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Abstract The chemical background behind yellowing and pungent taste of Lactarius chrysorrheus and L
scrobiculatus has been mnvestigated The intact fruit bodies onginally contain a fatty acid ester of velutnal (1 e
compound 2b and 2a, respectively) as the only sesquiterpenoid When the fruit bodics are injured the esters are
enzymatically converted mnto sesquiterpene furans, mono- and di-aldehydes, and lactones, which have been 1solated
and their structures elucidated These compounds have been submatted to conformational analysis by molecular
mechanics and 'H NMR 1n order to make correct stereochemical assignments The pungent taste of the fruit bodies
of both species 1s due o a new dialdehyde, chrysorrhedial (9), while a new tniene-enolactone (8) 1s involved in the
change of the colour

INTRODUCTION

The mushrooms belonging to the genus Lactarius (family Russulaceae, Basidiomycotina) contain a
mulky-juice which can be observed when the frutt-bodies are cut or broken The colour and taste of this latex,
as well as those of the flesh, can be different from species to species, a fact of great taxonomuical relevance !
The chemical background for such impressive diversities have been subjected to several investigations m the
last two decades 23 It 1s now possible to give a general picture of the biochemical origin and fate of many
sesquiterpenes and other secondary metabolites found in these mushrooms. A single compound, which can be
specific for each species, for example the gumane sesquiterpenoid 1 1 L deliciosus Fr ,* velutinal ester 2a n
L vellereus,’5 phenol stearate 3 n L fuliginosus Fr,” 1s onginally present n intact fruit-bodies and can be
1solated when mushrooms are worked up in carefully controlled conditions
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2a R = CO(CHz)16CH3
1 2b R = CO{CHp)4CO(CHy)11CH3 3

*+ Communication N 29 of the series "Fungal metabolites” For part 28 see reference 7
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These compounds are probably stored as fatty acid esters 1n the lipid layers of the cell membranes. In this
way they are protected against the action of lipases and other enzymes” which would promote the cascade of
chemcal transformations of the oniginal molecules when the mushrooms cells are disrupted A few mushroom
enzymes dasplay their activity very rapidly (from a few seconds to munutes), others probably remain active n
mjured samples for long periods of ume and even mn contact with orgamic solvents 7 This can explain the
apparent discrepancies mn the results reported from different laboratonies, where different extraction and
1solation processes were followed For example, some sesquiterpene furans and lactones (e.g. 7 and §),
1solated in the past from Lactarius froit bodies?? and lately regarded with some skepticism as true
metabolites,? have again been reconsidered as enzymatically formed.10:1!

In this context we examined the secondary metabolites of intact and injured fruit bodies of L
chrysorrheus Fr. and L scrobiculatus (Scop ex Fr) Fr. They belong to a relatively small group of medible
Lactarws species that have a latex and flesh which, as soon as the fruit bodies are broken, are white and
tasteless, but turn yellow and bitter-acnd after a while.!? The ume for observing these vanatons of colour and
taste depends on several factors, mamly on the species and the age and state of the frmt bodies For example,
n young, fresh samples of L. scrobiculatus the changes occur almost immediately while they take 1-5 munutes
mn L chrysorrheus 13 In old specimens yellowing and pungency are much less marked Moreover, the colour
fades considerably while the latex drops dry up on the surface of injured specimens Nothing 1s known about
the nature of the molecules involved 1n these transformations

We 1solated n the past a great number of lactarane, secolactarane and norlactarane sesquiterpenes from
L scrobiculatus,1*18 however the labile acrid and coloured compounds escaped our investigations In this
paper we report our findings on the sesquiterpenes of L chrysorrheus, a common mushroom of many Itahan
forests, and then extend our results to L scrobiculatus

RESULTS AND DISCUSSION

In order to compare our results with those reported for similar studies on other Lactarius species, -1
we adapted the procedure already followed for L vellereus 9 Only young specumens of L chrysorrheus that
appeared undamaged by parasites were collected To simulate mjury, the mushrooms were minced without the
addition of solvent and extracted with hexane at room temperature A complete senies of extractions was made
at dufferent times after injury and the extracts were analysed by TLC and UV spectroscopy In addition, at the
same times, few drops of the milky-juice were collected with a capillary tube, suspended in CH,Cl; and rapidly
analyzed by TLC Ths chemical analysis was performed while simultaneously tasting the mushroom's flesh and
latex

