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Rationale: Derivatization with dimethyl disulfide (DMDS) followed by gas

chromatography/mass spectrometry (GC/MS) analysis is a well-established method

for locating double-bond position on the alkyl chain of mono-unsaturated

compounds such as alkenes. For alkenes containing more than one double bond,

however, the conventional DMDS derivatization approach forms poly- or cyclized

DMDS adducts whose mass spectra are difficult to interpret in terms of double-bond

positions. In this study, we report an efficient experimental procedure to produce

mono-DMDS adducts for polyunsaturated alkenes with two to six double bonds.

GC/MS analyses of these mono-DMDS adducts yield highly characteristic mass

fragments, allowing unambiguous assignments of double-bond positions on the alkyl

chain. We also apply our new approach (i.e., preferential formation of mono-DMDS

adducts during derivatization with DMDS) to determine the double-bond positions

of unsaturated alkenes produced by laboratory cultured Isochrysis litoralis, a

haptophyte algal species.

Methods: Alkenes from different sources were derivatized with DMDS at 25�C for

20 to 160 min. The mass spectra of mono-DMDS adducts were obtained by

GC/EI-MS analysis of reaction products which contain chromatographically resolved

mono-DMDS adducts.

Results: Mass spectra of corresponding mono-DMDS adducts contain prominent

diagnostic ions that allow a conclusive elucidation of double-bond positions. In

culture samples of Isochrysis litoralis, a series of novel mono- to tri-unsaturated C31

alkenes (9-C31:1, 6,9-C31:2, 6,22-C31:2, 6,25-C31:2, 9,22-C31:2, 6,9,25-C31:3) were

discovered for the first time.

Conclusions: A highly efficient DMDS derivatization approach is developed to yield

abundant mono-DMDS adducts of polyunsaturated alkyl alkenes for elucidating

double-bond positions using GC/MS.

1 | INTRODUCTION

Elucidation of double-bond positions on the alkyl chain in

unsaturated lipids is fundamental in natural product and synthetic

organic chemistry.1,2 Iodine (I2)-catalyzed addition reaction between

double bonds and dimethyl disulfide (DMDS) represents a

convenient one-pot derivatization for unsaturated compounds for

locating the double-bond positions on the alkyl chain.3–8 The

resulting adducts yield highly diagnostic ions caused by the cleavage

of single bonds between carbon atoms adducted with CH3S groups

in electron ionization (EI) mass spectrometry. The DMDS reaction

has been used to determine double-bond positions in various fatty
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acids7,9–11 and alkenes.5,12 Traditionally, the reaction between

DMDS and unsaturated compounds was performed under heated

conditions for an extended period of time (e.g., 40�C for 4 h or

overnight) to ensure all double bonds are fully derivatized.3–7,13–15

For polyunsaturated molecules, however, such reaction conditions

lead to the formation of poly- (and/or cyclized) DMDS adducts.13,16

The significantly increased molecular weights of poly-DMDS adducts

greatly increase the boiling points of the derivatized products,

making them less amenable for gas chromatographic (GC) analysis,

especially for relatively high molecular weight target compounds.

More importantly, mass spectra of the corresponding cyclized or

poly-DMDS adducts are often hard to interpret in terms of double-

bond positions due to the low abundance of diagnostic ions and

numerous fragmentation possibilities.17 Therefore, the application of

the DMDS reaction has been largely limited to mono-unsaturated

compounds.3,4,7,15

Recently, we demonstrated that by reducing reaction time,

temperature and I2 catalyst-to-sample ratios, desirable amounts of

mono-DMDS adducts can be obtained for polyunsaturated long-

chain (C37 to C42) ketones with up to five double bonds.1,17–20 Such

mono-DMDS adducts have significantly lower molecular weights

than the corresponding cyclized or poly-DMDS adducts and are thus

well suitable for GC/MS analysis. They also provide highly specific

diagnostic ions in mass spectra that allow unambiguous identification

of all double-bond positions. With such method, we have

successfully identified double-bond positions in a series of novel

methyl-branched long-chain unsaturated ketones (e.g., penta-

unsaturated long-chain ketones with double bonds located at Δ4, Δ7,

Δ14, Δ21 and Δ28, numbering from the carbonyl group),18 as well as

novel C36 shorter-chain unsaturated ketones from Emiliania huxleyi

algal cultures.1

In this paper, we demonstrate the efficacy of forming mono-

DMDS adducts on a series of polyunsaturated alkenes with two to

six double bonds for the determination of double-bond positions on

the alkyl chains. As an example of application to natural product

organic chemistry, we also determined the double-bond positions in

long-chain alkenes produced by Isochrysis litoralis (I. litoralis, a

species in the order Isochrysidales of the Haptophyte algae) for the

first time.

2 | MATERIALS AND METHODS

2.1 | Chemicals

All solvents were HPLC grade from Fisher Scientific (USA). Diethyl

ether (>99%), dimethyl disulfide (>98%), iodine (>99.8%), sodium

thiosulfate (>99%) and sodium sulfate (anhydrous, >99%) were

purchased from Sigma Aldrich (USA). 7(Z),11(Z)-Nonacosadiene

(C29H56) (>98%) was purchased from Cayman Chemical (USA).

1,5,9,13-Tetradecatetraene (C14H22) (>95%, containing cis/trans-

isomers) was purchased from Alfa Aesar (USA). Squalene (C30H50)

(>98%) was purchased from MP Biomedicals (France).

