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ABSTRACT 

The structure of loline, a tricyclic pyrrolizidine alkaloid, was 

known from previous X-ray analysis. However, the absolute configuration 

had not been determined. This has now been done by measuring Friedel 

pairs of reflections from loline dihydrochloride. The absolute con

figuration is shown to be V. This establishes the absolute configura

tion of norloline (VI), lolinine (VII), and decortecasine (VIII) since 

they have been chemically interconverted with loline (V). 

COCH, 

VTII R. COCH-CH. 

Nic-2 is a new steroid occurring in the insect repelling plant 

Nicandra physalodes. By the use of cmr and pmr spectral techniques, it 

is shown to possess structure XXII. It is apparently the first steroid 

with a 173 hydroxy and a 17a side chain longer than two carbons. 

vii 
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OH 

XXII 

Bergamottin (XXIVc), isobergaptene (XXVc), and archangelin (XXVI) 

are naturally occurring furocoumarins. Bergamottin (XXIVc) and 

archangelin (XXVI) are synthesized in appreciably higher yields than in 

past attempts. A new, shorter, improved synthesis of isobergaptene 

(XXVc) is developed. 

0 

XXIVc 

0 



PART I 

ABSOLUTE CONFIGURATION OF LOLINE ALKALOIDS 

1 



INTRODUCTION: I 

In 1955 Yunusov and Akramov (I) reported the isolation of three 

alkaloids from the seeds of a Russian rye grass Lolium cuneatum Nev. 

By chemical degradation they determined that these compounds were 

pyrrolizidine alkaloids and they assigned structures I-III. 

The simplest compound was an amino substituted pyrrolizidine which they 

named norloline (I). The second was a methylamino pyrrolizidine, loline 

(II); and the third, the acetamide of II, lolinine (III). 

A similar compound, decorticasine, had been previously isolated 

by Ribas and co-workers from several species of Adenocarpus (2). This 

compound was known to be a propionamide, but it was not until a direct 

comparison was made by Ribas and Ribas (3) between norloline and the 

hydrolyzed amine from decorticasine that their basic skeletons were 

shown to be identical. Thus decorticasine was assumed to be IV, the 

propionamide of I. 

In 1965, Yates and Tookey (4), at the Northern Regional Research 

Laboratory (USDA), reported the isolation of a pyrrolizidine alkaloid 

from tall fescue grass, Festuca arundinaceae Schreb. The compound 

I R1 = R2 = H 

II Rx = H, R2 = Me 

III Rx = Me, R2 = COCH3 

IV Rj^ - H, R2 = COCH2CH3 

2 
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was named festucine and isolated as its dihydrochloride salt, 

C8H14N20#2HC1, 

Shortly after its isolation, festucine was the subject of a 

Single crystal X-ray study by McMillan (5). Shfl found that festucine had 

sCrucCure V or its mirror image. 

V Rx = H, R2 = Me 

VI R1 = R2 = H 

VII R^ = Me, R2 = COCH3 

VIII Rx = H, R2 = COCH2CH3 

Since loline (II) was reported to be cleaved by 15% hydrochloric acid at 

130-140° to form a chlorohydrin, and festucine (V) was stable to 37% 

hydrochloric acid for longer than five hours, it was assumed that they 

were isomers despite the similarities in their properties and derivative 

melting points. Later, Akramov and Yunusov (6) re-evaluated their re

sults and suggested loline (II) actually had structure V and was identi

cal with festucine. This was proven by Aasen and Culvenor in 1969 (7) 

when they obtained authentic samples of loline and festucine. The nmr 

and ir spectra were superimposable, and the mixed melting point of their 

dihydrochlorides was undepressed. 

Since a series of chemical reactions interconverts loline, nor-

loline, lolinine, and decorticasine (1,8) they are not I-IV, but instead 

V-VIII, respectively. 

NR, R, 
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However, one question still remained: the absolute configura

tion of these tricyclic alkaloids. Both configurations at CB (see I for 
O 

numbering) occur in bicyclic pyrrolizidine alkaloids (9), and it was 

felt that it would be of interest to determine the absolute configuration 

of this class of alkaloids using anomalous dispersion of X-rays. 



DISCUSSION: I 

Normally in an X-ray crystallographic study the frequency of 

incident X-rays is greatly different from the natural absorption fre

quencies of atoms within the molecules of the crystal. The atomic 

scattering factors (f) are real numbers in these cases and are related 

to the electron density of the atom doing the scattering. If, however, 

one or more atoms are present which have absorption edges near the 

frequency of the incident X-rays, then an anomalous phase change occurs. 

X-Rays scattered by these atoms are no longer in phase with the X-rays 

scattered by normal atoms. This phase shift is known as anomalous 

dispersion. The scattering factors for anomalous scattering atoms are 

no longer real numbers, but instead are complex numbers, i.e., 

f • f + Af' + iAf", where f is the normal scattering factor, Af' is 
o o 

the real correction term, and Af" is the imaginary term. 

As a result of anomalous dispersion, Friedel's Law no longer 

holds for non-centrosymmetric crystal structures: 

*hkl * Ihkl 

The intensity of a reflection from a given lattice plane (hkl) is not 

equal to the reflection from the back of the plane (hkl). Under these 

conditions comparison between the differences in intensities of ob

served Friedel pairs l^ki ~ *hkil0bs 3n̂  t*ie ^^^ êrence intensities 

calculated 11, ,, - ItttI , for Friedel pairs in each enantiomer of a 
1 hkl hkl'calc. 

5 
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compound can theoretically lead to assignment of absolute configuration. 

This has been done in many cases, the classic one being the assignment 

of absolute configuration to potassium rubidium tartrate by Bijvoet, 

Feerdeman and van Bommel (10). The anomalous dispersion phenomenon is 

most readily observable when the Af" term is large, which occurs when a 

moderately heavy atom is present in the structure. 

McMillan's X-ray study of loline dihydrochloride (5) had shown 

that the compound crystallized in the P2^2^2^ space group of the 

orthorhombic class. The unit cell dimensions obtained were: 

a = 11.400& b = 10.816& c = 8.682& 

Since this is a non-centrosymmetric structure and contains two chlorine 

atoms, it should be possible to determine the absolute configuration of 

the compound by anomalous dispersion. A list of reflections to use in 

calculating structure factors was generated from McMillan's cell 

constants (5) by a short computer program. Only reflections with 29 

less than an arbitrarily chosen 120° were used, and the program pro

vided 877 such reflections from 0 0 2 to 12 4 1. Structure factors 

(F « ' s) were calculated for these generated reflections for the 
Co J.C • 

arbitrarily assigned (+) enantiomer, using the atomic coordinates and 

temperature factors given by McMillan. Structure factors were then 

calculated for the (-) enantiomer by the same process. 

Finally, a percent difference (P . ) was calculated between 
C31C • 

the structure factors for each reflection of the (+) enantiomer F 1 (+) 
ca ic» 

and each reflection of the (-) enantiomer Fcajc (")• These differences 

were sorted and listed in order of decreasing percent difference. 
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From the list, ten reflections were chosen which had a percent differ

ence equal to or greater than 8%, and which did not have such high 20 

values that their intensities would be too weak to be observed. 

Later examination showed that an error in the calculation caused 

three reflections to be chosen which had percent differences less than 

87o. Two of these were zonal reflections and therefore not suitable for 

use (11); the third was a general reflection and was included in the data 

even though the P - was only 4%. 
Cd 1C • 

A crystal of loline dihydrochloride was mounted about the needle 

axis (c). Since preliminary X-ray photographs indicated it to be of 

suitable quality, it was transferred to a computer-controlled automatic 

diffractometer and intensity data were collected on each of the eight 

reflections (hkl) chosen from the list and their negatives in 20 (hkl). 

The absolute value of a structure factor for a given reflection 

is defined (12, pp. 195-197) as: 

lFhkll 

\ 

hkl 
Lp 

where K is dependent on various factors involving the crystal and the 

measurement methods and is a constant for a given data collection. The 

Lorentz factor L depends on the measurement technique used and is a 

function of 20 as is the polarization factor p. These terms should be 

equal for a reflection hkl and its negative in 20 (equivalent to hkl 

by orthorhombic symmetry). Therefore a comparison of the square roots 

of observed intensities (neglecting K, L, and p) and calculated struc

ture factors for the same reflections is valid. 
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The percent differences in the square roots of observed in

tensities (PQ̂ g ) between each reflection (hkl) and its negative (hkl) 

were determined and these were compared with the calculated percent 

differences (Pcaj ĉ 's) obtained from the calculated structure factors 

(F . ' s) for the same reflections. 
CfllC # 

Of the eight Friedel pairs chosen, seven gave P ' s closer to 
Co AC 0 

those calculated for the arbitrarily assigned (+) enantiomer of loline 

dihydrochloride (Table 1; Tables 1-3 are in Appendix A). The one re

flection which favored the (-) enantiomer was the weakest in intensity 

by a factor of two and had the lowest 29 angle. 

The atomic coordinates for the (+) enantiomer corresponded to 

structure IX, and the conclusion was drawn that this represents the 

correct absolute configuration. 

CI 

NH„CH. 

CI 

ttiis assignment of absolute configuration to loline dihydro

chloride (IX) resolves the question of the configuration of loline (V), 

norloline (VI), lolinine (VII), and decorticasine (VIII), since as 

mentioned above, chemical interconversions have shown their structural 

differences to be only in the type of substitution at C^. This con

figuration with the hydrogen at Cg P rather than a is the much less 
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common configuration among pyrrolizidine alkaloids (9): of 106 alkaloids 

of this group, only 19 (18%) share this configuration. 



EXPERIMENTAL: I 

The loline dihydrochloride used in this study was kindly supplied 

by S. G. Yates and H. L. Tookey. 

Data were collected on a Picker FACS-I four circle computer-

controlled diffractometer. A graphite monochromator gave Cu radiation, 

X = 1.54178. The crystal used was a clear, almost colorless needle 

1.25 x 0.5 x 0.5 mm. There was no indication of decomposition in air 

although McMillan reported (5) that decomposition in air after one week 

necessitated mounting the crystals in sealed glass capillaries. Possibly 

the difference in humidity between Arizona and Illinois was the de

termining factor. 

