
Total Synthesis Very Important Paper

Enantioselective Total Synthesis of the Archaeal Lipid Parallel GDGT-
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Abstract: Archaeal glycerol dibiphytanyl glycerol tetraethers
(GDGT) are some of the most unusual membrane lipids
identified in nature. These amphiphiles are the major constit-
uents of the membranes of numerous Archaea, some of which
are extremophilic organisms. Due to their unique structures,
there has been significant interest in studying both the
biophysical properties and the biosynthesis of these molecules.
However, these studies have thus far been hampered by limited
access to chemically pure samples. Herein, we report a concise
and stereoselective synthesis of the archaeal tetraether lipid
parallel GDGT-0 and the synthesis and self-assembly of
derivatives bearing different polar groups.

Introduction

Organisms belonging to the domain Archaea are ubiq-
uitous in nature.[1,2] Originally discovered in hostile condi-
tions, these prokaryotes are now known to thrive in many
terrestrial and aquatic environments. Archaeal microbes are
also present in the human microbiome and may have
implications for human health and disease.[3] Archaeal
membranes contain some of the most structurally-exotic
lipids known and are distinguished by three structural differ-
ences compared to the other domains of life. First, in contrast
to canonical fatty acids, these lipids are isoprenoid derived.
Second, the hydrophobic portions of the molecule are joined
to glycerol-based headgroups by ether bonds rather than ester
linkages. Finally, the glycerol headgroup features opposite
stereochemistry to that found in other domains of life.[4] The
most distinct of these molecules are the macrocyclic bipolar
glycerol dibiphytanyl glycerol tetraether (GDGT) lipids. An
archetypal member of this class is parallel GDGT-0, also
referred to as isocaldarchaeol, (1)[5] which contains two
biphytanyl diols (2, Figure 1). These molecules appear to
form monolayer membranes[6] and are thought to be an

evolutionary adaptation to facilitate survival in the face of
extreme environments.[7] Specifically, it was hypothesized that
these lipids promote the formation of fluid membranes which
maintain their integrity under conditions of thermal and
acidic stress that would compromise membranes formed from
canonical lipids.[4,7] For example, vesicles comprised of
a mixture of GDGT lipids display anomalously low proton
permeability that is maintained up to 70–80 88C.[8d] Based on
the unique biophysical and physicochemical properties dis-
played by these molecules, they have garnered significant
academic attention[8] as well as interest in the use of these
lipids in drug delivery and biotechnology.[9] However, likely
due to challenges in isolation and separation,[9, 10i] the vast
majority of studies have been performed on lipid mixtures,[8]

model lipids,[10] or in silico.[11] Studies on chemically homoge-
nous samples of naturally occurring lipids have been highly
limited.[12]

In addition to the intriguing physicochemical properties of
these lipids, their biosynthesis is also of significant interest.
However, this remains poorly understood.[4, 13] There is

Figure 1. Representative tetraether archaeal lipids 1 and 3, biphytanyl
core structure 2, previous synthetic approaches, and this approach.
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interesting structural diversity within the GDGTs, with some
members of the family incorporating five- and six-membered
cycloalkanes within their hydrocarbon core as exemplified by
GDGT-8 (3, Figure 1). Only recently have the enzymes
responsible for the formation of these cycloalkanes been
identified, but the exact substrates for cyclization are still
unknown.[14] In vitro and in vivo studies towards investigating
this biosynthesis would greatly benefit from access to pure
individual GDGTs as well as deuterated lipids and analogues
bearing various headgroups. Motivated by the aforemen-
tioned questions, we have sought to provide synthetic access
to pure lipids and putative natural intermediates. Herein, we
report a concise eight-step enantioselective synthesis of
GDGT-0 and its functionalization to vesicle-forming amphi-
philes.

Three groups have previously reported synthetic studies
on GDGT-0.[15–17] The absolute and relative stereochemistry
of the biphytanyl core (2) of 1 was established through the
synthesis by Heathcock, which uses an enantioselective aldol-
Ireland-Claisen sequence to set the methyl stereocenters of
the natural product.[15] Eleven-carbon fragment 4 was then
repeatedly used to construct 2 in 25 total steps. Czeskis[16a,b]

later joined two chiral building blocks derived from (R)-5-
acetoxy-4-methylpentanoic acid[16c] via cross-coupling to 5,
which was transformed into 2 in 13 steps. Shortly thereafter,
Kakinuma completed the first total synthesis of macrocycle
1 from citronellol via a regioselective opening of Sharpless
asymmetric epoxidation product 6.[17] 1,5-Dimethyl diol 7 was
then elaborated into 1 in 28 steps. While successful in setting
the requisite stereochemistry, these strategies suffer from
numerous functional and protecting group manipulations that
result in high step counts and poor scalability. The shortest
total synthesis of GDGT-0 to date requires over 30 steps to
complete.[17]

For our approach, we initially traced 1 back to biphytanyl
diol 2 via a non-trivial bimolecular macroetherification that is,
to the best of our knowledge, unprecedented for this ring size
(Figure 1). This direct approach to macrocyclization was
designed to limit the number of functional group intercon-
versions required for C@C bond-forming ring closures as in
previous work.[17b,c] Furthermore, inspired by the work of
Pfaltz on the asymmetric hydrogenation of isoprenes,[19] it was
envisioned that a global asymmetric hydrogenation of oxi-
dized geranylgeraniol would simultaneously set all of the
methyl stereocenters present in the natural product. Dime-
rization of the saturated building block would then enable the
rapid construction of GDGT-0 via the proposed macroether-
ification.

Results and Discussion

In practice, the hydrogenation substrate 8 was readily
prepared from geranylgeranyl acetate[20] via a known allylic
oxidation sequence (Scheme 1).[21] Using the conditions
developed by Pfaltz, we were successfully able to fully
hydrogenate 8. In order to determine the stereoselectivity
of this key transformation, we assayed both the acetate- and
triisopropylsilyl-protected hydrogenation products (Fig-

ure 2). We found that derivatization as MTPA[22] or MaNP[23]

chiral esters enabled determination of the stereoselectivity of
the hydrogenated products at C3 (8.8:1 d.r.) and C15 (+ 20:1
d.r.), respectively. A degradation-based approach then al-
lowed for the assignment of the innermost C7 and C11
stereocenters. Specifically, removing carbon units from either
the right- or left-half of the molecule then enabled determi-
nation of the diastereomeric ratios at C7 (+ 20:1 d.r.) and C11
(+ 20:1 d.r.) after MaNP derivatization (Figure 2). Overall,
the hydrogenation displayed excellent selectivity at C7, C11,
and C15 and impressive but somewhat diminished selectivity
at C3. Attempts to further improve this were unsuccessful,
having either no or deleterious effects on the overall
diastereoselectivity (see Supporting Information).

Following asymmetric hydrogenation of 8, we found that
bromination could be directly carried out on the crude
reaction mixture to afford bromide 9 in 95 % yield. A Weix
nickel-catalyzed reductive dimerization[24] followed by ace-
tate deprotection then afforded biphytanyl diol 2 in 64%
yield from 9 on gram scale. This highly efficient sequence
allowed us to drastically improve upon the step count of
Heathcock and CzeskisQ previous syntheses. Installation of
the glycerol units proved surprisingly challenging and re-
quired considerable investigation. Ultimately, it was discov-
ered that the dibromide derived from 2 underwent double
displacement with the sodium alkoxide of glycerol 10 under
solvent-free conditions[10c] to afford the desired product in
55% yield. Deprotection of the trityl groups in methanolic
HCl delivered diol 11 in 41% overall yield from 2.

We had hoped that, through careful reaction optimization,
we would be able to perform a challenging direct bimolecular
etherification-macroetherification via Williamson-type
chemistry. However, attempts to achieve these transforma-
tions with 11 and various derivatives of 2 were met with little
success, affording complex mixtures of unreacted starting
material, elimination side products, and other uncharacter-
ized materials. This lack of encouraging results from a direct
macroetherification led us to consider the use of more
precedented macrolactonizations[25] to forge our desired C@
O bonds. We envisaged that reduction of the esters to the
corresponding ethers via a catalytic hydrosilylation[26] would
then effect a formal macroetherification. This macrolactoni-
zation-reduction strategy represents an underutilized, yet
attractive approach to macrocyclic ethers.

Jones oxidation of 2 proceeded smoothly to yield bis-
carboxylic acid 12. Yamaguchi conditions[27a] were initially
successful at combining 12 and 11 in the macrolactoniza-
tion,[27b] providing superior results to Corey-Nicolaou[27c] or
Mitsunobu-type[27d] procedures. However, we found the
Yamaguchi protocol performed poorly on scale, producing
numerous side products, which proved difficult to separate
from the desired macrocycle. After pursuing a wider range of
conditions, we obtained our most promising results using
a procedure employed by Fgrstner in a synthesis of cyclo-
viracin B.[28] The use of dimethylimidazolinium chloride (2-
Cl-DMC)[29] in the presence of NaH and DMAP cleanly
afforded the desired product in a scalable fashion. Through
careful adjustments to the reaction conditions, it was found
that using KH in lieu of NaH and increasing the reaction time
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and temperature in the presence of excess diacid 12 afforded
the desired diolide in 51 % yield. This impressively efficient
double esterification-72-membered ring formation is, to the
best of our knowledge, among the largest recorded macro-
lactonization.[25]

Reduction of the esters of the macrocyclic diolide to their
corresponding ethers was all that remained for our synthesis
of GDGT-0 (1). After some experimentation, we discovered
that the use of catalytic indium tribromide in the presence of
triethylsilane accomplished the desired reductions.[30] These
conditions also led to serendipitous PMB-ether deprotection.
Minor amounts of TES-protected 1 are formed from in situ-
generated Et3SiBr. Treatment of the crude reaction mixture
with TBAF liberated any silyl-protected material and afford-
ed parallel GDGT-0[31] in 56% yield.