Only a single compound, the hpophilic velutinal lactarinic acid ester (2b)S was found 1 a specimen of
tasteless and colourless latex immedhately collected after breakage of the fruit bodies 1 The compound was
identical with an authentic sample Surpnsingly, neither stearoylvelutinal (2a)¢ nor other velutinal fatty acid
esters?0 could be detected About 5-10 mun after injury the taste became extremely acrid and pungent, while
the latex turned a nice brilliant yellow colour At the same ttme a hexane extract showed an mntense absorption
at 360 nm, well estending over the visible region TLC analysis revealed no sigmficant amount of ester 2b,
mstead the major components were found to be a non polar yellow compound and other colourless spots
detectable only after spraying with vamllin-H,SO, solution 7 We identfied lactaroscrobiculide A (4),!5:17
blennin C (5),'52! lactardial (6),'%!122 furanol 7° (identified by their spectral data and comparison with
authentic samples) and three new lactarane sequiterpenes chysorrhelactone (8), chrysorrhedial (9) and
chrysorrheal (10) 22 The thermal and photochemical lablity of the last three compounds required them to be
handled in the dark and their spectral data recorded as soon as possible after chromatographic separation
Triene 8 resulted particularly unstable as a neat hqud and had to be always kept in a solution of aprotic
solvent, however, even 1n a benzene solution at -22 °C 1n the dark, i1t decomposes within a few days to a white
1nsoluble matenal
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The structures 8-10 were assigned mainly on the basis of 'H and 13C NMR measurements, including
NOE and selecive decoupling expermments and two-dimensional techmques (homo- and hetero-nuclear
COSY)

A companson of the NMR data of 9 and 10 with those of 4 (Tables 1 and 2) suggested that the three
compounds are very similar and proved the existence of the following molecular fragments 1n all three a 4,4-
dimethylcyclopentene ning, a pentasubstituted diene system containing the only olefinic proton (at 3 6 81 n 9
and at § 6 61 n 10) in P position to a C=0 group, one -CH(CH,;)CH,CH- fragment attached to an olefimc
quaternary carbon. By using these fragments we established the lactarane skeleton for both 9 and 10 The mass
spectrum of 9 displayed a molecular peak at m/z 232 which, along with the NMR data, 1s consistent with the
formula CysH20; In the IR spectrum strong bands at 1717, 1670 and 1588 cm! indicated different kinds of
carbonyl functuons, which were 1dentfied as two formyl groups by the characteristic signals in the 'H (Table 1
and Fag. 1) and 3C NMR spectra Therefore, dialdehyde 9 must have one CHO group attached to C-6 and the
other linked to C-7 UV absorption at 313 nm fully supported the dienal system.

The mass spectrum of 10 showed a molecular peak at m/z 234, two units more than 9, while IR, UV and
NMR spectra confirmed the presence of the dienal funcuon In addition, COSY cross peaks and decoupling
experiments proved the existence of a CH,OH group attached to the allyhc methine carbon C-6 Thus,
compound 10 1s the 5-H derivative of 9

Although we expected that 1,4-dialdehyde 9 and y-hydroxyaldehyde 10 could be in equilibrium with the
corresponding hermacetal forms (16 and 17, respectively) no significant amount of a cychc product 1s observed
in the NMR spectra However, cat p-TsOH in EtOH completely converted compound 10 into O-ethyl acetals
18, confirmung the relative position of the OH and CHO groups 1n 10 Furthermore, the 'H NMR spectrum of
9 shows small signals at 8 9 62 (d, J 1 2 Hz) and 9 41 (s), which were attributed to the C-6 epimenc aldehyde
6-epi-chrysorrhedial (ca 12%)
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Fig 1- 'H NMR spectra of chrysorrhelactone (8) and chrysorrhedial (9)
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Table 1 'H NMR Spectral Data for Compounds 4,°* 8,%+ 9,°* 10,5+ and 11°* (8y values m ppm from TMS)

