —59.746 118.374  59.504 2.58 0.4 s —75.349 72.012 5.640 55.631 351 0.04
t 169.622 —57.797 129.213 175.844 2.62 0.3 t —74.530 70.503 —121.592 54.576 3,59 0.03
u  165.640 —61.585 —3.140 —179.596 281 0.2 u 77.296 —66.848 9.680  46.661 4.05 0.01

aw = exp(fEi/RT)/Zﬂ-\‘zlexp(ij/RT) is the Boltzmann factor of the i-th local minimum, where E is the energy of this local minimum,
N is the number of local stationary points.? The corresponding 3D structures are given in Figure 3.

Table 3. The electronic configurations, calculated os-
cillator and rotational strengths for the first 5 excited
states of conformers a-c, f of (§9-3. 6 is the angle
between the electric and the magnetic dipole moment®.

Wave- Trans- Type Contri- 6  Oscillator Rotational

length ition bution Strength  Strength

(hm) (%) (degree) @)

(S9-3a (w=27.6%):

2812 89 —90 m—amx 982 820 0.0001 -0.21

2757 88—90 mw—mx 956 70.7 0.0374 —8.36

2579 87 —-90 o,mr —mx 557 74.6 0.0341 10.44
86 —90 o—mx 310

2543 86 —90 o—mx 679 904 0.0475 3.98
87 —90 o,m — x 24.2

2440 85— 90 o,n—mx 872 1259 0.0212 21.45

(S9)-3b (w=24.9%):

282589 —90 m—mx 982 79.8 0.0001 -0.53

2769 88 —90 mw—mx 942 985 0.0347 —8.03

259.1 87 - 90 o,m —+ 821 88.1  0.0652 0.65

2573 86 —-90 o—mx 939 781 0.0068 1.55

2443 85—90 o,n—mx 904 635  0.0131 13.47

Polarization) [19] basis set. For the Sn atom an ef-
fective core potential (ECP) has been used. In these
calculations, the default ECP parameters supplied by
TURBOMOLE [16] were adopted. Some selected di-
hedral angles of the resulting structures and their rel-

Table 3 (continued).

Wave- Trans- Type Contri- 6  Oscillator Rotational

length ition bution Strength ~ Strength

(hm) (%) (degree) *)

(S9-3c (w=7.4%):

2783 89 —-90 m—amx 663 1495  0.0010 —2.08
88 —-90 mw—max 324

2759 88 —-90 m—mx 635 635  0.0204 10.85
89 —-90 mw—nx 26.6

2571 87 - 90 o,r —m+x 803 844 0.0760 7.54

2547 86 —90 o —mx 940 938 0.0047 —0.35

246.2 85— 90 o,n—mx 906 885 0.0042 —-1.32

(S9)-3f (w=4.2%):

2780 89 —-90 m—mx 665 779  0.0062 1.97
88 —-90 m—mx 327

2749 88590 m—amx 488 913  0.0076  —0.27
87—-90 m—nx 308

2616 87 -90 m—mx 534
88 —-90 m—anx 123 61.6 0.0409 10.93
85 —90 o,n— mx 10.6

2589 86 -90 o —mx 830 901  0.0202 142

2494 85 —-90 o,n—mx 844 548 0.0133 18.25

€ In cases where this angle is close to 90° the sign of the corre-
sponding Cotton effect is very sensitive even to small changes of the
molecular structure. (*) x10~*%erg-cm®.

ative energies are given in Tables 1 and 2 for (S9)-3
and (R,9)-3, respectively. Optimized 3D structures of
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(8,9)-3a

(R,S)-3a

the most stable conformers (S9-3a, (S9-3b, (RS-
3a, and (R,S)-3b are shown in Figure 3.

Since the experimental spectra were measured in
cyclohexane, we assumed that due to the low dielec-
tric constant of the solvent (¢ = 2.0) it is not nec-
essary to reoptimize the obtained geometries under
the influence of the solvent (for example, by an elec-
trostatic continuum model (COSMO, conductor-like
screen model [16])).

2.3. TDDFT Calculations

The excitation energies and rotational strengths of
the 25 lowest-lying singlet excited states were calcu-
lated using the time-dependent DFT (TDDFT) [20]
method with the same functional and basis set as
mentioned above. For the calculation of the rotational
strengths the origin-independent dipole velocity ap-
proximation has been used [21].

The CD curves have been calculated as a sum of
Gaussians, each of which is centered at the calculated
wavelength of the corresponding transition and mul-

(8,5)-3b

Fig. 3. 3D structures of
the most stable conform-
ers of (§9-3 and (RS-
3 calculated at TZVP/B-
P86 level of DFT.

