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Accurate NOE-distance determination enables the stereochemical

assignment of a flexible molecule – arugosin Cw
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The application of accurate quantitative NOE-distance determi-

nation allows the relative stereochemical elucidation of confor-

mationally flexible arugosin C some 39 years after its original

report in the literature.

Recent demonstration of the accurate assessment of NOE-

distance relationships in both rigid1 and flexible2,3 molecules

indicates their potential to solve otherwise insoluble stereo-

chemical problems in organic molecules. This approach has

recently been applied to the stereochemical elucidation of

conicasterol F – a rigid organic molecule with five contiguous

quaternary stereocentres.4 This is a critical advance as the

structural elucidation of natural products by NMR spectro-

scopy remains a challenging task with stereochemistry being

one of the most difficult elements to resolve. Coupling constant

and NOE analysis provide the primary source of information on

stereochemistry, however they traditionally suffer from low

structural definition and/or accuracy – particularly if the number

of experimental data is relatively low. This is exemplified in the

Karplus-style analysis of 3JHH coupling constants in organic

molecules, where even in rigid molecules an experimental 3JHH

value will approximately correspond to a number of different

torsional angles (one in each quadrant). In flexible molecules this

becomes even more ambiguous as time-averaging of multiple

conformers via rotation around the intervening C–C bond

obscures the Karplus relationship. Similarly semi-quantitative

NOE analysis relies on NOEs being observed when two nuclei

are ‘close’ and not being observed if they are ‘far apart’ –

which fails to offer significant discrimination when applied

to conformationally flexible systems where ‘close’ contacts

occur in some or all contributing conformers, independent of

stereochemistry.

A molecular case in point here is that of arugosin C (Fig. 1),

isolated from Aspergillus nidulans and first reported in 1973.5

The arugosin class of benzophenones are implicated in the

biosynthesis of a large group of prenylated xanthones,

as exemplified by shamixanthone.6 Analysis of the A. nidulans

genome and assessment of the prenyl xanthone biosynthetic

gene cluster has resulted in renewed interest in this pathway.7

Arugosin C must necessarily have the same trans stereo-

chemistry as shamixanthone itself if the proposed pathways

are correct.8 However, the relative stereochemical assignment

of arugosin C was not possible in the original or subsequent

reports because the measured 1H–1H coupling constants –

most notably between H20 and H25 – could be accommodated

by both the cis and the trans diastereoisomers of this confor-

mationally mobile molecule. Similarly, the contribution of

even transitory H25/H20-gauche arrangements along the

C25–C20 bond dominate any qualitative NOE analysis

i.e. both diastereoisomers would be expected to give a ‘close’

H25-H20 contact in NOE analysis.

This report applies an accurate NOE-distance treatment,

coupled with conformational analysis, to this flexible natural

product – arugosin C – assigning the previously elusive relative

stereochemistry at C20 and C25. In doing so, the relative

conformer populations in solution, which give rise to the

stereochemical ambiguity, are also determined.

A conformational searchw on both the trans (1) and cis (2)

diastereoisomers of a truncated form of arugosin C (lacking

the isoprenyl chain) found two principal conformers for each

diastereoisomer (Fig. 2) corresponding to the hydroxyisopropyl

substituent occupying a pseudo-axial (a) or pseudo-equatorial

(b) position on the dihydropyran ring – related by a ring flip of

that ring. All other conformers found in the search were

derivative rotamers arising from rotation of the hydroxy-

isopropyl substituent and are thus ignored in this analysis.

Fig. 1 Arugosin C.
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With the conformer structures in hand, it was still not possible

at this stage to distinguish 1 from 2 solely on the basis of the

experimental JH25,H20 value (5 Hz) as both 1 and 2 could give

this value for a 20 : 80 ratio (coincidentally the same for each

diastereoisomer) of their a and b conformers (Table S8).

In contrast to the ambiguity of J-based analysis, interproton

distance analysis by NOE is substantially more discriminating.

A comparison of the interproton distances9 between H25,

H20, H19a and H19b for each calculated conformer 1a, 1b,

2a and 2b (Table 1) shows that these distances vary substan-

tially across the structures. The experimental distances esta-

blished from NOE measurements are shown in the leftmost

column of data in Table 1 and clearly do not fit with any single

conformer of 1 or 2. We have previously reported that the

NOE-derived distances for flexible molecules can be success-

fully used to fit the populations of the conformers contributing

to the experimentally observed distance and that this approach

is at least as accurate as the highest level quantum mechanical

calculations in establishing conformer populations.2 With

arugosin C, this was achieved by incrementing the relative

populations of the conformers (a and b) for each isomer (1 or 2),

until the best fit to the experimental NOE data is obtained in

terms of the Mean Absolute Error (MAE) and standard

deviation (STD), shown in Table 1. Thiele et al. have used

an analogous method in their analysis of residual dipolar

couplings for determining conformer populations of flexible

compounds.10 It is immediately clear that a 30 : 70 population

ratio of the a and b conformers of the trans isomer 1 (MAE

2.6%, STD 2.0%) fits very readily to the experimental NOE-

distance data, whereas even the best-fit population for cis

isomer 2 (coincidentally also 30% a, 70% b) fits much less

well (MAE 5.9%, STD 7.6%). Most significantly, while the

best-fit MAE and STD values for 1 fall well inside the expected

experimental error range (�3–4%) that we have previously

established for NOE-distance relationships in small molecules,

this is not the case for 2 where the best-fit MAE and STD are

much higher than the expected experimental error range. This

strongly suggests that the cis stereochemistry is incorrect.

