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ABSTRACT: Eightnon-carotenoid tetraterperds abibalsamins CJ 3i 10), were isolated

from the oleoresin of\bies balsamearl heir chemical structures were determined based on
analysis of 1D/2D NMR and MS data. The assignment of their relative configurations was
accomplikied using homonuclear coupling constants in tandem with ROESY data. However, the
presence of two stereogenic centers on a flexible side chain complicated the characterization. In
silico models and ROESW¥atawere analyzed in order &ssigrrelative configirations of the

isolated tetraterpends AbibalsamindB andHi J showedmoderatecytotoxicity against human

A549 lung carcinoma cells with gvalues ranging between 6.7 at@uM.



Firs (genusAbieg are large evergreen conifers mainly founteimperate and boreal regions of
the northern hemisphetdhe first phytochemical investigation Abiesplants was reported 75
years ago by TakahashMore than 900 secondary metabolites of diverse chemical structures
havesincebeen identifiecand somdave demonstrated potent biological and pharmacological

properties, such as antimicrobial, ainflammatory and anticancer activitie’s

The balsam fir Abies balsameé. Mill), a favorite Christmas tree in Canada, has been
traditionally used byhe Aboriginal peoples of North America asantisepti¢andfor treatment

of tuberculosis and venereal diseas&se sticky oleoresin produced by the firs has been used to
treat bruises, burns, colds, fractyrasd sores The traditional medicinal uses Af balsamea

have prompted the searfdr bioactive compounds from this tree. Phytochemical studies of
balsam fir extracts led to the identification of secondary metabolites such agmpermds®!®
sesquierpemids®® 11 13 1519 diterpemids,?®>22 and triterpenids,?> 2% as well as phenolic

compound® andionones*

In the course of implementing reseaesmedat identification of biologically active compounds
from the vegetal species thfe forests oQuebec, we have become interested in shglihe
phytochemical content of balsam fiihis investigationhasresulted in theliscoveryof cytotoxic
and antibacterial sesquitermeéts foundin its essential oif & The oleoresin was also
investigated, leading to the isolationra@w secolanostaneand cycloartangype triterpenoids
such asbiesonic acid(24E)-23-oxo0-3,4-sece9b Hanostad(28),7,24triene3,26-dioic acidand

trans-sibiric acid??



Additionally, we also isolated two necarotenoid tetraterperds featuring 3,4secoerearranged
lanostane unitfused withmasked-myrcenemoietiesfrom the oleoresin of. balsamea®
These compounds, nhamed abibalsaming)Aafd B @), were proposed to be formed via aH2]

Diels-Alder cycloaddition reaction, presaly catalyzed by a natuha occurringDiels-



Alderase. The absolutanfigurationof abibalsamin AX) was assigned by singtaystal X-ray
diffraction. In the same year, Li and-emrkers reported the isolation of two related
tetraterpenidal Diels-Alder adductsabiestetranes A and, Bom the aerial parts @. fabri, a fir
species endemic to ChikaThe authors proposed a similar biosynthptithwayfor these
compoundsomprisinga [4 + 2] cycloaddition betweeb-myrcene and neoabiestrinéF.
Importantly, abibalsamins Alj and B @),2° as well as abiestetranes A and°Bvere shown to

exhibit potent cytotoxic activity against cancer cell lines.

A continuing phytochemical investigation ok. balsamealed to the isolation of eight
tetraterpenids similar to the aforementioned 3sgécerearranged lanostanes. Having previously
isolated their possible dienophitengenersthe discovery of these tetraterpas was expected.
However, their absoluteonfigurationswere undefined dueto difficulties oldaining single
crystals suitable for Xay analysisHerein, the structural characterization of these compounds,
named abibalsamén CiJ (3i10), employing theoretical calculations, electronic circular
dichroism, and ROESY NMR techniqueme reported The cyotoxicity of the isolated

compounds against A549 and DiIDcancer cell lines is also discussed.

RESULTS AND DISCUSSION

Isolation of Abibalsamins Ci J. The oleoresin oA. balsameavas subjected to silica gel column
chromatography to remove nonpolar compounds. A series of fractionation steps, mainly
consisting of column chromatographies on silica gel, were conducted leading to a fraction
enriched with high molecular weight compoun8smipreparative HPLC purificatiopermitted

the isolation of eight3i 10) purecompounds



Structural Elucidation of Abibalsamins CiJ. Compound3 was obtained as a white amorphous
powder. Based on th@otonatednolecular ion am/z619.4351 [M + HI, and the"*C NMR
data,the molecular formula @ was determined to besgs50s. A strong infrared absorption
band at 170@m' ! corresponded to a carbonyl group. Analysis of‘fi@e(Table ), DEPT-135
and HSQC NMRJataindicated thaB possessesevenmethyls, 12 sp® methylenesfour sp®
methinesfour sp® quaternary carbonsyo sp? methylenesthreesp? methinesfive sp?
quaternary carbonand three carbonyl carbosnalysis of th&D NMR data(COSY, HSQC
and HMBC) indicated that abibalsamin 8 fvas comprised of the same &dcolanostane
skeleton as abibalsamins & @nd B @).22 Furthermorethe structural moiety comprisiraysix
membered ring and an isohexenyl group was identifiedptiadionof the latter was determined
to be at C32basedna COSY correlation between38# and H24 (Figurel). Abibalsamin C

(3) was thus considered asemiasomer of abibalsamin ALj.