The list of reflections for use in calculating structure factors 

was obtained from a short computer program written to solve the equation: 

(h2a*2 + k2b*2 + l2c*2)^ > 1/d 

where hkl are the Miller indices of a given reflection; a*, b*, and c* 

are the reciprocal lattice dimensions of loline dihydrochloride. This 

equation is the specialized form for the orthorhombic class, and is 

derivable from the more general equation relating Bragg's Law to re

ciprocal lattices (12, p. 34). The value chosen for 1/d was 1.123 and 

was obtained from Bragg's Law: 

1 = 2 sin 9 
d nX 

10 
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when it was assumed that no reflections were to be used with 26 greater 

than 120° and n = 1. 

Calculated structure factors for the two enantiomers were ob

tained by use of the NUCLS program (Northwestern University Calculation 

of Least Squares). Atomic coordinates and temperature factors used were 

obtained from McMillan's dissertation (5) and are listed in Tables 2 and 

3. Scattering factors for hydrogen and chlorine were taken from Inter

national Tables for X-Ray Crystallography (13). Those used for carbon 

and oxygen were taken from Hanson et al. (14). 

Values for the N+ atom were not available so the scattering 

factors used were those for the carbon atom. Dispersion corrections 

Af' and Af" used for the chlorine atoms were 0.3 and 0.7 respectively 

(13). 

The percent differences in F , 's for the two enantiomers were r calc. 

calculated using a computer program which then listed the values in de

creasing order. These percent differences (Pcâ c *s) were defined as: 

p 
10°lFcalc.W -Fcalc.<->! 

calc- Fcalc.(+) 

where F , (+) is the calculated structure factor for the (+) enantiomer 
calc. 

and F 1 (-) is the calculated structure factor for the (-) enantiomer. 
Ca AC 0 

The intensities of the eight chosen reflections were each 

measured five times with the automatic diffractometer. A standard 20 

scan was used at a rate of 0.5°/min. A reflection was either scanned 

over 2.0° or in cases where the intensities were especially great over 
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2.50° in 26. Background was counted at both ends of the 26 scan for a 

period equal to the scan time, i.e., 240 or 300 sec. The two background 

counts were averaged and subtracted from the average of the five scanned 

intensities. The negatives in 26 (hkl) were measured in the same way 

each immediately after data were collected on (hkl). 

The percent differences between the square roots of I^ki and 

te <Poba.' s) were computed in the same way as the Pcâ c 's f°r 

calculated structure factors. The reflections used, the calculated 

structure factors for each enantiomer, the Pcâ c 's> the square roots 

of the observed intensities, and the P , 's are given in Table 1. 
ODS • 
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STRUCTURE OF NIC-2, A NEW NATURAL STEROID 
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INTRODUCTION: II 

The Peruvian plant Nicandra physalodes, family Solanaceae, has 

been the subject of chemical scrutiny on several occasions in the recent 

past (15-25). 

In 1951, Gizycki and Kotitschke (15) isolated a substance they 

termed nicandrin from N. physalodes. Based on optical rotation changes 

in solution with emulsin they erroneously concluded that it was a 

glycoside. Later, Nalbandov, Yamamoto, and Fraenkel (16) re-examined 

the extracts of N. physalodes and found that: a) nicandrin was not a 

glycoside but probably a pyrone-like substance which they renamed 

nicandrenone or Nic-1; b) Nic-1 was a strong insect repellant and a mild 

insecticide; c) N. physalodes contained at least eight other components 

which they did not investigate further. 

Popov and Mazhdrakov (17) reported in 1959 that N. physalodes 

grew well in Bulgaria and produced a large amount of seed oil (18.670) 

which was high in linoleic and oleic acids and could be used in the 

varnish industry. 

Romeike (18,19) investigated the alkaloid content of the plant 

and found that the arboreal portions contained only traces of alkaloids. 

The roots, however, contained ca. 0.1% hygrine (based on dry weight), 

plus lesser amounts of an alkaloid which he later identified as 

tropinone. This was the first known occurrence of tropinone in a plant. 

14 



This first occurrence of a compound in Nicandra physalodes was 

to be the keynote of further investigations of the plant. Bates and 

Eckert (20) correctly deduced the constitution and most of the configura

tions of Nic-1 (X) solely by spectral methods in 1972. They noted that 

this was the first natural occurrence of a steroid derivative with ring D 

aromatic. 

Their work was quickly confirmed by Begley et al. (21,22) using 

X-ray crystallographic methods which also provided structures for Nic-3, 

-7, -10, -12, and -17 (XI-XV respectively). The various compounds in 

N. physalodes are numbered in order of their Rf values on thin layer 

chromatography. Thus Nic-1 has the highest Rf and Nic-17 one of the 

lowest. Nic-1 (X), -10 (XIII), -12 (XIV), and -17 (XV) contain a hither

to unknown epoxidized six-membered cyclic hemiacetal side chain attached 

at C1?. 

The biogenesis of this side chain and the possible jLn vivo inter-

conversions among the various Nicandra compounds have been discussed 

elsewhere (20,22). Bates and Eckert point out the similarity between 

this hemiacetal and the lactone present in withaferin (XVI). Recent 

work by Kirson et al. (23) suggests that the similarity may be one of a 

common precursor since they have found a withanolide which they call 

withanicandrin (XVII) in N. physalodes. Once again withanicandrin 

possesses a new structure in the plant kingdom; it is the first 12-oxo 

withanolide discovered. 



fi 

OH 

X 

•OH 

OH 

XII XIII 

Figure 1. Structures of Nic-1 (X), Nic-3 (XI), Nic-7 (XII), Nic-10 
(XIII), Nic-12 (XIV), and Nic-17 (XV). 
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OH 0̂ 

XVI XVII 

The second most abundant constituent of the steroidal extracts 

is Nic-2. Nalbandov, Yamamoto, and Fraenkel (16) mentioned Nic-2 only 

briefly, stating that it was present with Nic-1 in some column chroma

tography fractions and that it had no toxic properties when tested on 

houseflies. Nothing was said regarding chemical or physical properties 

or structure of Nic-2. 

This investigation was undertaken with the intent of better 

characterization of Nic-2 and determination of its structure. Since 

the Nicandra compounds were steroids of either the Nic-1 (X) type with 

ring D aromatic or the Nic-3 (XI) type with ring D normal, it was felt 

that Nic-1 and Nic-3 could serve as model compounds in this work, and 

provide ready references for spectral comparisons. 



DISCUSSION: II 

The structure of Nic-2 was determined by a combination of 

spectral methods. In discussing the structure, reference will be made 

to the structures and corresponding spectra of Nic-1 (X) and Nic-3 (XI). 

It was through comparison with these two known compounds and an analysis 

of their spectra that the structure for Nic-2 was established. The 

discussion will start with the portions of the molecule that are similar 

to Nic-1 and Nic-3 and then proceed to the portions that are different 

from these. 

Nic-2 retains solvents, especially benzene, to a considerable 

degree. Early pmr and cmr spectra taken at 60 MHz in deuterochloroform 

were run on a small sample purified by thin layer chromatography. These 

spectra showed no signs of aromatic protons. Most spectra, however, 

were taken using a larger batch of material twice recrystallized from 

benzene. All of these spectra showed the presence of small amounts of 

benzene. 

The solubility of Nic-2 was very low in deuterochloroform and 

obtaining clean spectra was difficult. After trying various solvents, 

pyridine-d,. was found to be best. Nic-2 not only had the greatest 

solubility in pyridine-d^, but also the pmr spectrum was simplified due 

to the well known pyridine-induced solvent shifts (26). 

The proton-decoupled cmr spectrum of Nic-2 (Figure 3; Figures 3-14 

are in Appendix B) contained 38 peaks. Disregarding the nine peaks due 

18 
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to pyridine-d^ (three different carbons each split into a triplet by 

deuterium) and the obvious benzene peak, Nic-2 contained 28 carbons as 

did Nic-1 and Nic-3. The off-resonance cmr spectrum (Figure 4) sug

gested that there were five methyls, six methylenes, ten methinyls, and 

seven quaternary carbons. This accounts for 37 hydrogens attached to 

carbon. The assumption of three hydroxy1 hydrogens and seven oxygens, 

instead of the two hydroxy1 hydrogens and six oxygens in Nic-1 and Nic-3, 

gives a molecular formula of C_QH/r.O_. This is consistent with the mass 
Zo 7 

spectra (Figure 5) which give a weak to absent parent peak at m/e 488 

and a more prominent peak at m/e 472 (P-I^O), and with elemental analysis. 

Elemental analysis was in close agreement with that calculated for the 

proposed formula. This molecular formula suggests a steroid with an 

additional carbon. 

Ring A 

Comparison of spectra indicated that ring A was identical to that 

in the other Nicandra compounds (XVIII). The ir spectrum of Nic-2 

(Figure 6) showed a strong carbonyl stretching absorption at 1680 cm 

the reported bands for the ring A carbonyls in Nic-1 and Nic-3 are 1675 

(16) and 1693 cm ^ (21) respectively. 

0 

XVIII 
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In the cmr spectra (Figure 4) a quaternary carbon (singlet in 

off-resonance spectra) absorbing at -203 ppm (-198 ppm in pyridine-d^) 

can be assigned to the carbonyl carbon (27, pp. 279-294). The two vinyl 

methinyl carbons, C^ and C^, absorb at -129 ppm (-124 or -125 ppm; the 

other is benzene) and at -139 ppm (-135 ppm). Based on the example of 

Nic-1 (20) the peak at -129 ppm is assigned to the carbon a to the 

carbonyl, and the carbon 0 to the carbonyl absorbs at -139 ppm. 

The pmr spectra (Figures 7 and 8) are identical to that of Nic-1 

in the vinyl region and confirm the retention of the enone system in 

Nic-2. A doublet at 65.80 (65.90, J ̂  = 10 Hz, 1H) corresponds to the 

vinyl proton H , a to the carbonyl. A complex doublet at 66.55 (66.60, 

• 10 Hz, = 3 Hz, = 4 Hz, 1H) is assigned to H^. A broad 

singlet at 62.60 (62.62, 2H) can be assigned to two non-equivalent 

methylene hydrogens Hc and H^ adjacent to the vinyl proton. 

Irradiating the broad singlet at 62.60 collapses the complex 

doublet at 66.55 to a simple doublet with J ^ = 10 Hz (Figure 9a). 

Irradiation of the complex doublet at 66.55 changes the broad methylene 

singlet at 62.60 into a sharp singlet (Figure 9b). This indicates that 

Cj next to the methylene protons is quaternary with no hydrogens to 

couple with the methylene. The isomer with the carbonyl at instead 

of can be eliminated since the methyl absorbs at 60.95 (Figure 7). 

The Cj^ methyl in steroids normally absorbs at 60.75-0.80 (28); this 

downfield shift indicates the methyl in Nic-2 is adjacent to the carbonyl. 



