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Abstract 

Biotransformation of Santalene Derivatives from 

Indian Sandalwood, Santalum album. 

Thesis has been divided into three chapters: 

 

Chapter 1: Isolation, Purification and Quantification of Santalenes 

from Indian Sandalwood, Santalum album. 
Section 1.1: Introduction: Indian Sandalwood, Santalum album. 

This section briefly describes classification of sandalwood, in general, with emphasis on 

Indian sandalwood, Santalum album.1 The extraction methods of sandalwood oil and its 

commercial and biological importance are also discussed. The phytochemical 

constitution of the oil2-5 and the biosynthesis of major components of oil, α- and β-

santalols,6,7 and their pharmaceutical applications8-12 are described. A short discussion 

on argentation chromatography explains its application in separation science.13-15 

 

Scheme 1: Components of Sandalwood oil. 

 

Section 1.2: Preparative separation of α- and β-santalenes and (Z)-α- and (Z)-β-

santalols using silver nitrate-impregnated silica gel medium pressure liquid 

chromatography. 

Analysis of the GC chromatogram of sandalwood oil, both commercial and extracted 

from sandalwood of Pune region, indicated that the santalol content [(Z)-α-santalol (1), 

(Z)-β-santalol (2) and (Z)-epi-β-santalol (3), and (Z)-α-exo-bergamotol (4)] was >80% 

and rest of the minor components constituted α-santalene (5), β-santalene (6), epi-β-

santalene (7), (Z)-α-bisabolol (8), (E,E)-farnesol (9), (E)-nuciferol (10), (Z)-lanceol 

(11), exo-α-bergamotene (12), and α-curcumene (13). The terpene fraction of 

sandalwood oil (KSDL) contained the sesquiterpene hydrocarbons (5, 6, 7, and 12) upto 

65%, and santalols, constituted a minor portion.7  
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 From the terpene fraction (20 g), santalenes (10.6 g), and santalols (9.4 g) could 

be separated using silica gel column chromatography. Further attempts for quantitative 

purification of santalol congeners (α- and β-) using conventional techniques such as 

column chromatography, distillation at atmospheric and reduced pressures and 

derivatization of santalols to their corresponding esters with achiral and chiral acids did 

not show any separation of the two components. On thin layer chromatography with 

normal silica gel (0% silver nitrate), both santalene (Rf values 0.91, system I: hexane) 

and santalol (Rf 0.71, system III: dichloromethane) congeners migrated as a single spot 

with different developing systems (Fig. 1). When silver nitrate coated silica gel TLC 

plates were used, both α- and β-santalenes and (Z)-α- and (Z)-β-santalols separated well 

with developing solvent systems II (hexane: ethyl acetate, 98.5: 1.5) and IV (CH2Cl2: 

methanol, 98.5: 1.5), respectively (Fig. 1). This formed the basis for development of 

MPLC method with silver nitrate impregnated silica gel for the quantitative separation 

of α- and β-santalenes and (Z)-α- and (Z)-β-santalols. 

 

Figure 1. Santalenes and santalols on uncoated TLC plate (A), (B); and on AgNO3 (5% in 
methanol) coated silica gel TLC plates (C) and (D), respectively. 

 

Purification of hydrocarbon mixture (2 g) using silver nitrate impregnated 

silica gel medium pressure liquid chromatography (MPLC) with hexane as the eluent 

yielded fractions containing pure components, α-santalene (5, 0.48 g), β-santalenes 

(0.78 g). The β-santalene fraction obtained from the column contained both β-santalene 

(6) and epi-β-santalene (7) in a ratio of 58:42 (Fig. 2). These compounds were 

characterized based on various spectral data and the spectra were consistent with those 

reported in literature.16  

Further, purification of sesquiterpene alcohol mixture (2 g) using silver nitrate 

impregnated silica gel MPLC with CH2Cl2 as eluent yielded of (Z)-α-santalol (1, 1.16 
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g), (Z)-β-santalols (0.52 g). The GC and GCMS analyses indicated that, the fraction 

obtained for (Z)-β-santalol contained both (Z)-β-santalol (2) and (Z)-epi-β-santalol (3) 

in the ratio of 87:13 (Fig. 3).7 These alcohols were characterized based on various 

spectral studies, which agreed with the literature.17,18 

 

 
  

 

 

Section 1.3: Quantification of Santalene derivatives from Sandalwood oil and its 

adulteration study. 

Sandalwood oil is often adulterated, the common adulterants being castor oil, 

cedarwood oil and low-grade oil from other sandalwood species. In this section we have 

demonstrated gas chromatography quantification method to assess the percentages of 

these santalols. Limits of quantification (LoQ) relative to FID detector were measured 

for eight important constituents of heartwood oil of S. album using serial dilutions of the 

stock solutions of (Z)-α-santalol (1), (Z)-β- and epi-β-santalols (2 and 3), (Z)-α-trans-

bergamotol (4), α-bisabolol (9), (Z)-lanceol (12), (E,E)-farnesol (10), α-santalene (5) 

and β- and epi-β-santalenes (6 and 7). A ten points calibration curve was constructed for 

all these compounds and the regression coefficients were found to be 0.999 for all the 

constituents measured. All these compounds showed different FID detector responses as 

evidenced by different values for the slope and intercepts of the calibration curve drawn 

for every compound. Using these standard curves, GC-FID quantification studies were 

carried out under similar conditions for commercial sandalwood oil and deliberate 

adulteration with known quantities of paraffin oil, coconut oil, and ethylene glycol. As 

Figure. 3. GC traces of purified alcohols from 
Sandalwood oil. A: (Z)-α-santalol; B: (Z)-epi-
β-santalol and (Z)-β-santalol; C: Sandalwood 
oil. 

Figure 2. GC traces of purified 
santalenes from Sandalwood oil. A: α-
santalene; B: epi-β-santalene and β-
santalene; C: Sandalwood oil. 
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anticipated, the measurements were in accordance with the content of the sesquiterpene 

alcohols in adulterated sandalwood oil. 

 

Chapter 2: Biotransformation of (Z)-α-Santalol Derivatives. 
Section 2.1: Introduction: Biotransformation. 

This section briefly explains about the biotransformation process, with some of the 

examples of biotransformation of acyclic and cyclic terpenoids. 

 

Section 2.2: Microbial biotransformation of (Z)-α-Santalyl acetate: 
We have studied the biotransformation of (Z)-α-santalyl acetate (2) using M. piriformis 

to yield quantitative transformation of 2 in to four metabolites through de-acetylated 

compound (Z)-α-santalol (1) (Scheme 2).19 

 

Scheme 2. Pathway for biotransformation of (Z)-α-santalyl acetate (2) with M. piriformis. 

 

Substrate concentration of 0.6 g/L with an incubation period of 6 days was 

optimized from the substrate concentration and time course experiments. Large scale 

fermentation of 2 with M. piriformis yielded a neutral fraction (1.1 g).  

Elution of the column with ethyl acetate/hexane (3:47) gradient, afforded 1 

which was evidenced from GC and GC-MS analyses and co-injection with authentic 

(Z)-α-santalol. 1H and 13C NMR signals for 1 were assigned by 2D NMR spectral 

analysis (Scheme 3) and the spectral data were in complete agreement with that reported 

in literature. 
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Scheme 3. Characterization of metabolites (1, 3-6) by 2D NMR spectral analyses. 

 

Further elution of the column with ethyl acetate/hexane gradients yielded 

metabolites 3, 4, 5, and 6. The purified metabolites were characterized using GC-MS, 

HRMS, 1H, 13C, DEPT and 2D (COSY, NOESY, HMBC, HSQC) NMR techniques. 

Four novel metabolites were characterized as 10,11-cis-β-epoxy-α-santalol (3), 5α-

hydroxy-(Z)-α-santalol (4), 10,11-dihydroxy-α-santalol (5) and 5α-hydroxy-10,11-cis-β-

epoxy-α-santalol (6). (Scheme 3). Further, the stereochemistry of newly introduced 

epoxy functionality was confirmed by Sharpless asymmetric epoxidation (SAE) of 1 

using (+)-diethyl tartrate (DET) or (-)-DET which are known to introduce β-epoxide or 

α-epoxide, respectively. 

   

Figure 5: (A) Synthesis of 3b (38% de) with (-)-DET and 3 (34% de) with (+)-DET, according 

to SAE methodology. (B) GC traces of (a) 10,11-cis-β-epoxy-α-santalol (3) obtained from 

biotransformation of (Z)-α-santalyl acetate with M. piriformis. Synthesized 10,11-cis-epoxy-α-

santalols with (b) (-)-DET, (c) (+)-DET, (d) mCPBA. 

 

Time course experiments carried out with 2 revealed complete transformation 

of the substrate (2) into various metabolites (1, 3-5) within 5 days of incubation period. 

GC profiles of total metabolites formed at different time intervals indicated that at the 

A B 
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end of 6 days, 5 was obtained as the major product (38%) (Fig.6). Biotransformation 

pathway was established by incubating metabolite 3 with resting cells.19 

 

Figure 6: Time course study of the biotransformation of (Z)-α-santalyl acetate (2) with M. 

piriformis: (■) (Z)-α-santalol (1); (♦) (Z)-α-santalyl acetate (2); (▲) 10,11-cis-β-epoxy-α-

santalol (3); (×) 5α-hydroxy-(Z)-α-santalol (4); (*) 10,11-dihydroxy-α-santalol (5); (●) 5α-

hydroxy, 10,11-cis-β-epoxy-α-santalol (6). 

 

Further, for kinetic resolution of epoxides (cis-α or cis-β), 1 was subjected to 

epoxidation with mCPBA that delivered diastereomeric mixture of epoxy-α-santalols. A 

range of commercially available lipases were screened for kinetic resolution of the 

diastereomeric epoxy-α-santalols [Rt 23.54 min and 23.67 min; HP-Chiral (20% β-

cyclodextrin) column] by selective acetylation in presence of vinyl acetate, an acyl 

donor, in hexane. Promising results were obtained with Amano PS lipase from B. 

cepacia when acetylation of β-epoxide (3) was kinetically favored over α-epoxide (3b) 

with oxirane moiety remaining intact (Fig. 7).  

   

Figure 7 (A): Time course study plot of kinetic resolution of 10,11-cis-epoxy-α-santalol 

diastereomers by Amano PS lipase from B. cepacia for 7 h; (▲) 10,11-cis-epoxy-α-santalyl 

acetate (3c), (●) 10,11-cis-β-epoxy-α-santalol (3), (♦) 10,11-cis-α-epoxy-α-santalol (3b). (B) 

GC traces for (a) racemic-10,11-cis-epoxy-α-santalol (3+3b), (b) 3, (c) 3b. 
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The progress and selectivity of acetylation of epoxy-alcohol diastereomeric 

mixture (3 + 3b) was monitored by analyzing the aliquots drawn at every 1h over a 

period of 7h. Incubation of diastereomeric epoxide with lipase for 6h furnished α-

epoxide (3b) with >99% de (40% yield). On the other hand, when the reaction was 

quenched at 2h, β-epoxy-α-santalyl acetate (39%) was obtained which on deacetylation 

with LiOH furnished 3 with 96% de (Fig. 7). 

 

Chapter 3: Mechanistic Insights in Biosynthesis of Santalenes and 

analogous Sesquiterpenes. 
Section 3.1: Introduction: Terpenes and Terpene Synthases. 

This section explains the role of terpenes in nature20 and use of deuterium labeled 

substrates to elucidate the mechanistic insights in biosynthetic pathways.21-23  

 

Section 3.2: Synthesis of deuterated diphosphate substrates: 

Different sets of enzymatic assays of SaSS with the synthesized substrate (E,E)-FPP 

(14) or the enzymatically generated 14 from chain elongation reaction of IPP with 

DMAPP or GPP in presence of SaFDS, generated the products 1-6 with similar ratios. 

This section delineates the biosynthesis of deuterated analogues of farnesyl diphosphate 

with labels at C1, C2, C4, C5, C6 and C13 from chain elongation reactions of 

un/labeled IPP and un/labeled GPP catalyzed by SaFDS.  

 

Synthesis of [4,4-2H2]-Isopentenyl diphosphate ([4,4-2H2]-11): 

Synthesis of [4,4-2H2]-11 was initialized from commercially available 4-

hydroxybutanone (24). Compound 24 was protected as tert-butyldimethylsilyl ether 

(25) and the carbonyl moiety was subjected to Wittig olefination in presence of n-BuLi 

with trideuteriomethyl-triphenylphosphonium iodide which itself was synthesized from 

trideuteriomethyl iodide and triphenylphosphine. The resultant dideuterated olefin [4,4-
2H2]-26 was deprotected followed by tosylation to provide [4,4-2H2]-17. The tosylate 

group was substituted by diphosphate on reacting with tris-tetrabutylammonium 

diphosphate salt (15) in CH3CN. Further purifications according to well documented 

procedure by Davisson et al. delivered [4,4-2H2]-11 (Scheme 4). 
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Scheme 4. Reagents and conditions: a) TBDMS-Cl, Et3N, CH2Cl2, 0 °C to rt, 3 h, 91%; b) 
PPh3CD3I, n-BuLi, THF, 0 oC to rt, 2 h, 78%; c) TBAF, 0 oC to rt, 1 h; d) CaH2, DMAP, Ts-Cl, 
CH2Cl2, 0 °C to rt, 2 h, 74%; e) [N(n-Bu)4]3P2O7H, CH3CN, rt, 2h, 49%. 
 

Synthesis of [2,2-2H2]-Isopentenyl diphosphate ([2,2-2H2]-11): 

Dideuteration at α-position was achieved by stirring 27 with D2O for 24 h to give [2,2-
2H2]-27. Reduction followed by silyl protection of primary hydroxy group and 

oxidation of secondary hydroxy afforded [2,2-2H2]-25. Further, synthesis of [2,2-2H2]-

11 was followed using similar steps as in scheme 4. (Scheme 5). 

 

 

Scheme 5. Reagents and conditions: a) D2O, rt, 24 h, 2 times, 92%;  b) DIBAH, 
CH2Cl2, 0 °C to rt, 5 h, 76%; c) TBDMS-Cl, Et3N, CH2Cl2, 0 °C to rt, 2 h, 88%; d) 
Dess-Martin periodinane, CH2Cl2, 3 h, 91%; e) PPh3CH3I, n-BuLi, THF, 0 °C to rt, 2 h, 
72%; f) TBAF, THF, 0 °C to rt, 1 h; g) CaH2, DMAP, Ts-Cl, CH2Cl2, 0 °C to rt, 3 h, 
89%; h) [N(n-Bu)4]3P2O7H, CH3CN, rt, 2 h, 31%. 
 

Synthesis of [5,5,5-2H3]-Isopentenyl diphosphate ([5,5,5-2H3]-11): 

Propylene glycol (30) was selectively mono-protected to its silyl ether 31 followed by 

oxidation of the other hydroxy group to an aldehyde 32. The aldehyde 32 was 

methylated with Grignard reagent, trideuteriomethylmagnesium bromide (CD3MgBr) to 

fetch [1,1,1-2H3]-29 that was again subjected to oxidation to yield [1,1,1-2H3]-25. 

Synthesis of [2,2-2H2]-11 was followed as described in scheme 4. (Scheme 6).  
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Scheme 6. Reagents and conditions: a) TBDMS-Cl, Et3N, CH2Cl2, 0 °C to rt, 3 h, 91%; b) IBX, 
ethyl acetate, reflux, 4 h, 91%; c) CD3MgBr, THF, 0 °C to rt, 2 h, 67%; d) IBX, ethyl acetate, 
reflux, 4 h, 92%; e) PPh3CH3I, n-BuLi, THF, 0 °C to rt, 2 h, 70%; f) TBAF, THF, 0 °C to rt, 1 
h; g) CaH2, DMAP, Ts-Cl, CH2Cl2, 0 °C to rt, 3 h, 77% over two steps; h) [N(n-Bu)4]3P2O7H, 
CH3CN, rt, 2 h, 39%.  
 

Synthesis of [4,4,5,5,5-2H5]-Isopentenyl diphosphate ([4,4,5,5,5-2H5]-11): 

Intermediate [1,1,1-2H3]-25 (Scheme 6) was utilized in the synthesis of [4,4,5,5,5-2H5]-

11. Trideuteriomethyl ketone, [1,1,1-2H3]-25 was subjected to a series of reactions 

identical to that of 25 in Scheme 4.  

D3C OTBDMS

CD2

D3C OPP

CD2

D3C OTs

CD2

[4,4,5,5,5- 2H5]-26

a b, c d

[4,4,5,5,5- 2H5]-17 4,4,5,5,5-2H5-11

[1,1,1- 2H3]-25

 

Scheme 7: Reagents and conditions: a) PPh3CD3I, n-BuLi, THF, 0 °C to rt, 2 h, 78%; b) TBAF, 
THF, 0 °C to rt, 2 h; c) CaH2, DMAP, TsCl, CH2Cl2, 0 °C to rt, 3 h, 82%; d) [N(n-Bu)4]3P2O7H, 
CH3CN, rt, 2 h, 34%. 
 

Synthesis of [1,1-2H2]-Geranyl diphosphate ([1,1-2H2]-13): 

Synthesis of 37 was accomplished by a series of oxidation-reduction procedures from 

Geraniol (20). It was oxidized to citral (21), followed by reduction with LiAlD4 to yield 

[1-2H1]-20. One more cycle of oxidation-reduction with PDC and LiAlD4, respectively 

was carried out with [1-2H1]-20 to yield [1,1-2H2]-20. Chlorination of [1,1-2H2]-20 to 

halide [1,1-2H2]-21 followed by diphosphorylation in presence of 15 yielded [1,1-2H2]-

13 (Scheme 8). 
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Scheme 8: Reagents and conditions: a) IBX, ethyl acetate, 75 oC, 3 h, 96%; (b) LiAlD4, THF, -
40 oC, 2 h, 92%; (c) PDC, CH2Cl2, rt, 2 h, 81%; (d) LiAlD4, THF, -40 oC, 2 h, 87%; e) NCS, 
(CH3)2S, CH2Cl2, -30 °C to rt, 3 h, 90.4%; f) [N(n-Bu)4]3P2O7H, CH3CN, rt, 2 h, 64% 
 

Synthesis of [1,1-2H2]-Farnesyl diphosphate ([1,1-2H2]-14): 

Following an identical sequence of reactions as applied in the synthesis of [1,1-2H2]-13, 

synthesis of dideuterated product, [1,1-2H2]-farnesyldiphosphate ([1,1-2H2]-14) was 

carried out from (E,E)-Farnesol (22). 

 

Biosynthesis of deuterated analogues of (E,E)-FPP (14): 

Farnesyl diphosphate synthase (FDS), belonging to prenyltransferase class of enzymes 

catalyses the head to tail condensation (chain elongation reaction) of dimethylallyl 

diphosphate (DMAPP) and geranyl diphosphate (GPP) with isopentenyl diphosphate 

(IPP) to deliver the linear product (E,E)-FPP. (Scheme 10). 

 

Scheme10: Biosynthesis of (E,E)-FPP. 

 

In a similar way, SaFDS24 isolated from sandalwood, was utilized in the biosynthesis of 

differentially labeled (E,E)-FPP analogues by the condensation of the above synthesized 

labeled substrates (IPP with GPP or DMAPP) (Scheme 11). 
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Scheme 11: Deuterium labeled (E,E)-FPP analogues. 

 

Section 3.3: Mechanistic Insights for Biosynthesis of Santalenes, Bergamotenes, 

Curcumenes and analogous sesquiterpenes. 

Santalum album Santalene Synthase (SaSS) isolated from the interface of heartwood 

and sapwood of S. album catalyzes biosynthesis of six sesquiterpene hydrocarbons, α-

santalene (1, 41%), β-santalene (2, 29.4%), epi-β-santalene (3, 4.3%), exo-α-

bergamotene (4, 22.5%), exo-β-bergamotene (5, 2.2%) and (E)-β-farnesene (6, 0.7%), 

when incubated with 14 (Scheme 12). Other variants of this enzyme produced by site 

directed mutagenesis of the amino acid residues around the catalytic site emanated other 

bi- and mono-cyclic sesquiterpenes, identified as, endo-α-bergamotene (7), β-

curcumene (8), γ-curcumene (9) and α-zingiberene (10).24 To investigate the 

mechanistic insights in the biosynthetic pathways of these sesquiterpenes (1-10), 

deuterium labeled analogues of 14 (Scheme 11) were incubated with SaSS enzymes. 

Formation of the labeled products was monitored by GC-MS analysis and the ratios of 

products induced by kinetic isotope effects (KIE) were determined from GC analysis.  

 

Biosynthesis of Santalenes (1, 2 and 3) and exo-α-Bergamotene (4): 

An initial step in the biosynthesis of santalenes is Mg2+ assisted ionization of the allylic 

diphosphate substrate, (E,E)-FPP (14), from C1 to get the charged diphosphate anion 

and the farnesyl carbocation (at C1) that subsequently isomerizes to its tertiary 

counterpart, nerolidyl cation (I). Free rotation around C2-C3 bond forms cisoid 

nerolidyl cation which undergoes facile C1-C6 endo-anti cyclization to form bisabolyl 

cation (II),25 which further experiences C7-C2 closure leading to bergamotyl cation 
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(III). The cation III thereupon goes through one more carbocationic intermediate (IV) 

before forming santalyl cation (V) with a carbocation on C3, which forms a branching 

point in the biosynthesis of α-santalene (1) and β-santalene (2).  

When [4,4-2H2]-14 was incubated with SaSS, the molecular ion [M]+ for 1 and 

4 shifted from m/z 204.1 (unlabeled products in control experiments) to m/z 205.1, 

thereby indicating an increment of 1 amu in the labeled products. GC-MS analysis of 

labeled analogues of 1 and 4 obtained from incubation of other analogues of 14 labeled 

at C1, C2, C5, C6 and C13 with SaSS resulted in the retention of all the deuteriums. 

Incubation of [13,13,13-2H3]-14 with SaSS, showed a shift of molecular ion, [M]+ from 

m/z 204.1 to m/z 206.1 indicating loss of a deuterium from C13 in the formation of 

[13,13-2H2]-2. 

On replacing the substrate 14 with [4,4-2H2]-14 in the enzymatic assay with 

SaSS, product ratio [1/2], decreased from 1.56 to 0.76 and a KIE, [(1/2)H/(1/2)D] of 2.05 

was consistent with the cleavage of C-D bond at C4 in the formation of 1. On the other 

hand, when 14 was replaced with [13,13,13-2H3]-14, the product ratio [2/1], decreased 

from 0.65 to 0.23 with a KIE, [(2/1)H/(2/1)D]= 2.89 that was in good agreement with the 

formation of [13,13-2H2]-2. In a similar way, when SaSS incubations with 14 were 

replaced by [4,4-2H2]-14, the product ratio [4/2] decreased from 1.01 to 0.42 with a 

KIE, [(4/2)H/(4/2)]D= 2.39 observed due to cleavage of C-D bond at C4 in the formation 

of 4. 

From these results, it could be observed that the cation VB converts into 1 

when new C3-C4 sigma bond is formed by subsequent loss of a proton from C4, 

whereas loss of a proton from C13 forms 2 (Scheme 12). Also, loss of a proton at C4 

from III, forms C3-C4 π-bond leading to the formation of 4. 

Biosynthesis of epi-β-santalene (3) from 14 can be proposed in two ways. First 

pathway could be traversed through epimerization of II to IIA following a free, low-

energy rotation about C6-C7 and further cyclization to the epi-santalyl cation (VA), 

pursuing the intermediates (IIIA and IVA) formed through a similar reaction cascade as 

followed in the biosynthesis of 2. The other way could be through two consecutive 

methyl shifts from the intermediate V (Scheme 12). The GC-MS analysis of 3 was same 

as that of 2 indicating loss of a proton from C13 in the formation of 3. Within the 

experimental errors, incubations of all deuterated analogues of 14 resulted in the 

formation of 3 at the same levels, as observed in control experiments with SaSS. From 
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these results, allowed rotation about C6-C7 bond gave rise to the epi-isomer and 

justified the prevalence of pathway-1, while eliminating the possibility of pathway-2 in 

the formation of 3  

 

Biosynthesis of exo-β-Bergamotene (5) and endo-α-Bergamotene (7): 

The biosynthesis of exo-β-bergamotene (5) originates from the bergamotyl cation (III) 

that follows loss of a proton from C13 to quench the carbocation at C3, with a formation 

of exocyclic C3-C13 π-bond. A single point mutant of SaSS, by replacing arginine at 

474 with leucine, produced 4 (74.7%) and 5 (25.3%), on incubation with 14. 

Incubations of [13,13,13-2H3]-14 with SaSS as well as with a mutant enzyme R474L-

SaSS produced [13,13-2H2]-5 containing two deuterium atoms, as seen by shift of the 

molecular ion [M]+ from m/z 204.1 to m/z 206.2. The deuterated analogues of 5 

obtained from incubation of 14 labeled at C1, C2, C4, C5 and C6 with SaSS enzymes 

retained all the deuterium atoms. When 14 was replaced with [13,13,13-2H3]-14 in the 

enzymatic assays with R474L-SaSS mutant, the ratio [5/4] decreased from 0.34 to 0.09 

revealing a KIE, [(5/4)H/(5/4)]D= 3.72. These results indicate the formation of 5 and 4 

through deprotonation of III at C13 and C4, respectively (Scheme 12). 

Biosynthesis of 7 is proposed to proceed through endo-bisabolyl cation (IIA) 

which initially experiences a free rotation around C6-C7 from II. Cation IIA 

subsequently undergoes C2-C7 closure to produce endo-bergamotyl cation (IIIA) with 

a carbocation at C3. Further, IIIA encountered deprotonation from C4 to result in the 

final product 7 with a C3-C4 π-bond. A single point mutant of SaSS, by replacing 

tyrosine at 539 with tryptophan (Y539W) produced 4 (32.2%), 5 (24.1%), 7 (22.0%) 

along with other sesuiterpenes, on incubation with 14. Incubation of [4,4-2H2]-14 and 

[4,4,13,13,13-2H5]-14 with Y539W-SaSS-mutant resulted in [4-2H]-7 and [4,13,13,13-
2H4]-7, which exhibited a shift of molecular ion peak [M]+ from m/z 204.1 to m/z 205.1 

and m/z 208.1, respectively. Incubations with other analogues of 14 labeled at C1, C2, 

C5, C6 and C13 resulted in the retention of all the deuterium labels. When the substrate 

14 was replaced with [4,4-2H2]-14, GC analysis of the assay products revealed a 

decrease in the ratio [7/5] from 0.91 to 0.37 demonstrating a KIE, [(7/5)H/(7/5)]D= 2.45. 

These results indicate that III and IIIA are interconvertible through II with C6-C7 bond 

rotations, while the sesquiterpene 7 is formed through deprotonation at C4 of IIIA 

(Scheme 12). 
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Biosynthesis of Monocyclic sesquiterpenes (8, 9, and 10): 

A single point mutant of SaSS, by replacing isoleucine at 422 with alanine (I422A) 

produced monocyclic sesquiterpene products, β-curcumene (8, 64.3%), γ-curcumene (9, 

13.6%), and α-zingiberene (10, 1.7%), along with other sesuiterpenes, on incubation 

with 14. Biosynthesis of these monocyclic sesquiterpenes is proposed through 

carbocation IIB, which experiences hydride shifts followed by proton loss from specific 

centers. In the enzymatic assays of I422A-SaSS mutant, when the substrate 14 was 

replaced with [5,5-2H2]-14, the [M]+ at m/z 204.1 shifted to m/z 205.2, and the product 

ratio [8/9] decreased from 4.71 to 2.47 with a KIE, [8/9]H/[8/9]D= 1.91, indicating 

elimination of a deuterium from C5 due to creation of a C5-C6 π-bond in the formation 

of 8 (Scheme 12). On the other hand, replacement of 14 with [1,1-2H2]-14, the [M]+ at 

m/z 204.1 shifted to m/z 205.1, and the product ratio [9/8] decreased from 0.21 to 0.08 

with a KIE, [9/8]H/[9/8]D= 2.52, indicating elimination of a deuterium from C1 due to 

creation of a C1-C6 π-bond in the formation of 9 (Scheme 12).  

Incubations of [5,5-2H2]-14 with I422A-SaSS mutant generated [5,5-2H2]-10 

with [M]+ at m/z 206.1 indicating presence of two deuterium atoms, while incubations 

with [4,4-2H2]-14 resulted in [4-2H1]-10 with [M]+ at m/z 205.1 containing only one 

deuterium, which supported the deprotonation from C4. These results indicate that in 

biosynthesis of 10, the exo-bisabolyl cation undergoes hydride shift from C1 to C7 

along with the shift of π-electron density from C2-C3 to form C1-C2 π-bond generating 

a carbocation at C3. Ultimate deprotonation from C4 immediately follows to form a 

new C3-C4 π-bond generating 10 (Scheme 12). 

 

Biosynthesis of acyclic sesquiterpene, (E)-β-Farnesene (6): 

Transoid conformers of nerolidyl cation obtained from (E,E)-FPP, cannot undergo 1,6-

cyclization due to remoteness of the reacting centers, but suffer deprotonation yielding 

acyclic and 1,4-eliminated products like (E)-β-farnesene (6) (Scheme 12). A single point 

mutant of SaSS, by replacing leucine at 427 with alanine (L427A) produced 1 (9.5%), 4 

(57.3%), and 6 (33.2%), on incubation with 14. Incubation of 14 with the mutant 

L427A-SaSS delivered 6 with [M]+ at m/z 204.1, while that with [13,13,13-2H3]-14 a 

shift of [M]+ to m/z 206.2, indicating presence of two deuterium atoms, but elimination 

of a deuterium from C13 when C3-C13 π-bond was formed. 
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Scheme 12. Proposed mechanism for biosynthesis of sesquiterpenes. 
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1.1.1 Classification, taxonomy and regional distribution: 

Sandalwood is a general name given to a small group of parasitic trees in the genus 

Santalum, family Santalaceae. The taxonomic classification and molecular phylogeny of 

Santalum genus has been reviewed1 and inferred to consist of 18 species which are xylem-

tapping root hemi-parasites.2,3 Members of the genus Santalum are scattered over broad 

regions of India, China, West Indies, Indonesia, Australia, New Guinea, Hawaii, Vanuatu, 

New Caledonia and many South-Pacific islands and are characteristic to the regions. It is 

distributed as far southeast as the Juan Fernandez Islands, only 600 miles off the coast of 

Chile, and as far northwest as the Bonin Islands, 600 miles south of Honshu, Japan.4-6 

Sandalwoods are slow growing, root-parasitic trees7 meaning they derive water and some 

vital nutrients from surrounding trees with the help of root connections called ‘haustoria’.8-

11 The host plants differ depending on the Santalum species. True Sandalwood is obtained 

from different Santalum species of different origins,12 of which only three are exploited 

commercially, viz. 

a) Santalum album L., also known as Indian Sandalwood or East Indian Sandalwood, which 

is majorly found growing in the parts of India, Sri Lanka, Indonesia (viz. Timor, Celebes 

and Sumbawa) and northern Australia. 

b) S. austrocaledonicum Vieill., found only in the New Caledonian and Vanuatu 

archipelagos, 

c) S. spicatum (R. Br.) A. DC, widespread in the arid areas of southwestern Australia. 

Indian Sandalwood or East Indian Sandalwood also known as sandalwood 

(commercial name), botanically known as ‘Santalum album’ belonging to the Santalaceae 

family, is a small to medium-sized, evergreen tree and attains a height of 60-65 feet. It is 

majorly found growing in the parts of India, Sri Lanka, and Indonesia and also cultivated in 

Australia. In India, populations are more concentrated in the southern region, especially 

Karnataka (Mysore, Coorg), Tamil Nadu (Chennai), Maharashtra and Kerala. It generally 

occurs at the altitudes of 2000-3000 feet. It is a hemi-root parasitic plant and can parasitize 

over 300 species from grass to another sandal plant.13,14 Soon after germination of the seed, 

the roots attach themselves to those of nearby grasses, herbs, bushes, and undergrowth in 

general, obtaining nutrients by means of the haustorium and finally causing the host plant 

to perish. It depends on various hosts like Cassia siamea, Pongamia glabra and Lantana 
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acuminata. S. album thrives in well-drained loamy soil, preferably on slopes of hills 

exposed to the sun. It requires a minimum of 20-25 inches rainfall per year. The finest 

wood grows in driest region, particularly on red or stony ground while on rocky ground the 

tree often remains small but gives the highest yield of oil.15 

S. album is a small evergreen glabrous tree. The trunk of sandalwood is divided 

into two parts, the sapwood white and odorless, which is an external portion below the bark 

and the heartwood, yellowish brown, strongly scented, which is the internal core. The 

heartwood is described as astringent, bitter, moderately hard, heavy, durable, yellow or 

brown in appearance, with an oily texture and is an exquisite material for carving intricate 

designs.16 

 

Figure 1.1.1. Cross-section of sandalwood 

 

The formation of oil takes place at the transition zone of sapwood and heartwood 

and is deposited in the heartwood, which is mainly dead tissue (Figure 1.1.1). The 

heartwood is almost absent in the early age of the tree and its formation generally starts 

only after 10-13 years of age, but what triggers this process has not been identified. The 

occurrence of heartwood varies and after a certain age most of the root part also becomes 

heartwood, however in the stem it highly varies from place to place as the external factors 

remain responsible for it. It can range from 90% of the stem wood to a negligible amount, 

or be absent depending on the age of the tree. Natural varieties of Indian Sandalwood take 

60 to 80 years to yield highest quality and quantity of oil. The cost of sandalwood is 

dependent on its oil content, which is subsequently dependent on the age and girth of the 

NCL parking area. Courtesy: Dr. Thulasiram H. V. 
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heartwood. In a tree, the oil content is maximum in the root and next in the stem at the base 

of the tree and gradually decreases towards the apex of the tree. Similarly, the heartwood at 

the core is denser with oil and the oil content decreases towards the periphery. 

 

1.1.2. Historical and commercial importance: 

Sandalwood (Santalum album L.) is a valuable tree associated with Indian culture and is 

named as ‘Chandana’ (in Sanskrit) in Indian mythology. Its heartwood is highly in demand 

since ancient days for its fragrant properties that made it useful for carving, decoratives, 

rituals, incense manufacture, oil extraction, holy practices such as homa-havana, and many 

more. S. album is considered the pride of India and is one of the most valuable trees in the 

world.17 The use of sandalwood is mentioned from the ages of ‘Ramayana’ (around 2000 

B.C.) in Indian mythology. Aroma of the oil and the wood is esteemed by people belonging 

to three major religions of the world - Hinduism, Buddhism and Islam. For more than 5000 

years, India has been the traditional leader of sandalwood oil production.18 The trade of 

sandalwood from India is dated back to the beginning of trading in India. Its use in 

toiletries was mentioned in Buddhist Jataka stories in 7th century B.C.16 Mauryan dynasty in 

3rd century B.C. also mentions the use of this precious wood. Most of the geographic 

distribution of sandalwood in Deccan India overlapped with the regime of Vijayanagara 

dynasty which was ruled by its famous king Krishnadevaraya in early 16th century.19 It is 

said that the richness of this dynasty with natural resources like sandalwood, spices, 

diamonds and other precious stones provided an important source of economy with which 

the empire could trade for guns and horses with Arabs and Europeans to build its own 

military strength and become a powerful kingdom. Later in the 18th century, Tipu Sultan, 

who ruled the kingdom of Mysore, declared sandalwood as the ‘Royal tree’ and took over 

sandalwood trade of the state on monopoly basis. The later kings of Mysore region 

continued this tradition and brought the trade and disposal of sandalwood under 

jurisdiction. From last six decades, trade of sandalwood has been replaced by government 

owned sandalwood extraction factories as well as craft industries. Nalwadi Krishnaraja 

Wodeyar (1884–1940) (aka Krishnaraja Wodeyar IV), whose period of sovereignty is often 

described as the ‘Golden Age of Mysore’, was instrumental in conceiving the idea of 

starting a sandalwood oil factory. As an impact of outbreak of World war-I, demand of 
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sandalwood decreased resulting in discontinuation of its export and compiling of huge 

unsold stocks. During the visit of Maharaja of Mysore to the Forestry Department at 

Sankey road in Bengaluru in 1916, he put forth an idea of extraction of oils from these huge 

stocks. He, after seeking advice from the scientists, established Sandalwood oil distillery in 

the vicinity of Sankey Tank, Malleswaram, Bengaluru, which was later, shifted to Mysore 

and eventually became the renowned ‘Government Sandalwood Oil Factory’. 

For the past 40 years, the production of wood has continued to diminish due to 

several factors such as uncontrolled felling, smuggling, illegal poaching and spike disease. 

Despite being State-controlled, it is difficult to estimate production due to fraud. However, 

it is thought that production is in the range of 3000 to 6000 tons of wood per year. 

According to Chana,20 the wood has its main centers of production in Karnataka (Mysore) 

and Tamil Nadu (Chennai), also over 90% of the world’s sandalwood output is from India. 

The Food and Agriculture Organization of the United Nations reports an estimated 40 tons 

per annum over the period of 1987 to 1993 (Anonymous 1995). Indonesia, the world’s 

second largest producer of S. album products, produced an average of 15 tons of oil per 

annum for the same period.21 From 1995 to 2005, Indonesia provided the bulk of S. album 

products to the world markets, while India’s production levels fell significantly due to 

scarcity and legislated resource protection. In March 2006, the highest auction price in 

India for cleaned S. album logs was Aus$ 105,400 per ton (Source: Tropical Forestry 

Services Pty. Ltd., Australia). 

 

1.1.3. Economic status: 

The demand for high quality sandalwood and its oil has been ever-increasing, because of 

their extensive use in broad spectrum of fields ranging from perfumes, handicrafts to 

cosmetics, medicines and so on. It being a slow-growing tree that further requires 60-80 

years of growth for harvest of good quality heartwood that can yield maximum quantity of 

oil, is not able to meet the market’s rising demand. Excessive harvesting without 

replenishment of this invaluable resource has substantially reduced the sandalwood 

industry, resulting in global shortage and soaring of market prices.22 Its cost is increasing 

steeply in domestic as well as international markets due to a significantly decreased 

supply,23 which is exemplified from the auction prices of the scented wood declared by 
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Government of Karnataka, which increased from Rs. 1.553 million /tonne in 2004 to Rs. 

3.557 million /tonne in 2009.24 Over 70 years ago, nearly 90% of the natural sandalwood 

populations occurred in the southern part of Karnataka and northern part of Tamil Nadu.25 

In Karnataka, sandalwood populations have reduced to sparse and devoid of larger girth; 

mature trees have been nearly vandalized.26 Apart from illegal harvesting and smuggling, 

spike disease that caused heavy economic losses, also add up to the depletion of the native 

sandalwood reserves. Spike disease has proved to be a major affliction for sandalwoods, as 

it compelled the Karnataka government to cut 700,000 sandalwood trees in the State of 

Mysore and 350,000 in the erstwhile Coorg State during the period 1903-1916 by the 

application of arsenical solution.27 The other reasons of paucity of sandalwood include 

forest fires, absence of adequate number of seed-bearing trees, lack of established 

plantations and heavy demand by the ‘Sandalwood Oil Factory’. As a result, in 1997 

Indian Sandalwood has been listed on the International Union for Conservation of Nature 

(IUCN) threatened species’ red list. According to a survey, supplies of good quality 

sandalwoods in India may be depleted in as little as five years which demands some 

serious measures to be adopted to save this endangered species from extinction. 

 

1.1.4. Sandalwood oil utility and methods of extraction: 

1.1.4.1. Sandalwood oil and its uses: 

Sandalwood is among the oldest known perfumery material and is highly valued worldwide 

for its fragrant heartwood. The highest value sandalwood is used for carving religious 

statues and objects, handicrafts, art, and decorative furniture. Larger basal pieces and roots 

are preferred for carving. In Hawai, sandalwood was sometimes used to make musical 

instruments such as the musical bow.28,29 It is used in handicraft industry to make a wide 

variety of artifacts such as boxes, cabinet panels, jewel cases, combs, picture frames, hand 

fans, pen holders, card cases, letter openers and bookmarks. Carved images of gods and 

mythological figures have high demand in the market and are also displayed in museums. 

Sandalwood is considered as sacred and is used for burning in certain Hindu and Buddhist 

rituals, religious ceremonies and during meditation and prayers. The beige-colored paste 

obtained by grinding of this scented wood is used as an ointment to apply on forehead and 
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other body parts, as it functions as a coolant by dissipating heat and also as a beauty aid. 

Wood powder is used to make incense sticks. 

It is no wonder that sandalwood is the second most expensive wood in the world, 

next to the African Blackwood (Dalbergia melanoxylon) and continues to increase in price 

each year. Indian Sandalwood, S. album also known as ‘True Sandalwood’ yields highest 

quality and quantity of oil as compared to the other aromatic heartwood bearing and oil 

yielding sandalwood species. Sandalwood oil is obtained by steam distillation of heartwood 

powder, is expensive and sold by weight. The typical values of oil yield from S. album are 

6-7% (w/w).30,31 Extractable oil yield can vary from zero to nearly 9% (w/w) from within 

one tree.32 S. yasi from Fijiis is reported to yield about 5% oil, S. austrocaledonicum around 

3-5%, and S. spicatum around 2%.33 Sandalwood oil is a blend of mono and 

sesquiterpenoids of which, santalols (α- and β-), the mono-hydroxylated sesquiterpenes 

constitute major part and also decide the odor and consequently the quality of the oil. The 

value of the tree is due to its oil content and the superiority of the oil pertains with the 

percentage of sesquiterpene alcohols, which in turn are dependent on the age of the tree. 

The varieties of oils containing more than 90% santalols are considered to be of the highest 

quality.34 To produce commercially valuable sandalwood with high levels of fragrance oils, 

harvested S. album have to be at least 40 years of age, but 80 or above is preferred. 

However, inferior sandalwood produced from trees at 30 years of age can still fetch a 

decent price due to increasing market demand. Depending upon their age, trees can be 

empirically classified as young or mature, but the oil content may differ from tree to tree at 

the same age. 

(i) Young trees (height less than 10 m, girth less than 50 cm and heartwood diameter 0.5-2 

cm) have heartwood with 0.2-2 % oil content, which has 85% santalols, 5% acetates and 

5% santalenes. 

(ii) Mature trees (height 15-20 m, girth 0.5-1 m and heartwood diameter 15-20 cm) have 

heartwood with oil content of 2-6.2%, which has over 90% α-santalol,25 3-5% acetates and 

3% santalenes.35 

Sandalwood oil extracted from the heartwood, has a multitude of uses in daily life 

as well as in medicine, as it possesses characteristic smell and medicinal properties. 

Sandalwood oil is a pale yellow to yellow viscous liquid, possessing sweet, fragrant, 
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persistent, spicy, warm, woody, milky and nutty notes. These properties of the oil are due to 

α-santalol and β-santalol, which are the major sesquiterpenes, but the α-isomer 

predominates. It is used as a fixative and highly valued in the perfumery, cosmetics and 

pharmaceutical industry; especially, for certain delicate scents those are extremely rare and 

fragile. Sandalwood oil serves as an ingredient and is added in ample amounts in most of 

the heavy or oriental perfumes. Most Indian attars use this oil as the base because of its 

inherent capacity to absorb most of the ethereal notes of other whole herbs or flowers, as it 

can enhance their perfumery status and stability. Being popular as the most precious 

perfumery material since ancient times, sandalwood oil has still retained its importance, 

popularity and demand in perfume industry. It is used in aromatherapy as it relieves stress. 

US-FDA, Flavor and Extract Manufacturers’ Association, Council of Europe and Joint 

FAO/WHO Expert Committee on Food Additives have approved the use of sandalwood oil 

as food ingredient.36 It is used as a flavoring substance in frozen dairy desserts, candy, pan 

masala, baked food, gelatin, puddings and also in alcoholic and non-alcoholic beverages at 

use levels generally below 0.001% (10 ppm) except in hard candy. The highest maximum 

use level for sandalwood oil in food products is approximately 90 ppm. Sandalwood oil is 

generally used as a natural flavoring substance or in conjunction with other flavor 

ingredients. 

Sandalwood oil has been mentioned in Indian system of medicine (Ayurveda), 

Chinese and Tibetan medicinal systems for its therapeutic effects18 and has acquired an 

important place in the indigenous system of medicines. In Ayurveda, sandalwood oil is 

largely used as a demulcent, diuretic and mild stimulant.37 It is used in the treatment of 

common colds, bronchitis, fever, dysentery, piles, scabies and infection of the urinary tract, 

inflammation of the mouth and pharynx, liver and gall-bladder complaints and as an 

expectorant, stimulant, carminative, digestive and as a muscle relaxant.36 A recently 

conducted in vitro study has shown that sandalwood oil is effective on methicillin-resistant 

Staphylococcus aureus (MRSA) and antimycotic-resistant Candida species.38 In another 

study, a crude methanolic extract as well as isolated compounds of sandalwood oil (α-, β-

santalol and their derivatives) showed promising anti-bacterial activity against the antibiotic 

resistant strain of Helicobacter pylori, a Gram-negative bacterium which is strongly linked 

to the development of duodenal, gastric and stomach ulcers and is also a risk factor in the 
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development of gastric cancer.39 The anti-bacterial properties of five extracts (in vitro 

samples, that is, callus, somatic embryo and seedlings, and in vivo samples from leaves of 

non-oil yielding young and oil-yielding matured trees) were compared with sandalwood oil 

by screening against nine Gram-negative and five Gram-positive bacterial strains by disc 

diffusion, agar spot and TLC bioautography methods. Minimum inhibitory concentration 

(MIC) for sandalwood oil was determined to be in the range of 0.078–5 µg/mL for most of 

the test micro-organisms screened, but also revealing that the Gram-negative bacterium 

Pseudomonas fluorescens and the Gram-positive bacterium Micrococcus flavus being 

resistant to it.40 Among the extracts screened, the somatic embryo extracts showed the 

strongest anti-bacterial activity comparable only with sandalwood oil and matured tree 

leaves’ extract. F. Benencia et al. have demonstrated that sandalwood oil possessed dose-

dependent anti-viral activities against HSY-l and HSY-2, more significant against HSY-l.41 

It was concluded that the oil was not virucidal, thus indicating that it affected the 

replication of the virus in treated cells. Recent data have shown that sandalwood oil exerts a 

modulatory influence on mouse hepatic glutathione S-tranferase (GST) activity. Mice orally 

fed with the oil, exhibited an increase in GST activity in time- and dose-responsive 

manners. In addition, an increase in acid-soluble sulphydryl levels in the hepatic tissue of 

these mice was also observed, suggesting a possible chemopreventive action of sandalwood 

oil against carcinogenesis.42 Additionally, Palamara et al.43 have reported an anti-viral 

activity of glutathione, which inhibit the in vitro replication of HSV-1. Thus, it can be 

speculated that the anti-viral activity of sandalwood oil against HSV could be an indirect 

effect of its reported modulatory influences on cellular glutathione S-transferase (GST) 

activities and acid- soluble sulphydryl levels. Sandalwood oil elevates pulse rate, skin 

conductance level and systolic blood pressure and brings about higher ratings of 

attentiveness and mood in humans.44 Kulkarni et al. demonstrated anti-hyperglycemic and 

anti-hyperlipidemic effect of pet ether extract of S. album oil in streptozotocin induced 

diabetic rats.45 Treatment of diabetic rats with the S. album fraction for 60 days 

demonstrated reduction in blood glucose level by 140 mg/dl. Metformin treated group 

showed a decrease in blood glucose by 70 mg/dl, as against an increase in diabetic control 

group by 125 mg/dl. Total cholesterol (TC), low-density lipoprotein (LDL) and triglyceride 

(TG) levels were decreased by 22, 31 and 44%, respectively, in treated diabetic rats, 
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whereas, cardio-protective, high-density lipoprotein (HDL) increased by 46%. In case of 

Metformin, the values were 11, 29 and 15% respectively, while HDL increased by 7%. 