The relative configuration & was established by a ROESY experiment. Firstly184 H9, and
the C-5isopropyl group wreb-oriented based dROESY correlations betweerst19/Hz-29, Hs-
19/H-28 and H-19/H-9 (Figurel). TheC-13 spiro configuration was proposed toRefrom a
ROESY correlation betweedhe preZ H-30 and H-1 since the latter waselow the ring plane
Thus Hz-18 wasb-orientedbased om ROESY correlation betweers8 andH-7. A ROESY
correlation between 24 and H-28 allowedthe placementf the cyclohexyl moietyabove the
coretricyclic system This arrangementasconfirmed by Xray diffraction cystallography of
abibalsamin AX). The relative configuration d-20 was assigned & based on the fathat

all cycloartane and lanostane triterpenoids isolated Abrasspp. until nowshowed the same
configuration?’ 22The Ju-24,+34ax (11.9 Hz) andlh-24 1aseq(5.2 Hz) coupling constants suggested

an axial orientation for ¥24 (Table2). Also, the relatively small chemical shift value 62 (lc



16.2) could be attributed to an axial methyl (Tablendeed, the NMR spectroscopic aaif
both epimers of similar structural arrangements, a cyclohexene moiety substituted with a
hydroxycarbonyl and a methyl group, were repofféd Owing to the flexibility of the lateral
chain, the configuration of the-24 and G25 stereocenters coutwbt be related to the
configurationof the core skeleton of the molecule. Therefore, abibalsant) Was
provisionally identified as 24,2[3-(4-methylpert3-enyl)but2-enel,4-diyl] -23-0x0-3,4-seco

17,13friedo-8 ( 1 4 dHe®MpH-lanosta4(28),7,14(30}riene3,26-dioic acid.

ROESY =<--= "
COSY/TOCSY — " O\

Figure 1. Key *H-'H COSY, HMBG and ROESY correlations of abibalsamin3} (



Table 1. 3C NMR Spectroscopic @&ta (100 MHz, CDClz) for Compounds3i 10 (Ui in ppm)

position 3 4 5 6 7 8 9 10

1 30.5 30.3 28.7 28.9 29.0 28.6 28.6 28.5
2 29.3 29.3 29.2 30.2 30.3 29.8 29.9 29.9
3 179.9 180.2 181.0 181.4 181.5 174.9 180.7 180.9
4 149.3 149.5 149.7 145.8 145.8 145.9 145.8 145.8
5 44.0 43.9 45.3 50.6 50.6 50.6 50.6 50.5
6 30.9 31.0 29.7 126.5 126.5 126.7 126.6 126.6
7 122.0 122.1 117.8 125.3 125.3 125.3 125.3 125.3
8 143.9 143.8 146.4 125.0 124.9 1251 125.0 125.0
9 49.3 49.2 38.6 39.5 39.5 39.6 39.4 39.5
10 36.9 36.8 36.2 37.1 37.2 37.1 37.1 37.1
11 22.7 22.7 18.5 19.8 19.8 19.8 19.7 19.8
12 31.2 31.2 33.8 32.2 32.2 32.4 32.2 32.3
13 63.5 63.5 43.7 47.4 47.4 47.4 47.4 47.4
14 161.4 161.5 51.6 146.8 146.9 146.6 146.7 146.7
15 28.0 28.0 33.9 23.9 23.9 23.9 23.9 23.9
16 36.0 36.2 28.2 35.9 35.9 35.9 35.9 35.9
17 50.3 50.3 53.3 48.7 48.7 48.7 48.9 48.8
18 18.0 18.0 21.6 16.2 16.2 16.2 16.1 16.2
19 24.7 24.6 24.1 21.9 21.9 21.9 21.9 21.9
20 34.7 34.8 32.2 32.5 32.7 33.5 34.1 33.8
21 16.3 16.2 19.8 17.0 16.9 16.5 16.6 16.6
22 45.4 45.5 49.4 45.6 45.1 44.8 45.0 44.8
23 213.1 213.0 212.1 211.7 211.5 211.6 211.8 211.7
24 51.5 51.8 50.3 50.7 50.5 51.6 52.0 51.7
25 43.4 43.0 43.2 43.0 43.3 43.0% 42.6 43.0
26 183.5 183.9 184.3 184.7 184.7 183.% 184.2 184.3
27 16.2 15.9 15.8 15.8 15.9 16.0 15.6 15.8
28 112.1 111.9 112.0 1155 1155 1154 1155 1155
29 26.3 26.5 26.0 24.8 24.8 24.8 24.8 24.8
30 106.6 106.8 27.5 22.0 22.0 21.9 21.8 21.9
31 40.3 37.5 40.5 37.8 40.7 40.5 37.6 40.5
32 135.6 118.2 135.6 118.4 135.7 135.8 118.4 135.8
33 118.3 135.6 118.3 135.7 118.3 118.1 1355 118.2
34 25.6 28.7 25.5 28.5 25.6 25.5 28.4 25.4
35 37.4 37.1 37.3 37.0 37.3 37.3 37.0 37.3
36 26.3 26.3 26.3 26.3 26.3 26.3 26.3 26.3
37 123.8 123.8 123.8 123.8 123.8 123.8 123.8 123.8
38 131.8 131.9 131.8 131.8 131.8 131.8 131.8 131.8
39 25.7 25.7 25.7 25.7 25.7 25.7 25.7 25.7
40 17.8 17.7 17.8 17.7 17.8 17.8 17.8 17.8
OMe i i i i i 516 i i

2 Deduced fronthe HMBC spectrum.



Table 2. 'H NMR Spectroscopic @ta (400 MHz CDCIs) for Compounds3i 6 (Ui in ppm, J in

Hz)
position 3 4 5 6

1 1.74m 1.73m 1.72m 1.59m
1.63m 1.64 m 1.57m

2 2.32m 2.32'm 2.30m 2.24m

5 2.07m 2.07m 2.0/’'m 2.63d (5.5)

6 2.39m 2.39m 2.26m 537m
2.14m 2.14m 1.98 m

7 5.44br s 5.45brs 5.31brs 6.23d (9.9)