21 

Side Chain 

In the pmr spectra of Nic-2 (Figures 7 and 8) there are four 
* 

methyl singlets and a methyl doublet. The doublet, at 60.95 (60.90, 

J ê = 7 Hz, 3H), indicates that this methyl is bonded to a methinyl 

carbon as expected for C2^« When the irradiating frequency was varied 

by small increments from 61.4 to 62.2 it was found that irradiation at 

61.85 (62.00) caused the methyl doublet to collapse to a singlet 

(Figure 10a). This indicated the adjacent methinyl proton, presumably 

at C2q, absorbed at 61.85. 

R 

XXIX 

At 63.76 (64.55) there is a complex multiplet (1H). Irradia

tion of the methinyl proton at 61.85 (62.00) caused this multiplet to 

collapse to a ragged doublet (Figure 10b). The use of a shift reagent 

helped the analysis of this part of the spectrum. After several addi

tions of Eu(fod)2~d2Q» the multiplet was shifted to 64.66 (Figure 11) 



and appeared as a heptet (Jgf = 8 Hz, J = 10 Hz, = 2 Hz). This 

methinyl proton is far enough downfield that it would be expected to be 

bonded to oxygen; this supposition was verified by the large chemical 

shift noted when spectra were taken in pyridine-d,.. Solvent-induced 

shifts caused by pyridine are largest for protons close to polar groups 

(26). A similar multiplet in Nic-1 was assigned to the hydrogen at C^ 

which is bonded to a hemiacetal oxygen and a methylene carbon in a six-

membered ring (20). ; 

Two of the methyl singlets coincided in deuterochloroform at 

61.40 (Figure 7), although they were clearly separated (Figure 8) in 

pyridine-d,- (61.42 and 1.30). These two methyls are very similar in 

chemical shift to the two methyls C27 and a to the epoxide in the 

side chain of Nic-1 and Nic-3. In Nic-1 they absorb at 61.33 and 1.37 

(20). Similarly in the cmr spectra (Figures 3 and 4) there are two 

quaternary carbons (C2^ and C£^) at -63 and -64 ppm (-57 and -58 ppm). 

The chemical shifts are almost identical with those found for the carbons 

in the epoxide of Nic-1 (20). 

In the pmr spectra (Figure 7), a doublet = H Hz, 1H), 

which is centered at 64.98 in deuterochloroform, appears as a singlet 

at 65.36 in pyridine-d^ (Figure 8). This is in the region for a methinyl 

bonded to two oxygens (29, pp. 142-143); if one were a hydroxyl group 

undergoing rapid exchange in pyridine and slow exchange in deutero

chloroform, this would explain the doublet/singlet nature of the peak. 

The cmr spectra (Figures 3 and 4) provided additional evidence for this 

assignment, since there was a methinyl absorption at -92 ppm (-87 ppm). 
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This is in the range of a carbon bonded to two oxygens (27, p. 144) and 

is identical with the observed absorption of C^ in Nic-1 (20). 

This evidence very strongly suggests the presence of the same 

side chain (XIX) in Nic-2 that is found in Nic-1 and Nic-3, The small 

dissimilarities in chemical shifts can be rationalized as the result of 

the side chain in Nic-1 being attached to an aromatic D ring which is 

clearly absent in Nic-2. 

Ring B 

The pmr spectra (Figures 7 and 8) show two doublets (1H each) at 

63.02 and 63.32 (63.08, 3.25) with the same spacing (Jj^ = 4 Hz). This 

is very reminiscent of the absorption for and in Nic-1. One of 

these doublets—the one at 63.32 — is broadened enough to suggest 

coupling to a second proton, presumably Hm# The upfield doublet, 

probably for H^, is sharp and shows no sign of other coupling. These 

methinyl protons are too far upfield to be bonded to carbons bearing 

oxygen unless the oxygen is an epoxide. This is a reasonable assignment 

since epoxide protons absorb between 62.2-3.0 (29, p. 137). 

In the cmr spectra (Figures 3 and 4) six of the ten methinyl 

carbons in Nic-2 are deshielded to such an extent that they must be 

either bonded to oxygen or vinyl carbons (27, pp. 69-76, 139-152). 

Two of these have been assigned as vinyl carbons in ring A and two have 

been assigned as part of the hemiacetal in ring E. The remaining two at 

-57 and -58 ppm (-51, -52 ppm), were assigned to epoxide carbons C, and 
o 

C^. The similar carbons in Nic-1 absorbed at -56, -57 ppm (20). All of 
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the Nicandra compounds for which structures are known are a C,-C_ 
o / 

epoxides (20-23). 

OH OH I **0 

«k 

XX 

Double resonance experiments failed to locate the proton(s) 

responsible for the broadening of the absorption of at 63.32 until 

a shift reagent was used. After the addition of Gu(fod)^, irradiation 

at 61.95 (Figure 12) caused the broadened doublet for at 63.3 to 

collapse to a sharp doublet (= 4 Hz), indicating H^ absorbed at 

61.95 in the shifted spectrum. 

Rings C and D 

If Nic-1, Nic-2 and Nic-3 have the same structures in rings A 

and B and the side chain, their structural differences must be limited 

to rings C and D. Nic-2, unlike Nic-1, has no aromatic protons in the 

pmr spectrum and no aromatic carbons in the cmr spectrum; nor is there 

any indication of benzenoid absorption in the infrared spectra. Ring D 

is thus not aromatic, and in this respect Nic-2 resembles Nic-3. Re

examination shows that the molecular formulas of Nic-2 (C2gH^g0^) and 



Nic-3 (C28H40°6^ differ only *n Nic-2 having one extra oxygen. It 

seemed at this point that Nic-2 is most likely a hydroxylated Nic-3. 

The pmr spectra indicate that this is the case. In spectra 

taken in deuterochloroform (Figure 7) there is a broad absorption at 

62.80, a sharp singlet between the epoxy doublets at 63.04, and a broad 

singlet at 63.50. All three absorptions vary slightly in chemical shift 

from sample to sample and when the spectrum was run in pyridine-d,. 

(Figure 8) they shifted to a very broad peak at 64.92 (probably two 

hydroxy protons) and a broad shoulder at 65.82 on the upfield peak of 

the C2 vinyl doublet. 

The cmr spectra confirm the presence of two tertiary hydroxyl 

groups in addition to the secondary hydroxyl in ring E. There are four 

methinyl carbons and four quaternary carbons that are directly bonded to 

oxygen. All four of the methinyl carbons have been assigned. Two of 

the singlets were assigned to C24 and C25, the carbons in the epoxide in 

ring E. If the singlet at -73 ppm (-69 ppm) is assigned to C,. as 

discussed above, the remaining singlet at (-79 ppm) is due to the third 

hydroxyl-bearing carbon. 

The methyl, methylene, and the methinyl count in the cmr spectrum 

were also consistent with a tertiary hydroxylated Nic-3 structure. A 

clue to the location of this tertiary hydroxyl is in the downfield shift 

of the C.Q methyl singlet in the pmr. All four of the methyl singlets 
18 

in Nic-2 are shifted downfield compared to methyl groups in a simple 

steroid. This has been rationalized in the case of the methyl as 

due to its proximity to the ring A enone system. This shift is to be 



expected for C„_ and C Q since Chey are a to an epoxide. The C-_ methyl 
Z/ £0 lo 

singlet is at 60.95 in deuterochloroform (Figure 7); in pyridine-d^ it 

is at fil.05 (Figure 8), while the C^g methyl of Nic-3 is at 60.60 in 

pyridine-d^ (21). 

The position of the C^g and methyls in pmr spectra have been 

extensively studied and have been shown to be indicative of the nature 

of nearby substituents (28). Literature values for simple unsubstituted 

5ff,14a'-steroids indicate that the C1t> methyl absorbs at ca. 60.65-0.69 
lo 

(28). There are two cases in which downfield shifts as large as that 

observed in Nic-2 occur. The first case is when a polar group is located 

vicinal and cis to the C10 methyl, e.g., at the 17(3 position. The magni-
lo 

tude of the shift caused in this case appears to be dependent on the 

identity of the substituent and the dihedral angle between the C1Q methyl 
lo 

and the 17(3 substituent. If the polar group at 17(3 is OH, small down-

field shifts (0.03 ppm) are observed when the 17cv substituent is only a 

hydrogen. When the 17a substituent is methyl, the downfield shift is 

larger (ca. 0.15 ppm). This change is apparently a result of the bulk 

of the 17a substituent forcing the 17(3 group into closer proximity to the 

C..0 methyl (i.e., decreasing the dihedral angle). 
lo 

The other occasion when the C10 methyl is shifted downfield 
lo 

occurs when the steroid is no longer a 5<y, 14ar-steroid but rather a 

5ar,14p-steroid. In these cases, literature values for the C^g methyl 

are approximately 60.99 (28). The presence of a 140 hydroxyl group has 

little effect on the chemical shift of the C^g methyl. The literature 

indicates that the shift is upfield and only 0.02-0.03 ppm (28). Here 
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the downfield shift of the C^g methyl is attributed not to the presence 

of a vicinal polar group, but to the change in the steroid skeletal 

geometry brought about by changing from a trans fused C/D ring system to 

a cis fused C/D ring system. These two locations (C^ and C^) are in 

accord with the spectral data since the hydroxyl is tertiary; these are 

the only such positions in ring D. 

Additional evidence for the hydroxyl location at 143 or 170 was 

obtained from the pmr spectra run in pyridine-d_. The C1Q methyl singlet 
J lo 

shifted downfield from 60.95 in deuterochloroform (Figure 7) to 61.10 in 

pyridine-d^ (Figure 8). Correlations have been made between the solvent-

induced chemical shifts in deuterochloroform vs. pyridine-d,. and the 

structures of various steroids (26,28). It has been shown that the A 

values (A = ~ D can attributed to solute-solvent 

complexes between pyridine molecules and polar hydroxyl groups in the 

solute, are an indication of location and orientation of the protons 

near the hydroxyl group(s) (26). Literature A values for the various 

isomers are as follows (26,28): 

5(y»l4a'(B) Steroids A&for Methyl 

14a- OH -0.10 

14p OH b 

17a OH -0.07 

173 OH -0.16 to -0.23 

^ = 8CDCI3 " 6C5D5N^ 

^Not available 
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When these values are compared with that for the C10 methyl in Nic-2 
lo 

(A " -0.15) it is seen that the solvent-induced shift of the C1Q methyl 
18 

peak in Nic-2 is most like that of a 173 hydroxy steroid. Unfortunately, 

the 143 hydroxy isomer cannot be ruled out since no values are available 

for 143 hydroxy steroids. 

