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INTRODUCTION 

The first trlchothecene, tnchothecln was isolated in 1948 by Freeman and Morrison' At 

that time, the sophisticated spectroscoprc techniques used today for the characterization of 

compounds were not available This IS especially true of nuclear magnetic resonance spectroscopy 

(NMR), which only became a commercial reality in the late 1950s The data produced at 60 and 

later 100 MHz for proton ('H) resonance were limited, comprising mainly of chemical shifts and 

some coupling constants With the advent in the 1970s of Fourier Transform NMR and 

superconducting magnets, which enable fields of up to 600 MHz to be achieved, NMR is now the 

principal technique employed forthedeterminatlon of the structureoftnchothecenes, including 

their stereochemistry and conformation 

During the past two decades, the tnchothecenes have emerged as importantmycotoxins due 

to their toxic effects on animals and humans Further interest was stimulated in part, by the 

heavy contamination of cereal crops In North America with 4-deoxynlvalenol in the 1980s and the 

resulting health hazard' 

The trlchothecenes are mevalonate-derived sesquiterpenes, which have in common atncyclic 

nng system. They differ in the degree of oxidation at the ring carbon atoms, C-3, C-4, C-7, 

C-8 and C-15 and the extent and type of esterlflcation of the hydroxyl moletles. Including the 

acylated derrvatlves, there are over 90 compounds in this class In additlon,there are a growing 

number of trichothecene-related compounds which are derived from the common intermediate 

trlchodlene, e g. sambuclnol, sambucoln and several apotnchothecene denvatlves The structures 

of these compounds are shown in Figure 1 

NMR spectral assignments of proton chemical shifts and coupling constants in the older 

literature were based on single frequency off-resonance proton decoupling. This technique 

together with spin-lattice relaxatlontimemeasurements and biosynthetic enrichment studies were 

used to assign the spectra of trichodermin', trichodermol', and trichothecin' The newer 

techniques for establishing carbon resonance assignments include Distortionless Enhanced 

Polanzation Transfer (DEPT) and 'H/13C heteronuclear correlation spectra (HETCOR) Similarly, 

for proton assignments, 2D or 'H/'H homonuclear correlated spectra (COSY) are now used as well 

as nuclear Overhauser effect (NOE) difference spectra Although the 'H and 13C resonances for 
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nearly all of the tnchothecenes have been assigned, not all have been confirmed Caution should 

therefore be exercised in the'r use especially for data in the earlier literature 

The use of NOE difference spectra has become routine for the determination of the 

stereochemmstry of trrchothecenes Corley & al" were able to confirm the stereochem'stry of 

the (I- and 8-ep'mers of 8hydroxysambuco'n by determining the NOE effects between the 14- and 

15-methyl groups and neighbounng protons 

An application of 13C NMR for the characterization of new structures was demonstrated 'n 

the case of sambuclnol by Mohr & L7 Its 'H spectrum showed the absence of a resonance for 

H-11 However, the 13C spectrum showed an unassigned resonance at 108 ppm Ketals are known to 

have a resonance in th's region and thus It was concluded that sambuc'nol had a ketal mo'ety 

at C-11 Sambuc'nol and sambucoln represent the first of the tr'chothecene-related compounds 

that were isolated Several of the 2D NMR techniques were used recently to determine the 

structure of sambuc'n'c ac'da 

13C NMR was also used to study the b'osynthes's of tnchothecolone by Tnchotheclum 

roseurn4 [2-'3C]Mevalonic acid was 'ncorporated in the trichothecenes with enr'chment at C-4, 

C-8 and C-14, 'nd'cat'ng the folding pattern of farnesyl pyrophosphate S'mllarly, the 

'ncorporat'on of [l-13C] and [2-13C]acetate in deoxynivalenol by Fusan showed 13C 

coupling between C-5 and C-12, and C-6 and C-15, which confirmed the l,t-methyl and 1,5-hydride 

shifts involved 'n the format'on of the tr'chodiene Intermed'ate' 