9 2.09m 2.10m 2.57m 2.40m

11 1.59m 159m 1.63m 1.58 m
1.40m 141m 1.583m

12 1.78 m 1.78m 1.81m 159m
1.31m 1.64m

15 2.45m 2.45m 1.52m 2.4 m
2.35m 2.3m 1.4 m

16 1.54 m 1.53m 1.87m 1.73m

1.23m 1.47m

17 1.47m

18 0.87 s 0.89s 0.78 s 0.68 s

19 0.93s 0.92s 0.84 s 0.84 s

20 2.30m 2.3l m 2.4 m 2.39m

21 0.80d (5.2) 0.80 d(5.1) 0.84d 6.9 0.80d (6.6)

22 2.31m 2.33m 2.56m 2.72d (17.2)
2.18 m 2.17m 2.20m 2.28m

24 2.92dd (11.9,5.2) 2.98dd (11.6,5.0 3.02dd (12.0,5.4) 3.03dd (12, 5.2)

27 1.26 s 1.25s 1.25s 1.29s

28 481 s 481 s 4.88s 497 s

481s 476 s

29 1.76 s 1.76 s 1.79s 1.78 s

30 474 s 4.75s 1.03s 1.00s
4,70 s 470 s

31 2.37m 2.39m 2.36m 2.36m
1.93m 2.02m 1.93m 2.03m

32 5.37brs 5.36m

33 540 brs 541brs

34 2.35m 2.16m 239m 2.20m
1.97m 1.95m 2.2 m 1.9%5m

35 1.98m 2.01m 1.99m 2.083m

36 2.06m 2.08 m 2.06 m 2.09m

37 5.07t(6.9) 5.071(6.9) 5.071(6.9) 5.07t (6.9)

39 1.68 s 1.68 s 1.68 s 1.68 s

40 1.60s 1.60s 1.60s 1.61s
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Compound was obtained as a white amorphous powder, with its molecular formula determined
as GoHsgOs based on an HRESIM&otonatednolecular ion atwz 619.4349. The infrared
spectrum o#t showed a strong absorption band at 1@07, suggesting thpresencef a

carbonyl functionality. ThéH and*3C NMR spectra of compoundsand4 displayed significant
similarities. Indeed, a COSY correlation was observed betwegh &hd H31, indicating that

the isohexenyl sidehain wadocatedat G-33, as for abibalsamA (1) (Figure2). The ROESY
correlations ot weresimilar tothose ofl, suggesting that the relative configurations of the core
skeleton of these molecules were also the same. Furthermore, bbté-#reand H24 were

axially oriented based on the gdng pattern of H24 (dd,J = 11.6, 5.0 Hzwith H>-34 and a
ROESY correlation betweenst27 and H34ax. Nevertheless;ompoundsgt andl could not be
considered as enantiomers since they were isolated from the same HPLC run and had slightly
different NMRspectoscopic da (see Figures53i S58 andTables 31 S3, Supporting

Information). This led tothe postulaion that4 was a diastereoisomer bfan unsurprising result

if one assumes that the abibalsamins are biosynthesized via sh\Rietgeactior?® 2 Indeed,
Diels-Alder cycloadditions are weknown to produce diastereocisomeric proddéfhus,
abibalsamin D4) was identified as Z&25R-[2-(4-methylpent3-enyl)but2-enel,4-diyl]-23-

0x0-3,4-secel17,13friedo-8 ( 1 4 dHe®@phH-lanosta4(28),7,14(30)riene-3,26-dioic acid.
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ROESY «--»
COSY/TOCSY ——

Figure 2. Key *H-'H COSY, HMBG and ROESY correlations of abibalsamin4) (

The molecular formula of compouidvas deduced to besgtHsoOs from an HRESIMS
protonatednolecular ion atn/z 621.4508 [M + HJ. A carbonyl group was inferred from the
strong infrared band at 17@&1 1. Analysis of thé*C, DEPT and HSQC NMR spectra revealed
the presence aightmethyls,12 sp’ methylenesfive sp® methinesfour sp® quaternary carbons,
onesp’ methylenethreesp? methinesfour sp? quaternary carbonand three carbonyl carbons
(Tablel). Examination of the HSQC, COSY and HMBC spectr8 iofentified the same core
skeleton as (H)-3,4-sece9bH-lanostad(28),7,24triene 3,26-dioic acid®® Indeed, a double

bond could be assigned atAbased on the COSY correlatedretween H-6 and H7, as well as
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the HMBC correlation betweenzk80 and C8 (Figure3). Furthermorethe G23 structural
moiety waddentical to that of abibalsamin G)(with the isohexenyl groufpcatedat G32 based
on the COSY correlatiabetween H33 and H-34. The relativeonfigurationof 5 was
determined from a ROESY experimehtqure3). Firstly, correlationgrom the preZ H-28 to
H3-19 and H-18 suggested that alldke groups weffeoriented. ROESY correlations between
H3-18/H-9, Hs-30/H-17, and H-18/H-16b permittedthe determination of the orientation ofH
and of the €17 substituento beb. Finally, Me-30 was shown to be-orientedfrom the ROESY
correlation with H16U The scalar coupling of 434 with H-34 (dd,J = 11.9, 5.4 Hz), along
with the small chemical shift value ofZ7 (lic 15.8), led to the same conclusion as for
compounds, i.e. these two groups were axiattyiented Furthermore, B27 could be
unambiguously correlated to-8#.x via the ROESY spectrum, which further confirmed the axial
position of the methyl group. Owirtg these spectroscopic evider{@ablesl and2),
abibalsamin Eg) wastentativelyidentified as 245-[3-(4-methylpent3-enyl)but2-enel,4-

diyl] -23-0x0-3,4-sece9bH-lanostad(28), ~diene 3,26-dioic acid.
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ROESY «-->
COSY/TOCSY =
28 HMBC ——