Nic-2 is thus either a 143 hydroxy or a 173 hydroxy steroid 

(XXI or XXII). The final part of this discussion will deal with how an 

unequivocal choice between the two possible structures was made. 

Kl Jl 

XXI XXII 

Double and triple resonance experiments with pmr seemed to offer 

a method of locating the tertiary hydroxyl. The number of protons on 

carbons a to the C q̂ hydrogen is either four—if the tertiary hydroxyl 

is located at CJJ, or five--if the tertiary hydroxyl is not at C^. The 

C£q methinyl at 61.85 is flanked by the C^ methyl at 60.95; and the C^ 
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methinyl at 63.76, which had been assigned unambiguously. Thus four of 

the possible five adjacent hydrogens were located and separated far 

enough in chemical shifts so that double or triple resonance could be 

attempted. When the C22 proton is irradiated and the C^g proton is 

observed, it should either collapse from a sextet to a pentet (if there 

is a CJJ hydrogen) or else collapse from a pentet to a quartet (if there 

is not a hydrogen). When the methyl protons are irradiated and 

the C£Q hydrogen is observed it should collapse from a sextet to a 

triplet (if there is a C^ hydrogen) or else from a pentet to a doublet 

(if there is not a hydrogen). When the C^ methyl protons and the 

C22 proton are irradiated simultaneously with two RF oscillators (a 

technique known as triple resonance) the C2Q hydrogen should appear as 

either a doublet (there is a C^ hydrogen) or as a singlet (there is not 

a proton). The assumption made throughout is that the various 

coupling constants are similar in magnitude and therefore a simple 

treatment of spin-spin coupling is valid. This assumption was made 

since J ê was found to be 7 Hz, and through the use of a shift reagent 

J ^ was found to be 8 Hz; the coupling constant between the C2Q hydrogen 

and the proton jjf it existed was probably about the same. Even if 

this last coupling constant was not 7-8 Hz, it was felt that the changes 

in the C2Q proton absorption would be characteristic enough to make a 

choice in structures. 

Numerous attempts at decoupling these protons with a sample of 

Nic-2 in pyridine-d,. failed. The difficulties were both instrumental 

and observational. Irradiating at frequencies as close together as 
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these caused problems with spinning side bands from the irradiating 

frequency; also the C q̂ hydrogen was within the methylene envelope 

(62.00) and could not be readily seen. 

The use of a shift reagent in deuterochloroform solution to 

separate the absorptions of interest solved both problems. Small addi

tions of EuCfod)^ were made and as the hydrogen, the C q̂ hydrogen 

and the methyl shifted downfield, their identity was checked by de

coupling experiments. After a small amount of EuCfod)^ had been added 

two additional methyl singlets appeared at 61.14 and 61.26 (Figure 11); 

these were due to methyls in the shift reagent. When E^fod^d^Q was 

used the methyl singlets ceased growing in size. 

After several milligrams of shift reagent had been added in por

tions, the C q̂ hydrogen was shifted into an unobscured portion of the 

spectrum at 64.18 (Figure 13). It was clearly a 1:4:6:4:1 pentet with 

J ~ 7 Hz. The C^ methyl and the C^ hydrogen were both slightly ob

scured in this spectrum so a little more shift reagent was added. This 

moved the C^ Proton to 68.72 and the C^ methyl to 62.08, the C Q̂ hydro

gen moved downfield slightly to 64.68 (Figure 14). Irradiation of the 

^22 hydro8en caused the absorption at 64.68 to collapse to a ragged 

quartet (Figure 14a). Irradiation of the C^ methyl protons (Figure 14b) 

collapsed the C2Q signal to a broadened doublet (Jg£ = 8 Hz). Simulta

neous irradiation of the C^ hydrogen and the C^ methyl hydrogens 

collapsed the absorption at 64.68 to a broad singlet (Figure 14c). 

These decoupling experiments indicated that the C£q methinyl proton had 

four, not five a protons and therefore no hydrogen was at C^. Nic-2 is 



thus XXII and is apparently the first natural steroid with a 173 

hydroxy and a 17a side chain longer than two carbons. The observed 

cmr and pmr shifts and coupling constants for Nic-2 are shown in 

Figure 2. 

The structure of another compound from Nicandra physolodes 1 

recently been determined by X-ray crystallography (30). It has 

structure XXIII: 

OH 

OH 

OH 

XXIII 
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a 
.JO 

OH 

OH 

124 

17 or 18 
28, 29, 30 or 33 
31 or 32 
51 or 52 
57 or 58 

135 

CH, 

CH, 

i.i 5.4 

1.15 
5.9 H 

OH 

2.6 

Figure 2. Gnr Shifts in Ppm from IMS (XXIIa), Pmr Shifts (6), and 
Coupling Constants (Hz) for Nic-2 (XXIIb). 



It is very likely that Nic-2 is the biogenetic precursor of this com

pound. An acid-catalyzed cleavage of the ring E epoxide with internal 

displacement by the 170 hydroxyl would transform Nic-2 (XXII) into 

XXIII. 

OH 

XXII 



EXPERIMENTAL: II 

The Nic-2 used in this study was isolated from Nicandra physalodes 

by Dale Stephens using the method of Nalbandov, Yamamoto and Fraenkel 

(16). The material was further purified by recrystallizing twice from 

AR benzene and taking only the first crop of crystals formed at room 

temperature. This gave fluffy white acicular crystals melting at 

224-225°. 

The compound is difficultly soluble in chloroform and acetone, 

moderately soluble in methanol, ethanol, and benzene. It is quite 

soluble in pyridine. It gives a bright red color with 85% phosphoric 

acid and heating; Nic-1 gives a brown red color. This color change was 

used to identify Nic-2 on thin layer chromatography. 

A sample of Nic-2 was prepared for elemental analysis by drying 

after recrystallization from benzene. The sample was dried at 110° and 

0.5 torr for 20 hr. Anal. Calculated for C2gH^Q0y: C, 68.83; H, 8.25; 

0, 22.92. Found: C, 68.96; H, 8.49; 0, 22.52 (anal, determd). 

The pmr spectra were run on saturated solutions in deutero-

chloroform at elevated temperatures or as concentrated solutions in 

pyridine-d^. Pmr spectra were taken with Varian T-60 and HA-100 

instruments. Cmr spectra were taken using a saturated solution (ca. 30 

mg in 2 ml) in CDCl^ and with 180 mg of Nic-2 in 1.0 ml of pyridine-d,. 

with a Bruker 90 MHz instrument using tetramethysilane (IMS) as an 

internal standard. Chemical shifts are expressed in parts per million 

34 
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downfield from TMS (6). Chemical shifts in pyridine-d^ are given in 

parenthesis. 

Mass spectra were obtained with a Hitachi Perkin-Elmer RMU-6E 

mass spectrometer. 

The infrared spectra were obtained on KBr pellets with a Perkin-

Elmer 337 Grating infrared spectrophotometer. 

Melting points were taken using a Thomas-Hoover Uni-Melt 

apparatus and were uncorrected unless otherwise stated. 



PART III 

SYNTHESIS OF FUROCOUMARINS 

36 



INTRODUCTION: III 

Oil of bergamot, from the bergamot orange (Citrus bergamla Risso), 

has long been of Interest to chemists as a source of essential oil for 

perfumery (31). Chemical examination of its constituents led to the 

isolation and identification of three furocoumarins (in addition to many 

other natural products). These three furocoumarins are bergaptol (XXIVa, 

32), bergaptene (XXIVb, 33-34), and bergamottin (XXIVc, 35). Bergaptene 

is photochemically active and produces residual skin pigmentation in 

humans (36). It was investigated as a possible sun-tanning agent, but 

its proven toxicity (37,38) prevented its widespread use. 

0 

OR 
XXIVa R = H 

XXIVb R = CH, 
3 

XXIVc R = 

37 
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A number of other furocoumarins which are alkyl ethers of 

bergaptol have been isolated from various plants, e.g., isoimperatorin 

from Imperatoria osthruthium (39) ; prangolarine from Prangos pabularia 

Lindl. (40); and pranferol from P. ferulacea Lindl. (41). Some of these 

furocoumarins have been synthesized (42-45), but often the preparations 

were tedious or the yields were low. 

A second class of furocoumarins is those which are alkyl ethers 

of isobergaptol (XXVa). These compounds are much less common in the 

plant kingdom and isobergaptol itself is unknown. There are many com

pounds having the basic isopsoralen (XXVb) skeleton but most also have 

C, substituents, and are not simple isobergaptyl ethers. The principal 
o 

representative of the isobergaptyl class is isobergaptene (XXVc), 

isolated originally from Pimpinella saxifraga (46). 

XXVa R = OH 

0 XXVb R = H 

XXVc R = OCH, 
3 

XXVd R = *' 
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In 1964 Chatterjee and Gupta (47) reported the Isolation of a 

new furocoumarin, archangelin, from the medicinal plant, Angelica 

archangelica L. They assigned archangelin structure XXVd, cr-terpineyl 

isobergaptyl ether. There was some doubt about this structural assign

ment since the nmr data suggested the alkyl group had no vinyl hydrogens. 

However, it was not until archangelin was synthesized (48) that its true 

structure was shown to be XXVI instead of XXVd, and was therefore 

cyclolavandulyl bergaptyl ether, and not an isobergaptyl ether. 

XXVI 

Archangelin had been synthesized in 517„ yield from bergaptol 

(XXIVa); but the preparation of the side chain, although straightforward, 

had been tedious. g-Cyclolavandulol (XXVII) had been prepared in seven 

steps from 2-methyl-5-hepten-2-one and converted to its bromide (XXVIII). 

Bergaptol (XXIVa), obtained by cleavage of bergaptene (XXIVb) and 

bergamottin (XXIVc), was treated with base to obtain the phenoxide anion. 

Once formed, this anion was treated with XXVIII. 
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OH Br 

XXVII XXVIII 

It was felt that this preparation might be shortened and the yield of 

archangelin (XXVI) possibly increased in the final coupling step which 

was a modified Williamson ether synthesis. This technique of coupling 

bergaptol (XXIVa) with an alkyl bromide used in the synthesis of 

archangelin (XXVI) seemed likely to be of general applicability for the 

preparation of bergaptyl ethers. As mentioned above, although some of 

these compounds had been synthesized, the yields were usually low. 