This article examines the use of various 'H and 13C NMR techniques for the character'zat'on 

of tnchothecenes and tnchothecene-related compounds (F'gure l), excluding the macrocycl'c 

tnchothecenes, which have been well documented by Jarv's &. al" It also d'scusses the 

spectral data with a v'ew to correlat'ng the ass'gnments of resonances with spec'fic carbons 

or protons 'n the tnchothecene molecule 

Iv 

Fipre 1 Structwes of tr,chothecwr and related cnpounds, 1 = trichothecmer, 1 = h,13- dlhydroxyqotrichothecene, m = 

38,13-dlhydroxyapotrlchothecm, u * 3a,llo-my-13- hydroxyapotrlchotheccaw. y = 8-hydroxy-2,13- 

dlscetoxyapotr,chothecm, H = s.&,,c,m,,, m = snbucmn 

Proton NNR 

The structural s'm'lar'ty of the trrchothecenes leads to characteristic resonances in their 

'H NMR spectra The most obv'ous being the AB quartet for the 13-methylene protons(2 8-3 2 

ppm, J- 4 0 Hz) The 14- and 15-methyl groups give sharp singlet resonances in the range 0 75- 

1.5 ppm, while the 16-methyl appears as a broad s'nglet(1.7-1.9 ppm) The resonance of the H- 

2 protons occurs around 3 6 ppm and a broad signal near 5 5 ppm was assigned to H-10 ” 





2316 R GRWNHALGH et al 

found to be impractical Whereas an 8.-hydroxylated trichothecene shows H-10 as a doublet of 

quartets (J,,,,-0 Hz, J,,,,,=5 5 Hz, J,o,,4 -1 6 Hz), an 88-hydroxylated trlchothecene shows H-10 

as a doublet of pentets (Ja,,o=J,,,,,-l 6 Hz) However, acylation of an 8~OH moiety changes the 

conformation of the A-ring sufficiently for J,,,, to be equal to J,ow and the resonance for H- 

10 also becomes a doublet of pentets. 

In the case of the C-ring of trichothecenes, its rigidity dictates that only two dihedral 

angles, 1.e t- 0' or 120', are possible between a C-3 substituent and a C-4 substltuent. All 

known 3,4-oxygenated tnchothecenes e.g. nlvalenol, T-2, OAS, etc. have a J,,, of about 3 Hz and 

are therefore m-substituted 

The conformation of the trlchothecenes is also very important for understanding thefr 

biological and chemical properties The preferred conformation has been shown to have the A- 

ring in a half-chair and the a-ring in a chair conformation 17~18~zo~2' NMR evidence for this 

includes the couplings observed between H-7./ H-11 and H-78/H-15, and the effect of a 7.-OH 

group on the chemical shift of the 13-methylene protons(Flg Z), which are only possible if the 

B-ring 1s in the chair conformation. 

Of the characteristic resonances, several are also coennon to the trichothecene-related 

compounds, such as the apotnchothecenes (AW) &I& the sambuclnols (SAW) y and sambucoln 

(SAC) !U 

The tnchothecenes may be hydroxylated at C-15, unlike the trichothecene-related APO and 

SAW derivatives isolated to date The latter compounds exhlblt a 15-methyl slnglet around 0 9 

ppm In all cases, the 16-methyl appears as a broad singlet due to coupling with protons at 

positions C-8, C-10 and C-11 

The most important difference between the tnchothecenes and the apotnchothecenes lies In 

the configuration at C-11 In all the APO compounds isolated, H-11 has the 8-conflguratlon 