Figure 3. Key 'H-'H COSY, HMBG and ROESY correlations of abibalsamingg (

Compoundb showeda protonatednolecular ion at/z619.4346 [M + Hj in theHRESIMS

datg indicating amolecular formulaf C40Hs¢0s. The presence of a carbonyl group could be
deduced from a strong infrared band at 1@@¥%*. The**C and DEPT NMR spectra confirmed
the presence aightmethyls,11 sp’ methylenesfour sp’ methinesfour sp® quaternary carbons,
onesp methylenefour s methinesfive spf quaternary carbonsnd three carbonyl carbons
Examination of the 2D spectra (HSQC, COSY and HMBC) indicatedthatla 3,4seco
lanostane skeleh similar to that ofrans-sibiric acid?? Conjugate olefinic bonds were assigned
at G6 and G8(14) from the COSY correlations betweerbHH-6 and H6/H-7, and from the
HMBC correlations betweenz80 and G14 and from H7 to G6, G-8, and G14 (Figured). The
C-23 structural moietyvas identical to that of abibalsamin &) (i.e. with the isohexenylinit at

C-330f a sixmembered ring.
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The stereochemical features of the tetraterpe®aidre investigated using a ROESY experiment
(Figure4). ROESYcorrelations fronthepro-Z H-28 to H9 and H-19 indicated that the
isopropylene functionality wasofacialwith H-9 and H-19. The orientation aheC-18 and C

30 methyl groups were determined to be opposite since the hydimigbe former (H-18)
correlated with H16b (iih 1.48) and those of the latter430) with H16U (Uiy 1.73). Owing to
strong overlapping, neitherskH8 nor H-30 could be related to the other stereocenters. However,
comparison of theitH and**C NMR spectroscopic data (Tabl&snd?2) with those otrans-

sibiric acid? indicated a b orientationfor Hs-18 andUfor Hs-30. Given the consistent

biosynthetic pathways towards the core skeleton of abilalsamins, the relative configuration of
compounds is presumably identical to thoséthe reported derivatives. Concerning the
cyclohexene moietythe configuratiors at G24 and C25wereshown to be the same as those of
previous compounds, as evidenced by the coupling patterRdfwith H-34 (dd,J=12.4, 5.2

Hz) and by a ROESY calation between 27 and H34ax. Consequently, abibalsamin &) (

was provisionally identified as 24,48-(4-methylpent3-enyl)but2-enel,4-diyl]-23-0x0-3,4-

sece9bH-lanosta4(28),6,8(14triene 3,26-dioic acid.
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ROESY <---=
COSY/TOCSY —

Figure 4. Key *H-'H COSY, HMBG and ROESY correlations of abibalsamingy (

A protonatednolecular ion atn/z 619.4350 [M + H] was observed ithe HRESIMS of7,
suggesting a molecular formula 0fo8s0s. The IR absorption band at 1764 ! was assigned
to a carbonyl group. From tHéC and DEPTNMR data(Tablel), eightmethyls,11 sp?
methylenesfour sp® methinesfour sp® quaternary carbonsnpesp methylenefour sp? methines,
five sp? quaternary carbonsnd three carbonyl carbowere deduced. Detailed examination of
the 2DNMR spectra (COSY, HSQC, HMBC and ROESY) implied thahared the same
skeleton as compour@] but possessed tlsame C23 substituent asompounds3 and5. The
COSY correlations between$5IH-6 and H6/H-7 along with the HMBC correlations froms30
to G-14 and from H7 to G6, G-8 and G14 permittedassigmentof the conjugated olefinic
bonds at @ and G8(14). The sam€-23 substituent a®f compound$8 and5, i.e. with the

isohexenyigroupat G-32, was determined from COSY correlastretween H33 and H-34.
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Therefore, abibalsamin G)(was provisionally identified as 24 ,23-(4-methylpent3-enyl)but

2-enel,4-diyl]-23-0x0-3,4-sece9bH-lanosta4(28),6,8(14triene 3.26-dioic acid.
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Table 3. 'H NMR Spectroscopic @ta (400 MHz, CDCIs) for Compounds7i 10 (tiin ppm, J

in Hz)
position 7 8 9 10
1 1.59m 1.59m 1.58m 1.58 m
2 2.24m 2.25m 2.27m 2.2T'm
5 2.63m 2.63d (5.6) 2.62d (%9 2.62d (%9
6 5.37dd (9.9,5.4 5.36dd (9.9,5.3) 5.36m 5.36 dd (9.9, 5.4)
7 6.23d (9.9) 6.21 d (10.0) 6.22 d(9.9) 6.21d (9.9
9 2.40m 239m 2.40m 239m
11 1.57m 1.59m 1.59 m 1.61m
1.56m
12 1.58m 1.62m 1.63 m 1.63 m
1.583m 1.56m 1.54 m
15 2.34m 2.37m 2.37m 2.37m
2.28m 2.30m 2.28m
16 1.73m 1.71m 1.71m 1.71m
1.47 m 1.47m 1.47m 1.47 m
18 0.67 s 0.67 s 0.68 s 0.67 s
19 0.84 s 0.84 m 0.85s 0.85m
20 2.38'm 2.36m 2.3'm 2.35m
21 0.79d (6.2) 0.80d (6.0) 0.81d (61) 0.80d (6.1)
22 2.66m 2.55m 2.52d (14.4) 2.52d(14.7)
2.28m 2.30m 2.28m 2.29m
24 2.99dd (12.2,5.4 3.00dd(11.9,5.4) 3.09dd (12.0,5.3) 3.01dd (11.9,5.5)
27 1.28 s 1.26s 1.21s 1.23 s
28 497 s 496 brs 4,96 br s 4,96 s
476 s 4.75brs 4,76 brs 475s
29 1.78 s 1.78 s 1.78 s 1.78 s
30 1.00 s 1.00s 1.05s 1.02 s
31 2.33m 2.3m 241 m 2.36m
1.93m 1.9 m 2.00m 1.92m
32 5.37m
33 5.42 brs 5.42 brs 5.42 brs
34 241 m 2.43 m 2.255m 2.44 m
1.99m 2.03m 2.00m 2.03m
35 1.97m 2.4 m 2.10m 1.97m
1.98 m 2.08m
36 2.06m 2.0/’'m 209m 2.06m
37 5.061(6.9) 5.07t (7.2) 5.08 t1(6.7) 5.07 t (70)
39 1.68 s 1.68 s 1.69 s 1.68 s
40 1.60s 1.61s 1.61s 1.60s
OMe 3.65s
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Compound exhibited a protonatednolecular ion atn/z 633.4516 [M + H] in HRESIMSwhich
together with it$*C NMR spectrunindicated amolecular formulaf C41HecOs. The NMR data
of 8 were similar to those of abibalsamin B, (except fotthe presence of methoxy grouptc
51.6,0n 3.65), implying thaB was a methyl ester derivative Bf This methyl ester functionality
comprise<C-3 based upon shieldedC-3 resonancéqic= 1 6 . Fablel), along with an
HMBC correlation between the methoxy protons ar8l @bibalsamin H&) was therefore
temporarily assigned as then@thyl ester of 24,28-(4-methylpent3-enyl)but2-enel1,4-diyl] -

