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Mechanics Study of a "Tetra-acetoxycholaphane".
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Abstract A detasled NMR analyss of cholaphane 2 has resulted in the emens of most of the 1H and 13C chemucal shufts, and many

of the Iyly coupling constants Some of this information has been used to provide "NMR constraints” for a molecular mecharnics study

of the macrocycle, resulting in a set of four whuch are proposed to d the confor al equilibrium of 2 in CDCl3
Introduction

In the foregoing paper,! and in references cited therein, we and others have noted the potential of cholic
acid (1) as a building block 1n biomimetic/molecular recogmtion chemistry, and have demonstrated 1ts utility
m the construction of extended, preorgamsed molecular architectures Obvious features of 1 are its size,
ngidity and degree of functionalisation, but an equally important (though perhaps more subtle) attribute 15 the
wrregular, highly asymmetric nature of its structure There are 24 carbons and 40 hydrogens 1n 1 and, leaving
aside the protons on the three methyl groups, no two are in 1dentical environments Moreover, because of the
condensed, well-defined structure of the steroid nucleus, there may be quite substantial differences even
between chemically similar atoms (¢ g methylene hydrogens)

This asymmetry 1s of sigmificance for the assembly of synthetic receptors etc from 1, because 1t
increases the possibilities for performing regio- and stereo-selective transformations during the syntheses (a
good example being the differentiation of the three secondary hydroxyl groups highlighted 1n the following
paper) 2 However, 1t has a second advantage which 1s manifested dunng the later stages of such projects
Because of their distinct environments, the protons and carbons denved from 1 give disinct NMR signals, 1n
principle they can be 1dentified and used to give remarkably detailed information on the system 1n which they
are embedded
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The preceding article gave details of the synthesis of "cholaphane” 2, the first steroidal macrocycle
designed with a view to applications 1n biomimetic/molecular recognition chemustry  As an 1illustranion of the
potential of NMR 1n the study of such molecules, we now report (a) an almost complete assignment of the 'H
and 13C spectra of 2, (b) the use of extracted couphing and chermcal shift data to infer conformational
preferences for certain regions of the macrocycle, and (c) a molecular mechanics study within the foregoing
"NMR constraints” which results in what we feel 1s a reasonable hypothesis as to the conformational
preferences of 2 1n CDCl, solution

Results and Discussion

NMR investigations. For the purposcs of this study, we recorded the following NMR spectra of
cholaphane 2, (a) 'H (400 and 500 MHz) and 13C 1D spectra (including DEPT),? (b) several NOE difference
spectra (500 MHz), (c) a 1*C-'H COSY spectrum, (d) a NOESY spectrum (400 MHz) and (¢) two 'H-'H DQF
phase-sensitive COSY spectra (500 MHz), one at low resolution covering the full range of the spectrum and
one at high resolution covening the region 5 0 6-2 6 The high-resolution 'H-'H COSY, shown 1n Figure 1,
was particularly informative In conjunction with the 1D H spectrum it enabled us to determine the chermeal
shifts of the protons on the steroid nucler with very few ambiguities, the exceptions being certan pairs of
diastereotopic protons 1n the more flexible portions of the framework In addition, 1t was possible to extract a
substantial quantity of information concerning couphng patterns and constants The results are summansed
in Tables 1 and 2, accompanied by further details of the assignment procedure In general the pattern of
assignments corresponds to that obtained previously for simple bile acid denvatves,*? although we have
attempted to dertve more information on 'H-'H coupling than the earlier workers 3-7
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Table 1 'H NMR Assignments and Coupling Patterns for 22

Proton b Mult J (Hz) Proton & Mult J (Hz)
lo 180 dr 14,3 15°¢ 114 qd 12,6
1B 112 td 140,34 16° 1905 did 13,95,6
20 124 qd 13,30 16¢ 130 dddd 13,12,95,3
2B 159 brd 13 17 169 brq 96
38 244 t 12,35 18-Me 076 s
40, 224 q 135 19-Me 093 s
4pb 148 m 20 147 br m
sb 150 m 21-Me 082 d 61
60 1645 dr 150,25 22¢ 181 td 13,4
6p 199 ddd 150,40,34 22 145 m
7 492 q 33 23¢ 221 td 13,35
8 165 td 120,40 23°¢ 2045 td 13,4
9 209 ddd 13,11,4 NH 585 dd 76,40
1o 1765 dt 150,35 NCH 477 dd 150,76
11 1505 ddd 15,13,3 NCH' 407 dd 150,40
12 5095 t 30 Ar 718 d 83
14 187 ddd 13,11,7 Ar’ 715 d 83
15¢ 138 dddd 13,10,7,3 OAc 2026 s
OAc 2033 s