Significant improvement in atherogenic index from 267 to 139% was observed in treated 

rats. 

 

1.1.4.2. Methods of Extraction: 

Sandalwood oil is extracted from the heartwood (in stem and roots) of the sandalwood tree. 

At the time of harvest, all of the commercially utilized sandalwoods are pulled from the 

ground along with roots, the upper limbs are cut and bark removed. The logs obtained are 

dressed to get rid of the sapwood, which is devoid of any oil and thus has very little 

economic importance. The logs are chopped into chips and billets, and further ground to a 

powder, which is subjected to down-stream processing. Oil is harvested from the heartwood 

powder by several techniques, which have their own advantages over the other. 

A) Steam distillation:  

The ground wood is distilled by either hydro- or steam-distillation to produce neat oil. 

Hydro-distillation is done with Clevenger’s apparatus, wherein the plant material is 

boiled along with water and essential oil is distilled out with steam. In steam-distillation, 

steam is passed through plant material, to distill the oil with steam. The oil that floats on 

water is then separated. 

B) Solvent extraction: 

The sandalwood powder is soaked in organic solvents such as n-hexane, methanol, and 

ethyl acetate and agitated for several hours. The mass is then filtered out and the solvent 

extract is concentrated to get the oil. 

C) Supercritical liquid CO2 extraction: 

Extraction by means of carbon dioxide in the supercritical state (SFE) is a good 

technique for the production of essential oils from plant material. Conventional 

processes such as distillation and solvent extraction often require additional steps, and 

are usually inferior to CO2 with respect to selectivity. In addition, the lower temperature 

in the SFE avoids thermal degradation; also the low water content limits hydrolytic 

processes. Therefore, volatile oils obtained by SFE are devoid of fatty acids, resins, 

waxes and coloring matters normally present in vegetable matter and co-extracted by 
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conventional solvent extraction, and exhibit a scent more similar to the original source.46 

Compressed CO2 is safe, non-toxic, non-combustible, inexpensive and its critical 

temperature and pressure are not high, 31.06 °C and 73.825 bar.47 As reported by B. 

Marongiu et al., the main difference between oil obtained from SFE and hydro-

distillation (HD) of S. album was the content of required oxygenated compounds, which 

were higher in the SFE product (95.8 vs 86.9%), from the identical sources. 

 

1.1.5. Santalol biosynthesis: 

Sandalwood oil is a perfect blend of mono- and sesqui-terpenoids, which are secondary 

metabolites biosynthesized by plants. The major constituents of sandalwood oil are the 

hydroxylated sesquiterpenes such as (Z)-α-santalol, (Z)-α-bergamotol, (Z)-β-santalol and 

(Z)-epi-β-santalol. Other minor sesquiterpenes, which are detected from GC-EI-MS 

analysis of the oil, are (Z)-lanceol, (E)-nuciferol and precursor hydrocarbons such as, α-

santalene, exo-α-bergamotene, epi-β-santalene, β-santalene, β-curcumene, α-curcumene, γ-

curcumene and β-bisabolene. 

Sesquiterpenes constitute a class of natural products, which are formed from the 

acyclic diphosphate precursor, farnesyl diphosphate (FPP), which in turn is formed by 

repetitive head to tail (also called ‘regular’) condensation of three isoprenoid units [one unit 

of dimethylallyl diphosphate (DMAPP) and two units of isopentenyl diphosphate (IPP)]. 

The first committed step in the biosynthesis of santalenes involves ionization of FPP and 

concomitant cyclization of the resulting carbocation in presence of santalene synthase 

(SaSS). These sesquiterpene hydrocarbons undergo hydroxylation at cis-methyl group of 

side chain, which is catalyzed by cytochrome P450, monooxygenase systems to form 

santalols (Scheme 1.1.1). Enzymes involved in the biosynthesis of santalenes and santalols 

are expressed at the transition zone of heartwood and sapwood. Mechanism involved in 

cyclization of FPP to several sesquiterpenes including santalenes has been described in 

detail in Chapter 3 of this thesis. 
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Scheme 1.1.1. Biosynthesis of sesquiterpenoid alcohols in sandalwood. 

 

1.1.6. Pharmaceutical importance of Santalols and their derivatives: 

1.1.6.1. Biological importance of α-santalol and β-santalol: 

(Z)-α-Santalol constitutes 50-60% of the terpene content in sandalwood oil from a well 

matured tree and is an active component responsible for the fragrance and medicinal 

properties exhibited by the oil. Studies reported that topical application of (Z)-α-santalol 

(5%, w/v) showed significant chemo-preventive effects on 7,12-dimethylbenzanthracene 
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(DMBA)-initiated and 12-O-tetradecanoylphorbol-13-acetate (TPA)-promoted skin cancer 

development, and inhibited ornithine decarboxylase (ODC) activity and DNA synthesis 

induced by TPA in both CD-1 and SENCAR mice.48 Furthermore, (Z)-α-santalol (5%, w/v) 

application significantly inhibited UVB-initiated and TPA-promoted, DMBA-initiated and 

UVB-promoted, and UVB-initiated and UVB-promoted skin tumorigenesis in SKH-1 

hairless mice, and also suppressed UVB-caused induction of epidermal ODC activity in 

SKH-1 mice.49 Dose-response experiment indicated that 5% of (Z)-α-santalol (w/v) 

application resulted in a relatively higher inhibition of skin tumorigenesis induced by UVB 

in SKH-1 mice.50 Both in vivo and in vitro models suggested that one of the possible 

mechanisms of its chemo-preventive effects is related to induction of apoptosis through 

both extrinsic and intrinsic pathways.51,52 Zhang et al. studied effects of (Z)-α-santalol in 

G2/M phase arrest and described detailed mechanisms of G2/M phase arrest by this agent. 

The data demonstrated that treatment with (Z)-α-santalol resulted in a concentration- and 

time- dependent inhibition of cell viability on A431 cells and UACC-62 cells as determined 

by MTT assay. Treatment with (Z)-α-santalol (50 μM) for 12 h did not significantly 

decrease cell viability of A431 and UACC-62 cells. However, flow cytometric analysis of 

cell cycle distribution revealed that (Z)-α-santalol (50-75 μM) from 6 h to 24 h treatment 

led to a 49%-285% and 71%-306% induction of G2/M phase in A431 cells and UACC-62 

cells, respectively, as compared to control cells. These findings indicated that G2/M phase 

cell cycle arrest induced by (Z)-α-santalol treatment may be one of the mechanisms which 

resulted in a decrease of cell viability in A431 and UACC-62 cells after (Z)-α-santalol 

treatment.53 

As mentioned previously, (Z)-α-santalol showed moderate cytotoxic activities 

against HL-60 cells, but exhibited negligible effect on TIG-3 cell growth even at a 

concentration of 40 μM.54 Effects of (Z)-α- and (Z)-β-santalols on selected CNS parameters 

were studied by Okugawa H. et al.55 On intraperitoneal (i.p.), oral and/ or 

intracerebroventriculary (i.c.v.) administration to mice, (Z)-α-santalol showed better effects 

on hypothermia and reduction in spontaneous locomotor activity than (Z)-β-santalol, while 

(Z)-β-santalol had better analgesic activity than (Z)-α-santalol. Both compounds produced 

the same effects on hexobarbital-induced sleeping time by i.p. administration (50 mg/kg) 

that was almost the same as that of Nitrazepam at 5 mg/kg. (Z)-α- and (Z)-β-santalols 
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reduced both Methamphetamine and Apomorphine-induced activities. However, hypnosis, 

muscle relaxation, reversal of reserpine-induced hypothermia and anti-convulsive effects 

were not produced by (Z)-α- and (Z)-β-santalols in mice. 

The in vivo anti-hyperglycemic and anti-oxidant experiments were conducted in 

alloxan-induced diabetic and D-galactose mediated oxidative stress induced male Swiss 

albino mice models, respectively, by Misra B. B. et al.56 Administration (i.p.) of (Z)-α-

santalol (100 mg/kg BW) and sandalwood oil (1 g/kg BW) for a week, modulated 

parameters such as body weight, blood glucose, serum bilirubin, liver glycogen, and lipid 

peroxides content to normoglycemic levels in the alloxan-induced diabetic mice. Similarly, 

administration of (Z)-α-santalol (100 mg/kg BW, i.p.) and sandalwood oil (1g/kg BW, i.p.) 

for two weeks altered parameters such as serum amino transferases, alkaline phosphatase, 

bilirubin, superoxide dismutase, catalase, free sulfhydryl, protein carbonyl, nitric oxide, 

liver lipid peroxide contents, and antioxidant capacity in D-galactose mediated oxidative 

stress induced mice. It was also observed that the other terpene components of sandalwood 

oil had synergistic effects on the beneficial activity exhibited by (Z)-α-santalol, thus 

demonstrating an enhanced activity with the traditionally used natural resource. 

The anti-influenza A/HK (H3N2) virus activity of (Z)-β-santalol was evaluated in 

MDCK cells and the effect of (Z)-β-santalol on synthesis of viral mRNAs was 

investigated.57 (Z)-β-Santalol was investigated for its anti-viral activity against influenza 

A/HK (H3N2) virus using a cytopathic effect (CPE) reduction method. It exhibited anti-

influenza A/HK (H3N2) virus activity of 86% with no cytotoxicity at the concentration 

of100 µg/mL, by reducing the formation of a visible CPE. Oseltamivir, marketed anti-viral 

drug, also showed moderate antiviral activity of about 83% against influenza A/HK (H3N2) 

virus at the concentration of 100 µg/mL. 

 

1.1.6.2. Phytochemicals from S. album: 

The oil of S. album shows a complex mixture of closely related terpenoids consisting of 

over 12 mono- and 90 sesqui-terpenoids.12,58,59 Good quality sandalwood oil extracted from 

a matured tree contains the major components, (Z)-α-santalol (50- 55 %), and (Z)-β-santalol 

(25-30 %),60 when the total sesquiterpenoid alcohol content is >90%. Apart from these 

sesquiterpenes, several minor compounds belonging to different classes have been isolated 
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and reviewed in literature.12 Derivatives of santalols are reported to exhibit more potent 

pharmaceutical activities in comparison to their precursors.  
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Figure 1.1.2. Sesquiterpenoids exhibiting various biological activities isolated from 

sandalwood. 

 

Kim et al.58 studied the antitumor effects of the purified constituents from S. album 

of Indian origin in vitro and in vivo. The inhibitory effects of the isolates on EBV-EA 

activation induced by 12-O-tetradecanoylphorbol-13-acetate (TPA), which is a short-term 

in vitro screening method frequently used to survey possible antitumor promoters in nature 

were assessed. (2R,7R)-2,12,13-Trihydroxy-10-campherene, (2S,7R)-2,12,13-trihydroxy-

10-campherene and β-santaldiol among the tested compounds showed a remarkable 

inhibitory effect on EBV-EA activation with 63.9, 62.3 and 61.8% inhibition, respectively, 

at a concentration of 500 mol ratio/TPA, preserving high cell viability. These activities 

were comparable to (-)-epigallocatechin gallate (EGCG), which is a well-known anti-tumor 

promoting polyphenol from green tea61 and was used as a positive control in the assay. In 

vivo studies on suppression of two-stage mouse skin carcinogenesis induced by 7,12-

dimethylbenz-anthracene (DMBA) as an initiator and TPA as a promoter, (2R,7R)-2,12,13-
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trihydroxy-10-campherene, β-santalol and β-santaldiol showed potent activities. In 

comparison to the controls, where 100% of the mice bore papillomas after 10 weeks of 

promotion, treatment of above three santalol derivatives along with the initiator and 

promoter reduced the percentages of tumor-bearing mice to 33.4–46.7% even at 15 weeks. 

Among these compounds, (2R,7R)-2,12,13-Trihydroxy-10-campherene had the most potent 

activity, reducing the incidence to 86.6% over 20 weeks (Figure 1.1.2). 

Anti-Helicobacter pylori activities of santalol derivatives isolated from 

sandalwood were tested against the antibiotic resistant strain TS281 by Ochi T. et al.39 

From the MIC values of all isolated sesquiterpenes tested, (Z)-α-santalol, (Z)-β-santalol and 

α-santaldiol proved to be potent against tested strain with α-santaldiol being the most potent 

(Figure 1.1.2).39 

Matsuo et al. evaluated the isolated α-santalol derivatives for their cytotoxicity 

against HL-60 tumor cells and TIG-3 normal cells.54 (9S,10E)-9-hydroxy-α-santalal showed 

cytotoxicity against HL-60 cells as high as cis-platin, with an IC50 value of 2.2 ± 0.23 μM, 

whereas (Z)-α-santalol, α-santaldiol, and (9E)-11-hydroxy-α-santalol showed moderate 

cytotoxicities against HL-60 cells with IC50 values of 13.8 ± 0.97 μM,11.1 ± 0.19 μM and 

21.3 ± 0.51 μM, respectively (Figure 1.1.2). These compounds had negligible effects on 

TIG-3 cell growth even at a sample concentration of 40 μM. 

 

1.1.7. Purification techniques of Santalols and quality assessment: 

As previously discussed, (Z)-α-santalol, (Z)-α-trans-bergamotol, (Z)-epi-β-santalol and (Z)-

β-santalol constitute >90% of the total terpene content of sandalwood oil, whereas, the 

sesquiterpene hydrocarbon precursors, α-santalene, α-bergamotene, epi-β-santalene and β-

santalene form a minor portion of the oil (~ 5%). Of these, (Z)-α- and (Z)-β-santalol are 

accountable for fragrance and medicinal properties demonstrated by the oil. These two 

sesquiterpene alcohols exhibit closely matching physical properties due to similarity in 

skeleton, geometry of the olefin and stereochemistry around all the chiral centers, which 

make quantitative separation of these two isomers a tedious task. Conventional techniques 

such as column chromatography and distillation methods did not provide promising results 

in the separation of santalenes and santalols. Sandalwood oil obtained from sandalwood by 

previously mentioned methods is subjected to various techniques for isolation and 
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purification of santalenes and santalols. Generally, α- and β-santalenes and (Z)-α- and (Z)-

β-santalols are separated by repeated fractional distillation. In fractional distillation, 

extreme care has to be taken to regulate the temperature, else the two sesquiterpene 

hydrocarbons and alcohols show a tendency of distilling as a constant boiling mixture.62 

Further, if the fractionating column is inefficient, the separation of the two isomers will not 

be effective. Vacuum distillation of sandalwood oil was carried out by Dwivedi C. et al. to 

obtain a fraction containing (Z)-α-santalol (boiling point 95°C at 0.5 mm Hg) in major, 

which was ascertained by GC-MS data and boiling point determinations.48 The fraction 

contained ~61% (Z)-α-santalol and ~28% of another isomer, thus demonstrating only 

partial purification of (Z)-α-santalol. Successive purification techniques were applied by 

Okugawa H. et al. for above purification.55 The crushed sandalwood was extracted with 

benzene, which was subsequently chromatographed over silica gel using benzene-ethyl 

acetate (20:1) to give three fractions. Fraction no. 2 (300 mg) was subjected to HPLC 

separation to afford (Z)-α-santalol (155 mg; 1.2%) and (Z)-β-santalol (76 mg; 0.6%), using 

n-hexane-diethyl ether (100:17.5) at 1.5 mL/min on µ-Bondasphere (19mm × 150 mm) 

column with detection at UV 226 nm. Kim T. H. et al. partitioned the methanolic extract of 

sandalwood chips to get a fraction containing terpenes.58,63 This was further fractionated 

over silica gel using a stepwise gradient of n-hexane/ ethyl acetate. A fraction eluting at n-

hexane/ ethyl acetate, 3:2 was subjected to reversed phase preparative HPLC using 40% 

CH3CN to yield partially purified terpene alcohols which were further purified by 

preparative normal phase HPLC to get the required compounds, but, with poor yields. 

Modern techniques such as preparative HPTLC were also employed for a small-scale 

purification of santalols.56 In spite of the sophistication of the techniques employed, 

quantitative purification of santalol congeners still remains an unexplored territory. 

Therefore, development of a method for quantitative separation and purification of (Z)-α- 

and (Z)-β-santalols and santalenes need attention. 

Over the past few years, natural S. album17,64 resources around the world continue 

to decline due to complex cultivation requirements, long growth periods and continuous 

harvesting (particularly from illegal poaching and smuggling), combined with limited 

plantation. Contradictorily, the demands and prices of sandalwood continue to increase, 

thereby promoting the adulteration of the original stocks with low quality oils from related 
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sandalwood species. With such a change in the source materials, there is a continuing 

demand for methods to determine the quality of heartwood and oil products. The most 

obvious of the quality factors to be monitored are heartwood oil yields and levels of 

santalols in the oil. Accurate determination of sandalwood oil yield and quality is an 

important part of its international trade, since these factors decide its market value. 

Sandalwood oil, being an important export commodity is highly sought after in 

international market, and tends to be adulterated by various adulterants which do not alter 

the odour of the oil; common adulterants being low grade cost-effective, viscous oils and 

synthetic or semi-synthetic substitutes such as Sandalore.34,65 The frequent adulterants 

reported include castor oil, cedarwood oil and low-grade oil from ‘sandalwood’ species 

other than S. album.34 The most common adulterant is the castor oil (botanical name 

Ricinus communis of the family Eurphorbiacae). Adulteration of sandalwood oil is a 

serious problem for regulatory agencies and oil suppliers. As per the directives and norms 

laid down by various competent authorities such as, ISO, good quality sandalwood oil 

should not contain lower than 90% (w/w) of (free) alcohols, calculated as santalols; in 

particular, (Z)-α-santalol falling in the range of 41–55%, while (Z)-β-santalol in 16-24% 

range.66 

There have been various techniques developed and recommended, of which every 

method has its own advantages over the other. Acetylation methods described to quantify 

the santalol content of sandalwood oil, generally lack specificity and accuracy and cannot 

distinguish among the santalol isomers. There is an increasing demand for the development 

of a new, rapid, and non-destructive method instead of traditional, time consuming and 

expensive analysis techniques. Application of Near Infrared (NIR) spectroscopy combined 

with chemometric techniques for determination of authenticity of the oil and for a very 

precise estimation of extent of adulteration of sandalwood oil with a common adulterant 

castor oil has been described by Saji Kuriakose et al.67 Multivariate analyses like Principal 

Component Regression (PCR)68 and Partial Least Square Regression (PLSR)69 have been 

applied to NIR spectrometry for quantitative analysis to extract vital information through 

non-destructive methods. 

Sandalwood oil can also be evaluated by gas chromatography (GC) coupled 

simultaneously or separately with FID (flame ionization detector) and MS (mass 
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spectroscopy) detectors. Howes et al.70 reported a qualitative analysis of several trade 

samples of sandalwood oil, made available from market and different exporters. Relative 

percentages of santalols were determined from the integration of GC-FID responses to 

assess the quality of all the samples and identification of the peaks was supported from MS 

data. But the technique used was relative and did not specify about the quantitative santalol 

contents of oils and is therefore not very reliable as the adulterants used in the marketed 

samples may not necessarily resolve from the desired peaks and thus will not give an exact 

extent of contamination present in the adulterated oil sample. In another attempt to quantify 

the santalol content in sandalwood oil, Danilo Sciarrone et al.71 applied a multidimensional 

gas chromatography (MD-GC) equipped with simultaneous flame ionization detector and 

mass spectrometry (FID/MS) to the analysis of a series of sandalwood oils of different 

origin. This approach was used to resolve all the components of the oil and to determine 

LoD (MS) and LoQ (FID) values of (E,E)-farnesol that was considered as the 

representative of all the oxygenated sesquiterpenes present in the oil considering the 

unavailability of other standard compounds in the market. A four-point standard graph of 

(E,E)-farnesol was constructed which was used to quantify the santalol contents of all the 

oil samples analyzed. Shellie et al. used GC × GC–FID and GC×GC–MS (a time-of-flight 

system) for the characterization of eight important constituents, namely (Z)-α-santalol, epi-

α-bisabolol, (Z)-α-trans-bergamotol, epi-β-santalol, (Z)-β-santalol, (E,E)-farnesol, (Z)-

nuciferol, and (Z)-lanceol.72 Quantitative analysis method is advantageous over the 

qualitative approach as an exact concentration of santalols can be estimated and the oil can 

be graded according to the norms of standard organizations. We, in our current work have 

constructed the calibration curves of the purified major components of the oil and 

developed an efficient, feasible GC-based method to determine the adulteration of 

sandalwood oils. 

 

1.1.8. Silver nitrate adsorbed on silica gel - efficient stationary phase for purification 

of olefins: 

Olefin containing substances possess an interesting property to form compounds of 

relatively low stability with halogens and metal ions, which are appropriately termed as 

“addition” or “coordination” compounds. The examples of compounds belonging to the 
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coordination type are the complex salts of hydrocarbons with aluminium and ferric 

chlorides, the loose addition compounds of olefins with hydrogen bromide, of the type 

C2H4·HBr; with zinc chloride, of the type C5H10·ZnC12 and the addition compounds of 

aromatic hydrocarbons with nitro compounds. Due to their complex forming properties, 

metal ions such as Cu (I), Ag (I), and Hg (II) salts are used for absorbing olefins.73 Lucas 

H. J. and co-workers74 extensively studied the complexation between silver ion and a 

number of unsaturated compounds by the distribution method and concluded that complex 

formation with aqueous silver ion is a general property of compounds possessing an olefin. 

Silver ions (Ag+) were derived from either silver perchlorate, or silver nitrate. From 

different experiments conducted, it was found that the complex forming reactions were 

rapid and reversible in all cases studied. In an experiment to crystallize silver olefin 

complex, dicyclopentadiene was melted and stirred up with silver perchlorate to give white 

solid which was recrystallized from ethanol. The crystals exhibited slow darkening in light 

that proved the complexation of Ag+ with the olefin. Reversible nature of this complex was 

demonstrated when practically the entire combined hydrocarbon was steam-distilled off 

easily. A structure was proposed for the ethylenic silver ion complex, according to which 

the ethylenic compound occupied one of the two coordination positions of silver by acting 

as the donor of an electron pair. A covalence joined the silver atom to one of the two 

carbon atoms, and a partial positive charge appeared on the other. Resonance involving two 

such bonded forms and an unbonded form was believed to account for the stability of the 

complex. Influence of structure of olefin on the silver complex was also studied, when it 

was concluded that the more buried the olefin is in a carbon chain of a compound, lesser is 

the value for K0, where, K0 is an equilibrium constant that signifies the stability of the 

silver-olefin complex. Thus, influence of structure on the stabililty of the complex was 

observed to be steric in nature. Nichols et al.75 studied the argentation constants of methyl 

oleate (cis-isomer) and methyl elaidate (trans-isomer) for partitioning between isooctane as 

one phase and aqueous methanol as the other and concluded that the cis-isomer exhibited a 

greater argentation constant than the trans-isomer. Accordingly, it was recognized that a 

distribution of this type could be used as a basis for the separation of cis- and trans-isomers 

as well as for the separation of saturated and unsaturated fatty acid esters, in particular, or 

olefinic compounds, in general. 
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From above studies, it can be concluded that silver ions show differential affinity 

for olefins as they form association products or donor-acceptor π-complexes of weak 

interactions, wherein, organic compounds containing vinyl groups function as electron 

donors, and Ag+ ions as electron acceptors. These interactions are developed by electron 

donation from the double bond to the vacant s-orbital of the silver ion, followed by 

donation of d-orbital electrons from the metal ion to the anti-bonding orbitals of the 

olefins.74,76,77 Because the symmetry of these orbitals is not correct for interaction, these 

bonds are distinct, much weaker than those established in the formation of covalent bonds, 

unstable in nature, involve smaller heats of interaction and are in equilibrium with the free 

components.78 The interactions proved to be favourable in chromatographic techniques as 

the original organic compound remained unaffected at the end of the separation and thus 

could be easily recovered in its original state. Silver ions are adsorbed on a solid support 

such as silica, which is inherently used in chromatographic separations, to result in 

‘argentized silica’ and is used in ‘argentation chromatography’. The technique of adsorbing 

Ag+ ions on silica particles has evolved over a period of time and the Ag+ adsorbed silica 

has been widely explored in separation methods such as thin layer chromatography (TLC), 

flash chromatography, medium pressure liquid chromatography (MPLC), high pressure 

liquid chromatography (HPLC), gas chromatography (GC), solid phase extraction (SPE) 

and is very well documented in literature. Argentation chromatography is being extensively 

utilized in separations of versatile classes of compounds such as steroids, pheromones, 

terpenes, fatty acids and their esters, lipids, metabolites, natural product and synthetic 

intermediates. Argentation chromatography can be used for the separation of geometrical 

isomers, and compounds with differences in unsaturations. 

Thin layer chromatography (TLC) on silica gel impregnated with AgNO3 was first 

used by Barrett et al.79 and by Morris80 to distinguish between saturated and unsaturated 

compounds. It was successively employed by several others for the separation of terpenes 

such as caryophyllene and β-selinene which are difficult to be separated by normal silica 

gel layers.81 Sesquiterpenes and monoterpenes play a major role in flavours and fragrance 

industry and every component has its own characteristic odour. The isomers of a compound 

may have entirely distinct notes and therefore need purification before being used in a 

blend in fragrance industry. Thin layer chromatography of sesquiterpenes on silica gel-
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silver nitrate, in conjunction with gas-liquid chromatography (GLC), has established its 

importance in the study of essential oils, both in identification of various components and 

analysis of their purity. Comparisons of retention capabilities of silver nitrate to silver 

perchlorate adsorbed silica, with and without gypsum, have been undertaken with a number 

of terpenes.82 The results suggest that use of the perchlorate counter-ion in the absence of 

gypsum is the optimum combination for terpene separation. Gupta et al.81 have reported an 

individual Rf study of the related compounds using specially prepared silver nitrate coated 

silica. Steroids,83 sterol acetates84 and their synthetic intermediates85 were also separated by 

this method on the basis of their degree of unsaturation. Morris80 and de Vries succeeded in 

separating methyl esters of oleic acid, linoleic acid and linolenic acid, which differed in the 

number of olefins. Furthermore, cis-trans isomers such as methyl oleate and methyl 

elaidate and their corresponding epoxy and hydroxy esters were also separated. The 

fractionation of synthetic mixtures of triglycerides and of natural oils and fats on silver 

nitrate plates, using eluting solvent mixture, such as carbon tetrachloride-chloroform-

ethanol, was described by Barrett et al.79 Since naturally occurring sterol mixtures or oils 

are composed of saturated, mono-, di-, and polyunsaturated sterols, silver nitrate adsorbent 

layers proved as a powerful tool in the analysis of steroids. Identification of steroids from 

snail’s body was performed by the use of argentation TLC and other bonded phases that 

resulted in distinct bands for every steroid as compared to the earlier studies in which 

sterols were determined only as a single, mixed fraction when analyzed on normal phase 

silica gel layers.86 Semi-preparative separation of fatty acid methyl esters (FAMEs) using 

two-dimensional TLC was achieved wherein, a part of layer was impregnated with urea 

(first dimension of development) and second part with AgNO3 (second dimension). The 

FAMEs were separated according to the structure of the chain (branched) and also on the 

basis of number ofolefins.87 Organic reactions which involve reduction of C=C double 

bonds or formation of geometric isomers are difficult to be monitored by normal silica 

TLC, as usually the separation among reaction components is poor and requires the 

application of more sophisticated techniques such as GC, HPLC or NMR. Silver nitrate 

coated TLC, although not capable of quantifying the results, can be used qualitatively as a 

quick and easy tool to govern such reactions. 
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On similar lines, the concept of argentation chromatography has been extended to 

quantitative separations using HPLC and MPLC methods which effect the separations 

yielding pure compounds on preparative scale. The separation of geometrical isomers is 

often difficult to achieve on a preparative scale using unmodified silica phase, when the 

acquisition of a single pure isomer may be important. In synthetic organic chemistry, it is 

difficult to synthesize the olefins (C=C) with absolute stereo-specificity and often result in 

a mixture of geometric isomers, separation of which is a tedious and time-consuming 

process. In synthetic organic chemistry, the cis and trans congeners of an intermediate 

exhibit different reactivity and selectivity, especially in case of compounds which are to 

undergo cyclization, and therefore arises the need to separate them before proceeding to 

subsequent steps. The substrates incubated with enzymes in biological assays must be pure 

isomers and must have a stereochemistry identical to that of the natural isomer, as the 

unnatural substrates either may not fit the active site pocket or may yield a different set of 

products.88 In the field of insect pheromones in particular, isomer purity can be of highest 

concern and small amounts of contamination by an unnatural isomer may strongly modify 

the insect response. HPLC in the silver ion mode has been adapted for the analysis of 

positional and geometrical isomers of fatty acids, and especially for the determination of 

trans unsaturation in fats and oils,89 for geometrical isomers of unsaturated acetates, 

aldehydes, hydrocarbons90 and pheromones.91 

The sequence of elution of geometric isomers was not consistent in argentation 

chromatography and was observed as a function of co-ordination of hindered olefins around 

the silver ions. As observed by Evershed R. P. et al., (E)-isomers eluted before (Z)-isomers 

in cases of 8-heptadecene, 9-nonadecene and (E)-7-methyl-6-nonen-3-one, but the trend 

had reversed for farnesenes, where the (Z)-isomers eluted prior to the (E)- in both the cases 

viz., (Z,E), (E,E) and (E,Z), (Z,Z) that covered the separation of all possible isomers of 

farnesenes.92 Even in case of separation of farnesol isomers using preparative 1% silver 

nitrate silica TLC plate developed with hexane: ethyl acetate: methanol: acetone (7:1:1:1), 

demonstrated by Thulasiram et al., (Z,E)-farnesol showed lower retention (Rf = 0.40) in 

comparison to its all trans congener, (E,E)-farnesol (Rf = 0.30).93 Argentation flash 

chromatography was applied for the separation of 13 olefinic mixtures, containing 32 

steroids and triterpenoids on silica impregnated with AgNO3 (10%).94 
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A general procedure for preparation of AgNO3 coated silica gel employed for 

TLC, MPLC and HPLC, involves following steps: 

i) A specific ratio of AgNO3 to silica gel is decided and required quantities are weighed. 

ii) AgNO3 solution is prepared by dissolving it in distilled water or acetonitrile to which 

silica gel (230-400 mesh or grade-G) is added and is stirred well to make uniform slurry. 

Some authors have suggested grinding this mixture in a mortar.  

iii) For TLC, this slurry is applied onto the plates by means of an applicator to make layers 

of uniform thickness. The plates are then dried at 110-150 °C in hot air oven for 1-2 h. 

These plates must be used within 2-3 days after its preparation or should be stored in 

dark to prevent them from turning brown, as a consequence of oxidation of Ag+ ions 

which may decrease its activity. In another procedure, TLC plates pre-coated with silica 

gel were developed once with an aqueous solution of AgNO3 (2.0 g) in distilled water (5 

mL) and subsequently dried and activated by keeping in hot oven, as above.94 

iv) For MPLC and preparative HPLC uses, above slurry is first dried by removing most of 

the water in vacuum on rotary evaporator and then dried at elevated temperatures (110-

150 °C) to get dry silica coated with silver nitrate which is then used to pack the 

columns. In an alternative method of argentation, silica was impregnated with silver 

nitrate by passing 250 mL of a 0.5% (w/w) solution of AgNO3 in methanol through a 

pre-packed dry silica column and then recycling 500 mL more of this solution overnight 

at the same rate. The column was finally rinsed by passing 200 mL of methanol.95 The 

phases prepared with above method did not retain Ag+ ions when most of it eluted out 

with successive passage of methanolic solution and thus produced less efficient columns 

for resolution of olefins. Fairly good results were obtained when AgNO3 solution was 

prepared in acetonitrile instead of methanol. A minimum amount of acetonitrile was 

used for dissolving silver nitrate, and the solution was injected into the column followed 

by washing of column with n-hexane. Quantitative retention of silver salt on the silica 

gel surface could be achieved.96 

Argentation chromatography has found some of the interesting applications in a 

variety of fields. It has been applied in ‘solid-phase extraction’ (SPE) technique for the 

separation of volatile aliphatic and aromatic hydrocarbons from crude oils and the 

versatility of the SPE method has been demonstrated by B. Bennett et al.97 using a light 
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crude oil from the North Sea and a heavy crude oil from Orcutt field (Monterey, California, 

U.S.A.). Considering the volatility of aliphatic hydrocarbons, this method has been found to 

be advantageous in terms of recovery of the volatile fraction over column chromatography 

method as the later required solvent evaporation at certain stage, whereas, SPE frits could 

be easily washed with suitable solvent without evaporation of the volatiles. In argentation 

chromatography, the percentage of silver nitrate to silica gel varies from 2% to 40% (w/w) 

depending on the nature and difficulty of the separation among the compounds to be 

analyzed. In most of the cases, improvement in separation was observed with increase in 

percentage of AgNO3 except a few, where it was unaffected. However, balancing a high 

cost of AgNO3 with desired effective separation, the ratio generally ranged from 5% to 

20%, although many authors have claimed repeated use of the same column without 

affecting the desired separation. Reusability of the stationary phase enhances economic 

viability of the process. 
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Preparative Separation of α- and 

β-Santalenes and (Z)-α- and (Z)-β-

Santalols using Silver nitrate-

Impregnated Silica gel Medium 

Pressure Liquid Chromatography 
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1.2.1. Rationale for present work: 
The Indian sandalwood, Santalum album is known worldwide for its pleasant woody 

fragrance. The essential oil of sandalwood is widely used in aromatherapy, as an anti-

depressant, anti-inflammatory, anti-fungal, astringent, sedative, insecticide, antiseptic and 

in sacred unguents.36,42,98-101 The genes responsible for santalene biosynthesis are expressed 

at the transition zone of the sapwood and heartwood of S. album. The first committed step 

in santalol biosynthesis involves cyclization of farnesyl diphosphate (FPP) by santalene 

synthase to yield α- and β-santalenes, which will be converted to santalols by enzymes from 

cytochrome P450 system. The sesquiterpene alcohols (Z)-α-santalol (1) and (Z)-β-santalol 

(2) (Scheme 1.2.1) together constitute over 80% of heartwood oil obtained from the well 

matured tree.102 Both 1 and 2 are responsible for most of the biological activities of the oil 

and have attracted increasing attention for their neuroleptic properties and chemo-

preventive effects in vitro and in vivo bioassay systems.39,49,50,52,58,98,103 Although several 

syntheses104-110 of 1 and 2 are known, they are not economically viable and hence 

sandalwood oil remains as the sole source for these sesquiterpene alcohols. Attempts of 

purification of these sesquiterpenoids by conventional techniques such as fractional 

distillation or even modern techniques such as repeated extraction, column 

chromatography, gel-permeation chromatography and HPLC in a sequential manner did not 

yield quantitative results.58,59,63 As such there is no efficient method reported so far, and 

therefore demands an effective methodology for the separation of santalenes and santalols. 

This work describes a quantitative separation of α-, β-santalenes and (Z)-α-, (Z)-β-santalols 

using preparative MPLC with AgNO3 impregnated silica gel as the stationary phase and 

hexane and dichloromethane as mobile phases, respectively.  

Scheme 1.2.1. Sesquiterpenes from sandalwood oil. 
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1.2.2. Present Work: 

Indian Sandalwood, Santalum album is commercially exploited and highly acclaimed 

globally for its fragrant heartwood and the oil extracted from it. It is a small to medium-

sized tree and yield of heartwood oil varies with the age, and is higher in older trees. The 

content of oil in a particular tree is also dependent on section of the tree; while it is highest 

in roots (~10 %), it decreases towards the tip. Sandalwood oil is a rich blend of mono- and 

sesquiterpenoids, which render it a typical pleasant, woody odour. These components form 

a complex mixture making the analysis and further purification of individual compounds an 

exhaustive task. 

 

Figure 1.2.1. GC-FID traces of sandalwood oil using a HP-5 capillary column (30 m × 0.32 

mm × 0.25 µm, J & W Scientific). Peak identification: 1: (Z)-α-Santalol, 2: (Z)-β-Santalol, 

3: (Z)-epi-β-Santalol, 4: (Z)-exo-α-Bergamotol, 5: α-Santalene, 6: β-Santalene, 7: epi-β-

Santalene, 8: (-)-α-Bisabolol, 9: (E,E)-Farnesol, 10: (E)-Nuciferol, 11: (Z)-Lanceol, 12: 

exo-α-Bergamotene, 13: α-Curcumene. 

 

Analysis of the GC chromatogram of sandalwood oil indicated that the santalol 

content [(Z)-α-santalol (1), (Z)-β-santalol (2) and (Z)-epi-β-santalol (3), and (Z)-α-exo-

bergamotol (4)] was >80% (Table 1.2.1) and rest of the minor components constituted α-
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santalene (5), β-santalene (6), epi-β-santalene (7), (Z)-α-bisabolol (8), (E,E)-farnesol (9), 

(E)-nuciferol (10), (Z)-lanceol (11), exo-α-bergamotene (12), and α-curcumene (13), 

(Figure 1.2.1). The terpene fraction was also analysed under identical conditions and was 

observed to contain the sesquiterpene hydrocarbons (5, 6, 7, and 12) upto 65%, whereas the 

hydroxylated sesquiterpenes, santalols, constituted a minor portion (Figure 1.2.2). Sciarrone 

et al. successfully applied a multi-dimensional gas chromatographic system (MD-GC), 

equipped with simultaneous flame ionization and mass spectrometric detection (FID/MS) to 

the analysis of a series of sandalwood oils of different origin. In their investigation, they 

approximated (E,E)-farnesol as the representative of all sesquiterpene alcohols constituting 

the oil, to measure ‘limits of detection’ (LoD) relative to the MS detector and ‘limits of 

quantification’ (LoQ) relative to the FID detector, while emphasizing the use of multi-

dimensional GC technique for better resolution of (E,E)-farnesol from santalols. In the 

present work, a method is developed to resolve all the terpene components of sandalwood 

oil using a simple set-up with a very routinely used GC-column, HP-5, installed in a GC 

coupled to FID, and ruled out the necessity of MD-GC to resolve the peaks in sandalwood 

oil. 

 
Figure 1.2.2. GC-FID traces of Sandalwood oil terpene fraction using HP-5 capillary 

column (30 m × 0.32 mm × 0.25 µm, J & W Scientific). 
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All the peaks of interest are resolved to base line and are confirmed by co-injection 

with the standards as well as by GC-MS analysis, under identical parameters. The oil 

extracted from the plants with heartwood formation of about 2 inches found at NCL 

campus, Pune (as explained in experimental section) was also analysed by GC-FID and was 

compared with that of the commercial sample. On comparison, both the samples were 

found to have similar total content of hydroxylated sesquiterpenes.  

 

Table 1.2.1. Comparison of components of commercial Sandalwood oil (KSDL) and oil 

extracted from heartwood of sandalwood (Pune region). Components are arranged serially 

according to their retention time (Rt) in GC. 

 

After analysis of the oil samples, next task was the quantitative purification of 

individual components, for their structural characterization and application in further work. 

Although, several syntheses104-110 are known for α- and β-santalenes and santalols, they are 

not economically viable due to lengthy synthetic procedures, poor yields and low 

enantiomeric purity of the products. Hence, sandalwood oil remains as the sole source for 

these sesquiterpene alcohols as large quantity of oil can be extracted from the trees and the 

natural isomers of the sesquiterpenes can be obtained. GC and GCMS analyses of the 

Sr. 

no. 
Compounds Rt (min) 

Sandalwood 

oil (KSDL) 

Sandalwood extract 

(Pune region) 

1. α-Santalene (5) 35.92 0.51 % 1.31 % 

2. (Z)-α-Bergamotene (12) 37.20 0.18 % 0.26 % 

3. epi-β-Santalene (7) 38.12 0.71 % 1.37 % 

4. β-Santalene (6) 39.20 1.11 % 1.84 % 

5. (Z)-α-Santalol (1) 59.31 54.24 % 49.19 % 

6. (Z)-α-trans-Bergamotol (4) 60.53 3.34 % 8.49 % 

7. (Z)-epi-β-Santalol (3) 61.57 4.95 % 3.79 % 

8. (Z)-β-Santalol (2) 63.03 19.20 % 25.26 % 

9. (E,E)-Farnesol (9) 63.79 2.10% 0.66% 



Chapter 1 

Ph. D. thesis, Pankaj P. Daramwar 32 
 

commercial sandalwood terpene fraction contained the sesquiterpene hydrocarbons, α- and 

β-santalenes as the major components. 

 

 

Figure 1.2.3. Thin-layer chromatography of α-santalene (5) (lane 1), β-santalene (6) (lane 

2) and terpene hydrocarbons mixture (lane 3) on (I) normal silica gel (0% AgNO3) and (II) 

silica gel impregnated with 5% AgNO3, developed in hexane and hexane / ethyl acetate 

(9.85:0.15, v/v), respectively. On normal silica gel, α-santalene (5) (lane 1), β-santalene (6) 

(lane 2) and terpene hydrocarbons mixture (lane 3) migrated as a single spot (Rf 0.91). On 

5% silver nitrate impregnated silica gel, α-santalene (5, Rf 0.92) (lane 1) and β-santalene (6, 

Rf 0.52) (lane 2) separated into spots A and B with exo-α-bergamotene (12) as spot C (Rf 

0.73) (lane 3). The solvent front (SF) is shown on chromatogram. 

 

The terpene fraction (20 g) was loaded on to a 100-200 mesh silica gel column (as 

described in experimental section) and sesquiterpene hydrocarbons could be eluted from 

the column using hexane, which on concentration under reduced pressure yielded terpene 

hydrocarbons (10.6 g). The column was further eluted with 10% ethyl acetate in hexane to 

obtain the sesquiterpene alcohols (9.4 g). Purification of sesquiterpenes was a difficult task, 

as α- and β-santalenes on one hand and α- and β-santalols on the other, possessed similar 

physical and chemical properties attributing to the very close structural similarities. 

Efforts to individually purify α- and β-santalenes and (Z)-α- and (Z)-β-santalols 

from the above hydrocarbon or alcohol mixtures, respectively, using column 

chromatography with various column sizes and normal silica gel with varied particle sizes 

did not yield any fractions with pure α- or β-santalenes and (Z)-α- or (Z)-β-santalols. On 

I II 
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thin layer chromatography with normal silica gel, both santalene (Rf values 0.91, system I) 

and santalol (Rf 0.71, system III) congeners migrated as a single spot with different 

developing systems attempted (Figures 1.2.3 and 1.2.4). Taking advantage of their close 

boiling points, distillations at atmospheric as well as reduced pressures were carried out, 

but fractions with desired purity could not be obtained. Santalol benzoates could be 

separated by HPLC just to base line on reverse phase (C-18) analytical column, when 

eluted with methanol, but the separation was not sufficient for preparative HPLC and thus a 

quantitative separation could not be achieved. 

 

 
 

Figure 1.2.4. Thin-layer chromatography of (Z)-α-santalol (1) (A), (Z)-α-trans-bergamotol 

(4) (B), (Z)-β-santalol (2) (C), sandalwood oil (D), (Z)-lanceol (11) (E), α-bisabolol (8) (F), 

(E,E)-farnesol (9) (G) and (Z)-nuciferol (10) (H) on (I) normal silica gel (0% AgNO3) 

developed in CH2Cl2 and on (II) silica gel impregnated with 5% AgNO3 developed in 1.5% 

methanol in CH2Cl2. On normal silica gel sesquiterpenoid alcohols, from sandalwood 

terpene alcohol mixture (A-H) migrated as a single spot. On 5% AgNO3 impregnated silica 

gel, (Z)-α-santalol (1, Rf 0.77), (Z)-α-trans-bergamotol (4, Rf 0.64), (Z)-β-santalol (2, Rf 

0.39), (Z)-lanceol (11, Rf 0.25), α-bisabolol (8, Rf 0.73), (E,E)-farnesol (9, Rf 0.19) and (Z)-

nuciferol (10, Rf 0.79) (lanes A-H, respectively) separated into different spots. 

 

Various achiral esters such as acetates, benzoates, succinates and chiral esters with 

N-methyl proline, (R)-O-acetyl mandelic acid, (+)-(S)-Camphor sulphonic acid were 

synthesized and the separations were monitored on silica gel G-coated TLC plates 

I II 
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developed with different solvent systems that resulted in single spots for all the resultant 

products. The sesquiterpene alcohol mixture containing 1 and 2 as major components, when 

oxidized to their corresponding aldehydes using ‘Swern oxidation’ protocol, did show 

marginal difference in the Rf values on TLC, but exhibited poor stability when separated by 

column chromatography, and subsequently degraded with further processing. 