Bergamottin (XXIVc) had been previously prepared by an analogous method 

(44) but the yield had been only 10%. This made it a likely candidate 

for synthetic re-examination. 

Archangelin (XXVI) had been synthesized under conditions expected 

to give the isobergaptyl compound, in accord with its assigned structure. 

The reactions had given, fortuitously, the correct product of unexpected 

structure. It was felt that it would also be of interest to attempt to 

synthesize the isobergaptyl analog of archangelin (XXIXa), and perhaps 

isobergamottin (XXIXb), both unknown compounds. 



XXIXa 

XXIXb 



DISCUSSION: III 

Recently, lavandulol (XXX nmr spectrum—Figure 15; Figures 15-40 

are in Appendix C) has become commercially available, and was considered 

a likely starting material in an effort to shorten the synthesis of 

XXVIII. The proposed synthesis is shown below: 

C0„H 

XXX XXXI 

XXVIII XXVII 

C0„H 

XXXII 

Though the first reaction is apparently new, the cyclization XXXI -» XXXII 

has been reported in 22% yield (49), and the other steps go smoothly 

(48-49). 

Lavandulol (XXX) was oxidized in 46% yield by Jones reagent. 

The product, lavandulic acid (XXXI), was identified by its nmr spectrum 

(Figure 16). 

42 
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Attempts to cyclize lavandulic acid (XXXI) by the use of boron 

trifluoride-etherate (50) gave two compounds. The acidic compound (22%) 

was identified as a-cyclolavandulic acid (XXXIII) by its nmr spectrum 

(Figure 17) vAiich showed one vinyl proton. 

XXXIII XXXIV XXXV 

The neutral fraction (23%) was apparently the 6-lactone of 

5-hydroxy-2-isopropenyl-5-methylhexanoic acid (XXXIV). Identification 

was based on a combination of nmr, ir (Figures 18 and 19), and mass 

spectral data. This compound is an isomer of XXXV reported by Ferrero 

and Schinz (49) when they cyclized lavandulic acid (XXXI) with fomic 

acid. 

Since boron trifluoride-etherate gave none of the desired 

P-cyclolavandulic acid (XXXII), an alternate method of cyclization was 

used. Lavandulic acid (XXXI), when treated with 100% formic acid con

taining a catalytic amount of sulfuric acid (49), was cyclized in 5% 

yield to XXXII (nmr, Figure 20). 

Previous reports on the success of the lithium aluminum hydride 

reduction of XXXII were contradictory (49,51). In some instances yields 

as high as 80% of p-cyclolavandulol (XXVII) were reported (49); in other 
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instances the yields were described only as low (51). When a sufficient 

excess of lithium aluminum hydride was used and the reaction was re-

fluxed for several hours, the yields obtained here were 50-70%. 

Conversion of alcohol XXVII to the corresponding bromide XXVIII 

was the next step to be considered. Preliminary investigations using 

phosphorus tribromide on a model compound, geraniol (XXXVI), were dis

couraging. Use of a 3-fold excess of phosphorus tribromide (52) resulted 

primarily in dibromide XXXVII (nmr, Figure 21). When the phosphorus 

tribromide used was reduced to an equivalent amount the allylic bromide 

XXXVIII was the major product. 

•Br 

XXXVII 

Br 

XXXVI 
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Application of this technique to XXVII gave the allylic bromide XXVIII 

in 76% yield. The disappearance of the hydroxy1 proton from the nmr 

spectrum of the product (compare Figures 22 and 23) combined with the 

slight upfield shift of the hydrogens a to the bromine in the nmr 

spectrum [from 63,95 in the alcohol to 63.90 in the product (29, 

pp. 142-143)] were considered as evidence that the desired bromide 

(XXVIII) had been prepared. The bromide was stable for approximately 

24 hours, but upon standing for longer periods it began to darken and 

increase in viscosity. During the synthesis it was always prepared 

immediately before use. 

Bergaptol (XXIVa) was prepared from bergamottin (XXIVc) which 

was isolated from bergamot oil (Fritzsche-D6c0, Extra). The standard 

work-up of the saponifiable portion of bergamot oil has, since Spath's 

original work (35), always involved fractional crystallization of the 

resulting mixture. The yields of the various furocoumarins were often 

low, and difficulties had been encountered in obtaining pure compounds. 

It seemed that column chromatography of the extracts might be more 

successful; this supposition was amply borne out. Column chromatography 

on a coarse mesh of Silica Gel with a rapid flow of eluent gave pure 

bergamottin (XXIVc) in 0.387. yield. 

Three other compounds, of less interest fortunately, were 

obtained in lesser yields. One of these compounds, which required 

preparative thin layer chromatography to remove traces of bergamottin 

(XXIVc), was the highly fluorescent 5-geranoxy-7-methoxycoumarin 

(XXXIX). This is the principal coumarin in lime oil (53), and recently 
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has been noted in some batches of bergamot oil (54). It was present in 

very small amounts (less than 0.01%) but was readily detected because of 

its brilliant blue fluorescence (under UV) and Rf similar to bergamottin 

(XXIVc) on TLC. 

XXXIX R = CH3> R' = Geranyl 

XL R = R' = CH3 

OR' 

The other non-phenolic coumarins of bergamot oil, bergaptene (XXIVb) and 

liinettin (XL), were isolated pure and identified, but were not used in 

this work. 

Bergamottin (XXIVc) was cleaved by glacial acetic acid to give 

bergaptol (XXIVa) in nearly quantitative yield. After neutralization, 

washing, and drying in vacuo it was freed from residual geranyl acetate 

by repeated washings with petroleum ether (Bergaptol (XXIVa) is insoluble 

in most solvents except acetone and methanol). 

Archangelin (XXVI) was prepared by alkylating bergaptol as 

shown below: 
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XXIVa o 
0 Na 

XXVIII 
-> XXVI 

XLI 

To the sodium salt of bergaptol (XLI) in EMF was added bromide XXVIII. 

The reaction was followed by thin layer chromatography and was usually 

complete within 24 hours. Using this technique, archangelin (XXVI, 

nmr and ir Figures 24 and 25) was synthesized in 81% yield from 

bergaptol (XXIVa). 

A minor product of the synthesis (6%) was identified as the di-

substituted bergaptyl compound XLII. This compound had been obtained 

during the previous synthesis of archangelin (48), and the nmr (Figure 

26) and mass spectral data of the two compounds compared favorably. 

XLII 
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The synthesis of bergamottin (XXIVc) was analogous to that of 

archangelin (XXVI). Geraniol (XXXVI) was brominated as mentioned above 

with phosphorus tribromide at -78° and gave XXXVIII in 867„ yield. 

As in the case of lavandulol (XXX), the nmr spectrum of XXXVIII 

(Figure 27) lacked the hydroxyl peak of geraniol (XXXVI, Figure 28), and 

showed a pronounced upfield shift (64.05 -» 63.95) of the hydrogens a to 

the bromine (29, pp. 142-143). The stability of XXXVIII was similar to 

that of XXVIII, and it was used immediately in the alkylation reaction. 

The phenoxide ion of bergaptol (XLI) was prepared in a manner 

exactly like that described above in the synthesis of archangelin 

(XXVI). Geranyl bromide (XXXVIII) dissolved in IMF was added to the cold 

solution, and after 24 hours the reaction was complete. Bergamottin 

(XXIVc) was isolated in 76% yield and its nmr and ir spectra (Figures 29 

and 30) were superimposable upon those of the natural compound (Figures 

31 and 32). The mixed melting point of synthetic and natural bergamottin 

(XXIVc) was undepressed. 

Once archangelin (XXVI) and bergamottin (XXIVc) had been synthe

sized in much improved yields, attention turned to the synthesis of the 

iso compounds XXIXa and XXIXb. Since geranyl bromide was only one syn

thetic step from a commercially available compound, the synthesis of 

isobergamottin (XXIXb) was attempted first. The proposed synthetic route 

is shown below: 
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0 \ 
OOC XXVIII 

XXIVa • * XXIXb 

0 

XLIII 

If sufficient base were provided to open the lactone in bergaptol 

(XXIVa) and convert it to trianion XLIII, then alkylation might occur 

with a degree of selectivity at the phenoxide oxygen flanked by only one 

ortho substituent. Acidification should permit relactonization to the 

new compound XXIXb. 

All attempts at producing isobergamottin (XXIXb) failed; the 

usual result was recovery of bergaptol (XXIVa) plus small amounts of 

bergamottin (XXIVc). Indeed, Spath (in 55) had reported similar diffi

culties in his attempts to synthesize isobergaptene (XXVc) from 

bergaptol (XXIVa). He did obtain a 3% yield of isobergaptene (XXVc) 

under arduous conditions. 

isobergaptyl ethers, attempts were made to synthesize isobergaptene 

(XXVc) from bergaptol (XXIVa) and methyl iodide (Spath had used dimethyl 

sulfate as the alkylating agent). Various solvents, temperatures, and 

types of bases were tried. The only products isolated were bergaptol 

(XXIVa) and unidentified oils which showed no furocoumarin absorptions 

in their nmr spectra. 

In an effort to better understand this failure to produce the 
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These results suggest two possibilities. Bergaptol (XXIVa) was 

never saponified under the conditions used, and thus trianion XLIII was 

never formed. The other possibility is that XLIII was formed and 

possibly even alkylated; but when relactonization occurred, the stability 

of the bergaptyl system was so much greater than that of the isobergaptyl 

system that the side chain was hydrolyzed off, and relactonization gave 

the preferred bergaptyl system. The former seems the more likely sup

position since isobergaptene (XXVc) was not obtained either. The 

cleavage of methyl-aryl ethers is not an easy process, and this tends to 

rule out alkylation of XLIII followed by cleavage and relactonization. 

If bergaptol (XXIVa) itself could not be saponified and alkylated 

to give isobergaptyl ethers, then most of these compounds still remained 

synthetically unavailable by this alkylation technique. However, the 

ease of saponification of bergamottin (XXIVc) and bergaptene (XXIVb) is 

apparent, for this is how they are isolated from bergamot oil. This 

suggested a new method of synthesizing isobergaptene (XXVc), which has 

been previously prepared by several laborous routes (55-58). If 

bergamottin (XXIVc) were saponified, then methylated, and finally 

cleaved of its geranyl side chain (as in the preparation of bergaptol 

(XXIVa)); it should relactonize and give XXVc: 

XXIVc. 