Tnchothecenes and APO compounds derived from the rearrangement of trlchothecenes'**22,U possess 

an alpha H-11 This indicates that the APOs Isolated from crude fungal extracts are in fact 

naturally occurring metabolltes and are not derived by the rearrangement of tnchothecenes, 

and also, that they are formed by a different oxldlzed trrchodiene IntermedIate than the 

trlchothecenes 

In the spectra of the apotrrchothecenes, the multiplets for H-10 and H-11 have the same 

chemical shift as the tnchothecenes but a smaller coupling constant, 1 e J,,,, - 1 7 Hz as 

opposed to 5 Hz, because of the reversed configuration at C-11. In sambucoln, the oxygen bridge 

is between C-13 and C-11 as opposed to C-12 and C-11 as in the apotnchothecenes, restonng the 

6-membered character of the B-ring but with a reverse configuration at C-11 The resonance of 

H-10 IS moved upfleld to 5 18 ppm but retains the small J of about 1 Hz.For those compounds 

with a ketal moiety at C-11, u and u, the H-10 resonance is only slightly shifted to 5.4 ppm 

but IS still a broad singlet due to long range coupling to CHs-16 and H-8. 

Both the 39-OH, u and the 36-OH, m eplmers of apotrlchothecene have been lsolated24 

Although their proton spectra are slmllar, it is possible to differentiate between them The 
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singlet for the 15-methyl, which was identified by its long-range coupling to H-76, appears at 

0 82 ppm for the 38-OH and at 0.99 ppm for the 30-OH epimer. Similarly, the 14-methyl appears 

at 1 07 and 0 92 ppm for the 36-OH and the 3~OH epimers respectively. 

Another feature of the proton NMR spectrum of the apotrichothecenes IS the large AB 

character of the 13-aethylene protons for the 3.-OH epimer as compared to that of 3i3-OH epimer 

This difference may be due to hydrogen-bonding between the 13-OH and the 3.-OH in one case, and 

between the 13-OH and the ether oxygen in the other, thus creating different environments for 

each of the H-13 protons. Coupling between H-26 and H-4B IS aTso only observed for the 3~-OH 

epimer A more detailed analysis of the proton NMR spectra of apotrlchothecenes has been 

reported24 

Another naturally occurring tnchothecene-related compound IS 3~,1l.-oxy,13- 

hydroxyapotrichothec-9-ene Iv) This compound could be produced from 3~-OH APO (II) under mild 

acidic conditions but not from the 36-OH epimer (a) One charactenstrc of this compound IS 

the extreme ngldlty of the caged B- and C- rings, which locks the H-2. and H-40 into a W 

conformation yielding a relatively large coupling constant of 2 0 Hz. However, this compound 

still shows the characteristic tnchothecene-like resonances for the 14-, 15-, and 16-methyls, 

13-methylene protons and the collapsed H-10 resonance typical of the apotrichothecenes The 

hydroxylated derivative of fi. 8-OH-2,13-dlacetoxyapotnchothec-9-ene (I) has been recently 

characterlzed25, lending further credence to the hypothesis that the apotnchothecene 

derivatives are natural products 

*a 1 74 (12 2.2 2) 2 23 (14 9.6 3) 2 13 (11 5.2 0, 5 07 (12 1.6 5) 
2B 2 60 (12 2.6 2.1 7) 2 10 (14 9.4 I) 1 44 (11 5.3 0, 390 
3a 4 51 (6 3,5 8.6 3, 1 85 tn, 4 22 (0 1.4 3) 2 26 (19 9.10 0 7 9) 

4 I> 
38 4 28 (10 2.6 2.2 2 4 51 (3 4.1 8.1 8) 2 07 (lx) 2 56 (19 9.11 8.3 0) 

1 3) 
4.l 2 13 (12 9.10 11 45 2 46 17 

9;l 
2 (14 6.6 4) 

6;5 
(13 5.2 0.3 41 
il3 5;3 Oj 

2 (13.1.6 
I;6 

8) 
0; 