(R,S)-3b
tiplied with its rotational strength [22]. The Gaussians
were generated using the empirical formulaI” = k- A 5
for the half bandwidth I" at emax/e [23]. The parameter
k was set to 2.887-10~3, which yields a half bandwidth
I' ~ 10 nm for an absorption band at A = 220 nm.
The individually calculated CD spectra for the energet-
ically lowest 20 conformers of (SS)-3and (R,S)-3were
Boltzmann-weighted (Boltzmann factors are given in
Tables 1 and 2, respectively) and added up to give the
computed overall CD spectra for the (S9)- and (RS-
isomers of 3 given in Figs. 2c and 2d, respectively.
Compared with the experimental spectra the calculated
ones are shifted by about 45 nm to the red.

Our TDDFT calculations predict these 25 transi-
tions to occur in the range between 190-285 nm in
the CD spectra of the conformers of (SS)-3and (RS-
3. The first 5 rotational strengths of all conformers of
(S9-3 and (R S-3 each of which is multiplied with
its Boltzmann factor are displayed in Figs. 4a and 4b,
respectively. It can be clearly seen that in the case of
(S9)-3 only conformers a-c and f contribute signifi-
cantly to the calculated average CD spectrum (Fig. 4a),
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whereas in the case of (RS-3 the first 10 conform-
ers dominate the CD spectrum (Fig. 4b). The rele-
vant configurations for the first 5 states of conform-
ers are listed in Tables 3 and 4, respectively, together
with the calculated oscillator and rotational strengths.
In addition we also list the angles 6 between the elec-

tric and the magnetic transition dipole moments. The
Kohn-Sham orbitals (KSOs) g5 — ¥y of the most sta-
ble conformers of (S,9)-3 and (R,S)-3 are displayed in
Figs. 5 and 6, respectively. From these figures it can
be seen that Sn does not contribute significantly to
these KSOs.
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Table 4. The electronic configurations, calculated os-
cillator and rotational strengths for the first 5 excited
states of the conformers a-j of the (R,S)-3. 0 is the an-
gle between the electric and the magnetic dipole mo-
ment.

Wave- Trans- Type  Contri- 0 Oscillator Rotational

length ition bution Strength ~ Strength

(nm) (%) (degree) *)

(R, 9-3a (w=14.9%):

2733 89 —90 m—mx 644 1074 0.0069 —2.62
88 —-90 mw—mx 335

2704 88 —90 m—mx 559 1437 0.0052 —1.58
87— 90 o,m — mx 21.9

2547 86 — 90 o —mx 858 1158 0.0057 -1.21

2540 87 —90 o,m — +x 657 884 0.1087 1.04
890 —-90 w—mx 9.6

2456 85— 90 o,n— 7+ 858 851 0.0035 2.78

(R 9-3b (w=14.7%):

2555 88 —90 m—mx 539 78.31 0.0367 3.73
89 —-90 m—mx 415

2511 88— 90 m—m+x 405 96.36 0.1159 —10.26
89—-90 w—mx 33.6

243.7 86 — 90 o,m — nx 82.0 126.45 0.0039 -3.31

2427 87 — 90 o,m — mx 60.2 84.98 0.0378 2.33
89 —-90 m—mx 124

2331 85— 90 o,n—mx 941 90.11 0.0035 0.52

(R,9-3c (w=12.2%)

2595 88 —90 m—mx 63.8 628 0.0337 —6.43
89—-90 w—nx 164

255.1 87 -90 m—mx 494 912 0.0897 —11.18
89 —-90 w—mx 323

2483 86 —90 o —mx 443 1181 0.0162 6.10
87 —-90 m—mx 269

2466 86 —90 o —mx 552 524 0.0081 5.03
87—-90 m—mx 218

2358 85— 90 o,n—mx 89.1 709 0.0511 -11.94

2647 89 —-90 m—mx 575 96.6 0.0153 —3.05
88 —90 m—mx 415

250.7 88 —-90 m—mx 385 99.3 0.0635 —15.88
87 —-90 m—mx 36.6

250.1 87 —90 m—m+ 588 449 0.0550 16.53
88 —-90 m—mx 165

2492 86 —90 o —mx 995 1243 0.0021 —1.00

232.8 85— 90 o,n—mx 922 1120 0.0086 —15.14

According to the TDDFT results the first Cotton ef-
fect in the average CD spectrum of (S§9-3 is nega-
tive and due to @ — &« transitions from three upper
MOs (Y¥s9 (HOMO), Ysg, ¥s7) to the LUMO (Wyo)
(Fig. 4a, Frame A). The next Cotton effect is predicted
to be positive. It is the resultant of several transitions,
and o — mx transitions to the LUMO (¥gs — Yoo,
Y5 — Yoo) (Fig. 4a, Frame B) give the main contri-
butions to this band (Tab. 3, Fig. 5).
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Table 4 (continued).