Proton 4 8 9 10 11 J(Hz) 4 8 9 10 11
H-1 2224 z 225db 2254 2074 L1 172 w  175° w 165
H-1' 2564 z 246drc 256dc 238 10,10" 152 u 1450 v 140
H3 262m 215mf 263m 258m 238 404 135 149 142 140 140
H-40. 167ddd 180dd 235ddd 207ddd 195ddd 4B,6 30 - 30 20 18
H4B 178dt 210mr 159ddd 149ddd 162ddd 48,3 30 « 105 115 117
H-5 456t 618bs 950s 356m 367dd 40,6 115 - 65 60 65
H-5' 381t - - 356m 373dd 40,3 36 51 45 43 50
H6 331m - 398dd 329tdd 268dddd 5,5’ 88 - - v 100
H8 68d 680bs 68ls 661s 576s 5,6 88 - 0 72 52
H-10 236d* z 237ds> 231d% 2154 5.6 88 - - 72 87
H-10" 245d* z 2534 2494~ 238" 6,8 32 - - - -
H-12 114d 069d 112d 110d 1024 3,12 70 70 70 70 70
H-13 - - 940s 930s 403 bd 13,1% - - - - 120
H-13' - - - 412d

H-14 107sb 086s® 1045 104sc 101s
H-15 108st 091s® 111se 111s 107s

©300 MHz, §250 MHz, * CDCly solution, * C¢Dg solution,

a each Imne further sphitted by long range couplings, P ¢ assignments i the same vertical column may be mnterchanged,
9 undetermined, ® overlapping signals, Z overlapping ABq at ca 205

Table 2 13C NMR Spectral Data* for Compounds 4,°+ 8,°* 9,5+ and 10 °*

Carbon 4 8 9 10
C1 542 (2 546 (2)* 533Q2p 53321
C2 154 2 (0) 156 7 (0) 1573 (0) 1557 (®)
C3 348() 337() 340(1) 331 (D)
C4 325@2) 294 (2) 3212 3412
C5 705 (2) 1408 (1) 1999 (1) 626 (2)
C-6 356Q1) 1191 (0) 475Q1) 374(1)
C7 128 9 (O)® 1303 (0) 137.8 (0) 1433 (0)
C8 1315Q1) 1322(1) 1478 (1) 1459 (1)
c9 128 5 (0)® 126 8 (0) 1292 (0) 1291 (0)
C-10 52621 516 (2» 5242 528Q2n
C-11 369 (0) 370(0) 365 (0) 36 3(0)
C-12 217(3) 164 (3) 196 (3) 154 (3)
C-13 1721 (0) 168 8 (0) 1926 (1) 1935 ()
C-14 291Q3) 290 (3 290 (3)® 2923
C-15 29103 291 3P 288 (3¢ 289 (3®

# The number (in parentheses) of protons attached to each carbon was determined by DEPT experiments, © 62.5 MHz, § 75 5§ MHz,
+CDCly solution, 5 values 1 ppm relauve to CDCl; at 770, * CgDg solution, 5, values in ppm relative to CgDg at 128 0,
2.b assignments 1n the same vertical column may be interchanged.
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Compound 4, 9 and 10 have the same absolute configuration, as shown mn the formulae Irradiation of
H-6 mn lactone 4 gave a NOE effect at H;-12 (1.5%) and H-5 (5.6%) and wrradiation of Hj-12 gave NOE
effects at H-6 (8%) and H-1B (5.5%). Thus, H-6 and CH;-C(3) are cis positioned on the cycloheptadiene ring
The same relanonship between these hydrogens 1s mantamned n compounds 9 and 10, notwithstanding the
different molecular conformatons (vide infra). In fact, hydnde reduction of 4, 9 and 10 afforded the same diol
11 wath identical optical rotation. A CD measurement of 11 gave a positive Cotton effect (Ae +1.12) for the
n—x"* transition of the diene system. According to the diene helicity rule# this indicates a posiuve skewness of
the chromophore mn 11 and allowed to establish the absolute configuration of the ciol (and indirectly of 4, 9,
10) by wnspecung Dreiding models of the preferred conformation 11A (Fig. 2), established by molecular
mechanics.