2.2 | Culture experiments and extraction of
alkenes

I. litoralis AC18 was obtained from the Algobank-Caen. Culture

growth conditions and harvesting procedure followed those reported

by Liao et al.21,22 I. litoralis was acclimatized for 2 weeks before the

start of the corresponding culture experiments with f/2 medium at

15�C.23 The f/2 medium was prepared from seawater collected from

Vineyard Sound, Woods Hole, MA, USA, at a salinity of 32 ppt

(filtered using a 0.2 μm Whatman nylon membrane filter and then

autoclaved). The culture experiment was performed under a light:dark

cycle set at 16:8. The light intensity was 140 μE m�2 s�1. The culture

was harvested at the early stationary phase (monitored using

hemocytometer counts; Hausser Scientific, PA, USA) by filtering onto

0.7 μm glass fiber filters (Merck Millipore, MA, USA). All filters were

wrapped with aluminum foil and immediately frozen at �20�C.21

Filters of culture samples were freeze-dried overnight and then

sonicated three times with dichloromethane (DCM, 3 � 30 min,

20 mL each time) for lipid extractions. Total extracts were divided into

three fractions using silica gel (230–400 mesh, 40–63 μm) in glass

pipettes, and eluted with 4 mL hexane, 4 mL DCM and 4 mL

methanol. Alkenes were in the hexane fraction.

2.3 | DMDS derivatization reaction

Mono-dimethyl disulfide (DMDS) adducts of alkenes were prepared

following our procedure reported previously by Richter et al17 and

Liao et al,18 but with two important modifications: (1) we set the

reaction temperature at 25�C (i.e., close to room temperature)

in order to further simplify the derivatization method; and

(2) we tested four different reaction durations (20, 40,

80, 160 min) for two compounds, (7(Z),11(Z)-nonacosadiene and

1,5,9,13-tetradecatetraene), at 25�C, in order to understand how

yields of mono-DMDS adducts change. About 100 μg alkenes were

dried and then dissolved in 50 μL hexanes. Then 40 μL iodine solution

(60 mg I2 in 1 mL Et2O) and 200 μL DMDS were added to initiate the

reaction. The reaction was performed at 25�C (room temperature) for

20 min for all alkenes studied in this work. Additional DMDS

reactions at 25�C for 40, 80 and 160 min were performed for

7,11-nonacosadiene and 1,5,9,13-tetradecatetraene. The reaction

was then stopped using 300 μL 5% sodium thiosulfate in deionized

water. Products were extracted using hexane. The organic phase was

transferred to a clean vial. Anhydrous sodium sulfate was added and

the mixture was allowed to sit for 30 s. The average yield for mono-

DMDS adducts was �19% when the reaction was performed at 25�C

for 20 min. The resulting hexane solutions were separated and

immediately analyzed by GC/flame ionization detection (FID) and

GC/MS.

Cyclized and poly-DMDS adducts of alkenes produced by

I. litoralis were prepared by reacting DMDS with alkenes at 50�C for

20 min. The following cleanup procedures were the same as the

procedure mentioned above.
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2.4 | GC analysis

Mono-DMDS adducts of derivatized alkenes were analyzed by GC-

FID (Agilent 7890B) and GC/EI-MS (Agilent 6890 interfaced to 5973

MSD) equipped with mid-polarity poly(trifluoropropylmethylsiloxane)

RTX-200 columns (105 m � 250 μm � 0.25 μm).21 For the analysis by

GC-FID, the carrier gas was hydrogen. Samples were injected in

pulsed splitless mode at 320�C. The initial pulse pressure was 35 psi

for the first 1 min. Then the purge flow to split vent was 35.0 mL/min

at 1.1 min. The flow rate (constant flow mode) was 1.5 mL/min. The

initial oven temperature was 45�C for 1 min, then increased to 255�C

at 20�C/min, then increased to 300�C at 1�C/min, then increased to

320�C at 10�C/min, and held for 120 min. For the analysis by GC/EI-

MS, samples were injected in pulsed splitless mode at 315�C. The

carrier gas used for GC/EI-MS was helium. The initial pulse pressure

was 35 psi for the first 1.0 min. The purge flow to split vent was

50 mL/min at 1.1 min. The flow rate (constant flow mode) was

1.5 mL/min. The initial oven temperature was 40�C for 1 min, then

increased to 255�C at 20�C/min, then increased to 300�C at 1�C/min,

then increased to 320�C at 10�C/min, and held for 120 min. Samples

were analyzed in full-scan mode (m/z 50–700).

3 | RESULTS AND DISCUSSION

3.1 | Reaction conditions to obtain mono-DMDS
adducts of polyunsaturated alkenes

Mono-DMDS adducts are transient products during the adduction

between DMDS and double bonds in polyunsaturated compounds.

Thus, with prolonged heating and relatively high reagent-to-sample

ratios, mono-DMDS products initially formed could further react with

more DMDS to form cyclized, poly-DMDS or even intermolecular

polymerized adducts.17 Therefore, in order to obtain relatively

large quantities of mono-DMDS adducts for elucidating double-

bond positions in polyunsaturated compounds, it is important to

use appropriate reaction conditions that would not cause over-

reaction and inadvertently diminish yields of transient mono-DMDS

products.