23-0x0-3,4-sece9bH-lanosta4(28),6,8(14triene 3,26-dioic acid.

The molecular formula of compoun@i@nd10, were both ascertained to beldssOs from the
HRESIMSprotonatednolecular ions ain/z619.4349 and 619.4352 [M + HJrespectively.
Examination of their NMR spectra, including COSY, HSQC, HMBC and ROE&8¥wedthat9
was a diastereoisomer ©find thatlOwas a diastereoisomer Bfmuch likethe relationship of
compound4 with 1. Indeed, both compounds were shown to possess corjugafmic bonds at
C-6 and G8(14) based on COSY correlations betweeb/H-6 and H6/H-7 and HMBC
correlations from B30 to G14 and from H7 to G6, G-8 and G14. Also, the olefinic protonsf
the DielsAlder generated cyclohexene moistyowed COSY awelations with H-31 in the case
of compound and with B-34 in the case of compoud@. This implied that the isohexenyl
groups wereonnected tat G33 and C32 for9 and10, respectivelyFinally, H24 andthe C-27
methyl group were axiallgrientedfor both compounds, as demonstrated by the coupling pattern

of H-24 and the ROESY correlation o7 and H34ax.
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Stereochemistry of AbibalsaminsTen tetraterpesids were isolated from the oleoresinfaf
balsameaTheir structures led to tispeculation that #e compounds may be biosynthesized via
the DielsAlder addition between xmyrcene moiety (diene) and onetbé following
triterperoids (dienophile): abiesonic acid for compouddd; (24E)-23-0x0-3,4-sece9 H
lanosta4(28),7,24triene-3,26-dioic acid for compoun8; andtrans-sibiric acid for compounds
6 10. When dealing with Diet#\lder adducts, four different isomers should be consid&rado
regioisomers (isohexenyl sidain at either €2 or G33), as well as two diastereoisers
(configuration at €24/C-25 eitherSSor RR). Interestingly, the four possible isomeésT, 9,
andl10), as well as the methyl est@of compoundLO, have been isolated from the oleoresin of
A. balsamean the specific case of a Dieldder reactim with trans-sibiric acid as the
dienophile. Therefore, computational molecular modeling was performed with tetraidg@n
10. The three triterpasid precursors were all characterized to b& gieometry at €422 which

Is consistent with thienownorientation at these positions. For the molecular modeling, the
stereogenic centers in the core skeleton wwesemeds identified previously,e.

(5595105 13R,17520R) for derivatives of abiesonic acitli@), (559S510S13R,14R,17R,20R)

for thederivative of (2£&)-23-0x0-3,4-sece9b Hanostad(28),7,24triene 3,26-dioic acid ),

and (359S10R,135175 20R) for derivatives ofrans-sibiric acid 6i 10).

Importantly, theconfigurationsat both G24 and G25 could not be related to the rest of the
molecule because of the undefined positiothefG23 substituentTherefore, in order to assign
the absolute configuration of abiestetranes A and B, Li andlackers compared the
experimental electronic circular dichroism (ECD) spectra to those obtaomedjuantum
mechanical computatiorf8 The same approactias followedfor abibalsamins CJ @i 10).

Firstly, eight models (I to VIII) representing all of the possible DAdder isomers were
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generated using appropriate precursors, isohexenyl posémhsonfigurations at both the-22

and G25 stereogenic center§gble4). Since these models were conformationally flexible, a
conformational analysis was undertaken using the molecular mechanics package of Spartan. An
energy cuboff of 21 kJ mol! was chosen to investigate a large number of structlisdse S},
Supporting Informatiop Between 100 to 200 structures within an energyoffudf 41 8 kJ mol?,

were geometrically optimized using DFT at the B3LY-RA35 level. Calculation of frequencies

for all conformers confirmed that all were true minimum (no imaginary frequency) and led to
Gibbs free energies, which in turn were used to calculate the Boltzmann distribution at room
temperature for each model (Tab&5i S6, Supporting Informatiopn Corformers contributing

over 2% in proportion of the population were selected for the computation of the ECD spectra at
the B3LYP/321GG//B3LYP/321G level with the polarizable continuum model in MeOH. Each
calculated spectrum was assigned a Boltzmann wadgurding to the free energy of the

minimized conformers at 298.3¥6(Figure $3, Supporting Information Both the calculated

and measured ECD spectfthetranssibiric acid DielsAlder adducts&r 10) were significantly

similar.

An important conclusn can be drawn from these resuisicethe experimental ECD spectra of
compoundsi 10 were similar it was not possible tassigrthe relative configurations at the C
24/C-25 stereogenic centers. Nonetheless, Li andiadkers were unequivocal regardithe
determination of the absolute configuration of abiestetrar@ince they did not take into

account the other possible diastereoisomers in the calculations of their ECD spectra, as strongly
recommended by Polavarapitheir results should be consigd with caution. In addition,

Polavarapu advised the use of more than one spectroscopic method to distinguish between
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stereoisomers. Therefore, the aforementiaradulatednodels were instead used to interpret the

slight differences observed in the eximental ROESY NMR spectra of the abibalsamins.