The mass spectrum of compound 8 showed a strong molecular peak at m/z 230 whach is consistent with
the molecular formula C, H,40, The latter was confirmed by hydrogens and carbon counting from the NMR
spectra IR bands at 1760 (s), 1675 (m), 1615 (m) and 1565 indicated the presence of an unsaturated y-lactone
and conjugated double bonds, identified by NMR signals as one tetrasubstituted and two trisubsttuted olefins
Companson of the NMR data of 8 with those of 4 (Tables 1 and 2) proved that the former contains a further
unsaturation 1 the furanone nng, while the remaining part of the two molecules are i1dentical. The strong
absorpuon of sesquiterpene 8 at 3704 nm was that expected for the cross-conjugated dienone-triene
chromophore and 1s responsible for the yellow colour and photolability of this compound Although only
biosynthetic reasons (vide infra) support the absolute stereochemustry of the C-3 stereocenter, this should be
the same as n sesquiterpenes 4, 9 and 10

The constant finding of furanol (7), blenmn C (5) and lactardial (6) n different batches of L
chrysorrheus confirmed that they are true metabolites of this mushroom and are formed enzymatically.

Investigation on L scrobiculatus was camed out by the same procedure followed with L chrysorrheus,
but 1n this case fruit bodies had to be extracted ca one munute after the mnjury, as yellowing 1s much more
rapid. We confirmed earher findings?? that intact fruit bodies contam only stearoyl veluunal (2a), accompanied
by traces of other unsaturated fatty acid esters of velutinal. From the extracts of mjured mushrooms we
1solated, in addition to compounds 4-6, 8-10,22 small amounts of furanodiene 12 This has already been
obtained by synthesis, 2225 but has never been described before as a natural product. Although furanolactarane
sesquiterpenes must always be considered with some caution as true metabohites of Lactarius mushrooms,?? it
1s hikely that, like furanol (7) and secolactaranes § and 6, diene 12 1s formed directly from the velutinal esters
by a secondary route (vide infra)

Besides 12, the presence of other furanoid sesquiterpenes in L scrobiculatus must be regarded as highly
uncertain, even if traces [for example of furanol (7)] could have escaped our present investigation This
contrasts dramatically with the large amounts of furans isolated from previous extracts of the same
mushroom.!15:!17 Therefore, incorrect extrachon and isolation methods possibly caused the "unnatural”
formation of these compounds

Epoxide 13, 1solated in the past from L scrobiculatus,* was not found dunng this investigation, even in
extracts made one hour after injury Therefore, because of the easy oxidizabihty mn air of lactone 4 to
compound 13, the latter 1s strongly suspected of being an artefact Interestingly, MCPBA oxidation of 4 to 13
1s completely diastereoselective
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Conformational Analysis of Lactarane Sesquiterpenes 4, 9-11, 13

A number of stereochemcal problems associated with sesquiterpenes 4, 9-11, and 13 required a careful
conformational analysis of these compounds. In fact, the presence of a cycloheptadiene ring confers them a
certain degree of conformational flexibiity which cannot be quantitatively evaluated by simple mnspection of
Dreiding models. Therefore, in order to make correct stereochemical assignments, we related the observed 'H
NMR data with the results of molecular modeling performed using the MM2 program.26

To confirm the relative configuration of lactaroscobiculide A (4), inferred by the NOE experniments (see
above), the conformational space of the stereostructure 4 and of its diastereoisomer 14 was explored. Besides
a certain degree of conformational mobibility due to the cycloheptadiene nng (nng B), the cyclopentene ning
(nng A) itroduces additional flexibility himited, however, only to the interconversion of the 'E and E;; forms
due to the sp? hybnidization of the carbon atoms at the ning fusion On the contrary, the lactone nng (ning C)
does not deserve special attention, as 1ts conformation 1s dictated by the conformation of the adjacent nng B