Me 
OOC MeOOC 

OGer OGer 

XXVc 

OGer 

XLIV 

OGer 

XLV 
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Bergamottln was saponified by treating It with excess methanolic 

potassium hydroxide for several hours. The presence of dlanlon XLIV was 

Indicated by the yellow color of the reaction mixture. After treatment 

with excess methyl iodide in IMF, the nmr spectrum (Figure 33) indicated 

a mixture of methylated products (possibly the cis and trans isomers of 

XLV) plus residual DMF. This oil was refluxed in glacial acetic acid to 

give isobergaptene (XXVc, nmr and ir Figures 34 and 35) in 35% yield 

from bergamottin (XXIVc). 

In summary, the synthesis of archangelin (XXVI) was shortened by 

three steps and the yield of the last step increased by 30%. Bergamottin 

(XXIVc) was readily synthesized by the same technique, and the yield was 

increased by 66%. Although attempts to prepare isobergamottin (XXIXb) 

failed, a new, shorter, higher-yield route to isobergaptene (XXVc) was 

developed. Other members of the bergaptyl class of furocoumarins, either 

synthesized in low yield or as yet unsynthesized, should be amenable to 

the preparative techniques used here. 



EXPERIMENTAL: III 

The nmr spectra of all compounds were measured on a Varian T-60 

instrument. Chemical shifts are reported in 6-values using tetramethyl-

silane (IMS) as an internal standard. 

Infrared spectra were recorded on KBr pellets or neat liquids 

using either a Perkin-Elmer 337 Grating Spectrophotometer or a Perkin-

Elmer Infracord. 

Mass spectra were recorded on a Hitachi Perkin-Elmer RMU-6E mass 

spectrometer. 

All melting points were obtained with a Thomas-Hoover Unimelt 

apparatus and are uncorrected. 

Thin layer chromatography was used throughout for monitoring 

separations and reactions. EM Silica Gel premade plates with F 254 

(phosphor added, 5 x 10 cm) were used and developed with petroleum ether 

(30-60°)-ether (11:9). Detection of spots was by UV light and by spray

ing with 10% sulfuric acid and heating. 

Preparation of Archangelin and Bergamottin 

Lavandulic Acid (XXXI) 

Jones reagent (an aqueous solution of chromic acid) was prepared 

as described by Meinwald, Crandall and Hymans (59). Chromium trioxide 

(14.0 g, 0.140 mol) was dissolved in 100 ml of water and concentrated 

sulfuric acid (12.2 ml) was added slowly with cooling. This oxidizing 
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solution was added with a buret to a magnetically stirred solution of 

lavandulol (XXX, Givaudan Corp., 6.16 g, 0.040 mol) in 30 ml of reagent 

grade acetone. The oxidation was considered complete when several hr 

after the addition of a portion of Jones reagent the aqueous phase was 

no longer green, but had a pale orange color. The reaction mixture was 

poured into ice-water and extracted with ether (4 x 25 ml). The ether 

extracts were washed with water (4 x 25 ml) and dried over anhydrous 

magnesium sulfate. Evaporation in vacuo gave lavandulic acid (XXXI, 

3.09 g, 0.020 mol, 467o), identified by its nmr spectrum (Figure 16, 

CCl^): a singlet at 69.86 (1H) for H^; a partially obscured triplet at 

65.02 (JC(j = 7 Hz, 1H) for H£; a singlet at 64.86 (2H) for H^; a triplet 

at 63.00 (J^g = 7 Hz, 1H) for Hg; a multiplet at 62.35 (2H) for H^; a 

singlet at 61.75 (3H) for H^; and a singlet at 61.60 (6H) for Hfl and H^. 

Cyclization of Lavandulic Acid (XXXI) 
with Boron Trifluoride-Etherate 

Lavandulic acid (XXXI) was cyclized with boron trifluoride-

etherate as described by Stork and Burgstahler (50). To a solution of 

lavandulic acid (XXXI, 1.00 g, 5.95 mmol) in reagent benzene (10 ml) was 

added, at 25° with stirring, boron trifluoride-etherate (1.00 g, 7.04 

mmol) in benzene (10 ml). After addition had been completed, the re

action mixture was heated to 50° for 30 min with a water bath. The 

reaction mixture turned a dark brown color and was quenched by pouring 

into ice-water. The aqueous mixture was extracted with benzene 

(3 x 25 ml) and the organic extracts dried over anhydrous magnesium 

sulfate. The solvent was evaporated iji vacuo leaving a yellow oil. 



The nmr spectrum of this oil indicated it was a mixture. The oil was 

dissolved in reagent benzene (25 ml) and extracted with 5% sodium 

hydroxide solution (3 x 20 ml). The organic layer was washed with water 

(3 x 20 ml) and dried over magnesium sulfate. Evaporation jLn vacuo gave 

a pale yellow oil (XXXIV, 0.231 g, 1.38 mmol, 23%) identified by nmr, 

ir, and mass spectra. Nmr (Figure 18, CCl^): a broad singlet at 64.76 

(Jgem = 2 Hz, 2H) for H^; a triplet at 63.00 = 7 Hz, 1H) for Hg; a 

singlet at 61.82 (3H) for H ; a multiplet at ca. 61.8 (4H) for H and H,; 
g CQ 

and a singlet at 61.35 (6H) for Hfl and H^. Ir spectrum (Figure 19): 

1735 (6-lactone) and 895 cm * ( C^Hj). Mass spectrum: m/e 168 (parent), 

153 (P-CH3), 125 (P-CH3 & C=0), 110 (P-2CH3 & C=0), 99, 68, and 56. 

The aqueous washings were neutralized with 1 N hydrochloric acid 

and extracted with ether (3 x 25 ml). The ether extracts were washed 

with water (3 x 20 ml) and dried over anhydrous magnesium sulfate. 

Evaporation in vacuo gave cy-cyclolavandulic acid (XXXIII, 0.219 g, 

1.30 mmol, 22%) identified by its nmr spectrum (Figure 17). 

B-Cvclolavandulic Acid (XXXII) 

Lavandulic acid (XXXI) was cyclized by the method of Ferrero and 

Schinz (49). Lavandulic acid (XXXI, 1.38 g, 0.0082 mol) was dissolved 

in 100% formic acid (4.15 g, 0.0902 mol) to which 0.19 ml of concentrated 

sulfuric acid had been added. The mixture was stirred briefly; it turned 

dark brown and was allowed to stand at 25° for 12 hr. Chilling the mix

ture in a refrigerator for several hr induced partial crystallization. 

The crystals were collected by vacuum filtration, and after recrystal-

lization from methanol-water gave white crystals of p-cyclolavandulic 
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acid (XXXII, 0.071 g, 0.423 mmol, 5.1%). The nmr spectrum (Figure 20) 

was identical to that previously reported (60). The melting point was 

109-110° [lit (61) 110-111°]. 

B-Cyclolavandulol (XXVII) 

Lithium aluminum hydride (0.024 g, 0.635 mmol) was suspended in 

a stirred solution of sodium-dried ether (5 ml) in a 25 ml round bottom 

flask equipped with a reflux condenser. To this suspension, 0-

cyclolavandulic acid (XXXV, 0.071 g, 0.423 mmol) in 5 ml of dry ether 

was slowly added. After the addition was completed, the mixture was 

refluxed for 4 hr. The mixture was cooled, and 1 ml of water was added, 

followed by 2-3 ml of water. This produced a white gelatinous pre

cipitate which was washed with ether (4 x 15 ml). The ether washings 

were combined, dried over anhydrous magnesium sulfate, and evaporated 

in vacuo to give p-cyclolavandulol (XXVII, 0.045 g, 0.294 mmol, 70%) as 

a colorless oil. Its nmr spectrum was identical with that reported by 

Eckert (60). 

B-Cyclolavandulyl Bromide (XXVIII) 

The preparation of bromide XXVIII was achieved using a modifica

tion of the method of Ferrero and Schinz (49). Freshly prepared f3-

cyclolavandulol (XXVII, 0.162 g, 1.05 mmol) was dissolved in 10 ml of 

sodium-dried ether in a 50 ml round bottom flask. The vessel was cooled 

to -78° with Dry Ice-acetone and under a flow of nitrogen, phosphorus 

tribromide (0.114 g, 0.421 mmol) in 10 ml of dry ether was slowly added 

from an addition funnel. The solution was magnetically stirred, and 
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once addition was completed, it was permitted to warm gradually to 25°. 

Stirring was continued under nitrogen for 3.5 hr, then 10 ml of saturated 

sodium bicarbonate solution was added. The layers were separated, the 

ether layer was washed with saturated sodium bicarbonate solution 

(2 x 15 ml), and water (2 x 20 ml). After drying over anhydrous 

magnesium sulfate, the ether was removed iji vacuo to yield a colorless 

oil (0.173 g, 0.798 mmol, 767o) identified as p-cyclolavandulyl bromide 

(XXVIII) by its nmr spectrum (Figure 22). 

Isolation of Bergamottin (XXIVc), 
5-Geranoxy-7-Methoxycoumarin (XXXIX), 
Bergaptene (XXIVb), and Limettin (XL) 
from Bergamot Oil 

The procedure of Spath and Kainrath (35) was altered slightly to 

obtain the saponifiable extracts of bergamot oil. A 5% methanolic 

potassium hydroxide solution (450 ml) was added to 1 kg of bergamot oil 

(Fritzsche-D&O, F.C.C. Extra) diluted with 1 1 of ether in a 4 1 

Erlenmeyer flask. This mixture was magnetically stirred at room 

temperature for 24 hr. Then 2 1 of water was added and the layers 

separated. The ether layer was extracted with 27o aqueous potassium 

hydroxide (3 x 250 ml) and discarded. The aqueous layer and the 

potassium hydroxide washings were combined and extracted with fresh 

ether (5 x 200 ml). These ether extracts were also discarded. The 

combined aqueous portions were slowly brought to pH 5 by the addition of 

0.01 N hydrochloric acid (300-400 ml). After standing at 25° for 20 hr 

the slightly acidic aqueous solution was extracted with ether 

(7 x 150 ml). The ether extracts were washed with 5% aqueous potassium 
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hydroxide (3 x 250 ml) and dried over anhydrous magnesium sulfate. The 

ether extracts were filtered and evaporated iji vacuo. A fine white 

powder (0.559 g), quickly precipitated and was collected by vacuum 

filtration. Nmr indicated this material was bergaptene (XXIVb). 