With the core lipid in hand, we then turned our attention
toward the installation of polar headgroups for subsequent
biophysical studies. Consistent with prior reports,[12] phos-
phate headgroups are readily incorporated onto 1 to give
GDGT-0 bis-phosphate 13 (Scheme 2). However, naturally
occurring GDGT lipids are primarily non-C2-symmetric,
bearing different functionality on the two glycerol uni-
ts.[4, 7b, 13a] These unsymmetric natural products predominantly

feature mono-, di-, and/or oligosaccharides that are either
directly connected to the glycerols or via a phosphate linkage,
as well as common phosphate esters and acids. Thus, we
needed to develop a strategy to desymmetrize 1. This was
accomplished via a double protection-monodeprotection
sequence. While the efficiency of this sequence is not ideal,
the only other compounds formed are bis-TBDPS-GDGT-0
and 1, both of which can be recovered. Acid-catalyzed
glucosylation with glucosyl donor 14 followed by fluoride silyl
ether cleavage afforded the monoglucosylated GDGT-0 15 as
a mixture of anomers. Introduction of a phosphate and global
debenzylation then delivered 16. This represents the first
synthesis of a natural GDGT with differentially functional-
ized glycerols and the first synthesis of a natural GDGT
bearing a carbohydrate head group.

Motivated by the dearth of biophysical studies on
homogenous GDGT lipids, we first sought to investigate the
self-assembly of 13 and 16 into vesicles. Gentle hydration of
these lipids resulted in the observation of giant unilamellar
vesicles (GUVs) with uniform incorporation of fluorescently
labeled lipid Texas Red-DHPE (Scheme 2B,D). These vesi-
cles are also capable of encapsulating water-soluble carboxy-
fluorescein dye (Scheme 2 C,E). While the self-assembly of 13

Scheme 1. Enantioselective Synthesis of GDGT-0. Reagents and conditions: [a] [Ir(L*)COD]BArF
4 (2.5 mol%), H2 (50 bar), CH2Cl2, rt ; PPh3

(2.3 equiv), CBr4 (2.2 equiv), PhH, 0 88C, 94%. [b] NiCl2·Glyme (5 mol%), (t-Bu)3tpy (5 mol%), NaI (1.0 equiv), Mn (5.0 equiv), DMF, 80 88C; K2CO3

(7.5 equiv), MeOH, rt, 64%. [c] PPh3 (4.6 equiv), CBr4 (4.4 equiv), PhH, 0 88C, 84 %. [d] NaH (5.0 equiv), 10 (4.8 equiv), THF then neat, 130 88C,
55%. [e] AcCl (3.0 equiv), MeOH, CH2Cl2, 0 88C, 88 %. [f ] Jones reagent (7.5 equiv), CH2Cl2, Acetone, 0 88C, 65 %; (g) 12 (2.0 equiv), 2-Cl-DMC
(18.2 equiv), KH (16.0 equiv), DMAP (24.0 equiv), CH2Cl2, 0 88C to 40 88C, 51 %. [h] InBr3 (ca. 0.2 equiv), Et3SiH (8.0 equiv), CHCl3, 60 88C; TBAF,
THF, rt, 56%. COD =1,5-cyclooctadiene, BArF

4 = tetrakis(3,5-bis(trifluoromethyl)phenyl)borate, (t-Bu)3tpy= 4,4’,4’’-tri-tert-butyl-2,2’:6’,2’’-terpyri-
dine, PMB= para-methoxybenzyl, 2-Cl-DMC= 2-chlorodimethylimidazolinium chloride, DMAP=4-dimethylaminopyridine, TBAF= tetrabutylammo-
nium fluoride.
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has been reported,[12] our studies with 16 are the first evidence
of the formation of GUVs from unsymmetric synthetic
GDGT lipids. This discovery will enable further biophysical
studies into vesicles derived from 16 and holds great promise
for studies into other unsymmetric derivatives of 1.

We next turned our attention toward studying the phase
behaviors of these synthetic lipids. While 13 behaved as a fluid
at room temperature, 16 demonstrated more gel-like behav-
ior. Differential scanning calorimetry (DSC) studies of 13 and
16 were unable to identify any endothermic transitions
between @40 88C and 90 88C, indicating that no significant
phase transitions were observed within this temperature
range. In order to further study the packing characteristics of
these lipids, we measured the fluorescence spectra across
various temperatures of the solvatochromic dye Laurdan
incorporated into membranes of 13 and 16.[32] A gradual
decrease in generalized polarization occurred in both lipid
samples as the temperature was increased, suggesting the
membranes were becoming increasingly fluid. However,
consistent with the DSC experiments, no discrete phase
transitions were observed from the spectra.

Conclusion

A rapid and enantioselective synthesis of the archaeal
tetraether lipid GDGT-0 and the synthesis and self-assembly
of derivatives bearing different polar head groups is reported.
The approach relied on the use of a global asymmetric
hydrogenation to set all 16 methyl stereocenters present in the
hydrocarbon core. An unprecedented macrolactonization-
hydrosilylation sequence was then employed to construct the
natural product via a formal macroetherification. Subsequent
desymmetrization enabled the first synthesis of an unsym-
metric GDGT-0 bearing two different polar headgroups.
Finally, phase transition and self-assembly studies provided
evidence that these synthetic lipids self-assemble into fluid
giant unilamellar vesicles. This highly efficient approach to
GDGT-0 will enable future studies into both the unique
biophysics and biosynthesis of this molecule and its deriva-
tives.[33]
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1. General Information 

All reactions were conducted in oven- or flame-dried glassware under an 
atmosphere of nitrogen or argon unless otherwise noted. For various preparations of 
geranylgeranyl acetate and geranylgeraniol see references.1,2 For this study, 
geranylgeraniol was prepared from commercial (E,E)-farnesylacetone using a procedure 
adapted from reference 2b  and using flash column chromatography on silica gel (0% to 
20% EtOAc/hexanes) to separate the desired geranylgeraniol from undesired 
geranylnerol.  To date, over 75 grams of geranylgeraniol has been prepared using this 
method. Pfaltz catalyst ([Ir(L*)COD]BArF4) can be prepared according to a literature 
procedure.3 The (R)-MTPA acid chloride (CAS: 39637-99-5) and (R)-MαNP acid (CAS: 
63628-26-2) were both purchased commercially and used as received. The racemic 
MαNP acid (CAS: 63628-25-1) was prepared as described in literature.4 Chiral glycerol 
10 was prepared as described in literature.5 Glucosyl donor 14 was prepared as described 
in literature.6 Commercial reagents and solvents were used as received unless otherwise 
noted with the exception of the following: DMF, toluene, tetrahydrofuran, methanol, 
benzene, and dichloromethane were dried by passing through a bed of activated alumina 
in a JC Meyer Solvent System. Flash column chromatography was performed using F60 
silica gel (40-63 μm, 230-400 mesh, 60Å) purchased from Fisher Chemical. Analytical 
and preparative thin-layer chromatography (TLC) was carried out on 250 μm 60-F254 
silica gel plates purchased from EMD Millipore, and visualization was affected by 
observation of fluorescence-quenching with ultraviolet light and staining with p-
anisaldehyde, phosphomolybdic acid with cerium sulfate (Seebach’s stain), potassium 
permanganate (KMnO4 stain), or cerium ammonium molybdate (CAM stain) as a 
developing agent followed by heating on a hot plate. Proton nuclear magnetic resonance 
(1H NMR), carbon nuclear magnetic resonance (13C NMR), and phosphorus nuclear 
magnetic resonance (31P NMR) spectra were recorded at 23 °C on Varian Inova 600, 
Varian Inova 500, or Varian Mercury 400 spectrometers operating respectively at 600, 
500, and 400 MHz for 1H and at 150, 125, and 100 MHz for 13C and at 162 MHz for 31P. 
Chemical shifts are reported in parts per million (ppm) with respect to residual protonated 
solvent for 1H (CHCl3= δ 7.26) and with respect to carbon resonances of the solvent for 
13C (CDCl3= δ 77.0). Peak multiplicities are annotated as follows: app = apparent, br = 
broad, s = singlet, d = doublet, t = triplet, q = quartet, p = quintet, m = multiplet. Infrared 
(IR) spectra were recorded on a Nicolet 6700 FT-IR spectrometer. Optical rotations were 
measured using a JASCO P-2000 polarimeter. Standard HRMS data were collected on 
a Waters Micromass 70-VSE mass spectrometer, an Agilent QTOF tandem liquid 
chromatography–mass spectroscopy (LC–MS) machine or a Micromass 70-VSE 
EI/CI/FD/FI mass spectrometer. 

Lipids analysis/co-injection by LC–MS was performed on an Agilent 1290 series 
high-performance liquid chromatography (HPLC) system coupled to an Agilent (6125B) 
mass spectrometer with an Agilent ESI (electrospray ionization) source. The ESI drying 
gas (N2) temperature was set at 300 °C, the N2 flow rate was 8 L min-1 and the nebulizer 
gas (N2) pressure was 35 psi. The MS chamber parameters were set to a capillary voltage 
of 4 kV and a fragmentor voltage of 175 V.  

Separation of lipid compounds was achieved via two Agilent Poroshell 120 C18 
reverse phase columns (2 μm, 2.1 x 150 mm) in series and maintained at 45 °C. Samples 
were dissolved in 1 mL MeOH, and 10 μl was injected. Mobile phase flow rate was set at 



 S3 

0.15 mL/min, and started from 100% A then to, 75% A and 25% B at 20 minutes, 35% A 
and 65% B at 50 minutes, followed by 10% A and 90% B at 80 minutes, and then back to 
100% A at 90 minutes with 15 minutes of post-run equilibration where Solvent A was 
100:0.04:0.08 MeOH/formic acid/25% NH3 (aq.) and B was 100:0.04:0.08 2-
propanol/formic acid/25% NH3 (aq.). 