We have previously investigated the experimental parameters for

the production of mono-DMDS adducts in C37 to C42 long-chain

unsaturated alkyl ketones containing up to five double bonds.17,18

Due to the excessively high molecular weights of our target

compounds, only mono-DMDS adducts of these unsaturated ketones

would be amenable for GC/MS analysis (poly-DMDS adducts would

have too high molecular weights to pass through GC columns). The

main finding from our previous experiment is that the DMDS reaction

rate decreases with decreasing I2 amount and reaction temperature.17

In order to preferentially form mono-DMDS adducts, it is important to

reduce, rather than increase the reaction rate, so that the reaction can

be stopped at the desired point when mono-DMDS adducts, which

are transient products in nature, are formed in high abundance for

elucidating double-bond positions. The majority of the previous

DMDS derivatization procedures, in contrast, have aimed (in our

opinion, mistakenly) to derivatize all double bonds, and therefore

adopted excessive heating (e.g., 40�C or higher temperatures),

prolonged reaction time (e.g., overnight) and with a relatively large

amount of I2 catalyst (up to �20 mg/mL, with I2/substrate mole ratio

up to �8000).5,7,15 When we applied similar reaction conditions for

long-chain unsaturated ketones, our reaction products were almost

entirely composed of poly-DMDS adducts that did not elute

through the conventional GC columns at all.17,18 In contrast, we

successfully obtained sufficient amounts of mono-DMDS adducts

of long-chain alkenones by significantly reducing reaction

temperature, time and iodine concentration. The highest yield was

obtained at room temperature for 160 min (23%) or 0�C for

250 min (22.6%) with I2 concentration at �8 mg/mL (I2/substrate

mole ratio at �150).17

In this study, we further tested the impact of different

reaction durations on the yield of mono-DMDS adducts

for di-unsaturated 7,11-nonacosadiene and tetra-unsaturated

1,5,9,13-tetradecatetraene at 25�C (room temperature), using the

same reagent ratios as reported previously (Figure S1, supporting

information).17,18 Our primary goal is to identify a convenient and

efficient reaction condition to yield sufficient mono-DMDS adducts

for structural elucidation using GC/MS. A temperature of 25�C was

selected as it is close to room temperature in most chemical

laboratories; hence no heating or cooling is required. Under this

temperature, we did not observe significant formation of cyclized or

poly-DMDS adducts for alkenes studied in this work.

The yield of mono-DMDS adducts for 7,11-nonacosadiene

increased from 28% to 54% with increasing reaction times of 20, 40,

80 and 160 min (Figure S1a, supporting information). On the

other hand, the highest yield of mono-DMDS adducts for

1,5,9,13-tetradecatetraene was obtained when the reaction was

performed for 80 min (32%). A further increase in the reaction time to

160 min decreased the yield to 7.9% (Figure S1b, supporting

information). Our results suggest that reaction times to achieve

maximum yields of mono-DMDS adducts are dependent on the target

molecules. A shorter reaction time is likely favorable for obtaining

higher yields of mono-DMDS adducts for alkenes with more double

bonds. However, for analytical purposes, we argue that it is not

critical to always achieve the highest yields for every compound,

since mono-DMDS adducts are well resolved chromatographically

from unreacted compounds and poly-DMDS adducts by GC. Thus,

obtaining high-quality mass spectra of mono-DMDS adducts does

not always require obtaining the highest yield of mono-DMDS

adducts. Rather, our goal is to identify an efficient and convenient

reaction condition (e.g., room temperature, relatively fast

derivatization) that will allow us to obtain sufficiently large amounts

of mono-DMDS adducts for structural elucidation using GC/MS. It is

possible that higher yields of mono-DMDS adducts can be obtained

at different temperatures/reaction time/I2 amount, but we did not

carry out additional experiments to identify (nor do we think it

necessary) the condition that would maximize the production of

mono-DMDS adducts for all compounds studied. Nevertheless, when
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applying the procedure to unknown target molecules, we

recommend testing a few different reaction times at room

temperature to ensure that the yield of mono-DMDS adducts is

sufficiently high for GC/MS analysis.

3.2 | Mono-DMDS adducts of di-unsaturated
7,11-nonacosadiene

3.2.1 | Derivatization of 7,11-nonacosadiene

Carlson et al investigated the DMDS adduction of 7(Z),11(Z)-

nonacosadiene at 40�C for 4 h, with an I2/substrate mole ratio of

�2000.5 The primary product formed under such reaction conditions

was a cyclized DMDS adduct, the intended product of derivatization.

However, mass spectra of the cyclized adducts are generally difficult

to interpret in terms of double-bond positions due to the involvement

of multiple fragmentation patterns and relatively low abundances of

diagnostic ions. Production of cyclized DMDS adducts of

polyunsaturated alkenes may also lead to complex chromatograms

even for a single target compound, because of the formation of

cyclized adducts with different ring sizes.24,25 Interestingly,

Carlson et al mentioned that mono-DMDS adducts of 7(Z),11(Z)-

nonacosadiene were also obtained as the by-products of

the derivatization procedure, presumably undesirable ones.5

Unfortunately, the reaction yields and chromatographic resolution of

the mono-DMDS adducts were not reported, and the potential for

using the mono-DMDS adducts to elucidate double-bond positions

through GC/MS analyses was not explored.

Through reacting at 25�C for 20 min, we achieved a relatively

good yield (28%) for mono-DMDS adducts of 7,11-nonacosadiene,

which allows us to obtain high-quality mass spectra to study their

fragmentation patterns. We identified four peaks in the

chromatogram, with a partial co-elution between peaks 3 and

4 (Figure 1b). Peak 1and peak 4 share a similar fragmentation pattern,

corresponding to the adduct at the C-7 position, while mass spectra

of peak 2 and peak 3 share a similar fragmentation pattern,

corresponding to the adduct at the C-11 position (Figure S3,

supporting information). The existence of additional mono-DMDS

adducts at peak 3 and peak 4 is related to the impurities of the 7(Z),11

(Z)-nonacosadiene standard. When we analyzed the 7(Z),11(Z)-

nonacosadiene standard, we found two peaks that eluted slightly

earlier than the dominant 7(Z),11(Z)-nonacosadiene (Figure 1a). The

similarity of their mass spectra to that of 7(Z),11(Z)-nonacosadiene

suggests that these two peaks are geometric isomers of

7,11-nonacosadiene containing trans-double bonds (Figure S2,

supporting information). Our measured purity of 7(Z),11(Z)-

nonacosadiene based on our GC-FID analysis is �91%, lower than the

manufacturer-stated purity of 98%. Based on our data, we assign

peak 1 and peak 2 to mono-DMDS adducts of 7(Z),11(Z)-

nonacosadiene, while peak 3 and peak 4 correspond to mono-DMDS

adducts of 7,11-nonacosadiene containing trans-double bonds

(Figure S3, supporting information).