Unsurprisingly, the critical H25–H20 distance is the primary

source of the high error for 2. The experimental H25–H20

distance (2.77 Å) fits well with the 30 : 70 ratio of conformers

1a and 1b (2.60 Å and 2.98 Å respectively) while both 2a or 2b

have H25–H20 distances which are too short (2.28 and 2.35 Å)

to ever fit satisfactorily with the experimental distance.

Further support for the trans assignment is provided by the

calculated relative energies of the two conformers a and b in

each case. The trans conformers 1a and 1b are calculated

(DFT/B3LYP) to differ in energy by approximately 2.1 kJ mol�1,

suggesting relative populations ofB30% andB70% respectively

which fits with the NOE best-fit population in this case. On the

other hand, the cis isomer 2 has a conformer relative energy

difference of approximately 17.1 kJ mol�1 suggesting >99.9%

2b and o0.1% 2a which is substantially at odds with the

NOE-distance data (30% 2a, 70% 2b).

We have also previously reported that quantum mechanical

chemical shift calculations can be used in conjunction with

accurate NOE measurements to solve stereochemical questions.4

In this case, the results outlined below are less than clear-cut but

provide supporting evidence. The best fit for the population-

weighted calculation of the carbon chemical shifts of the aliphatic

carbons C19, C20, C21 and C25 of each isomer do indeed fit

more closely with the trans conformer 1 (MAE 0.3 ppm, STD

0.1 ppm for 30% 1a, 70% 1b) than the cis conformer (MAE

1.2 ppm, STD 0.9 ppm for 20% 2a, 80% 2b).wHowever, given

the inherent error in chemical shift calculations of this sort

(typically �B2 ppm) the cis isomer cannot be excluded based

solely on the chemical shift data.

Perhaps most informative is a comparison of the best-fit

populations provided by all three methods for each diastereo-

isomer (NOE, computed energies and chemical shifts). The

trans 1 structure fits well with conformer populations of 30% 1a,

70% 1b for all three methods. On the other hand, the best-fit

Fig. 2 Conformers of the potential trans (1) and cis (2) isomers of arugosin C (isoprenyl sidechain truncated for simplicity).

Table 1 Experimental (NOE-derived) interproton distances for arugosin C with calculated distances for the conformers 1a/b and 2a/b, and the
best-fit (bold) population-weighted distances with corresponding Mean Absolute Error (MAE) and Standard Deviation (STD) for each conformer

Experimental (NOE)
distance/Å

Calculated distance/Å

1a 1b

(Best fit)
30% (1a) + 70% (1b)

Best fit
Error 2a 2b

(Best fit)
30% (2a) + 70% (2b)

Best fit
Error

H19a–H19b 1.829 1.78 1.78 1.78 �2.4% 1.77 1.78 1.78 �2.1%
H25–H19a 3.03 3.73 2.95 3.08 1.6% 2.56 3.76 3.02 �0.3%
H25–H20 2.77 2.60 2.98 2.82 1.9% 2.28 2.35 2.33 �18.9%
H19b–H20 2.34 2.54 2.47 2.49 6.1% 2.50 2.50 2.50 6.3%
H19a–H20 2.69 2.38 3.05 2.71 0.8% 2.43 3.03 2.74 1.9%
MAE/% 9.7% 5.9% 2.6% 11.9% 11.3% 5.9%

(STD/%) (6.3%) (3.8%) (2.0%) (7.9%) (7.5%) (7.6%)
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population for cis isomer 2 for chemical shifts (20% 2a, 80%

2b) and NOE analysis (30% 2a, 70% 2b) are substantially

different from that expected by DFT energy calculations

(o0.1% 2a, >99.9% 2b).

In summary, the relative stereochemistry of arugosin C can

be assigned to the trans isomer 1 based on high accuracy

interproton distances extracted from NOE data and is sup-

ported by computed energies and chemical shift calculations.

The time-averaging of NOE and J-coupling data makes it

impossible to confidently distinguish the cis and trans isomers

without first accounting for both conformers of the dihydropyran

ring in each diastereomer. Once these conformers are incor-

porated, both the relative stereochemical assignment (trans)

and a sensible estimate of the populations of the conformers

(30% a, 70% b) can be made from the accurate NOE-distance

data. Chemical shift calculations and JHH analysis in this

case remain ambiguous for stereochemical assignment, but

tend to fit equally well or better for the trans isomer than

the cis.

Significantly, when conducting such an analysis of multiple

NMR parameters (chemical shifts, NOE and energies) it is

important to recognise that the ‘correct’ answer must not only

fit each NMR parameter but also provide best-fit conformer

populations which are consistent across all three parameters.

It should be reiterated here, that the challenge in assigning the

stereochemistry of structures such as arugosin C arises from

the qualitatively similar experimental NMR data which might

be expected for each isomer. The difference in the effective

H25–H20 distances for 1 (2.82 Å) and 2 (2.33 Å) is not

substantial (in a semi-quantitative NOE analysis, both could

be categorised as ‘‘medium-strong’’ NOEs). However with

sufficiently accurate quantitative NOE-distance treatment,

the assignment is clear and unequivocal.
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