# Chemical shifts are expressed in ppm relative to TMS See drawing of 2 for numbering system Most
assignments arose directly from connections made by the 'H-H COSY spectra, and the couphng patterns
revealed by the 1D and high-resolution 'H-'H COSY spectra, confirmation of H-C-H connectivities being
provided by the 13C-'H COSY  Starting points were the 78,128 and 3B (benzyhc) protons 6o and 68 could
not be distinguished safely from their coupling patterns, and were assigned by means of an NOE enhancement
of 6a on irradiating the 19-CHj resonance (which experiment also confirmed the 1dentity of the latter) (¢f ref
7) The C22 and C23 protons could not be linked to the rest of the spectrum because of the lack of a clear
correlation to 20-H (see text) However, an assignment on the basis of chemical shifts should be fairly secure,
as the C23 protons are o to C=0 Muluplicies and coupling constants were deterrmined by analysis of the
1D spectrum 1n conjunction with a contour plot of the lgh resolution 'H-'H COSY In cases where heavy
rehiance was placed on the COSY the letters and figures are 1talicised in the Table and are subject to a degree
of uncertainty ( ~1 Hz for the coupling constants) No attempt was made to correct for second-order effects
> A detailed analysis of this couphng was not attempted because of overlap with a neighbouring proton (48
and 5, 20 and 22’) © One of a diastereotopic pair of protons which are not readily disingmshable The
protons resonating at higher field are marked "prime”
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Figure 1: High resoluton DQF 'H-'H COSY of 2 at 500 MHz, covering the region of the
spectrum from306to26ppm

Table 2 13C NMR Assignments for 2*

Carbon 8 Carbon . Carbon 8
1 370 12 758 23 332
2 298 13 450 24 1733
3 440 14 44 7-OCOMe 212
4 358 15 228 7-OCOMe 169 8
5 425 16 276 12-0COMe 216
6 316 17 465 12-O0COMe 1700
7 710 18 12.1 Ar 146 8
8 37.5 19 230 Ar 1362
9 29.5 20 350 2Ar 127 4
10 341 21 174 2Ar 126 7
1 257 22 324 CH;N 428

* Chemical shifts expressed n p pm relanve to TMS See drawing of 2 for numbering system Most of the
assignments emerged from the analysis of the 'H spectrum (see Table 1), the expected multiplicities being
being confirmed by DEPT The quaternary carbons 10 and 13 were distingmished by companson with the
literature.® The small degree of uncertainty regarding the C22 vs C23 'H assignments translates to the
corresponding 13C signals.
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A priori 1t was not clear that this study could do more than complete the charactensation of 2 The
examination of a CPK model of the macrocycle indicated that, despite the ngidity of the steroid nucleus and
the aromatic spacer group, the framework might have considerable flexibility Unless 1t transpired that a very
few conformations (preferably a single one) were dommnant in CDCl; at room temperature, averaging effects
would diminish the value of the data to the point where little could be smd However, consideration of the 'H
spectrum encouraged us to suspect that the molecule mught indeed have surpnisingly hittle conformational
freedom Our attention was drawn to the following points

(1) The chemucal shift hfference between the 2 and 2B protons 1s 0 35 p p m , similar to that expected
for a 3a-hydroxy cholanoic acid dertvative * This suggested that the aromatic ring spends most of its time 1n
the onientation specified 1n the drawing of 2, 1¢ echipsing the C3-H bond, and roughly perpendicular to the C,
axis of the macrocycle In compounds of the general form 3, in which the conformanon shown 1s enforced by
a bulky geminal substituent X, the neighbouring equatonal protons are quite strongly deshielded relauve to
their axial counterparts 10