Natural GDGT-0 (1) was isolated from cultures of the Sulfolobus acidocaldarius 
GrsA/GrsB cyclase mutant strain grown using literature conditions.7 Briefly, 5 x 100 mL 
cultures were grown to stationary phase, pelleted at 8000ˣg, and frozen until extraction. 
Following acid hydrolysis, extracts were injected and purified using a semi-preparative 
Agilent 1290 series HPLC connected to a 1260 series fraction collector. Separation of 
compounds was achieved via an Agilent Poroshell 120 C18 reverse phase column (4.6 x 
150 mm, 2.7 μm) maintained at 45 °C. Sample were dissolved in 1:10 DCM:MeOH (v:v), 
with 100 μL injections for fraction collection. Mobile phase flow rate was set at 0.96 
mL/min and started from 100% A to 75% A and 25% B at 20 minutes, then to 35% A and 
65% B at 50 minutes, 10% A and 90% B at 80 minutes, and finally back to 100% A at 90 
minutes with 15 minutes between injections. The GDGT-0 peak was collected at 52.25 
and 53.75 minutes and solvent containing GDGT-0 was pooled in a final, pre-weighed 
vial until co-injection. Ca. 0.2–0.4 mg of natural GDGT-0 was isolated in this manner.  
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2. Previous Syntheses of GDGT-0 (1) and Biphytanyl Diol (2) 

 
 
Scheme S1. Heathcock’s enantioselective synthesis of the biphytanyl diol 2. (J. Org. 
Chem. 1988, 53, 1922–1942.)  
 

 
 
 
 
 
Scheme S2. Czekis’ enantioselective synthesis of the biphytanyl diol 2. (Russ. Chem. 
Bull. 1993, 43, 1246–1253.)  
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Scheme S3. Kakinuma’s enantioselective synthesis of parallel GDGT-0 
(isocaldarchaeol). (J. Org. Chem. 1997, 62, 1924–1933; J. Org. Chem. 1998, 63, 2689–
2698.)  
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3. GDGT-0 and Derivatives Chemical Synthesis Schemes 

 
Scheme S4. Synthesis of GDGT-0 (1). 
 

 
 
 

 
Scheme S5. Installation of polar headgroups onto 1. 
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4. Experimental Procedures for the Synthesis of GDGT-0 and Derivatives 

Example procedure for the preparation of intermediate 8 (adapted from J. Org. Chem. 
2006, 71, 5811–5814.) 

 
(2E,6E,10E,14E)-16-hydroxy-3,7,11,15-tetramethylhexadeca-2,6,10,14-tetraen-1-yl 
acetate (8): Geranylgeranyl acetate (11.14, 33.50 mmol, 1.0 equiv) was suspended in 
CH2Cl2 (168 mL). PhSeCl (385 mg, 2.01 mmol, 0.06 equiv) was added to the solution 
followed by NCS (4.92, 36.9 mmol, 1.1 equiv). After 30 minutes of stirring, an additional 
portion of PhSeCl (385 mg, 2.01 mmol, 0.06 equiv) was added. After an additional 45 
minutes, the reaction mixture was concentrated in vacuo. The crude residue was 
suspended in Et2O (100 mL) and passed over a cotton filter to remove all solids. The 
filtrate was washed with H2O (1 x 50 mL) and then sat. aq. NaCl (1 x 50 mL). The organic 
layer was dried over MgSO4 and concentrated in vacuo. The crude residue was 
suspended in a 1:1 mixture of acetone to H2O (500 mL). To the solution was added 2,4,6-
trimethylpyridine (14.6 mL, 111 mmol, 3.3 equiv) and AgBF4 (15.7 g, 80.4 mmol, 2.4 
equiv) and the mixture was refluxed at 80 °C in the absence of light for approximately 18 
hours. The reaction mixture was then concentrated in vacuo to remove all acetone. The 
reaction mixture was passed over a short plug of sand to remove all solids and the filtrate 
was extracted with EtOAc (5 x 100 mL). The combined organic layers were washed with 
1N HCl (1 x 100 mL), sat. aq. NaHCO3 (1 x 100 mL), and sat. aq. NaCl (1 x 100 mL). The 
1N HCl layer was extracted further with EtOAc (1 x 200 mL) which was successively 
washed using the same sat. aq. NaHCO3 and sat. aq. NaCl washes as used previously. 
The combined organic layers were dried over MgSO4 and concentrated in vacuo. The 
residue was purified with flash column chromatography using silica gel (0% to 30% 
EtOAc/hexanes) to afford the desired primary alcohol 8 (1.54 g, 13% yield) as well as the 
undesired secondary alcohol (approximately 2.7 grams, impure). 
 The secondary alcohol (approximately 2.5 grams, 7.2 mmol, 1.0 equiv) was 
suspended in CH2Cl2 (26 mL) and cooled to 0 °C. Et3N (1.7 mL, 12 mmol, 1.7 equiv) was 
added followed by MsCl (0.78 mL, 10 mmol, 1.4 equiv). After approximately 1 hour of 
stirring at 0 °C, the reaction was transferred to a separatory funnel with EtOAc (100 mL). 
The organic layer was washed with 1N HCl (1 x 50 mL), sat. aq. NaHCO3 (1 x 50 mL), 
and sat. aq. NaCl (1 x 50 mL). The organic layer was dried over MgSO4 and concentrated 
in vacuo. The crude residue was suspended in a 5:4 mixture of acetone and H2O (135 
mL). Sodium acetate (approximately 2.7 g, 33 mmol, 4.6 equiv) was added and the 
solution was refluxed at 110 °C for approximately 2.5 hours. The reaction mixture was 
then concentrated in vacuo to remove all acetone. The reaction mixture was extracted 
with EtOAc (3 x 100 mL) and the combined organic layers were dried over MgSO4 and 
then concentrated in vacuo. The crude residue was purified using flash column 
chromatography with silica gel (0% to 30% EtOAc/hexanes) to afford the desired primary 
alcohol 8 (995 mg, 40% yield) as well as recovered secondary alcohol (approximately 
1.27g, impure).  

*Using this method, we routinely isolated 2-3 g of the desired 8 representing a yield 
of approximately 20% from the starting geranylgeranyl acetate.  

HO
Me Me MeMe

OAc
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(3R,7R,11S,15S)-16-bromo-3,7,11,15-tetramethylhexadecyl acetate (9): To a solution 
of ω-hydroxygeranylgeranyl acetate 8 (2.53 g, 7.25 mmol, 1.0 equiv) in anhydrous CH2Cl2 
(97 mL) was added Pfaltz iridium catalyst ([Ir(L*)COD]BArF4) (290 mg, 0.181 mmol, 0.025 
equiv). The reaction mixture was placed into a Parr pressure vessel which was 
subsequently pressurized to 50 bar with H2. After 2 hours the pressure was released, and 
the reaction mixture was removed from the vessel. NMR analysis of a small aliquot 
indicated full conversion and the reaction mixture was concentrated in vacuo.  

The crude orange oil was suspended in anhydrous benzene (24 mL) and cooled 
to 0 °C. To the solution was added PPh3 (4.38 g, 16.7 mmol, 2.3 equiv) and CBr4 (5.29 
g, 16.0 mmol, 2.2 equiv). After 1 hour at this temperature, NMR analysis of a small aliquot 
of the reaction mixture indicated full conversion. Hexanes (100 mL) was added to the 
reaction mixture and the solution was stirred for approximately 30 minutes at 0 °C.  The 
solids were then filtered through a plug of celite using copious hexanes to wash the plug. 
The filtrate was then concentrated in vacuo onto approximately 10 g of celite and purified 
using flash column chromatography on silica gel (0% to 10% Et2O/hexanes) to afford 
bromide 9 along with minor solid impurity. Passing the product over a plug of celite with 
hexanes afforded pure 9 (2.90 g, 95%). 
 
Physical Properties: Clear oil; 
Rf = 0.34 (silica gel, 5% EtOAc/hexanes, visualized with CAM stain); 
IR (film) νmax = 2954, 2925, 2856, 1740, 1461, 1378, 1365, 1232, 1046, 909, 732, 650 
cm-1; 
1H NMR (600 MHz, CDCl3) δ 4.15 – 4.03 (m, 2H), 3.36 (dddd, J = 45.4, 9.9, 5.5, 1.0 Hz, 
2H), 2.03 (s, 3H), 1.78 (m, 1H), 1.71 – 1.60 (m, 1H), 1.52 (m, 1H), 1.47 – 1.03 (m, 21H), 
1.01 (d, J = 6.6, 3H), 0.90 (d, J = 6.7, 3H), 0.87 – 0.81 (m, 6H); 
13C NMR (100 MHz, CDCl3) δ 171.18, 63.07, 41.56, 37.35, 37.33, 37.24, 37.22, 37.03, 
35.44, 35.18, 35.16, 32.75, 32.67, 29.83, 24.41, 24.28, 24.26, 21.02, 19.73, 19.68, 19.53, 
18.82; 
MS (ES+) calcd. For C22H44O2Br [M+H]+ 419.25, found 419.25; 
[α]D23 = +1.44 (c = 0.73, CHCl3) 
 
 
 
 
 
 
 
 
 
 
 
 
 

Br
Me Me MeMe

OAc
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(3R,7R,11S,15S,18S,22S,26R,30R)-3,7,11,15,18,22,26,30-octamethyldotriacontane-
1,32-diol (2): A pressure flask was charged with –325 mesh Mn (1.90 g, 34.6 mmol, 5.0 
equiv), 4,4′,4″-tri-tert-butyl-2,2′:6′,2″-terpyridine (139 mg, 0.346 mmol, 0.05 equiv), 
NiCl2·Glyme (48 mg, 0.346 mmol, 0.05 equiv), and NaI (1.04 g, 6.91 mmol, 1.0 equiv). To 
the flask was added bromide 9 (2.90 g, 6.91 mmol, 1.0 equiv) as a solution in degassed, 
anhydrous DMF (3.0 mL). Additional anhydrous DMF (3.9 mL) was added and the septum 
was rapidly removed, and the flask was sealed. The reaction mixture was heated to 80 
°C and stirred for approximately 12 hours before being removed from heat. Once cooled, 
the solids were washed repeatedly with Et2O and the washings were passed through a 
celite plug and concentrated in vacuo at 50 °C repeatedly concentrating down from 
toluene. The resulting residue was suspended in MeOH (24 mL) and K2CO3 (3.58 g, 25.9 
mmol, 7.5 equiv) was added to the solution. After 2 hours of stirring, TLC indicated full 
conversion. The reaction mixture was directly concentrated in vacuo and suspended in 
H2O (50 mL) and sat. aq. NaCl (25 mL) and then extracted with EtOAc (3 x 50 mL). The 
combined organic layers were dried over MgSO4 and concentrated in vacuo. The crude 
residue was purified by flash column chromatography on silica gel (0% to 40% 
EtOAc/hexanes) to provide diol 2 (1.31 g, 64%).  
 Optical rotation and spectroscopic data matched that reported in the 
literature.8   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Me Me Me Me

Me Me MeMe
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(3R,7R,11S,15S,18S,22S,26R,30R)-3,7,11,15,18,22,26,30 octamethyldotriacontane-     
dioic acid (12): Chromium trioxide (500 mg, 5.00 mmol) was dissolved in water (1.5 mL) 
and cooled to 0 °C. To this solution was added conc. H2SO4 (0.5 mL). The resulting Jones 
reagent was maintained at 0 °C and used immediately. 