3.2.2 | Mass spectral interpretation of mono-
DMDS adducts of 7,11-nonacosadiene

Mass spectra of mono-DMDS adducts exhibit low-abundance

molecular ions at m/z 498, but with strong [M � 47]+ ions at m/z

451 due to a loss of CH3S and at m/z 403 [M � 95]+ due to a further

loss of a CH3SH group (Figures 1c and 1d). Similar fragmentation

F IGURE 1 Gas chromatograms showing the distribution of
compounds a, before and b, after DMDS reaction of
7,11-nonacosadiene. The DMDS reaction was performed at 25�C for

20 min. The peak labelled with * is a phthalate contaminant. Mass
spectra of mono-DMDS adducts of c, peak 1 and d, peak 2 for
7,11-nonacosadiene. Ion fragments related to double-bond positions
are highlighted
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patterns have previously been observed in mono-DMDS adducts of

long-chain ketones.17 The mass spectrum of peak 1 contains

characteristic ions at m/z 145 and 353 caused by the cleavage of the

single bond between carbon atoms carrying CH3S groups (Figure 1c).

This suggests the DMDS adduct at the C-7 position. On the other

hand, the mass spectrum of peak 2 contains characteristic ions at m/z

199 and 299, corresponding to the double bond at the C-11 position

(Figure 1d). The ion at m/z 151 was generated through a further loss

of a CH3SH group from the ion at m/z 199. Such further loss of a

CH3SH group from key fragment ions has been widely reported in

different types of DMDS adducts (mono-, poly- or cyclized DMDS

adducts) of unsaturated compounds.5,13,17,18 Interestingly, we notice

that in the mass spectrum of the adduct at the C-7 position

(Figure 1c), the ion at m/z 145 has higher abundance than the ion at

m/z 353, while in the mass spectrum of the adduct at the C-11

position (Figure 1d), the ion at m/z 299 is higher in abundance than

the ion at m/z 199. This suggests that the charge is more likely to be

retained on the fragment with fewer double bonds during the

ionization process.

3.3 | Mono-DMDS adducts of tetra-unsaturated
1,5,9,13-tetradecatetraene

3.3.1 | Derivatization of 1,5,9,13-tetradecatetraene

For polyunsaturated compounds with three or more double bonds,

the traditional DMDS method that aims to derivatize all double bonds

is generally considered unfeasible due to the formation of high

molecular weight poly-DMDS adducts that may not permit GC/MS

analysis. As one alternative solution, partial hydrogenation of samples

into mono-unsaturated compounds has been applied before

subsequent DMDS reaction.9–11 This solution avoids the formation of

cyclized or poly-DMDS adducts. However, the isolation and

purification of mono-unsaturated compounds from a mixture of

partially hydrogenated products require use of a chromatography

column packed with silver nitrate silica gel, which is often

cumbersome and can greatly increase the sample preparation time.

Additionally, due to the difference in reduction rates for double bonds

at different locations (e.g., terminal double bond is the easiest to

reduce),26 it is challenging (i.e., likely requires repeated attempts, and

success or not is hard to predict) to obtain sufficient mono-

unsaturated products for all individual double bonds of highly

unsaturated lipids. We have previously obtained mono-DMDS

adducts for long-chain unsaturated ketones with up to five

double bonds.17,18 Here, we select the tetra-unsaturated

1,5,9,13-tetradecatetraene as an example to demonstrate the

feasibility of obtaining corresponding mono-DMDS adducts in highly

unsaturated alkenes as well as their efficiency in determining double-

bond positions.

Because 1,5,9,13-tetradecatetraene is a symmetric molecule, two

types of mono-DMDS adducts can be obtained from it (one type of

mono-DMDS adduct on the C-1 or C-13 double bond, while another

type of mono-DMDS adduct on the C-5 or C-9 double bond). In the

chromatogram recorded after the DMDS reaction, we observe five

peaks of mono-DMDS adducts (Figure 2b). Similar to the scenario for

7,11-nonacosadiene, peak 1 and peak 2 share the same fragmentation

pattern, corresponding to the mono-DMDS adducts at the C-5 and

C-9 position (Figure S5, supporting information). On the other hand,

F IGURE 2 Gas chromatograms showing the distribution of
compounds a, before and b, after DMDS reaction of
1,5,9,13-tetradecatetraene. The DMDS reaction was performed at
25�C for 20 min. The peak labelled with # is N1-(4-methoxyphenyl)
benzene-1,4-diamine contaminant. Mass spectra of c, peak 1 and d,
peak 3 for mono-DMDS adducts of 1,5,9,13-tetradecatetraene. Ion
fragments related to double-bond positions are highlighted
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peak 3, peak 4 and peak 5 correspond to mono-DMDS adducts at

terminal double bonds (Figure S5, supporting information). The

existence of additional peaks for mono-DMDS adducts is most likely

because our 1,5,9,13-tetradecatetraene standard is actually a mixture

of cis/trans-isomers at the C-5 and C-9 positions (Figure 2a,

Figure S4, supporting information).

3.3.2 | Mass spectral interpretation of mono-
DMDS adducts of 1,5,9,13-tetradecatetraene

Mass spectra of peak 1 and peak 2 show molecular ions at m/z

284 (Figure 2c). Ions at m/z 269 [M � 15]+, 243 [M � 41]+ and

237 [M � 47]+ are produced through a loss of CH3, α-cleavage of the

terminal double bond (C3H5) and loss of a CH3S group, respectively

(Figure 2c). Diagnostic ions related to double bonds at the C-5 and

C-9 positions at m/z 67, 115 and 169 can be easily identified from the

mass spectra (Figure 2c). Compared with the mass spectra of mono-

DMDS adducts at the C-5 and C-9 positions, mass spectra of peak

3, peak 4 and peak5 with adducts at terminal double bonds contain

high-abundance ions at m/z 189 due to a further loss of a CH3SH

group from the ion at m/z 237 (Figure 2d). Diagnostic ions at m/z

61 and 223 suggest the adducts at terminal double bonds. Similar to

the mass spectra in 7,11-nonacosadiene (Figures 1c and 1d), for both

types of mono-DMDS adducts of 1,5,9,13-tetradecatetraene

(Figures 2c and 2d), the diagnostic ions containing fewer double

bonds are present in higher abundance than those of the

counterpart fragments containing more double bonds (e.g., the

abundance of the ion at m/z 115 is higher than that of the ion at m/z

169 for adducts at the C-5 or C-9 position, the abundance of the ion

at m/z 61 is higher than that of the ion at m/z 223 for adducts at

terminal double bonds).