2 57 (15 1.8 1) 1 74 (13 8.11 7.7 9) 
48 1 67 (12 7.1 3) 1 36 (14 8.1 31 1 16 1 24 (13 1 46 il5 I;4 3;0 91 1 96 (13 4;10 2;3 2) 
7.~ 1 37 (13 1.5 6.2 7) 1 36 (13 5) 1 34 (12 9,6 6.1 61 1 63 (14 2) 1 34 (13 0.5 3) 1 43 (13 3.5 4.2 3) 
78 1 54 (13 1.9 6) 1 57 (13 5) 1 86 (12 9.5 6.4 4.1) 194 (14 2.7 5) 193 (13 0.1 7.0 5) 1 56 (13 3) 
al 1 93 (In> 1 W Cm) 180 160 1 8-l 9 
88 

lb 

2 03 tm, 1 w ou, 

il.6) 

203 4 00 17 5, 2 02 18-l 9 

5 52 Cl 6, 5 50 5 35 (3 3,l 6) 566(11> 5 42 5 18 
11 4 15 (2 5) 4 11 405 3% 
134 3 1.8 (11 4) 3 56 (IO 9) 3 66 (12 I) 3 82 (II 6) 4 03 (II 21 3 42 (11 2) 
138 3 73 (11 4) 3 76 (IO 9) 3 79 (12 1) 4 39 (11 6) 4 10 (11 2) 4 18 (11 2) 
14 092 1 07 104 0 97 104 1 13 
15 099 062 0 90 (0 71 106 0 81 (0 5) 063 
16 1 63 (2 4.1 2) 163 1 67 177 173 164 

Sambuclnol (VI) and sambucoln (m) were first isolated in 19847 The 'H NMR spectra of 

these compounds are described in Table 1 Some unusual characterlstlcs of the sambuclnol 

spectrum, apart from those mentioned previously, are the lack of coupling between H-2 and H- 

3 and the long-range coupling between H-2 and H-46 Both are indications that the 3-OH has a 

B-orientation slmllar to the minor eplmer of dihydroxyapotnchothecene The long range 

coupling between the 15-methyl and H-76 seen In the COSY spectrum also allows 
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differentiation between the 14- and 15-methyl singlets. The spectrum of sambucoin is also 

characterized by the large chemical shift difference (0.76 ppm) between the two branches of 

the CHz-13 AB system 

13 NWB 

Carbon-13 spectral data provide complementary information to the proton spectrum for 

determining the structure of these sesquiterpenes Uhile not as informative on long range 

interactions, i.e. greater than 2-3 bonds, the resolution of the spectrum provides an easily 

interpreted count of the number of carbon atoms Also when combined with the use of DEPT, it 

details the multiplicity of the carbon atoms in the molecule and permits identification of the 

quaternary centres Since the effect of a substltuent rn the molecule on the chemical shift IS 

largely restricted to the carbon atom to which it is attached, the comparison of related spectra 

reveals structural elements of compounds even though their proton spectra may be similar In 

addition, the'%-spectrum provides unambiguous structural information for the highly oxygenated 

trichothecenes that may give poor proton spectra Although carbon-13 spectra appear to be 

sensitive to the configuration of a substltuent,(cf compounds fl and m, Figure 5), the 

relative configuration cannot be determined a priori from the spectrum For this, it is 

necessary to analyze the NOE effects in the proton spectrum. The consistency of chemical shifts 

within a series of related compounds is, however, a confirmation of the configuration Such data 

revealed that hydroxyl groups in trichothecenes are almost always in the a-conflguratron at 

positions C-3, C-7 and C-B but B at C-4 

The resonance assignments for some 30 trichothecenes, and the tnchothecene-related 

compounds (m to m) are summarized in Table 2. They were largely determined by HETCOR 

experiments, the proton spectra having been previously assigned When the amount of material 

was insufficient, comparison to unambiguously assigned spectra and DEPT spectra were used 

The HETCOR spectrum of one of the apotrlchothecene derivatives (1) is shown in Figure 3 

Analysis of the COSY spectrum gives the assignments of the two hydroxyl protons at positions 