In a separate flask, diol 2 (250 mg, 0.420 mmol, 1.0 equiv) was suspended in 
CH2Cl2 (8.4 mL) and acetone (8.4 mL) and cooled to 0 °C. To this solution was added 
Jones reagent (1.26 mL, 3.15 mmol, 7.5 eq, 2.5 M) slowly dropwise. The reaction was 
maintained at 0 °C for 1 hour. Isopropranol (ca. 1.5 mL) was then added slowly dropwise 
causing the rust colored solution to gradually turn a greenish-blue. The reaction mixture 
was diluted with EtOAc (75 mL) and washed with sat. aq. NaCl (75 mL). The aqueous 
layer was further extracted with EtOAc (2 x 75 mL). The combined organic layers were 
dried over MgSO4 and concentrated in vacuo. The crude residue was purified via flash 
column chromatography on silica gel (0% to 100% EtOAc/hexanes) to afford diacid 12 
(171 mg, 65%). 
 
Physical Properties: Clear oil; 
Rf = 0.75 (silica gel, 50% EtOAc/hexanes, visualized with Seebach stain); 
IR (film) νmax = 3500-2500 (br), 2951, 2923, 2855, 1707, 1461, 1410, 1377, 1296, 935 cm-

1; 
1HMR (600 MHz, CDCl3) δ 2.33 (dd, J = 15.0, 6.6 Hz, 2H), 2.18 (dd, J = 15.0, 7.4 Hz, 2H), 
1.97 (m, 2H), 1.46 – 1.00 (m, 46H), 0.97 (d, J = 6.7 Hz, 6H), 0.85 (dd, J = 6.6, 1.5 Hz, 
18H); 
13C NMR (126 MHz, CDCl3) δ 179.64, 41.55, 37.56, 37.40, 37.36, 37.33, 37.03, 36.95, 
34.30, 33.06, 32.78, 32.75, 30.17, 24.48, 24.44, 24.33, 19.82, 19.78. [2C missing. The 
signal at 19.78 is significantly more intense and could arise from multiple nuclei]; 
HRMS (ES+) calcd. For C40H79O4 [M+H]+ 623.59, found 623.59; 
[α]D23 = +1.17 (c = 0.32, CHCl3)  
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(4R,8R,12R,16S,20S,23S,27S,31R,35R,39R)-4,39-bis(((4-methoxybenzyl)oxy)-
methyl)-8,12,16,20,23,27,31,35-octamethyl-1,1,1,42,42,42-hexaphenyl-2,5,38,41-
tetraoxadotetracontane (S34): To a solution of diol 2 (500 mg, 0.840 mmol, 1.0 equiv) 
in anhydrous benzene (8.4 mL) at 0 °C was added PPh3 (1.01 g, 3.86 mmol, 4.6 equiv) 
and CBr4 (1.23 g, 3.70 mmol, 4.4 equiv). After 0.5 hours at this temperature, NMR 
analysis of a small aliquot of the reaction mixture indicated full conversion. Hexanes (20 
mL) were added to the reaction mixture and the solution was stirred for 15 minutes at 0 
°C before being filtered through a plug of celite. The filtrate was concentrated in vacuo 
onto approximately 2.5 g of celite and passed through a plug of silica (100% hexanes) to 
afford the dibromide as a clear oil (507 mg, 84%), which was used directly in the next 
step. 

To a flask charged with 90% NaH (89 mg, 3.3 mmol, 5.0 equiv) was added glycerol 
10 (1.45 g, 3.18 mmol, 4.8 eq) as a solution in anhydrous THF (3 mL). The solution was 
stirred at room temperature for 1 hour before gradually being heated in a 130 °C oil bath 
until the solution began to lightly reflux. The solution was cooled to room temperature and 
then the dibromide (478 mg, 0.663 mmol, 1.0 equiv) was added as a solution in anhydrous 
THF (3 mL). The reaction mixture was placed under a flow of argon and carefully heated 
at 130 °C causing the THF to slowly evaporate. Once all the solvent had evaporated, the 
septum was then replaced with a yellow cap that was then secured by a three-prong 
clamp. The solution was then heated at 130 °C for approximately 16 hours before being 
cooled to room temperature. The resulting brown residue was suspended in Et2O (30 mL) 
and washed with a 1:1 sat. aq. NaCl/H2O solution (20 mL). The aqueous layer was further 
extracted with Et2O (2 x 20 mL) and the combined organic layers were dried over MgSO4 
and concentrated in vacuo. The crude residue was purified via flash column 
chromatography on silica gel (0% to 15% EtOAc/hexanes) to afford S34 (538 mg, 55%). 

 
Physical Properties: Colorless oil; 
Rf = 0.21 (silica gel, 10% EtOAc/hexanes, visualized with Seebach stain); 
IR (film) νmax = 3058, 3033, 3022, 2949, 2924, 2857, 1613, 1513, 1491, 1461,1449, 1376, 
1302, 1247, 1172, 1091, 1036, 820, 763, 745, 704, 633 cm-1; 
1H NMR (400 MHz, CDCl3) δ 7.48 – 7.13 (m, 34H), 6.83 (d, J = 8.6 Hz, 4H), 4.51 – 4.37 
(m, 4H), 3.79 (s, 6H), 3.64 – 3.48 (m, 10H), 3.20 (d, J = 4.4 Hz, 4H), 1.62 (m, 2H), 1.44 – 
0.94 (m, 50H), 0.89 – 0.80 (m, 24H); 
13C NMR (126 MHz, CDCl3) δ 159.06, 144.14, 130.56, 129.14, 128.76, 127.71, 126.87, 
113.67, 86.53, 78.36, 72.91, 70.19, 68.98, 63.56, 55.24, 37.59, 37.47, 37.44, 37.17, 
34.33, 33.07, 32.83, 29.86, 24.51, 24.37, 19.77, 19.74, 19.73, 19.70. [5 Signals are 
missing, however, numerous peaks are more intense suggesting the contribution of 
multiple nuclei];  
HRMS (ES+) calcd. For C100H138O8Na [M+Na]+ 1490.02, found 1490.03; 
[α]D23 = +0.46 (c = 0.42, CHCl3) 
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(S)-2-(((3R,7R,11S,15S,18S,22S,26R,30R)-32-(((S)-1-hydroxy-3-((4-methoxybenzyl)-
oxy)propan-2-yl)oxy)-3,7,11,15,18,22,26,30-octamethyldotriacontyl)oxy)-3-((4-
methoxybenzyl)oxy)propan-1-ol (11): S34 (525 mg, 0.358 mmol, 1.0 equiv) was 
suspended in anhydrous CH2Cl2 (3.6 mL) and anhydrous MeOH (3.6 mL) and cooled to 
0 °C. To this solution was added acetyl chloride (76.6 μL mL, 1.07 mmol, 3.0 equiv). The 
solution was stirred for 90 minutes at this temperature until TLC indicated full conversion. 
The reaction was quenched by the slow addition of approximately 1 mL of sat. aq. 
NaHCO3. The reaction mixture was diluted with CH2Cl2 (45mL) and washed with sat. aq. 
NaHCO3 (45 mL). The aqueous layer was further extracted with CH2Cl2 (2 x 45 mL). The 
combined organic layers were dried over Na2SO4 and concentrated in vacuo. The crude 
residue was purified via flash column chromatography on silica gel (0% to 50% 
EtOAc/hexanes) to afford diol 11 as a clear oil (309 mg, 88%). 
 