Lucas and Nichols74,75 studied the complexation of silver ions with alkenes and 

utilized silver nitrate for complexation, recrystallization and argentation chromatography, 

wherein, silver ions were adsorbed on the surface of silica gel particles. Different 

procedures in the preparation of silver nitrate coated silica and its applications in different 

areas of separation science are discussed in previous section. This technique of separation is 

often used to separate geometrical isomers of small molecules such as lipids, fatty acids, 

terpenoids and steroids, and is based on the interaction of Ag+ ions with π-electrons of the 

double bonds.93,111-113 Since, santalene and santalol congeners had different number of 

double bonds, these were expected to be separated easily using argentation 

chromatography. Consequently, when silver nitrate coated silica gel TLC plates were used, 

both 1 and 2 as well as 5 and 6 separated well with developing solvent systems II and IV, 

respectively (Figures 1.2.3 and 1.2.4). This formed the basis for development of MPLC 

method with silver nitrate impregnated silica gel as the stationary phase, for the quantitative 

separation of 1 and 2, and 5 and 6. In argentation chromatography, choice of solvent system 

made significant alterations in the separation of santalols, as they showed lesser separation 

with pet ether/ ethyl acetate system in comparison to system IV. 2 g of above hydrocarbon 

mixture consisting of 5 and 6 as major components was loaded on to a preparative MPLC 

column (as described in the experimental section). The column was eluted with hexane at a 

flow rate of 7.5 mL/ min and 10 mL fractions were collected till most of the hydrocarbons 

eluted from the column. The fractions were analyzed by silver nitrate impregnated silica gel 

TLC as well as by GC. The fractions containing pure 5 or 6 were pooled separately and 

concentrated. From 2 g of crude hydrocarbon mixture, 0.48 g of 5 (Rf 0.92, system II; Rt 

35.92 min), 0.78 g of β-santalenes and 0.52 g of mixture of α- and β-santalene were 

obtained. The β-santalene fraction obtained from the column contained both 6 (Rf 0.52, 

system II; Rt 39.20 min) and 7 (Rf 0.52, system II; Rt 38.12 min) in the ratio of 58:42 

(Figure 1.2.5). Exo-α-bergamotene (12) was obtained as a minor component on repetitive 
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purifications of the sesquiterpenes mixture eluted from the column. These compounds were 

characterized based on various spectral data (experimental section, Appendix 1) and the 

spectra were consistent with those reported previously.114 

 

Figure 1.2.5. GC-FID traces of the purified santalenes from terpene fraction of 

Sandalwood oil. A: α-santalene (5); B: epi-β-santalene (7) and β-santalene (6); C: 

Sandalwood oil. 

 

Further, 2 g of sesquiterpene alcohol mixture containing (Z)-α- and (Z)-β-santalols 

as the major components was subjected to the silver nitrate impregnated silica gel MPLC 

(as described in the experimental section) and the fractions (8 mL) were collected using 

dichloromethane (CH2Cl2) as eluent at a flow rate of 7.5 mL/ min. After TLC and GC 

analyses, the fractions containing pure sesquiterpene alcohols were pooled separately and 

concentrated. (Z)-α-trans-bergamotol (4) and (Z)-lanceol (11) were purified by repeated 

column chromatography. From 2 g of crude sesquiterpene alcohol mixture, 1.16 g of 1 (Rf 

0.77, system IV; Rt 59.31 min), 0.52 g of 2 (Rf 0.39, system IV; Rt 63.03 min), 0.28 g of 

mixture of 1 and 2, and minor quantities of 4 (Rf 0.64, system IV; Rt 60.53 min) and 11 (Rf 

0.24, system IV; Rt 67.33 min) were obtained. GC and GCMS analyses indicated that, the 

fraction obtained for (Z)-β-santalol contained both 2 (Rf 0.39, system IV; Rt 63.03 min) and 

3 (Rf 0.39, system IV; Rt 61.57 min) in the ratio of 87:13 (Figure 1.2.6). These alcohols 

were characterized based on various spectral studies (experimental section, Appendix 1) 

and the spectral data agreed with earlier reports.110,115 The intensity of interactions between 

A 

B 

C 
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sesquiterpenes and silver ions was dependent on the number of olefin groups present in the 

compounds and was directly proportional to the later. Sesquiterpenoids 1, 2 and 11 

possessing one, two and three olefins respectively, showed increasing retention trend on 

silver nitrate coated silica TLC plates, that was demonstrated from their decreasing Rf 

values 0.77, 0.39 and 0.24, respectively. Although, 4 and 2 possessed same number of 

double bonds, the later had lesser Rf value which highlighted another important fact that, 

these interactions were also dependent on the substitutions on the olefin, that is the steric 

environment around olefins. Similar pattern of elution was also observed in argentation 

column chromatography. Santalols or santalenes were completely eluted from the column 

with CH2Cl2 or hexane, respectively and the column was washed, equilibrated with three 

column volumes of appropriate solvents. The same silica packing could be used for next 

batch of purification that reduced the consumption of AgNO3 coated silica gel and 

broadened the applicability of this process by making it economically viable for regular 

usage and for scale-up requirements. Argentation chromatography has proved a valuable 

technique for qualitative analysis as well as quantitative purification of terpenoids from 

sandalwood oil. 

 

Figure 1.2.6. GC-FID traces of the purified alcohols from Sandalwood oil. A: (Z)-α-

santalol (1); B: (Z)-epi-β-santalol (3) and (Z)-β-santalol (2); C: Sandalwood oil. 

  

A 

B 

C 
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Section 1.3.  
Quantification of Santalene 

derivatives from Sandalwood oil 

and its adulteration study. 
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The purified terpenoids find a variety of applications in perfumery, medicine, toxicology 

studies, cosmetics and quality control of sandalwood oil. Indian sandalwood oil due to its 

unique fragrance and medicinal properties is highly recognized and has always been in high 

demand in Indian as well as in international markets. The rising demand is a cause for its 

inflating price which in turn results from the depletion of natural resources due to 

uncontrolled felling, poor planning and management in plantation of newer strands, theft 

and smuggling, and spike disease. Due to rising demands, the cost of original stocks of 

sandalwood oil and its products has continuously showed a sharply rising trend. But, these 

higher prices are not affordable for the consumers. This creates a pressure on the suppliers 

and sellers as they have to find a way out to match the demands of the consumers with the 

rising market trends. The suppliers who are expected to maintain the high quality of their 

product, despite the reduced supply, find it difficult to cope up with the situation and resort 

to alternative ways, such as adulteration of the original products. The materials which are 

commonly used as adulterants in Indian sandalwood oil are low grade oils from other 

Santalum species, castor oil, cedarwood oil, and other viscous oils which do not 

significantly affect the original odour of sandalwood oil but can easily form a blend with it. 

Therefore, easy and quick methods need to be developed which can detect the level of 

adulteration and can keep a check on the quality of sandalwood oils marketed by several 

brands. Different methods employed for inspection of quality of sandalwood oil are 

reported in literature and are discussed previously. 

In the present study, calibration curves for all the purified components of 

sandalwood oil viz., (Z)-α-santalol (1), (Z)-β-santalol (2) and (Z)-epi-β-santalol (3), (Z)-α-

trans-bergamotol (4), α-santalene (5), β-santalene (6) and epi-β-santalene (7), (-)-α-

bisabolol (8), (E,E)-farnesol (9), and (Z)-lanceol (11) were constructed. A ten point straight 

line graph was obtained for all the above mentioned sesquiterpenes when a constant volume 

from the serial dilutions of their standard stocks was injected in GC, and the FID responses 

for each component were plotted against the concentrations injected. All these compounds 

showed different FID detector responses as evidenced by different values for the slopes and 

intercepts of the calibration curves drawn for each compound. Using these standard curves 

the GC-FID quantification studies were carried out in similar conditions for commercial 

sandalwood oil and deliberate adulteration of commercial sandalwood oil with known 
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quantities of paraffin oil, coconut oil, and ethylene glycol (Table 1.2.2, Appendix 1). As 

anticipated, the measurements were in accordance with the content of the sesquiterpene 

alcohols in adulterated sandalwood oil and the percentage errors were within 5%. 

 

 
Figure 1.2.7. Quantification of adulterated samples of sandalwood oil. 

Key: α-Santalol (1), β-Santalol (2), epi-β-Santalol (3), (Z)-α-trans-bergamotol (4), α-

santalene (5), β-santalene (6) and epi-β-santalene (7); SO: Sandalwood oil, EG: Ethylene 

glycol, CO: Coconut oil, PO: Paraffin oil. 
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1.2.3. Summary and Conclusion: 
The present study clearly demonstrated the method for separation of α- and β-santalenes 

and (Z)-α- and (Z)-β-santalols, (Z)-α-trans-bergamotol and (Z)-lanceol using preparative 

medium pressure liquid chromatography (MPLC) with silver nitrate impregnated silica gel 

as the stationary phase and hexane and dichloromethane as mobile phases, respectively. 

The method developed, enabled the quantitative separation of (Z)-α- and (Z)-β-santalols, 

which are responsible for most of the biological activities observed with sandalwood oil. 

Standard linear graphs were constructed for eight important sesquiterpenes of heartwood oil 

of S. album using GC analysis of serial dilutions of the stock standard solutions. It was also 

demonstrated that the quality of commercial sandalwood oil can be assessed for the content 

of individual sesquiterpene alcohols regulated by Australian Standard (AS2112-2003), 

International Organization for Standardization ISO 3518:2002 (E) and the European Union 

(E. U.). 
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1.2.4. Experimental: 

1.2.4.1. Samples and chemicals: 

Silver nitrate was purchased from Sigma-Aldrich. Silica gel, silica gel G-coated TLC plates 

(0.25 mm) and all the solvents were purchased from Merck. Heartwood samples of 15-20 

year old sandalwood trees (NCL campus, Pune) were collected with the help of a wood-

borer. Heartwood powder was extracted with methanol; organic layer was filtered, 

concentrated and analysed by GC and GC-MS. Commercial Sandalwood oil and terpene 

fraction were procured from KSDL, Mysore, Karnataka. 

 

1.2.4.2. Bulk separation of sesquiterpene hydrocarbons from alcohols: 

Commercial Sandalwood oil (20.5 g) was subjected to simple column chromatography over 

silica gel (100-200 mesh, 425 g) and was eluted with hexane till most of these 

sesquiterpene hydrocarbons eluted. The column was further eluted gradually with ethyl 

acetate-hexane (8: 92) to obtain oil (15.5 g) which contained mainly sesquiterpene alcohols. 

 

1.2.4.3. Silver nitrate coated silica gel medium pressure liquid chromatography: 

The preparative MPLC column (i.d. = 36 mm, height = 460 mm; Buchi catalog no. 17981) 

was filled with 50 g uncoated silica gel (230-400 mesh) and then with 200 g of silver nitrate 

impregnated silica gel. Nitrogen pressure was applied to pack the column and to remove 

dead volume. The column was washed and equilibrated with three column volumes of 

dichloromethane (CH2Cl2) at a flow rate of 20 mL/min, using a peristaltic pump (Figure 

1.8). 

 

1.2.4.4. Chromatography: 

GC analyses were carried out on an Agilent 7890 instrument equipped with a hydrogen 

flame ionization detector and HP-5 capillary column (30 m × 0.32 mm × 0.25 mm, J & W 

Scientific). Nitrogen was used as carrier gas for GC analysis at a flow rate of 1 mL/min. 

Initially, the column temperature was maintained at 60 °C for 2 min, followed by a 

temperature gradient from 60 °C to 120 °C at 2 °C/min and held constant for 5 min at 120 

°C, then raised to a temperature of 150 °C at 1 °C/min and finally to a temperature of 200 

°C with a 5 °C/min rise and maintained for10 min at 200 °C. The injector and detector 
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temperatures were maintained at 250 °C and operated in split mode (split ratio1: 10). GC-

MS was performed on an Agilent 5975C mass selective detector interfaced with an Agilent 

7890A gas chromatograph. GC-MS analyses were performed under similar conditions 

using a HP-5-MS capillary column (30 m × 0.32 mm × 0.25 mm, J & W Scientific) and 

helium as the carrier gas (mobile phase). 

 
Figure 1.2.8. Schematic representation of silver nitrate impregnated silica gel column used 

for the separation of santalols and santalenes. 

 

Thin-layer chromatography (TLC) was performed on silica gel G-coated plates 

(0.25 mm for analytical) developed with hexane (system I), hexane-ethyl acetate (98.5 : 

1.5; system II), dichloromethane (system III), and dichloromethane-methanol (98.5 : 1.5; 

system IV). Compounds were visualized by spraying with a solution of 3.0% anisaldehyde, 

2.8% H2SO4, and 2% acetic acid in ethanol followed by heating for 1-2 min. Argentized 

silica gel G-coated plates (0.25 mm) were prepared by dipping the plates in a methanolic 

solution of AgNO3 (5%, w/v) and dried in hot air oven at 80 °C for 5 min to dry out from 

methanol. Silver nitrate coated silica gel (230-400 mesh) for column chromatography was 
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OH

1

prepared by adding the silica gel to methanolic silver nitrate (5%, w/v) solution. The slurry 

was dried under reduced pressure on a rotary evaporator and then in hot air oven at 80 °C 

for 1 hour to obtain dry silver nitrate coated silica gel for column chromatography. This 

was either immediately used or stored for future use, in a container protected from light. 

 

1.2.4.5. Spectral studies: 

Infrared (IR) spectra were recorded on a Shimadzu FTIR 8400 spectrophotometer. High 

resolution mass spectra (HRMS) were recorded on an MSI auto-concept UK with 

ionization energy 70 eV and on Waters make QTOF (Synapt-HDMS). Boiling points were 

determined using a Buchi M560 apparatus. 1H and 13C nuclear magnetic resonance (NMR) 

spectra were recorded on Bruker DRX-500 (500 MHz), Bruker AC-200 (200 MHz) 

spectrometers. Chemical shifts are reported in parts per million, with respect to 

tetramethylsilane (TMS) as the internal standard. The spectral data for α-santalene, β-

santalene, exo-α-bergamotene, (Z)-α-santalol, (Z)-β-santalol, (Z)-α-trans-bergamotol and 

(Z)-lanceol are as follows: 

 

(Z)-α-Santalol (1): 

[α]D +17.9 (CHCl3, c = 2.65), reported [α]D = +17.20 (CHCl3, c = 

0.8)116; IR (CHCl3, cm-1): νmax 3399, 2945, 1676; 1H NMR (500 

MHz, CDCl3): δ 5.32 (t, J = 7.43 Hz, 1H), 4.15 (s, 2H), 1.97 (m, 2H), 

1.80 (d, J = 1.10Hz, 3H), 1.56 (m, 4H), 1.24 (m, 2H), 1.14 (m, 1H), 1.06 (t, J = 10.73 Hz, 

2H), 1.00 (s, 3H), 0.83 (s, 3H); 13C NMR (125 MHz, CDCl3): δ 133.6 (C2), 129.5 (C4), 

61.6 (C1), 45.8 (C7), 38.1 (C12), 34.9 (C13), 31.5 (C11), 30.9 (C5), 27.3 (C8), 22.9 (C6), 21.2 

(C9), 19.5 (C10), 19.4 (C3), 17.5 (C14), 10.6(C15); GC-EI-MS: m/z 220.2 [M]+, 202.2, 187.2, 

159.1, 133.1, 121.1, 107.1, 94.1 (100%), 93.1, 91.1, 79.1, 67.1; HRMS: Calcd. for C15H22 

[M-H2O]+: 202.1716 found: 202.1724; B. P.: 300.1 °C to 302.6 °C. 

 

(Z)-(β + epi-β)-Santalol (2 and 3): 

IR (CHCl3, cm-1): νmax 3363, 2963, 

1651, 1455; 1H NMR (400 MHz, 

CDCl3): δ 5.29 (t, J = 7.28 Hz, 1H), 



Chapter 1 

Ph. D. thesis, Pankaj P. Daramwar 44 
 

4.74 (s, 1H), 4.46 (s, 1H), 4.14 (bs, 2H), 2.67 (bs, 1H), 2.10 (s, 1H), 1.96-2.08 (m, 1H), 

1.79 (s, 3H), 1.63-1.67 (m, 3H), 1.37-1.44 (m, 2H), 1.17-1.27 (m, 4H), 1.04 (s, 3H); 13C 

NMR (100 MHz, CDCl3): δ 166.2 (C2), 133.9 (C13), 129.0 (C4), 99.7 (C14), 61.6 (C1), 46.8 

(C11), 44.7 (C7), 44.6 (C8), 41.5 (C6), 37.1 (C12), 29.6 (C10), 23.7 (C9), 23.2 (C5), 22.6 (C15), 

21.2 (C3); GC-EI-MS: m/z 220.2 [M]+, 202.2, 189.2, 161.1, 147.1, 133.1, 122.1, 94.1 

(100%), 93.1, 79.1, 67.1; B. P.: 289.5 °C to 292.3 °C. 

 

(Z)-α-trans-Bergamotol (4): 

IR (CHCl3, cm-1): νmax 3327, 2925, 1449, 1439, 1010; [α]D -45.4 

(CHCl3, c = 2.0); 1H NMR (200 MHz, CDCl3): δ 5.37 (t, J = 7.1 

Hz, 1H), 5.22 (m, 1H), 4.17 (bs, 2H), 1.97-2.36 (m, 6H), 1.82 

(m, 2H), 1.63-1.68 (m, 6H), 1.23-1.29 (m, 1H), 1.18 (d, J = 8.47 

Hz, 3H), 0.83 (s, 3H); 13C NMR (50 MHz, CDCl3): δ 144.2 (C11), 133.8 (C2), 128.9 (C4), 

116.4 (C10), 61.2 (C1), 45.2 (C12), 41.0 (C7), 38.9 (C13), 38.8 (C8), 31.5 (C6), 31.1 (C9), 23.3 

(C5), 22.9 (C15), 21.1 (C14), 17.3 (C3); GC-EI-MS: m/z 220.1 [M]+, 202.2, 187.2, 159.1, 

145.1, 132.1, 119.1, 93.1 (100%), 79.1, 55.1; B. P.: 312.5 °C to 313.6 °C. 

 

α-Santalene (5): 

[α]D +14.99 (CHCl3, c = 2.12); IR (CHCl3, cm-1): νmax 2942, 1644; 1H 

NMR (400 MHz, CDCl3): δ 5.12 (m, 1H), 1.83-1.95 (m, 2H), 1.68 (s, 

3H), 1.61 (s, 3H), 1.59 (m, 3H), 1.11-1.26 (m, 2H), 1.02-1.07 (m, 3H), 

0.99 (s, 3H), 0.83 (s, 3H); 13C NMR (100 MHz, CDCl3): δ 130.8 (C2), 

125.5 (C4), 45.8 (C7), 38.1 (C9), 34.5 (C11/13), 31.5 (C13/11), 31.0 (C6), 27.4 (C8), 25.7 (C10 & 

12), 23.2 (C5), 19.5 (C15 & 3), 17.5 (C1), 10.7 (C14); GC-EI-MS: m/z 204.2 [M]+, 189.2, 

161.2, 148.2, 133.1, 121.1, 107.1, 94.1 (100%), 93.1, 79.1, 67.1; HR-EI-MS: Calcd. for 

C15H24, 204.1878, found 204.1864; B. P.: 251.4 °C to 253.2 °C. 

 

(β + epi-β)-Santalene (6 and 7): 

IR (CHCl3, cm-1): νmax 2962, 1654, 1458; 1H 

NMR (400 MHz, CDCl3): δ 5.08-5.15 (m, 

1H), 4.73 (s, 1H), 4.47 (s, 1H), 2.67 (m, 

HO

4

5

6 7
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1H), 1.83-2.14 (m, 3H), 1.57-1.69 (m, 9H), 1.37-1.46 (m, 2H), 1.15-1.28 (m, 3H), 1.02-

1.05 (s, 3H); 13C NMR (100 MHz, CDCl3): δ 166.9 and 166.5 (C13), 131.1 and 131.0 (C2), 

125.0 (C4), 99.4 and 99.2 (C14), 46.8 and 46.7 (C11), 45.2 and 44.5 (C8), 44.9 and 44.7 (C7), 

41.2 and 39.1 (C6), 37.1 (C12), 29.7 and 29.1 (C10), 25.7 and 25.7 (C3), 24.0 and 23.6 (C9), 

23.7 (C5), 22.6 and 25.2 (C14), 17.6 and 17.5 (C1); GC-EI-MS: m/z 204.2 [M]+, 189.2, 

161.1, 147.1, 133.1, 122.1, 107.1, 94.1 (100%), 79.1, 67.1; B. P.: 261.4 °C to 262.6 °C. 

 

Exo-α-Bergamotene (12): 
1H NMR (500 MHz, CDCl3): δ 5.20-5.22 (m, 1H), 5.17 (tquin, J = 

1.22, 7.02 Hz, 1H), 2.30-2.34 (m, 1H), 2.22-2.27 (m, 1H), 2.11-

2.17 (m, 2H), 1.94-2.01 (m, 3H), 1.70 (brs, 3H), 1.66 (q, J = 1.8 

Hz, 3H), 1.63 (brs, 3H), 1.59-1.64 (m, 2H), 1.17 (d, J = 8.54 Hz, 

1H), 0.83 (s, 3H)117; 13C NMR (125 MHz, CDCl3): δ 144.5 (=C), 130.9 (=C), 125.3 (=CH), 

116.5 (=CH), 45.4 (-CH), 41.1 (-C-), 38.9 (-CH), 38.6 (-CH2), 31.6 (-CH2), 31.2 (-CH2), 

25.7 (-CH3), 23.8 (-CH2), 23.0 (-CH3), 17.6 (-CH3), 17.4 (-CH3);118 GC-EI-MS: m/z 204.2 

[M]+, 189.1, 161.1, 147.1, 133.1, 119.0 (100%), 107.1, 93.0, 69.1, 55.0; HR-EI-MS: Calcd. 

for C15H24, 204.1878, found 204.1877. 

 

(Z)-Lanceol (11): 

[α]D -72.7 (CHCl3, c = 2.0); IR (CHCl3, cm-1): νmax 3366, 2923, 1670, 

1603, 1410; 1H NMR (200 MHz, CDCl3):δ 5.40 (m, 1H), 5.31 (t, J = 

7.1 Hz, 1H), 4.78 (s, 1H), 4.72 (d, J = 1.39 Hz, 1H), 4.13 (bs, 2H), 

1.83-2.23 (m, 9H), 1.80 (d, J = 1.2 Hz, 3H), 1.65 (bs, 3H), 1.35-1.56 

(m, 1H), 1.21-1.26 (m, 1H); 13C NMR (50 MHz, CDCl3): δ 153.9 

(C7), 134.5 (C11), 133.8 (C2), 128.1 (C12), 120.7 (C4), 107.5 (C14), 61.6 (C1), 39.8 (C8), 34.9 

(C6), 31.4 (C10), 30.7 (C9), 28.3 (C13), 26.3 (C5), 23.4 (C15), 21.2 (C3); GC-EI-MS: m/z 

220.2 [M]+, 202.2, 187.2, 174.1, 159.1, 134.1, 119.1, 105.1, 93.1 (100%), 79.0, 67.0; B. P.: 

327.2 °C to 328.7 °C. 

 

 

HO

11

12
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Appendix 1 

Appendix 1 Index 
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8. GC traces for co-injections of purified sesquiterpene components 
with sandalwood oil 54 
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GC traces for co-injections of purified sesquiterpene components with Sandalwood oil: 
 
 
 
 
 
 
 

A) Sandalwood oil           B) Co-injection of (Z)-α-Santalol (1) with Sandalwood oil 
 
 
 
 
 
 
 
 

 
  
 

 
 
 
 

 

 

 

     E) Co-injection of (-)-α-Bisabolol (8) with Sandalwood oil        F) Co-injection of (E,E)-Farnesol (9) with Sandalwood oil 

C) Co-injection of (Z)-(β + epi-β)-Santalol (2&3) with 
Sandalwood oil. 

D) Co-injection of (Z)-α-trans-Bergamotol (4) with 
Sandalwood oil 

45 50 55 60 65 70  

9 

45 50 55 60 65 70

8 

45 50 55 60 65 70

4 
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3&2 
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G) Co-injection of (Z)-Lanceol (11) with Sandalwood oil  H) Santalenes mixture   

 

 

 

 

 

 

 

I) Co-injection of α-Santalene (5) with Sandalwood oil   J) Co-injection of (β+ epi-β)-Santalene (6&7) with   
                          Sandalwood oil. 
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Standard graphs of purified sesquiterpenes of sandalwood oil: 
Α) (Z)-α-Santalol (1):                B) (Z)-(β+ epi-β)-Santalol (2 & 3): 

 

 

 

 

 

 

 

 

 

     C) (Z)-α-trans-Bergamotol (4):       D) α-Santalene (5):  
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  E) (β+ epi-β)-Santalene (6 & 7):        F) (-)-α-Bisabolol (8): 

 

 

 

 

 

 

 

 

 

 

G) (E), (E)-Farnesol (9):                     H) (Z)-Lanceol (11): 
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 Table 1.2.2: Adulteration study of sandalwood oil (KSDL) with coconut oil, liquid paraffin and ethylene glycol.    

 

Sr. 
No. Composition Area of α-

Santalol 

Area of (β 
+ epi-β)-
Santalol 

Expected 
value of α-
Santalol 
(mg) 

Observed 
value of α-
Santalol 
(mg) 

Expected 
value of 
(β+epi-β)-
Santalol (mg) 

Observed 
value of 
(β+epi-β)-
Santalol 
(mg) 

% error 
in α-
Santalol 

% error in 
(β+epi-β)-
Santalol 

1 MSW : Coconut 
Oil (9:1) 

3200.9 1460.6 2.17 2.17 1.05 1.07 0.03 2.04 

3156.4 1415.0 2.17 2.14 1.05 1.04 1.43 1.42 

          
2 MSW : Coconut 

Oil (7:3) 
2558.8 1171.1 1.68 1.71 0.81 0.84 2.04 3.78 

2470.7 1153.8 1.68 1.65 0.81 0.83 1.69 2.07 

          
3 MSW : Coconut 

Oil (1:1) 
1821.9 842.7 1.20 1.19 0.58 0.58 0.79 0.22 

1816.0 868.9 1.20 1.19 0.58 0.60 1.14 3.38 

 

1 MSW : Paraffin 
(9:1) 

3105.7 1474.5 2.17 2.10 1.05 1.08 3.09 3.10 

3171.7 1439.2 2.17 2.15 1.05 1.05 0.93 0.42 

          
2 MSW : Paraffin 

(7:3) 
2485.2 1122.2 1.68 1.66 0.81 0.80 1.08 1.04 

2515.3 1158.7 1.68 1.68 0.81 0.83 0.20 2.56 

          
3 MSW : Paraffin 

(1:1) 
1825.3 842.7 1.20 1.19 0.58 0.58 0.59 0.22 

1859.9 868.9 1.20 1.22 0.58 0.60 -1.46 -3.38 
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1 
MSW : Ethylene 

glycol (9:1) 

3163.4 1399.2 2.17 2.14 1.05 1.02 1.20 2.62 

3127.6 1404.4 2.17 2.12 1.05 1.03 2.37 2.23 

          
2 

MSW : Ethylene 

glycol (7:3) 

2525.8 1104.0 1.68 1.69 0.81 0.79 0.64 2.83 

2462.7 1099.4 1.68 1.65 0.81 0.78 2.03 3.28 

          
3 

MSW : Ethylene 

glycol (1:1) 

1804.3 866.2 1.20 1.18 0.58 0.60 1.84 3.01 

1837.9 853.2 1.20 1.20 0.58 0.59 0.15 1.22 
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‘Biotransformation’ is a broad term assigned to modification of organic molecules, 

chemical substances, nutrients, amino acids, toxins, and drugs to their derivatives (in 

some cases also called as ‘secondary metabolites’) by introduction or elimination of one 

or more functional groups mediated by biocatalysts such as fungi, bacteria, algae, yeast 

and plant cultured cells or by isolated enzymes in their native or modified forms. In case 

of biocatalyst mediated transformation of xenobiotics to CO2, NH4
+ or H2O, the process 

is called ‘biomineralization’. 

 

2.1.1. History of Biotransformation 

Throughout the times of mankind, microorganisms have gathered a remarkable social 

and economic status. The history of utilization of microbial catalysts in the production 

and preservation of foods and beverages dates back to primitive culture of humans, even 

when existence of the former was unknown. While the Sumerians and Babylonians 

practised the brewing of beer before 6000 BC, Egyptians used yeast for baking bread. 

Vinegar production, perhaps the oldest and best known example of microbial oxidation, 

dates back to around 2000 BC. However, knowledge of the production of chemicals 

such as alcohols and organic acids through fermentation is relatively recent and the first 

reports in the literature only appeared in the second half of the 19th century. The rational 

application of these early techniques could come only after the scientific practice of 

organic chemistry and microbiology had begun. Only in the later part of 17th century, 

Dutch microscopist, Antony von Leeuwenhoek became the first person to recognize the 

existence of microbes.1 The discovery of new microscopic life was the foundation for 

experimental biology as a basis for the development of the biotransformations. Louis 

Pasteur, in 1858, laid a landmark in biocatalysis setting the stage for modern day 

enzymatic kinetic resolution of racemates, when he demonstrated the resolution of 

tartaric acid with a culture of the mould Penicillium glaucum, leading to the 

consumption of (+)-tartaric acid and a simultaneous enrichment of the (-)-enantiomer. 

Eduard Buchner in 1897 reported the successful fermentation of sugar to lactic acid and 

ethanol by cell free yeast extract, which precluded the necessary requirement of living 

cells for biological alterations.2 Pasteur discovered that all fermentative processes are 

the result of microbial activity and the individual microbial species are responsible for 

discrete chemical alteration of selected substrates. These earliest scientific experiments 

were called as the “birth of microbiology”. As time elapsed, greater advances added 

knowledge to the fundamental studies. In the first half of the 20th century scientists in 
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academia and industry learned how to use whole cells, cell extracts, or partially purified 

enzymes in various biocatalytic processes. Demonstration of microbial catalysis of the 

regio- and stereoselective oxidative hydroxylation of steroids, as first in the early 1950s 

by such pharmaceutical companies as Upjohn, Schering, Pfizer, and Merck set the 

beginning for the present day research and technology in biotransformation processes. 

In recent years, the most significant development in the field of synthetic 

organic chemistry has been the application of biological systems to chemical reactions. 

Reactions catalyzed by whole cell biocatalysts and enzyme systems have displayed far 

greater specificities than the more conventional organic reactions. Displaying a great 

potential and versatility, microbial transformations have dominated applications in a 

wide variety of processes such as, manufacturing of foods,3 flavors and perfumery,4 

synthesis of pharmaceutically active components,5 organic reactions leading to novel 

biologically active derivatives,6 fermentations, beverages, and biodegradation of 

pesticides, pollutants, pharmaceuticals,7 dyes and xenobiotics. One of the important 

aspects of microbial system is their broad substrate specificity, which empowers them 

with an ability to carry out wide variety of reactions such as oxidation, reduction, 

hydrolysis, hydroxylation, dehydration, condensation, isomerization, rearrangement, 

etc. The versatile nature of microorganisms have enabled chemists to use them as 

supplement to some of the steps / processes involved in the chemical synthesis of 

various pharmacologically important compounds. In microbial conversion, 

microorganisms replace organic reagents that carry out various functional group inter-

conversions to form metabolites, which serve different functions in living systems. 

In the present times, biotransformation of steroids and terpenoids is being 

tremendously sought after in industrial production of some of the vital drug 

intermediates.8-10 In 1952, Murray and Peterson first patented the process for 11α-

hydroxylation of progesterone by Rhizopus species, which initiated the utility of 

industrially viable microbial processes for the synthesis of different biologically active 

complex molecules.11 Thousands of microbial transformations involving different types 

of reactions with organic compounds and natural products have now become known, 

some of them proving to be very useful in synthetic organic chemistry. Biocatalysis in 

industrial applications has not only delivered the products with greater 

chemoselectivity, regioselectivity and stereoselectivity, but have also helped to cut the 

costs of the final products drastically by reducing the intermediate steps required for 

synthesis.12 
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2.1.2. Advantages of Biocatalysts: 

Microbial transformations are versatile, covering many reactions such as, (i) oxidation, 

(ii) reduction, (iii) hydrolysis, (iv) dehydration and condensation, (v) degradation, (vi) 

formation of C-C or hetero atom bonds, (vii) isomerization and rearrangements. The 

biotransformation of organic compounds by microorganisms is considered an 

economical and ecologically viable technology. In addition, it is a useful tool for the 

structural modification of bioactive natural products and the study of natural product 

metabolism.13,14 Several advantages in selecting microbial reactions as a rational 

supplement to chemical synthesis are the following: 

1. Activation of unreactive centers: 

Microbial reactions can be used to attack positions in the molecules which are not 

normally affected by chemical methods because of lack of activation or, require a 

number of intermediate synthetic stages to impart chemical accessibility. Oxygen 

functionality or other substituents can be introduced stereospecifically and 

regiospecifically or altered with a possible formation of optically active centers. 

2. Catalysis of multiple reactions: 

Several reactions can be combined in one fermentation step and actually 

programmed to occur in a specific sequence, if a suitable microorganism with a 

number of appropriate enzyme systems can be used. Modern techniques leading to 

development of engineered cells have enhanced the importance of these processes. 

3. Green processes: 

The conditions under which microbial reactions take place are mild. Hence, 

compounds that are sensitive to heat, acid, and base become amenable to such 

transformations. 

4. Microbial synthesis also has advantages in the preparation of optically active 

compounds, since chemical synthesis leads to racemic mixtures that must 

subsequently be resolved. It displays selectivity in the reactions as below: 

i) Chemoselectivity: 

Biocatalysts are particular towards a single type of functional group and other 

sensitive functionalities which would otherwise be affected in synthetic reactions 

remain intact and unaffected. As a result, reaction course is cleaner and the 

products are free from impurities which omit laborious purification procedures. 

ii)  Regioselectivity and Diastereoselectivity: 
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Due to their complex quaternary structure, enzymes/ biocatalysts can distinguish 

between functional groups which are located in different regions of the same 

substrate molecule. 

iii)  Enantioselectivity: 

As all enzymes are made from L-amino acids, they create chiral environment 

when in contact with the chiral substrates. They recognize chirality of the 

substrates upon formation of substrate-enzyme complex. Thus, a prochiral 

substrate may be transformed into an optically active product through a 

desymmetrization process and both enantiomers of a racemic substrate usually 

react at different rates, affording a kinetic resolution. On the other side, the 

principles of asymmetric synthesis employ chiral auxiliaries in catalytic and 

sometimes stoichiometric amounts, which are often expensive, not recoverable 

from the reaction media, and in turn increase the cost of the overall process.  

5. It is often cheaper to use a biocatalyst for the preparation of an organic compound 

than to synthesize it chemically. Above all, the processes mediated by microbes are 

eco-friendly and so these processes produce minimum environmental pollution 

unlike processes mediated by chemical reagents.  

6. Industrially scalable: 

Biocatalytic processes can be scaled up from shake flask to industrial levels in large 

fermentors. This aspect in particular has attracted the attention of industrial and 

synthetic chemists and biologists for the production of pharmaceuticals. 

Hence, it is not surprising to note that several of the medicinally and 

commercially important molecules including steroids hormones are now produced on a 

large scale by microbial processes. Above features collectively prove the superiority of 

biocatalytic processes over use of conventional synthetic organic chemistry tools. 

However, biocatalytic processes suffer from a few drawbacks: 

1. Biocatalysts display their highest catalytic activity in water. The water solubility of 

hydrophobic substrates can be overcome by using additives such as tween, 

cyclodextrin, which may improve solubility of the substrates. Biphasic 

transformations or ionic liquids may also be employed. 

2. Selection of an appropriate biocatalyst for a particular process may require 

screening of many cultures, but can be rationalized. 

Depending on the type and scale of reaction and the requirement of co-factors, 

whole cells or isolated enzymes can be employed in biotransformation. In recent times, 
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with the advancements in technology, it has become easy to produce and purify the 

enzymes on higher scales. Nowadays, many pure enzymes in various forms 

(immobilized, lyophilized) are commercially available for specific type of reactions. 

Enzymes thus modified are relatively more stable, easy to use and yield single product. 

But depending on the type of reaction, supplementary co-factors may be required which 

limit the applications of pure enzymes over whole cell. Enzymatic processes may be 

substituted with whole cell transformations where fungi, bacteria, yeasts and algae are 

employed as reagents. Microbial transformations produce more than one product 

depending on the substrate used, but are easy to be scaled up and often cheaper to be 

used, than isolated enzyme systems. Nature and number of products, and incubation 

times can be varied by screening more number of cultures. Substrate concentrations can 

be standardized for an individual culture to prevent inhibitions. Biotransformation of a 

natural or synthetic substrate can yield the products with new functionalities or entirely 

new scaffolds, which may have an entirely new spectrum of unexplored biological 

activities. 

 

2.1.3. The process of microbial transformation: 

A) Organism:  

Microbes are living organisms which synthesize multiple enzymes for their survival 

and normal functioning. When incubated with the substrate of interest, they may 

produce one or more, or sometimes, no products. Therefore, in microbial 

transformation, it often becomes necessary to screen several cultures for the desired 

conversion. Selection of an appropriate culture forms the primary requirement. 

Screening of a microorganism constituting the required enzyme can be done by 

random screening, enrichment procedure or may be based on some earlier 

analogies, where some of the cultures are reported to constitute the enzyme/s of 

interest. Procedures of random screening involve incubating the substrate with a 

large number of cultures and analysis of the reaction mixture for presence of the 

product after uniform time intervals. The organism that would test positive, 

yielding the desired product with maximum substrate conversion is selected for 

further investigation. In enrichment procedure, soil samples are continuously 

supplemented with large amount of substrate, together with water and additional 

nutrients so as to make only those microbes survive from a vast pool of those which 
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can adapt to the confining environment. These organisms are isolated by plating 

technique and further used for transformation. 

B) Sterile conditions: 

Sterility must be maintained because contamination can suppress the desired 

reaction, induce the formation of faulty conversion products or cause total substrate 

breakdown. Fermentation media is sterilized by autoclaving it before use.  

C) Aeration and stirring:  

For efficient aerobic microbial transformation, adequate oxygen supply must be 

made available to cells. Sterile air is obtained by passing it through sterile filters 

before allowed to enter the reaction container. The complete reaction mass must be 

continuously agitated so as to maintain the homogeneity and uniform 

transformation. 

D) Substrate homogeneity:  

In these processes, solubility and rate of diffusion of organic substrate (generally 

hydrophobic) in aqueous media are the rate-limiting steps. Emulsifiers such as 

Tween, water miscible solvents of low toxicity (ethanol, acetone, DMF, DMSO), 

cyclodextrin or biphasic ionic liquids may help to solubilize the poorly soluble 

compounds. 

E) Product isolation:  

The end product of transformation reactions are usually extra cellular and may 

occur in either dissolved form or suspended form. Depending on the solubility of 

the products, recovery can be performed by precipitation, adsorption on ion-

exchangers, extraction with appropriate organic solvents or for volatile substances, 

by direct distillation from the reaction media. Product isolation is usually followed 

by the qualitative analysis, and purification of the products employing conventional 

techniques such as silica gel column chromatography, distillation or sophisticated 

techniques such as GC, MPLC, and HPLC. 
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2.1.4. Biotransformation of Sesquiterpenes: 

2.1.4.1. Acyclic sesquiterpenes: 

Sesquiterpenes are the natural products belonging to a broad class of ‘Terpenoids’, also 

known as ‘isoprenoids’ and are built of 3 isoprene units (15 carbon atoms). Acyclic 

sesquiterpenes are widely distributed in nature and are biosynthetic precursors of cyclic 

sesquiterpenoids present in living organisms. The fundamental sesquiterpene acyclic 

unit, (E,E)-farnesyl diphosphate [(E,E)-FPP], is biosynthesized in nature by dissociative 

electrophilic alkylation of a hemiterpene unit isopentenyl diphosphate (IPP) with the 

carbocation derived from one unit of geranyl diphosphate (GPP) or sequential 

condensation of two IPP units with carbocation from one unit of dimethylallyl 

diphosphate (DMAPP). The acyclic diphosphate precursor (FPP) undergoes cyclization 

in presence of specialized enzymes called ‘terpene cyclases’ which are present in living 

systems. Hydrolysis of the diphosphate ester bond in (E,E)-FPP releases (E,E)-farnesol. 

In chapter-3, biosynthesis of sesquiterpenes has been discussed in detail. 

 

2.1.4.1.1. Biotransformation of (E,E)-farnesol: 

 

Scheme 2.1.1. Transformation of (E,E)-farnesol mediated by fungal cultures. 

 

Biotransformation of (E,E)-farnesol was studied with several fungal cultures to yield 

higher oxygenated and in some cases isomerized products. It was transformed into 

(2Z,6E)-farnesol by Helminthosporium sativum15 and to (2E,6E)-3,7,11-trimethyl-2,6-

dodecadien-1,10,11-triol and (2E,6E)-3,7,11-trimethyl-2,6,10-dodecatrien-1,13-diol by 

Aspergillus niger.16 Miyazawa M. et al. have reported the transformation of (E,E)-
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farnesol to (2E,6E)-3,7,11-trimethyl-2,6-dodecadien-1,11-diol, (2E,6E)-3,7,11-

trimethyl-2,6-dodecadien-1,5,11-triol, (2Z,6E)-3,7,11-trimethyl-2,6-dodecadien-1,5,11-

triol and (2E,6E)-3,7,11-trimethyl-2,6-dodecadien-1,10,11-triol17 (Scheme 2.1.1). 

 

2.1.4.1.2. Biotransformation of nerolidol: 

Miyazawa et al. speculated if it would be possible to produce new cyclic terpenoids or 

synthetic precursors of bioactive compounds from acyclic terpenoids by microbial 

transformation that would be valuable for synthetic organic chemistry. They studied the 

biotransformation of acyclic sesquiterpenoids, (±)-cis-nerolidol by plant pathogenic 

fungus, Glomerella cingulata.18 

The effect of geometry of C=C double bond on the mode of microbial 

transformation of (E)- and (Z)-nerolidol was examined with a fungus G. cingulata. On 

biotransformation, both the isomers were mainly oxidized at the remote double bond, 

but with markedly different metabolites. With the cis-isomer, epoxidation of the remote 

double bond and subsequent hydrolysis presented (Z)-3,7,11-trimethyl-1,6-dodecadien-

3,10,11-triol as the major metabolite,18 whereas, with trans-isomer, hydration of the 

remote double bond was the main pathway to give (E)-3,7,11-trimethyl-l,6-dodecadien-

3,11-diol as the major metabolite and only small amount of (E)-3,7,11-trimethyl-1,6-

dodecadiene-3,10,11-triol was obtained.19 This difference in product formation between 

(Z)-form and (E)-form of the substrate by the fungus was explained by influence of Z/E 

configuration of the substrate (Scheme 2.1.2). 
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Scheme 2.1.2. Microbial transformation of (E)- and (Z)-nerolidol with G. cingulata.  
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(E)-Nerolidol was microbially transformed to Caparrapidiol and many other 

oxidized derivatives by five kinds of Fusarium strains and some of these are shown in 

scheme 2.1.3.20 As reported by Abraham W. R., of the 100 cultures screened, only 

Fusarium species which is an economically important soil-borne plant pathogenic 

genus, could exhibit the biotransformation of (E)-nerolidol. A series of reactions such as 

epoxidations, hydroxylations and cyclizations led to many of the metabolites which 

were not known until then, and possessed novel structures including di-

tetrahydrofuranes, which helped in deriving the absolute stereochemistry of 

hydroxylated derivatives of Caparrapidiol. 

 

 

Scheme 2.1.3. Biotransformation of (E)-nerolidol with various Fusarium species. 

 

2.1.4.2. Cyclic sesquiterpenes: 

2.1.4.2.1. Biotransformation of cyclonerodiol: 

Cyclonerodiol has been isolated from the fungi, Myrothecium sp., Trichothecium 

reseum, Gibberella fujikuroi, Fusarium culmorum, and Trichoderma koningii as the 

plant growth regulatory active constituent.21 Li et al. studied the mode of 
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biotransformation of cyclonerodiol with two marine-derived strains, an ascomycete, 

Penicillium sp. (MFAac49) and an actinomycete, Streptomyces sp. Fermentation of 

cyclonerodiol with Penicillium sp. followed by extraction of the metabolites with ethyl 

acetate and subsequent purifications yielded one glycoside, which was characterized as 

cyclonerodiol mannopyranoside. On the other hand, incubation of cyclonerodiol with 

Streptomyces sp. furnished two oxidised metabolites which were purified and 

characterized as 10(Z)-15-hydroxycyclonerodiol and 10(E)-12-hydroxycyclonerodiol 

(Scheme 2.1.4). When examined for the effect of these compounds on the viability of 

HeLa cells, cyclonerodiol and 10(Z)-15-hydroxycyclonerodiol exhibited an IC50 value 

of 172.1 µM and 145.7 µM, respectively.21 

 

Scheme 2.1.4. Biotransformation of Cyclonerodiol by Penicillium and Streptomyces sp. 

 

2.1.4.2.2. Biotransformation of Zerumbone: 

Zerumbone, a humulenoid sesquiterpene possessing a flexible skeleton structure was 

isolated from wild ginger (Zingiber zerumbet Smith) by hydro-distillation.22 Zerumbone 

and its derivatives have been reported to exhibit anti-inflammatory and anti-tumor-

promoting activity.23,24 Biotransformation of zerumbone was examined by Sakamaki et 

al. using suspension cultured cells of Caragana chamlagu (Leguminosae) to generate 

zerumbone epoxide as the intermediate product, preferentially. The intermediate further 

underwent enantioselective reduction of one of the olefins to form two reduced 

products, which were identified as (2R,3R,7R)-2,3-epoxy-9-humulen-8-one and 

(2R,3S,7R)-2,3-epoxy-9-humulen-8-one (Scheme 2.1.5).25 
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Scheme 2.1.5. Biotransformation of Zerumbone with cultured cells of C. chamlagu. 

 

2.1.4.2.3. Biotransformation of Curdione: 

Sesquiterpenes such as Curcumol and Curdione which are the major ingredients of 

Rhizoma curcumae, play important roles in Chinese Traditional Medicine. Their 

microbial transformation by Cunninghamella elegans AS 3.2028 was studied that 

resulted in stereoselective epoxidation at the double bond of Curcumol yielding 10S,14-

epoxycurcumol as the major metabolite (>99% de), with no detectable 10R,14-

epoxycurcumol. Epoxidation also occurred at the double bond of Curdione, generating 

both (1S,10S)- and (1R,10R)-1,10-epoxycurdione. The diastereomeric excess (de) of the 

(S)-diastereomer was 27% (Scheme 2.1.6).26 

 

Scheme 2.1.6. Stereoselective epoxidation of Curcumol and Curdione by 

Cunnighamella elegans AS 3.2028. 
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2.1.4.2.4. Biotransformation of Tagitinin C: 

An unusual and an unexpected biotransformation of Tagitinin C with Aspergillus 

terreus MT 5.3 was obtained to form 1-methoxy-3-hydroxy-3,10β-4,5α-diepoxy-8β-

isobutyroyloxygermacr-11(13)-en-6α,12-olide as the sole metabolite (Scheme 2.1.7).27 

Tagitinin C is a sesquiterpene lactone (STL) belonging to a large group of natural 

products found mainly in plants of the family Asteraceae. It occurs in the glandular 

trichomes of the leaves and inflorescences of Mexican sunflower (Tithonia diversifolia 

Hemsl. A. Gray, Asteraceae) and shows anti-inflammatory, and anti-feedant activities, 

and thus is a promising compound for further research into its mechanisms of action in 

different targets. However, due to the toxicity of STLs, their use for pharmaceutical 

purposes remains to be a point of concern; therefore, some of their derivatives those 

may have lower toxic effects and improved pharmacological activities need to be 

obtained. Biotransformation of STLs can be an attractive alternative for the above 

problem that can yield new derivatives with desired properties and can establish in vitro 

models to predict mammalian metabolites. According to the literature, the main 

enzymatic reactions of STLs those are able to be catalyzed by Aspergillus species are 

hydrogenation, hydroxylation, reduction, and acetylation. 
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Scheme 2.1.7. Biotransformation of Tagitinin C with A. terreus MT 5.3. 

