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Introduction 

In the foregoing paper,’ and In references cited therem, we and others have noted the potennal of chohc 

acid (1) as a bulldmg block In blomlmetlc/molecular recogmtlon chemistry, and have demonstrated Its uttltty 

in the construcnon of extended, preorgamsed molecular architectures Obvious features of 1 are rts SIZC, 

ngtdtty and degree of functionahsatlon, but an equally Important (though perhaps more subtle) attnbute IS the 

Irregular, htghly asymmemc nature of Its structure There are 24 carbons and 40 hydrogens In 1 and, leaving 

aside the protons on the three methyl groups, no two are m Identical envwonments Moreover. because of the 

condensed, well-defined structunz of the steroid nucleus, there may be. quite substantial differences even 

between chemically stmllar atoms (e g methylene hydmgens) 

This asymmetry 1s of stgmficance for the assembly of synthetuz receptors etc from 1, because It 

increases the poss~blhttes for performmg reg~o- and stereo-selecttve transformations dunng the syntheses (a 

good example being the dtfferennatton of the three secondary hydroxyl groups htghhghted In the followmg 

paper) * However, It has a second advantage which IS manifested dunng the later stages of such projects 

Because of theu dtstmct envuonments, the protons and carbons dewed from 1 give dlstmct NMR Plgnals, In 

pnnclple they can be ldentlfied and used to give remarkably detatled Information on the system In which they 

are embedded 
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The precedmg amcle gave detatls of the synthesis of “cholaphane” 2, the first steroIda macmcycle 

designed wth a VICW to applications m bt~me~c/molecula recognmon chenustry As an lllustrahon of the 

potenhal of NMR in 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 couplmg and chemuzal shift data to mfer conf0rmatlona.l 

preferences for certam regons of the macrocycle. and (c) a molecular mechanics study mthm the foregoing 

“NMR consuamts” which results m what we feel 1s a reasonable hypothesis as to the conformational 

preferences of 2 m CDC13 solution 

Results and Diacwsion 

NMR investiptiom. For the purposes of this study, we recorded the followmg NMR spectra of 

cholaphane 2, (a) ‘H (400 and 500 MHz) and t3C 1D spectra (mcludmg DEPT)? (b) several NOE difference 

spectra (500 MHz), (c) a t3C-tH COSY spectrum, (d) a NOESY spectrum (400 MHz) and (e) two ‘H-‘H DQF 

phase-sensmve COSY spectra (500 MHz), one at low resolution covenng the full range of the spectrum and 

one at high resolution covenng the re@on 6 0 6-2 6 The high-resolunon ‘H-‘H COSY, shown m Figure 1, 

was partrcularly mformauve In conJunction with the 1D ‘H spectrum It enabled us to determine the chemical 

shifts of the protons on the steroid nuclei with very few amblgumes, the excepnons being certam pars of 

dlastereotoplc protons in the more flexible portIons of the framework In addihon, It was possible to extract a 

qubstannal quantity of mformatlon concemmg couplmg patterns and constants ‘Ibe results are summansed 

in Tables 1 and 2, accompamed by further detatls of the assignment pmcedurc In general the pattem of 

assignments comsponds to that obtamed previously for simple bile acid denva0ves,49 although we have 

attempted to denve more mformahon on ‘H-‘H couplmg than the earlier workers 5-7 
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Table 1 ‘H NMR Assignments and Couphng Patterns for Z8 

Proton S Mult J (Hz) Proton 6 Mult J (Hz) 

la 

1P 
2a 

2P 

38 
4a 

4Bb 
5b 

6a 

6P 
7 

8 

9 

Ila 

1lP 
12 

14 

lSC 

1 80 dt 

1 12 td 

124 qd 
159 brd 

244 tt 

2 24 9 
148 m 

1 50 m 

1645 dt 

199 ddd 

492 9 
1 65 td 

209 ddd 

1 765 dt 

1 505 a?id 

5095 t 

1 87 ddd 

1 38 dddd 

14,3 

140,34 

13,30 

13 

12,3 5 

135 

I5 0,2‘5 

150,40,34 

33 

120,40 

13, II, 4 

150,35 

15, 13,3 

30 

13, II, 7 

13, 10,7, 3 

15’= 1 14 

16c 1905 

16’c 1 30 

17 1 69 

18-Me 076 

19-Me 0 93 

20 1 47 

21-Me 082 

22c 1 81 

22’” 145 

23c 221 

23’= 2045 

NH 5 85 

NCH 477 

NCH’ 407 

Ar 7 18 

AT’ 7 15 

OAc 2 026 

OAc 2 033 

qd 
dtd 

dddd 

br q 
S 

S 

br m 

d 

td 

m 

td 

td 

dd 

dd 

dd 

d 

d 

S 

S 

12,6 

13,9 5,6 

13, 12,9 5,3 

96 

61 

13,4 

13,35 

13,4 

76.40 

150,76 

150,40 

83 

83 

a Chemical shift5 are expressed in p p m relative to TMS See drawmg of 2 for numbenng system Most 