Physical Properties: Colorless oil; 
Rf = 0.37 (silica gel, 40% EtOAc/hexanes, visualized with Seebach stain); 
IR (film) νmax = 3425 (br), 2950, 2923, 2856, 1612, 1586, 1513, 1461, 1377, 1302, 1247, 
1173, 1090, 1038, 819 cm-1; 
1H NMR (600 MHz, CDCl3) δ 7.25 (d, J = 8.6 Hz, 4H), 6.88 (d, J = 8.7 Hz, 4H), 4.47 (d, J 
= 2.9 Hz, 4H), 3.80 (s, 6H), 3.75 – 3.45 (m, 14H), 2.12 – 2.07 (m, 2H, OH protons), 1.60 
(m 2H), 1.52 (m 2H), 1.41 – 1.01 (m, 48H), 0.87 (d, J = 6.7 Hz, 6H), 0.86 – 0.82 (m, 18H); 
13C NMR (126 MHz, CDCl3) δ 159.27, 130.09, 129.27, 113.82, 78.42, 73.18, 69.72, 68.64, 
62.96, 55.25, 37.57, 37.49, 37.42, 37.37, 37.07, 34.32, 33.06, 32.81, 29.83, 24.49, 24.35, 
19.78, 19.75, 19.73, 19.68. [4 signals are missing; signals at 37.42 and 32.81 are more 
intense than other peaks suggesting the contribution of multiple nuclei];  
HRMS (ES+): calcd. For C62H110O8Na [M+Na]+ 1005.80, found 1005.81; 
[α]D23 = –19.35 (c = 0.105, CHCl3)  
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(2R,7R,11R,15S,19S,22S,26S,30R,34R,39R,43R,47R,51S,55S,58S,62S,66R,70R)-
2,39-bis(((4-methoxybenzyl)oxy)methyl)-7,11,15,19,22,26,30,34,43,47,51,55,58, 
62,66,70-hexadecamethyl-1,4,37,40-tetraoxacyclodoheptacontane-5,36-dione 
(S35): Diol 11 (150 mg, 152 μmol, 1.0 equiv) and diacid 12 (190 mg, 305 μmol, 2.0 equiv) 
were concentrated in vacuo from benzene into a flask and were then suspended in 
anhydrous CH2Cl2 (96 mL). To this solution was added 2-chlorodimethylimidazolinium 
chloride (469 mg, 2.78 mmol, 18.2 equiv) as a solution in anhydrous CH2Cl2 (14 mL). This 
solution was cooled to 0 °C and was then cannulated into a flask cooled to 0 °C containing 
hexanes-washed KH (97.9 mg, 2.44 mmol, 16.0 equiv). The solution was stirred at 0 °C 
for 1 hour before adding DMAP (447 mg, 3.66 mmol, 24.0 equiv) to the reaction mixture. 
The septum was rapidly exchanged for a yellow cap secured by a three-prong clamp, and 
the solution was heated to 40 °C. The solution was stirred at 40 °C for approximately 36 
hours before being cooled to room temperature. Sat. aq. NH4Cl (approximately 2 mL) was 
added slowly dropwise. Minor effervescence was observed as the remaining KH was 
quenched. The solution was washed with sat. aq. NH4Cl (1 x 100 mL). The aqueous layer 
was extracted with CH2Cl2 (2 x 100 mL). The combined organic layers were washed with 
sat. aq. NaCl (1 x 100 mL). The sat. aq. NaCl was extracted with CH2Cl2 (1 x 50 mL). The 
combined organic layers were dried over Na2SO4 and concentrated in vacuo. The crude 
residue was purified via flash chromatography on silica gel (0% to 10% EtOAc/hexanes) 
to afford macrodiolide S35 as a clear oil (123 mg, 51%). [Warning: KH reacts violently 
with H2O. Great care should be taken to exclude any moisture from the reaction. The 
NH4Cl quench should be performed slowly and carefully.] 
 
Physical Properties: Colorless oil; 
Rf = 0.27 (silica gel, 10% EtOAc/Hexanes, visualized with UV light and Seebach stain); 
IR (film) νmax = 2953, 2923, 2855, 1737, 1514, 1460, 1377, 1248, 1170, 1101, 1041, 1018, 
806 cm-1; 
1H NMR (600 MHz, CDCl3) δ 7.25 (d, J = 8.4 Hz, 4H), 6.87 (d, J = 8.2 Hz, 4H), 4.47 (s, 
4H), 4.27 (dd, J = 11.7, 3.8 Hz, 2H), 4.09 (dd, J = 11.6, 5.9 Hz, 2H), 3.80 (d, J = 1.1 Hz, 
6H), 3.67 – 3.47 (m, 10H), 2.31 (dd, J = 14.7, 5.9 Hz, 2H), 2.10 (dd, J = 14.6, 8.2 Hz, 2H), 
1.94 (m, 2H), 1.59 (m, 2H) 1.41 – 1.00 (m, 96H), 0.93 (d, J = 6.6 Hz, 6H), 0.89 – 0.81 (m, 
42H); 
13C NMR (126 MHz, CDCl3) δ 173.15, 159.22, 130.15, 129.26, 113.77, 76.58, 73.10, 
69.23, 68.77, 63.80, 55.23, 41.81, 37.52, 37.44, 37.39, 37.15, 37.06, 36.96, 34.30, 33.05, 
32.78, 30.38, 29.75, 24.46, 24.36, 19.83, 19.79, 19.77, 19.69. [Multiple signals missing. 
There are multiple signals with greater intensity suggesting the contribution of multiple 
nuclei]; 
HRMS (ES+) calcd. For C102H184O10Na [M+Na]+ 1592.37, found 1592.37;  
[α]D23 = –5.82 (c = 0.105, CHCl3)  
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GDGT-0 (1): Diolide S35 (58.0 mg, 36.9 μmol, 1.0 equiv) was suspended in anhydrous 
CHCl3 (0.2 mL) in a screw cap vial. A pipette tip’s worth of InBr3 (appx. 3 mg, 8 μmol, 0.2 
equiv) and Et3SiH (47.2 μL, 295 μmol, 8.0 equiv) was added to the reaction. An additional 
portion of CHCl3 (0.1 mL) was added and the septum was replaced with a screw cap. The 
reaction was heated at 60 °C for 15 hours and turned orange in color. The reaction was 
then removed from heat and H2O (1 mL) and CH2Cl2 (1 mL) were added. The reaction 
mixture was aggressively shaken until all color had dissipated. The organic layer was 
separated, and the aqueous layer was extracted with EtOAc (2 x 1 mL). The combined 
organic layers were dried over Na2SO4 and concentrated in vacuo. The crude residue 
was suspended in THF (1 mL) and 1.0 M TBAF in THF (appx. 10 μL, 10 μmol, 0.27 equiv) 
was added to the reaction. After appx. 1 hour of stirring at room temperature, 1 mL of a 
1:1 solution of sat. aq. NaCl and sat. aq. NaHCO3 was added. The reaction mixture was 
extracted with EtOAc (3 x 1 mL). The combined organic layers were dried over Na2SO4 
and concentrated in vacuo.The crude residue was purified by silica gel chromatography 
(10% to 25% EtOAc/hexanes) to afford parallel GDGT-0 1 (27.0 mg, 56% yield). 
 
The conversion of S35 to 1 as described above has also been successfully performed 
using 123 mg of S35 (78.3 μmol, 1.0 equiv) to give 1 (50.4 mg, 49% yield). 
 
Physical Properties: Colorless oil; 
Rf = 0.24 (silica gel, 20% EtOAc/Hexanes, visualized with CAM stain); 
1H NMR (600 MHz, CDCl3) δ 3.74 – 3.44 (m, 18H), 1.68 – 1.58 (m, 4H), 1.53 (m, 4H), 
1.43 – 1.08 (m, 96H), 0.88 (m, 12H), 0.85 (m, 36H); 
13C NMR (126 MHz, CDCl3) δ 78.37, 71.06, 70.07, 68.58, 63.05, 37.50, 37.41, 37.36, 
37.05, 36.57, 34.29, 33.05, 32.77, 29.83, 29.78, 24.45, 24.36, 19.85, 19.82, 19.81, 
19.76;  
[α]D23 = +7.49 (c = 0.2, CHCl3); lit.9 for 1, [α]D23 = + 8.3 (c = 10, CHCl3); 
 
Optical rotation,9 LC-MS, and NMR spectroscopic10,11 data matched reported values for 
both natural and synthetic GDGT-0. A comparison of the 13C NMR data is provided below.  
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Table S1. 13C NMR comparison of GDGT-0 (1).  
 

This work  Synthetic10 Naturalb,11  
19.76 19.74 - 
19.81 19.80 - 
19.82a - - 
19.85 19.82 - 
24.36 24.34 - 
24.45 24.43 - 
29.78 29.75 29.80 
29.83 29.86 29.84 
32.77 32.75 - 
33.05 33.02 - 
34.29 34.26 - 
36.57 36.53 36.58 
37.05 37.01 37.06 
37.36 37.33 37.34 
37.41a - - 
37.50 37.48 - 
63.05 63.03 - 
68.58 68.56 68.60 
70.07 70.05 70.09 
71.06 71.02 71.07 
78.37 78.32 78.35 

aThe additional signals observed were likely not identified in prior work due to the use of lower field NMR instruments (75 Hz in prior 

synthetic work vs. 126 Hz in this work). bNot all signals were reported.  
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HPLC Trace of Synthetic GDGT-0: See General Information for conditions.  

 

 
 
HPLC Trace of Natural GDGT-0: See General Information for conditions and isolation.  

 

 
 