B and 2, as well as the two methylene AB systems at positions 3 and 4. Long range coupling 

dlscnmlnates between the three methyl resonances at 14, 15 and 16. The HETCOR fixes the 

assignments of C-14 and C-16, which are adjacent in the carbon spectrum and discriminates 

between C-3 and C-4 and between C-2, C-8 and C-11. It also shows the exact chemical shift of 

the protons at posrtions 3 and 4 which lie under the acetate methyl groups 
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435 Uk 42 2 75 7 R&2 216 0 
726 73.4 766 316 725 3b3 

4h5 UT 427 326 451 26.6 

52 6 54.9 560 557 510 i64 
44 4 65.1 47.6 43 9 47 7 37.6 

27 7 27-k 
296 291 

135 5 135 2 
121 4 121 1 

26.3 365 297 275 
262 666 269 27b 

61 b 61 1 
926 951 
634 650 
191 200 

176 162 

225 225 

141 7 136 1 146 0 135 4 
119 5 122 7 116 3 122 7 

1055 623 1661 75.6 
667 924 935 746 
653 64 59k 66) 
14 7 19 9 16 2 14 1 

13 9 16.5 IL 9 15 6 

22 9 19 5 22 6 22 4 

riwra 3 13C/111 SOrreLatim qmctru (125ISW MHz, of 6- 
hydroxy,-2,13-diacetoaympotrichothecam (y) Slnplc ,ZUIK 
spctn are ahan I proJectim 

The assignment of the quaternary carbons in trichothecenes is relatively straightforward 

The two atoms, C-12 at 65 ppm and C-9 at 135-140 ppm being attached to oxygen and in a double 

bond respectively, are readily identified Differentiating between C-5 and C-6 resonances can 

be a problem and assignments have been made on the basis of long range 'H/13C coupling to H-4 

or H-7 and H-11% More recently, selective heteronuclear NDE effects were used to assign these 

quaternary carbons" However, knowledge of the correct assignments for deoxynivalenol and its 

derivatives, as well as that of the biosynthetic pathway' permitted the discrimination between 

C-5 and C-6 on the basis of isotopic enrichment from specifically labelled acetate for all other 

tnchothecenes The C-5 resonance received enrichment from the [l-13C] acetate and showed '3C/13C 

coupling to C-12, while C-6 was enriched from [2-'3C]acetate and showed coupling to C-15. This 

has also been used to confirm the assignment of the 14- and 15-methyl resonances when a 

2379 
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correlation experiment was not possible (Figure 5). 

The 'H/13C correlation experiment can also be used to resolve overlapping multiplets In the 

proton spectrum For example, in the proton spectrum of T-2 toxin, the AB system of the 

methylene protons at C-7 can be resolved from the methylene and methine groups of the side- 

chain, although all these protons lie under the acetate methyl singlets(2 0 ppm). The intensity 

of the epoxide methylene resonances in correlation and multiplicity spectra tends to be strongly 

reduced due to the large J,,, value of 175 Hz and may be easily missed. For this reason, 

experiments using the DEPT pulse sequence are to be preferred over those employing INEPT or J- 

sorting, which are more sensitive to experimental delays 

Even HETCOR experiments may lead to erroneous assignments if the proton chemical shifts are 

not well-defined This resulted in an incorrect assignment for C-7 and C-11 of deoxynlvalenol 

26 , for which H-11 and H-7 overlap (4 80 and 4 83 ppm, respectively) This assignment was 

corrected by Avent & all6 A 500 MHz proton correlation spectrum of 3-acetyldeoxynlvalenol 

(H-7 at 4 79 ppm, H-11 at 4 66 ppm ) has confirmed this result, thus assigning C-11 to the 

resonance at 70 2 ppm and C-7 at 74.5 ppm 

2yo 1p 160 140 120 lw 80 60 40 20 

2 

.m 4” I w ” 3 

Fim C Characteristic 13C chemical shifts for trichotkcmes 

The structural similarity of the tnchothecenes leads to characteristic 13C resonances and 

some comparative features between them and the trichothecene-related compounds (II - U) are 

apparent(Table 2) Since substitution effects on chemical shifts are direct, the effect of 

changes are highly localized The C-2 resonance occurs at lower field (80 ppm) than the other 

ring hydroxy methane carbons when it IS part of the SIX membered B-ring Ring strain, as in 

sambucinol, will shift the resonance to lower field (88 ppm) 