Table 4. Characteristic of the Computational Modelsli VI

Model  dienophile isohexenyl configuration  possible

ID precursot position C-24 C-25 compounds
I A C-33 S S 6, 9
Il A C-33 R R 6, 9
1 A C-32 S S 7,8,10
v A C-32 R R 7,8, 10
\Y B C-32 S S 3
Vi B C-32 R R 3
Vi C C-32 S S 5
VIII C C-32 R R 5

@ Dienophile precusors are: A transsibiric acid; B = abiesonic acid; C = @§#23-0x0-3,4-
sece9bH-lanosta4(28),7,24triene 3,26-dioic acid.

One of the most apparent differences in the ROESY NMR spectra of compoand3 was the
correlatiors between H24 and H-21 (Figureb). Indeed, a crospeak was visible in the spectrum

of 9, while the same crogseak was barely visible for the tetraterper@idistances were then
evaluated from tha silico models and linked to these observations. Accordingly, values from all
conformers were averaged with weight from the room temperaturedance according to a
previously established equatidfBased on these anags, the methyl group#R21 was 3.81 or
4.47A apart from H24 for models | and Il, respectively. Since the intensity of the ROESY-cross
peak is correlated o , it suggestethat abibalsamin F6j could be related to model II, while
abibalsamin 19) could be linked to model I. Therefore, both compounds were proposed to be
24R,25R-[2-(4-methylpert3-enyl)but2-ene1,4-diyl] -23-0x0-3,4-sece9bH-lanosta
4(28),6,8(14triene-3,26-dioic acid 6) and 24,255 [2-(4-methylpent3-enyl)but2-enel,4

diyl]-23-0x0-3,4-sece9bH-lanosta4(28),6,8(14)triene 3,26-dioic acid Q).
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H-24

Hg-21

Figure 5. Linking of ROESY spectréor abibalsamis Fi J (6i 10) with calculatedmodelsli IV

Following thisprotocol four calculatednodels (M VIII) were also developetbr tetraterpenids

3 or 5, and with configurations defined &Sor R R at G24/C-25 (Table4). Since the ECD

spectra were shown not to be suitable for the determination of the absolute configuration of the
C-24/G-25 stereogenicenters, they were neither recorded nor calculated in this casi The

silico models Table %, Supporting Informationwere instead used to explain some important
ROESY correlations, as previously described. For comp8uadrosspeak was observed

between H24 and H-28 that was even stronger than the ciosasks observed betweer24/Hs-
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21 and H24/Hs-27 (Figure6). This correlation, observed in the ROESY NMR spectra of
abibalsamins A and BL{(2), was explained using-¥ay diffraction crystallograph$? The

weighted mean distances were calculated from thertwidico models V and VI as 2.52 and
4.47A, respectivelyModel V, with its smaller distance, was established to be a better model to
justify the strong observed correlation. Thereftine, structure oébibalsamin C3) was

proposed to b24S 255 [3-(4-methylpent3-enyl)but2-enel,4-diyl] -23-0x0-3,4-secel17,13

friedo-8 ( 1 4 ‘dHe®pH-lanostad(28),7,14(30)riene3,26-dioic acid.

Model VI Model VIII

Figure 6. Linking of ROESY spectra for abibalsarei@ (3) and E §) with calculatednodelsVi

VIiI

For compound, the diagnostic correlations were those betwe&@#iz-21 andH-24/Hs-27.

Indeed, the corresponding ROESY correlatioere observed at the same intensitplying
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that both methyls were equidistant frori2d (Figure6). Thecalculatednodel VIII showed
distances of 3.98 and 3.95 respectively, while model VBhowed a shorter distance for H
24/Hs-21 (2.61A). Thereforethe structure ofbibalsamin EX) was proposed to be R25R-[3-
(4-methylpent3-enyl)but2-enel1,4-diyl]-23-0x0-3,4-sece9bH-lanosta4(28), #diene 3,26-dioic

acid.

Are AbibalsaminsArtifacts?As previously stated, abibalsamins are likely formed via the

[4 + 2] Diels-Alder cycloaddition reaction betwe®&myrcene and dienophiles suabsabiesonic
acid, (2&)-23-o0x0-3,4-sece9b Hanosta4(28),7,24triene-3,26-dioic acid, as well asans

sibiric acid. Since the latter compounds have been isolated from the oleor&simat§amea? it

is legitimate to ask whether abibalsamins are naturally occurring compounds or réthesart
formed during the isolation proce¥s®®Several facts ot towards the aifactual character of
abibalsamins: (1) the identification wfgio- anddiastereoisomeric mixturedy2) the activated
nature of the triterpend dienophiles that could enhance the reactivity of the PAdéder

reaction?® and (3) thasolation process involving the use of silica gel, which has been shown to
be a good catalyst for Dielslder reactions wheb-myrcene is employed as the diéhén order

to provide evidence of abibalsamins being true natural products, a crude sanipbeasio was
methylated using diazomethane and analyzed bWMSCAs revealed ifrigure?, approximately

10 late eluhg peakswvere detected in the chromatogram, generating mass signals greater than
m/z600. The mass spectra associated with these sigdalsted molecular ions ah/z646.5,

which was consistent with the exact mass of the fully methylated derivatives of abibalsamins.
Therefore, the latter experiment validated the presence of abibalsamins in the oleoresin as

naturally occurring compoundsdnot as isolation artifacts. We cannot rule out, however, that
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these DielsAlder adducts would be formed situ, under the action of sdight on the oleoresin

for instance, without the need for a Didlklerase. On the other hand, the recent isolatimh

characterization of some natural Didlklerases from plants have shown that these enzymes can

indeed be involved in the biosynthesis of natural proddctd.
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Figure 7. GC-MS analyses, displaying the total ion current (A) and the extraated

chromatogranfor n/z> 600 (B) of a methylated oleoresin sample. Mass spectra for peaks at 44.9

min (C) and 54.1 min (D) are also depicted.