HPLC Trace of Synthetic & Natural GDGT-0 Co-injection: See General Information 
for conditions.  
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((2S,7R,11R,15S,19S,22S,26S,30R,34R,39S,43R,47R,51S,55S,58S,62S,66R,70R)-
7,11,15,19,22,26,30,34,43,47,51,55,58,62,66,70-hexadecamethyl-1,4,37,40-tetraoxa-
cyclodoheptacontane-2,39-diyl)bis(methylene) bis(dihydrogen phosphate) (13): To 
a solution of 1 (11.3 mg, 8.68 μmol, 1.0 equiv) in anhydrous and degassed CH2Cl2 (0.1 
mL) in a screw cap vial was added a 0.45 M solution of tetrazole in acetonitrile (154 μL, 
69.4 μmol, 8.0 equiv). To this solution was added dibenzyl N,N-
diisopropylphosphoramidite (15.0 mg, 43.4 μmol, 5.0 equiv) as a solution in anhydrous 
and degassed CH2Cl2 (0.1 mL). The septum was replaced with a screw cap and the 
reaction was stirred at room temperature for approximately 14 hours. The screw cap was 
replaced with a septum equipped with a ballon of argon and the reaction was cooled to –
40 °C. A 5.5 M solution of t-butyl hydroperoxide in decane (31.6 μL, 174 μmol, 20.0 equiv) 
was added to the solution. The reaction was slowly warmed to room temperature over 4 
hours at which point TLC indicated full conversion. The reaction mixture was concentrated 
in vacuo and the crude residue was purified by preparative thin layer chromatography on 
silica gel (35% EtOAc/hexanes, run twice) to afford the benzylated bisphosphate GDGT-
0 which was used directly in the next step. 
 The resulting benzylated bisphosphate GDGT-0 was suspended in anhydrous and 
degassed solution of 1:1 THF/EtOH (1 mL). A pipette tip’s worth of 20% Pd(OH)2/C (ca 1 
mg, 1.4 μmol, 0.16 equiv) was added to the solution and the reaction was sparged with 
H2 for approximately 5 minutes after which the reaction was stirred under an atmosphere 
of H2 for approximately 15 hours. The reaction mixture was passed over a plug of celite 
with Et2O and concentrated. The crude residue was purified using a column of Sephadex 
LH-20 (33% to 66% CHCl3/MeOH) to afford the desired bisphosphate GDGT-0 13 (10.0 
mg, 79% yield over two steps).  
 Spectroscopic data matched that reported in the literature.12 
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((2R,7R,11R,15S,19S,22S,26S,30R,34R,39S,43R,47R,51S,55S,58S,62S,66R,70R)-
7,11,15,19,22,26,30,34,43,47,51,55,58,62,66,70-hexadecamethyl-39-((((3R,4S,5R,6R) 
-3,4,5-tris(benzyloxy)-6-((benzyloxy)methyl)tetrahydro-2H-pyran-2-yl)oxy)methyl)-
1,4,37,40-tetraoxacyclodoheptacontan-2-yl)methanol (15) [Mixture of anomers]: To 
a solution of 1 (33.4 mg, 25.6 μmol, 1.0 equiv) in CH2Cl2 (0.2 mL) was added imidazole 
(6.9 mg, 103 μmol, 4.0 equiv) and t-butyl(chloro)diphenylsilane (20 μL, 76.9 μmol, 3.0 
equiv). After stirring 15 hours at room temperature, TLC indicated full conversion. The 
reaction mixture was diluted with CH2Cl2 (1 mL) and washed with 1N HCl (1 x 1 mL), sat. 
aq. NaHCO3 (1 x 1mL), and sat. aq. NaCl (1 x 1 mL). Each aqueous layer was extracted 
once with the same portion of CH2Cl2 (1 x 1 mL). The combined organic layers were dried 
over Na2SO4 and concentrated in vacuo. The crude residue was purified via flash column 
chromatography on silica gel (2% to 10% EtOAc/hexanes) to afford the desired bis-
TBDPS GDGT-0 (38.4 mg, 84%) which was used directly in the next step. 
 The bis-TBDPS GDGT-0 (38.4 mg, 21.6 μmol, 1.0 equiv) was suspended in THF 
(1 mL) and a 0.1M solution of TBAF in THF (216 μL, 21.6 μmol, 1.0 equiv) was added 
dropwise to the solution. The reaction was closely monitored by TLC (a sample was taken 
every 10 minutes) until the major species present was the desired mono-TBDPS GDGT-
0 (approximately 40 minutes of reacting). The reaction was quenched with a 1:1 mixture 
of sat. aq. NaHCO3/sat. aq. NaCl (1 x 1 mL) and was extracted with EtOAc (3 x 1 mL). 
The combined organic layers were dried over Na2SO4 and concentrated in vacuo. The 
crude residue was purified using flash chromatography on silica gel (2% to 30% 
EtOAc/hexanes) to afford the desired mono-TBDPS GDGT-0 (14.7 mg, 44% yield) which 
was used directly in the next step. bis-TBDPS GDGT-0 (ca. 14 mg) and 1 (ca. 7 mg) were 
also recovered from the reaction.  
 Mono-TBDPS GDGT-0 (14.7 mg, 8.59 μmol, 1.0 equiv) and 14 (12.4 mg, 18.0 
μmol, 2.1 equiv) were concentrated from toluene into a vial. 4Å Molecule sieves were 
added to the vial and the mixture was suspended in anhydrous CH2Cl2 (0.2 mL). To this 
solution was added a 1% v/v solution of TMSOTf in CH2Cl2 (15.9 μL, 0.859 μmol, 0.1 
equiv). The reaction was stirred for 1.25 hours at room temperature until TLC indicated 
full conversion. A couple drops of Et3N were then added to the reaction. The reaction 
mixture was directly purified via preparative thin layer chromatography on silica (15% 
EtOAc/Hexanes) to afford the TBDPS/Glucose GDGT-0 (12.0 mg, 68%) which was used 
directly in the next step.  
 The TBDPS/Glucose GDGT-0 (12.0 mg, 5.82 μmol, 1.0 equiv) was dissolved in 
THF (1 mL) and a 1.0 M solution of TBAF in THF (29 μL, 29.1 μmol, 5.0 equiv) was added. 
After 3 hours of stirring at room temperature, TLC indicated full conversion. The reaction 
mixture was diluted with EtOAc (1 mL) and washed with a 1:1 solution of sat. aq. 
NaHCO3/sat. aq. NaCl (1 x 1mL). The aqueous layer was further extracted with EtOAc (2 
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x 1 mL). The combined organic layers were dried over Na2SO4 and concentrated in vacuo. 
The resulting crude residue was purified using preparative thin layer chromatography on 
silica gel (20% EtOAc/hexanes) to afford 15 (6.8 mg, 64%, 1.6:1 ratio of α/β anomers as 
determined in the next step). 
  
Physical Properties: Colorless oil; 
Rf = 0.23 (silica gel, 15% EtOAc/Hexanes, visualized CAM stain); 
IR (film) νmax = 3444 (br), 2922, 2851,1712, 1456, 1376, 1260, 1093 (br), 1070, 803, 732, 
696 cm-1; 
1H NMR (600 MHz, CDCl3) δ  7.39 – 7.24 (m, 18H), 7.14 (t, J = 8.4 Hz, 2H), 5.02 – 4.40 
(m, 9H), 3.97 (m, 1H), 3.87 – 3.39 (m, 23H), 2.14 (t, J = 6.3 Hz, 1H), 1.60 (m, 4H), 1.53 
(m, 4H), 1.41-0.98 (m, 97H), 0.91 – 0.81 (m, 48H);  
13C NMR (126 MHz, CDCl3) δ 138.90, 138.65, 138.56, 138.49, 138.42, 138.20, 138.16, 
137.99, 128.36, 128.32, 128.26, 128.11, 127.94, 127.88, 127.87, 127.75, 127.70, 127.62, 
127.56, 127.51, 103.91, 97.31, 84.69, 82.17, 82.01, 80.05, 78.35, 78.01, 77.84, 77.79, 
77.65, 75.66, 75.61, 74.97, 74.89, 74.64, 73.50, 73.45, 72.80, 71.09, 70.92, 70.16, 70.08, 
69.99, 69.92, 68.89, 68.83, 68.58, 68.48, 67.85, 63.08, 37.52, 37.40, 37.37, 37.13, 37.06, 
36.71, 36.66, 36.58, 34.31, 33.06, 32.79, 29.92, 29.83, 29.79, 29.76, 29.69, 24.47, 24.40, 
24.37, 19.83, 19.80 [Multiple signals missing. There are multiple signals with greater 
intensity suggesting the contribution of multiple nuclei]; 
HRMS (ES+): calcd. For C120H206O11Na [M+Na]+ 1846.55, found 1846.55; 
[α]D23 = +8.68 (c = 0.24, CHCl3) 
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((2S,7R,11R,15S,19S,22S,26S,30R,34R,39S,43R,47R,51S,55S,58S,62S,66R,70R)-
7,11,15,19,22,26,30,34,43,47,51,55,58,62,66,70-hexadecamethyl-39-((((3R,4S,5S,6R) 
-3,4,5-trihydroxy-6-(hydroxymethyl)tetrahydro-2H-pyran-2-yl)oxy)methyl)-1,4,37,40 
-tetraoxacyclodoheptacontan-2-yl)methyl dihydrogen phosphate (16) [Mixture of 
anomers]: To a solution of 15 (6.8 mg, 3.7 μmol, 1.0 equiv) in anhydrous and degassed 
CH2Cl2 (0.1 mL) in a screw cap vial was was added a 0.45 M solution of tetrazole in 
acetonitrile (33 μL, 15 μmol, 4.0 equiv). To this solution was added dibenzyl N,N-
diisopropylphosphoramidite (3.2 mg, 9.3 μmol, 2.5 equiv) as a solution in anhydrous and 
degassed CH2Cl2 (0.1 mL) and the septum was replaced by a screw cap. The reaction 
was stirred at room temperature for approximately 15 hours. TLC indicated full conversion 
and a septum pierced with a balloon of argon was affixed to the vial. The reaction was 
cooled to –40 °C. To this solution was added a 5.5 M solution of t-butyl hydroperoxide in 
decane (10 μL, 54.4 μmol, 14.7 equiv). The reaction allowed to slowly warm to room 
temperature over 5 hours. TLC indicated full conversion to the desired product and the 
reaction mixture was directly loaded onto a silica gel preparative thin layer 
chromatography plate. The reaction was then purified using preparative thin layer 
chromatography on silica gel (20% EtOAc/hexanes) to afford the benzyl-protected 
phosphate ester which was used directly in the next step. 
 The benzyl-protected phosphate ester was suspended in a 1:1 mixture of 
degassed THF and EtOH (1 mL). To the solution was added a pipette tip’s worth of 20% 
Pd(OH)2/C (ca 1 mg, 1.4 μmol, 0.38 equiv). H2 was bubbled through the solution for 5 
minutes and then the reaction was stirred under an atmosphere of H2 for approximately 
18 hours. The reaction mixture was then passed over celite with MeOH and concentrated 
in vacuo. The crude residue was passed over a column of Sephadex LH-20 using 10% 
MeOH/CHCl3 as the eluent to afford the desired product 16 (4.2 mg, 73% yield over 2 
steps, 1.6:1 ratio of α/β anomers). 
   