 

From structural elucidation of the metabolite formed, reactions occurred on the 

substrate could be explained as, epoxidation between C4 and C5; a methoxy group 

added at C1, reduction of ketone at C3, and a C3-C10 ether bridge formed in the 10-

membered ring of the substrate, but the exocyclic double bond at C11-C13 was 

preserved (Scheme 2.1.7). The metabolite could also be isolated from a rinse extract of 

the inflorescences of Brazilian population of Mexican sunflower T. diversifolia by 

Ambrosio S R et al. While the chemical structure of the metabolite was already known, 
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it was not obtained as a product from microbial biotransformation. The metabolite 

indicated that the Aspergillus strain used in this work was able to catalyze chemical 

reactions that mimicked those which occur inside the glandular trichomes from the 

inflorescences of T. diversifolia and could be used as an alternative source for 

production of the metabolite. However, the structural modifications brought about by 

biotransformation in Tagitinin C did not improve or decrease the cytotoxic activity of 

the metabolite in HL-60 cells in comparison to the substrate. 

 

2.1.4.2.5. Biotransformation of Caryophyllene oxide: 

Caryophyllene oxide was fermented with many fungal cultures to afford 9 metabolites 

which were identified as its oxidized derivatives (Scheme 2.1.8).28 Incubation of (-)-

caryophyllene oxide with Cephalosporium aphidicola yielded two metabolites, 

(1R,4R,5R,9S)-4,5-dihydroxycaryophyllan-8(13)-ene formed by epoxide hydrolase 

enzyme which is also present in eukaryotic cells, and (1S,4R,5R,8S,9S)-clovane-5,9-

diol. These compounds were also isolated as secondary metabolites from the neutral 

fraction of the dried pods of the medicinal plant Sindora sumatrana.29 When 

caryophyllene oxide was incubated with Macrophomina phaseolina, two metabolites 

with primary hydroxy groups (hydroxylated at geminal methyl groups) were obtained 

which were identified as (1R,4R,5R,9S,11R)-4,5-epoxycaryophyllan-8(13)-en-15-ol and 

(1R,4R,5R,9S,11S)-4,5-epoxycaryophyllan-8(13)-en-14-ol. Incubation of the substrate 

with Aspergillus niger, Fusarium lini, and Gibberella fujikuroi yielded one metabolite 

each as (1R,4R,5R,8S,9S,13S)-caryolane-5,8,13-triol, (1R,3R,4R,5R,8S,9S)-4,5-epoxy-

caryophyllan-3,13-diol and (1S,4R,5R,8S,9S)-clovane-5,9,12-triol, respectively. All the 

metabolites along with the substrate were tested for butyrylcholinesterase (BChE) 

inhibition activity when it was observed that the later 4 metabolites showed a stronger 

inhibitory activity against the BChE enzyme as compared to the substrate. 

(1R,4R,5R,9S,11S)-4,5-epoxy-caryophyllan-8(13)-en-14-ol was found to exhibit 

potency similar to galanthamine HBr (IC50 10.9 vs 8.5 µM). Structural changes in the 

transformed products played a significant role in terms of butyrylcholinesterase enzyme 

inhibition. Opening of the epoxide ring of the substrate into a trans-diol increased the 

inhibitory potential (IC50 = 44.01 ± 0.2 µM) of (1R,4R,5R,9S)-4,5-dihydroxy-

caryophyllan-8(13)-ene. Hydrogen bonding of the hydroxylated groups with amino acid 
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residues in the active site of BChE is a potentiating factor for the enzyme inhibitor 

complex and resulted in the higher inhibitory activity of the metabolite. 

 

 

Scheme 2.1.8. Biotransformation of (-)-Caryophyllene oxide with different fungal 

cultures. 

  



Chapter	2	

 

Ph.	D.	Thesis,	Pankaj	P.	Daramwar	 81	
 

2.1.4.2.6. Biotransformation of aromadendrane type sesquiterpenoids: 

(+)-Aromadendrene, (-)-allo-aromadendrene and (+)-ledene are sesquiterpene 

hydrocarbons with an aromadendrane skeleton. Miyazawa et al. investigated for the 

biotransformation of these sesquiterpenoids with Aspergillus wentii.30 (+)-

Aromadendrene on incubation with A. wentii produced only one metabolite, which was 

identified as (-)-(10S,11S)-10,13,14-trihydroxyaromadendrane. Incubation of (-)-allo-

Aromadendrene achieved two metabolites which were characterized as (+)-(1S,11S)-

1,13-dihydroxyaromadendrene and (-)-5,11-epoxycadin-1(10)-en-14-ol. Finally, 

biotransformation of (+)-ledene yielded three metabolites and were identified as (+)-

(10R,11S)-10,13-dihydroxyaromadendr-1-ene, (+)-(10R,11S)-10,13-dihydroxy-

aromadendr-1-ene and (+)-(10S,11S)-10,13-dihydroxy-aromadendr-1-ene (Scheme 

2.1.9). In all cases, incubations were continued for 10 days before isolation of the 

products. The differences in oxidation of three aromadendrane type sesquiterpenoids are 

due to the configuration of the C-1 position. 

 

Scheme 2.1.9. Biotransformation of (+)-Aromadendrene, (-)-allo-Aromadendrene and 

(+)-Ledene by Aspergillus wentii. 
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2.1.4.2.7. Biotransformation of Artemisinin: 

Artemisinin, also called ‘qinghaosu’, is a sesquiterpene lactone endo-peroxide isolated 

from the Chinese herbal plant Artemisia annua L. It is proved to be an effective 

therapeutic agent against multidrug-resistant Plasmodium falciparum strains.31 Being 

widely used as a drug to treat malaria, mammalian metabolism of artemisinin forms an 

integral part of clinical pharmacology and microbial models were set to study its in vitro 

metabolism. Microbial transformation not only overcomes the difficulties associated 

with the synthetic functionalization of artemisinin, but also produces some of the semi-

synthetic precursors for the synthesis of novel analogues possessing increased anti-

malarial activities or diverse pharmacological properties. Microbial metabolism of 

artemisinin has been extensively explored with several modes of biotransformation 

which produced widely functionalized derivatives (Scheme 2.1.10).32-38 Zhan et al. 

investigated the metabolism of artemisinin using two different fungal strains to deliver 

five products.35 Fermentation of artemisinin with Mucor polymorphosporus yielded 9β-

hydroxyartemisinin, 3β-hydroxyartemisinin, deoxyartemisinin and 3α-hydroxy-

deoxyartemisinin; while that with Aspergillus niger generated the later two products 

along with 1α-hydroxy-deoxyartemisinin. In their continued work, Zhang et al. reported 

the production of 10β-hydroxyartemisinin with Cunninghamella echinulata.34 In 

another study, Parshikov et al. isolated four metabolites from incubation of artemisinin 

with Cunninghamella elegans, which were characterized as 9β-hydroxyartemisinin, 9β-

hydroxy-11α-artemisinin, 3α-hydroxydeoxyartemisinin, 10β-hydroxyartemisinin 

(Scheme 2.1.10).33 From these products, 9β-hydroxyartemisinin was isolated as the 

major product which could be converted to 9β-alkyl substituted derivatives, which have 

been predicted to exhibit higher anti-malarial potential, according to QSAR studies.33 
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Scheme 2.1.10. Biotransformation of Artemisinin with different microbial cultures. 

 

 

  



 

Ph
 

 

 

h.	D.	Thesis,	

Bi

S

pir

Epo

Pankaj	P.	D

iotra

anta

rifor

oxy‐α

Daramwar

Se

ansfo

alyl	a

rmis	a

α‐San

 

ction

orma

aceta

and	R

ntalo

n	2.2

ation

ate	by

Reso

ols	b

2.	

	of	(Z

y	Mu

olutio

y	Lip

Ch

Z)‐α‐

ucor	

on	of

pases

hapter	2	

84	

‐

f	

s. 

 



Chapter	2	

 

Ph.	D.	Thesis,	Pankaj	P.	Daramwar	 85	
 

2.2.1. Rationale for Present Work: 

Indian Sandalwood, Santalum album L., an endangered, medium-sized, evergreen, 

hemi-root parasitic tree, is widely distributed in South Asia, predominantly in India and 

is highly valued for its oil content. The major component of Indian Sandalwood oil, (Z)-

α-santalol (1) is biosynthesized at the interface of heartwood and sapwood through 

cyclization of farnesyl diphosphate by the enzyme santalene synthase and further 

hydroxylation at cis-methyl group by cytochrome P450 enzymes.39,40 Current interest in 

sesquiterpene411 stems from its known fragrant and therapeutic potentials as antifungal, 

antitumor, anti-Helicobacter pylori,42 neuroleptic and chemopreventive effects in vitro 

and in vivo bioassay systems.43-46 In comparison to 1, its hydroxylated derivative has 

exhibited more potent activity against the antibiotic resistant strain of H. pylori and the 

activities were comparable to the known drugs, amoxicillin and clarithromycin.42 The 

complexity of synthetic chemistry tools to generate diversely modified analogues by 

functionalization at non-activated carbons prompted us to study the microbial 

biotransformation of 1 to generate novel and potent analogues which might possess 

superior biological importance. Although, there are a number of reports on 

biotransformation of other sesquiterpenoids47-49 and norbornane type compounds,50,51 

we could not find any precedence on biotransformation of 1, till date. Herein, we report 

an efficient regio- and stereo-selective functionalization of 1 by using its acetyl 

derivative, (Z)-α-santalyl acetate (2) as substrate with a versatile soil isolated fungal 

system Mucor piriformis52 as a biocatalyst. 
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Among the screened fungal strains that could biotransform 2, Mucor 

piriformis, a soil isolated fungus was regarded as the most efficient as it could carry out 

quantitative biotransformation of 2 to its derivatives, within a period of 6 days. M. 

piriformis was subsequently opted for large scale fermentation of 2 and could carry out 

deacetylation of (Z)-α-santalyl acetate and further metabolism of santalols as observed 

by TLC, GC and GC-EI-MS analyses. GC-EI-MS analysis of the extract also indicated 

that the metabolites were deacetylated and oxygenated derivatives of 2. 

Substrate concentration of 0.6 g/L with an incubation period of 6 days was 

optimized from the substrate concentration and time course experiments. Large scale 

fermentation of (Z)-α-santalyl acetate 2 (2.4 g) was carried out with M. piriformis, in a 

batch of 40 Erlenmeyer flasks and the resulting broth was processed as explained in the 

experimental section. A neutral crude extract of the 6 day old fermentation broth yielded 

a brownish gum constituting mixture of metabolites (1.1g) which upon TLC and GC-

MS analyses indicated the presence of five metabolites including 1 (Figure 2.2.1). This 

fraction was subjected to column chromatography and the metabolites were eluted with 

hexane/ ethyl acetate gradient mixtures from (1:0) to (6:4). The purified metabolites 

were characterized using GC-MS, HRMS, 1H, 13C, DEPT and 2D (COSY, NOESY, 

HMBC, HSQC) NMR techniques (Scheme 2.2.1). 

Elution of the column with 6% ethyl acetate/petroleum ether gradient, afforded 

a fraction containing the de-acetylated product, (Z)-α-santalol (1) (Rf 0.95, solvent 

system I; Rt 11.49 min, program I), which was proved from GC and GC-EI-MS 

analyses and co-injection with earlier isolated standard from sandalwood oil. All 1H and 
13C NMR spectral data for 1 were unambiguously assigned by 2D NMR spectral 

analysis (Scheme 2.2.1, Table 2.2.2) and was regarded as a reference in functional 

group modifications occurred on it after biotransformation process and subsequent 

structure elucidation of ensuing metabolites. Spectroscopic data for 1 also were in 

complete agreement with the literature.53,54 
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Scheme 2.2.1: Characterization of metabolites by 2D NMR spectral analyses. 

 

Gradual elution with ethyl acetate/petroleum ether (1:9) yielded a fraction 

containing a metabolite (Rf 0.86, solvent system I; Rt 12.74 min, program I). Further, 

purification was carried out by preparative TLC of this fraction using methanol: CH2Cl2 

(1:49) that yielded 3 as a colorless liquid. The metabolite 3 exhibited an M+ peak in HR-

EI-MS at m/z 236.1783 (Calcd. 236.1776, for C15H24O2) 16 amu higher than that of 1 

and a molecular formula of C15H24O2 implying an insertion of an oxygen atom to 

santalol structure. The IR spectrum of 3 showed the peaks at 1036 cm-1 (C-O-C), 2944 

cm-1 (H-C-O), but the peak at 1676 cm-1 (C=C) was absent that suggested presence of 

an ethereal linkage and disappearance of the olefin; whereas, peak at 3400-3450 cm-1 

corresponding to a hydroxyl group in 1 was relatively unaffected. Signals at δ 5.32 in 1H 

NMR and at δ 133.6, 129.5 in 13C NMR representing an olefin of 1 were replaced by δ 

2.83 in 1H NMR and δ 65.4, 61.0 in 13C NMR of 3 that predicted the possibility of 

attachment of oxygen with C-10,C-11 to form an epoxide. Other signals in 1H and 13C-

NMR spectra for C-1, H-1 to C7, H-7 constituting a tricyclo[2.2.1.0]heptane ring were 

unaltered. The upfield shift of epoxide proton H-10 appearing at δ 2.83 in comparison to 

other acyclic oxymethine protons usually resonating at δ 3.5 to 4.5 can be attributed to 

the ring strain present in epoxides, that supports their presence. In HSQC, key 

correlations were observed as δC 63.9 (C-12)/δH 3.68 (H-12), δC 65.4 (C-10)/δH 2.83 (H-

10), δC 23.6 (C-9)/δH 1.45 (H-9a), δH 1.59 (H-9b) and HMBC long range correlations 

were observed as δC 63.9 (C-12)/δH 1.39 (H-13); δC 61.1 (C-11)/δH 1.39 (H-13), δH 3.64 

(H-12a), δH 3.68 (H-12b); δC 65.4 (C-10)/δH 1.39 (H-13), δH 3.64 (H-12a), δH 3.68 (H-

12b); δC 23.6 (C-9)/δH 2.83 (H-10); δC 30.8 (C-8)/δH 0.81 (H-15); δC 45.6/δH 0.81 (H-

15), δH 0.85 (H-2 & H-6), δH 1.01 (H-14), δH 1.05 (H-3a) which established -C(12)H2-

C(11)(Me-13)-C(10)H1-C(9)H2-C(8)H2-C(7)-C(15)H3- side chain unit. The H-10 resonance at 
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due to the probable hydroxylation at C-3 or C-5. In the NOESY spectrum, through 

space correlations were observed between signals at δ 4.22 (m, 1H) for hydroxymethine 

proton and the methyl protons at δ 0.93 (s, 3H) which could be assigned for either H-14 

or H-15, arising the necessity to spectrally distinguish the signals for C-14/C-15 and H-

14/H-15. In HMBC spectrum of 4, long range correlations for C-7 resonating at δ 45.9 

were observed with δ 1.00 (s, 3H, H-14) and δ 0.93 (s, 3H, H-15), which created 

ambiguity in spectral assignments of H-14 and H-15. But, a signal at δ 1.00 (s, 3H, H-

14) showed long range correlations with carbons resonating at δ 45.9 (C-7), δ 32.3 (C-

1), δ 26.2 (C-6) and δ 20.7 (C-2), whereas, a signal at δ 0.93 (s, 3H, H-15) showed long 

range correlations with carbons resonating at δ 45.9 (C-7), δ 44.2 (C-4), δ 35.6 (C-8) 

and δ 32.3 (C-1). In a similar way, a signal at δ 17.8 (C-15) exhibited weak long range 

correlations with a proton resonating at δ 1.32 (m, 1H, H-8b) while that at δ 10.7 (C-14) 

correlated with δ 1.09-1.13 (m, 1H, H-2) and δ 1.03 (m, 1H, H-6) which confirmed the 

spectral assignments as δ 1.00 (s, 3H, H-14), δ 10.7 (C-14) and δ 0.93 (s, 3H, H-15), δ 

17.8 (C-15). NOESY correlations not only confirmed the locus of hydroxyl group at C-

5, but also established α-orientation of the hydroxyl group at C-5. The possibility of 

hydroxylation on C-3 was ruled out as it would have resulted in NOESY correlations 

between the hydroxymethine proton (H-3) and a methyl at C-14 resonating at δ 1.00 (s, 

3H, H-14). HSQC correlations observed in 4 as δC 20.7 (C-2)/δH 1.09-1.13 (m, 1H, H-

2), δC 26.9 (C-3) and δC 44.2 (C-4)/δH 1.59-1.62 (m, 2H, H-3a & H-4) and 1.66 (s, 1H, 

H-3b), δC 75.5 (C-5)/δH 4.22 (m, 1H, H-5) and δC 26.2 (C-6)/δH 1.03 (m, 1H, H-6) 

confirmed the signals for C(1)-C(2)H1-C(3)H2-C(4)H1-C(5)H(OH)-C(6)H1-C(7) constituting 

the tricyclo[2.2.1.0]heptane ring unit. Accordingly, the structure of 4 was determined as 

5α-hydroxy-(Z)-α-santalol. 

Metabolite 5 (Rf 0.32, solvent system I; Rt 16.62 min, program I) was eluted 

with ethyl acetate/petroleum ether (1:4). Characteristic absorption for C=C bond 

stretching vibrations appearing at 1676 cm-1 were not observed in IR spectrum of 5, but 

a broad, probably intermolecular hydrogen bonded O-H stretch was observed at 3381 

cm-1. On comparison of spectral analysis of 5 with that of 1,different peak was observed 

at δH 3.56 (dd, J = 1.93, 9.91 Hz, 1H, H10), with concomitant shift of resonance for H-12 

from δH 4.15 (s, 2H, H12) to δH 3.52 (d, J = 11.28 Hz, 1H, H12a), 3.66 (d, J = 11.28 Hz, 

1H, H12b) and disappearance of signal for olefinic proton in 1 that appeared at δH 5.32 (t, 

J = 7.43 Hz, 1H, H10). Concurrently, 13C NMR analysis revealed absence of signals at δ 

133.6 (C11), 129.5 (C10) corresponding to an olefin group of 1 with the simultaneous 
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appearance of resonaces at δC 77.2 (C10), 74.0 (C11) for hydroxymethylene and 

hydroxymethine carbons, respectively (Scheme 2.2.1, Table 2.2.3 and 2.2.4). These 

observations in spectral analysis of 5 inferred dihydroxylation of C10-C11 olefinic bond 

present in (Z)-α-santalol (1). GC-EI-MS analysis displayed a molecular ion peak at m/z 

254.3 and the compound was shown to have a molecular formula C15H26O3 on the basis 

of HR-EI-MS data [m/z 254.1793 (M+), calcd. m/z 254.1882], indicating addition of 34 

amu (2 × -OH) to the mass of 1 which suggested hydroxylations at two carbon centers 

on the skeleton of 1. HSQC correlations appearing at δC 30.7 (C-8)/δH 1.17-1.23 (m, 1H, 

H8a), δ 1.44-1.46 (m, 1H, H8b), δC 26.4 (C-9)/δH 1.32-1.41 (m, 2H, H9a and H9b), δC 77.2 

(C-10)/δH 3.56 (dd, J = 1.93, 9.91 Hz, 1H, H10), established the signals assignable to the 

-C(8)H2-C(9)H2-C(10)H(OH)- side chain unit. This was confirmed by the long range 

correlations of δH 0.83 (s, Me-15) with δC 30.7 (C-8), δC 27.4 (C-1), δC 45.8 (C7), δC 

38.1 (C4); δH 1.10 (s, Me-13) with δC 77.2 (C-10), δC 74.0 (C-11), δC 69.5 (C-12); δH 

3.52 (d, J = 11.28 Hz, 1H, H12a) with δC 77.2 (C-10), δC 74.0 (C-11), δC 19.6 (C-13) and 

δH 3.66 (d, J = 11.28 Hz, 1H, H12b) with δC 77.2 (C-10), δC 19.6 (C-13) in the HMBC 

spectrum of 5. The signals assigned for tricyclo[2.2.1.0]heptane ring were nearly 

unaltered from 1 to 5 implying no functionalization on the cyclic structure. On the basis 

of above analysis, 5 was identified as 10,11-dihydroxy-α-santalol. 

The most polar metabolite 6 (Rf 0.25, solvent system I; Rt 18.17 min, program 

I) was obtained with ethyl acetate/petroleum ether (28:72). HR-EI-MS analysis of 6, 

revealed a molecular formula C15H24O3 (m/z 252.1679 [M+], calcd. m/z 252.1725) 

indicating addition of two oxygens to the backbone of 1. The spectral data for 6 was 

comparable to that of 3 and 4 in part. Analysis of 1H NMR data except a triplet at δ 4.22 

and at δ 75.4 in 1H and 13C NMR, respectively, of 6 represented a hydroxy group and 

confirmed the structure of 6 as 6-hydroxy-2,4-epoxy-α-santalol (Scheme 2.2.1, Table 

2.2.3 and 2.2.4). 
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Scheme 2.2.3. Proposed biotransformation pathway of (Z)-α-santalyl acetate (2) with 

Mucor piriformis. 

 

2.2.2.2. Time Course Study: 

Time course experiments carried out with 2 revealed complete transformation of the 

substrate (2) into various metabolites (1, 3-5) during 5 days of incubation period with 

M. piriformis (Figure 2.2.3) and established the biotransformation pathway (Scheme 

2.2.3). From the time course studies, it became clear that biotransformation followed 

two pathways that mainly concentrated on the side chain of 1. The first pathway 

involved epoxidation at C-2/C-4 followed by its opening to yield a vicinal diol, thus 

leading to 4, 5 and 6 respectively; the second pathway involved hydroxylation at C-6 

leading to 3 and 5. GC profiles of total metabolites formed at different time intervals 

indicated that at the end of 6 days, 5 was obtained as the major product (38%) (Figure 

2.2.3). Compound 5 was obtained via both the pathways as it has an epoxide as well as a 

hydroxy group in its structure. 
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2.2.3. Summary and Conclusion: 

The versatile fungal system, M. piriformis efficiently carried out regio- and stereo-

selective functionalization of (Z)-α-santalyl acetate (2) into four novel metabolites 

through (Z)-α-santalol (1), which have been characterized for the first time. The 

metabolites were identified by extensive analysis of 1D and 2D NMR spectra, as 10,11-

cis-β-epoxy-α-santalol (3), 5α-hydroxy-(Z)-α-santalol (4), 10,11-dihydroxy-α-santalol 

(5) and 5α-hydroxy-10,11-cis-β-epoxy-α-santalol (6), which might possess potent 

biological activities. Commercially available lipases were screened for kinetic 

resolution of diastereomers of 10,11-cis-epoxy-α-santalol, among which, Amano PS 

lipase from B. Cepacia exquisitely accomplished the desired resolution. 
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2.2.4. Experimental: 

2.2.4.1. General Experimental Procedure:  

Specific optical rotations, []D were recorded on a Jasco P-1020 Polarimeter and are 

reported in deg dm−1 and the concentration (c) is in g/100mL, in a specific solvent. 

Transformations were monitored by thin-layer chromatography (TLC) using silica gel 

60-F254 pre-coated plates obtained from Merck, Germany and spots were visualized by 

spraying with a solution of 3.2% anisaldehyde, 2.8% H2SO4, 2% acetic acid in methanol 

followed by heating for 1-2 min. Rf values of (Z)-α-santalyl acetate metabolites were 

calculated by developing TLC with solvent system: ethyl acetate/hexane (1:1). Column 

chromatography was performed on silica gel (60-120 mesh). 1H and 13C NMR spectra in 

CDCl3 were recorded either, on Bruker AC-400 at 400.13 and 100.63 MHz or, on 

Bruker DRX-500 spectrometer at 500.13 and 125.78 MHz respectively. Chemical shifts 

are in δ-values relative to TMS (tetramethylsilane) as internal standard. IR spectra in 

CHCl3 were recorded on Schimadzu 8400 series FT-IR instrument and values are 

reported in cm-1 units. GC analyses were carried out using Agilent 7890 GC system 

equipped with a hydrogen flame ionization detector (FID) and HP-5 capillary column 

(30 m  0.25 mm  0.25 µm, J & W Scientific). Nitrogen was used as carrier gas at a 

flow rate of 1 mL/min. The column temperature was increased from 70 °C to 160 °C at 

the rate of 10 °C min-1, from 160 °C to 170 °C at the rate of 5 °C min-1, from 170 °C to 

190 °C at the rate of 2 °C min-1and then raised to a final temperature of 230 °C with a 

10 °C min-1 rise and maintained at 230 °C for 5 min (Program 1). The injector and 

detector temperatures were maintained at 240 °C and operated in split mode (1:10). 

Mass spectra were recorded using EI technique on Agilent 5975C mass selective 

detector interfaced with 7890A gas chromatograph and HP-5 (30m  0.25 mm  

0.25m) column with a flow of helium at the rate of 1 mL/min. Exact molecular mass 

and molecular formula determinations were done by HRGC-EI-MS on a MSI 

autoconcept UK, with ionization energy 70eV or on Q-Exactive Orbitrap (Thermo 

Scientific). 

 

2.2.4.2. Microorganism: 

The fungal strain used in this study, Mucor piriformis, was isolated from garden soil.52 

It was maintained and propagated on Potato Dextrose Agar (PDA) slants and 

fermentation was carried out in sterilized modified Czapek Dox media (Cz). 
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2.2.4.3. Procedure for screening of fungal cultures: 

The fungal cultures were grown at 30 °C in 500 mL Erlenmeyer flasks containing 100 

mL of sterile modified Cz media60 at 220 rpm. (Z)--santalyl acetate (2) was added 

aseptically to 36 h well grown cultures at a concentration of 50 mg in 0.2 mL acetone/ 

100 mL media and incubation was continued. After 5 days incubation period, the 

contents of the flasks were filtered through muslin cloth. The broth and mycelia were 

extracted separately with CH2Cl2 (100 mL  2). The organic layers were separated, 

dried over anhydrous Na2SO4, concentrated and analyzed by TLC, GC and GC-MS. 

 

2.2.4.4. Time course study: 

(Z)--Santalyl acetate (2) (0.6 g/L) was added to 36 h well grown cultures in 500 mL 

Erlenmeyer flasks containing 100 mL media and incubated on a rotary shaker as 

mentioned above. Aliquots were drawn at every 24 h, extracted with CH2Cl2 and 

analyzed by GC and GC-MS for monitoring the level of formation of each metabolite. 

At the end of 5 days, complete consumption of the substrate was observed. 

 

2.2.4.5. Large scale biotransformation of (Z)--santalyl acetate (2): 

Large scale fermentation of (Z)--santalyl acetate (2) was carried out using 4L Cz 

media distributed equally in to 40 Erlenmeyer flasks of 500 mL volume. The flasks 

were inoculated with 1 mL of Mucor piriformis spore suspension in sterile water from a 

5-day-old culture grown on Potato Dextrose Agar (PDA) slants and incubated on a 

rotary shaker. Substrate 2 (2.4 g) was added to 36 h well grown culture at a 

concentration of 60 mg in 0.2 mL acetone/100 mL media and incubation was continued 

for six days at 30 °C on a rotary shaker. After this incubation period, the contents of the 

flasks were pooled and filtered through muslin cloth to separate mycelia and broth. The 

broth was then saturated with NaCl and extracted with CH2Cl2 (4 times, 1:1 v/v). The 

dried mycelia were also washed with CH2Cl2. The two extracts were found to be the 

same by GC and TLC analyses and therefore were pooled. The crude metabolite 

mixture was further analyzed by TLC, GC and GC-MS. The crude extract (1.1 g) 

obtained was subjected to silica gel (60-120 mesh) column chromatography and the 

metabolites were eluted using a gradient of petroleum ether/ethyl acetate from (1:0) to 

(6:4). 
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2.2.4.6. Synthesis of (Z)-α-santalyl acetate (2): 

To a stirred solution of (Z)-α-santalol (1) (2g, 9.1 mmol) in CH2Cl2 (20 mL) at 0 °C, 

under inert conditions, was added Et3N (1.1 g, 10.9 mmol) and the reaction mixture was 

stirred for 15 min at room temperature. To the above solution again cooled at 0 °C, 

acetic anhydride (1.2 g, 11.8 mmol) and catalytic amount of DMAP were added. 

Stirring was continued at room temperature for 3 h. The reaction was quenched by 

adding ice cooled water (20 mL), organic layer was separated and aqueous layer 

extracted with CH2Cl2 (2  25 mL). The combined organic layers were washed with 

brine, dried over anhydrous Na2SO4 and concentrated in vacuum to afford a pale yellow 

liquid (2.4 g). The crude product was purified by silica gel flash chromatography 

(hexane /ethyl acetate, 99.5:0.5) to furnish 2 as a colourless liquid (2.2 g, 90.4%). 

 

2.2.4.7. Synthesis of 10,11-cis-epoxy-α-santalol: 

To a stirred solution of 1 (2.0 g, 9.1 mmol) in CH2Cl2 (20 mL) at 0 °C, was added 

mCPBA (3.9 g, 13.6 mmol, 60%) and the reaction mixture was stirred for 3 h at room 

temperature. The reaction was quenched by adding ice cooled saturated NaHCO3 

solution (20 mL) and then extracted in CH2Cl2 (3 × 25 mL). The combined organic 

layers were washed with brine, dried over anhydrous Na2SO4 and concentrated in 

vacuum to afford pale yellow liquid (2.42 g). This was purified by silica gel flash 

chromatography (petroleum ether: ethyl acetate, 92:8) to furnish epoxy-α-santalol (1.3 

g, 62%) as colourless liquid. 

 

2.2.4.8. Synthesis of chiral α- and β- isomers of 10,11-cis-epoxy-α-santalol by 

Sharpless asymmetric epoxidation:61 

Crushed 4 Å molecular sieves were heated in vacuum oven at 200 °C and 4 mmHg for 

at least 3 h. An oven-dried 250 mL three-necked round bottomed flask equipped with a 

magnetic stirbar, pressure equalizing addition funnel, thermometer, nitrogen inlet, and 

bubbler was charged with 0.2 g of 4 Å powered activated molecular sieves and 

anhydrous CH2Cl2 (10 mL). The flask was cooled to -20 °C, before D-(-)-Diethyl 

tartarate (56 mg, 0.27 mmol) and Ti (O-iPr)4 (65 mg, 0.23 mmol) were added 

sequentially via a syringe with stirring. The reaction mixture was stirred at -20 °C as t-

BuOOH (0.27 mL, 5.0 M in decane) was added through the addition funnel over about 

10 min. The resulting mixture was stirred at -20 °C for 30 min to which was slowly 

added a solution of 1 (0.2 g, 0.91 mmol) in anhydrous CH2Cl2 (2 mL) over a period of 
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20 min, being careful to maintain the reaction temperature between -20 to -15 °C. The 

mixture was stirred for an additional 5 h at -20 to -15 °C and then warmed to 0 °C. The 

reaction mixture was slowly poured into a beaker containing 200 mL of the pre-cooled 

(0 °C) solution of FeSO4·7H2O (0.3 g, 1.1 mmol) and citric acid monohydrate (0.12 g, 

0.55 mmol). The two-phase mixture was stirred for 40 min at 0 °C and then transferred 

to a separatory funnel. The phases were separated and the aqueous phase was extracted 

with CH2Cl2 (2 × 10 mL). The combined organic layers were treated with pre-cooled 

30% NaOH (w/v) (1.7 mL). The two-phase mixture was stirred vigorously for 1 h at 0 

°C. Following transfer to a separatory funnel the phases were separated. The aqueous 

layer was extracted with CH2Cl2 (2 × 10 mL). The combined organic layers were dried 

over anhydrous Na2SO4, filtered and concentrated. The residue was chromatographed 

with petroleum ether: ethyl acetate (92:8) to give 3b (0.18 g, 83% yield, 38% de). 

Similar procedure was used for the synthesis of the other diastereomer 3, where 

(+)-DET was the chiral auxiliary to yield 3 (0.18 g, 82% yield, 34% de). 

 

2.2.4.9. Screening of lipases for kinetic resolution of epoxy-α-santalol 

diastereomers: 

Commercially available lipases were screened for selective acetylation reactions with 

vinyl acetate as an acyl donor in hexane. Following lipases were screened:  

 

Table 2.2.1. Lipases screened for resolution of 10,11-cis-epoxy-α-santalol 

diastereomers (3 and 3b): 

Sr. no. Lipases Incubation temperature

1. Cal-B (Novozyme 435) 40 °C 

2. Lipase from Rhizopus niveus 40 °C 

3. Lipase from Thermomyces lanuginosa, CLEA 40 °C 

4. Lipase from wheat germ 37 °C 

5. Lipase from C. rugossa type VII 37 °C 

6. Amano lipase from Mucor javanicus 40 °C 

7. Lipase from Rhizopus arrhizus 40 °C 

8. Cal-A immobilized on Immobead 150 40 °C 

9. Amano PS. lipase from Burkholderia cepacia 40 °C 
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OH

1

2.2.4.9. Spectral studies: 

(Z)-α-Santalol (1): 

Colorless liquid; αD +17.9 (c = 2.65, CHCl3); IR (CHCl3): νmax 

3399 cm-1 (-OH), 1676 cm-1 (olefin); GC-EI-MS: m/z 220.2, 

202.2, 187.2, 159.1, 133.1, 121.1, 107.1, 94.1 (100%), 93.1, 91.1, 

79.1, 67.1; HREIMS: Calcd. for C15H22, 202.1721, found 202.1724 [M-H2O]+. 

 

(Z)-α-Santalyl acetate (2): 

αD +13.69 (c = 2.40, CHCl3); IR (CHCl3, cm-1): νmax 1731 

(C=O); 1H NMR (500 MHz, CDCl3): δ 5.41 (t, J = 7.3 Hz, 1H, 

H10), 4.58 (s, 2H, H12), 2.08 (s, 3H, O=C-CH3), 1.92-2.03 (m, 

2H, H9), 1.74 (d, J = 1.07 Hz, 3H, H13), 1.54-1.61 (m, 3H, H3b, H4 & H5b), 1.21-1.27 (m, 

1H, H8b), 1.11-1.17 (m, 1H, H8a), 1.03-1.07 (m, 2H, H3a & H5a), 0.99 (s, 3H, H14), 0.83 

(bs, 2H, H2 & H6), 0.82 (s, 3H, H15); 
13C NMR (CDCl3, 125 MHz): δ 171.2 (C=O), 

131.8 (C11), 129.1 (C10), 63.1 (C12), 45.8 (C7), 38.1 (C4), 34.6 (C8), 31.4 (C5), 30.9 (C3), 

27.3 (C1), 23.1 (C9), 21.5 (C13), 20.9 (C), 19.5 (C6), 19.4 (C2), 17.5 (C15), 10.6 (C14); 

GC-EI-MS: m/z 262.1, 247.1, 220.2, 202.2, 187.2, 159.1, 135.5, 121.2, 107.1, 93.1 

(100%), 79.1, 67.1.  

 

10,11-cis-β-epoxy-α-Santalol (3): 

Colorless liquid; αD +12.65 (c = 2.75, CHCl3); IR (CHCl3, cm-1): 

νmax 3435 (-OH), 1036 (C-O of epoxide); GC-EI-MS: m/z 236.2 

[M]+, 218.2, 205.2, 187.1, 175.1, 138.1, 121.1, 105.1, 93.1 

(100%), 79.1, 67.1; HR-EI-MS: Calcd. for C15H24O2, 236.1776, 

found 236.1783 [M]+. 

 

5α-hydroxy-(Z)-α-Santalol (4): 

Colorless liquid; αD -8.52 (c = 0.3, CHCl3); IR (CHCl3, cm-1): 

νmax 3381 (-OH); GC-EI-MS: m/z 236.2 [M]+, 218.3, 203.3, 

187.2, 137.2, 109.2 (100%), 95.2, 79.1, 67.1, 55.1; HR-ESI-

MS: Calcd. for C15H24O2Na, 259.1674, found 259.1746 

[M+Na]+. 

 

OH

O

3

OH

OH

H

4
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10,11-dihydroxy-α-Santalol (5): 

Colorless oil; αD +19.56 (c = 0.4, CHCl3); IR (CHCl3, cm-1): 

νmax 3381 (-OH); GC-EI-MS: m/z 254.3 [M]+, 220.2, 202.2, 

187.1, 159.1, 121.1, 107.1, 94.1, 93.1 (100%), 79.1; HR-EI-MS: 

Calcd. for C15H26O3, 254.1881, found 254.1793 [M]+. 

 

5α-hydroxy,cis-β-10,11-epoxy-α-Santalol (6): 

Colorless liquid; IR (CHCl3, cm-1): νmax 3435 (-OH), 1036 (C-

O of epoxide); GC-EI-MS: m/z 252.1 [M]+, 219.0, 203.1, 

159.1, 137.1, 119.1, 107.1 (100%), 91.0, 81.1, 67.1; HR-EI-

MS: Calcd. for C15H24O3, 252.1725, found 252.1679 [M]+. 

  

OH

OH

OH

5

OH

OH

H

O

6
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Appendix 2 

Appendix 2 Index 

Sr. no. Table/ Figure/ Spectrum/ Compound no. Page 

1. Table: 1H and 13C assignments of (Z)-α-santalol (1) from 2D NMR 
data analysis 

107 

2. Table: 13C NMR assignments of all the metabolites: 1, 3, 4, 5 and 6 108 

3. Table: 1H NMR assignments of all the metabolites: 1, 3, 4, 5 and 6 109 

4. 1H NMR, 13C NMR and DEPT spectra of 2. 110 

5. 1H NMR, 13C NMR and DEPT spectra of 1. 111 

6. COSY and NOESY spectra of 1. 112 

7. HSQC and HMBC spectra of 1. 113 

8. 1H NMR, 13C NMR and DEPT spectra of 3. 114 

9. COSY and NOESY spectra of 3. 115 

10. HSQC and HMBC spectra of 3. 116 

11. 1H NMR, 13C NMR and DEPT spectra of 4. 117 

12. COSY and NOESY spectra of 4. 118 

13. HSQC and HMBC spectra of 4. 119 

14 1H NMR, 13C NMR and DEPT spectra of 5. 120 

15 COSY and NOESY spectra of 5. 121 

16. HSQC and HMBC spectra of 5. 122 

17. 1H NMR, 13C NMR and DEPT spectra of 6. 123 
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Table 2.2.2. 1H and 13C assignments of (Z)-α-santalol (1) from 2D NMR data analysis. 

All the observed correlations are shown.  

 

* These δ values are interchangeable. (w) implies weak intensity of the signal. 

  

13C (δ) HSQC (δ) HMBC (δ) COSY (δ) 

C1: 27.34 (-C-) - H14, H5a, H15 - 

C2: 19.45* (-CH) 0.84 (bs, H2) H3b - 

C3: 30.99 (-CH2) 1.05 (m, H3a), 1.57 

(bs, H3b) 

H5b H3a↔H3b 

C4: 38.11 (-CH) 1.58 (m, H4) H3a, H15 - 

C5: 31.48 (-CH2) 1.07 (m, H5a), 1.62 

(bs, H5b) 

H3b H5a↔H5b 

C6: 19.47* (-CH) 0.84 (bs, H6) H5b, H14 - 

C7: 45.83 (-C-) - H14, H3a, H15 - 

C8: 34.96 (-CH2) 1.15 (m, H8a), 1.23 

(m, H8b) 

H15, H9 H8b↔H9, H8a

C9: 22.89 (-CH2) 1.91-2.02 (m, H9) - H9↔H8b, H10

C10: 129.52 (=CH) 5.32 (t, H10) H12, H13, H9 H10↔H9, H13

C11: 133.60 (=C) - H12, H13, H9 - 

C12: 61.55 (-CH2-

O) 

4.15 (s, H12) H13, H10 - 

C13: 21.23 (-CH3) 1.80 (d, H13) H12, H10 H13↔H10 

C14: 10.62 (-CH3) 1.00 (s, H14) H2/H6 - 

C15: 17.49 (-CH3) 0.83 (s, H15) H8a (w), H8b (w) - 
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Table 2.2.3. 13C assignments of all the metabolites: (Z)-α-santalol (1), 10,11-cis-β-

epoxy-α-santalol (3), 5α-hydroxy-(Z)-α-santalol (4), 10,11-dihydroxy-α-santalol (5) and 

5α-hydroxy-10,11-cis-β-epoxy-α-santalol (6). 

 
* These δ values may interchange. 

  

13C (1) (δ) (3)(δ) (4)(δ) (5)(δ) (6)(δ) 

C1: 27.34 27.3 32.3 27.4 32.2 

C2: 19.45* 19.4 20.7 19.4 20.7 

C3: 30.99 30.9 26.9 31.0 26.9 

C4: 38.11 38.1 44.2 38.1 44.2 

C5: 31.48 31.4 75.5 31.4 75.4 

C6: 19.47* 19.5 26.2 19.5 26.3 

C7: 45.83 45.6 45.9 45.8 45.7 

C8: 34.96 30.8 35.6 30.7 31.6 

C9: 22.89 23.6 22.7 26.4 23.4 

C10: 129.52 65.4 129.0 77.2 65.1 

C11: 133.60 61.0 133.9 74.0 61.0 

C12: 61.55 63.9 61.5 69.5 63.9 

C13: 21.23 20.2 21.2 19.6 20.2 

C14: 10.62 10.6 10.7 10.7 10.7 

C15: 17.49 17.4 17.8 17.5 17.7 
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Table 2.2.4. 1H assignments of all the metabolites: (Z)-α-santalol (1), 10,11-cis-β-

epoxy-α-santalol (3), 5α-hydroxy-(Z)-α-santalol (4), 10,11-dihydroxy-α-santalol (5) and 

5α-hydroxy-10,11-cis-β-epoxy-α-santalol (6). 

 

  

1H (1) (3) (4) (5) (6) 

1: - - - - - 

2: 0.84, bs 0.85, bs 1.09-1.13, m 0.86, bs 
1.05, dt, J = 

1.43, 5.27 Hz 

3a: 1.05, m 1.05, m 1.59-1.62, m 1.53, m 1.58, m 

3b: 1.57, bs 1.52, m 1.66, s 1.04-1.08, m 1.68, bs 

4: 1.58, m 1.52, m 1.59-1.62, m 1.56, s 1.55-1.56, m 

5a: 1.07, m 1.07, m 4.22, t, J = 

1.78 Hz 

1.63, m 4.22, t, J = 

1.78 Hz 5b: 1.62, bs 1.59-1.62, m 1.04-1.08, m 

6: 0.84, bs 0.85, bs 1.03, m 0.86, bs 
1.13, d, J = 

5.27 Hz 

7: - - - - - 

8a: 1.15, m 
1.31,m 

1.14-1.17, m 1.17-1.23, m 1.32-1.38, m 

8b: 1.23, m 1.32, m 1.44-1.46, m  

9a: 
1.91-2.02, m 

1.45, m 1.88-2.01, m 
1.32-1.41, m 

1.45, m 

9b: 1.59-1.62, m  1.55-1.56, m 

10: 
5.32, t, J = 

7.43 Hz 

2.83, t, J = 

6.40 Hz 

5.30, t, J = 

7.53 Hz 

3.56, dd, J = 

1.93, 9.91 Hz 
2.81, m 

11: - - - - - 

12a: 

4.15, s 
3.64 - 3.72, 

m 

4.14, s 
3.52, d, J = 

11.28 Hz 
3.69, s 

12b:  
3.66, d, J = 

11.28 Hz 
 

13: 
1.80, d, J = 

1.10 Hz 
1.39, s 

1.80, d, J = 

1.00 Hz 
1.10, s 1.40, s 

14: 1.00, s 1.01, s 1.00, s 1.03, s 1.03, s 

15: 0.83, s 0.81, s 0.93, s 0.83, s 0.92, s 
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3.1.1. Natural Products: 

The chemical compounds synthesized by living organisms in nature are referred to as 

‘Natural Products’. The simplest definition for a natural product is a small organic 

molecule that is produced by a biological source. These naturally occurring compounds 

can be broadly divided into three categories:  

(i) Primary Metabolites: Compounds that occur in all cells and play central roles in 

the metabolism and reproduction of the cells. These include nucleic acids, 

common amino acids and sugars. Most of these compounds exert their biological 

effect within the organism and are mandatory for its survival. 

(ii)  High molecular weight polymeric materials such as cellulose, lignins and 

proteins, which make the cellular structures.	

(iii) Secondary Metabolites: Small molecules (<900 Daltons) those are produced and 

characteristic of a limited number of species. Although, not essential for the 

growth and development of the producing organism, they aid in the organism’s 

survival by attracting or repelling other organisms. It has been estimated that 

well over 300,000 secondary metabolites exist and continue to attract the interest 

of scientific community due to their biological effect on other organisms. Owing 

to their immense diversity in structure, function and biosynthesis, it becomes a 

difficult task to rigidly classify them into a few simple categories. The majority 

of these compounds belong to one of a number of families, each of which have a 

particular structural characteristics arising from the way in which they are built 

up in nature, i. e. from their biosynthesis. The classes of secondary metabolites 

are as follows: 

 Terpenoids and Steroids, 

 Alkaloids, 

 Fatty acids and Polyketides, 

 Nonribosomal polypeptides, 

 Enzyme cofactors. 

Among these classes, terpenoids constitute the largest class of compounds which is 

further subdivided into several categories and is discussed in the preceding sections. 
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3.1.2. Role of Terpenoids in Nature: 

Terpenoids constitute a diverse class of natural products with over 55,000 individual 

known metabolites, which have now been identified across all life forms and with new 

advancements in the field the number of defined structures rapidly continues to increase 

over a period of time.1,2 Having proved their presence in almost all living systems, 

terpenoids demonstrate an immense array of structural diversity with an apparently 

unrelated structures ranging from relatively simple linear hydrocarbon chains to some of 

the most complex ring structures known. Members of this family, exhibit a bewildering 

variety in their function, while performing profound and versatile roles in all fields of 

life.3 Terpenes and terpenoids, though older terms for these compounds, perhaps convey 

more descriptive meanings as they recall the old memories of aromatic fragrances like 

the turpentine oils, predominantly derived from the distillation of conifer resins, from 

which the first terpenoids were isolated and hence named. In general, the term 

‘terpenes’ refers to the hydrocarbons which are created from 5-carbon ‘isoprene’ (2-

methyl-1,3-butadiene) as the basic structural unit, whereas, ‘terpenoids’ is used to 

indicate terpene related compounds that have been ornamentally decorated by oxygen 

containing functional groups such as alcohols, aldehydes and ketones which impart 

them the richness of functional diversity. Therefore, these are also referred to as 

‘isoprenoids’. 