Biological Activity . The in vitroantiproliferative activities of abibalsaming, @, 47 10) were

evaluated against lung carcinoma (A549), colorectal adenocarcinomaXpland normal skin
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fibroblast (WS1) human cell lines using a resazurin reductiod*@se cytotoxicity results

presented iTable5 are expressed as the concentration itinigpi50% of the cell growth (1g).
Etoposide was used as a positive control witly \@lue 1.7to 2.0 uM for both cancer cell lines.

Only abibalsamins B andiH exhibitedmoderatecytotoxic activity against A549 cancer cells,

with 1Csp values ranging beteen 6.7 and 0 puM. These results suggest that abibalsarBiasd

H-J could represent a novel chemical scaffold for the development of selective drugs against lung

cancer.

Table 5. Cytotoxic Activity of Abibalsamins (1, 2, 41 10)

. . ICs0 (UM)
abibalsamis — 4 e/e— Dip-1  Wsl
AD > 10 > 10 >10
B (2) 7.2%+0.6 > 10 > 10
D (4) > 10 > 10 >10
E (®) >10 >10 >10
F (6) > 10 > 10 > 10
G () > 10 > 10 > 10
H (8) 6.7 +0.7 > 10 > 10
1 (9) 9+1 > 10 > 10
J (10 10+2 > 10 > 10

etoposidé 1.7+02 20+03 >10

b Positive control.

In conclusion, eight tetraterpensjabibalsamins € 3i 10), were isolated from\. balsamea
oleoresin and characterized by means of 2D NMR and d#€ulations Their relative
configurations were tentatively determined by a qualitative comparison of some ROESY
correlations with the measalculateddistances. Their absolutenfigurationsvereinferred from
their biosynthetic pathway, along with a comparisorhefrtexperimental ancalculatedeCD

spectra. The cytotoxic activities of these compounds were evaluated using two carcinogenic and
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one healthy cell line#bibalsamins B and Hl exhibitedmoderatebutselective activity against

A549 cancer cells.

EXPERIMENTAL SECTION

General Experimental Procedures Optical rdations were measured on an AudblV
polarimeter using a 16m cell at approximately 2%C. IR spectra were recorded on a Fourier
transform spectrometer (Perkitimer Sperctrum Onep film of the sample was deposited on a
NaCl window using a CHGlsolution. The 1D and 2D NMR spectf&l¢*H gCOSY, TOCSY,
gHSQC, gHMBC and ROESY) were recorded on a Bruker Avance 400 spectrometer
(400.13MHz for *H and 100.6MHz for 3C) equipped with a B1m quadruple nuclear probe
(QNP). All spectra were acquired in CR@hd chemical shifts were reported in ppinrélative
to TMS. For ROESY experiments, a gradienhanced pulse program was used with a
continuous lowpower pulse of 20éns as a spHock pulsewhich is equivalent to a mixing time
The carrier frequency was placed at @gn with a spectral width of 2KRHz. ECD spectra were
recorded with a Jasce815 spectrometer usingeOH solutiors. HRESIMSdatawere obtained
in the positive moden anApplied Biosystems/MDS Sciex QSTAR XL QqTOF MS system.
HPLC separations were performed on an Agilent 1100 series system with a 6.ehm25@
reversegphase column (Inertsil prePpDS, 10um of particle size) using #D:CHCN as eluents,
with H20 adjustedo pH 4 with formic acid (HPLC grade) fanprovedseparatioa
Chromatographic conditions weasfollows: isocratic elution with O pH 4:CHCN (70 95%
CHsCN) at a flow rate of 0.&L/min and a column oven temperature af@5Preparative
HPLC separatins were carried out on a 20.0 x 2B Gg column (Inertsil pregODS, 10um of

particle size). GCMS analyses were performed on an Agilent mass spectrometer 598¥¢ at 70
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coupled to an Agilent 7890C GC system with an Agilent PAL autosampler. The soha¥ats w

purchased from VWR (Ville MoRRoyal, Canada). TL@asperformed on precoated silica gel

60 F254 aluminium sheets (280m t hi ckness) supplied by Silicy:«
Silica gel 60 (neutral, 43 uM), also supplied by Silicycle, was ukéor column

chromatography. Solvent systems for TLC analyses were: a) hek#bas (3:1), b) CHG-

EtOAc (80:1 to 20:1), ¢) CH@IMeOH (40:1) developing with ¥$0s 20 % in MeOH followed

by heating at 100 °C.

SpecimenCollection. Oleoresin of balsam fijAbies balsame&. Mill.) was collected by M.

Marcel Pichette durinthe Summerof 2007 at Saguenay (Québec, Canada). One of the many
trees harvested was sampled for formal identification by M. Patrick Nadeau (Département des
Sciences Fondamentales, Unsig2 du Québec a ChicoutimA.voucherspecimen was

deposited at the Louddlarie Herbarium(Université Laval, QFA0579436).

Isolation of Compounds 3i 10. A. balsamealeoresin (50@) were directly fractionated by silica

gel columnchromatography s i ng hexanes: Et OAc (100:0 Y 93:7)
with MeOH. The fraction obtained with hexanes:EtOAc 93:7 was combined with the MeOH

fraction and the resulting solution was evaporated under reduced pressure to give a brown gum
(759). A porion of this extract (60 g) was further partionned on silicaC§eeluting with

hexanes:EtOAc 3:1 (F1, 14 g), hexanes:EtOAc 2:1 (F2, 19 g), hexanes:EtQandLfihally

washed with MeOH (F3, 21.5 g). Subfraction F2 was fractionated on silica gel colittmn w
hexanes:EtOAc (3:1), generating five subfractions iHF215. Repeated column chromatography

of subfraction F2.3 on fgreverseephase with IH0:MeOH (1:4 to 0:1) followed by purification
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employing preparative HPLC yielded compoud8.8mg),4 (4.8mg), 5(21.7mg),6 (36 mg),

7 (3.5mg),8 (6.3mQ),9 (6.3mg), and10(28.6mg).