(2) The coupling pattern for 17-H implies that 3J17_m 18 ca 95 Hz, and thus that the predominant
conformation for the C17-C20 bond places these hydrogens anti rather than gauche (1¢ as shown in the
drawing of 2)

(3) Both protons on C23 expenence large and small vicinal couplings (13 and ca 4 Hz respectively)
Considering the conformations available to the C22-C23 bond (Fagure 2) 1t 1s clear that only conformation A,
with C20 and C24 ann to each other, 1s consistent with this pattern Moreover, the difference between the
vicinal constants may be used to argue that conformations B and C are relatively unimportant, a substantial
population of erther should perturb the values from those observed

(4) The two HN-CH couplings are signmificantly different from each other, indicating a preferred local
conformation 1n which the N-H 1s angled towards a particular benzylic proton

(5) The 20-H resonance, which 1s almost superimposed on 22°-H (see Table 1), shows at most a very
weak correlation with 22-H 1n the high resolution 'H-'H COSY This suggests that one of the protons on C22
has a very small couphng constant to 20-H (< 2 Hz), placing quite firm restrictions on the possible
conformations and conformational freedom of the C20-C22 bond

The recurning theme in the above analysis 1s the imphcation that individual parts of the macrocyche
framework may have clear preferences for particular local conformations In some cases this was not
unexpected A molecular mechanics study on monomenc umt 4 established that the C3-aryl group did have a
substantial preference for the "C-H eclipsed” conformation, and that the C17-C20 conformation 1s effectively
fixed to be as shown in the diagrams !! The latier pont finds support 1n the crystallography of cholic acid
and 1ts denvatives, where the 1llustrated C17-C20 conformation seems to be ubiquitous 1213 However the
molecular mechanics study implied that the C20-C22 and C22-C23 bonds should not have strong intrinsic
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Figure 2: Conformations about the C22-C23 bonds in 2 The H-22/22’ and 23/23’ distinctions could
not be made from the NMR spectra (see Table 1), and are therefore arbitrary in the diagram

preferences,'* and one would expect the NH-CH, bond to be capable of essentially free rotation It therefore
seemed that the macrocychic framework may be imposing a fairly high degree of order on the region between
C20 and the aromatic spacer, raising the possibility that rather few conformations may be important in CDCly
solution

NH,
OAc
OAc

In order to explore this question further, 1t was necessary to resort to molecular mechanics calculations
Although aware of the limitations of this techmque when dealing with large, potentially flexible molecules 1n
solution, we felt that by operating within the constraints of the NMR data 1t might be possible to obtain a
meaningful result A conformational search was performed on 2 using the MacroModel'> molecular
modelling package In order to simplify the calculations we decided that, during the 1mual search, the C3-Ar,
C17-C20 and C22-C23 bonds should be kept in the positions implied by the NMR analysis and (in the first
two cases) the prelminary calculations on 4 The procedure used for the search can be understood by
reference to the drawing of 2 Starting from a partially-munimised structure (of which the drawing 1s a fair
representation) a benzylic C-N bond (g) was broken and conformations were generated by nested rotations of
bonds (b), (c) and (d) at 10° resolution, (f) at 60° resolution, and (a) and (e) at 120° resolution The criterion
for ring closure was a C N distance of 1 - 2 A 323 conformations were generated, and passed through a
series of mimmisations and eliminations to give 35 distinct minima spanning an energy range of 29 KJ mol-!

During the later stages of the process the GB/SA solvation treatment (CHCl3)!® was ncluded 1n the energy
calculations
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The energies of the first 12 conformers are summarised 1n Table 3, along with calculated percentages at
297 K according to the Boltzmann distnbution (1gnoring the effect of higher energy species) The Boltzmann
calculation takes account of the fact that the C,-symmetric conformers are umque while the
non-C,-symmetric mumima exist as degenerate pairs It can be seen that, according to the computations, the
conformational equlibrium should be dommated by four low-energy mimma within ca 1 KJ mol! of
baseline, with smaller contnibutions from a fifth and sixth  Structures (1)-(iv), of which (1) and (1) are
C,-symmetric, are shown in Figure 3