The conformational search of compounds 4 and 14 made large use of the single and double dnver option
of the MM2 program extensively applied to the torsional angles of nng B After location of all the conformers
denving from the puckerning of this nng, single dnving of a proper torsional angle inside the cyclopentene nng
mverted 1ts envelope conformation and doubled the number of the local mumma. Table 3 reports the relative
energies, the equilibrium percentages and selected torsional angles of the conformers of 4 and 14 found n a
range of 5 kcal/mol above the global mummum Only conformers 4A,B and 14A,B contnbute to the overall
populations, all the other conformers are high energy practically unpopulated local mmuma. It 1s worthy
pointing out that the four populated conformers present the same geometry 1n the rings B and C as can be seen
by the values almost identical of the torsional angles descnbing the geometries; each A,B couple of
conformers differ in the conformation of rng A as can be seen by the opposite value of the torsional
angle (C-1-C-11-C-10-C-9)

Table 3 Relatve Energies (kcal/mol), Equihbnum Percentages and Selected Torsional Angles (degrees) for the
Conformers of Lactaroscrobiculide A (4), its Epimer 14, and the Epoxides 13 and 15

Conf E,_ %  C-2-C9-C-8-C-7 C-2-C-3C-4-C-6 C-3-C-4-C-6-C-7 C-1-C-11-C-10-C9
aA 000 532 -5 66 -75 -28
4B 008 468 -6 66 74 27
4ac 453 <01 40 -36 -39 -27

14A 000 801 -10 62 -79 -28

14B 083 198 -8 67 -77 26

14C 424 <01 -39 21 -50 27

14D 478 <01 -29 -68 19 26

14E 481 <01 40 -18 -52 24

13A 000* 778 13 60 19 24

138 102 139 -10 59 -80 33

13C 166 47 45 46 -25 -25

13D 190 31 -39 63 | 0 225

13E 335 03 49 47 -26 35

13F 377 01 43 -64 2 35

15A 000 982 48 40 -39 2%

15B 253 14 -5 68 -73 24

15C 341 03 -6 69 72 -31

15D 405 01 -39 -69 6 -26

2 2 70 kcal/mol relanve to 15A
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Table 4 Calculated !H NMR Vicmal Coupling Constants J (Hz) of Compounds 4, 9-11, 13-15

Compound 48,3 40,3 48,6 40,6 5.6 5.6
4 35 27 17 119 87 98
14 27 123 14 115 91 92
13+ 32 39 20 111 86 93
15 113 57 68 107 36 89
9 11 45 14 68
10 120 34 13 63
n 120 43 12 65

* Observed vicinal coupling constants of compound 13 14 48,3 50, 40,3 30; 4,6 35, 40,6 115, 5,6 85, 56 90

The 'H NMR vicinal couphing constants for the hydrogen atoms at C-3, C-4, C-6, and C-5 were then
calculated?’ for each diastereoisomeric lactone as weighted averages of the values of each conformer and are
reported mn Table 4. The close agreement of the experimental data (Table 1) with the values calculated for 4
ensures that the tricychic lactone has the relative configuration indicated by the formula 4. Faig 2 reports the
three-dimensional plots of conformers 4A and 4B; 1t can be easily seen that H-6 1s close to H3-12 [the distance
between H-6 and C-1215 2.72 A (273 A) m 4A (4B)] as was suggested by NOE experiments.

The choice between configuratons 13 and 15 for the 2,9-epoxide of lactaroscrobiculide A (4),!* was
made 1n a similar way. Owing to the strict sulanty of 13,15 to 4,14 the strategy for the conformational search
was the same as above described for the latter compounds. an extensive conformational search m nng B
followed by envelope mversions of ing A The conformational behavior of 13 was shown to be quite different
from the behavior of 15, so ensunng the possibility to disunguish them by spectroscopy While the most
populated conformations 13A,B of epoxide 13 (which account for about 92% of the overall population) have a
geometry of ning B closely resembling that of 4A,B, the global mmmmum 15A of epoxide 15 (which accounts
for 98% of the overall population) was found completely different from them (see Table 3 and Fig 2) Very
different patterns of 'H NMR vicinal coupling constants could, therefore, be calculated for 13 and 1S (Table
4), only the data of 13 well fit the experimental data ensuring that structure 13 correctly describes the product
of oxidation of 4 It 1s worthy pointing out that, as the energy of conformer 15A 1s calculated 2.70 kcal/mol
lower than that of 13A, the epoxidation process 1s confirmed to be under kinetic control Quite surprisingly,
the apparently more hindered face of the C-2-C-9 double bond 1s shown more easily accessible by the
oxidizing agent.