The oily residue (7.7 g) was placed on a 2.5 x 53 cm Silica Gel 

column (Merck 70-325 mesh) and eluted very rapidly (20 ml per min) with 

reagent chloroform. Column fractions were monitored by TLC throughout 

the collection. Bergamottin (XXIVc) was eluted first, and after evapora

tion JLn vacuo the yellow oil was cooled and seeded. After two or three 

days in a refrigerator the oil crystallized, giving 3.814 g (0.38%) of 

bergamottin (XXIVc). This was difficult to crystallize, and attempts at 

recrystallization from petroleum ether (30-60°) as described in the 

literature (35) failed. It was crystallized successfully from petroleum 

ether (30-60°)-ether (7:1). The small white crystals obtained melted at 

54-55° [lit (35) 59-61°]. Its nmr spectrum was identical to that previ

ously reported (60). 

Several column fractions contained both bergamottin and another 

compound (detected by brilliant blue fluorescence under UV light on TLC 

plates). These fractions were evaporated iji vacuo and the oily residue 

separated by preparative TLC (Silica Gel G with Pf-254 phosphor, 

20 x 20 cm; eluted with petroleum ether (30-60°)-ether (11:9)). This 

gave 5-geranoxy-7-methoxycoumarin (XXXIX, 0.047 g) identified by its nmr 

and ir spectra. Nmr spectrum (Figure 36, CDCl^): a doublet at 67.95 

(Jak = 9 Hz, 1H) for Ha; a doublet of doublets at 66.30 (JC(j - 2 Hz, 2H) 

for H and H,, and a doublet at.66.05 (J . = 9 Hz, 1H) for H, . 
c d ab b 
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The geranoxy side chain has a triplet at 65.45 (Jfi£ = 6 Hz, 1H) for H^; 

a broadened singlet at 65.04 (1H) for H ̂; a doublet at 64.52 

(Je£ = 6 Hz, 2H) for Hg; a multiplet at 62.10 (4H) for H^ and H^; and 

three singlets at 61.72, 1.65, and 1.60 (9H) for the three methyls H , 
O 

H^, and H^. The methoxy appears as a sharp singlet at 63.80 (3H). That 

this compound was the meta isomer is indicated by the Hc<j coupling 

constant of 2 Hz (29, p. 145). Ir spectrum (KBr): 1725 cm * (c*-|3 unsat'd 

6-lactone). After recrystallization from hexane, XXXIX melted at 84-85° 

[lit (53) 86-87°]. 

Limettin (XL) and bergaptene (XXIVb) were not well separated by 

column chromatography and fractions which contained both compounds were 

evaporated in vacuo. White crystals soon formed and were collected by 

vacuum filtration. These crystals were identified by nmr (Figure 37) as 

bergaptene (XXIVb, 0.100 g). Thin layer chromatography indicated the 

mother liquors contained primarily limettin (XL) and minor amounts of 

bergaptene (XXIVb) and impurities. This liquid was evaporated in vacuo 

to an oil, and after rechromatographing on a Silica Gel column as 

described above, gave limettin (XL, nmr Figure 38), essentially pure as 

white crystals. It was recrystallized from hexane-ethyl acetate (4:1) 

to yield 0.375 g, mp 146-147° [lit (62) 147°]. 

Cleavage of Bergamottin (XXIVc) 
to Bergaptol (XXIVa) 

Bergamottin (XXIVc) was cleaved to give bergaptol (XXIVa) with 

glacial acetic acid (35). Bergamottin (0.500 g, 1.48 mmol) from bergamot 

oil was dissolved in 5 ml of glacial acetic acid in a 25 ml round bottom 



flask. A reflux condenser and calcium chloride drying tube were attached. 

After two hr refluxing, a pale yellow precipitate began to form, and 

after six hr the reaction mixture was allowed to cool to 25°. Saturated 

sodium bicarbonate solution was added with vigorous stirring. After the 

addition of 25-30 ml, the mixture ceased to evolve carbon dioxide and 

the solid was washed repeatedly with large volumes of water to remove 

residual salts. After drying for 24 hr at room temperature at ca. 0.1 

torr, the solid was suspended in low boiling petroleum ether (50 ml) and 

stirred for several min. The process was repeated with fresh petroleum 

ether and the solid was collected by vacuum filtration. The residue was 

washed with additional petroleum ether and after air drying yielded 

bergaptol (XXIVa, 0.294 g, 1.46 mmol, 987«) free of geranyl acetate and 

used below in further reactions. A portion was sublimed (5 x 10 torr, 

200°, 6-7 hr) and the bergaptol (XXIVa) obtained melted at 270-274° 

[lit (32) 274-278°]. 

Archangelin (XXVI) 

Bergaptol (XXIVa, 0.101 g, 0.500 mmol) was dissolved in reagent 

methanol (1 ml) in a 50 ml round bottom flask. The flask was sealed 

with a rubber septum, and under an atmosphere of argon it was cooled to 

0° with an ice-water bath. Sodium (0.013 g, 0.565 mmol) dissolved in 

methanol (2 ml) was injected. The stirred reaction mixture was kept at 

0° for 30 min; the flow of argon was then increased to drive off the 

solvent. The residue was cooled to -78° with a Dry Ice-acetone bath, 

and after injection of dimethylformamide (6 ml), the residue dissolved. 

Freshly prepared 3-cyclolavandulyl bromide (XXVIII, 0.130 g, 0.599 mmol) 



dissolved in EMF (6 ml) was slowly injected and the reaction mixture 

allowed to warm slowly to room temperature. After stirring for 24 hr 

an aliquot was withdrawn with a syringe, diluted with ether, and 

neutralized with 0.1 N hydrochloric acid. Thin layer chromatography 

showed no starting materials; instead, two different spots, the major 

one of Rf corresponding to archangelin (XXVI). The reaction mixture was 

cooled to 0°, ether (8 ml) was injected, followed by 0.1 N hydrochloric 

acid (8 ml). The vessel was opened to the air, the layers were separated 

and the aqueous phase washed with ether (3 x 15 ml). The combined ether 

extracts were washed with water (3 x 20 ml) and dried over anhydrous 

magnesium sulfate. Evaporation of the ether in vacuo gave 0.206 g of a 

brown oil. Column chromatography on Silica Gel (70-325 mesh, 0.6 x 15 cm) 

using reagent chloroform as eluent gave two products. The major one 

crystallized on standing to give archangelin (XXVI, 0.137 g, 0.405 mmol, 

817o). The nmr and ir spectra (Figures 24 and 25) were superimposable 

with those previously reported (48). Recrystallization from methanol 

afforded pale yellow crystals, mp 128-129° [lit (47) 132°]. The minor 

product was obtained only as an oil which failed to crystallize. It was 

identified as XLII (0.014 g, 0.030 mmol, 6%) by comparison of nmr and 

mass spectra with those given by Eckert (60). 

Geranyl Bromide (XXXVIII) 

Geranyl bromide (XXXVIII) was prepared similarly to p-cyclo-

lavandulyl bromide (XX.VIII). Geraniol (XXXVI, Aldrich 99+%, 0.154 g, 

1.00 mmol) was dissolved in 10 ml of sodium-dried ether in a three 

necked flask. The solution was cooled to -78° with Dry Ice-acetone, and 



kept under a nitrogen atmosphere. Phosphorus tribromide (0.108 g, 

0.40 tnmol) in 10 ml of dry ether was added with vigorous stirring over 

A period of 15 min. The reaction mixture, still under nitrogen, was 

allowed to warm to room temperature and stirred for four hr. Saturated 

sodium bicarbonate solution (15 ml) was added, and the layers separated. 

The ether layer was washed with saturated sodium bicarbonate solution 

(2 X 20 ml) and with water (2 x 20 ml). The ether phase was dried over 

atlhydrous magnesium sulfate and evaporated in vacuo to give a pungent 

smelling oil (0.186 g, 0.858 mmol, 86%), identified by nmr (Figure 27) 

&s geranyl bromide (XXXVIII). 

Beygamottin (XXIVc) 

Bergaptol (XXIVa, 0.061 g, 0.302 mmol) was dissolved in reagent 

methanol (1 ml) in a 50 ml round bottom flask. The flask was sealed 

With a rubber septum, and with a flow of argon passing through, was 

Addled to 0° with an ice-water bath. Sodium methoxide, freshly prepared 

by adding sodium (0.0072 g, 0.313 mmol) to methanol (1 ml), was injected 

With a syringe. The magnetically stirred solution was kept at 0° for 30 

tain* The flow of argon was greatly increased, and after the methanol 

Was driven off, the gummy yellow-brown residue was cooled to -78° with a 

Oty Ice-acetone bath. Dimethylformamide (4 ml) was injected; this was 

followed by freshly prepared geranyl bromide (XXXVIII, 0.0736 g, 0.339 

ttiinol) in DMF (2 ml). The solution was allowed to warm gradually to room 

temperature and after stirring for 24 hr under argon, a small aliquot 

was withdrawn with a syringe, diluted with ether, and neutralized with 

0.1 N hydrochloric acid. This sample showed (by TLC) that bergamottin 
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(XXIVc) was the major product plus small amounts of impurities. Ether 

(6 ml) was injected followed by 0.1 N hydrochloric acid (6 ml). The 

layers were separated and the aqueous phase was extracted with ether 

(3 x 15 ml). The combined ether extracts were washed with water 

(3 x 20 ml) and dried over anhydrous magnesium sulfate. Evaporation 

in vacuo afforded 0.105 g of a brown oil which was chromatographed on a 

column of Silica Gel (70-325 mesh, 0.6 x 16 cm) using reagent chloroform 

as eluent. This gave bergamottin (XXIVc) which was recrystallized from 

petroleum ether (30-60°)-ether (7:1). The white crystals of bergamottin 

(XXIVc, 0.077 g, 0.228 mmol, 76%) had nmr and ir spectra (Figures 29 and 

30) superimposable upon those of the natural compound. The melting 

point was 52-53° [lit (35) 59-61° from petroleum ether]. A mixed melting 

point with natural bergamottin was undepressed (53-54°). 

Synthesis of Isobergaptene 

Saponification and Methylation 
of Bergamottin (XXIVc) 

Bergamottin (XXIVc, 0.102 g, 0.302 mmol) was dissolved in reagent 

methanol (2 ml) and sealed with a rubber septum in a 25 ml round bottom 

flask. Potassium hydroxide (0.078 g, 1.20 mmol) in methanol (1 ml) was 

injected slowly with a syringe. This mixture was magnetically stirred 

for 18 hr at room temperature. A stream of nitrogen was used to drive 

off almost all the methanol. The thick yellow residue was cooled to -78° 

with Dry Ice-acetone and dissolved by injecting dimethylformamide (4 ml). 