Although disappointed that a single predominant conformation had not been predicted, we proceeded to
calculate the expected NH,CH and 20-H,22-H vicinal couplings for each of the first six conformers,
according to modified versions of the Karplus equation !7 The results are summansed n Table 4, along with
average values weighted according to the Boltzmann calculation The experimental data 1s included for
comparison We were pleased to find a fair degree of agreement between the last two hines, suggesting that
the picture denived by theory may be quite close to the truth However, 1t 1s notable that the expenimental
couphng constants he "outside” the calculated average values (1€ are closer to the extremes of their possible
ranges) Considering the values for the individual conformers, a reasonable interpretation 1s that
conformation (1) has been under-emphasized by the molecular mechanics calculation and may in fact be the
single most important structure

The analysis presented 1n this paper suffers from a number of uncertainties, and we would not suggest
that our conclusion 1s more than a good hypothesis However, the exercise does highlight a major advantage
of the steroid nucleus as a structural component in biomimetic/molecular recognition chemustry  Its inherent
asymmetry means that each proton and carbon can act as an NMR probe, signalling information about a
potential receptor’s structural and complexation properties With regard to the latter, the possibility of
intracomplex (intermolecular) NOE’s 1s particularly stnking Although 2 itself has not shown the ability to
complex organic molecules, other cholaphanes (notably the tetraol denved by O-deacetylation) have been
found to be effective receptors for carbohydrate dervatives 1n orgamic solvents '8 We hope to find related
systems 1n which the host-guest complex has a single, well-defined structure In such cases, intermolecular
NOE’s nvolving the array of protons on the internal surface of the host should reveal the guest’s location

with unusual precision
Experimental

NMR spectra were run i CDCly solution on Bruker WH 400 or AM 500 instruments  Standard
methods were used for the 2D experiments ! The molecular mechamcs studies employed MacroModel
V3 1X,!5 running on a Silicon Graphics IRIS 4D25TG workstation Energy calculations used the MM2 force
field, and conformational searches were performed using MULTIC sub-mode The mumimuisation sequence
used to for the conformers of 2 was as follows, Polak-Ribiere Conjugate Gradiant (PRCG) 100 steps, PRCG
500 steps, PRCG 500 steps, PRCG 1000 steps, Full Matrix Newton Raphson (FMNR) 120 steps Duplicate
conformations were rejected at the end of each stage, allowance being made for the constitutional C,
symmetry The last two stages included the GB/SA solvation treatment (CHCl3) 1> With a few exceptions
(of relauvely high energy) all structures mintmised to an RMS gradient of < 001 KJ/A TFigure 3 was
produced using QUANTA 3 3 (Molecular SimulanonsCorp ) after translation of the relevant structures from
the MacroModel format
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Figure 3: Conformations (1) - (1v) (the four lowest-energy minima) from the molecular mechanics
study on 2 The largest circles represent oxygen atoms, the smallest hydrogens, and the
remainder represent carbons and nitrogens
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Table 3 Molecular Mechanics Energies and Calculated Occupancies for the Lowest-Energy Mimima Located
During the Conformational Search of 2

Conf Energy Cy- Occupancy? Conf Energy Cy- Occupancy?®
(KJmol'1) symmetry (%) (KJmol 1) symmetry (%)

) 645 56 No 387 (vnn) 654 04 Yes 063

(1) 646 51 Yes 132 (vin1) 654 18 Yes 059

(m) 646 57 Yes 129 (x) 657 43 No 032

av) 646 59 No 256 (x) 657 49 No 031

w) 648 78 Yes 53 (x1) 657 50 No 031

1) 652 98 No 19 (xn) 65772 No 028

2 Calculated according to a Boltzmann distribution, see text

Table 4 Estimated Coupling Constants, Including Weighted Averages, for Conformers (1)-(v1) (see Table 3)
Observed Values are Included for Comparison

Conformer 3nm.cn (Hz) 372022 (Hz)
pro-R CH pro-S CH pro-R 22-H pro-S 22-H

@) 70,53 23,68 39,17 30,120

(1) 88 31 17 121

() 63 57 23 123

() 6553 25,69 38,44 30,24

) 54 67 41 26

(v1) 88,27 31,88 15,25 119,123
Weighted Avg * 64 47 30 73
Observed 76 40 <2

2 Calculated using the occupancies listed 1n Table 3, with double weighting for values denived from the
C,-symmetnc structures (11), (11t) and (v)
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