In spite of the great structural diversity presented, they originate from very 

simple hemiterpene (5-carbon) building blocks, isopentenyl diphosphate (IPP, 3-

Methyl-3-butenyl diphosphate) and dimethylallyl diphosphate (DMAPP, 3-Methyl-2-

butenyl diphosphate) which in turn are produced through mevalonate4 (MVA) or non-

mevalonate pathway5 (MEP or DXP) depending upon the organisms and cellular 

organella. Details about MVA and MEP pathway are discussed in the following 

sections. Terpenoids are classified on the basis of number of 5-carbon isoprene units in 

their structure6 as hemiterpenes- C5 (1 isoprene unit), monoterpenes- C10 (2 isoprene 

units), sesquiterpenes- C15 (3 isoprene units), diterpenes- C20 (4 isoprene units), 

sesterterpenes- C25 (5 isoprene units), triterpenes- C30 (6 isoprene units), tetraterpenes- 

C40 (8 isoprene units), and polyterpenes- (C5)n where ‘n’ may be 45–30,000. Members 

of every family execute intense roles in several biological processes, as described 

below. Monoterpenes act as insect sex pheromones and are used in perfumes due to 

their characteristic odour; sesquiterpenes act in defence against enemies, steroids as 
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3.1.4. Biosynthesis of IPP and DMAPP: 

Two pathways responsible for the synthesis of isoprenoid precursors, IPP and DMAPP 

exist in nature. The first being classical acetate-mevalonate (MVA) pathway, and the 

second is more recently discovered mevalonate-independent pathway, also known as 

MEP or DXP pathway. Experimental evidence obtained since the discovery of the MEP 

pathway shows that most organisms only use one pathway for IPP biosynthesis, with a 

few bacterial Streptomyces species, most carotenogenic organisms and plants as the 

exceptions which generate isoprenoid precursors by both the pathways. In plants, both 

the pathways operate with the localization to different compartments as the MVA 

pathway is operative in the cytosol while the MEP pathway operates in the plant 

plastids.7 

 

3.1.4.1. MVA Pathway: 

MVA pathway, originally described by Block, Lynen, Popjak, and others24,25 for the 

production of IPP is predominantly operative in animals, fungi, archea and yeast. Until 

the late 1990s, MVA pathway was considered to be the sole source of isoprenoid 

precursors prevailing in all living systems. The schematic representation of MVA 

pathway leading to the biosynthesis of IPP (in six steps) and DMAPP (in seven steps) is 

depicted in Scheme 3.1.2. and is also explained below. Following the cellular uptake of 

acetate (derived from glycolysis pathway) and subsequent conversion to acetyl-CoA by 

acetyl-CoA synthase, two molecules of acetyl-CoA are initially condensed to 

acetoacetyl-CoA by acetoacetyl-CoA thiolase (AACT), whereupon an additional acetyl-

CoA is added to form (S)-3-hydroxy-3-methylglutaryl-CoA (HMG-CoA) via the action 

of HMG-CoA synthase (HMGS). Reduction of HMG-CoA to MVA carried out by 

HMG-CoA reductase constitutes the rate limiting step in the MVA pathway and is one 

of the most studied enzymes due to its importance in pharmaceutical industry for 

development of the drugs.26 The mevalonic acid undergoes serial phosphorylations by 

the consecutive actions of mevalonate kinase (MK) and mevalonate-5-phosphate kinase 

(PMK). The final step to IPP synthesis requires decarboxylative dephosphorylation by 

one more kinase, mevalonate-5-diphosphate decarboxylase. IPP further experiences 

intramolecular isomerization to ultimately achieve DMAPP (Scheme 3.1.2). 
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synthesis.34 Furthermore, Arigoni et al. also demonstrated the formation of isoprenoid 

precursors via an intramolecular skeletal rearrangement through the non-mevalonate 

pathway, as was first proposed by Eisenreich et al.29 

 

Scheme 3.1.3. MEP Pathway steps leading to the biosynthesis of IPP and DMAPP.
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MEP pathway is utilized by a great majority of eubacteria including 

photosynthetic cyanobacteria, algae, and parasitic pathogens such as Plasmodium 

falciparum and Toxoplasma gondii,35-37 which attributes it as a promising 

pharmacological target. Terpenoids belonging to a particular class are derived from 

terpenoid precursors which have specific origins, either cytosolic (MVA derived) or 

plastidial (MEP derived), such as carotenoids, which are predominantly derived from 

precursors obtained from plant plastids.38 A very limited exchange of these precursors 

between the plant cell compartments has been observed.39,40 

The biosynthesis of IPP and DMAPP through MEP pathway stems from 

pyruvate and glyceraldehyde-3-phosphate, as was first proposed by Rohmer et al. in 

bacteria in the mid-1990s.30,33 The MEP pathway involving seven steps to the formation 

of final products, is initiated by the condensation of pyruvate and glyceraldehyde-3-

phosphate which is catalyzed by 1-deoxy-D-xylulose-5-phosphate synthase (DXS) to 

form 1-deoxy-D-xylulose-5-phosphate (DXP) as the first product of the pathway and 

hence imparts its name to the pathway as ‘DXP pathway’. A reductive isomerization of 

DXP by 1-deoxy-D-xylulose-5-phosphate reducto-isomerase (DXR) then yields 2-C-

methyl-D-erythritol-4-phosphate (MEP). A cytidyl moiety is then introduced to MEP by 

2-C-methyl-D-erythritol-4-phosphate cytidylyl transferase (MCT) to produce 4-

(cytidine-5’-diphospho)-2-C-methyl-D-erythritol. This then undergoes phosphorylation 

by 4-(cytidine-5’-diphospho)-2-C-methyl-D-erythritol kinase (CMK) and cyclisation 

following the loss of the cytidyl group in a reaction catalyzed by 2-C-methyl-D-

erythritol-2,4-cyclodiphosphate synthase (MDS) to form 2-C-methyl-D-erythritol-2,4-

cyclodiphosphate. Following the final two steps catalyzed by (E)-4-hydroxy-3-

methylbut-2-enyl-diphosphate synthase (HDS) and reductase (HDR), IPP and DMAPP 

are formed (Scheme 3.1.3). 

 

3.1.5. Biosynthesis of Monoterpenes: 

‘Monoterpenes’ belong to a broad class of Terpenoids and are constituted of C-10 units, 

comprising two isoprene units. Majority of these are produced by plants as ‘secondary 

metabolites’ which perform a wide array of biological functions. They perform roles in 

plant defense against pathogens and feeding-insects. These compounds have been 

known for several centuries as components of the fragrant oils obtained from leaves, 

flowers and fruits, attributing to their characteristic pleasant odours. 
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Monoterpene synthases are the enzymes which carry out chain elongation and 

cyclization reactions giving rise to a large family of monoterpenoids consisting of over 

1000 members. Geranyl diphosphate synthase catalyzes the chain elongation reaction 

wherein the hydrocarbon cationic moiety generated from DMAPP is added on to IPP to 

form GPP, the acyclic precursor of monoterpenes (Scheme 3.1.4).  

 

Scheme 3.1.4. Biosynthesis of GPP by condensation of DMAPP and IPP. 

 

 Monoterpene cyclases perform the further task of cyclization of the linear 

substrate, GPP to a multitude of monocyclic, bicyclic and tricyclic skeletons. It has been 

established from the exhaustive research over many years that a common carbocationic 

reaction mechanism for all monoterpene synthases is initiated by the divalent metal ion-

dependent ionization of the substrate, GPP. The resulting geranyl cationic intermediate 

undergoes a series of cyclizations, hydride shifts or other rearrangements producing a 

diverse reactive carbocationic scaffolds which undergo either proton loss or addition of 

a nucleophile to terminate the reaction (Scheme 3.1.5). These mechanisms have been 

deeply investigated by Croteau and co-workers through their comprehensive studies 

with various substrate analogs, inhibitors, intermediates and native enzymes and their 

mutants.14,41-45 Degenhardt et al. have summarized the list of monoterpene synthases 

reported, evidence for their catalysis of the multitude products, features of proteins 

affecting biosynthesis and correlations between specific amino acid motif and terpene 

synthase function.46 

Biosynthetic pathways in monoterpenes leading to the formation of santalene 

counterparts, camphenes and pinenes have been established by Croteau et al.43 They 

demonstrated the cyclization of GPP to pinenes and camphenes through a sequence of 

intermediates such as terpinyl cation, bornyl cation and pinyl or camphyl cation.47,48 In 

monoterpene biosynthetic pathways, pinene synthase could carry out the cyclization of 

geranyl diphosphate (GPP) into bicyclic olefins α-pinene, β-pinene, camphene, and to 

monocyclic olefins, limonene, terpinolene and to acyclic olefin myrcene, through a 

series of carbocationic rearrangements. The initial step in the cyclization pathways 

proceeded by loss of the diphosphate group with a concomitant stereospecific 
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isomerization of the substrate GPP to the corresponding bound tertiary allylic 

intermediate, linalyl cation. Rotation of C2-C3 bond to generate a cisoid, anti-endo 

conformer facilitated C1-C6 cyclization of the tertiary allylic cation to monocyclic α-

terpinyl cation. The linalyl ion pair could also lose a proton resulting in acyclic olefin 

myrcene. Deprotonation from the α-terpinyl cation could occur in two ways to afford 

limonene or terpinolene, while second electrophilic cyclization would give rise to 

bornyl or pinyl cations. Loss of proton from the adjacent methylene or methyl position 

of pinyl cation would collapse into α-pinene and β-pinene as the final products, 

respectively; whereas the bornyl cation could undergo Wagner-Meerwein shift to form 

camphyl cation which on subsequent deprotonation would result in bicyclic product, 

camphene. 

 

 

Scheme 3.1.5. Postulated ionic mechanism for cyclization of GPP leading to the 

formation of monoterpenes via the α-terpinyl cation and the terpinen-4-yl cation. The 

carbocationic structures are divided into isoprene units and the labeling patterns from 

C1-labeled acyclic precursor are illustrated (indicated with an asterisk, *). 
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Labeled substrates have constantly played invaluable roles in biochemical and 

bioorganic research to investigate and track the biosynthetic pathways. Deuterated 

prenyl diphosphates, in perticular, have been previously utilized to study the mechanism 

of cyclization by several sesquiterpene synthases including, epi-aristolochene synthase 

and premnaspirodiene synthase52, amorphadiene synthase53, geosmin synthase54, 

patchoulol synthase55 and Cadinene synthase56. To demonstrate the importance of 

isotope labelling of the substrates, some of the sesquiterpenoid biosynthetic pathways 

which have been elucidated using labelled substrates in the literature are discussed in 

the following sections. 

 

3.1.6.1. Biosynthesis of (E,E)-Farnesyl diphosphate [(E,E)-FPP]: 

The fundamental reaction in terpenoids biosynthesis, ‘Chain elongation’ reaction brings 

about the formation of linear diphosphates such as geranyl diphosphate (GPP, C10), 

farnesyl diphosphate (FPP, C15), geranylgeranyl diphosphate (GGPP, C20), 

geranylfarnesyl diphosphate (GFPP, C25), and so on, which are the linear precursors of 

all cyclic terpenoids. Polyprenyl diphosphate synthases belonging to a class of 

prenyltransferases, catalyze the sequential addition of the growing hydrocarbon chain in 

the allylic isoprenoid diphosphates to the isoprene unit in IPP to result in the higher 

homologues of the allylic isoprenoid diphosphate, which have well defined chain 

lengths and contain isoprene units ranging from 2 to >30,000. Each member of this 

enzyme family is classified according to the length of its final product and the geometry 

of the newly formed double bonds (E or Z). Despite the identical condensation 

mechanisms, these enzymes are very much specific towards the chain lengths of the 

substrate and the products and never exceed the limit greater than a pre-determined 

length specific to each prenyltransferase. The ultimate length of the polyisoprenoid 

chain is governed by the size of a hydrophobic pocket in the interior of the enzyme that 

binds the growing hydrocarbon chain. Interestingly, by random57 or site directed 

mutagenesis, the active sites of these polyprenyl diphosphate synthases have been 

altered to accommodate the substrates of varying lengths which regulated the generation 

of the products of shorter58 or longer59 chain lengths.60 

(E,E)-Farnesyl diphosphate synthase (FDS), a ubiquitous enzyme in all the life 

forms, is a representative example of the class of polyprenyl diphosphate synthases and 

particularly of the (E)-isomer family. FDS catalyzes the sequential chain elongations of 



Chapter	3	
 

Ph.	D.	Thesis,	Pankaj	P.	Daramwar	 141	
 

(i) DMAPP with two units of IPP or (ii) GPP with one unit of IPP to ultimately form 

FPP. Chain elongation takes place by dissociative electrophilic alkylation of the double 

bond in IPP with the allylic cation obtained from dissociation of the diphosphate moiety 

from the allylic substrate, DMAPP or GPP. Apart from engaging itself as the 

sesquiterpenoid precursor in the cyclization reactions, FPP, the product of FDS, is also 

involved in several other essential biological processes. FPP is required for the first 

committed steps (head to head condensation of FPPs to form squalene) in the 

biosynthesis of cholesterol,61 farnesylated and geranylgeranylated proteins,62 

ubiquinones,63 dolichols,64 and heme a65 and in chain elongation reactions leading to 

GGPP66 and consequently to diterpenoids. Experiencing the versatility of FPP in the 

living systems, the activity of FDS appears to be ubiquitous which forms the central 

core in terpenoid metabolism and is therefore one of the widely studied enzymes. In 

1994, Tarshis et al. reported the crystal structure of avian FPP synthase determined to 

2.6 Å resolution, the first structure of a prenyltransferase.67 The enzyme is a homodimer 

and possesses a novel fold composed of 13 α-helices, ten of which form a large central 

cavity. The active site is located in this cavity, as are the two conserved aspartate-rich 

motifs that face each other on opposite walls of the cavity. Tarshis and colleagues also 

reported the structure of the enzyme with its substrate and showed that these aspartate-

rich motifs interact with the substrates via Mg2+. 
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Scheme 3.1.7. Polyprenyl diphosphate synthases catalyzed the chain elongation 

reactions leading to the biosynthesis of homologous linear isoprenoid diphosphates.  

 

 Chemically, the chain elongation reaction proceeds through an electrophilic 

alkylation reaction mechanism. The reaction proceeds in three discrete steps- (i) 

cleavage of the carbon-oxygen bond of the allylic diphosphate to form a tight ion pair 

between the pyrophosphate (PPi) leaving group and the allylic carbocation; (ii) 

alkylation of the C3-C4 double bond of IPP by the carbocation to generate a second 

carbocationic intermediate with positive charge at C3 of the isopentenyl unit; and (iii) 

stereospecific elimination of a proton from C2 of the isopentenyl unit to generate a new 

allylic diphosphate extended by an isoprenoid unit. Although, (E,E)-FPP does not 

possess any asymmetric center, surprisingly, the steps involved in its biosynthesis were 

performed in a stereospecific manner. Stereochemical aspects in the biosynthesis of 

(E,E)-FPP, catalyzed by FPP synthase were investigated by Cornforth and Popjak in 

their classical work on squalene biosynthesis.68 Among a total of 14 questions raised 
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and answered in different events during biosynthesis of squalene from mevalonate 

through MVA pathway, we discuss here the determination of the stereochemistry of 

four distinct events during chain elongation reaction (Scheme 3.1.8). Labeled 

mevalonates were utilized in determining the stereochemistry of the reactions as below: 

(a) A new E-double bond is formed between C2 and C3 in the product: Observations 

with the incorporation of 2-14C-mevalonate into soyasapogenol A and into 

mycelianamide agreed in indicating that in DMAPP biosynthesized, the new 

methyl group (from C-2 of mevalonate) is trans to the -CH2-O- group (C-3). 

Farnesyl diphosphate synthase from many sources has been shown to synthesize 

the E-isomer in preference to the Z-isomer, by Thulasiram and Poulter.19 The 

stereochemistry of the newly formed double bonds in the alcohol products, produced 

following de-phosphorylation of the corresponding diphosphates from chain elongation 

reactions was monitored by GC and GC-MS analysis with authentic samples. The 

degree of stereocontrol exerted by FPP synthase in chain elongation reactions was not 

very high, and the alkylation reactions of IPP with the hydrocarbon cations generated 

from allylic diphosphate units produced minor amounts of Z-congeners as well (3-15%).  

 

(b) New bond between C1 of the allylic substrate and C4 of IPP is formed with 

inversion at C1 of the allylic substrate: [5R,5-D]-mevalonate (equivalent to 1D-

DMAPP or 1D-IPP) was converted to deuterated squalene after incubation with 

the enzyme preparation from rat liver. The hexa-deuterated squalene was then 

degraded by ozonolysis to one equivalent of succinic acid formed from the central 

atoms and to four equivalents of laevulic acid which on separation and subsequent 

treatment with hypoiodite yielded second set of succinic acids. On comparing the 

stereochemistry of later set of succinic acids with the standards revealed it as [2S, 

2-D]-succinic acid. Comparison of the stereochemistry of centres in deuterated 

squalene with that of the parent mevalonate indicated inversion of configuration at 

C-1 with formation of each C-C bond.  
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Scheme 3.1.8. Demonstration of inversion of stereochemistry at C1 in chain elongation 

reaction.  

 

(c) The pro-R proton is removed from C2 of IPP: Fundamental studies by Cornforth 

and Popjack included synthesis of stereochemically pure [4R,4-D]- and [4S,4-D]- 

mevalonate analogues. [4R,4-D]- and [4S,4-D]- mevalonates corresponded to 

[2S,2-D]- and [2R,2-D]-IPP, respectively. Both the deuterated mevalonate 

substrates were converted, by the enzyme preparation from rat liver, into (E,E)-

FPP, which after partial purification were subjected to diphosphate cleavage with 

alkaline phosphatase to give farnesol. As analyzed from the GC-MS spectra, 

[4S,4-D]-mevalonate gave non-isotopic farnesol, whereas, the tri-deuterated 

species predominated in the farnesol from [4R,4-D]-mevalonate. Thus, it was 

concluded that, in chain elongation reactions, the hydrogen atoms eliminated from 

IPP were all 2R (corresponding to 4S in parent mevalonate). The same 

stereochemical outcome was also demonstrated later by Poulter C. D. et al. while 

working with pig liver, yeast and avian FPP synthase enzymes.69 

The stereochemistry for proton elimination from C2 of IPP during the 

formation of both E and Z double bonds in the biosynthesis of GPP and FPP was 

determined by Thulasiram and Poulter for the catalytic activity of chain elongating 

enzymes from various sources.19 Incubation of (R)-[2-2H1]IPP and (S)-[2-2H1]IPP were 

carried out with the allylic substrates, DMAPP and GPP to produce the corresponding 

chain elongated linear diphosphate products, which were successively subjected to 

hydrolysis of the diphosphate esters by alkaline phosphatase treatment. The insertion or 

elimination of deuterons in the resulting alcohols were analyzed by GC-MS. For each of 

the enzymes, GPP, neryl diphosphate (NPP), as well as farnesyl diphosphate isomers 

(FPP), obtained from incubation of (R)-[2-2H1]IPP with the allylic diphosphates 

revealed the molecular ions (m/z) same as those obtained from incubations with 
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unlabeled substrates, indicating absence of any deuterium atoms in the products. But, 

incubation of (S)-[2-2H1]IPP with DMAPP incorporated the deuteriums when it 

produced mono-deuterated GPP and di-deuterated FPP. These results concluded that the 

pro-R hydrogen at C2 of IPP is lost when both, E- and Z-double bond isomers of chain 

elongated diphosphate products are formed. 

 

Scheme 3.1.9. Stereochemical aspects of the chain elongation reaction. 

 

(d) C1 of the allylic substrate adds to the si-face of the double bond in IPP: From [2R-

2-D]-mevalonate, incubation with rat liver preparation formed [cis-4-D]-IPP, 

which on prolonged incubation formed deuterated (E,E)-FPP possessing two 

stereocenters, which was subsequently dephosphorylated to trideutero-farnesol. 

Ozonolysis of the product yielded laevulic acid, which on further treatment with 

hypoiodite gave R-monodeutero-succinic acid. The succinic acid thus obtained 

was optically pure, which indicated the consistency in addition of DMAPP to the 

same side of the double bond on both the instances to form (E,E)-FPP. The 

stereochemistry of monodeutero-succinic acid which would be similar to that in 

trideutero-farnesyl diphosphate confirmed si-face addition of C1 of allylic 

substrate to the double bond in IPP. 

Further, X-ray structure of the E. coli FPP synthase enzyme complexed with 

IPP and an unreactive thio analogue of DMAPP70 was analyzed to study the 

stereochemistry of addition of hydrocarbon units of allylic diphosphates to the double 

bond of IPP. The observations indicated that the hydrocarbon unit of DMAPP was 

located on the si face of the C3-C4 double bond in IPP with C1 positioned for an 

inversion of configuration on alkylation.19 The X-ray crystal structure analysis of the 
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above complex also confirmed the stereochemical course of all the steps involved in 

FPP biosynthesis. 

The above results thus confirmed the stereochemical stages in the 1ʹ-4 coupling 

reactions leading to the biosynthesis of (E,E)-FPP.  

 
3.1.6.2. Biosynthesis of Aristolochene: 

Aristolochene is an eremophilane-type, bicyclic sesquiterpene hydrocarbon (Figure 

3.1.2), whose (-) enantiomer was first isolated in 1970 from the roots of the plant 

Aristolochia indica (Aristolociaceae) by Govindachari et al.,71 while later, it was also 

reported to occur in Bixa orellana leaf oil64 and in the defensive secretions of Syntermes 

soldier termites.72,73 The (+) enantiomer was first isolated from the mycelial extracts of 

the fungus, Aspergillus terreus by Cane et al. in 198974 and from cheese mold 

Penicillium roqueforti. It is evident that the stereochemical configuration of 

Aristolochene depends on its biological source. The formation of (+)-aristolochene is 

believed to be the first step in the biosynthesis of a number of fungal toxins.75 PR-toxin 

of Penicillium roqueforti and sporogen-AO1 of Aspergillus oryzae constitute some of 

the most significant examples of the toxins.76,77 

 

Figure 3.1.2. Structures of (+)- and (-)-Aristolochene. 

 

The biosynthesis of (+)-aristolochene takes place by the cyclization of (E,E)-

farnesyldiphosphate (FPP) to germacrene A and the crucial enzyme involved in the 

biosynthesis of this compound is a sesquiterpene cyclase, aristolochene synthase. Two 

distinct aristolochene synthases, acting by identical mechanisms have been isolated. The 

first aristolochene synthase was isolated from Penicillium roqueforti,78 while the second 

aristolochene synthase was isolated from Aspergillus terreus.79 X-ray crystal structures 

of recombinant aristolochene synthase from A. terreus80 and P. roqueforti81 were 

studied by Christianson et al. They also carried out comparison of both the crystal 

structures to reveal the conservation of a unique active site contour complementary in 
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shape to their common product despite the substantial divergent evolution of these two 

enzymes.  

The biosynthesis of (+)-aristolochene from (E,E)-FPP catalysed by 

aristolochene synthase (AS), isolated from A. terreus, was proposed (scheme 3.1.10) 

and studied by Cane et al.79 According to the proposed mechanism, Mg2+ assisted 

ionization of the farnesyl pyrophosphate and electrophilic attack of the resulting cation 

at C-10 of the distal double bond, followed by loss of a proton from one of the two 

adjacent methyl groups, will generate the stable monocyclic intermediate, ‘Germacrene 

A’. Protonation of germacrene A at C-1 is thought to initiate further cyclization by 

intramolecular electrophilic attack on the 4,5-double bond to form the bicyclic 

eudesmane cation. The latter intermediate can in turn rearrange to aristolochene by 

sequential 1,2- hydride and methyl migrations followed by loss of a proton from C-9. 

 

Scheme 3.1.10. Biosynthesis of (+)-Aristolochene from (E,E)-FPP catalyzed by 

aristolochene synthase from A. terreus (AT-AS). 

 

The product, aristolochene was confirmed by incubating 1-3H-(E,E)-FPP with 

the crude cell-free extract of A. terreus, which delivered the radio-labelled product that 

co-eluted with the synthetic standard (±)-aristolochene, when monitored by TLC and 

radio-GC. Further confirmation was done by using various 13C and 14C labelled 

substrates, followed by derivatization and characterization of the analogues. In addition 

to the product authentication, labelled substrate analogues were also utilized to study the 

stereochemical course and mechanistic principles in the above cyclization reaction. 

Both (1R)- and (1S)-[1-2H]-FPP were separately incubated with crude aristolochene 

synthase from A. terreus, and the purified product from each incubation was analyzed 

by 61.42-MHz 2H NMR spectroscopy. Incubation of (1R)-[1-2H]-FPP with the crude 

enzyme exhibited a single peak at δ 1.76 corresponding to H6eq, while with (1S)-[1-2H]-

FPP showed a single peak at δ 1.17 corresponding to H6ax of aristolochene. These 

results implied the inversion of configuration at C1 during the cyclization of FPP to 

aristolochene (Scheme 3.1.11). 
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Scheme 3.1.11. Inversion of configuration at C1 demonstrated by using (1R)- and (1S)-

[1-2H]-FPP in the biosynthesis of (+)-aristolochene. 

 

To gain insights in the deprotonation steps from methyl group in the 

biosynthesis of aristolochene, Cane et al. studied incubations of [12,12,12-2H3]-FPP and 

[13,13,13-2H3]-FPP with crude aristolochene synthase isolated from A. terreus.82 The 

deuterated product was analyzed by 2H NMR spectroscopy at 61.42 MHz to monitor the 

loci of deuterium atoms. The deuterated analogue of aristolochene obtained from the 

incubation of [12,12,12-2H3]-FPP (Z isomer) exhibited a single olefinic peak at δ 4.71, 

corresponding to deuterium at C-12, whereas that obtained from [13,13,13-2H3]-FPP (E 

isomer) gave rise to a resonance at δ 1.69. Thus, it was concluded that, it is the C-12 (Z) 

methyl group of FPP that undergoes deprotonation to from the intermediate, germacrene 

A (Scheme 3.1.12). 

       

Scheme 3.1.12. Deprotonation steps in the biosynthesis of (+)-aristolochene. 

 

The proton that is lost from C-9 of 4 originates at C-8 of FPP. To establish the 

stereochemical course of the deprotonation step (4R,8R)- and (4S,8S)-[4,8-2H2]-FPP 

were individually incubated with aristolochene synthase and the resulting deuterated 

products were analyzed by 2H-NMR spectroscopy. The deuterated aristolochene 
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samples from (4R,8R)-[4,8-2H2]-FPP retained both the deuterium atoms, whereas that 

from (4S,8S)-[4,8-2H2]-FPP, loss of a deuterium from C-8 was observed. These results 

demonstrated that it is H-8si that is lost in the formation of the 9, 10-double bond of 

aristolochene82 (scheme 3.1.12). 

Allemann et al. have shed light on the molecular details of catalysis and 

stereochemical control by aristolochene synthase isolated from and operational in the 

biosynthesis of (+)-aristolochene by cyclization of (E,E)-FPP.83
 In the biosynthetic 

reaction of aristolochene and 5-epi-aristolochene, intermediacy of germacrene A was 

proved by the inability to demonstrate its release from any of the sesquiterpene 

synthases for which it was postulated as an intermediate. Analysis of the X-ray structure 

of 5-epi-aristolochene synthase (EAS) and of the catalytic properties of a mutant EAS 

showed that Tyr 520 is the active-site acid which protonates germacrene A.84 Mutation 

of Tyr 520 to phenylalanine led to the accumulation of germacrene A as the sole 

reaction product.85 On the basis of X-ray crystal structure and homology modelling, it 

was suggested that the hydroxyl group of Tyr 92 acted as a proton donor to C-6 of 

germacrene A in AS. The identification of a substantial amount of germacrene A during 

AS catalysis and the formation of large amounts of it by a site-specific mutant, ASY92F 

confirmed that germacrene A was indeed formed during AS catalysis.83  

To study the mechanistic principles in the formation of aristolochene and to 

establish the intermediacy of germacrene A, some of the analogues of substrate, (E,E)-

FPP were utilized. The turnover of the 6,7-dihydro analogue of FPP by AS generated 

dihydro-germacrene A.86 Allemann et al. visualized the applicability of fluorinated 

analogue of FPP, 2-fluorofarnesyl diphosphate to determine the pathway intermediates 

in generation of aristolochene.87 Incubation of 2-fluorofarnesyl diphosphate during 

catalysis by AS, produced single product, 2-fluorogermacrene A (Scheme 3.1.11), but 

did not yield aristolochene, which provided a strong support for a reaction mechanism 

in which an initial cyclization of FPP to germacryl cation is followed by proton loss 

from C12 to generate germacrene A (Scheme 3.1.13). 

 

Scheme 3.1.13. Catalysis of 2-fluoro-FPP to 2-fluorogermacrene A by AS. 
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3.1.6.3. Biosynthesis of Santalenes: 

Santalene synthase, isolated from the interface of heartwood and sapwood of Santalum 

album, is a moderately promiscuous sesquiterpene cyclase that catalyzes the metal 

dependent cyclization of FPP to a mixture of six sesquiterpene hydrocarbon products, 

the precursors of santalols which are majorly responsible for the woody, pleasant odour 

and medicinal properties of sandalwood oil.88-93  

The major sesquiterpenoid alcohols present in the oil that contribute to ~ 6% 

dry weight94 of the heartwood of a matured sandalwood tree (>10 years old) are (Z)-α-

santalol, (Z)-α-exo-bergamotol, (Z)-epi-β-santalol, (Z)-β-santalol and (Z)-lanceol, which 

contribute to >90% of the total oil content95 and are proposed to be biosynthesized by 

hydroxylation at the allylic methyl groups of the sesquiterpene hydrocarbons by 

cytochrome-P450 systems. The biosynthesis of tricyclic skeleton of α-santalene, 

bicyclic skeletons of β- and epi-β-santalenes, bergamotenes and monocyclic skeleton of 

curcumenes and zingiberene involves cyclization of the linear sesquiterpene substrate 

(E,E)-FPP through a cascade of ‘Wagner-Meerwein’ rearrangements of unisolable 

carbocationic intermediates. Although, biosynthetic schemes were proposed in literature 

involving the formation of some of the common carbocations from terpene pathways 

and their rearrangements leading to these cyclic terpenoids, efforts have not been made 

to study the intermediates involved and the mechanism of biosynthesis of these 

sesquiterpenes is still unexplored. Unavailability of the x-ray crystal structure data 

hinders knowledge about binding and interaction of diphosphate substrates with the 

amino acid residues present at the catalytic pocket. In the present investigation, we have 

proposed a biosynthetic pathway for the formation of sesquiterpenes in sandalwood oil 

and have provided sufficient proof for the intermediates by deuterium labeling of the 

substrate (E,E)-FPP at all the possible positions those are involved in the carbocationic 

reactions. This proposed biosynthetic pathway for sesquiterpenes from sandalwood has 

been tailored from the model pathways proposed for sesquiterpenes.94,96 
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Section	3.2.	

	

Synthesis	of	Deuterated	

Diphosphate	Substrates.	

	

	

 

Synthesis of deuterium labeled analogues of (E,E)-FPP. 
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3.2.1. Rationale for Present Work: 

Sesquiterpenes are one of the structurally most diverse classes of natural products, with 

more than 300 basic hydrocarbon skeletons. They play some of the vital roles in nature 

when they act in plants’ defence mechanisms, as pheromones to attract insects for 

pollination and as agents in signal transduction on attaching with proteins (prenylated 

proteins). Inspite of their enormous diversity, they evolve from a simple acyclic 

precursor, (E,E)-farnesyl diphosphate which undergoes a number of carbocationic 

rearrangements, deprotonations and varied functionalizations with high fidelity. It is 

interesting and of importance to know the intricate mechanisms that the intermediates 

follow to yield a particular product with highest degree of precision. Labeled substrates 

have constantly played invaluable roles in biochemical and bioorganic research to 

investigate and track the biosynthetic pathways. Deuterated prenyl diphosphates, in 

perticular, have been previously utilized to study the mechanism of cyclization by 

several sesquiterpene synthases including, epi-aristolochene synthase and 

premnaspirodiene synthase52, amorphadiene synthase53, geosmin synthase54, patchoulol 

synthase55 and Cadinene synthase56. In the present investigation, we have implanted 

deuterium at all the possible centres involved in the cyclization of (E,E)-FPP, viz. C1, 

C2, C4, C5, C6 and C13. A chemo-enzymatic strategy was adopted for deuterium 

labeling of (E,E)-FPP wherein, condensation of deuterated analogues of IPP with 

DMAPP or GPP was achieved in presence of the chain elongation terpene synthase, 

(E,E)-farnesyl diphosphate synthase isolated from the interface of S. album. In this 

section we describe the synthetic methodologies designed for the synthesis of deuterated 

analogues of IPP (11) and GPP (13). 
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3.2.2. Present Work:  

 

 

 

Scheme 3.2.1. Sesquiterpenes generated from cyclization of (E,E)-FPP (14) with 

santalene synthase (SaSS) and its mutants. 

 

Santalene synthase (SaSS) was cloned and characterized from the interface of 

heartwood and sapwood of sandalwood during the ongoing research work in our 

laboratory.97 It was found to be a moderately promiscuous enzyme that gave rise to six 

sesquiterpene products from the common linear sesquiterpene precursor (E,E)-FPP (14). 

The ability of terpene synthases to convert a prenyl diphosphate substrate to diverse 

products during different reaction cycles is one of the most unique traits of this enzyme 

class which is corroborated by the activities of δ-selinene synthase and γ-humulene 

synthase from Grand Fir (Abies grandis).51 Likewise, 5-epi-aristolochene synthase also 

exhibited highly promiscuous nature by generating 25 different products.98 The product 
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promiscuity leading to the production of multiple products may be due to more 

flexibility of the active site pocket which might accommodate more than one 

conformations of the substrate and form larger products.46 

The products formed from SaSS were compared with the isolated and purified 

standards from sandalwood oil, large scale sesquiterpene synthase enzyme assays and 

from synthesis. These were identified by co-injecting with the standards in GC and were 

confirmed as α-santalene (1), β-santalene (2), epi-β-santalene (3), exo-α-bergamotene 

(4), exo-β-bergamotene (5) and (E)-β-farnesene (6) (Scheme 3.2.1). The mutants 

generated by site-directed mutagenesis produced different products which were 

subsequently characterized as endo-α-bergamotene (7), β-curcumene (8), γ-curcumene 

(9) and α-zingiberene (10).97 

 

Scheme 3.2.2. Biosynthesis of (E,E)-FPP (14) by dissociative electrophilic alkylation of 

IPP (11) by allylic carbocations generated from DMAPP (12) or GPP (13). Alkaline 

phosphatase treatment of 14 hydrolyzed it to (E,E)-farnesol (22) and the product was 

confirmed by GC and GC-MS analysis. Incubation of 14 with SaSS and its mutants 

resulted in the production of sesquiterpenes.  

 

S. album farnesyl diphosphate synthase (SaFDS) was also isolated from the 

same tissue and was functionally characterized by enzyme assays.97 SaFDS catalyzed 

the chain elongation reaction wherein, dissociative electrophilic alkylation of the double 

bond in IPP (11) by allylic cations generated from the allylic diphosphate substrates, 

DMAPP (12) or GPP (13) afforded (E,E)-FPP (14). Alkaline phosphatase treatment of 
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or chlorides), whereas the homoallylic alcohols such as isopentenyl alcohol, which were 

susceptible to elimination on halogenation, were converted to tosylates. The suggested 

phosphorylating reagent was tris-tetra-n-butylammonium hydrogen diphosphate salt 

(15). This was easily obtained by passing a solution of sodium dihydrogen 

pyrophosphate through a cation-exchange resin (H+ form) and titrating the eluate to pH 

7.3 with tetra-n-butylammonium hydroxide followed by lyophilization of the aqueous 

solution to result in a white, hygroscopic solid that could be stored for several months in 

a desiccator over anhydrous CaSO4, at -20 °C. 

 

3.2.2.1. Synthesis of isopentenyl diphosphate, IPP (11): 

Isopentenyl alcohol (16), a homoallylic alcohol was activated as its p-toluenesulfonate 

ester (17) followed by the SN2 displacement of tosylate group with 15. Replacement of 

tetra-n-butylammonium counter-ion from isopentenyl diphosphate with ammonium ion 

was achieved by passing the reaction mixture through cation-exchange resin (NH4
+ 

form), followed by purification over cellulose to yield 11 as a white, hygroscopic, fluffy 

solid (Scheme 3.2.3). 

 

Scheme 3.2.3. Reagents and conditions: a) CaH2, DMAP, TsCl, CH2Cl2, 0 °C to rt, 3 h, 

82%; b) [N(n-Bu)4]3P2O7H, CH3CN, rt, 2 h, 65%. 

 

3.2.2.2. Synthesis of dimethylallyl diphosphate, DMAPP (12): 

Dimethylallyl alcohol (18) was readily converted to its bromide in presence of 

phosphorus tribromide at reduced temperatures. To avoid the loss of halogenated 

intermediates in case of volatile alcohols (especially C5 systems), bromination was 

chosen over chlorination as the bromides obtained would be less volatile in comparison 

to the corresponding chlorides. Dimethylallyl bromide (19) was subjected to 

displacement reaction with 15, without any purification as it was prone to degradation 

over silica. Purification of the diphosphate product followed similar steps as for 11 to 

ultimately result in 12 as a white solid (Scheme 3.2.4). 
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Scheme 3.2.4. Reagents and conditions: a) PBr3, pentane, -20 °C, 15 min, 82%; b) 

[N(n-Bu)4]3P2O7H, CH3CN, rt, 2 h, 67%. 

 

3.2.2.3. Synthesis of geranyl diphosphate, GPP (13): 

Geraniol (20) was converted to its chloride using Corey-Kim halogenation reaction 

procedure designed for allylic alcohols.99 For bulkier alcohols, where volatility was not 

a serious issue, chlorination was preferred as the chlorides were less prone to 

degradation during preparation and purification procedures. The halide functionality in 

geranyl chloride (21) was displaced by 15 and the resultant geranyl diphosphate (13) 

was purified using the above mentioned protocol (Scheme 3.2.5). 

 

Scheme 3.2.5. Reagents and conditions: a) NCS, (CH3)2S, CH2Cl2, -30 °C to rt, 3 h, 

82%; b) [N(n-Bu)4]3P2O7H, CH3CN, rt, 2 h, 71%. 

 

3.2.2.4. Synthesis of (E,E)-farnesyl diphosphate, (E,E)-FPP (14): 

Synthesis of (E,E)-FPP (14) was carried out on the similar lines as followed for 13. 

Commercially available (E,E)-farnesol (22) was subjected to chlorination to produce 23, 

followed by displacement reaction with 15 and purification of the diphosphate product 

to yield 14 as a white solid (Scheme 3.2.6). 

 

 

Scheme 3.2.6. Reagents and conditions: a) NCS, (CH3)2S, CH2Cl2, -30 °C to rt, 3 h, 

82%; b) [N(n-Bu)4]3P2O7H, CH3CN, rt, 2 h, 68%. 
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3.2.2.5. Synthesis of [4,4-2H2]-Isopentenyl diphosphate ([4,4-2H2]-11): 

Synthesis of [4,4-2H2]-11 was initiated from commercially available 4-hydroxybutanone 

(24). Compound 24 was protected as its tert-butyldimethylsilyl ether (25) and the 

carbonyl moiety was subjected to Wittig olefination in presence of n-BuLi with tri-

deuteriomethyl-triphenylphosphonium iodide which itself was synthesized from tri-

deuteriomethyl iodide (CD3I) and triphenylphosphine (PPh3). The resultant dideuterated 

olefin [4,4-2H2]-26 was deprotected from its silyl group in presence of TBAF to yield 

free alcohol [4,4-2H2]-16. The volatile alcohol, without any purifications was subjected 

to tosylation in presence of Ts-Cl and anhydrous CH2Cl2 as the solvent to provide [4,4-
2H2]-17. The tosylate group was substituted by diphosphate on reacting [4,4-2H2]-17 

with 15 in CH3CN under inert conditions. Further purifications of the diphosphate 

compound according to well documented procedure by Davisson et al. delivered [4,4-
2H2]-11 as trisammonium salt (Scheme 3.2.7). Characterization of the dideuterated 

diphosphate product was performed by comparing its spectral data with that of 11. 

Absence of olefinic protons and terminal olefinic carbon in 1H and 13C spectra of [4,4-
2H2]-11 respectively, confirmed the structure. Analysis of the HRMS (ESI) data of [4,4-
2H2]-11 displayed an increase of 2 amu in the [M-1]- peak when compared with that of 

11 and further supported the dideuteration. 

 

 

Scheme 3.2.7. Reagents and conditions: a) TBDMS-Cl, Et3N, CH2Cl2, 0 °C to rt, 3 h, 

91%; b) PPh3CD3I, n-BuLi, THF, 0 oC to rt, 2 h, 78%; c) TBAF, 0 oC to rt, THF, 1 h; d) 

CaH2, DMAP, Ts-Cl, CH2Cl2, 0 °C to rt, 2 h, 74%; e) [N(n-Bu)4]3P2O7H, CH3CN, rt, 

2h, 49%. 

 

3.2.2.6. Synthesis of [2,2-2H2]-Isopentenyl diphosphate ([2,2-2H2]-11): 

Synthesis of [2,2-2H2]-11 started from easily available ethylacetoacetate (27). 

Dideuteration at α-position was achieved by stirring 27 with D2O for 24 h to replace the 

acidic protons with deuterons resulting in [2,2-2H2]-27. Both the carbonyl groups in the 

labeled compound [2,2-2H2]-27 were reduced with DIBAH to diol, [2,2-2H2]-28 in 76% 

yield. Primary hydroxy group of [2,2-2H2]-28 was protected as silyl ether, [2,2-2H2]-29 
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with TBDMS-Cl in presence of Et3N followed by oxidation of the secondary hydroxy 

group by Dess-Martin periodinane reagent to ketone, [2,2-2H2]-25 with 91% yield. 

Methylenation of [2,2-2H2]-25 was obtained when it was subjected to one carbon Wittig 

olefination with methyltriphenylphosphonium iodide in presence of n-BuLi to result in 

[2,2-2H2]-26. The resultant 2,2-dideuterated terminal olefin, [2,2-2H2]-26 was 

deprotected from its silyl group in presence of TBAF to yield free alcohol, [2,2-2H2]-16. 

The resulting volatile alcohol without any purification was subjected to tosylation in 

presence of Ts-Cl to provide [2,2-2H2]-17. The tosylate group was substituted by 

diphosphate on reacting with 15 in anhydrous CH3CN according to procedure 

standardized and reported by Davisson et al. to yield [2,2-2H2]-isopentenyl diphosphate 

as a trisammonium salt ([2,2-2H2]-11) (Scheme 3.2.8). The product was confirmed by 

comparing 1H, 13C NMR data with that of 11 which showed disappearance of methylene 

protons at C2 in [2,2-2H2]-11 which appeared at δ 2.37 (t, J = 6.65 Hz, 2H). Analysis of 

the HRMS (ESI) data displayed increment of 2 amu in the [M-1]- peak when compared 

with that of 11. 

 

 

 

Scheme 3.2.8. Reagents and conditions: a) D2O, rt, 24 h, 2 times, 92%; b) DIBAH, 

CH2Cl2, 0 °C to rt, 5 h, 76%; c) TBDMS-Cl, Et3N, CH2Cl2, 0 °C to rt, 2 h, 88%; d) 

Dess-Martin periodinane, CH2Cl2, 3 h, 91%; e) PPh3CH3I, n-BuLi, THF, 0 °C to rt, 2 h, 

72%; f) TBAF, THF, 0 °C to rt, 1 h; g) CaH2, DMAP, Ts-Cl, CH2Cl2, 0 °C to rt, 3 h, 

89%; h) [N(n-Bu)4]3P2O7H, CH3CN, rt, 2 h, 31%. 

 

3.2.2.7. Synthesis of [5,5,5-2H3]-Isopentenyl diphosphate ([5,5,5-2H3]-11): 

Routinely used compound, propylene glycol (30) was used as the starting material for 

the synthesis of [5,5,5-2H3]-11. Selective mono-protection of 30 to its silyl ether 31 was 

achieved with TBDMS-Cl in presence of Et3N followed by oxidation of the other 
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hydroxy group to an aldehyde 32 by refluxing it with IBX in ethyl acetate. The aldehyde 

32 was methylated with Grignard reagent, trideuteriomethylmagnesium bromide 

(CD3MgBr) in anhydrous THF to get the labeled secondary alcohol [1,1,1-2H3]-29, 

which was oxidized in presence of IBX under reflux condition in ethyl acetate to yield 

[1,1,1-2H3]-25. The ketone [1,1,1-2H3]-25, similar to [2,2-2H2]-25, was subsequently 

subjected to a sequence of reactions, Wittig olefination, silyl deprotection, tosylation 

and phosphorylation to finally result in the labeled product [5,5,5-2H3]-isopentenyl 

diphosphate ([5,5,5-2H3]-11) (Scheme 3.2.9). Structural verification of the trideuterio-

methyl product [5,5,5-2H3]-11, was performed by comparing its spectral data with that 

of 11, which demonstrated the absence of the allylic methyl signal in 1H and 13C NMR 

spectra of the prior, which appeared at δ 1.65 (s, 3H) and δ 21.6 (-CH3), respectively in 

the later. Further, trideuteration was confirmed by analysis of the HRMS (ESI) data that 

displayed a molecular formula C5H8
2H3P2O7 and an increment of 3 amu in the [M-1]- 

peak when compared to that of 11. 

 

 

Scheme 3.2.9. Reagents and conditions: a) TBDMS-Cl, Et3N, CH2Cl2, 0 °C to rt, 3 h, 

91%; b) IBX, ethyl acetate, reflux, 4 h, 91%; c) CD3MgBr, THF, 0 °C to rt, 2 h, 67%; d) 

IBX, ethyl acetate, reflux, 4 h, 92%; e) PPh3CH3I, n-BuLi, THF, 0 °C to rt, 2 h, 70%; f) 

TBAF, THF, 0 °C to rt, 1 h; g) CaH2, DMAP, Ts-Cl, CH2Cl2, 0 °C to rt, 3 h, 77% over 

two steps; h) [N(n-Bu)4]3P2O7H, CH3CN, rt, 2 h, 39%.  