assignments arose directly from connections made by the ‘H-‘H COSY spectra, and the coupling patterns 

revealed by the ID and high-reqolution ‘H-‘H COSY spectra, confirmation of H-C-H connechvines being 

provided by the 13C-‘H COSY Starting points were the 7p,12fi and 3p (benzyllc) protons 6a and 6p could 

not be dlstmgulshed safely from their couphng pattemq, and were assigned by means of an NOE enhancement 

of 6a on Irradiating the 19-CH3 resonance (which experiment also confirmed the ldentlty of the latter) (cf 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 basn of chemical shifts should be fairly secure, 

as the C23 protons are a to C=O Multlphcmes and couphng conFtant$ were determined by analysis of the 

1D spectrum In conJunction with a contour plot of the high resolution ‘H-‘H COSY In cases where heavy 

reliance was placed on the COSY the letters and figures are rtahctsed 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 

b A detailed analysis of this couphng was not attempted because of overlap with a nelghbounng proton (48 

and 5, 20 and 22’) ’ One of a dlastereotoplc pau of protons which are not readily dlstmgulshable The 

protons reqonatmg at higher field are marked “prime” 



9848 R P BONAR-LAW and A P DAVIS 

-T;- ,I& .‘s .~~A--TTT~--K-T----- .rL ‘n 1,: ‘VI ‘.& ‘.A I c-7;;‘77~~Fm 

Figure 1: High resolution DQF ‘H-‘H COSY of 2 at 500 MHz, covermg the regmn of the 

spectrumfrom606to26ppm 

Table 2 13C NMR Assignments for 2’ 

Carbon 6 Carbon 6 Carbon 6 

1 37 0 12 75 8 23 33 2 

2 29 8 13 450 24 173 3 

3 440 14 444 7-OCOMe 21 2 

4 35 8 15 22 8 7-OCOMe 1698 

5 42 5 16 27 6 12-OCWfe 21 6 

6 316 17 46 5 12-OCOMe 1700 

7 710 18 12.1 Ar 1468 

8 37.5 19 230 Ar 1362 

9 29.5 20 350 2Ar 1274 

10 34 1 21 17 4 2Ar 1267 

11 25 7 22 324 CHzN 42 8 

’ Chemical shifts expressed m p p m relanve to TMS See drawmg of 2 for numbenng system Most of the 

assignments emerged from the analysis of the ‘H spectrum (see Table 1). the expected mulnphcmes bemg 

being confinned by DEPT The quaternary carbons 10 and 13 were dlstmgulshed by comparison wnh the 

llterature.9 The small degree of uncertainty regardmg the C22 vs C23 ‘H assignments translates to the 

correspondmg 13C signals. 
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A pnorr it was not clear that this study could do more than complete the charactensation of 2 The 

exammaaon of a CPK model of the macrocycle mdlcated that, despite the ngldlty of the steroid nucleus and 

the aromatlc spacer group, the framework might have considerable flexlblhty Unless it transpued that a very 

few conformatlons (preferably a single one) were dominant m CDC13 at mom temperature, averaging effects 

would dlmmlsh the value of the data to the pomt whellt httle could be sad However, consideration of the ‘H 

spectrum encouraged us to suspect that the molecule nnght Indeed have surpnsmgly little conformanonal 

freedom Our attention was drawn to the followmg points 

(1) The chermcal shift difference between the 2a and 28 protons IS 0 35 p p m , nm&u to that expected 

for a 3a-hydroxy cholanolc acid denvatrve 4 Thus suggested that the aroma& rmg spends most of its hme m 

the anentanon specified m the drawing of 2, I e eclipsing the C3-H bond, and roughly perpendicular to the C2 

axis of the macrocycle In compounds of the general form 3, m which the conformaaon shown IS enforced by 

a bulky gemmal substltuent X, the nelghbourmg equatonal protons ate qmte strongly deshlelded relative to 

their axial counterparts lo 

3 

(2) The coupling pattern for 17-H implies that 3J17,20 is cu 9 5 Hz, and thus that the predommant 

conformatmn for the C17-C20 bond places these hydrogens anti rather than gauche (1 e as shown m the 

drawmg of 2) 