The three bicychc compounds 9, 10, and 11 will be discussed together as their conformational behavior
1s very similar In these cases the flexibility of rings A and B 1s expected to be higher than 1n the previously
studied compounds due to the absence of nng C, moreover, hydroxymethyl and formyl groups produce other
conformational freedom owing to rotation around single bonds Therefore, the strategy of conformational
search applied above for 4,13-15 was completed by a full analysis of the rotamers deniving, in the case of the
hydroxymethyl groups, from the rotation of the oxygen atom around the (O—)C—C bond and the rotation of
the hydrogen atom around the (H—)O—-C bond (33 rotamers), analogously, when formyl groups are present,
rotation around the (O=)C—C bond has to be considered giving nise to two rotamers when the formyl group 1s
linked to the C-7 sp? carbon atom or to three rotamers when 1t 1s hinked to the C-6 sp? carbon atom

Each conformer of diol 11 presents, therefore, a cluster of 81 (3x3x3x3) conformations denving from
cifferent orientations of the two hydroxymethyl groups, this figure becomes 18 (3x3x2) for hydroxyaldehyde
10 and 6 (3x2) for dialdehyde 9. The encrgy of all the conformers 1n each cluster have been calculated,
however, as rotation of the side groups does not significantly affect the geometry of the nng moieties, only the
conformers with the lowest energy 1n each cluster have been reported 1n Table 5
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Fig 2 Three-dimensional plots of the most populated conformations of compounds 4, 9-11, 13-15
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Due to the absence of nng C 1n 9-11 the flexibility of ning B was found higher than n 4,13-15, several
local mimima were located 1n a range of 5 kcal/mol above the global mmimum. However, the global mmimum,
and the related second mmmum (which differs from 1t only in the conformation of nng A) account for a very
high percentage of the overall population. 87%, 96%, and 98% for 9, 10, and 11, respectively. The geometry
of the global mmma (Fig. 2) 1s completely different from that in 4 and 13, in fact, the onentation of the 3-
methyl group 1s, n 9-11, pseudo-equatorial, i contrast to the pseudo-axial onientation found in 4 and 13 The
weighted averages of the vicinal couphing constants well fit the expenimental data ensuning the calculated
conformations be a good representation of the solution conformations, moreover, the NOE observed 1n 11 on
wrracdiation of H-6, 1.e the enhancements of H-5 (3 5%) and H-13 (2 6%), are explained by the calculated ¢
averaged distances H-6-H-5 (2 62 A) and H-6-H-13 (2.55 A).

Analysis of the preferred onentations of the formyl groups in dialdehyde 9 showed a marked preference
(by about 3 kcal/mol) of the 7-formyl group for an orientation of the carbonyl oxygen anti to C-8. Though
rotation around the C-5—-C-6 bond 1s easier than around the bond C-7-C-13, the two onentations showing
H~C-6~-C-5-H angles of 108° and -113° were preferred by about 1 kcal/mol over the third one showing a

Table S Relanve Energies (kcal/mol), Equihibrium Percentages and Selected Torsional Angles (degrees) for the
Conformers of Chrysorrhedial (9), Chrysorrheal (10), and Chrysorrhediol (11)

Conf  Eg % C2-C9-C8CT C2-C3-C4-C6 C3-C4C6CT C1-C11-CI0-CY CS5-C6-CI-C13
9A 000 734 21 -51 87 30 -105
9B 099 138 29 -0 84 -26 -107
9C 174 39 14 81 -61 26 47
9D 175 38 15 80 -60 27 48
9E 228 16 39 18 55 24 -118
9F 251 11 23 54 -90 27 7
9 251 11 -16 59 -88 -28 -1
9H 270 08 42 20 54 .25 -119
91 299 05 43 -36 45 27 2
9J 378 01 45 37 43 2 23