3.4 | Mono-DMDS adducts of hexa-unsaturated
squalene

3.4.1 | Derivatization of squalene

The DMDS reaction has only so far been used to determine double-

bond positions in unsaturated compounds with up to five double

bonds (either through partial hydrogenation and then being

derivatized with DMDS9,10 or directly being derivatized with DMDS

under mild condition to obtain mono-DMDS adducts18). The

feasibility of using DMDS for locating double-bond positions in

compounds with even more double bonds has never been tested.

Here, we performed a further test on a branched (isoprenoid) alkene,

squalene, that contains six double bonds.

The gas chromatogram of mono-DMDS adducts of squalene

contains three peaks with each peak corresponding to DMDS adducts

at one pair of double bonds (C-2 and C-22, C-6 and C-18, C-10 and

C-14) (Figure 3b). The yield for mono-DMDS adducts is 2.5% relative

to the amount of squalene added into the reaction solution

(Figure 3b). The low yield of the mono-DMDS adducts may partially

result from steric hindrance of methyl branches on squalene. In

addition, the residual (unreacted) squalene only accounts for 0.6% of

the original squalene used before the DMDS reaction (Figure 3b). This

low recovery may be explained by the polymerization via

intermolecular coupling during DMDS derivatization of the poly-

unsaturated squalene.

F IGURE 3 Gas chromatograms showing the distribution of
compounds a, before and b, after DMDS reaction of squalene. The
DMDS reaction was performed at 25�C for 20 min. The peak labelled
with * is a phthalate contaminant. Mass spectra of c, peak 1; d, peak
2; and e, peak 3 for mono-DMDS adducts of squalene. Ion fragments

related to double-bond positions are highlighted
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3.4.2 | Mass spectral interpretation of mono-
DMDS adducts of squalene

Mass spectra of mono-DMDS adducts exhibit low-abundance

molecular ions at m/z 504, and [M � 47]+ ions at m/z 457 due to a

loss of CH3S groups. A characteristic ion at m/z 69 [C5H9]
+ was

observed for all mono-DMDS adducts (Figures 3c–3e), which was

produced through α-cleavage of the double bond at the C-2 or C-22

position. For DMDS adducts at C-6 and C-18 double bonds, a

diagnostic ion at m/z 157 was observed (Figure 3c). For DMDS

adducts at the C-10 and C-14 double bonds, we identified the

diagnostic ion at m/z 225 caused by the cleavage of a single bond

between carbon atoms carrying CH3S groups. The ion at m/z 177 was

produced by a further loss of a CH3SH group from the ion at m/z

225 (Figure 3d). For DMDS adducts at C-2 and C-22 double bonds,

the diagnostic ion at m/z 89 shows exceptionally high abundance and

exists as the base peak (Figure 3e).

Similar to the fragmentation pattern observed in mono-DMDS

adducts of 7,11-nonacosadiene (Figures 1c and 1d) and

1,5,9,13-tetradecatetraene (Figures 2c and 2d), the abundance of the

diagnostic ion fragment with fewer double bonds is higher than the

complementary ion fragment for mono-DMDS adducts of squalene

(Figures 3c–3e). In fact, we did not observe the corresponding

fragments with more double bonds in our mass spectra (e.g., the ion

at m/z 415 was not observed for DMDS adducts at the C-2 position,

Figure 3e). Similar fragmentation and charge retention pattern could

also be observed in mono-DMDS adducts for polyunsaturated long-

chain ketones.17,18

Though we observe only one diagnostic ion for each mono-DMDS

adduct in squalene, the corresponding mass spectrum is still

straightforward to interpret and sufficient for determining double-bond

positions due to the high abundance and uniqueness of such diagnostic

ions. Other derivatization methods to determine double-bond positions

in highly unsaturated lipids (e.g., Paternò-Büchi Reaction27 and

formation of acetonitrile covalent adducts28) have been attempted

before, but the corresponding mass spectra of the resulting products

contain generally low abundance of diagnostic ions for locating the

double-bond positions. In addition, these derivatization reactions tend

to have low yields and products are difficult to predict. Collectively, our

data suggest the formation of mono-DMDS adducts represents a

convenient method for determining double-bond positions in

molecules containing poly-unsaturated alkyl chains, including alkyl

chains with methyl branch substitutions.

3.5 | Mono-DMDS adducts of novel long-chain
alkenes produced by I. litoralis

I. litoralis is one species of Isochrysidales (an order of haptophyte

algae) that features the production of polyunsaturated long-chain

unsaturated ketones (also called alkenones).21,29 Due to the linear

response between degrees of unsaturation of alkenones and

F IGURE 4 Gas chromatograms showing the
distribution of compounds a, before and b, after
DMDS reaction of alkenes produced by I. litoralis
cultured at 15�C. The DMDS reaction was
performed at 25�C for 20 min
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environmental temperature, alkenones have been widely used for