 

3.2.2.8. Synthesis of [4,4,5,5,5-2H5]-Isopentenyl diphosphate ([4,4,5,5,5-2H5]-11): 

Intermediate, [1,1,1-2H3]-25 (scheme 7) was utilized in the synthesis of [4,4,5,5,5-2H5]-

11. Trideuteriomethyl ketone [1,1,1-2H3]-25 was subjected to a series of reactions as for 

25 in scheme 3.2.7. The reaction sequence followed, one carbon Wittig olefination with 

trideuteriomethyl-triphenylphosphonium iodide to deliver [4,4,5,5,5-2H5]-26, silyl 

deprotection to result in [4,4,5,5,5-2H5]-16, immediate tosylation to get [5,5,5,4,4-2H5]-
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17 and diphosphorylation to ultimately achieve the labeled product [4,4,5,5,5-2H5]-

isopentenyl diphosphate ([4,4,5,5,5-2H5]-11) (Scheme 3.2.10). Comparison of the 

spectral data of [4,4,5,5,5-2H5]-11 with that of 11 revealed disappearance of signals 

corresponding to terminal olefin and allylic methyl group. Penta-deuteration in the 

product [4,4,5,5,5-2H5]-11, was further confirmed by analysis of the HRMS (ESI) data 

that displayed an increment of 5 amu in the [M-1]- peak when compared to that of 11 

and also matched the molecular formula C5H6
2H5P2O7. 

 

 

 

Scheme 3.2.10: Reagents and conditions: a) PPh3CD3I, n-BuLi, THF, 0 °C to rt, 2 h, 

78%; b) TBAF, THF, 0 °C to rt, 2 h; c) CaH2, DMAP, TsCl, CH2Cl2, 0 °C to rt, 3 h, 

82%; d) [N(n-Bu)4]3P2O7H, CH3CN, rt, 2 h, 34%. 

 

3.2.2.9. Synthesis of [1,1-2H2]-Geranyl diphosphate ([1,1-2H2]-13): 

Dideuteration on the oxymethylene carbon (C1) of 20 was achieved by a series of 

oxidation-reduction procedures with geraniol (20). Oxidation of 20 to geranial (21) was 

carried out in presence of IBX under reflux condition in ethyl acetate, followed by 

reduction with LiAlD4 at reduced temperatures to yield only 1,2-reduced, mono-

deuterated product, [1-2H1]-20. One more cycle of oxidation-reduction with PDC and 

LiAlD4, respectively was carried out with [1-2H1]-20 to yield the dideuterated geraniol 

([1,1-2H2]-20). Chlorination of [1,1-2H2]-20 to [1,1-2H2]-21 was achieved by ‘Corey-

Kim’ reaction procedures standardized for allylic alcohols, as demonstrated in the 

synthesis of 21. The halide [1,1-2H2]-21 was subjected to diphosphorylation in presence 

of 15 in anhydrous CH3CN to yield [1,1-2H2]-geranyl diphosphate ([1,1-2H2]-13) 

(Scheme 3.2.11). 
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Scheme 3.2.11. Reagents and conditions: a) IBX, ethyl acetate, 75 oC, 3 h, 96%; (b) 

LiAlD4, THF, -40 oC, 2 h, 92%; (c) PDC, CH2Cl2, rt, 2 h, 81%; (d) LiAlD4, THF, -40 
oC, 2 h, 87%; e) NCS, (CH3)2S, CH2Cl2, -30 °C to rt, 3 h, 90.4%; f) [N(n-Bu)4]3P2O7H, 

CH3CN, rt, 2 h, 64%. 

 

3.2.2.10. Synthesis of [1,1-2H2]-Farnesyl diphosphate ([1,1-2H2]-14): 

Following an identical sequence of reactions as applied in the synthesis of [1,1-2H2]-13, 

synthesis of dideuterated product, [1,1-2H2]-farnesyl diphosphate ([1,1-2H2]-14) was 

carried out from (E,E)-farnesol (22) (Scheme 3.2.12). 

 

 

 

Scheme 3.2.12. Reagents and conditions: a) IBX, ethyl acetate, 75 oC, 3 h, 95%; b) 

LiAlD4, THF, -40 oC, 2 h, 82%; c) PDC, CH2Cl2, rt, 2 h, 77%; d) LiAlD4, THF, -40 oC, 

2 h, 80%; e) NCS, (CH3)2S, CH2Cl2, -30 °C to rt, 3 h, 83%; f) [N(n-Bu)4]3P2O7H, 

CH3CN, rt, 2 h, 66%. 
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3.2.2.11. Biosynthesis of deuterated analogues of (E,E)-FPP (14): 

Biosynthesis of deuterated analogues of 14 were obtained by SaFDS catalyzed 

dissociative electrophilic alkylation reactions of synthesized deuterated analogues of 11 

with un/deuterated 12 or 13. (Scheme 3.2.13).  

 

Scheme 3.2.13. Biosynthesis of deuterium labeled analogues of (E,E)-FPP (14) by 

chain elongation reactions of IPP (11) with DMAPP (12) or GPP (13), catalyzed by 

SaFDS.  
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3.2.3. Summary and Conclusion: 

Diphosphate substrates (IPP, DMAPP, GPP, and FPP) were synthesized from the 

corresponding alcohols. According to the reported procedures, the alcohols were first 

activated to corresponding tosylates or halides followed by displacement of the leaving 

group by the diphosphate salt (15). Synthetic methodologies were developed for the 

synthesis of deuterated analogues of diphosphate substrates, [4,4-2H2]-11, [2,2-2H2]-11, 

[5,5,5-2H3]-11, [4,4,5,5,5-2H5]-11, [1,1-2H2]-13, [1,1-2H2]-14. Deuteration at the desired 

centres of (E,E)-FPP (14) was achieved by utilization of biosynthesitic strategies 

wherein, condensation reactions of deuterated derivatives of 11 with 12, or 13 were 

catalyzed by farnesyl diphosphate synthase from S. album (SaFDS). 
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3.2.4. Experimental: 

Tris-tetra-n-butylammonium hydrogen diphosphate (15): 

A 2 × 30 cm column was packed with Dowex 50W-8X cation exchange resin (H+ form) 

in deionized (DI) water and was washed with 2 column volumes of DI water. In case of 

reused resin, which was stored in dilute HCl, it was washed until the eluate did not 

change colour of pH paper. Disodium dihydrogen pyrophosphate (3.13 g, 14 mmol) 

dissolved in 10 mL DI water was applied on the resin bed and was eluted with DI water, 

when fractions of 15 mL were collected.  The pH of the fractions was monitored, and 

those exhibiting acidic pH due to presence of free pyrophosphoric acid, were collected 

in a 1 L round-bottom flask. Collection of the fractions (approximately 100 mL) was 

stopped when the pH returned to that of DI water. The solution of pyrophosphoric acid 

was then immediately titrated to pH 7.3 with tetra-n-butylammonium hydroxide. The 

resultant salt was dried by lyophilization to yield 15 (12.53 g, 98%) as a hygroscopic, 

white solid. This preparation was either immediately employed in the displacement 

reactions for the synthesis of organic diphosphates or could be stored in a desiccator 

over anhydrous CaSO4 at -20 °C for future use. 1H NMR (400 MHz, D2O): δ 0.90-0.94 

(m, 36 H, -CH3), 1.28-1.38 (m, 24 H, -CH2), 1.58-1.66 (m, 24 H, -CH2), 3.15-3.19 (m, 

24 H, -CH2), 4.81 (s, -OH); 31P NMR (162 MHz, D2O): δ -7.85 (s). 

 

General procedure for preparation of diphosphates: 

Diphosphorylation reactions involving displacement of the halide or tosylate by 

diphosphate were carried out under an inert atmosphere in a flame-dried round-

bottomed flask equipped for magnetic stirring. Typically 1-2 mmol of halide or tosylate 

were employed in these reactions. To a well stirred solution of 2 equivalents of 

inorganic diphosphate (15) in CH3CN (0.5-1.0 M) was slowly added via syringe a 

solution of 1 equivalent of tosylate or halide dissolved in minimum quantity of CH3CN 

(0.25-0.50 M) and the resulting mixture was stirred at room temperature for 2 h. For 

homoallylic tosylates, 3 equivalents of 15 was used. After completion of the reaction, 

solvent was removed by rotary evaporation, and the resulting opaque residue was 

dissolved in 1:49 (v/v) isopropanol and 25 mM NH4HCO3 (ion-exchanger buffer). The 

clear colorless solution was slowly passed through a column containing 30 equivalents 

of DOWEX AG 50W-X8 (100-200 mesh) cation-exchange resin (NH4
+ form) that had 

been equilibrated with two column volumes of ion-exchange buffer. The column was 
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eluted with two column volumes of the same buffer and the resultant clear, colorless 

eluate was lyophilized to dryness to yield a fluffy, white solid. The residue was then 

dissolved in 0.1 M NH4HCO3 (4 mL) and the clear solution was transferred to a 

centrifuge tube. A mixture of 1:1 (v/v) CH3CN: isopropanol (solvent-I) (10 mL) was 

added, and the contents were mixed thoroughly on a vortex mixer, during which time a 

white precipitate formed. The suspension was cleared by centrifugation for 5 min at 

2000 rpm. The supernatant was removed with a pipette and the precipitate was 

redissolved in 3 mL 0.1 M NH4HCO3 and extracted with 7 mL of solvent-I. The final 

extraction was performed with 2 mL of 0.1 M NH4HCO3 and 5 mL of solvent-I. The 

combined supernatants were concentrated by rotary evaporation at 40 °C and then 

lyophilized. The resulting solid was dissolved in a minimum amount of chromatography 

buffer and loaded onto a cellulose flash column. Fractions were analyzed on cellulose 

TLC plates, developed with iodine or sulfosalicylic acid-ferric chloride spray,100 pooled, 

and concentrated by rotary evaporation at 40 °C. The material was transferred to a 

freeze-drying flask and lyophilized. The resulting white solid was collected and stored 

at -78 °C for future applications. 

 

3-Methylbut-3-en-1-yl diphosphate ammonium salt, (Isopentenyl diphosphate, 

IPP) (11): 

In a flame dried flask under inert atmosphere were added 

isopentenol (16) (1.0 g, 11.6 mmol) and anhydrous 

CH2Cl2 (25 mL). The mixture was stirred and cooled at 0 

°C followed by addition of Et3N (1.3 g, 12.8 mmol) and 

DMAP (0.15 g, 1.2 mmol). To the well stirred mixture was added freshly recrystallized 

TsCl (2.4 g, 12.8 mmol) and the reaction was stirred for 3 h at room temperature and 

monitored by TLC. After completion, the reaction was quenched by addition of cold 

brine (20 mL). The organic layer was separated and the aqueous layer was extracted 

with CH2Cl2 (2 × 25 mL). The combined organic layer was washed with brine (20 mL), 

dried over anhydrous Na2SO4 and concentrated under reduced pressure to furnish 

yellow oil. Purification by silica gel column chromatography in CH2Cl2 yielded 17 (1.79 

g, 72%). The product was confirmed by 1H NMR and GC-EI-MS and the data matched 

with literature. 1H NMR (200 MHz, CDCl3): δ 1.67 (bs, 3H), 2.35 (t, J = 6.89 Hz, 2H), 

O P O
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2.45 (s, 3H), 4.13 (t, J = 6.82 Hz, 2H), 4.68 (m, 1H), 4.79 (m, 1H), 7.33 (m, 1H), 7.37 

(m, 1H), 7.76-7.83 (d, J = 8.34 Hz, 2H).101 

To a solution of 15 (3.25 g, 3.60 mmol) in anhydrous CH3CN (3.5 mL) was 

added a solution of 17 (288 mg, 1.20 mmol) in CH3CN (0.5 mL) under inert atmosphere 

and the mixture was allowed to stir at room temperature for 2 h when completion of the 

reaction was monitored by TLC for disappearance of 17. The reaction mixture was 

concentrated by rotary evaporation in vacuum at 40 °C resulting in thick oil that was 

converted to ammonium (NH4
+) form by eluting it through 108 mequiv of resin (NH4

+ 

form) with ion-exchange buffer followed by lyophilization to result in a white solid. The 

resulting powder was dissolved in 4 mL of 0.1 M NH4HCO3 and extracted with 10 mL 

of 1:1 (v/v) of isopropanol: CH3CN (solvent-I). The precipitate formed was separated 

and redissolved in 3 mL 0.1 M NH4HCO3 and extracted with 7 mL of solvent-I. The 

final extraction was performed with 2 mL of 0.1 M NH4HCO3 and 5 mL of solvent-I. 

Combined extracts were concentrated in vacuum to furnish thick oil that was purified by 

flash chromatography over cellulose column (3.5 cm × 15 cm) with 4.5:2.5:3 (v/v/v) 

isopropanol: CH3CN: 0.1 M NH4HCO3 to yield a white solid 11 (195 mg, 65%). 1H 

NMR (400 MHz, D2O): δ 1.65 (s, 3H), 2.37 (t, J = 6.65 Hz, 2H), 3.94 (q, J = 6.68 Hz, 

2H); 13C NMR (100 MHz, D2O): δ 21.6 (-CH3), 37.7 (d, JC,P = 7.33 Hz, -CH2), 64.2 (d, 

JC,P = 5.87 Hz, O-CH2), 111.5 (=CH2), 143.7 (=C); 31P NMR (162 MHz, D2O): δ -10.5 

(d, J = 21.02 Hz, 1P), -8.2 (d, J = 22.19 Hz, 1P); HRMS (ESI): Calcd. for C5H11P2O7, 

[M-1]- 244.9985, found 244.9989. 

 

3-Methylbut-2-en-1-yl diphosphate ammonium salt, (Dimethylallyl diphosphate, 

DMAPP) (12): 

To a solution of dimethylallyl alcohol (18) (1.72 g, 20 

mmol) in dry pentane (25 mL) cooled at -30 °C, was 

added phosphorus tribromide (PBr3) (2.16 g, 0.76 mL, 8 

mmol) and stirred for 10 min. The product was 

partitioned between pentane and methanol and pentane layer was concentrated under 

reduced pressure (taking care of the volatility of the product) to yield 19 (1.96 g, 84%), 

which was used without further purification for recording spectral data and for the next 

step (Note: Attempt of purification over silica layers degrades the product). 1H NMR 

(200 MHz, CDCl3): δ 1.77 (s, 3H), 1.80 (s, 3H), 4.00 (d, J = 18.46 Hz, 2H), 5.33 (t, J = 
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8.4 Hz, 1H); GC-EI-MS: (m/z) 150.0 & 148.0 [M]+, 135.0, 132.9, 118.9, 120.9, 92.9, 

94.9, 82.0, 79.9, 69.0 (100%), 53.1. 

A solution of 15 (2.27 g, 2.52 mmol) in anhydrous CH3CN (3.5 mL) was 

treated with a solution of bromide 19 (179 mg, 1.20 mmol) in CH3CN (0.5 mL) for 2 h. 

The product was isolated and purified with the same procedure as applied in case of 11 

to deliver 12 (204 mg, 67%) as white solid. 1H NMR (400 MHz, D2O): δ 1.66 (s, 3H), 

1.70 (s, 3H), 4.38 (t, J = 6.82 Hz, 2H), 5.39 (tquin, J = 1.26, 7.26 Hz, 1H); 13C NMR 

(100 MHz, D2O): δ 17.2 (-CH3), 24.8 (-CH3), 62.4 (d, JC,P = 5.39 Hz, O-CH2), 119.6 (d, 

J = 7.71 Hz, =CH), 139.8 (=C); 31P NMR (162 MHz, D2O): δ -10.4 (d, J = 22.54 Hz, 

1P), -6.7 (d, J = 20.81 Hz, 1P); HRMS (ESI): Calcd. for C5H11P2O7, [M-1]- 244.9985, 

found 244.9988. 

 

(E)-3,7-Dimethylocta-2,6-dien-1-yl diphosphate ammonium salt, (Geranyl 

diphosphate, GPP) (13): 

The procedure employed for synthesis of 21 was based 

on a general procedure for the synthesis of allylic 

chlorides and bromides from corresponding alcohols.99 A 

flame-dried, two-neck, 100 mL round bottom flask 

equipped with a rubber septum, three-way stopcock and a magnetic stirrer was flushed 

with nitrogen and the inert atmosphere was maintained thought the course of the 

reaction. N-Chlorosuccinimide (NCS) (2.94 g, 22 mmol) was added to the flask, 

dissolved in 45 mL of anhydrous CH2Cl2 and cooled to -30 °C in an acetonitrile/dry ice 

bath. Freshly distilled dimethyl sulphide ((CH3)2S) (1.76 mL, 1.48 g, 24 mmol) was 

added dropwise by syringe to the cold, well-stirred heterogeneous reaction mixture. The 

contents of the flask were momentarily allowed to warm to 0 °C and lowered back to -

40 °C. A solution of geraniol (20) (3.50 mL, 3.08 g, 20 mmol) in anhydrous CH2Cl2 (10 

mL) was slowly added by syringe to the milky white suspension. The reaction was 

allowed to warm to 0 °C over 1 h and maintained at that temperature for 1 h. During this 

period, the mixture became clear and colourless. The ice bath was then removed and the 

reaction was stirred at room temperature for 15 min before it was quenched with cold 

brine (25 mL). The aqueous layer was extracted with pentane (2 × 50 mL) and the 

combined organic layers were washed with cold brine (2 × 20 mL). The organic layer 

was then dried over anhydrous Na2SO4, filtered and concentrated by rotary evaporation 
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in vacuum to yield 21 as colorless oil (3.11 g, 90.4%). Spectral data was recorded with 

the isolated product without any purification. 1H NMR (200 MHz, CDCl3): δ 1.61 (s, 

3H), 1.69 (s, 3H), 1.74 (d, J = 1.26 Hz, 3H), 2.01-2.16 (m, 4H), 4.11 (d, J = 7.93 Hz, 

2H), 5.08 (m, 1H), 5.45 (tq, J = 1.14, 8.08 Hz, 1H). GC-EI-MS: (m/z) 174.1, 172.1 

[M]+, 157.1, 136.1, 128.9, 123.1, 93.0, 69.1 (100%), 53.0. 

A solution of 21 (206 mg, 1.20 mmol) in anhydrous CH3CN (0.5 mL) was 

added to a well stirred solution of 15 (2.27 g, 2.52 mmol) in anhydrous CH3CN (3.5 

mL) and stirred for 2 h. The product was isolated with the same procedure as applied in 

case of 11. Purification over cellulose column (3.5 cm × 11 cm) with 5:2.5:2.5 (v/v/v) 

isopropanol: CH3CN: 0.1 M NH4HCO3 followed by lyophilisation delivered 13 (273 

mg, 71%) as white solid. 1H NMR (400 MHz, D2O) δ 1.51 (s, 3H), 1.58 (s, 3H), 1.60 (s, 

3H), 1.97-2.07 (m, 4H), 4.36 (t, J = 6.52 Hz, 2H), 5.10 (m, 1H), 5.35 (t, J = 7.02 Hz, 

1H); 13C NMR (100 MHz, D2O) δ 142.6 (=C), 133.7 (=C), 124.1 (=CH), 119.9 (d, JC,P 

= 9.24 Hz, =CH), 62.5 (d, JC,P = 5.39 Hz, O-CH2), 38.7 (-CH2), 25.5 (-CH2), 24.8 (-

CH3), 16.9 (-CH3), 15.5 (-CH3); 
31P NMR (162 MHz, D2O): δ -10.4 (d, J = 21.98 Hz, 

1P), -6.7 (d, J = 21.98 Hz, 1P); HRMS (ESI): Calcd. for C10H19P2O7 [M-1]- 313.0611, 

found 313.0621. 

 

(2E,6E)-3,7,11-Trimethyldodeca-2,6,10-trien-1-yl diphosphate ammonium salt, 

((E,E)-Farnesyl diphosphate, (E,E)-FPP) (14): 

Synthesis of (E,E)-farnesyl chloride (23) was 

accomplished from (E,E)-farnesol (22) in a 

similar manner as applied in case of 21. 

Chlorination of 22 (1.11 g, 5 mmol) furnished 

23 (1.16 g, 96%) as colorless oil. 1H NMR (200 MHz, CDCl3): δ 1.60 (s, 6H), 1.68 (d, J 

= 0.63 Hz, 3H), 1.73 (d, J = 1.14 Hz, 3H), 1.98-2.13 (m, 8H), 4.10 (d, J = 8.08 Hz, 2H), 

5.06-5.12 (m, 2H), 5.41-5.49 (tq, J = 1.14, 7.96 Hz, 1H); GC-EI-MS (m/z) 242.1, 240.2 

[M]+, 204.2, 189.1, 161.1, 136.1, 119.1, 107.1, 93.0, 69.0 (100%), 55.1. 

Diphosphorylation of 23 (640 mg, 2.7 mmol) with 15 (4.8 g, 5.4 mmol) in 

anhydrous CH3CN (6 mL) followed by isolation of the product (similar as in case of 11) 

and purification by flash chromatography over cellulose column (6 cm × 15 cm) with 

5.5:2:1:1.5 (v/v/v/v) isopropanol: CHCl3: CH3CN: 0.1 M NH4HCO3 and lyophilization 

yielded 14 (698 mg, 68%) as white solid. 1H NMR (400 MHz, D2O): δ 5.36 (t, J = 6.8 
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Hz, 1H), 5.06-5.12 (m, 2H), 4.37 (t, J = 6.6 Hz, 2H), 1.97-2.08 (m, 6H), 1.92 (m, 2H), 

1.62 (s, 3H), 1.58 (s, 3H), 1.51 (s, 6H); 13C NMR (100 MHz, CDCl3): δ 142.7 (=C), 

136.6 (=C), 133.5 (=C), 124.4 (=CH), 124.2 (=CH), 119.8 (d, J = 5.40 Hz, =CH), 62.4 

(O-CH2), 38.8 (-CH2), 38.7 (-CH2), 25.7 (-CH2), 25.6 (-CH2), 24.8 (-CH3), 16.9 (-CH3), 

15.6 (-CH3), 15.2 (-CH3); 
31P NMR (162 MHz, D2O): δ -10.6 (d, J = 22.02 Hz, 1P), -8.2 

(d, J = 21.02 Hz); HRMS (ESI): Calcd. for C15H27P2O7 [M-1]- 381.1237, found 

381.1249. 

 

4-((Tert-butyldimethylsilyl)oxy)butan-2-one (25): 

To a stirred solution of 4-hydroxy-2-butanone (24) (3.52 g, 40 

mmol) in anhydrous CH2Cl2 (50 mL), Et3N (5.66 g, 56 mmol) 

and TBDMSCl (6.63 g, 44 mmol) were added under N2 

atmosphere at 0 °C. After stirring the mixture at room temperature for 3h, it was 

quenched with brine, extracted with CH2Cl2 and dried over anhydrous Na2SO4. Silica 

gel column chromatography (ethyl acetate: pet ether, 15:85) of crude product gave 25 as 

colorless oil (7.33 g, 91%). IR (CHCl3, cm-1): νmax 3020, 1711, 1472, 1215, 1102; 1H 

NMR (400 MHz, CDCl3): δ 0.04 (s, 6H), 0.87 (s, 9H), 2.17 (s, 3H), 2.61 (t, J = 6.41 Hz, 

2H), 3.88 (t, J = 6.41 Hz, 2H); 13C NMR (100 MHz, CDCl3): δ -5.5 (Si-CH3), 18.2 (-C), 

25.8 (-CH3), 30.8 (-CH3), 46.5 (-CH2), 58.8 (O-CH2), 208.1 (O=C); GC-EI-MS: (m/z) 

202.0, 187.1, 145.1 (100%), 131.0, 115.1, 101.1, 75.1; HRMS (ESI): Calcd. for 

C10H22O2SiNa [M+Na]+ 225.1281, found 225.1286. 

 

4,4-(2H2)-Tert-butyldimethyl((3-methylbut-3-en-1-yl-)oxy)silane ([4,4-2H2]-26): 

A flame-dried, 100 mL, three-neck, round-bottomed flask was 

charged with (2H3)-methyltriphenylphosphonium iodide (4.92 g, 

12.18 mmol) and anhydrous THF (40 mL) under argon 

atmosphere. The flask contents were cooled to 0 °C and stirred followed by a slow 

addition of n-BuLi (12.18 mmol). The ice bath was removed and the orange suspension 

containing excess phosphonium salt was stirred at room temperature for 30 min. The 

reaction mixture was stirred and cooled to 0 °C and a solution of 25 (1.8 g, 8.7 mmol) in 

anhydrous THF (5 mL) was slowly added by syringe. The reaction mixture was stirred 

at room temperature for 2 h. The light-orange mixture was hydrolyzed by addition of 

methanol (0.5 mL) and was concentrated in vacuum to result in slurry. It was diluted 

OTBDMS

O

25

OTBDMS

CD2

[4,4- 2H2]-26



Chapter	3	
 

Ph.	D.	Thesis,	Pankaj	P.	Daramwar	 171	
 

with 200 mL of petroleum ether and the supernatant solution was decanted and filtered 

through a bed of celite on a Büchner funnel. The solids remaining in the flask were 

washed with hot petroleum ether (40 °C) (2 × 100 mL) and the supernatant solutions 

were also filtered through celite. Concentration of the eluate in vacuum provided a clear 

liquid (1.7 g), which on purification by column chromatography over silica layers 

(CH2Cl2) yielded [4,4-2H2]-26 (1.42 g, 78%). IR (CHCl3, cm-1): νmax 3019, 2930, 1522, 

1438, 1216, 1097; 1H NMR (400 MHz, CDCl3): δ 0.07 (s, 6H), 0.91 (s, 9H), 1.75 (s, 

3H), 2.25 (t, J = 7.15 Hz, 2H), 3.72 (t, J = 7.02 Hz, 2H); 13C NMR (100 MHz, CDCl3): 

δ -5.3 (Si-CH3), 18.3 (-C), 22.8 (-CH3), 25.9 (-CH3), 41.1 (-CH2), 62.1 (O-CH2), 142.9 

(=C); GC-EI-MS: (m/z) 202.1 [M]+, 187.2, 145.1, 115.1, 101.1 (100%), 89.0, 73.1. 

 

4,4-(2H2)-3-Methylbut-3-en-1-yl-4-methylbenzenesulfonate ([4,4-2H2]-17): 

To the solution of [4,4-2H2]-26 (0.505 g, 2.5 mmol) in THF (15 mL) 

was added TBAF (3.0 mmol) at room temperature under argon. The 

reaction was stirred for 1 h. The solution was concentrated under 

reduced pressure (not lower than 150 mmHg) and the residue was dissolved in CH2Cl2 

(10 mL) and treated with CaH2 (0.67g, 16 mmol) under argon. After stirring for 15 min, 

DMAP (32.5 mg, 0.27 mmol) and TsCl (0.49 g, 2.6 mmol) were added to the reaction 

mixture. The resulting solution was stirred for 3 h and thereafter, quenched with brine (5 

mL). The organic layer was separated and the aqueous layer was extracted with CH2Cl2 

(2 × 25 mL). The combined organic layer was washed with brine (20 mL), dried over 

anhydrous Na2SO4 and concentrated under reduced pressure to give yellow oil. This 

crude product was purified by silica gel column chromatography in CH2Cl2 to yield 

[4,4-2H2]-17 (0.45 g, 74%). IR (CHCl3, cm-1): νmax 3020, 2974, 1599, 1441, 1216, 1097; 
1H NMR (400 MHz, CDCl3): δ 1.66 (s, 3H), 2.35 (t, J = 6.77 Hz, 2H), 2.45 (s, 3H), 

4.13 (t, J = 6.9 Hz, 2H), 7.35 (d, J = 8.03 Hz, 2H), 7.80 (d, J = 8.28 Hz, 2H); 13C NMR 

(100 MHz, CDCl3): δ 21.6 (-CH3), 22.3 (-CH3), 36.7 (-CH2), 68.5 (O-CH2), 127.9 

(=CH), 129.8 (=CH), 133.1 (=C), 140.0 (=C), 144.7 (=C); GC-EI-MS: (m/z) 242.0 

(M+), 185.0, 207.1, 173.1, 155.0, 91.1 (100%), 69.1; HRMS (ESI): Calcd. for 

C12H14
2H2O3SNa [M+Na]+ 265.0836, found 265.0827. 
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4,4-(2H2)-3-Methylbut-3-enyl diphosphate trisammonium salt ([4,4-2H2]-11): 

To a solution of [4,4-2H2]-17 (0.18 g, 0.72 mmol) in dry CH3CN (5 

mL), was added 15 (1.92 g, 2.13 mmol) at room temperature. The 

resulting solution was allowed to stir for 2h. The reaction was worked 

up as per Davisson et al. as demonstrated in the preparation of 11. Purification by flash 

chromatography on a cellulose column (2.5 cm × 23 cm) with 5:2.5:2.5 (v/v/v), 

isoproanol: CH3CN: 0.l M NH4HCO3 yielded [4,4-2H2]-11 (0.11 g, 49%) as white 

powder. 1H NMR (400 MHz, D2O): 2H > 95%, δ 1.65 (s, 3H), 2.27 (t, J = 6.65 Hz, 2H), 

3.94 (m, 2H); 13C NMR (100 MHz, D2O): δ 21.5 (-CH3), 37.8 (-CH2), 64.0 (O-CH2), 

143.7 (=C); 31P NMR (162 MHz, D2O): δ -10.59 (d, J = 21.02 Hz), -7.18 (d, J = 22.19 

Hz); HRMS (ESI): Calcd. for C5H9
2H2P2O7 [M-1]- 247.0111, found 247.0111. 

 

2,2-(2H2)-Ethyl-3-oxobutanoate ([2,2-2H2]-27): 

Ethyl acetoacetate (27) (4.0 g, 4.1 mL, 30.77 mmol) was stirred with 

D2O (12 mL) for 24 h. The sample was extracted with diethyl ether 

and concentrated under reduced pressure. The above procedure was 

repeated with the concentrate to give [2,2-2H2]-27 (3.74 g, 92%) as 

colorless oil. NMR analysis indicated 95% exchange of 1H for 2H at the activated 

methylene position. 1H NMR (500 MHz, CDCl3): δ 1.29 (t, J = 7.02 Hz, 3H), 2.28 (s, 

3H), 4.18-4.23 (q, J = 7.02 Hz, 2H); 13C NMR (125 MHz, CDCl3): δ 14.0 (-CH3), 30.0 

(-CH3), 61.3 (O-CH2), 167.0 (O=C), 200.6 (O=C); GC-EI-MS: (m/z) 132.0 [M]+, 

115.1, 102.1, 88.1, 85.1, 69.0, 60.1, 43.1 (100%). 

 

2,2-(2H2)-Butane-1,3-diol ([2,2-2H2]-28): 

DIBAH (80 mmol) was added to a stirred solution of [2,2-2H2]-27 (2.64 

g, 20 mmol) in anhydrous CH2Cl2 (50 mL) at 0 oC under inert 

atmosphere. The resulting solution was stirred for 5 h before quenching 

with saturated aqueous potassium sodium tartrate (10 mL). The 

resultant compound was washed with CH2Cl2 and the combined washings were dried 

over anhydrous Na2SO4 and concentrated. Silica gel column chromatography (ethyl 

acetate: pet ether, 1:1) of crude product gave [2,2-2H2]-28 as colorless oil (1.40 g, 76%). 
1H NMR (200 MHz, CDCl3): δ 1.23 (d, J = 6.19 Hz, 3H), 3.76-3.90 (m, 2H), 4.01-4.10 
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(q, J = 5.9 Hz, 1H); GC-EI-MS: (m/z) 92.1 [M]+, 77.1, 74.0, 59.0, 47.0, 45.0, 43.1 

(100%). 

 

3,3-(2H2)-4-((Tert-butyldimethylsilyl)oxy)butan-2-ol ([2,2-2H2]-29): 

To a stirred and cooled solution of [2,2-2H2]-28 (0.46 g, 5 mmol) 

in anhydrous CH2Cl2 (5 mL) was added Et3N (1.4 mL, 10 mmol) 

and TBDMS-Cl (0.75 g, 5 mmol) under inert atmosphere. After 

stirring for 2 h, the reaction was quenched with cold brine, 

extracted with CH2Cl2, dried over anhydrous Na2SO4 and concentrated to yield the 

crude product. Purification by silica gel column chromatography (ethyl acetate: pet 

ether, 15:85) yielded [2,2-2H2]-29 (0.90 g, 88%) as colorless oil. 1H NMR (400 MHz, 

CDCl3): δ 0.08 (s, 6H), 0.90 (s, 9H), 1.20 (d, J = 6.28 Hz, 3H), 3.80 (d, J = 10.2 Hz, 

1H), 3.89 (d, J = 10.1 Hz, 1H), 4.02 (q, J = 6.02 Hz, 1H); 13C NMR (100 MHz, CDCl3): 

δ -5.63 (Si-CH3), -5.58 (Si-CH3), 18.1 (-C), 23.3 (-CH3), 25.8 (-CH3), 62.7 (O-CH2), 

68.2 (O-CH); GC-EI-MS: (m/z) 206.2 [M]+, 191.2, 149.1, 131.1, 117.1, 105.1, 75.0 

(100%), 57.0, 45.0. 

 

3,3-(2H2)-4-((Tert-butyldimethylsilyl)oxy)butan-2-one ([2,2-2H2]-25): 

Dess-Martin Periodinane reagent (1.27 g, 3 mmol) was added to a 

solution of [2,2-2H2]-29 (0.21 g, 1 mmol) in anhydrous CH2Cl2 

(10 mL) and was stirred for 3 h at room temperature. The 

reaction mixture was then directly filtered through celite bed to 

give the crude product which was further purified by silica gel column chromatography 

(ethyl acetate: pet ether, 1:19) to get [2,2-2H2]-25 (0.185g, 91%). 1H NMR (400 MHz, 

CDCl3): δ 0.05 (s, 6H), 0.88 (s, 9H), 2.19 (s, 3H), 3.88 (s, 2H); 13C NMR (100 MHz, 

CDCl3): δ -5.5 (Si-CH3), 18.2 (-C), 25.8 (-CH3), 30.9 (-CH3), 58.8 (O-CH2). 

 

2,2-(2H2)-Tert-butyldimethyl((3-methylbut-3-en-1-yl)oxy)silane ([2,2-2H2]-26): 

 Methyltriphenylphosphonium iodide (502 mg, 1.25 mmol) was 

dissolved in anhydrous THF (5 mL) and cooled to 0 °C under 

inert atmosphere prior to the slow addition of n-BuLi (0.82 

mmol). The resulting orange suspension was stirred at room 

temperature for 30 min and again cooled to 0 °C before slow addition of ketone ([2,2-

OTBDMS
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2H2]-25) (153 mg, 0.75 mmol) dissolved in anhydrous THF (2 mL). The mixture was 

stirred at room temperature for 2 h and the progress of the reaction was monitored by 

TLC. On completion, the reaction was quenched by addition of methanol (0.2 mL). 

Most of the solvent was removed on rotary evaporator until slurry was obtained. This 

was diluted with petroleum ether (50 mL); supernatant solution was decanted and 

filtered through celite. The solids remaining in the flask were washed with hot 

petroleum ether (~40 °C) (3 × 100 mL) and the supernatant solutions were also filtered 

through celite. Evaporation of the combined filtrate provided clear liquid, which on 

purification by column chromatography (CH2Cl2) yielded the Wittig product [2,2-2H2]-

26 (0.11 g, 72%). 1H NMR (400 MHz, CDCl3): δ 0.05 (s, 6H), 0.89 (s, 9H), 1.74 (s, 

3H), 3.70 (s, 2H), 4.70 (m, 1H), 4.76 (m, 1H); 13C NMR (100 MHz, CDCl3): δ -5.3 (Si-

CH3), 18.3 (-C), 22.8 (-CH3), 25.9 (-CH3), 62.1 (O-CH2), 111.5 (=CH2), 143.1 (=CH). 

 

2,2-(2H2)-3-methylbut-3-en-1-yl- 4-methylbenzenesulfonate ([2,2-2H2]-17): 

 A solution of [2,2-2H2]-26 (105 mg, 0.52 mmol) in THF (5 mL) was 

treated with TBAF (0.63 mmol) for 1 h at room temperature. The 

solution was concentrated under reduced pressure (not lower than 150 

mbar) to deliver [2,2-2H2]-16 that was confirmed by GC-EI-MS. The 

concentrate, [2,2-2H2]-16 was dissolved in anhydrous CH2Cl2 (10 mL) and treated with 

CaH2 (130 mg, 3.1 mmol) at 0 °C under inert atmosphere. After stirring for 15 min, 

DMAP (6 mg, 0.05 mmol) and Ts-Cl (0.12 g, 0.62 mmol) were added to the reaction 

mixture at 0 °C. The resulting solution was stirred at room temperature for 3 h and 

quenched with cold brine (20 mL). The aqueous layer was extracted with CH2Cl2 (2 × 

25 mL) and the combined organic layer was washed with brine (20 mL), dried over 

anhydrous Na2SO4 and concentrated in vacuum to give yellow oil. This crude product 

was purified by silica gel column chromatography (CH2Cl2) to yield [2,2-2H2]-17 

(0.110g, 89%). 1H NMR (400 MHz, CDCl3): δ 1.66 (s, 3H), 2.45 (s, 3H), 4.12 (s, 2H), 

4.68 (m, 1H), 4.79 (m, 1H), 7.35 (d, J = 8.28 Hz, 2H), 7.80 (d, J = 8.28 Hz, 2H); 13C 

NMR (100 MHz, CDCl3): δ 21.6 (-CH3), 22.3 (-CH3), 68.4 (O-CH2), 113.2 (=CH2), 

127.9 (=CH), 129.8 (=CH), 144.7 (=C). 
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2,2-(2H2)-3-methylbut-3-en-1-yl diphosphate trisammonium salt ([2,2-2H2]-11): 

 To a solution of 15 (1.65 g, 1.83 mmol) in anhydrous CH3CN (3 mL) 

was added a solution of [2,2-2H2]-17 (150 mg, 0.61 mmol) in CH3CN 

(0.5 mL) under inert conditions. The resulting solution was allowed to 

stir for 2 h. The diphosphate product was obtained according to 

Davisson et al. protocol as demonstrated in the synthesis of 11. Purification by flash 

chromatography on cellulose column (2.5 cm × 23 cm) with 5:2.5:2.5 (v/v/v) 

isopropanol: CH3CN: 0.l M NH4HCO3 yielded [2,2-2H2]-11 (0.10 g, 54%) as white 

solid. 1H NMR (400 MHz, D2O): δ 1.62 (s, 3H), 3.90 (d, J = 6.02 Hz, 2H); 13C NMR 

(100 MHz, D2O): δ 21.5 (-CH3), 63.9 (O-CH2), 111.5 (=CH2), 143.7 (=C); 31P NMR 

(162 MHz, D2O): δ -10.40 (d, J = 22.39 Hz), -6.48 (d, J = 21.15 Hz); HRMS (ESI): 

Calcd. for C5H9
2H2P2O7 [M-1]- 247.0111, found 247.0116. 

 

3-((Tert-butyldimethylsilyl)oxy)propan-1-ol (31): 

To a stirred solution of 1,3-propane diol (30) (3.04 g, 40 mmol) in 

anhydrous CH2Cl2 (90 mL) cooled at 0 °C under inert atmosphere was 

added Et3N (8.08 g, 80 mmol) followed by TBDMS-Cl (6.04 g, 40 

mmol). The reaction was stirred at room temperature for 3 h and the progress was 

monitored by TLC. On completion, the reaction was quenched with cold brine (30 mL), 

organic layer separated and aqueous part extracted with CH2Cl2 (2 × 40 mL). Combined 

organic extracts were dried over anhydrous Na2SO4 and concentrated in vacuum. Silica 

gel column chromatography (ethyl acetate: hexane, 3:17) of crude product gave 31 as 

colorless oil (6.89 g, 91%). IR (CHCl3, cm-1): νmax 3489, 3019, 1423, 1215, 1062; 1H 

NMR (400 MHz, CDCl3): δ 0.06 (s, 6H), 0.88 (s, 9H), 1.73-1.79 (m, 2H), 2.81 (bs, 1H), 

3.78 (bs, 2H), 3.81 (t, J = 5.66 Hz, 2H); 13C NMR (100 MHz, CDCl3): δ -5.6 (-CH3), 

18.1(-C), 25.8(-CH3), 34.2(-CH2), 62.1(-CH2), 62.7(-CH2); HRMS (ESI): Calcd. for 

C9H23O2Si [M+H]+ 191.1462, found 191.1463. 

 

3-((Tert-butyldimethylsilyl)oxy)propanal (32): 

A mixture of 31 (2.85 g, 15 mmol) and IBX (12.51 g, 45 mmol) was 

refluxed in ethyl acetate (50 mL) for 3 h. After completion of the 

reaction (monitored by TLC), contents were directly filtered through 

celite and the crude product obtained was further purified by silica gel 

OPP
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column chromatography (ethyl acetate: pet ether, 1:19) to fetch 32 (2.61 g, 91.2%). IR 

(CHCl3, cm-1): νmax 3020, 1721, 1472, 1215, 1103; 1H NMR (500 MHz, CDCl3): δ 0.07 

(s, 6H), 0.89 (s, 9H), 2.60 (td, J = 2.14, 6.10 Hz, 2H), 3.99 (t, J = 6.10 Hz, 2H), 9.81 (t, 

J = 1.99 Hz, 1H); 13C NMR (125 MHz, CDCl3): δ -5.5 (-CH3), 18.2 (-C), 25.8 (-CH3), 

46.6 (-CH2), 57.4 (-CH2), 202.0 (-C=O); HRMS (ESI): Calcd. for C9H20O2SiK [M+K]+ 

227.0864, found 227.1077. 

 

1,1,1-(2H3)-4-((Tert-butyldimethylsilyl)oxy)butan-2-ol ([1,1,1-2H3]-29): 

In a flame dried, three necked round bottomed flask equipped 

for magnetic stirring, was added anhydrous THF (40 mL) and 

CD3MgI (2.1 mmol) under inert atmosphere and was stirred 

well and cooled to 0 °C prior to slow addition of 32 (3.76 g, 2 mmol) dissolved in 

anhydrous THF (10 mL). The reaction was allowed to stir for 2 h at room temperature 

and the progress was monitored by TLC. On completion, the reaction was quenched by 

cold saturated NH4Cl solution (15 mL), THF was evaporated in vacuum and the product 

was extracted in ethyl acetate (2 × 25 mL), dried over anhydrous Na2SO4 and 

concentrated to get thick oil that was subsequently subjected to purification by column 

chromatography over silica layers (ethyl acetate: pet ether, 3:17) to obtain [1,1,1-2H3]-

29 (2.6 g, 67%). IR (CHCl3, cm-1): νmax 3480, 3018, 2956, 1471, 1216, 1080; 1H NMR 

(400 MHz, CDCl3): δ 0.08 (s, 6H), 0.90 (s, 9H), 1.58-1.73 (m, 2H), 3.45 (s, 1H), 3.79-

3.84 (m, 1H), 3.87-3.92 (m, 1H), 4.01 (d, J = 7.78 Hz, 1H); 13C NMR (100 MHz, 

CDCl3): δ -5.63 (Si-CH3), -5.57 (Si-CH3), 18.1 (-C), 25.8 (-CH3), 39.8 (-CH2), 62.8 (O-

CH2), 68.2 (O-CH2); HRMS (ESI): Calcd. for C10H21
2H3O2SiNa [M+Na]+ 230.1623, 

found 230.1624. 

 

1,1,1-(2H3)-4-((Tert-butyldimethylsilyl)oxy)butan-2-one ([1,1,1-2H3]-25):  

A solution of [1,1,1-2H3]-29 (0.62 g, 3.02 mmol) and IBX 

(0.83 g, 9.06 mmol) in ethyl acetate (15 mL) was refluxed for 

3 h under inert conditions. Reaction’s completion was 

monitored by TLC followed by direct filtration of the reaction contents through celite to 

give the crude product, which was later purified by column chromatography over silica 

layers (ethyl acetate: pet ether, 1:19) to give [1,1,1-2H3]-25 (0.57 g, 92%). IR (CHCl3, 

cm-1): νmax 3019, 2957, 1707, 1473, 1216, 1101; 1H NMR (400 MHz, CDCl3): δ 0.05 (s, 
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6H), 0.87 (s, 9H), 2.62 (t, J = 6.41 Hz, 2H), 3.88 (t, J = 6.41 Hz, 2H); 13C NMR (100 

MHz, CDCl3): δ -5.5 (Si-CH3), 18.2 (-C), 25.8 (-CH3), 46.5 (-CH2), 58.8 (O-CH2), 

208.3 (O=C); HRMS (ESI): Calcd. for C10H19
2H3O2SiNa [M+Na]+ 228.1467, found 

228.1475. 

 

Tert-butyldimethyl((3-(2H3-methyl)but-3-en-1-yl)oxy)silane ([5,5,5-2H3]-26): 

In a flame dried three-necked round-bottomed flask equipped 

for magnetic stirring, n-BuLi (4.55 mmol) was slowly added 

under inert atmosphere to a well stirred and cooled (0 °C) 

solution of methyltriphenylphosphonium iodide (3 g, 6.1 mmol) in anhydrous THF (20 

mL). The resultant orange suspension was stirred at room temperature for 30 min and 

again cooled to 0 °C before a solution of ketone, [1,1,1-2H3]-25 (1.1 g, 4.35 mmol) in 

anhydrous THF (5 mL) was slowly added via syringe. The reaction mixture was stirred 

at room temperature for 2 h before it was quenched by addition of methanol (0.5 mL). 

The solvent was removed on a rotary evaporator until slurry resulted. This was diluted 

with petroleum ether (150 mL) and the supernatant solution was decanted and filtered 

through celite. The solids remaining in the flask were washed with hot petroleum ether 

(40 °C) (2 × 50 mL) and the supernatant solutions were also filtered through celite. The 

combined filtrate was concentrated in vacuum to provide clear liquid, which on 

subsequent purification by silica gel column chromatography (CH2Cl2) yielded the 

Wittig product [5,5,5-2H3]-26 (0.77 g, 70%). IR (CHCl3, cm-1): νmax 3019, 2927, 1522, 

1423, 1215, 1046; 1H NMR (400 MHz, CDCl3): δ 0.06 (s, 6H), 0.90 (s, 9H), 2.25 (td, J 

= 0.92, 6.87 Hz, 2H), 3.88 (t, J = 6.41 Hz, 2H); 13C NMR (100 MHz, CDCl3): δ -5.3 

(Si-CH3), 18.3 (-C), 25.9 (-CH3), 41.1 (-CH2), 62.1 (O-CH2), 111.5 (=CH2), 143.0 (=C). 