Abibalsamin Q(3): White amorphous solid{J?>720(c0.4, CHCh) ; | R m382a5(bry)) 3
2964 (s), 1706 (s), 1378 (m), 1261 (m), 757 (m)’'cAH and*C NMR, see Table$ and2;

HRESIMSm/z 619.4351 [M + H] (calcd for GoHseOs, 619.4357¢p= 1T 1. 0 ppm) .

Abibalsamin D(4): White amorphous solid{J?%>7 2 0.2, CHC}) ; | R m3%091(by) 3
2964 (s), 1707 (s), 1644 (m), 1450 (m), 1377 (m), 1261 801 (s), 757 (s) ¢y tH and®*C
NMR, see Table& and2; HRESIMSm/z 619.4349 [M + H] (calcd for GoHs90s, 619.4357 =

T1.3 ppm).

Abibalsamin E5): White amorphous solid{J?°>7 @ (c1.1, CHC}) ; | R m3840(brpy) 3
2952 (s), 1705 (s), 1639 (m), 1376 (m), 1287 (m), 757 (5);diM and'*C NMR, see Tables

and2; HRESIMSnvVz 621.4508 [M + H] (calcd for GoHe10s, 621.4514p= 1 1. 0 pp m) .

Abibalsamin F6): White amorphous solidJ?°>7 1 3cll, GHCE) ; | R m«381L7(bryy) 3
2964 (s), 1704 (s), 1460 (m), 1375 (m), 1295 (m), 1278 (m), 757 (3) #and'*C NMR, see
Tablesl and2; HRESIMSn/z 619.4346 [M + H] (calcd for GoHs90s, 619.4357¢p= 1 1. 8

ppm).
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Abibalsamin 7): White amorphous sali [J?%7 1 4c0.4,(CHCE) ; | R m3424(brpy) 3
2964 (m), 1704 (s), 1638 (m), 1372 (w), 1293 (w) triH and'*C NMR, see Table$ and3;

HRESIMSnvVz 619.4350 [M + H] (calcd for GoHsgOs, 619.4357¢p= 1 1. 1 ppm) .

Abibalsamin H8): White amorphous solid{J?%>7 181(c1, CHCE) ; | R m&2049(s)n) 3
1708 (s), 1437 (m), 1374 (m), 1279 (m), 1192 (m), 756 (5};¢iH and*C NMR, see Table$

and3; HRESIMSnvVz 633.4516 [M + H] (calcd for GiHe10s, 633.4514p= 0.3 ppm).

Abibalsamin I(9): White amorphous solid{J? T 185c0.6, CHCE) ; | R mk3#30(bmy) 3
2965 (m), 1705 (m), 1639 (m), 1375 (w), 1293 (w), 756 (m)'ct and*C NMR, see Table$

and3; HRESIMSnvVz 619.4349 [M + H] (calcd for GoHs90s, 619.4357p= 1 1. 3 ppm) .

Abibalsamin J10): White amorphous solid{J?% T 1 6c4l, CHCE) ; | R m&2064(m))) 3
1706 (s), 1372 (w), 1292 (w), 756 (w) Em'H and'*C NMR, see Table$ and3; HRESIMS

m/z 619.4352 [M + H] (calcd for GoHs90s, 619.4357,0= 1 0. 8 ppm) .

GC-MS Analysis ofthe Oleoresin Oleoresin (50ng) was dissolved i€HCl> (1 mL) and
methylated using diazomethaf¥elhe solution was analyzed by @€S, usinga DB-5 column

(30m x 0.25mm x 0.25e¢m) and helium as the carrier gél®w 1 mL min't). The njector
temperature was maintained at 280 The injection volume was&l. in a split ratio of 10:1.

The GC temperature was kept at°@for two min and raised at a rate of XLYmin up to 325C
which was held constant for 83in. An electronic ionization of 70 eV was used for MS

detection. The data were recorded fnova 35 to 750. The temperatures at source and quadrupole

were maintained at 230 and 18D, respectively.
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Computational Data. Conformers were generated for compouddsi 7, and9i 10 using

Spartan softwaré The force field MMFF94 was used with the Moi@arlo algorithm.
Geometriesofthe 108 00 most st abl e c o n'fwene opimized uginge < 1
Gaussian 09 stfiare?’ DFT calculations were performed in the gas phase at the B3LXIF33

level of theory. Frequencies were also calculated to ensure that no imaginary value was present,
confirming that all of the structures were local minima. This also led to theah&ee energies
permittingthe room temperature equilibrium populations to be calculated according to the
Maxwell-Boltzmann distribution law. Excitation energy and rotatory strength in velocity were
calculated for 40 transition states by TDDFT at B3LY¥P1&//B3LYP/321G level in MeOH.

The ECD spectra were then simulated by overlapping gaussian functions for each transitions
according to:

3 O P —— 30YQ j
& wxprm N,

where, is the width of the band @i ‘Qheight (0.20 eV) andO and'Y are the excitation

energies and rotatory strengths for transitioespectively.

Calculateddistancegrom models were averaged such that a comparison with distances evaluated
from ROESY spectra could be achieved. For this, the followgation was usk
]
i ni
wherel is the distance measured from molec@adr is theroom temperature equilibrium

proportion.
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Resazurin Assay forCytotoxic Activity. Cytotoxicity wasevaluated against lung carcinoma
(A549), colon adenocarcinoma (DL-D) and normal skin fibroblas{WS1)using the resazurin

reduction test as pvmusly reported” Etoposide was used as a positive control
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