paleo-sea surface temperature (SST) reconstructions over the past

40 years.30,31 Different Isochrysidales species vary in their

temperature calibrations and/or growth seasons.21,32–34 Identifying

alkenone producers is important for proper paleoclimate

reconstructions.32 However, identification of alkenone producers

based solely on the alkenone distributions is not always possible, due

to the overlapping of alkenone profiles among different groups of

Isochrysidales species.21,22,32 Structures of alkenes may provide

additional chemotaxonomic differentiation among different species of

Isochrysidales.21,32,35

Long-chain alkenes of Isochrysidales have previously been

reported in culture samples of Isochrysis galbana (I. galbana) and

E. huxleyi (E. huxleyi) (another two species of Isochrysidales),12,36 but

alkenes in I. litoralis have not been studied. Based on the previous

studies,12,36 I. galbana produces C31 and C33 alkenes with double

bonds at the C-1, C-2, C-22 and C-24 positions, and E. huxleyi

produces C31, C33, C37 and C38 alkenes, with double bonds at C-1,

C-2, C-3, C-15, C-16, C-22, C-23 and C-24 positions. In comparison,

our I. litoralis culture sample only contains mono- to tri-unsaturated

C31 alkenes (Figure 4a). We observed four peaks of mono-DMDS

adducts for these alkenes produced by I. litoralis (�40% yield at 25�C

for 20 min, there is a partial co-elution between peak 3 and peak

4, Figure 4b). Mass spectra of peak 1 (Figure 5a) and peak

4 (Figure 5d) show molecular ions at m/z 526, corresponding to

mono-DMDS adducts of di-unsaturated C31:2 alkenes. In the mass

spectrum of peak 1 (Figure 5a), ions at m/z 131 and 395 correspond

to the double bond at the C-6 position with another double bond in

the fragment with m/z 395. On the other hand, ions at m/z 171 and

355 correspond to the double bond at the C-9 position with another

double bond in the fragment with m/z 171. In the mass spectrum of

peak 4 (Figure 5d), ions at m/z 173 and 353 correspond to the double

bond at the C-22 position with another double bond in the fragment

with m/z 353. We notice the double bond at C-9 is symmetrical to the

double bond at the C-22 position (i.e., the same carbon chain length

starting from the nearest terminal carbon atom). Diagnostic ions

observed in mass spectra of mono-DMDS adducts of C31:2 thus

suggest the presence of four di-unsaturated alkenes: 6,9-C31:2,

6,22-C31:2, 6,25-C31:2 and 9,22-C31:2. The mass spectrum of peak

2 shows a molecular ion at m/z 528, corresponding to the mono-

F IGURE 5 Mass spectra of DMDS adducts of long-chain alkenes at a, peak 1; b, peak 2; c, peak 3; and d, peak 4 as labelled in Figure 4b. Ion
fragments related to double-bond positions are highlighted. Double bonds in alkenes were assumed to be in the cis configuration based on
alkenes produced by other Isochrysidales species12,36
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DMDS adduct of the C31:1 alkene (Figure 5b). Ions at m/z 173 and

355 suggest the double bond at the C-9 position (i.e., 9-C31:1). The

mass spectrum of peak 3 contains a molecular ion at m/z

524, corresponding to mono-DMDS adducts of tri-unsaturated

alkenes (Figure 5c). Ions at m/z 353 and 171 correspond to the double

bond at the C-9 position, while ions at m/z 131 and 393 correspond

to double bonds at the C-6 and C-25 positions (i.e., 6,9,25-C31:3).

We also derivatized I. litoralis alkenes with DMDS at 50�C for

20 min, so that we could obtain some cyclized and poly-DMDS

adducts for di-unsaturated C31:2 alkenes (Figure S6, supporting

information). Although the mass spectra of these cyclized and poly-

DMDS adducts contain ions related to double-bond positions,

interpretation of the mass spectra in terms of double-bond positions

is difficult. This is because key diagnostic ions for cyclized and poly-

DMDS adducts are of low abundance and multiple ions with different

fragmentation mechanisms are involved in the mass spectra

(Figure S6, supporting information). Nevertheless, cyclized and poly-

DMDS adducts of alkenes are still helpful for further confirmation of

the structural assignments based on GC/MS analyses of mono-DMDS

adducts.

The chain lengths and double-bond positions of alkenes produced

by I. litoralis are significantly different from alkenes produced by

I. galbana and E. huxleyi: I. galbana produces 1,22-C31:2, 1,24-C31:2,

2,22-C31:2 and 1,24-C33:2; E. huxleyi produces 1,22-C31:2, 2,22-C31:2,

3,22-C31:2, 2,24-C31:2, 2,24-C33:2, 15,22-C37:2, 1,15,22-C37:3,

15,22-C38:2, 1,15,22-C38:3, 1,16,23-C38:3
12,36; while I. litoralis

produces 9-C31:1, 6,9-C31:2, 6,22-C31:2, 6,25-C31:2, 9,22-C31:2 and

6,9,25-C31:3. More studies are needed to understand the underlying

biosynthetic pathways for different alkenes produced in different

species of Isochrysidales. However, different alkene structures in

different Isochrysidales species are important for chemotaxonomic

purposes in environmental samples.21,33

4 | CONCLUSIONS

We report a convenient and efficient experimental approach (25�C

for 20 to 160 min) to produce mono-DMDS adducts for

polyunsaturated alkenes for the purpose of determining double-bond

positions on the alkyl chain (including the branched alkyl chain). We

show mass spectra of these mono-DMDS adducts contain high-

abundance diagnostic ions that allow a full elucidation of double-bond

positions in polyunsaturated alkyl alkenes with two to six double

bonds. Our approach overcomes the limit of traditional DMDS

derivatization methods which are generally limited to mono-

unsaturated molecules.

We applied our experimental procedure to a mixture of unknown

long-chain alkenes produced by a laboratory culture of I. litoralis, in

order to determine their double-bond positions. We successfully

identified six mono- to tri-unsaturated C31 alkenes with double-bond

positions at C-6, C-9, C-22 and C-25 (9-C31:1, 6,9-C31:2, 6,22-C31:2,

6,25-C31:2, 9,22-C31:2 and 6,9,25-C31:3). Alkenes produced by

I. litoralis show significant differences in chain lengths and double-

bond positions compared with alkenes produced by other common

Isochrysidales species such as I. galbana and E. huxleyi. Such

chemotaxonomic differences could be used to differentiate different

species in environmental samples. Our success in obtaining mono-

DMDS adducts for an unknown and complex mixture of long-chain

alkenes further validates the high efficacy of our derivatization

approach for elucidating double-bond positions.