(3) Both protons on C23 expenence large and small vlcmal couplings (13 and CII 4 Hz respecuvely) 

Consldermg the conformations avallabk to the C22-C23 bond (Figure 2) It IS clear that only conformation A, 

with C20 and C24 ant1 to each other, IS consistent urlth this pattern Moreover, the dtfference between the 

vlcmal constants may be used to argue that conformanons B and C are relaavely unimportant, a substanaal 

populanon of either should perturb the values from those observed 

(4) The two HN-CH couplings are slgmticantly different from each other, m&catmg a prefmrd local 

conformation in which the N-H IS angled towards a particular benzyhc proton 

(5) The 20-H resonance, which IS almost superunposed on 22’-H (see Table 1), shows at most a very 

weak correlation with 22-H in the high resolution ‘H-‘H COSY This suggests that one of the protons on C22 

has a very small couphng constant to 20-H (I 2 Hz), placmg quite firm resmcnons on the possible 

conformatmns and conformational freedom of the C20-C22 bond 

The recumng theme m the above analysis IS the tmphcanon that mdlvldual parts of the macrocychc 

framework may have clear preferences for particular local conformations In some cases this was not 

unexpected A molecular mechanics study on monomenc urut 4 established that the C3-aryl group did have a 

substantial preference for the “C-H echpsed” conformation, and that the C17-C20 conformanon IS effectively 

fixed to be as shown m the diagrams l1 The latter point finds support m the crystallography of chohc acid 

and Its denvatlves, where the illustrated C17-C20 conformatlon seems to be ublqmtous ***I3 However the 

molecular mechamcs study lmphed that the C20-C22 and C22-C23 bonds should not have strong mtrmslc 
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c24 H23 b 

A B C 

Figure 2: Conformanons about the C22C23 bonds m 2 The I-I-22/22’ and 23/23’ dtstmcttons could 

not be made from the NMR spectra (see Table l), and are therefore arbrtrary m the dtagram 

preferences, l4 and one would expect the NH-C& bond to be capable of essenhally free rotatton It therefore 

seemed that the macmcychc framework may be rmposmg a fairly htgh degree of order on the regton between 

C20 and the aromattc spacer, ratsntg the possthhty that rather few confonnatmns may be important m CDCls 

solunon 

4 

In order to explore this question further, tt was necessary to resort to molecular mechamcs calculaaons 

Although aware of the ltmttattons of thrs techntque when dealing wtth large, potenttally flextble molecules in 

solutton, we felt that by operatntg wtthm the constramts of the NMR data It rrnght be posstble to obtatn a 

meamngful result A confotmattonal search was performed on 2 using the MacroA4odel15 molecular 

modellmg package In order to stmpltfy the calculatrons we decoded that, dunng the mmal search, the C3-Ar, 

C17-C20 and C22C23 bonds should be kept tn the posmons rmphed by the NMR analysts and (m the first 

two cases) the preltmmary calculatrons on 4 The procedure used for the search can be understood by 

reference to the drawmg of 2 Stamng from a parttally-mmrmtsed structure (of whtch the drawing 1s a fan 

representanon) a benzyhc C-N bond (g) was broken and conformaaons were generated by nested rotaaons of 

bonds (b), (c) and (d) at 18 resolution, (f) at 600 resolutton, and (a) and (e) at 1200 msoluaon The crttenon 

for nng closure was a C N distance of 1 - 2 A 323 conformaaons were generated, and passed through a 

senes of muumlsaaons and ehmmaaons to gtve 35 dtsanct mnnma spanning an energy range of 29 KJ mol-1 

Dunng the later stages of the process the GB/!lA solvaaon treatment (CHC13)t6 was Included m the energy 

calculations 
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The energtes of the first 12 conformers are summansed m Table 3, along with calculated percentages at 

297 K accordmg to the Boltzmann dtsmbutron (tgnonng the effect of htgher energy species) The Boltxmann 

calculatton takes account of the fact that the f.$symmemc conformers am unique while the 

non-t&symmetnc numma exist as degenerate paus It can be seen that, accordmg to the computations, the 

conformattonal eqmhbnum should be dommated by four low-energy minima wtthm cu 1 KJ mot’ of 

baseline, wrth smaller conmbuttons from a fifth and sixth Structures @-(IV), of which (11) and (m) are 