Oxygenation of both C-3 and C-4 results in the C-4 chemical shift occurring at higher 

field, followed by C-2 and C-3 in all cases In general, the C-5 resonance occurs at about 

45 ppm and IS generally independent of substitution at C-4 When the B-ring IS five-membered 
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as in compounds J_I-u, then the C-5 resonance generally shifts downfield to 53-55 ppm In 

comparison, the C-6 resonance 1s very sensitive to substitution at positions C-7 and C-8, 

especially if C-15 is hydroxylated A downfield shift of approximately 2 ppm is introduced on 

sequential substltutlon at these positions. The C-7 and C-8 resonances are straightforward, 

with the exception that the magnitude of the effect of an C-8 hydroxyl moiety on C-7 is less 

than observed for C-4 when C-3 IS hydroxylated As a result, the chemical shift of C-4 IS 

always at about 40 ppm and C-7 at 35 ppm under these conditions 

The C-11 to C-13 resonances are very Insensitive to structural changes, and indeed the 

resonance at 48 t0 5 ppm assigned to C-13 is as specific an indicator of tnchothecenes in the 

carbon spectrum as the epoxide AB system is in the proton spectrum. The C-9 and especially 

C-10 positions are sensitive to substltutlon at C-8 and C-15. A ketone at C-8 causes a 15 ppm 

downfield shift of C-10, due to the conjugation introduced into the ring. In general, 

acetylatlon of the tertiary alcohols has a minimal effect on the C-13 chemical shift, while a 

small effect (l-2 ppm ) IS seen on acetylation of the primary hydroxyl at C-15. 

An additional indicator of substitution at specific positions was observed in the methyl 

resonances The 16-methyl IS relatively lnsensltlve to structural changes unless a ketone is 

present at C-8, causing a large upfield shift (5-7 ppm) induced by conjugation The 14-methyl 

resonance 1s also an indicator of substitution at C-4 Hydroxylation at C-4 causes this 

resonance to shift upfield to 6-8 ppm The C-13 chemical shift data for the trrchothecenes are 

summarized in Figure 4 

Comparison between the trichothecenes and the tnchothecene-related compounds (u-u) 

reflects the change of the B- ring from a six to a five-membered ring. The lack of the epoxlde 

changes the C-13 chemical shift from 48 to 63-65 ppm and that of C-12 from 65 to 92 ppm A 

downfield shift of lo-12 ppm IS also observed for C-11, and both C-9 and C-10 reflect the 

absence of substitution in the "A" ring The shifts of C-5 and C-6 are reversed, with C-5 

always at lower field Other substitution effects in the rings remained the same The spectra 

of the 3.-OH and 36-OH eplmers of APO, which have been enriched from [2-13C]acetate are shown 

in Figure 5 The effects of configuration are clearly visible in the 13C spectrum, with the 

chemical shift differences maximized at the chiral centre at C-3 The 13C/13C coupling, which 

assists in the determination of assignments of positrons C-15 and C-6, and C-5 and C-12 is also 

shown in Figure 5 

In sumnary, both the proton and the carbon chemical shift data provide characterlstlc 

resonances for the trichothecenes and tnchothecene-related compounds The stereochemical data, 

1 e configuration and conformation ofbothtypes of compounds is readily derived from the proton 

spectra using techniques such as COSY and NOE difference spectra. The carbon spectra more 

readily yield information on the functlonalrty of the carbon atoms in the molecule Correlation 

of NMR data with structure facilitates the rapid assignment of the structures of new 

trlchothecenes and tnchothecene-related compounds 
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