 

3-(2H3-methyl)but-3-en-1-yl,4-methylbenzenesulfonate ([5,5,5-2H3]-17): 

A solution of [5,5,5-2H3]-26 (0.508 g, 2.5 mmol) in THF (15 mL) 

was treated with TBAF (5 mmol) at room temperature for 1 h. The 

solution was concentrated under reduced pressure (not lower than 

150 mmHg) and the concentrate was dissolved in anhydrous CH2Cl2 (10 mL) followed 

by treatment with CaH2 (67.2 mg, 16 mmol) at 0 °C under inert atmosphere. After 

stirring for 15 min, DMAP (32.5 mg, 0.25 mmol) and Ts-Cl (492 mg, 2.6 mmol) were 

added to the reaction mixture at 0 °C. The reaction mixture (monitored by TLC) was 
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stirred at room temperature for 3 h and thereafter, quenched with cold brine (5 mL). The 

mixture was partitioned between CH2Cl2 (2 × 25 mL) and water (20 mL). The organic 

layer was washed with brine (20 mL), dried over anhydrous Na2SO4 and concentrated in 

vacuum to give yellow oil. This crude product was purified by silica gel column 

chromatography in CH2Cl2 to yield [5,5,5-2H3]-17 (0.47 g, 77%). 1H NMR (400 MHz, 

CDCl3): δ 2.35 (t, J = 6.87 Hz, 2H), 2.45 (s, 3H), 4.13 (t, J = 6.87 Hz, 2H),  4.68 (q, J = 

1.26 Hz, 1H), 4.79 (s, 1H), 7.35 (d, J = 7.93 Hz, 2H), 7.80 (d, J = 8.24 Hz, 2H); 13C 

NMR (100 MHz, CDCl3): δ 21.6 (-CH3), 36.7 (-CH2), 68.5 (O-CH2), 113.1 (=CH2), 

127.9 (=CH), 129.8 (=CH), 133.1 (=C), 140.0 (=C), 144.7 (=C); GC-EI-MS: (m/z) 

243.1 [M]+, 226.1, 195.0, 174.1, 155.1, 91.1, 71.2 (100%); HRMS (ESI): calcd. for 

C12H13
2H3O3SNa [M+Na]+ 266.0898, found 266.0890. 

 

1-(3-(2H3-methyl)but-3-en-1-yl)diphosphate trisammonium salt ([5,5,5-2H3]-11): 

To a solution of 15 (1.8 g, 2.01 mmol) in anhydrous CH3CN (3 mL) 

was added a solution of [5,5,5-2H3]-17 (165 mg, 0.67 mmol)  in 

anhydrous CH3CN (0.5 mL) under inert conditions. The resulting 

solution was allowed to stir for 2 h. The diphosphate product was obtained according to 

Davisson et al. protocol as demonstrated in the synthesis of 11. Purification by flash 

chromatography on cellulose column (2.5 cm × 23 cm) with 5:2.5:2.5 (v/v/v) 

isopropanol: CH3CN: 0.l M NH4HCO3 yielded [5,5,5-2H3]-11 (103 mg, 51%) as white 

powder. 1H NMR (400 MHz, D2O): (2H > 95%), δ 2.28 (t, J = 6.4 Hz, 2H), 3.94 (m, 

2H); 13C NMR (100 MHz, D2O): δ 37.8 (-CH2), 64.1 (O-CH2), 111.5 (=CH2), 143.8 

(=C); 31P NMR (162 MHz): δ -10.58 (d, J = 21.02 Hz), -7.32 (d, J = 19.85 Hz); HRMS 

(ESI): calcd. for C5H8
2H3P2O7 [M-1]- 248.0174, found 248.0163. 

 

4,4-(2H2)-Tert-butyldimethyl((3-(2H3-methyl)but-3-en-1-yl-)oxy)silane ([4,4,5,5,5-
2H5]-26): 

n-BuLi (9.1 mmol) was slowly added under argon atmosphere 

to a stirred solution of (1,1,1-2H3-

methyl)triphenylphosphonium iodide (5 g, 12.21 mmol) in 

anhydrous THF (20 mL) at 0 °C. The resulting orange suspension was stirred at room 

temperature for 30 min and again cooled to 0 °C when a solution of ketone [1,1,1-2H3]-

25 (1.8 g, 8.7 mmol) in THF (5 mL) was gradually added via syringe. The reaction 
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mixture was stirred at room temperature for 2 h before it was quenched by adding 

methanol (0.5 mL). Following a similar work up procedure as employed in the synthesis 

of [5,5,5-2H3]-26 delivered the Wittig product [4,4,5,5,5-2H5]-26 (1.42 g, 78%). IR 

(CHCl3, cm-1): νmax  2930, 2895, 1607, 1472, 1255, 1102; 1H NMR (400 MHz, CDCl3): 

δ 0.06 (s, 6H), 0.90 (s, 9H), 2.24 (t, J = 6.41 Hz, 2H), 3.72 (t, J = 6.41 Hz, 2H); 13C 

NMR (100 MHz, CDCl3): δ -5.3 (Si-CH3), 18.3 (-C), 25.9 (-CH3), 41.0 (-CH2), 62.1 (O-

CH2), 142.8 (=C). 

 

4,4-(2H2)3-(2H3-methyl)but-3-en-1-yl-4-methylbenzenesulfonate ([4,4,5,5,5-2H5]-17): 

A solution of [4,4,5,5,5-2H5]-26 (513 mg, 2.5 mmol) in THF (15 

mL) was trerated with TBAF (5 mmol) at room temperature for 1 h. 

After completion of the desilylation reaction, the solution was 

concentrated under reduced pressure (not lower than 150 mmHg). The concentrate was 

dissolved in anhydrous CH2Cl2 (10 mL) and treated with CaH2 (67.2 mg, 16 mmol) at 0 

°C under inert atmosphere. After stirring for 15 min, DMAP (32.5 mg, 0.26 mmol) and 

Ts-Cl (492 mg, 2.6 mmol) were added to the reaction mixture at 0 °C. The reaction was 

stirred at room temperature for 3 h and monitored by TLC. On completion, it was 

quenched with cold brine (5 mL) and the mixture was partitioned between CH2Cl2 (2 × 

25 mL) and water (20 mL). The combined organic layer was washed with brine (20 

mL), dried over anhydrous Na2SO4 and concentrated in vacuum to give yellow oil. 

Purification of this crude product by silica gel column chromatography (CH2Cl2) 

yielded [4,4,5,5,5-2H5]-17 (43.2 mg, 72%). 1H NMR (500 MHz, CDCl3): δ 2.35 (t, J = 

6.87 Hz, 2H), 2.45 (s, 3H), 4.13 (t, J = 6.87 Hz, 2H), 7.35 (d, J = 7.93 Hz, 2H), 7.80 (d, 

J = 8.24 Hz, 2H); 13C NMR (125 MHz, CDCl3): δ 21.6 (-CH3), 36.6 (-CH2), 68.5 (O-

CH2), 127.9 (=CH), 129.8 (=CH), 133.2 (=C), 139.9 (=C), 144.7 (=C); GC-EI-MS: 

(m/z) 245.3 [M]+, 207.1, 185.0, 174.1, 155.1, 91.1, 73.2 (100%); HRMS (ESI): Calcd. 

for C12H11
2H5O3SNa [M+Na]+ 268.1021, found 268.1018. 

 

4,4-(2H2)-1-((3-2H3-methyl)but-3-en-1-yl)diphosphate trisammonium salt 

([4,4,5,5,5-2H5]-11): 

To a solution of 15 (1.92 g, 2.13 mmol) in anhydrous CH3CN (3 

mL) was added a solution of [4,4,5,5,5-2H5]-17 (176 mg, 0.71 

mmol) in anhydrous CH3CN (0.5 mL) under inert conditions. The 
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resulting solution was allowed to stir for 2 h following the work up of the diphosphate 

product according to Davisson et al. protocol as demonstrated in synthesis of 11. 

Purification by flash chromatography on cellulose column (2.5 cm × 23 cm) with 

5:2.5:2.5 (v/v/v) isopropanol: CH3CN: 0.l M NH4HCO3 fetched [4,4,5,5,5-2H5]-11 (105 

mg, 49%) as white powder. 1H NMR (400 MHz, D2O): 2H > 95%, δ 2.27 (t, J = 6.65 

Hz, 2H), 3.94 (m, 2H); 13C NMR (100 MHz, D2O): δ 37.3 (-CH2), 64.0 (O-CH2), 143.6 

(=C); 31P NMR (162 MHz, D2O): δ -10.52 (d, J = 22.19 Hz), -6.95 (d, J = 21.02 Hz); 

HRMS (ESI): calcd. for C5H6
2H5P2O7 [M-1]- 250.0299, found 250.0300. 

 

 (E)-3,7-dimethylocta-2,6-dienal (33): 

In a 100 mL round-bottomed flask fixed with condenser and equipped for 

magnetic stirring was refluxed a solution of geraniol (20) (1.54 g, 10 

mmol) and IBX (5.56 g, 20 mmol) in ethyl acetate (50 mL) for 3 h. 

Progress of the reaction was monitored by TLC and on completion, the 

mixture was directly filtered through celite bed to give a crude product. 

Further purification by column chromatography over silica layers (ethyl acetate: pet 

ether, 1:19) gave the oxidized product, 33 (1.47 g, 96%). 

 

(E)-3,7-dimethylocta-2,6-dien-1-2H-1-ol ([1-2H]-20): 

A flame-dried, 50 mL, two-necked, round-bottomed flask was charged 

with LiAlD4 (0.29 g, 7 mmol) followed by anhydrous THF (8 mL) and 

the suspension was stirred and cooled to 0 °C. To this was gradually 

added, a solution of 33 (1.06 g, 7 mmol) in THF (2 mL) and the 

reaction was stirred at room temperature for 2 h. On completion 

(monitored by TLC) the reaction was quenched by slow addition of ethyl acetate (6 

mmol) at 0 °C until the evolution of hydrogen stopped. 10% aqueous NaOH was added 

drop by drop to this until the grey colour of the reaction turned to white and stirring was 

continued for 15 min at room temperature. The mixture was then dried over anhydrous 

Na2SO4 and passed through celite, which was repeatedly washed with ethyl acetate (3 × 

20 mL). The combined ethyl acetate fractions were concentrated at reduced pressure 

and the crude product was chromatographed over silica gel (ethyl acetate: pet ether, 1:9) 

to give [1-2H]-20 (0.95 g, 89%). 1H NMR (200 MHz, CDCl3): δ 1.61 (s, 3H), 1.69 (s, 

6H), 2.00-2.09 (m, 4H), 4.11-4.18 (m, 1H), 5.06-5.13 (m, 1H), 5.42 (d, J =6.19 Hz, 1H). 
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1-2H-(E)-3,7-dimethylocta-2,6-dienal ([1-2H]-33): 

To a solution of [1-2H]-20 (0.62g, 4 mmol) in anhydrous CH2Cl2 cooled 

to 0 °C was added PDC (1.54 g, 10 mmol). The reaction mixture was 

allowed to stir for 2 h and progress of the reaction was monitored by 

TLC. On completion, the mixture was directly filtered through celite 

bed, dried over anhydrous Na2SO4, to give a crude product. Further 

purification by column chromatography over silica layers (ethyl acetate: pet ether, 1:19) 

gave the oxidized product, [1-2H]-33 (0.49 g, 81%). 1H NMR (200 MHz, CDCl3): δ 

1.61 (s, 3H), 1.69 (s, 3H), 2.17 (d, J = 1.14 Hz, 3H), 2.23 (m, 4H), 5.03-5.10 (m, 1H), 

5.88 (s, 1H). 

 

(E)-3,7-dimethylocta-2,6-dien-1,1-2H2-1-ol ([1,1-2H2]-20): 

 To a flame-dried two neck round-bottomed flask, LiAlD4 (0.14 g, 3.2 

mmol) and anhydrous THF (5 mL) were added and the suspension was 

stirred and cooled to 0 °C. To this was slowly added a solution of [1-
2H]-33 (0.490 g, 3.20 mmol) in anhydrous THF (2 mL). The reaction 

mixture was allowed to warm to room temperature and stirred for 2 h. 

The reaction was quenched by adding ethyl acetate (3 mmol) at 0 °C until the evolution 

of hydrogen stopped followed by dropwise addition of 10% aqueous NaOH and 

vigorous stirring until the grey coloured reaction mixture became white thick 

suspension and was continued to stir for 15 min at room temperature. THF was 

evaporated on rotary evaporator and resultant thick gel was washed with ethyl acetate (3 

× 10 mL), dried over anhydrous Na2SO4, filtered through celite and concentrated in 

vacuum to yield the crude product. Chromatographic purification over silica layers 

(ethyl acetate: pet ether, 1:9) afforded [1,1-2H2]-20 (0.43 g, 87%). 1H NMR (200 MHz, 

CDCl3): δ 1.61 (s, 3H), 1.69 (m, 6H), 2.01-2.16 (m, 4H), 5.07-5.14 (m, 1H), 5.42 (bs, 

1H). 
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1,1-2H2-(E)-3,7-dimethylocta-2,6-dien-1-yl-diphosphate trisammonium salt ([1,1-
2H2]-13): 

Chlorination of [1,1-2H2]-20 was carried out with the same procedure 

as employed in the preparation of 21. [1,1-2H2]-20 (0.31 g, 2 mmol) 

was treated with NCS (0.29 g, 2 mmol) and  freshly distilled (CH3)2S 

(0.15 g, 2.4 mmol) to afford [1,1-2H2]-21 (0.31 g, 90.4%) as 

colourless oil. 

The chloride [1,1-2H2]-21 (170 mg, 0.7 mmol) was immediately converted to [1,1-2H2]-

13 by treatment with 15 (1.27 g, 1.40 mmol) in anhydrous CH3CN for 2 h. Isolation of 

the product was performed in the similar manner as in the synthesis of 13. Purification 

over cellulose layers with 5:2.5:2.5 (v/v/v) isopropanol: CH3CN: 0.1 M NH4HCO3 

followed by lyophilisation delivered [1,1-2H2]-13 (227 mg, 64%) as white solid. 1H 

NMR (400 MHz, D2O): δ 1.60 (s, 3H), 1.66 (s, 3H), 1.69 (m, 3H), 2.05-2.16 (m, 4H), 

5.19 (tquin, J = 1.25, 6.78 Hz, 1H), 5.43 (bs, 1H); 31P NMR (162 MHz) -10.47 (d, J = 

22.39 Hz, 1P), -6.98 (d, J = 22.39 Hz, 1P); HRMS (ESI) Calcd. for C10H17D2O7P2    

[M-1]- 315.0737, found 315.0746. 

 

(2E,6E)-3,7,11-trimethyldodeca-2,6,10-trienal (34): 

In a 100 mL round-bottomed flask fixed with condenser and 

equipped for magnetic stirring was refluxed a solution of 

(E,E)-farnesol (22) (4.4 g, 20 mmol) and IBX (11.12 g, 40 

mmol) in ethyl acetate (50 mL) for 3 h. Progress of the 

reaction was monitored by TLC and on completion, the 

mixture was directly filtered through celite bed to give a crude product. Further 

purification by column chromatography over silica layers (ethyl acetate: pet ether, 1:19) 

gave the oxidized product, 34 (4.14 g, 94%). 1H NMR (200 MHz, CDCl3): δ 1.60 (t-

like, 6H), 1.68 (d, J = 0.88 Hz, 3H), 1.95-2.08 (m, 4H), 2.18 (d, J = 1.26 Hz, 3H), 2.24 

(m, 4H), 5.03-5.12 (m, 2H), 5.89 (dq, J = 1.14, 8.21, 1H), 10.00 (d, J = 8.08, 1H). 

 

1-2H-(2E,6E)-3,7,11-trimethyldodeca-2,6,10-trien-1-ol ([1-2H]-22): 

A flame-dried, 50 mL, two-necked, round-bottomed flask was charged with LiAlD4 

(0.40 g, 9.42 mmol) followed by anhydrous THF (8 mL) and the suspension was stirred 

and cooled to 0 °C. To this was gradually added, a solution of 34 (1.98 g, 9.42 mmol) in 

OPP
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THF (2 mL) and the reaction was stirred at room 

temperature for 2 h. On completion (monitored by TLC) the 

reaction was quenched by slow addition of ethyl acetate (6 

mmol) at 0 °C until the evolution of hydrogen stopped. 10% 

aqueous NaOH was added drop by drop to this until the 

grey colour of the reaction turned to white and stirring was continued for 15 min at 

room temperature. The mixture was then dried over anhydrous Na2SO4 and passed 

through celite, which was repeatedly washed with ethyl acetate (3 × 20 mL). The 

combined ethyl acetate fractions were concentrated at reduced pressure and the crude 

product was chromatographed over silica gel (ethyl acetate: pet ether, 1: 9) to give [1-
2H]-22 (1.65 g, 82%). 1H NMR (400 MHz, CDCl3): δ 1.61 (s, 6H), 1.69 (s, 6H), 1.97-

2.15 (m, 8H), 4.14 (d, J = 5.52 Hz, 1H), 5.08-5.13 (m, 2H), 5.42 (d, J = 6.78 Hz, 1H). 

 

1-2H-(2E,6E)-3,7,11-trimethyldodeca-2,6,10-trienal ([1-2H]-34): 

 To a solution of [1-2H]-22 (1.6 g, 7.17 mmol) in anhydrous 

CH2Cl2 (20 mL) at 0 °C was added PDC (4.06 g, 10.76 mmol) 

followed by stirring for 2 h. After completion of the reaction, 

the mixture was directly filtered through celite bed, dried over 

anhydrous Na2SO4, to give a crude product. Further 

purification by column chromatography over silica layers (ethyl acetate: pet ether, 1:19) 

gave the oxidized product, [1-2H]-34 (1.21 g, 77%). 1H NMR (200 MHz, CDCl3): δ 

1.60 (s, 6H), 1.68 (d, J = 0.76 Hz, 3H), 1.99-2.10 (m, 4H), 2.17 (d, J = 1.26 Hz, 3H), 

2.24 (m, 4H), 5.04-5.12 (m, 2H), 5.89 (s, 1H). 

 

1,1-2H2-(2E,6E)-3,7,11-trimethyldodeca-2,6,10-trien-1-ol ([1,1-2H2]-22): 

Reduction of [1-2H]-34 (0.22 g, 1.0 mmol) was carried out 

with LiAlD4 (0.04 g, 1.0 mmol) in a similar manner as in the 

synthesis of [1-2H]-22, to yield [1,1-2H2]-22 (0.18 g, 80%). 
1H NMR (500 MHz, CDCl3): δ 1.61 (s, 6H), 1.69 (s, 6H), 

1.97-2.00 (m, 2H), 2.03-2.08 (m, 4H), 2.10-2.14 (m, 2H), 

5.08-5.13 (m, 1H), 5.42 (bs, 1H); 13C NMR (125 MHz, CDCl3): δ 16.0 (-CH3), 16.3 (-

CH3), 17.7 (-CH3), 25.7 (-CH3), 26.3 (-CH2), 26.7 (-CH2), 39.5 (-CH2), 39.7 (-CH2), 

OH
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123.2 (=CH), 123.8 (=CH), 124.3 (=CH), 131.3 (=C), 135.4 (=C), 140.0 (=C); GC-EI-

MS: (m/z) 224.3 [M]+, 206.3, 191.2, 163.2, 135.2, 95.1, 81.1, 69.1 (100%), 55.0. 

 

1,1-2H2-(2E,6E)-3,7,11-trimethyldodeca-2,6,10-trien-1-yl-diphosphate 

trisammonium salt ([1,1-2H2]-14): 

Synthesis of [1,1-2H2]-23 was carried out with a similar 

procedure as employed in the synthesis of [1,1-2H2]-21. 

Chlorination of [1,1-2H2]-23 (232 mg, 1.03 mmol) in 

presence of NCS (136 mg, 1.03 mmol) and (CH3)2S (74 mg, 

1.24 mmol) afforded [1,1-2H2]-23 (225 mg, 89%) as thick 

oil. The chloride was subjected to diphosphorylation reaction without any 

chromatographic purification. 

To a solution of 15 (1.27 g, 1.40 mmol) in anhydrous CH3CN (3 mL) was 

added [1,1-2H2]-23 (0.17 g, 0.7 mmol) dissolved in CH3CN (0.5 mL) and the reaction 

was stirred for 3 h at room temperature. Isolation of the diphosphate product was carried 

out according to the established procedure by Davisson et al. as demonstrated in the 

synthesis of [1,1-2H2]-13. Purification by flash chromatography over cellulose column 

(3 cm × 12 cm) with 5.5:2:1:1.5 (v/v/v/v) isopropanol: CHCl3: CH3CN: 0.1 M 

NH4HCO3 followed by lyophilization yielded [1,1-2H2]-14 (217 mg, 61%) as white 

powder. 1H NMR (400 MHz, D2O): δ 1.50 (s, 6H), 1.57 (s, 3H), 1.61 (s, 3H), 1.89-1.93 

(m, 2H), 1.98-2.05 (m, 6H), 5.05-5.12 (m, 2H), 5.34 (s, 1H); 31P NMR (162 MHz, 

D2O): δ -10.51 (d, J = 22.39 Hz, 1P), -6.82 (d, J = 21.06 Hz, 1P); HRMS (ESI): Calcd. 

for C15H25D2O7P2 [M-1]- 383.1363, found 383.1372. 
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Appendix 3 

Appendix 3 Index 

Sr. no. Table/ Figure/ Spectrum/ Compound no. Page 

1. 1H NMR, 13C NMR and DEPT spectra of 11. 187 

2. 31P NMR and HRMS spectra of 11. 188 

3. 1H NMR, 13C NMR and DEPT spectra of 12. 189 

4. 31P NMR and HRMS spectra of 12. 190 

5. 1H NMR, 13C NMR and DEPT spectra of 13. 191 

6. 31P NMR and HRMS spectra of 13. 192 

7. 1H NMR, 13C NMR and DEPT spectra of 14. 193 

8. 31P NMR and HRMS spectra of 14. 194 

9. 1H NMR, 13C NMR and DEPT spectra of 25. 195 

10. 1H NMR, 13C NMR and DEPT spectra of [4,4-2H2]-26. 196 

11. 1H NMR, 13C NMR and DEPT spectra of [4,4-2H2]-17. 197 

12. 1H NMR, 13C NMR and DEPT spectra of [4,4-2H2]-11. 198 

13. 31P NMR and HRMS spectra of [4,4-2H2]-11. 199 

14. 1H NMR, 13C NMR and DEPT spectra of [3,3-2H2]-27. 200 

15. 1H NMR, 13C NMR and DEPT spectra of [2,2-2H2]-29. 201 

16. 1H NMR, 13C NMR and DEPT spectra of [2,2-2H2]-25. 202 

17. 1H NMR, 13C NMR and DEPT spectra of [2,2-2H2]-26. 203 

18. 1H NMR, 13C NMR and DEPT spectra of [2,2-2H2]-17. 204 

19. 1H NMR, 13C NMR and DEPT spectra of [2,2-2H2]-11. 205 

20. 31P NMR and HRMS spectra of [2,2-2H2]-11. 206 

21. 1H NMR, 13C NMR and DEPT spectra of 31. 207 

22. 1H NMR, 13C NMR and DEPT spectra of 32. 208 

23. 1H NMR, 13C NMR and DEPT spectra of [1,1,1-2H3]-29. 209 

24. 1H NMR, 13C NMR and DEPT spectra of [1,1,1-2H3]-25. 210 

25. 1H NMR, 13C NMR and DEPT spectra of [5,5,5-2H3]-26. 211 

26. 1H NMR, 13C NMR and DEPT spectra of [5,5,5-2H3]-17. 212 

27. 1H NMR, 13C NMR and DEPT spectra of [5,5,5-2H3]-11. 213 

28. 31P NMR and HRMS spectra of [5,5,5-2H3]-11. 214 
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29. 1H NMR, 13C NMR and DEPT spectra of [4,4,5,5,5-2H5]-26. 215 

30. 1H NMR, 13C NMR and DEPT spectra of [4,4,5,5,5-2H5]-17. 216 

31. 1H NMR, 13C NMR and DEPT spectra of [4,4,5,5,5-2H5]-11. 217 

32. 31P NMR and HRMS spectra of [4,4,5,5,5-2H5]-11. 218 

33. 1H NMR spectra of [1-2H1]-20 and [1-2H1]-33. 219 

34. 1H NMR spectra of [1,1-2H2]-20 and [1,1-2H2]-13. 220 

35. 31P NMR and HRMS spectra of [1,1-2H2]-13. 221 

36. 1H NMR spectra of 34 and [1-2H1]-22. 222 

37. 1H NMR spectra of [1-2H1]-34 and [1,1-2H2]-22. 223 

38. 1H NMR and 31P NMR spectra of [1,1-2H2]-14 224 

39. HRMS spectra of [1,1-2H2]-14 225 

40. GC-EI-MS spectra of 22 and its deuterated analogues 226 

41. GC-QToF spectra of 22 and its deuterated analogues 229 
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Section	3.3.	

	

Mechanistic	Insights	in	

Biosynthesis	of	Santalenes	and	

analogous	sesquiterpenes 

R

OPP

(E,E)-FPP
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R
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Carbocationic cascades catalyzed by santalene synthase in the biosynthesis of sesquiterpenes. 
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3.3.1. Rationale for Present Work: 

Santalene synthase (SaSS), a sesquiterpene cyclase from sandalwood, S. album, has 

been cloned and characterized in our group.97 The SaSS was found to be moderately 

promiscuous in its catalytic action as it displayed the cyclization of the linear substrate, 

(E,E)-FPP (14) into six sesquiterpenes, α-santalene (1), β-santalene (2), epi-β-santalene 

(3), exo-α-bergamotene (4), exo-β-bergamotene (5) and (E)-β-farnesene (6), which have 

been characterized and confirmed using GC, GC-MS and GC-QToF.97 SaSS mutants 

produced by site directed mutagenesis of the amino acid residues around the catalytic 

site gave rise to other bi- and mono-cyclic sesquiterpenes viz., endo-α-bergamotene (7), 

β-curcumene (8), γ-curcumene (9) and α-zingiberene (10).97 A biosynthetic pathway for 

these sesquiterpenes has been proposed which is tailored from the model pathways 

proposed for monoterpenes and sesquiterpenes.94,96 Incubation of the deuterated (E,E)-

FPP analogues with the purified sesquiterpene synthase enzymes yielded labelled 

sesquiterpene hydrocarbons. The objective of the present work is to investigate the 

intermediates and their interconversions by monitoring the cascade of deuterium labels 

in the products. GC-EI-MS fragmentation patterns and GC-FID response of the labelled 

sesquiterpene products has been studied to establish the reaction cascade and to gain 

mechanistic insights in the intriguing pathways in biosynthesis of products. The 

products formed were further confirmed by high resolution mass spectrometry, GC-

QToF. 
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3.3.2. Present Work: 

Santalene synthase, isolated from the interface of heartwood and sapwood of Santalum 

album, was observed to be a moderately promiscuous sesquiterpene cyclase that 

catalyzed the metal dependent cyclization of (E,E)-FPP to a mixture of six 

sesquiterpene hydrocarbon products, α-santalene (1, 41%), β-santalene (2, 29.4%), epi-

β-santalene (3, 4.3%), exo-α-bergamotene (4, 22.5%), exo-β-bergamotene (5, 2.2%) and 

(E)-β-farnesene (6, 0.7%), when incubated with (E,E)-Farnesyl pyrophosphate (FPP, 

14).97 Other variants of this enzyme produced by site directed mutagenesis of the amino 

acid residues around the catalytic site emanated other bi- and mono-cyclic 

sesquiterpenes, identified as, endo-α-bergamotene (7), β-curcumene (8), γ-curcumene 

(9) and α-zingiberene (10).97  

While our investigations in the isolation of genes encoding for Santalene 

synthase from sandalwood were in progress, some of its variants from different 

biological sources were reported simultaneously by researchers working independently. 

‘Santalene-bergamotene synthase’ was reported from wild tomato Solanum 

habrochaites by Christophe Sallaud et al.102 which produced bergamotenes and 

santalenes from an atypical substrate (Z,Z)-FPP and yielded no products with the regular 

substrate (E,E)-FPP. Schalk et al. disclosed α-santalene synthase103 from C. lansium and 

β-santalene synthase104 from the roots of S. album. Three orthologous terpene synthases 

were cloned from three divergent sandalwood species by Jones et al.105 that produced α-

, β-, epi-β-santalene and exo-α-bergamotene from (E,E)-FPP. The santalene synthase 

isolated from S. album of Pune region in our group shared 100% identity with the 

former.97 Further, engineering of this santalene synthase by constructing site-directed 

mutations at specific sites that yielded the mutants wherein they exhibited varied 

product selectivity. While, some produced exo-α-bergamotene as the major product, few 

produced a varied range of new monocyclic and acyclic sesquiterpene products.97 The 

product profiles of some these enzymes have been discussed in proceeding sections. 

In sandalwood, the sesquiterpene hydrocarbons (santalenes, bergamotenes, 

bisabolenes and curcumenes) undergo hydroxylation at the methyl groups of the side 

chain, reactions catalyzed by enzymes usually belonging to cytochrome P450 family, to 

produce hydroxylated sesquiterpenoids. These alcohols account for the woody, pleasant 

odour and medicinal properties of sandalwood oil.88-93 The major sesquiterpenoid 
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alcohols present in the oil, (Z)-α-santalol and (Z)-β-santalol constitute >80% of the total 

oil content isolated from the heartwood of matured sandalwood tree.95 

The biosynthesis of polycyclic sesquiterpenes, santalenes, bergamotenes and 

monocyclic sesquiterpenes, α-zingiberene and curcumenes involves cyclization of the 

linear sesquiterpene substrate (E,E)-FPP (14) through a cascade of ‘Wagner-Meerwein’ 

rearrangements of unisolable carbocationic intermediates. Complexity in terpene 

skeleton arises from the double bond isomerization, proton elimination, stereo-specific 

hydride, methyl, and methylene migrations, and premature quenching of carbocations 

by water to form terpenoid alcohols. Although, biosynthetic schemes involving the 

formation of some of the common carbocations from terpene pathways and their 

rearrangements leading to above complex cyclic terpenoids were proposed previously, 

the mechanism of biosynthesis of these sesquiterpene products passing through specific 

intermediates is still unexplored. Labelled substrates have constantly played invaluable 

roles in biochemical and bioorganic research to investigate and track the biosynthetic 

pathways. They can prove to be a valuable tool and can be put to use to track the 

pathways traced by the intermediates. Deuterated prenyl diphosphates, in perticular, 

have been previously utilized to study the mechanism of cyclization by several 

sesquiterpene synthases including, epi-aristolochene synthase and premnaspirodiene 

synthase,52 amorphadiene synthase,53 geosmin synthase,54 patchoulol synthase,55 and 

cadinene synthase.56 

Analogous biosynthetic pathways in monoterpenes leading to the formation of 

santalene counterparts, camphenes and pinenes have been established by Croteau et al.43 

from in vitro assays; while from quantum chemical aspect in gas phase, in the absence 

of enzymes, in silico by Tantillo et al.18 and Weitman et al.48 They demonstrated the 

cyclization of GPP to pinenes and camphenes through a sequence of intermediates such 

as terpinyl cation, bornyl cation and pinyl or camphyl cation.47,48  

Kinetic isotope effects (KIEs) have played a vital role in studying the 

intriguing mechanisms involved in terpene biosynthetic pathways. A KIE is a 

mechanistic phenomenon, wherein isotopically labelled molecules react at different 

rates, as compared to their unlabelled counterparts under the identical reaction 

conditions. On substitution of an element in a molecule with its higher isotope, although 

the chemical nature of the bond in both the cases remains the same, their vibration 

frequencies (ν) differ. Resultantly, their dissociation energies will be slightly different 

as the atoms of varied mass are involved; the greater the mass, the stronger will be the 
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bond. This difference in bond strengths is reflected in different rates of breaking of the 

two bonds (eg. C-H or C-D), under comparable conditions. Thereby, the weaker C-H 

bond requires lesser energy when compared to the cleavage of C-D bond, during 

deprotonation steps. Thus, KIE is the ratio of reaction rates for molecules containing 

light and heavy isotopes, such as kH/kD.106 KIE are primary when they arise from rate 

differences caused by isotopically labelled bonds that are made or broken in the rate 

determining step, and are secondary when they do not directly involve the bonds 

connected to isotopes.107 With their extensive applications, KIEs have proved as one of 

the most powerful tools in determining the reaction mechanisms in several fields of 

science. In the present study, KIE have been determined by comparing the ratio of the 

products formed from incubation of unlabelled substrates to those from labelled ones 

with SaSS and its mutated enzymes. 

Control of these biosynthetic pathways from terpene kingdom and their 

elucidation should provide new opportunities to study the intriguing chemistry involved 

and to develop crucial chemotherapeutic agents108 and isoprenoid-related materials of 

immense importance. In the present investigation, mechanistic insights for the 

biosynthesis of sesquiterpenes are explored by utilizing the insightful deuterium 

labelling of the substrate, 14. The labels were desired and introduced at centres involved 

in the carbocationic reactions by chemo-enzymatic strategies (Scheme 3.2.13). 

Incubation assays of these labeled analogues of 14 with the purified enzymes SaSS-WT 

and its variants were designed. Extraction of the in vitro assay reaction mixtures (after 

specified time period) in hexane delivered the corresponding labelled sesquiterpene 

products. To examine the loci of deuterium labels in the resultant products, GC-EI-MS 

fragmentation patterns were studied which explained the hydride shifts and 

carbocationic rearrangements. Kinetic isotope effects (KIEs) induced by isotope 

labelling of the substrate were analyzed by comparing the ratio of percentage of 

products formed from incubations of SaSS enzymes with unlabeled 14 to those with its 

labelled counterparts, which explained the rates of formation of individual products. 

Based on the integrated results of different incubation experiments with unlabelled and 

labelled analogues of 14, a general scheme for the biosynthesis of sesquiterpene 

hydrocarbons from S. album has been elucidated and corroborated with above analyses 

(Scheme 3.3.1). In the following sections, biosynthesis of individual sesquiterpene 

hydrocarbon (1-10) has been discussed in detail. 
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An initial step in the biosynthesis of santalenes is Mg2+ assisted ionization of 

the allylic diphosphate substrate, (E,E)-FPP (14), at C1 to get the charged diphosphate 

anion and the farnesyl carbocation (at C1) that subsequently isomerizes to its tertiary 

counterpart, nerolidyl cation (I). Primarily, the trans- configuration of C2-C3 double 

bond in 14 poses an obstacle towards 1,6-electrophilic cyclization. To overcome this 

state, I undergoes a free rotation around energetically accessible C2-C3 σ-bond to adopt 

a cisoid conformation, which can then easily undergo C1-C6 closure generating endo-

bisabolyl cation (II). In many cases, (E)-Nerolidol was obtained as a minor product 

(<0.5%), resulting from premature quenching of I, indicating its intermediacy in 

sesquiterpene biosynthesis. Carbocation II serves as an early branching point in 

sesquiterpene biosynthesis where numerous pathways with low energy barriers are 

possible, eventually leading to a large spectrum of products.109 The isomerization-

cyclization of 14 is stereospecific and yields chiral products with their stereochemistries 

depending on the initial, chiral folding of the precursor (I), which in turn is induced at 

the ionization-isomerization step that establishes chirality of the bound tertiary 

intermediate (I) and depends on the binding of appropriate conformer of farnesyl 

diphosphate with the active site pocket. Ultimately, the absolute configuration at C3 

tertiary centre decides the chirality of cyclic products formed, which originally is the 

result of initial binding of an appropriate conformer of 14. David Cane has reviewed 

and supported endo-anti cyclization for the formation of II that further leads to the 

biosynthesis of bicyclic/ tricyclic products, bergamotenes and santalenes.12 The anti and 

syn notations indicate the manner in which pyrophosphate (OPP-) group departs from 

C3. If OPP- departs from the opposite side of the face of double bond attacked, then it is 

termed as anti. The endo and exo notations are used to describe the cyclizing 

conformers. In case of the right handed helix, the endo conformer is formed by the re 

face attack of the C6-C7 double bond. Further, cyclization reactions of these 

carbocationic intermediates leading to individual final products are discussed in 

following sections.  
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Scheme 3.3.1. Proposed mechanistic pathway for biosynthesis of sesquiterpenes (1-10) 

from (E,E)-FPP (14), catalyzed by SaSS-WT and SaSS mutants. 

  

R

1

7 6

4
3

2R
1

7 6

4
3

2

R

R

1

7 6

43
2

1

7 6

43
2

R

1

7 6

4
3 2 R

R

1

7
6

4 3

5

R
1

7
6

4 3
2

5

1

76

4 3
2

5

R
1

7
6

4 3

5
R

1

7
6

4 3

5

R

1

7
6

4 3
2

5

R

1

7

4

32

5

R

1

7

4
32

5

exo- -Bergamotene (4)

R
1

7
6

43
2

R
1

7 6

43
2

R 1

7 6

4
3 2

epi- -Santalene (3) -Santalene (2) -Santalene (1)

R

1

7

4
32

5

R

1

7

4
3

2
5

endo- -
Bergamotene (7)

1

24

5

68
10

13

12

14

15

OPP

R
R =

R

RR

-Curcumene (9)-Curcumene (8)

1

7
5

4 3
2

7
6

4 2

7
6

4 2

7
6

4 2

SaSS

(E)- -Farnesene (6)

R

24

6

13

-Zingiberene (10)

OPP

13

13

13

(E,E-FPP)

C6 t
o 

C7 H
-

C6-C7

IIA

I

II IIB

III

IV

IIIA

V

IVA

VA

a
b

c

d

e
f

g

h
i

j

k

i'

d'

e'

f'

g'

VI

l

m

l'

p q

r

1
2

4
5

10 13

8

VIIC1 to
C7 H-

Mg2+

R 7

4
3

2
5

exo- -
Bergamotene (5)

n

R
1

7
6

4 3
2

5

VB



Chapter	3	
 

Ph.	D.	Thesis,	Pankaj	P.	Daramwar	 240	
 

3.3.2.1. Biosynthesis of Santalenes (1, 2 and 3) and exo-α-Bergamotene (4): 

Biosynthesis of santalenes and bergamotenes emanating from 14 and spanning a series 

of carbocationic intermediates is proposed as shown in scheme 3.3.1. The endo-

bisabolyl cation (II) bearing a C7 carbocation, undergoes cyclization to form a C2-C7 

connection constituting a characteristic bicyclo[3,1,1]heptane intermediate (III) with a 

carbocation at C3, which is referred to as ‘bergamotyl cation’. The cation III acts as a 

branching point in the biosynthesis of bergamotenes and santalenes. Cation III further 

encounters a shift of a quaternary carbon from C2 to C3 resulting in another non-

isolable carbocationic intermediate, IV. The intermediate IV undergoes 4-3 to 4-2 

methylene shift to form the final intermediate, santalyl carbocation (V) with a tertiary 

carbocation at C3. This cation at C3 acts as a branching point in the biosynthesis of 

santalenes. As observed with chrysanthemyl carbocation,23 the santalyl carbocation may 

also involve delocalization of the positive charge to form the cyclopropyl carbocation, 

VB. While, VB can subsequently lose a proton from C4 to collapse into α-santalene (1) 

when new C3-C4 sigma bond is formed, or can deprotonate from C13 to form an 

exocyclic C3-C13 π-bond, to ultimately transform into β-santalene (2) (Scheme 3.3.1). 

To explore the pathway constituting biosynthesis of santalenes, deuterated 

analogues of 14 were incubated with SaSS and the effects of deuteron shifts/losses on 

product formation were monitored. Analysis of the GC-MS spectra of all the resulting 

sesquiterpenes obtained from incubation of unlabelled substrate 14 with SaSS enzymes 

exhibited molecular ion peaks, [M]+ at m/z 204.1. On incubation of [4,4-2H2]-14 with 

SaSS, the molecular ion peak [M]+ for 1 shifted from m/z 204.1 (unlabeled santalene in 

control experiments) to m/z 205.1, thereby indicating an increment of 1 amu in the 

labeled product (Scheme 3.3.2). This also accounted for the loss of a deuterium from C4 

due to the newly formed C3-C4 sigma bond, as otherwise a peak at m/z 206.1 should 

have been observed. Similarly, incubation with [4,4,13,13,13-2H5]-14 resulted in a 

parent ion peak at m/z 208 with increment of 4 amu in [M]+. Expectedly, GC-MS 

analysis of labeled analogues of 1 obtained from incubation of other analogues of 14 

labeled at C1, C2, C5, C6 and C13 with SaSS resulted in the retention of all the 

deuteriums (Fig. A4.8 to A4.13). Locus of deuterium at C4 in [4-2H1]-1 obtained from 

[4,4-2H2]-14 incubations was visualized from the GC-MS fragmentation pattern. The 

ions appearing at m/z 204.1 [M]+, 189.1, 161.1, 121.1, 107.1, and 94.1 (100%) (Fig. 

A4.6) from the analysis of TIC for 1 shifted to m/z 205.1 [M]+, 190.1, 162.1, 122.1, 

108.1, and 95.0 (100%) (Fig. A4.7), respectively, indicating the formation of [4-2H1]-1. 
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Scheme 3.3.2. Labelled products, α-santalene (1), β-santalene (2) and epi-β-santalene 

(3), obtained from incubation of 14, 4,4-2H2-14 and 13,13,13-2H3-14 with SaSS-WT. 

 

Incubation of the labelled substrate, [13,13,13-2H3]-14 with SaSS, followed by 

analysis of GC-MS spectrum of the labeled product showed a shift of molecular ion, 

[M]+ from m/z 204.1 to m/z 206.1 indicating the formation of [13,13-2H2]-2. The 

presence of two deuteriums on the exocyclic methylene group was evident from the 

GC-MS fragmentation analysis of [13,13-2H2]-2 which showed the peaks at m/z 206.1 

[M]+, 191.1, 163.1, 124.1, and 96.1 (100%) (Fig. A4.16) in comparison to the 

corresponding peaks for unlabeled 2 at m/z 204.1 [M]+, 189.1, 161.1, 122.1, and 94.1 

(100%) (Fig. A4.14), respectively. These observations clearly indicate loss of one 

deuterium from C13 for the formation of an exocyclic C3-C13 π-bond (Scheme 3.3.2). 

Incubation of [4,4-2H2]-14 with SaSS-WT produced [4-2H1]-2 with a molecular ion at 

m/z 205.1 and not [4,4-2H2]-2 (m/z 206.1). Further the fragmentation pattern revealed 

that the product was [4-2H1]-2 (Fig. A4.15) This result indicated formation of the 

delocalized cyclopropyl carbocation (VB), where the deuteron/proton at C4 position 

might be exchanged between the carbocation intermediate (V/VB) and the closely 

interacting active site amino acid residues. However, this fact will be confirmed only 

after structure determination of SaSS, when the exact specifications on the spatial 

interactions of amino acids with the intermediate species will be determined. Similarly, 
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from the incubation of [4,4,13,13,13-2H5]-14 with SaSS produced [4,13,13-2H3]-2 with 

[M]+ ion at m/z 207.2 (Fig. A4.17). Incubation of other substrates, deuterium labeled at 

C1, C2, C5, and C6 showed retention of all the deuterium atoms in the resulting labeled 

derivatives of 2 (Fig. A4.18 to A4.21). 

As discussed above, bergamotyl cation (III) is proposed to act as a branching 

point in the biosynthesis of bergamotenes and santalenes. Differential deprotonations 

from specific sites of III gives rise to the formation of new π-bonds leading to the 

formation of exo-α-bergamotene (4) and exo-β-bergamotene (5). The C3 carbocation 

III, which forms a precursor to 4, essentially, is quenched by deprotonation from C4, 

accompanied by the formation of C3-C4 π-bond. To derive mechanistic details of the 

reaction cascade, deuterium labeled substrates [4,4-2H2]-14 and [4,4,13,13,13-2H5]-14 

were incubated with SaSS, followed by GC-MS analysis of the assay extracts that 

yielded the corresponding deuterium labeled products, [4-2H1]-4 and [4,13,13,13-2H4]-

4. The molecular ion peak [M]+ for 4 appearing at m/z 204.1 shifted to m/z 205.1 and 

m/z 208.2 for [4-2H1]-4 and [4,13,13,13-2H4]-4, respectively. The results were in 

agreement with the elimination of a deuterium from C4 and concomitant formation of 

C3-C4 π-bond. The molecular ions of labelled derivatives of 4 obtained from incubation 

of other analogues of 14 labeled at C1, C2, C5, C6 and C13 with SaSS did not exhibit 

the loss of deuteriums and retained all the deuteriums as were in the substrate (Fig. 

A4.32 and A4.34 to A4.37). Presence of a deuterium at C4 was indicated from the 

analysis of GC-MS fragmentation pattern. The fragment ions appearing at m/z 204.2 

[M]+, 161.1, 119.0 (100%), 93.0 and 69.1 in 4 (Fig. A4.30) shifted to m/z 205.1 [M]+, 

162.1, 120.1 (100%), 94.0 and 69.0 in [4-2H1]-4 (Fig. A4.31), and to m/z 208.3 [M]+, 

165.1, 123.1 (100%), 97.1 and 69.1 in [4,13,13,13-2H4]-4 (Fig. A4.33). 

Area under the individual product peak was calculated from GC-FID analysis 

of the hexane extracts of enzyme assays to realize the percentage of corresponding 

products formed and further to monitor the changes in product ratio that occurred due to 

deuterium isotope effects induced in the partitioning steps. The percentage of the 

products was dominated by relative rates of deprotonations in the partitioning steps. In 

the formation of santalenes, product ratio [1/2], obtained from incubation of [4,4-2H2]-

14 decreased to 0.76 from 1.56 obtained from incubation with unlabeled 14. A 

deuterium kinetic isotope effect (KIE), [(1/2)H/(1/2)D] of 2.05 was consistent with the 

cleavage of C-D bond at C4 in the formation of 1 (Table 3.3.1).  
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Table 3.3.1. Variation of the distribution of major sesquiterpene products obtained from 

incubations of SaSS-WT with labelled analogues of 14. The ratios of the products were 

tabulated from the GC-FID response analysis of the hexane extracts of the reaction 

mixturesa. Key: α-santalene (1), β-santalene (2), epi-β-santalene (3), exo-α-bergamotene 

(4), and exo-β-bergamotene (5). 

a Each value is an average of two independent incubations under identical conditions. 

 

On the other hand, when 14 was replaced with [13,13,13-2H3]-14 in bioassays 

with purified SaSS,  the product ratio [2/1], decreased from 0.65 to 0.23 (Table 3.3.1). A 

KIE, [(2/1)H/(2/1)D]= 2.89 for the substrate [13,13,13-2H3]-14 was in good agreement 

with the preference of the enzyme to form 1 from carbocation flux of VB. However, 

when [4,4,13,13,13-2H5]-14 was used as the substrate with SaSS, a KIE of 

[(2/1)H/(2/1)D]=1.50 was observed indicating that the formation of 1 was preferred over 

2. This fact further supports the delocalization of tertiary carbocation into cyclopropyl 

carbocation, VB as proposed in scheme 3.3.1.  