Cp-symmemc, are shown in Figure 3 

Although drsappomted that a single predommant conformatmn had not been predtcted, we proceeded to 

calculate the expected NH,CH and 20-H,22-H vrcmal couplmgs for each of the first SIX conformers, 

accordmg to modtfied verstons of the Karplus equation t7 The results are summansed m Table 4, along wtth 

average values weighted accordmg to the Boltxmann calculatton The expenmental data IS mcluded for 

comparison We were pleased to find a fair degree of agreement between the last two lines, suggesting that 

the prcture derived by theory may be quite close to the truth However, tt IS notable that the expenmental 

coupling constants he “outstde” the calculated average values (I e are closer to the extremes of their possible 

ranges) Consrdenng the values for the rndtvtdual conformers, a reasonable mterpmtatron IS that 

conformatron (u) has been under-emphasized by the molecular mechanics calculation and may m fact be the 

single most important structure 

The analysts presented m thts paper suffers from a number of uncertamues, and we would not suggest 

that our concluston IS more than a good hypothesis However, the exercrse does highlight a maJor advantage 

of the sterotd nucleus as a structural component m bromrmetrc/molecular recognmon chemtstry Its mherent 

asymmetry means that each proton and carbon can act as an NMR probe, ngnalhng mformatton about a 

potential receptor’s structural and complexatton properttes Wtth regard to the latter, the posstbthty of 

mtracomplex (mtermolecular) NOE’s 1s partrcularly smkmg Although 2 itself has not shown the abrhty to 

complex organic molecules, other cholaphanes (notably the teuaol denved by 0-deacetylatron) have been 

found to be effective receptors for carbohydrate denvatrves m orgamc solvents I8 We hope to find related 

systems m which the host-guest complex has a smgle, well-defined structure In such cases, intermolecular 

NOE’s mvolvmg the array of protons on the internal surface of the host should reveal the guest’s locatron 

wrth unusual prectsron 

Experimental 

NMR spectra were run m CDCls solutton on Bruker WH 400 or AM 500 mstruments Standard 

methods were used for the 2D expenments l9 The molecular mechamcs studies employed MacroModel 

V3 I X,15 runnmg on a Silicon Graphics IRIS 4D25TG workstatron Energy calculattons used the MM2 force 

field, and conformational searches were performed usmg MULTIC sub-mode The munmrsatron sequence 

used to for the conformers of 2 was as follows, Polak-Rrbtere ConJugate Gradrant (PRCG) 100 steps, PRCG 

500 steps, PRCG 500 steps, PRCG 1000 steps, Full Mamx 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 solvatron treatment (CHCls) l3 Wtth a few excepttons 

(of relatrvely high energy) all structures mnnmtsed to an RMS gradient of < 001 KJ/A Frgure 3 was 

produced usmg QUANTA 3 3 (Molecular SrmulatronsCorp ) after translation of the relevant structures from 

the MacroModel format 
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Figure 3: 

w 

Conformatwts (I) - (IV) (the four lowest-energy mmlma) from the molecular mechanics 

study on 2 The largest c&es represent oxygen atoms, the smallest hydrogens. and the 

remainder represent carbons and mtrogens 
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Table 3 Molecular Mechamcs Energies and Calculated Occupancies for the Lowest-Energy Muuma Located 

Dunng the Conformattonal Search of 2 

Conf Energy C2- Occupancya Conf Energy CT Occupancy’ 

(KJmol‘t ) symmetry (%) (KJmol-t ) symmetry (%) 

(1) 645 56 No 38 7 (vn) 654 04 Yes 063 

(11) 64651 Yes 13 2 (Vlll) 654 18 Yes 0 59 

On) 646 57 Yes 129 (1x) 657 43 No 0 32 

(1v) 646 59 No 25 6 (x) 657 49 No 031 

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

(vt) 652 98 No 19 (xn) 657 72 No 028 

* Calculated accordmg to a Boltzmann dlsmbunon, see text 

Table 4 Esttmated Coupling Constants, Including Weighted Averages, for Conformers (I)++ (see Table 3) 

Observed Values are Included for Companson 

Conformer 3J~~.c~ (Hz) 3J20.22 (Hz) 

pro-R CH pro-s CH pro-R 22-H pro-S 22-H 

(0 70,53 23,68 39,17 30,120 

(11) 88 31 17 12 1 

(tu) 63 57 23 12 3 

(Iv) 65,53 25,69 38,44 30,24 

(v) 54 67 41 26 

(v0 88,27 3 1.88 15,25 119,123 

Welghred Avg a 64 47 30 73 

Observed 76 40 52 

B Calculated using the occupancies listed m Table 3, with double weighting for values denved from the 

CTsymmemc structures (11). (III) and (v) 
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