Methyl iodide (0.428 g, 3.01 mmol) in -78° IMF (4 ml) was injected. The 

mixture was allowed to warm slowly to 25° and was stirred for 20 hr. 



Thin-layer chromatography of an aliquot removed via syringe, diluted 

with ether, and neutralized with 0.1 N hydrochloric acid indicated that 

some starting material was still present. Additional methyl iodide 

(0.214 g, 1.51 mmol) in -78° IMF (2 ml) was added after the solution had 

been cooled to -78° again. After an additional 20 hr stirring at 25°, 

the reaction mixture was cooled with ice-water to 0°, and ether was in

jected (6 ml) followed by 0.1 N hydrochloric acid (6 ml). The layers 

were separated, the aqueous phase extracted with ether (3 x 15 ml) and 

the ether extracts combined. The ether extracts were washed with water 

(3 x 20 ml), dried over anhydrous magnesium sulfate, and evaporated in 

vacuo to give a brown oil (0.115 g) whose nmr spectrum (Figure 33) indi

cated several methyl groups were present. The oil was not characterized 

further, but was used immediately in the next step. 

Cleavage of Methylated 
Bergamottin (XLV) to 
Isobergaptene (XXVc) 

The methylated intermediate prepared above (0.115 g) was dis

solved in glacial acetic acid (2 ml) and refluxed for six hr in a small 

round bottom flask equipped with a reflux condenser and a calcium 

chloride drying tube. The reaction mixture was cooled, and saturated 

sodium bicarbonate solution (15 ml) was added. After the evolution of 

carbon dioxide ceased, ether was added (25 ml) and the layers were 

separated. The aqueous phase was extracted with ether (3 x 20 ml) and 

the combined ether extracts washed with saturated sodium bicarbonate 

solution (8 x 25 ml) until the washings were no longer yellow. The 

ether phase was washed with water (3 x 15 ml), dried over anhydrous 
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magnesium sulfate, and evaporated in vacuo to give 0.074 g of an oil 

which contained both isobergaptene (XXVc) and geranyl acetate (by TLC). 

This oil was chromatographed on a Silica Gel column (70-325 mesh, 

0.6 x 16 cm). Elution with reagent chloroform gave isobergaptene (XXVc, 

0.023 g, 0.106 mmol, 35%). The nmr and ir spectra (Figures 34 and 35) 

were identical with a sample from K & K Laboratories (Figures 39 and 40). 

After recrystallization from benzene the mp was 219-220° under argon 

[lit (55) 224°, under argon]. 
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Absolute Configuration Results from Friedel Pair 
Measurements. 

Fcalc.(+) Fcalc.(') Pcalc. k̂l k̂l Pobs. ation 

Configur
ation 
Indicated 

8.4 7.1 15.6 166 246 48.2 -

28.6 26.1 8.7 501 466 7.0 + 

16.0 13.8 14.0 358 343 4.2 + 

23.7 21.7 8.5 372 288 22.6 + 

31.8 29.2 8.3 692 622 10.1 + 

22.0 23.7 8.0 728 751 3.2 + 

20.1 18.1 9.7 445 375 15.7 + 

41.0 39.5 3.6 819 741 9.5 + 
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g| 
Table 2. Atomic Coordinates and Isotropic Temperature Factors. 

Atom X y 25 B 

CL1 .308812 .093786 .265469 
CL2 .222454 .450404 -.105079 
CI .475995 .208035 -.066758 
C2 .414850 .114749 -.164749 
C3 .333610 .190705 -.267237 
N4 .412541 .303136 -.302093 
C5 .455272 .305649 -.466911 
C6 .559422 .214253 -.465468 
C7 .579288 .177000 -.297780 
C8 .519531 .280000 -.205010 
0 .507112 .067988 -.257800 
N' .407167 .281267 .044553 
CI' .477703 .369459 .139839 
CI H .534435 .154720 -.014888 -0.423 
C2 H .390229 .050575 -.107561 0.553 
C3 H .278950 .218856 -.212858 1.346 
C3 H .296716 .147368 -.369411 3.583 
N4 H .340759 .369526 -.272972 3.920 
C5 H .469990 .402301 -.492814 -1.838 
C5 H .403483 .271796 -.556225 5.856 
C6 H .627199 .250250 -.513461 -0.151 
C6 H .585466 .168272 -.543699 1.566 
C7 H .648578 .152109 -.225976 1.500 
C8 H .561321 .357697 -.183463 0.002 
N' H .339016 .312058 -.019776 -0.252 
N' H .364643 .240421 .136960 1.528 
CI' H .489693 .431009 .050824 0.084 
CI' H .477703 .369459 .139839 3.430 
CI' H .564130 .386143 .101486 3.703 

aMcMillan (5, pp. 74-75). 
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TDBKLe 3. Anisotropic Tenjperatarfc Jitters-. 

Alhipm mi £22 533 B12 B13 B23 

CO. .@05639 .006015 .015178 -.002931 .001110 .007736 

C3L2 ..©00429 .005382 .015500 .002245 .004305 .006650 

CI .©04152 •003473 .008814 .001690 .000558 -.001077 

€2 .©D6360 .003053 .010817 -.001989 .000407 -.000352 

C3 .003349 .005502 .013323 -.000037 .000353 .000119 

K4 .006397 .002924 .007899 .000353 -.003723 -.000314 

C5 .008869 .006102 .008240 .004368 -.001646 -.000663 

C6 .009102 .005029 .011314 .002870 .002104 -.001926 

C7 .003868 .003006 .010186 .001820 .000655 -.001435 

C8 .003794 .002743 .007629 -.000534 .000908 -.001357 

0 .006200 .003374 .012389 -.001489 -.000667 -.002154 

N* .006549 .005033 .007187 .000541 .004903 .003374 

CI' .006542 .007928 .012972 .00260 -.001003 -.001857 

aMcMillan (5, pp. 75-76). 
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Figure 3. Cmr spectrum of Nic-2 (XXII, pyridine-d̂ , 90 MHz) wxfch noise decoupling of prQtons. 
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Figure 4. Cmr spectrum of Nic-2 (XXII, pyridine-̂ , 90 MHz) with off-resonance decoupling. 
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Figure 5. Mass spectrum of Nic-2 (XXII). 



' • • ' ; • 1 ! ' I • I • ; • 'I ' ii_U I 1111. l 11 i I : ; 1 I i I ! I i 11 i I . : I I i i • • I • i " I : I ' ; I • • : • I I-
3500 3000 1500 1300 1200 1100 1000 900 800 700 

FREQUENCY (CM') 

Figure 6. Ir spectrum of Nic-2 (XXII, KBr). 
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Figure 7. Pmr spectrum of Nic-2 (XXII, CDCl̂ , 100 MHz). 
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Figure 8. Pmr spectrum of Nic-2 (XXII, pyridine-d̂ , 100 MHz). 
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Figure 9. Pmr spectrum of Nlc-2 (XXII, pyrldlne-dj, 60 MHz) with decoupling. 
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Figure 10. Pmr spectrum of Nic-2 (XXII, pyridine-d^, 60 MHz) with decoupling. 
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Figure 11. Pmr spectrum of Nic-2 (XXII, Eû odĴ -dgg* CDCl3» *00 MHz). 
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Figure 12. Pmr spectrum of Nic-2 (XXII, Eu(fod)̂ , CDCl̂ , 100 MHz), 
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Figure 13. Pmr spectrum of Nic-2 (XXII, Eû od̂ -d̂ Q, CDCl̂ , 100 MHz), 
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Figure 14. Pmr spectrum of Nic-2 (XXII, Eu(fod)j-d̂ Q, CDCl̂ , 100 MHz) with decoupling. 
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Figure 15. Pmr spectrum of lavandulol (XXX, CCl^, 60 MHz). 
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Figure 16. Pmr spectrum of lavandullc acid (XXXI, CCl^, 60 MHz). 

00 



60 4U 
•40- •30-

8.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0 

Figure 17. Pmr spectrum of cv-cyclolavandulic acid (XXXIII, CCl^, 60 MHz). 
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Figure 18. Pmr spectrum of XXXIV (CCl,, 60 MHz) 
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Figure 19. Ir spectrum of 6-lactone of 5-hydroxy-2-isopropenyl-5-methylhexanoic acid (XXXIV, neat). 
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Figure 20. Pmr spectrum of g-cyclolavandulic acid (XXXII, CCl^, 60 MHz). 
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Figure 21. Pmr spectrum of geranyl dibromide (XXXVII, neat, 60 MHz). 
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Figure 22. Pmr spectrum of p-cyclolavandulyl bromide (XXVIII, CCl^, 60 MHz). 
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Figure 23. Pmr spectrum of 3-cyclolavandulol (XXVII, CCl^, 60 MHz), 
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Figure 24. Pmr spectrum of synthetic archangelin (XXVI, CDCl^, 60 MHz). 
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Figure 25. Ir spectrum of synthetic archangelin (XXVI, KBr). 
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Figure 26. Pmr spectrum of XLII (CDCl^, 60 MHz). 
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Figure 27. Pmr spectrum of geranyl bromide (XXXVIII, neat, 60 MHz), 
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Figure 28. Pmr spectrum of geraniol (XXXVI, CCl,, 60 MHz) 
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Figure 29. Pmr spectrum of synthetic bergamottin (XXIVc, CDCl^, 60 MHz). 
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Figure 30. Ir spectrum of synthetic bergamottln (XXIVc, KBr). 
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Figure 31. Pmr spectrum of natural bergamottln (XXIVc, CDCl^, 60 MHz). 
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Figure 32. Ir spectrum of natural bergamottln (XXIVc, KBr). 
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Figure 33. Pmr spectrum of XLV (CDCl^, 60 MHz). 



Figure 34. Pmr spectrum of synthetic isobergaptene (XXVc, CDCl^, 60 MHz). 

o 
N3 



3000 2000 1500 1000 900 800 700 
CM-l 

Figure 35. Ir spectrum of sjmthetic isobergaptene (XXVc, KBr).' 
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Figure 36. Pmr spectrum of 5-geranoxy-7-methoxycoumarin (XXXIX, CDCl^, 60 MHz). 
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Figure 37. Pmr spectrum of bergaptene (XXIVb, CDCl,, 60 MHz) 
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Figure 38, Pmr spectrum of limettin (XL, CDCl^, 60 MHz). 
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Figure 39. Pmr spectrum of commercial isobergaptene (XXVc, CDCl^, 60 MHz). 
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Figure 40. Ir spectrum of commercial isobergaptene (XXVc, KBr). 
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