As described above, III can either yield 4 and 5, or can undergo 7-2 to 7-3 

shift, generating a secondary carbocation at C2 in IV which further moves to the 

production of santalenes (Scheme 3.3.1). The intermediates III and IV can be viewed as 

inter-converting structures which can collapse into one of the products, in this case, exo-

α-bergamotene (4) by formation of C3-C4 π-bond or may proceed to the formation of 

santalenes, whose fate depends on the extent of deprotonation at C4. The largest 

decrease in the product ratio [4/2] was observed from 1.01 to 0.42 when incubations 

with 14 were replaced by [4,4-2H2]-14, which was in agreement with a KIE, 

 SaSS-WT 

Substrate [1/2] [2/1] [4/2] [2/4] 

(E,E)-FPP 1.56 ± 0.02 0.64 ± 0.01 1.01 ± 0.02 0.99 ± 0.02 

4,4-2H2-( E,E)-FPP 0.76 ± 0.01 1.32 ± 0.01 0.42 ± 0.00 2.38 ± 0.00 

13,13,13-2H3-(E,E)-FPP 4.46 ± 0.04 0.22 ± 0.00 3.22 ± 0.02 0.31 ± 0.00 

4,4,13,13,13-2H5-(E,E)-FPP 2.35 ± 0.00 0.43 ± 0.00 2.20 ± 0.04 0.45 ± 0.01 

5,5-2H2-(E,E)-FPP 1.59 ± 0.02 0.63 ± 0.01 1.00 ± 0.01 1.00 ± 0.01 

1,1-2H2-(E,E)-FPP 1.51 ± 0.01 0.66 ± 0.01 0.92 ± 0.04 1.09 ± 0.05 

2-2H1-(E,E)-FPP 1.62 ± 0.00 0.62 ± 0.00 0.96 ± 0.01 1.04 ± 0.01 

2,6-2H2-(E,E)-FPP 1.67 ± 0.01 0.60 ± 0.00 1.11 ± 0.01 0.90 ± 0.01 
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[(4/2)H/(4/2)D] = 2.39 observed due to cleavage of C-D bond at C4 (Table 3.3.1). 

Further, when substrate 14 was replaced with [13,13,13-2H3]-14, product ratio [2/4] 

decreased from 0.99 to 0.31, along with an observed KIE, [(2/4)H/(2/4)D] = 3.20. These 

results indicate that III is the intermediate carbocation for the formation of santalenes as 

well as bergamotenes, with the carbocations III, IV, V and VB being interconvertible. 

On replacing 14 with [4,4,13,13,13-2H5]-14, the product ratio [2/4] decreased from 0.99 

to 0.45 with an intrinsic KIE, [2/4]H/[2/4]D= 2.19 and a preference for the formation of 4 

over 2. Although formation of [4,13,13,13-2H4]-1, [4,13,13,13-2H4]-4 and [4,13,13-
2H3]-2 from [4,4,13,13,13-2H5]-14 by SaSS enzyme involves loss of deuterons, due to 

observed KIEs, it is evident that 4 is the preferred enzymatic product over 1 and 2 when 

[4,4,13,13,13-2H5]-14 is used as a substrate. In conclusion, α-santalene (1), β-santalene 

(2), and exo-α-bergamotene (4) are formed from cisoid nerolidyl carbocation (I), 

followed by its cyclization to bisabolyl carbocation (II), which further undergoes 

bicyclization to form bergomotyl carbocation (III). exo-α-Bergomotene (4) is formed by 

deprotonation at C4 of III to form C3-C4 π-bond. Further, III undergoes Wagner-

Meerwein rearrangements to form IV, V and V/B which are interconvertible in nature. 

Further, the sesquiterpene hydrocarbons 1 and 2 are formed by deprotonation at C4 and 

C13 of VB, respectively 

Biosynthesis of epi-β-santalene (3) from (E,E)-FPP (14) can be proposed in 

two ways. First pathway could be traversed through epimerization of II to IIA 

following a free, low-energy rotation about C6-C7 and further cyclization to the epi-

santalyl cation (VA), pursuing the intermediates (IIIA and IVA) formed through a 

similar reaction cascade as followed in the biosynthesis of 2. The other way could be 

through two consecutive methyl shifts from the intermediate V. The first methyl (C13) 

shift from C7-endo to C3, resulting in cation at C7 (VI), which may undergo another 

methyl (C14) shift from C3-exo to C7 resulting in the formation of epi-santalyl cation 

(VA). Ultimately, deprotonation from C13 in VA would yield 3 with a C3-C13 

exocyclic π-bond (Scheme 3.3.3). 

Within the experimental errors, incubations of all deuterated analogues of 14 

resulted in the formation of 3 at the same levels, as observed in control experiments 

with SaSS (Table A4.1). These results thereby indicated the absence of competing 

reactions and intermediates, and unaffected rates of formation of 3 in all the incubation 

sets. This observation exquisitely revealed the existence of a different carbocation 

cascade for the formation of 3. Further, GCMS analysis of the assay extract using 
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[13,13,13-2H3]-14 indicated that formation of [13,13-2H2]-3 with [M]+ at m/z 206.1 

indicating that there is no CD3 shift between C3 to C7 where one should observe [M]+ at 

m/z 207.1. This observation rules out the possibility of the carbocation cascade from 

V/VB to VA for the formation 3. GC-MS fragments for 3 from incubation of 14 with 

SaSS detected at m/z 204.2 [M]+, 189.1, 161.1, 122.1, 94.1 (100%) and 69.0 (Fig. 

A4.22) shifted to m/z 206.1 [M]+, 191.1, 163.1, 124.1, 96.0 (100%) and 69.1 (Fig. 

A4.24) for [13,13-2H2]-3 obtained after incubation of [13,13,13-2H3]-14 with SaSS. If 

biosynthesis of 3 were to follow pathway-2, -CD3 group from substrate [13,13,13-2H3]-

14 would have shifted to C7 from C3 (Scheme 3.3.2) and the molecular ion peak should 

have been observed at m/z 207.1 that would contradict the observed peak at m/z 206.1. 

Further, GC-MS fragmentation pattern at m/z 205.1 [M]+, 190.2, 162.1, 123.1, 95.0 

(100%) and 69.0 (Fig. A4.23) for [4-2H1]-3 obtained from incubation of [4,4-2H2]-14 

with SaSS indicated loss of one deuteron from C4, similar to that observed with its 

epimeric counterpart [4-2H1]-2. 

From above results, the probable implications in the biosynthesis of 3 could be 

drawn, wherein allowed rotation about C6-C7 bond gave rise to the epi-isomer and 

justified the prevalence of pathway-1, while eliminating the possibility of pathway-2 

(Scheme 3.3.3). However, this proposed pathway for the biosynthesis of 3 needs 

complete evaluation by using suitably labeled FPP with an enzyme that will produce 2 

and 3 as major products. 

Other sesquiterpene products from incubation of 14 with SaSS were exo-β-

bergamotene (5, 2.2%) and (E)-β-farnesene (6, 0.7%), which were obtained as minor 

constituents of the enzyme assay extracts. Although, incubation of SaSS with 

differentially deuterium labeled analogues of 14 could bring about alterations of the 

product ratios [5/4] and [6/4] in comparison to that with unlabeled 14, these ratios have 

been discussed in incubations with SaSS mutant enzymes where these products could be 

obtained in higher levels. The mechanistic aspects of biosynthesis of these minor 

components are discussed in following part of the thesis. 
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Scheme 3.3.3. Proposed biosynthetic pathway for the formation of α-Santalene (1), β-

Santalene (2), and epi-β- Santalene (3). 

 

3.3.2.2. Biosynthesis of exo-β-Bergamotene (5) and endo-α-Bergamotene (7): 

The biosynthesis of exo-β-Bergamotene (5) originates from the bergamotyl cation (III) 

that follows loss of a proton from C13 to quench the carbocation at C3, with a 

simultaneous formation of exocyclic C3-C13 π-bond. Incubations of [13,13,13-2H3]-14 

with SaSS as well as with a mutant enzyme R474L-SaSS fetched [13,13-2H2]-5 
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containing two deuterium atoms as seen by shift of the molecular ion [M]+ to m/z 206.2 

from m/z 204.1 observed for 5. Similarly, incubation of [4,4,13,13,13-2H5]-14 with both 

SaSS enzymes yielded [4,4,13,13-2H4]-5 containing four deuterium atoms, that was 

determined from shift of [M]+ from m/z 204.1 to m/z 208.2. These results illustrated 

deprotonation from C13 during the formation of exocyclic C3-C13 π-bond in 5. The 

deuterated analogues of 5 obtained from incubation of 14 labeled at C1, C2, C4, C5 and 

C6 with SaSS enzymes retained all the deuterium atoms as present in the substrate (Fig 

A4.42 to A4.45). The locus of two deuterium atoms on C13 was verified from the 

fragmentation pattern of 5, when the fragments at m/z 204.1 [M]+, 189.1, 161.1, 93.0 

and 69.0 (100%) (Fig. A4.38) for 5 shifted to m/z 206.2 [M]+, 191.1, 163.1, 95.0 and 

69.0 (100%) (Fig. A4.40) and m/z 208.2 [M]+, 193.2, 165.1, 96.0 and 69.1 (100%) (Fig. 

A4.41) in [13,13-2H2]-5 and [13,13-2H2]-5, respectively (Scheme 3.3.4). 

 

Scheme 3.3.4. Labelled products, exo-α-bergamotene (4), exo-β-bergamotene (5) and 

endo-α-bergamotene (7), obtained from incubation of 14, [4,4-2H2]-14 and [13,13,13-
2H3]-14 with SaSS-WT and SaSS mutants. 

 

Though, exo-β-bergamotene (5) was as a minor component (2.2%) formed 

among the sesquiterpenes from incubations of 14 with SaSS, the mutant R474L-SaSS 

was able to functionalize cyclization of (E,E)-FPP (14) to only two sesquiterpenes, 4 
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(74.7%) and 5 (25.3%). This R474L-SaSS mutant enzyme was subsequently used for 

studying the mechanistic insight for the biosynthesis of 4 and 5. When 14 was replaced 

with [4,4-2H2]-14, the ratio of products, [4/5] decreased from 2.93 to 1.06, while 

exhibiting a KIE, [(4/5)H/(5/4)D] = 2.77, resulting from cleavage of C-D bond at C4 in 

the formation of 4 (Table 3.3.2). In contrast, when 14 was replaced with [13,13,13-2H3]-

14, the ratio [5/4] decreased from 0.34 to 0.09 revealing a KIE, [(5/4)H/(5/4)D] = 3.72 

(Table 3.3.2). These results indicate the formation of 5 and 4 through deprotonation of 

III at C13 and C4, respectively (Scheme 3.3.1).  

 

Table 3.3.2. Variation of the distribution of major sesquiterpene products obtained from 

incubations of SaSS enzymes with labeled analogues of 14. The ratios of the products 

were tabulated from the GC-FID response analysis of the hexane extracts of the reaction 

mixturesa. Key: exo-α-bergamotene (4), exo-β-bergamotene (5). endo-α-bergamotene 

(7). 

a Each value is an average of two independent incubations under identical conditions. 

 

Further, another mutant enzyme Y539W-SaSS produced a total of six 

sesquiterpene products, α-santalene (1, 10.5%), epi-β-santalene (3, 1.3%), exo-α-

bergamotene (4, 32.2%), exo-β-bergamotene (5, 24.1%), (E)-β-farnesene (6, 9.8%), and 

endo-α-bergamotene (7, 22.0%), when incubated with 14. Biosynthesis of 7 is proposed 

to proceed through endo-bisabolyl cation (IIA) which initially experiences a free 

rotation around C6-C7 (path l’, Scheme 3.3.1) from II, a pathway similar to that 

 
SaSSM 

(R474L) 

SaSSM 

(R474L) 

SaSSM 

(Y539W) 

Substrate [5/4] [4/5] [7/5] 

(E,E)-FPP 0.34 ± 0.00 2.93 ± 0.03 0.91 ± 0.00 

4,4-2H2-( E,E)-FPP 0.95 ± 0.00 1.06 ± 0.00 0.37 ± 0.00 

13,13,13-2H3-(E,E)-FPP 0.09 ± 0.00 10.91 ± 0.07 1.80 ± 0.00 

4,4,13,13,13-2H5-(E,E)-FPP 0.34 ± 0.01 2.90 ± 0.04 0.58 ± 0.00 

5,5-2H2-(E,E)-FPP 0.37 ± 0.00 2.70 ± 0.01 0.87 ± 0.02 

1,1-2H2-(E,E)-FPP 0.32 ± 0.00 3.16 ± 0.02 0.93 ± 0.01 

2-2H1-(E,E)-FPP 0.36 ± 0.01 2.75 ± 0.04 1.00 ± 0.01 

2,6-2H2-(E,E)-FPP 0.35 ± 0.00 2.83 ± 0.01 0.97 ± 0.00 
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encountered in the biosynthesis of 3. Cation IIA subsequently underwent C2-C7 closure 

(path d’, Scheme 3.3.1) to produce the characteristic bicyclo[3,1,1]heptane intermediate 

(IIIA) with a carbocation at C3, which was referred to as ‘endo-bergamotyl cation’. 

Further, IIIA encountered deprotonation from C4 to quench the C3 carbocation and 

result in the final product 7 with a C3-C4 π-bond, analogous to that observed in case of 

4. Incubation of [4,4-2H2]-14 and [4,4,13,13,13-2H5]-14 with Y539W-SaSS mutant 

resulted in [4-2H]-7 and [4,13,13,13-2H4]-7, which exhibited a shift of molecular ion 

peak [M]+ from m/z 204.1 to m/z 205.1 and m/z 208.1, respectively, as deduced from 

GC-MS spectral analysis. Incubations with other analogues of 14 labelled at C1, C2, 

C5, C6 and C13 resulted in the retention of all the deuterium labels. The fragmentation 

pattern of 7 (Fig. A4.54 to A4.61) was similar to that observed for 4 demonstrating loss 

of a proton from C4 in the formation of 7 (Scheme 3.3.4). 

The rate of biosynthesis of 5 formed from the intermediate II was compared 

with that of 7, also formed through the same intermediate, following a similar path as 

that of 4, but after an energy-feasible bond rotation around C6-C7 (Scheme 3.3.1). The 

product ratio, [7/5] was compared in incubations of 14 and [4,4-2H2]-14 with Y539W-

SaSS mutant. When the substrate 14 was replaced with [4,4-2H2]-14, GC analysis of the 

assay products revealed a decrease in the ratio [7/5] from 0.91 to 0.37 demonstrating a 

KIE, [(7/5)H/(7/5)D] = 2.45 (Table 3.3.3). These results indicate that III and IIIA are 

interconvertible through II with C6-C7 bond rotations, while the sesquiterpene 7 is 

formed through deprotonation at C4 of IIIA (Scheme 3.3.1). 

 

3.3.2.5. Biosynthesis of Monocyclic sesquiterpenes (8, 9, and 10): 

As discussed in previous sections, bridged polycyclic sesquiterpenes (santalenes and 

bergamotenes) are derived from successive rearrangements and cyclizations of endo-

conformations of bisabolyl carbocation (II). On the other hand, exo- conformations 

(IIB) of bisabolyl carbocation are conformationally rigid and are impotent towards 

bicyclization due to remoteness of C7 cation from C2-C3 π-bond, which does not allow 

its rearrangement to bergamotyl cation (III). Nevertheless, these conformations give 

rise to a spectrum of rearranged products and thus experience a series of hydride shifts 

and deprotonations, ultimately resulting in mutually competing monocyclic 

sesquiterpenes such as curcumenes and zingiberene. The exo-bisabolyl cation (chair 

conformation) can either directly emerge from exo-anti cyclization of nerolidyl cation 

or by flipping of endo-conformer (boat conformation) that involves crossing a low 
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energy barrier passing through homo-bisabolyl cation (half-chair conformation). 

Incubation of 14 with I422A-SaSS mutant yielded monocyclic sesquiterpene products, 

β-curcumene (8, 64.3%), γ-curcumene (9, 13.6%), and α-zingiberene (10, 1.7%), along 

with other sesquiterpenes, 1 (1.6%), 2 (2.1%), 4 (11.5%), 6 (3.4%), and 7 (1.7%). 

 

Table 3.3.3. Variation of the distribution of major sesquiterpene products obtained from 

incubations of SaSS mutants with labelled analogues of 14. The ratios of the products 

were tabulated from the GC-FID response analysis of the hexane extracts of the reaction 

mixturesa. Key: exo-α-bergamotene (4), (E)-β-farnesene (6), β-curcumene (8), γ-

curcumene (9), and α-zingiberene (10). 

a Each value is an average of two independent incubations under identical conditions. 

Biosynthesis of curcumenes (8 and 9) initiates from ionization of 14, followed 

by C1-C6 cyclization of I forming IIB. A 1,2-hydride shift in IIB from C6 to C7 

produced homo-bisabolyl cation (VII) with a carbocation at C6 which consequently 

followed direct deprotonations from C1 or C5, depending on the interactions of 

carbocation with interacting amino acid residues, yielding β-curcumene (8) or γ-

curcumene (9), respectively. When 14 was incubated with mutant I422A-SaSS, 8 (65%) 

and 9 (13%) were two of the products formed in major and both displayed a molecular 

ion peak [M]+ at m/z 204.1. Assays using labeled derivatives of 14 were carried out with 

mutant I422A-SaSS to study the loci of labels in the emanating products. The deuterated 

product [1,1-2H2]-8 resulting from enzymatic assay of [1,1-2H2]-14 with mutant I422A-

KIE calculated in 
SaSSM 

(L427A) 

SaSSM 

(I422A) 

SaSSM 

(I422A) 

SaSSM 

(I422A) 

Substrate [6/4] [8/4] [8/9] [9/8] 

(E,E)-FPP 0.65 ± 0.01 5.03 ± 0.04 4.71 ± 0.02 0.21 ± 0.00

4,4-2H2-( E,E)-FPP 0.71 ± 0.01 5.36 ± 0.05 4.58 ± 0.01 0.22 ± 0.00

13,13,13-2H3-(E,E)-FPP 0.14 ± 0.01 5.77 ± 0.29 5.38 ± 0.06 0.19 ± 0.00

4,4,13,13,13-2H5-(E,E)-
FPP 

0.19 ± 0.01 4.73 ± 0.11 4.48 ± 0.06 0.22 ± 0.00

5,5-2H2-(E,E)-FPP 0.58 ± 0.00 3.93 ± 0.25 2.47 ± 0.01 0.40 ± 0.00

1,1-2H2-(E,E)-FPP 0.66 ± 0.01 4.41 ± 0.05 11.92 ± 0.49 0.08 ± 0.00

2-2H1-(E,E)-FPP 0.54 ± 0.00 4.54 ± 0.03 4.44 ± 0.03 0.23 ± 0.00

2,6-2H2-(E,E)-FPP 0.54 ± 0.00 2.31 ± 0.06 6.09 ± 0.31 0.16 ± 0.01
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SaSS showed a molecular ion peak at m/z 206.2 containing both the deuterium atoms as 

were in the substrate, but from [5,5-2H2]-14 incubations, the monodeuterated product 

[5-2H1]-8 showed a molecular ion peak at m/z 205.2. An increment of one mass unit in 

[5-2H1]-8 when compared with 8 from the unlabeled substrate (m/z 204.1) also 

corresponded to the elimination of a deuterium from C5 due to creation of a C5-C6 π-

bond. The presence of deuterium atoms was revealed from GC-MS fragmentation 

analysis of analogues of 8, which displayed shift of ions from m/z 204.2 [M]+, 189.2, 

161.1, 119.1 (100%), 93.1, and 69.0 (Fig. A4.62) to m/z 205.2 [M]+, 190.1, 162.1, 120.1 

(100%), 94.0, and 69.0 for [5-2H1]-8 (Fig. A4.66) and to m/z 206.2 [M]+, 191.2, 163.1, 

120.1 (100%), 95.1 and 69.0 for [1,1-2H2]-8 (Fig. A4.67). Deuterium atoms at C4, C13 

and C2 were observed to be unaffected. 

On the similar lines, when [1,1-2H2]-14 was incubated with SaSS-mutant 

(I422A), the labeled product [1-2H1]-9 containing only one deuterium displayed a shift 

of molecular ion peak to m/z 205.2, while with the substrate [5,5-2H2]-14, the molecular 

ion peak for the resultant product [5,5-2H2]-9 shifted to m/z 206.2 containing both the 

deuterium atoms as were in the substrate. Thus, loss of a deuterium from C1 quenched 

the cation VII with concomitant construction of a C1-C6 π-bond. GC-MS analysis 

informed the shift of ion fragments from m/z 204.2 [M]+, 189.2, 161.2, 119.1 (100%), 

93.0, and 69.0 (Fig. A4.70) obtained for 9 to m/z 205.1 [M]+, 190.1, 162.1, 120.1 

(100%), 94.0, and 69.1 for [1-2H1]-9 (Fig. A4.75) and to m/z 206.2 [M]+, 191.1, 163.1, 

123.1 (100%), 95.0 and 69.1 for [5,5-2H2]-9 (Fig. A4.74). Deuterium atoms at C4, C13 

and C2 were analyzed to be unaffected. 

It is however possible that 9 is biosynthesized by hydride shift from C1→C7, a 

1,3 hydride shift commonly observed in terpene biosynthesis, followed by 

deprotonation from C6 to form C1-C6 π-bond. Similarly, biosynthesis of 8 is possible 

through hydride shift from C5→C7, followed by deprotonation from C6 to form C5-C6 

π-bond. A shift of molecular ion, from m/z 204.1 displayed for both unlabelled 

monocyclic sesquiterpene products, [1-2H1]-9 and [5-2H1]-8, to m/z 205.2 as explained 

above, abolished the possibility of hydride migration from C1 or C5, else the molecular 

ions containing both the deuterium atoms should have showed [M]+ at m/z 206.2, the 

dideuterated products. Coherently, shift of the diagnostic fragment at m/z 93.1 arising 

from the cyclohexadienyl unit in the unlabeled products, 8 and 9, to m/z 94.1 in labelled 

products [2,7-2H2]-8 and [2,7-2H2]-9, arising from incubations of [2,6-2H2]-14 

supported the deuteride shift from C6→C7, subsequently resulting in cation VII 
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(Scheme 3.3.5). Further, the molecular ion at m/z 204.1 for unlabelled 8 and 9 shifted to 

m/z 206.1 for both [2,7-2H2]-8 (Fig. A4.69) and [2,7-2H2]-9 (Fig. A4.77), demonstrating 

the presence of both the deuterium atoms. 

 

Scheme 3.3.5. Labeled analogues of β-curcumene (8), γ-curcumene (9), α-zingiberene 

(10), and (E)-β-farnesene (6) obtained from incubation of 14, [1,1-2H2]-14, [5,5-2H2]-

14, [4,4-2H2]-14, [2,6-2H2]-14 and [13,13,13-2H3]-14 with SaSS-mutants. 
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The hydride shift, C6→C7 was further corroborated by comparing the product 

ratio [8/4] in the incubations of 14 and [2,6-2H2]-14 with mutant I422A-SaSS. On 

substituting the substrate 14 with [2,6-2H2]-14, the ratio [8/4] decreased from 5.03 to 

2.31, whereas the product ratio [8/4] with substrate [2-2H1]-14 changed to 4.54, a very 

minor and negligible change (Table 3.3.3). The large value of KIE, [(8/4)H/(8/4)D]= 

2.18, indicated that biosynthesis of 4 (as explained in previous sections) does not 

involve any hydride migration from C6, but that of 8 and 9 showed C6→C7 hydride 

migration. These observations visualized the mechanisms in the biosynthesis of 8 and 9 

as shown in scheme 3.3.1. 

The monocyclic sesquiterpenes 8 and 9 were biosynthesized from the common 

intermediate VII followed by independent deprotonations from different carbon centres. 

This hypothesis was analyzed by considering the product ratio [8/9] and [9/8] in 

incubations of differentially labeled substrates with mutant I422A-SaSS. The product 

ratio [8/9]H= 4.71 from incubation with 14 decreased to [8/9]D= 2.47 for incubation with 

[5,5-2H2]-14. The 1.91 fold decrease in the ratio [8/9]H/[8/9]D corresponded for the 

intrinsic deuterium KIE arising due to cleavage of C-D bond at C5, while formation of 8 

(Table 3.3.3). 

Similarly, product ratio [9/8] was monitored in the carbocationic cascades (p 

and q) from incubation of various deuterium labeled substrates with mutant I422A-

SaSS. The product ratio [9/8]H= 0.21 from incubation of unlabeled 14, decreased to 

[9/8]D=0.08 observed for incubations of [1,1-2H2]-14, which indicated a large, 

[9/8]H/[9/8]D= 2.52 fold deuterium kinetic isotope effect which is in complete 

agreement with proton loss from C1 in the biosynthesis of 9 (Table 3.3.3). These 

product ratios established the divergence of pathways from the common intermediate 

VII leading to 8 and 9 and also informed about the extent of deprotonations from 

different carbon centres. 

In biosynthesis of α-zingiberene (10), the exo-bisabolyl cation undergoes 

hydride shift from C1 to C7 along with the shift of π-electron density from C2-C3 to 

form C1-C2 π-bond generating a carbocation at C3. Ultimate deprotonation from C4 

immediately follows in a fast step to form a new C3-C4 π-bond generating 10 (Scheme 

3.3.1). Incubations of [5,5-2H2]-14 with I422A-SaSS mutant generated [5,5-2H2]-10 

which contained two deuterium atoms, analyzed from a molecular ion peak at m/z 

206.1, while, that with [4,4-2H2]-14 resulted in [4-2H1]-10 with that at m/z 205.1 

containing only one deuterium, which supported the deprotonation from C4. A 
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prospective hydride shift from C4 to C7 and subsequent deprotonation from C5 to form 

C4-C5 π-bond with retention of C2-C3 π-bond was postulated by Kollner et al.109 On 

elucidation of the fragmentation pattern of 10, it was ascertained that the fragment 

appearing at m/z 93.0 corresponded to the cyclohexadienyl part structure which did not 

comprise of C7. Incubations with [5,5-2H2]-14 detected the shift of ion from m/z 93.0 

for 10 to m/z 95.0 for di-deuterated labelled product, indicating that the labels were not 

scrambled. Interestingly, in assays with [1,1-2H2]-14, the fragment shifted to m/z 94.0 

that contained only one deuterium due to C1→C7 hydride shift (in this case deuteride 

shift) and ruled out C4→C7 hydride shift. Above results indicated the biosynthetic 

pathway of 10. 

The monocyclic sesquiterpenes with skeletons similar to those of 8, 9 and 10 

find applications not only as fragrance and pheromone components, but have also been 

identified as biosynthetic alternatives to D2 diesel110 in energy sector. 

 

3.3.2.6. Biosynthesis of acyclic sesquiterpene, (E)-β-Farnesene (6): 

The cisoid conformers of nerolidyl cation (I) which were capable of undergoing 

cyclizations gave rise to structurally and strereochemically diverse sesquiterpene 

products. Conversely, the transoid conformers of I, which cannot undergo 1,6-

cyclization due to remoteness of the reacting centers, suffer deprotonations yielding 

acyclic and 1,4-eliminated products such as farnesenes. The semiochemical (E)-β-

farnesene, an acyclic sesquiterpene produced both by plants and animals111,112 is 

obtained through the regiospecific 1,4-conjugated elimination of hydrogen diphosphate 

(HOPP, i.e., inorganic pyrophosphate and a proton) from diphosphate 14.113 Elimination 

of a proton from C13 to form a new π-bond at C3-C13 accompanied by shift of C2-C3 

π-bond to terminal C1-C2 was monitored by incubating the labelled analogues of 14 

with mutant L427A-SaSS. Enzymatic assay of 14 with a single point mutant L427A-

SaSS, where leucine at 427 was replaced with alanine in SaSS, yielded three 

sesquiterpene products, which were identified as 1 (9.5%), 4 (57.3%), and 6 (33.2%). 

Incubation of 14 with the mutant L427A-SaSS delivered 6, that displayed a molecular 

ion peak [M]+ at m/z 204.1, while that with [13,13,13-2H3]-14 resulted in [13,13-2H2]-6 

with the shift of molecular ion to m/z 206.2, indicating  the presence of two deuterium 

atoms, but elimination of a deuterium from C13 when C3-C13 π-bond was formed. The 

presence of deuterium atoms in the labelled products was assigned from the GC-MS 

fragmentation pattern of the product. The mass ion fragments showed a shift from 204.1 
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[M]+, 189.1, 161.1, 133.0, 93.0, 69.0 (100%) for 6 (Fig. A4.46) to 206.1 [M]+, 191.2, 

163.1, 134.0, 95.0, 69.0 (100%) for the labelled product [13,13-2H2]-6 (Fig. A4.48). 

The product ratio [6/4] decreased from 0.65 to 0.14 when 14 was replaced with 

[13,13,13-2H3]-14 in the enzymatic assays with L427A-SaSS mutant. Mandatory 

dissociation of a deuteron from C13 resulted in the decreased rates for the formation of 

[13,13-2H2]-6 which supported a large kinetic isotope effect, [6/4]H/[6/4]D= 4.58. While 

in incubations of [13,13,13-2H3]-14 the flux was diverted towards the cyclic products, a 

small increase in the ratio, [6/4]H/[6/4]D= 1.09 fold did not favour the reverse reaction 

when [4,4-2H2]-14 was the substrate. This indicated that the formation of cyclic cation 

II from the acyclic precursor cation I was not reversible. Within the experimental limits, 

the product ratio 6/4 obtained from incubation with other labeled substrates was found 

to be the same (Table 3.3.3). Above analyses supported the biosynthetic pathway for 4, 

as shown in scheme 3.3.1. 
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3.3.3. Summary and Conclusion: 

This work using the multiproduct enzyme SaSS from S. album and its site specific 

mutants demonstrates viable mechanistic pathways for the formation of a structurally 

diverse group of sesquiterpene hydrocarbons including tricyclic (1), bicyclic (2, 3, 4, 5, 

7) monocyclic (8, 9, 10) and acyclic (6) skeletons. We validated our proposed 

biosynthetic pathway using specifically deuterium labeled analogues of the substrate, 

(E,E)-FPP (14), proceeding via initial ionization-isomerization to nerolidyl cation 

followed by a cascade of Wagner-Meerwein rearrangements of the emanating 

carbocations. Furthermore, our results emphasize the importance of proton transfer 

reactions in sesquiterpene biosynthesis and show how these reactions expand the 

versatility of terpene synthases capable of generating an array of product which play 

some of the vital roles in nature. Our analysis of the incubation experiments with (E,E)-

FPP and its deuterium labeled analogues at C1, C2, C4, C5, C6, and C13 catalyzed by 

SaSS enzymes, followed by GC-MS analysis of the generated un/labeled products gave 

us information about the loci of labels, thereby providing insights in the hydride 

migration and proton losses involved in course of the reaction cascade. Similarly, GC 

analysis of the ratio of products and the resulting kinetic isotope effects from above 

experiments explained about the tight control of enzymes in the reaction steps. 

Mechanistic insights in the biosynthesis of α-Santalene (1), β-Santalene (2), epi-β-

Santalene (3), exo-α-bergamotene (4), exo-β-bergamotene (5), (E)-β-farnesene (6), 

endo-α-bergamotene (7), β-curcumene (8), γ-curcumene (9), and α-zingiberene (10) 

from SaSS enzyme catalyzed reactions of the common linear substrate (E,E)-FPP (14) 

have been elaborated in scheme 3.3.6.  
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Scheme 3.3.6. Proposed mechanistic pathway for biosynthesis of sesquiterpenes (1-10) 

from (E,E)-FPP (14), catalyzed by SaSS enzymes. 
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3.3.4. Experimental: 

3.3.4.1. Reagents and chemicals: 

All the chemicals and deuterated reagents required for synthesis of substrates and buffer 

preparations were purchased from Sigma-Aldrich. Alkaline phosphatase was purchased 

from Sigma as its lyophilized stock. All the diphosphate salts were synthesized as 

mentioned in the procedure or as reported in the literature. HPLC grade solvents were 

used for extraction of the products from enzyme reaction mixtures. 

 

3.3.4.2. Enzyme assays: 

All the enzyme assays were performed in HEPES buffer constituting 25 mM HEPES, 5 

mM DTT, 10 mM MgCl2, 10% glycerol, pH 7.4. Alkaline phosphatase solution was 

prepared in 0.5 M glycine buffer, 5 mM ZnCl2, pH 10.5. For the enzymatic reaction, 

200 µM substrates were incubated with 20 µg purified and desalted proteins in HEPES 

buffer to a final volume of 0.5 mL and were incubated at 30 °C. GPP and IPP were 

incubated with SaFDS for 1 h which allowed the biosynthesis of (E,E-FPP). The 

cyclization reaction was initiated by addition of SaSS proteins to the same reaction 

mixture and incubation was continued for next 2 h. Positive control experiments were 

also carried out wherein, unlabeled substrates were incubated under similar conditions 

to those of labelled substrates. After reaction, the hydrocarbon products from SaSS 

assay were extracted with n-hexane (HPLC grade, Spectrochem) (3 × 1 mL). SaSS 

enzymes were not added to the ‘substrate control’ experiments and the isoprenoid 

diphosphates were hydrolysed to corresponding alcohols by addition of 80 µL of 0.5 M 

glycine buffer, pH 10.5, containing 5 mM ZnCl2 and 80 units of alkaline phosphatase 

from bovine intestinal mucosa (Sigma), followed by incubation at 37 °C for 2h. 

Alcohols formed after alkaline phosphatase treatments were extracted with tert-butyl 

methyl ether (t-BME) (3 × 1 mL). The combined organic extracts (hexane as well as t-

BME) were washed with equal volumes of DI water and dried by passing through a 1 × 

5 cm column of anhydrous Na2SO4. The organic phase was concentrated to ~50 µL with 

a stream of dry N2. 1 µL of the concentrated extract was injected in GC and GC-MS. All 

the sets were performed in duplicates and the percentage area values are mean of the 

two readings along with the deviations about mean. 
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3.3.4.3. GC and GC-MS analyses: 

The product extracts were analysed by GC on an Agilent 7890 instrument equipped 

with a hydrogen flame ionization detector and HP-5 capillary column (30 m × 0.32 mm 

× 0.25 μm, J & W Scientific). Nitrogen was used as carrier gas at a flow rate of 1 

mL/min. Column temperature was initialized from 70 °C, followed by a temperature 

gradient from 70 °C to 170 °C at 5 °C min-1 and finally to a temperature of 180 °C with 

a 15 °C min-1 rise and maintained for 5 min at 180 °C. The injector and detector 

temperatures were maintained at 220 °C and operated in splitless mode. Percentages of 

the products formed were calculated from the area under the peak corresponding to their 

FID responses. Determination of m/z values and the fragmentation analysis of all the 

products were performed on Agilent 5975C mass selective detector interfaced with 

Agilent 7890A gas chromatograph. GC-MS analyses were performed under similar 

conditions, but using a HP-5-MS capillary column (30 m × 0.32 mm × 0.25 μm, J & W 

Scientific) and helium as the carrier gas. The products formed were identified by 

analyzing their mass fragmentation pattern and comparison with NIST and Wiley mass 

spectral libraries. These were also confirmed by co-injecting with the standards 

synthesized chemically or purified from the large scale fermentations of (E,E)-FPP with 

the purified protein or from sources like natural oils. Santalenes and exo-α-bergamotene 

were purified from the terpene fraction of sandalwood oil. All the extractions were 

performed with HPLC grade n-hexane. All the purifications were performed on 5% 

AgNO3 coated silica gel with n-hexane. The purified sesquiterpenes were analyzed and 

confirmed from the spectral data which have been reported in our previous report. 

 

3.3.4.4. Spectral studies: 

Infrared (IR) spectra were recorded on a Shimadzu FTIR 8400 spectrophotometer. Mass 

spectra (MS) were recorded on an MSI 65 auto-concept UK with ionization energy 

70eV and on Waters make QTOF (Synapt-HDMS).Samples for nuclear magnetic 

resonance (NMR) analysis were prepared in appropriate solvents like D2O for 

diphosphate salts and CDCl3 for rest of the products. 1H, 13C and 31P NMR spectra were 

recorded at room temperature on Bruker DRX-500 (500MHz), Bruker AV-400 

(400MHz), Bruker AC-200 (200MHz) spectrometers. Chemical shifts are reported in 

parts per million, with respect to tetramethylsilane as the internal standard. 
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Table A4.1. GC distribution of sesquiterpene products from incubation of un/labelled (E,E)-FPP analogues with SaSSa.  

 
aall the assays were performed in duplicates. 

Substrate/ 
products 

α-Santalene 

(1) (%) 

β-Santalene 

(2) (%) 

epi-β-Santalene 

(3) (%) 

exo-α-Bergamotene 

(4) (%) 

exo-β-Bergamotene 

(5) (%) 

(E)-β-Farnesene 

(6) (%) 

(E,E)-FPP 40.46 ± 0.11 25.97 ± 0.34 3.73 ± 0.14 26.12 ± 0.25 2.60 ± 0.14 1.13 ± 0.03 

[4,4-2H2]-(E,E)-
FPP 

32.17 ± 0.18 42.45 ± 0.21 3.96 ± 0.13 17.85 ± 0.11 2.87 ± 0.05 0.72 ± 0.06 

[13,13,13-2H3]-
(E,E)-FPP 

48.71 ± 0.15 10.91 ± 0.06 3.76 ± 0.10 35.15 ± 0.06 1.16 ± 0.06 0.38 ± 0.04 

[4,4,13,13,13-
2H5]-(E,E)-FPP 

40.05 ± 0.48 17.03 ± 0.19 3.67 ± 0.06 37.45 ± 0.27 1.26 ± 0.04 0.16 ± 0.02 

[5,5-2H2]-(E,E)-
FPP 

41.08 ± 0.19 25.92 ± 0.23 3.30 ± 0.01 25.93 ± 0.10 2.79 ± 0.02 0.99 ± 0.04 

[1,1-2H2]-(E,E)-
FPP 

40.73 ± 0.28 27.00 ± 0.42 3.81 ± 0.02 24.80 ± 0.65 2.51 ± 0.05 1.18 ± 0.02 

[2-2H1]-(E,E)-
FPP 

42.31 ± 0.05 26.06 ± 0.01 3.17 ± 0.18 25.04 ± 0.25 2.55 ± 0.12 0.88 ± 0.01 

[2,6-2H2]-(E,E)-
FPP 

41.28 ± 0.10 24.78 ± 0.13 2.89 ± 0.01 27.46 ± 0.10 2.73 ± 0.04 0.86 ± 0.01 
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Table A4.2. GC distribution of sesquiterpene products from incubation of un/labelled (E,E)-FPP analogues with Y539W-SaSS mutant.a 

 

aall the assays were performed in duplicates 

Substrate/ 
products 

α-Santalene 

(1) (%) 

epi-β-Santalene 

(3) (%) 

exo-α-
Bergamotene 

(4) (%) 

exo-β-
Bergamotene 

(5) (%) 

(E)-β-
Farnesene 

(6) (%) 

endo-α-
Bergamotene 

(7) (%) 

(E,E)-FPP 9.66 ± 0.07 1.18 ± 0.01 31.27 ± 0.07 25.19 ± 0.05 9.90 ± 0.09 22.81 ± 0.04 

[4,4-2H2]-(E,E)-
FPP 

19.97 ± 0.01 1.08 ± 0.03 21.05 ± 0.17 34.85 ± 0.07 10.20 ± 0.11 12.87 ± 0.02 

[13,13,13-2H3]-
(E,E)-FPP 

12.73 ± 0.01 1.23 ± 0.06 45.37 ± 0.05 13.54 ± 0.04 2.76 ± 0.06 24.38 ± 0.05 

[4,4,13,13,13-
2H5]-(E,E)-FPP 

25.22 ± 0.14 1.42 ± 0.07 32.42 ± 0.10 23.51 ± 0.02 3.82 ± 0.12 13.63 ± 0.01 

[5,5-2H2]-(E,E)-
FPP 

9.99 ± 0.39 1.16 ± 0.12 29.64 ± 0.01 26.31 ± 0.64 9.92 ± 0.09 23.00 ± 0.05 

[1,1-2H2]-(E,E)-
FPP 

8.63 ± 0.09 0.75 ± 0.00 35.75 ± 0.33 25.37 ± 0.06 5.99 ± 0.59 23.52 ± 0.23 

[2-2H1]-(E,E)-
FPP 

8.76 ± 0.11 1.38 ± 0.00 31.57 ± 0.22 23.76 ± 0.01 10.70 ± 0.01 23.80 ± 0.15 

[2,6-2H2]-(E,E)-
FPP 

7.43 ± 0.27 0.96 ± 0.07 28.94 ± 0.20 26.68 ± 0.11 10.21 ± 0.09 25.78 ± 0.11 
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Table A4.3. GC distribution of sesquiterpene products from incubation of un/labelled (E,E)-FPP analogues with R474L-SaSS mutant.a 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

aall the assays were performed in duplicates 
  

Substrate/ products 

exo-α-
Bergamotene 

(4) (%) 

exo-β-Bergamotene 

(5) (%) 

(E,E)-FPP 74.55 ± 0.19 25.46 ± 0.20 

[4,4-2H2]-(E,E)-
FPP 

51.37 ± 0.09 48.64 ± 0.09 

[13,13,13-2H3]-
(E,E)-FPP 

91.60 ± 0.05 8.40 ± 0.05 

[4,4,13,13,13-2H5]- 
(E,E)-FPP 

74.37 ± 0.26 25.63 ± 0.26 

[5,5-2H2]-(E,E)-
FPP 

72.98 ± 0.07 27.03 ± 0.06 

[1,1-2H2]-(E,E)-
FPP 

75.99 ± 0.11 24.02 ± 0.11 

[2-2H1]-(E,E)-FPP 73.35 ± 0.31 26.66 ± 0.32 

[2,6-2H2]-(E,E)-
FPP 

73.91 ± 0.08 26.10 ± 0.07 



Chapter	3	
 

Ph.	D.	Thesis,	Pankaj	P.	Daramwar	 265	
 

Table A4.4 GC distribution of sesquiterpene products from incubation of un/labelled (E,E)-FPP analogues with L427A-SaSS mutant.a 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

aall the assays were performed in duplicates 
 

  

Substrate/ 
products 

α-Santalene 

(1) (%) 

exo-α-Bergamotene 

(4) (%) 

(E)-β-Farnesene 

(6) (%) 

(E,E)-FPP 8.69 ± 0.30 55.43 ± 0.18 35.89 ± 0.48 

[4,4-2H2]-(E,E)-
FPP 

9.07 ± 0.18 53.16 ± 0.19 37.78 ± 0.37 

[13,13,13-2H3]-
(E,E)-FPP 

13.60 ± 0.08 75.70 ± 0.55 10.71 ± 0.46 

[4,4,13,13,13-
2H5]-(E,E)-FPP 

12.40 ± 0.09 73.73 ± 0.47 13.88 ± 0.55 

[5,5-2H2]-(E,E)-
FPP 

7.89 ± 0.00 58.73 ± 0.01 33.78 ± 0.01 

[1,1-2H2]-(E,E)-
FPP 

9.64 ± 0.12 54.29 ± 0.12 36.08 ± 0.23 

[2-2H1]-(E,E)-FPP 6.87 ± 0.18 60.54 ± 0.29 32.60 ± 0.11 

[2,6-2H2]-(E,E)-
FPP 

6.60 ± 0.09 60.81 ± 0.08 32.60 ± 0.16 
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Table A4.5 GC distribution of sesquiterpene products from incubation of un/labelled (E,E)-FPP analogues with I422A-SaSS mutant.a 
 

aall the assays were performed in duplicates 

Substrate/ 
products 

α-Santalene 

(1) (%) 

β-Santalene 

(2) (%) 

exo-α-
Bergamotene 

(4) (%) 

(E)-β-
Farnesene 

(6) (%) 

endo-α-
Bergamotene 

(7) (%) 

β-Curcumene 
(8) % 

γ-Curcumene 
(9) (%) 

α-
Zingiberene 

(10) (%) 

(E,E)-FPP 1.45 ± 0.01 1.81 ± 0.07 12.84 ± 0.07 3.59 ± 0.02 1.69 ± 0.01 64.51 ± 0.20 12.80 ± 0.11 1.34 ± 0.05 

[4,4-2H2]-
(E,E)-FPP 

1.42 ± 0.02 2.04 ± 0.01 11.95 ± 0.12 3.48 ± 0.07 1.68 ± 0.03 64.02 ± 0.07 13.98 ± 0.01 1.46 ± 0.04 

[13,13,13-
2H3]-(E,E)-

FPP 
2.09 ± 0.06 1.51 ± 0.02 11.80 ± 0.47 0.92 ± 0.10 1.84 ± 0.11 67.95 ± 0.74 12.64 ± 0.02 1.27 ± 0.01 

[4,4,13,13,13-
2H5]-(E,E)-

FPP 
1.73 ± 0.05 1.27 ± 0.05 13.59 ± 0.32 1.13 ± 0.01 2.05 ± 0.02 64.22 ± 0.01 14.35 ± 0.20 1.68 ± 0.03 

[5,5-2H2]-
(E,E)-FPP 

1.45 ± 0.03 1.64 ± 0.09 13.65 ± 0.72 3.76 ± 0.06 2.17 ± 0.11 53.53 ± 0.52 21.67 ± 0.28 2.15 ± 0.02 

[1,1-2H2]-
(E,E)-FPP 

1.81 ± 0.02 1.86 ± 0.04 15.53 ± 0.17 3.29 ± 0.03 2.42 ± 0.01 68.53 ± 0.02 5.76 ± 0.24 0.84 ± 0.02 

[2-2H1]-(E,E)-
FPP 

0.97 ± 0.02 0.89 ± 0.03 13.61 ± 0.09 3.51 ± 0.07 2.20 ± 0.05 61.82 ± 0.04 13.92 ± 0.07 3.11 ± 0.06 

[2,6-2H2]-
(E,E)-FPP 

2.15 ± 0.06 2.88 ± 0.07 23.17 ± 0.22 4.28 ± 0.11 3.32 ± 0.14 53.41 ± 0.80 8.79 ± 0.32 2.02 ± 0.14 
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Figure A4.1. GC traces of products of SaSS with deuterium un/labeled (E,E)-FPP 
analogues; 1: α-Santalene, 2: β-Santalene, 3: epi-β-Santalene, 4: exo-α-Bergamotene, 5: 
exo-β-Bergamotene 6: (E)-β-Farnesene,. 
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