Physical Properties: Colorless oil (hygroscopic, forms white wax upon standing in air); 
IR (film) νmax = 3393 (br), 2953, 2922, 2852, 1715, 1655, 1461, 1377, 1260, 1053 (br), 
908, 801, 734;  
1H NMR (600 MHz, 8:1 CDCl3/D3COD) δ  4.74 (d, J = 3.6 Hz, 0.55H, α-anomer), 4.21 (d, 
J = 7.7 Hz, 0.33H β-anomer), 3.86 (m, 2H), 3.70 (m, 2H), 3.55 (m, 11H), 3.37 (m, 4H), 
3.29 (m, 4H), 3.21 (m, 1H) [This region is partially obscured by the residual solvent signal 
of D3COD, attempts to dissolve the sample in other common deuterated solvents were 
unsuccessful], 1.52 (m, 4H), 1.44 (m, 4H), 1.35 – 0.91 (m, 101H), 0.83 – 0.78 (m, 12H), 
0.78 – 0.74 (m, 36H); 
13C NMR (126 MHz, 8:1 CDCl3/D3COD) δ 103.25 (β-anomer), 98.76 (α-anomer), 77.67, 
76.02, 75.77, 73.92, 73.37, 72.15, 71.65, 70.41, 70.20, 69.93, 69.81, 68.96, 68.75, 68.51, 
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67.01, 64.91, 61.66, 61.40, 37.31, 37.21, 36.73, 36.67, 36.46, 36.40, 34.11, 32.88, 32.61, 
29.72, 29.59, 29.51, 24.29, 24.27, 24.23, 19.63, 19.58, 19.50, 19.47 (Due to limited 
amounts of material, signals were confirmed through HSQC) [Multiple signals missing. 
There are signals with greater intensity suggesting the contribution of multiple nuclei]; 
31P NMR (162 MHz, 8:1 CDCl3/D3COD) δ 0.74; 
HRMS (ES+) calcd. For C92H183O14NaP [M+Na]+ 1566.33, found 1566.32;  
[α]D23 = +4.1 (c = 0.1, 8:1 CHCl3/MeOH) 
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5. Chemical Degradation Schemes 

Scheme S6. Synthesis of hydrogenated intermediate S38.  
 

 
 
Scheme S7. Chemical degradation to S41-TIPS and S41-Ac.  
 

 
 
Scheme S8. Chemical degradation of S38-TIPS to S44.  
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Scheme S9. Chemical degradation of S38-Ac to S47. 
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6. Chemical Degradation Experimental Procedures 

*All procedures described in this section are unoptimized.  
 

 
(6E,10E,14E)-2,6,10,14-tetramethyl-16-((triisopropylsilyl)oxy)hexadeca-1,6,10,14-
tetraen-3-ol (S37): Geranygeraniol S36 (7.76 g, 26.7 mmol, 1.0 equiv) was suspended 
in anhydrous CH2Cl2 (267 mL) and cooled to 0 °C. To this solution was added Et3N (5.58 
mL, 40.1 mmol, 1.5 equiv) followed by triisopropylsilyl trifluoromethanesulfonate (7.55 mL, 
28.0 mmol, 1.05 equiv) dropwise. After 1 hour, an additional portion of Et3N (0.5 mL, 3.59 
mmol, 0.13 equiv) and triisopropylsilyl trifluoromethanesulfonate (0.7 mL, 2.60 mmol, 0.1 
equiv) was added. After 1 additional hour, the reaction mixture was diluted with CH2Cl2 
(200 mL) and washed with 1N HCl (1 x 200 mL), sat. aq. NaHCO3 (1 x 200 mL), and sat. 
aq. NaCl (1 x 200 mL). The organic layer was dried over Na2SO4 and concentrated in 
vacuo. The residue was purified through a silica gel plug (5% EtOAc/hexanes) to afford 
TIPS-protected geranylgeraniol (11.99 g, 26.7 mmol, quant.) which was used directly in 
the next step.  

TIPS-protected geranygeraniol (8.7 g, 19 mmol, 1.0 equiv) was suspended in a 2:1 
mixture of THF/H2O (640 mL) and was cooled to 0 °C. To the solution was added NBS 
(5.0 g, 28 mmol, 1.5 equiv) in small portions over 2.5 hours.  Once the addition was 
complete, a solution of sat. aq. Na2S2O3 (200 mL) was added to the solution followed by 
MeOH (115 mL) and K2CO3 (20 g, 145 mmol, 7.6 equiv). The solution was warmed to 
room temperature stirred at this temperature for 2 hours. The reaction mixture was 
partially concentrated in vacuo until all organic solvents had evaporated. The resulting 
solution was extracted with Et2O (1 x 200 mL) and EtOAc (1 x 200 mL, 1 x 100 mL). The 
combined organic layers were dried over MgSO4 and concentrated in vacuo. The residue 
was purified by flash chromatography on silica gel (1% to 4% EtOAc/hexanes) to afford 
the desired epoxide (6.36 g, 71%) which was used directly in the next step. 

The epoxide (6.36 g, 13.7 mmol, 1.0 equiv) was then taken up in anhydrous 
toluene (18.8 mL) in a pressure flask. Aluminum isopropoxide was added (3.37 g, 16.5 
mmol, 1.2 equiv) in a single portion and the septum was rapidly removed, and the flask 
was sealed. The solution was heated to 110 °C and let stir at this temperature for 14 
hours. The reaction mixture was then cooled to room temperature and diluted with Et2O 
(40 mL). The reaction mixture was washed with 1N HCl (1 x 20 mL). The aqueous layer 
was further extracted with Et2O (2 x 20 mL) and EtOAc (1 x 20 mL) and the combined 
organic layers were dried over MgSO4 and then concentrated in vacuo. The crude residue 
was purified by flash chromatography using silica gel (0% to 15% EtOAc/hexanes) to 
afford secondary allylic alcohol S37 (4.34 g, 68%).  
 
Physical Properties: Clear oil; 
Rf = 0.31 (silica gel, 10% EtOAc/hexanes, visualized with KMnO4 stain); 
IR (film) νmax = 3369 (br), 2941, 2922, 2893, 2864, 1669, 1651, 1461, 1382, 1256, 1110, 
1059, 1013, 995, 882, 768, 680, 657, 641 cm-1; 
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1H NMR (400 MHz, CDCl3) δ 5.33 (t, J = 6.0 Hz, 1H), 5.20 – 5.08 (m, 2H), 4.93 (s, 1H), 
4.83 (s, 1H), 4.25 (d, J = 6.1 Hz, 2H), 4.04 (t, J = 6.5 Hz, 1H), 2.17 – 1.93 (m, 10H), 1.72 
(s, 3H), 1.65-1.59 (m, 14H), 1.07 (d, J = 4.7 Hz, 18H); 
13C NMR (126 MHz, CDCl3) δ 147.49, 136.21, 135.00, 134.62, 124.81, 124.75, 124.10, 
110.93, 75.61, 60.49, 39.61, 39.48, 35.69, 33.18, 26.59, 26.32, 18.00, 17.68, 17.61, 
16.42, 15.95, 12.06; 
HRMS (ES+): calcd. For C26H54O6Na [M+Na]+ 485.38, found 485.38; 
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(2S,6S,10R,14R)-2,6,10,14-tetramethyl-16-((triisopropylsilyl)oxy)hexadecan-1-ol 
(S38-TIPS): Secondary allylic alcohol S37 (2.75 g, 5.94 mmol, 1.0 equiv) was suspended 
in anhydrous CH2Cl2 (21.6 mL) and cooled to 0 °C. Et3N (1.4 mL, 10.1 mmol, 1.7 equiv) 
and methanesulfonyl chloride (0.65 mL, 8.32 mmol, 1.4 equiv) was added to the solution. 
The reaction was stirred at this temperature for 15 minutes. The reaction was then 
warmed to  room temperature and stirred at this temperature for an additional 30 minutes. 
NMR analysis of a small aliquot indicated full conversion. The reaction mixture was diluted 
with CH2Cl2 (100 mL) and washed with H2O (1 x 50 mL), 1N HCl (1 x 50 mL), sat. aq. 
NaHCO3 (1 x 50 mL). After every wash, the aqueous layer was extracted with CH2Cl2 (1 
x 25 mL) and the organic layer was added to the combined organic layers. The combined 
organic layers were directly concentrated in vacuo. The crude residue was suspended in 
acetone (150 mL) and H2O (100 mL). Sodium acetate (appx. 5 g, 60 mmol, 10 equiv) was 
added to the solution and the reaction was refluxed at 75 °C. After 2 hours, the reaction 
mixture was removed from heat and partially concentrated in vacuo until all acetone had 
been evaporated. The resulting solution was extracted with EtOAc (3 x 100 mL). The 
combined organic layers were dried over Na2SO4 and concentrated in vacuo. The crude 
residue was purified with flash chromatography on silica gel (0% to 20% EtOAc/hexanes) 
to afford the desired primary allylic alcohol (590 mg, 21%) which was used directly in the 
next step. [The secondary alcohol can be recovered and recycled] 

To a solution of the primary allylic alcohol (1.58 g, 3.41 mmol, 1.0 equiv) in 
anhydrous CH2Cl2 (45.5 mL) was added Pfaltz iridium catalyst ([Ir(L*)COD]BArF4) (137 
mg, 0.0853 mmol, 0.025 equiv). The solution was then placed into a Parr hydrogenation 
vessel that was pressurized to approximately 50 bar with H2. The solution was stirred 
under these conditions for approximately 35 minutes, at which point NMR analysis of a 
small aliquot indicated full conversion. The reaction mixture was concentrated in vacuo 
and passed through a plug of silica gel (50% Et2O/hexanes). The filtrate was concentrated 
in vacuo to alcohol S38-TIPS (1.53 g, 95%).  

 
Physical Properties: Clear oil; 
Rf = 0.26 (silica gel, 10% EtOAc/hexanes, visualized with Seebach stain); 
IR (film) νmax = 3365 (br), 2925, 2865, 1462, 1378, 1248, 1100, 1069, 882, 736, 679, 657 
cm-1; 
1H NMR (400 MHz, CDCl3) δ 3.75 – 3.63 (m, 2H), 3.44 (ddd, J = 39.4, 10.4, 6.1 Hz, 2H), 
1.71 – 0.94 (m, 45H), 0.90 (d, J = 6.7 Hz, 3H), 0.88 – 0.78 (m, 9H); 
13C NMR (126 MHz, CDCl3) δ 68.37, 61.75, 40.09, 37.51, 37.37, 37.32, 35.79, 33.49, 
32.79, 32.76, 29.49, 24.44, 24.40, 24.37, 19.85, 19.76, 19.75, 18.03, 16.63, 12.02. [2 
signals missing. Signals at 37.37 and 37.32 are more intense than similar signals 
suggesting the contribution of multiple nuclei]; 
HRMS (ES+): calcd. For C29H63O2Si [M+H]+ 471.45, found 471.45; 
[α]D23 = –0.51 (c = 0.2, CHCl3) 
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(3R,7R,11R)-3,7,11,15-tetramethylhexadecanal (S39-TIPS): To a solution of S38-TIPS 
(1.53 g, 3.25 mmol, 1.0 equiv) in anhydrous benzene (11 mL) at 0 °C was added PPh3 
(1.96 g, 7.47 mmol, 2.3 equiv) and CBr4 (2.37 g, 7.15 mmol, 2.2 equiv). The solution was 
maintained at this temperature for 1.25 hours at which point the reaction mixture was 
diluted with hexanes (30 mL) and stirred at 0 °C for 15 minutes. The resulting reaction 
mixture was passed through a celite plug and concentrated in vacuo. The crude material 
was purified through a plug of silica (1% Et2O/hexanes). The resulting bromide (1.27 g, 
73%) was then carried directly into the next step.  