ACKNOWLEDGMENTS

This work was supported by a United States National Science

Foundation award to Y.H. (EAR-1762431). The authors are grateful

for the comments from two anonymous reviewers which helped to

improve the manuscript. YH thanks Swiss Federal Institue of

Technology for a visiting professorship and a senior fellowship at

Collegium Helveticum in fall of 2021.

PEER REVIEW

The peer review history for this article is available at https://publons.

com/publon/10.1002/rcm.9228.

DATA AVAILABILITY STATEMENT

Data available in article supplementary material

ORCID

Sian Liao https://orcid.org/0000-0002-5150-145X

Yongsong Huang https://orcid.org/0000-0002-9287-4543

REFERENCES

1. Zheng Y, Dillon JT, Zhang Y, Huang Y. Discovery of alkenones with

variable methylene-interrupted double bonds: Implications for the

biosynthetic pathway. J Phycol. 2016;52(6):1037-1050.

2. Yang K, Dilthey BG, Gross RW. Identification and quantitation of

fatty acid double bond positional isomers: A shotgun lipidomics

approach using charge-switch derivatization. Anal Chem. 2013;85(20):

9742-9750.

3. Dunkelblum E, Tan S, Silk P. Double-bond location in

monounsaturated fatty acids by dimethyl disulfide derivatization and

mass spectrometry: Application to analysis of fatty acids in

pheromone glands of four Lepidoptera. J Chem Ecol. 1985;11(3):

265-277.

4. Buser HR, Arn H, Guerin P, Rauscher S. Determination of double

bond position in mono-unsaturated acetates by mass spectrometry of

dimethyl disulfide adducts. Anal Chem. 1983;55(6):818-822.

5. Carlson DA, Roan CS, Yost RA, Hector J. Dimethyl disulfide

derivatives of long chain alkenes, alkadienes, and alkatrienes for gas

chromatography/mass spectrometry. Anal Chem. 1989;61(14):

1564-1571.

6. Vincenti M, Guglielmetti G, Cassani G, Tonini C. Determination of

double-bond position in diunsaturated compounds by mass

spectrometry of dimethyl disulfide derivatives. Anal Chem. 1987;

59(5):694-699.

7. Francis GW. Alkylthiolation for the determination of double-bond

position in unsaturated fatty acid esters. Chem Phys Lipids. 1981;

29(4):369-374.

8. Bortolomeazzi R, Berno P, Pizzale L, Conte LS. Sesquiterpene,

alkene, and alkane hydrocarbons in virgin olive oils of different

varieties and geographical origins. J Agric Food Chem. 2001;49(7):

3278-3283.

LIAO ET AL. 9 of 10

https://publons.com/publon/10.1002/rcm.9228
https://publons.com/publon/10.1002/rcm.9228
https://orcid.org/0000-0002-5150-145X
https://orcid.org/0000-0002-5150-145X
https://orcid.org/0000-0002-9287-4543
https://orcid.org/0000-0002-9287-4543


9. Yamamoto K, Shibahara A, Nakayama T, Kajimoto G. Double-bond

localization in heneicosapentaenoic acid by a gas

chromatography/mass spectrometry (GC/MS) method. Lipids. 1991;

26(11):948-950.

10. Imbs AB, Rodkina SA. Trans and positional ethylenic bonds in two

dominant isomers of eicosapentaenoic acid from the freshwater

sponge Baicalospongia bacillifera. Lipids. 2005;40(9):963-968.

11. Tanaka T, Shibata K, Hino H, Murashita T, Kayama M, Satouchi K.

Purification and gas chromatographic-mass spectrometric

characterization of non-methylene interrupted fatty acid

incorporated in rat liver. J Chromatogr B Biomed Sci Appl. 1997;

700(1–2):1-8.
12. Rieley G, Teece MA, Peakman TM, et al. Long-chain alkenes of the

haptophytes Isochrysis galbana and Emiliania huxleyi. Lipids. 1998;

33(6):617-625.

13. Pepe C, Sayer H, Dagaut J, Couffignal R. Determination of double

bond positions in triunsaturated compounds by means of gas

chromatography mass spectrometry of dimethyl disulfide derivatives.

Rapid Commun Mass Spectrom. 1997;11(8):919-921.

14. Nichols PD, Guckert JB, White DC. Determination of monosaturated

fatty acid double-bond position and geometry for microbial

monocultures and complex consortia by capillary GC-MS of their

dimethyl disulphide adducts. J Microbiol Methods. 1986;5(1):49-55.

15. Scribe P, Guezennec J, Dagaut J, Pepe C, Saliot A. Identification of

the position and the stereochemistry of the double bond

in monounsaturated fatty acid methyl esters by gas

chromatography/mass spectrometry of dimethyl disulfide derivatives.

Anal Chem. 1988;60(9):928-931.

16. Pepe C, Sayer H, Dagaut J. Mass spectrometry of dimethyl disulfide

derivatives of triunsaturated methyl esters used to locate double

bonds. European Mass Spectrometry. 1997;3(6):465-469.

17. Richter N, Dillon JT, Rott DM, Lomazzo MA, Seto CT, Huang Y.

Optimizing the yield of transient mono-dimethyl disulfide adducts for

elucidating double bond positions of long chain alkenones. Org

Geochem. 2017;109:58-66.

18. Liao S, Wang KJ, Xue Y, et al. Novel methyl-branched alkenones with

up to five double bonds in saline lakes. Org Geochem. 2021;104243.

19. Zhao J, An C, Longo WM, et al. Occurrence of extended chain length

C41 and C42 alkenones in hypersaline lakes. Org Geochem. 2014;75:

48-53.

20. Dillon JT, Longo WM, Zhang Y, Torozo R, Huang Y. Identification of

double-bond positions in isomeric alkenones from a lacustrine

haptophyte. Rapid Commun Mass Spectrom. 2016;30(1):112-118.