10A 000 810 16 -56 83 29 95

10B 102 145 16 -58 83 27 95

10C 216 21 20 81 -50 27 -56

10D 225 18 21 81 -51 -26 -57

10E 355 02 24 52 -92 27 9

10F 365 02 -20 57 -92 -28 4

10G 391 01 43 -36 45 27 20

10H 438 <01 38 33 39 24 -108

101 4712 <01 45 37 43 2 21

10J 479 <01 40 30 43 -25 -113

11A 000 814 21 -51 85 29 -107

11B 095 164 25 49 85 -26 -109

11C 269 09 16 82 -57 26 -51

11D 277 08 15 80 -60 27 49

11E 363 02 38 31 41 23 -115

11F 373 01 -10 66 -84 28 -17

11G 381 01 -15 62 -87 27 -12

11H 404 01 41 29 43 -23 -115

111 431 <01 -43 -37 -44 -27 24
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value of 6° for the same torsional angle. On these basis the absence of a detectable coupling between H-5 and
H-6 1n the 'H NMR spectrum can be explained by the almost perpendicular orientation of the two C—H bonds
The 'H NMR spectrum of chrysorrheal (10) did not indicate the presence of any detectable amount of
hemacetalic tricyclic form (17). Inspection of conformer 10A shows a somewhat divergent onentation of the
C-5-C-6 and C-7—C-13 bonds (the torsional angle C-5-C-6—C-7-C-13 1s -95°), ring closure to hemiacetal
would require a severe conformational rearrangement at a high energenic cost; this fact, added to the cost for
the loss of the resonance energy deniving from the conjugation of the carbonyl group to the C-7-C-8 double
bond, makes wnprobable the cyclization to 17 Moreover, the pseudo-axial onentation of the C-5~C-6 bond i
10 and 11 1s confirmed by the proximity of Hp-5 to H-3 (see conformers 10A and 11A m Fig 2) as
demonstrated by the NOE enhancements of H,-5 on wrradiation of H-3 1n 10 (2.3%) and 11 (2 4%)

Biological Significance of Sesquiterpenes 4, 6, 8-10

The formation of triene lactone 8 15 involved in the yellowing of the latex and flesh of L scrobiculatus
and L chrysorrheus shortly after an injury of the fruit bodies Chrysorrhedial (9) 1s extremely pungent and,
along with lactardial (6),!9 appears to be responsible for the pungency of these mushrooms
Lactaroscrobiculide A (4) and chrysorrheal (10) are batter and shghtly astringent, but not acnid. Despate these
similanties, the compounds are formed by specific enzymatic processes from two different velutinal precursors
2a in L scrobiculatus and 2b in L chrysorreheus Moreover, with respect to triene 8, the relative amount of
dialdehyde 9 1s higher in the former than mn the latter species, while lactone 4 1s more abundant m L
chrysorrheus This confirms earher findings®!! that the pattern of sesquiterpenes produced by each Lactarius
species differs from one species to another and can be a chemotaxonomical marker Unfortunately, a complete
quantitative analysis of the sesquiterpenes of L chrysorrheus and L scrobiculatus as a function of time
between grninding and extraction, simular to that made for L vellereus® was impossible to perform. The rapidity
of the 1mtial enzymatic reactions n mjured mushroom tissues and the mnstabihity of many compounds made 1t
difficult to study the kinetics of their formation and to 1solate possible intermediates. However, at least in L
chrysorrheus where changes occur less rapidly, compounds 8, 9 and 10 appear i the extracts almost
simultaneously (within 80-90 sec from the mjury), while lactone 4 seems to be formed shightly later Along
with small amounts of 5, 6 and 10 the latter becomes the main compound in the (colourless) extracts made ca
1/2 h after gnnding By this tme the pungent dialdehyde 9 and the yellow trienelactone 8 have practically
disappeared Together with these chemucal changes, the peppery taste of the mushroom turns bitter and the
yellow colour fades away considerably. Compared with L chrysorrheus, disappearance of lactone 8 1s faster in
L scrobiculatus, while lactaroscrobiculide A (4) increases less rapidly

When the fruit bodies of L scrobiculatus were cut n the dark and under an mert (N>) atmosphere,
yellowing of the flesh and latex occurred as promptly as in the arr. This experment demonstrates that
atmospheric free oxygen 1s not directly involved, but specific enzymes 1n the mushrooms promote the
oxidation of substrates 2a-b to compound 8