Wave- Trans- Type  Contri- 0 Oscillator Rotational

length ition bution Strength ~ Strength

(nm) (%) (degree) *)

(R, 9)-3e (w=8.8%):

2596 89 —90 mw—mx 502 79.8 0.0373 5.12
88 —-90 m—mx 440

2545 88 —90 mw—mwx 497 96.8 0.0960 —10.49
89 —-90 mw—mnx 256

2473 86 —90 o—mx 639 632 0.0095 6.85
87—-90 m—mx 293

2452 87 —90 mw—mx 451 812 0.0276 453
86 —90 o —mx 349

2351 85— 90 o,n— x 955 108.4 0.0035 -4.21

(R, 9)-3f (w=8.4%):

2727 89 —-90 m—mx 526 115.8 0.0138  —5.99
88 —-90 m—mx 401

2686 88 —90 mw—mx 531 95.1 0.0324  -3.13
87—-90 m—mx 23.6

2578 87 —-90 mw—mx 513 89.1 0.0293 0.13
86 —90 o —mx 227

2542 86 —90 o—mx 733 805 0.0336 3.64

2478 85— 90 o,n— mx 926 108.9 0.0033 —5.05

(R, 9-3g (w = 8.3%):

2803 89 —-90 mw—mx 964 625 0.0010 2.04

2754 88 —90 mw—mx 852 85.1 0.0306 5.75

260.0 87 - 90 o,n —» mx 638  83.7 0.0512 3.97
86 —90 o—mx 19.8

2565 86 —90 o —mx 795 89.8 0.0301 1.66

246.6 85— 90 o,n— mx 93.8 116.3 0.0126 —11.02

(R, 9-3h (w=6.5%):

2679 89 —-90 mw—mx 720 76.1 0.0004 0.56

2633 88 —90 m—mx 491 947 0.0648 —10.54
87—90 mw—mx 26.7

2506 87 —-90 mw—mx 562 20.1 0.0521 16.00
86 —-90 o—mx 15.1

2504 86 —90 o—mx 841 682 0.0168 3.44

236.1 85— 90 o,n—mx 905 54.2 0.0233 15.22

(R, 9-3i (w=6.4%):

2576 89 —90 mw—mx 808 67.1 0.0795 13.11

250.7 87 -90 m—mx 986 107.4 0.0043 —1.04

250.1 88 —-90 mw—mx 887 855 0.0198 141

2415 86 —90 o—mx 927 316 0.0018 7.97

2378 85— 90 o,n—mx 966 19.6 0.0011 422

(R 9-3j (w=14.6%):

266.1 88 —90 mw—mx 943 69.3 0.0013 1.17

2649 89 —90 7w —mx 489 108.3 0.0120 —3.82
87 —-90 m—mx 478

2529 87 —-90 mw—mx 424 995 0.0813  —8.87
89 —-90 m—mx 333

252.1 85— 90 o,n—mx 885 94.1 0.0173  —-1.12

2484 86 —90 o —mx 923 4438 0.0009 8.12

(*) x10~*%erg-cmd.

As can be expected the theoretical CD spectrum of
the second compound ((R,9)-3) spreads over the same
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85th KSO, c+n 86th KSO, ¢ 87th KSO, c+n
(-6.31eV) (-6.22¢eV) (-6.00eV)

Fig. 5. Kohn-Sham orbitals ¥5 to ¥y of the

89th KSO, & 90th KSO, m* most stable conformer of (S9)-3. Y9 and
88th KSO, & (-5.79eV) (-1.40eV) wgo are the HOMO and the LUMO, respec-
(-5.86¢eV) (HOMO) (LUMO) tively.

/o
r

85th KSO, o+n 86th KSO, 6 87th KSO, o+n
(-6.25¢eV) (-6.21eV) (-6.04eV)

#\H\l?\&{ Fig. 6. Kohn-Sham orbitals ¥5 to Wy of the

89th K5O, © 90th KSO, * most stable conformer of (R,S)-3. %9 and

88th KSO, (-5.88¢eV) (-1.37eV) ¥y, are the HOMO and the LUMO, respec-
(-5.92eV) (HOMO) (LUMO) tively.
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spectral region as the first one. A detailed analysis of
the individual spectra calculated for the (R S)-3 con-
formers reveals 2 groups of transitions in this spec-
trum: the first one covers the range between about
A ~ 270-280 nm (Fig. 4b, Frame A) and corresponds
to the first negative Cotton effect in the spectrum of
(59)-3. The other one occurs in the region between 245
and 265 nm (Fig. 4b, Frame B) and is, therefore, close
to the second Cotton effect of the first compound (cf.
Fig. 4a, Frame B). Since the first and the second groups
of transitions occur at similar wavelengths and have
mostly rotational strengths of the same sign (negative),
they are not clearly resolved but coincide to give one
negative Cotton effect.

A comparison of the experimental and the calcu-
lated CD spectra in Figs. 2a and 2c, 2b and 2d shows
that not only the signs of the Cotton effects but also the
general appearance of the theoretical spectra calculated
for (S9-3 and (R 9-3 agree with those observed for
sample 1 and sample 2. Thus, we conclude, that sam-
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