21. Liao S, Yao Y, Wang L, et al. C41 methyl and C42 ethyl alkenones are

biomarkers for group II Isochrysidales. Org Geochem. 2020;147:

104081.

22. Liao S, Wang KJ, Huang Y. Extended chain length alkenoates

differentiate three Isochrysidales groups. Org Geochem. 2021;161:

104303.

23. Guillard RR. Culture of phytoplankton for feeding marine

invertebrates. In: Culture of Marine Invertebrate Animals. Springer;

1975:26-60.

24. Carballeira NM, Cruz C. Dimethyl disulfide derivatization of

ethyl (9Z,12Z)-9,12-octadecadienoate and ethyl (9E,12E)-

9,12-octadecadienoate. Chem Phys Lipids. 1996;84(1):81-85.

25. Carballeira NM, Shalabi F, Cruz C. Thietane, tetrahydrothiophene and

tetrahydrothiopyran formation in reaction of methylene-interrupted

dienoates with dimethyl disulfide. Tetrahedron Lett. 1994;35(31):

5575-5578.

26. Ratnayake W, Grossert J, Ackman R. Studies on the mechanism of

the hydrazine reduction reaction: Applications to selected

monoethylenic, diethylenic and triethylenic fatty acids of cis

configurations. J Am Oil Chem Soc. 1990;67(12):940-946.

27. Murphy RC, Okuno T, Johnson CA, Barkleyte RM. Determination of

double bond positions in polyunsaturated fatty acids using the

photochemical Paternò-Büchi reaction with acetone and tandem

mass spectrometry. Anal Chem. 2017;89(16):8545-8553.

28. Alves SP, Tyburczy C, Lawrence P, Bessa RJB, Thomas Brenna J.

Acetonitrile covalent adduct chemical ionization tandem mass

spectrometry of non-methylene-interrupted pentaene fatty acid

methyl esters. Rapid Commun Mass Spectrom. 2011;25(14):1933-

1941.

29. L�opez JF, Grimalt JO. Reassessment of the structural composition of

the alkenone distributions in natural environments using an improved

method for double bond location based on GC-MS analysis of

cyclopropylimines. J Am Soc Mass Spectrom. 2006;17(5):710-720.

30. Brassell SC, Eglinton G, Marlowe IT, Pflaumann U, Sarnthein M.

Molecular stratigraphy – a new tool for climatic assessment. Nature.

1986;320(6058):129-133.

31. Rosell-Melé A, Comes P. Evidence for a warm last glacial maximum in

the Nordic seas or an example of shortcomings in U-37(K)' and U-37

(K) to estimate low sea surface temperature? Paleoceanography. 1999;

14(6):770-776.

32. Zheng Y, Heng P, Conte MH, Vachula RS, Huang Y. Systematic

chemotaxonomic profiling and novel paleotemperature indices based

on alkenones and alkenoates: Potential for disentangling mixed

species input. Org Geochem. 2019;128:26-41.

33. Theroux S, D'Andrea WJ, Toney J, Amaral-Zettler L, Huang Y.

Phylogenetic diversity and evolutionary relatedness of alkenone-

producing haptophyte algae in lakes: Implications for continental

paleotemperature reconstructions. Earth Planet Sci Lett. 2010;300

(3–4):311-320.
34. Conte MH, Thompson A, Lesley D, Harris RP. Genetic and

physiological influences on the alkenone/alkenoate versus growth

temperature relationship in Emiliania huxleyi and Gephyrocapsa

oceanica. Geochim Cosmochim Acta. 1998;62(1):51-68.

35. Wang KJ, Huang Y, Majaneva M, et al. Group 2i Isochrysidales

produce characteristic alkenones reflecting sea ice distribution. Nat

Commun. 2021;12(1):1-10.

36. Grossi V, Raphel D, Aubert C, Rontani J-F. The effect of growth

temperature on the long-chain alkenes composition in the marine

coccolithophorid Emiliania huxleyi. Phytochemistry. 2000;54(4):

393-399.

SUPPORTING INFORMATION

Additional supporting information may be found in the online version

of the article at the publisher's website.

How to cite this article: Liao S, Sherman G, Huang Y.

Elucidation of double-bond positions of polyunsaturated

alkenes through gas chromatography/mass spectrometry

analysis of mono-dimethyl disulfide derivatives. Rapid Commun

Mass Spectrom. 2022;36(3):e9228. doi:10.1002/rcm.9228

10 of 10 LIAO ET AL.

info:doi/10.1002/rcm.9228

	Elucidation of double-bond positions of polyunsaturated alkenes through gas chromatography/mass spectrometry analysis of mo...
	1  INTRODUCTION
	2  MATERIALS AND METHODS
	2.1  Chemicals
	2.2  Culture experiments and extraction of alkenes
	2.3  DMDS derivatization reaction
	2.4  GC analysis

	3  RESULTS AND DISCUSSION
	3.1  Reaction conditions to obtain mono-DMDS adducts of polyunsaturated alkenes
	3.2  Mono-DMDS adducts of di-unsaturated 7,11-nonacosadiene
	3.2.1  Derivatization of 7,11-nonacosadiene
	3.2.2  Mass spectral interpretation of mono-DMDS adducts of 7,11-nonacosadiene

	3.3  Mono-DMDS adducts of tetra-unsaturated 1,5,9,13-tetradecatetraene
	3.3.1  Derivatization of 1,5,9,13-tetradecatetraene
	3.3.2  Mass spectral interpretation of mono-DMDS adducts of 1,5,9,13-tetradecatetraene

	3.4  Mono-DMDS adducts of hexa-unsaturated squalene
	3.4.1  Derivatization of squalene
	3.4.2  Mass spectral interpretation of mono-DMDS adducts of squalene

	3.5  Mono-DMDS adducts of novel long-chain alkenes produced by I. litoralis

	4  CONCLUSIONS
	ACKNOWLEDGMENTS
	  PEER REVIEW
	  DATA AVAILABILITY STATEMENT

	REFERENCES