In several aspects the chemical behaviour of L scrobiculatus and L chrysorrheus 1s simlar to that of
other pungent Russulaceae species with permanent white latex.>11.20 In fact, in injured tissues of these
mushrooms hot tasting sesquiterpenoid unsaturated cialdehydes [e g 1sovelleral (19), velleral (20), piperdial
(21) and epi-piperdial (22)] are rapidly formed by specific enzymatic routes from fatty acid esters of velutinal
(2a-b) These potent antmicrobial compounds are then reduced to the corresponding less active and non
pungent 13-hydroxyaldehydes (e g 1sovellerol, vellerol, piperalol and epi-piperalol). It has been suggested that
all together these sesquiterpenes constitute a chermical defense system against parasites and predators 928 It 1s
hikely that in L chrysorrheus and L scrobiculatus chrysorrhedial (9) and, in minor extent, lactardial (6) act as
the deterrent compounds, like the other unsaturated dialdehydes 19-22, while blenmn C (5) and
lactaroscrobiculide (4), more than chrysorrheal (10), seem to be the harmless end products. Interestingly, the
deterrent activity decreases mn "whate juice” Lactarius species by reduction of the C-13 carbonyl, instead mn
“yellow juice” species by reduction of the C-5 formyl group. Lactone 4 can be formed either by oxidation of
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C-13 1 chrysorrheal (10) or by a Canmzzaro-type reaction mn dialdehyde 9, as the conversion 6 —» § C-13
oxidation of compound 9 leads directly to chrysorrhelactone (8). The rapid formation of a large amount of
lactones 4 and 8 shortly after an imury to the fruit bodies indicates that Lactarius species secreting a yellowing
latex are endowed with an array of oxidizing enzymes much more efficient than species with permanent white
latex In the latter mushrooms, indeed, the routes leading to sesquiterpene lactones are still debated.!!

Lactaroscrobiculide A (4) shows no antibacterial activity, while both chrysorrhedial (9) and chrysorrheal
(10) are active against Bacillus subnhs and Staphylococcus aureus (Kuby-Bauer test). Citotoxicity was tested
by bioessaying on Artenua salina (brnine shnmp essay) 2° The LDsq (pg/mL) values (95% confidence) found for
4,9, and 10 were 12.9 (8 4-19.6), 157 (9 6-257), and 43 6 (24 3-76 8), respectvely The mstability of
chrysorrhelactone 8 made these biological activity tests unrehable, thus its role m mushrooms remains
unknown

Biosynthetic Routes to Sesquiterpenes 4-10, 12, 19-22

The enzymanc mechamsm of velutinal ester conversion mn injured Lactarius fruit bodies are poorly
studied However, the co-occurrence of sesquiterpenes with related structures in the same mushroom has
suggested possible biosynthetic routes. !8303! The finding of specific metabolites patterns indicates that parallel
enzymatic pathways must have evolved 1 each species with small modificattons of the individual enzymes
pool Stereochemmcal details of 1solated sesquiterpenes are obviously important mn searching for possible
biosynthetic intermediates The absolute configuration indicated m the formulae 2a-b, 4-13, 19-22 were
established by CD studies (this paper and ref. 32), enantioselective synthesis of 1sovelleral (19)33 and chemuca)
correlanons 282225 It 1s well established that lactarane and secolactarane sesquiterpenes can have either
absolute configuration at C-3 (compare 9 with 20) As the C-3 stereocenter 1s a quaternary carbon m velutinal
esters 2a-b, this would depend on which side stereospecific H addinon to C-3 occurs Therefore the
stereochemustry at this center m each compound, compared to that of other stereocenters n the same
molecule, may reveal important clues for the conversion of the marasmane bicyclo{4 1 O]heptane moiety 1nto
the lactarane seven membered nng and may suggest further key intermediates

In Scheme 1 we propose a comprehensive picture of the possible pathways leading to sesquiterpenes
4-10, 12, and the pungent related dialdehydes 1sovelleral (19), velleral (2