The bromide (1.27 g, 2.38 mmol, 1.0 equiv) was suspended in anhydrous benzene 
(12 mL). Tributyltin hydride (840 μL, 3.11 mmol, 1.31 equiv) and AIBN (117 mg, 0.714 
mmol, 0.3 equiv) was added and the solution was sparged with argon for approximately 
5 minutes. The septum was replaced by a yellow cap (secured by a three fingered clamp) 
and the reaction was heated at 65 °C for 2 hours. The reaction was cooled to room 
temperature. NMR analysis of a small aliquot indicated partial conversion. The reaction 
was sparged with argon for 15 minutes before the addition of additional AIBN (130 mg, 
0.793 mmol, 0.3 eq) and tributyltin hydride (1.6 mL, 5.92 mmol, 2.5 equiv). The reaction 
was sparged with argon for 5 minutes. The septum was rapidly swapped for a yellow cap 
(secured by a three fingered clamp). The reaction was heated to 65 °C. After 3 hours the 
reaction was cooled back to room temperature. NMR analysis of a small aliquot indicated 
full conversion. The reaction was cooled to 0 °C and a 1.0 M solution of TBAF in THF (24 
mL, 24 mmol, 10 equiv) was added. The solution was slowly warmed to room temperature 
and stirred at room temperature for 17 hours. The reaction mixture was diluted with Et2O 
(50 mL) and washed with sat. aq. NaHCO3 (1 x 50 mL), sat. aq. NaCl (1 x 50 mL). The 
combined aqueous washes were extracted with EtOAc (2 x 50 mL). The combined 
organic layers were dried over MgSO4 and concentrated in vacuo. The crude material 
was purified by flash column chromatography on silica gel (0% to 15% EtOAc/hexanes) 
to afford a mixture of crystalline solids and oil. This mixture was washed with hexanes 
and the washings were concentrated to afford the desired alcohol (489 mg, 69%). The 
product contained a minor impurity which proved inconsequential in the next steps.  

To the alcohol (485 mg, 1.62 mmol, 1.0 equiv) suspended in anhydrous CH2Cl2 
(1.6 mL) was added TEMPO (25 mg, 0.16 mmol, 0.1 equiv) and (diacetoxyidodo)benzene 
(576 mg, 1.79 mmol, 1.1 equiv). The reaction was stirred at room temperature for 1 hour 
at which point TLC indicated complete conversion. The reaction mixture was diluted with 
CH2Cl2 (20 mL) and washed with a 1:1 solution of sat. aq. NaHCO3 to sat. aq. Na2S2O3 
(1 x 20 mL) and then with sat. aq. NaCl (1 x 20 mL brine). After every wash, the aqueous 
layer was extracted with CH2Cl2 (20 mL), adding that to the combined organic layer. The 
combined organic layers were dried with Na2SO4 and then concentrated in vacuo. The 
crude material was purified with flash column chromatography with silica gel (0% to 2.5% 
EtOAc/hexanes) to afford aldehyde S39-TIPS (268 mg, 56%). 
 Spectroscopic data matched that reported in the literature.12 
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 (6R,10R)-6,10,14-trimethylpentadecan-2-one (S40-TIPS):  
 A solution of PhSeNEt2 was prepared according to literature procedures.11 A 
solution of PhSeNEt2 (895 μL, 1.79 mmol, 2.0 eq, approximately 2.0 M) was added to a 
solution of aldehyde S39-TIPS (265 mg, 0.894 mmol, 1.0 equiv) in anhydrous THF (9.0 
mL) at 0 °C. After 10 minutes at this temperature, the reaction was warmed to room 
temperature. After 2.5 hours, TLC indicated full conversion. The reaction mixture was 
concentrated in vacuo and the residue was purified using flash column chromatography 
using silica gel (0% to 5% EtOAc/hexanes) to afford the impure α-phenylselenyl 
intermediate as a yellow oil. This oil was suspended in THF (20 mL) and 32% aqueous 
H2O2 (0.42 mL, 4.4 mmol, 5.0 equiv) was added. The reaction was heated to 45 °C. After 
25 minutes of stirring at this temperature, the reaction was removed from heat and cooled 
to room temperature. The reaction mixture was diluted with Et2O (75 mL) and washed 
with sat. aq. Na2S2O3 (1 x 50 mL). The aqueous layer was extracted with Et2O (1 x 50 
mL) and EtOAc (1 x 50 mL). The combined organic layers were dried over MgSO4 and 
concentrated in vacuo. The crude reaction was suspended in CH2Cl2 (8.8 mL) and cooled 
to –78 °C. Ozone was bubbled through the reaction until a blue color persisted. O2 was 
then bubbled through the reaction until all color had dissipated. Triphenylphosphine (1.15 
g, 4.38 mmol, 4.50 equiv) was added to the reaction. The reaction was slowly warmed to 
room temperature and allowed to stir at this temperature for approximately 12 hours. The 
reaction mixture was then concentrated in vacuo onto 4.5 g of silica and purified using 
flash column chromatography using silica gel (2.5% to 10% EtOAc/hexanes) to afford 
S40-TIPS (121mg, 51% from S39-TIPS). 
 Spectroscopic data matched that reported in the literature.13 
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(3R,7R)-3,7,11-trimethyldodecan-1-ol (S41-TIPS): To a solution of S40-TIPS (121 mg, 
0.451 mmol, 1.0 equiv) in anhydrous THF (1.5 mL) at 0 °C was added 2,6-lutidine (210 
μL, 1.80 mmol, 4.0 equiv) then t-butyldimethylsilyl trifluoromethanesulfonate (310 μL, 1.35 
mmol, 3.0 equiv). The reaction was maintained at this temperature for 1 hour and was 
then diluted with Et2O (2 mL). The reaction mixture was washed with sat. aq. NaHCO3 (1 
x 1 mL). The aqueous layer was extracted with Et2O (2 x 1 mL). The combined organic 
layers were dried over MgSO4 and concentrated in vacuo. The crude residue was passed 
through a plug of silica gel (1% Et3N/hexanes) and concentrated in vacuo. The resulting 
residue was suspended in DMSO (4.5 mL) under argon. Palladium(II) acetate (111 mg, 
0.496 mmol, 1.1 equiv) was added to the solution and the septum was quickly replaced 
with a yellow cap secured by a three fingered prong. The reaction was heated to 80 °C 
and rapidly became black in color. After 1 hour the reaction was cooled to room 
temperature. TLC indicated incomplete conversion. An additional portion of palladium(II) 
acetate (35 mg, 0.156 mmol, 0.3 equiv) was added and the reaction was heated to 80 °C. 
After another hour, TLC still indicated residual enol ether, so additional palladium(II) 
acetate (30 mg, 0.134 mmol, 0.3 equiv) was added and the reaction was heated to 80 °C. 
One hour after the final palladium(II) acetate addition TLC indicated full conversion. The 
reaction mixture was diluted with Et2O (50 mL). The solution was washed with H2O (1 x 
50 mL). The aqueous layer was further extracted with Et2O (3 x 25 mL). The combined 
organic layers were washed with sat. aq. NaCl (1 x 100 mL). The sat. aq. NaCl wash was 
further extracted with Et2O (1 x 50 mL). The combined organic layers were dried over 
MgSO4 and concentrated in vacuo. The crude residue was purified with flash 
chromatography using silica gel (0% to 7% EtOAc/hexanes) to afford the desired enone 
(42 mg, 35%) which was used directly in the next step.  

The enone (15 mg, 0.056 mmol, 1.0 equiv) was suspended in CH2Cl2 (1 mL) and 
cooled to –78 °C. Ozone was bubbled through the solution until a blue color persisted. O2 
was then bubbled through the solution until all color had dissipated. Sodium borohydride 
(32 mg, 0.84 mmol, 15.0 equiv) was then added as a solution in MeOH (1 mL). The 
solution was maintained at –78 °C for 1 hour and was then warmed to room temperature. 
After 1 hour at room temperature, the reaction mixture was diluted with Et2O (10 mL) and 
washed with sat. aq. NaHCO3 (1 x 10 mL). The aqueous layer was extracted with Et2O 
(2 x 10 mL) and the combined organic layers were dried over MgSO4 and concentrated 
in vacuo. The crude residue was purified using preparative thin layer chromatography 
with silica gel (15% EtOAc/hexanes) to afford alcohol S41-TIPS with minor amounts of 
presumed ozonide (9.5 mg). While the ozonide does not affect subsequent analysis, it 
can be removed by retreating the mixture with NaBH4.  

Spectroscopic data matched that reported in the literature.14 
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(6S,10R,14R)-6,10,14-trimethyl-16-((triisopropylsilyl)oxy)hexadecan-2-one (S42): 
To a solution of alcohol S38-TIPS (575 mg, 1.22 mmol, 1.0 equiv) in anhydrous CH2Cl2 
(1.2 mL) was added TEMPO (19 mg, 0.122 mmol, 0.1 equiv) and 
(diacetoxyidodo)benzene (433 mg, 1.34 mmol, 1.1 equiv). After 2 hours, the reaction 
mixture was diluted with CH2Cl2 (20 mL) and washed with sat. aq. Na2S2O3 (1 x 60 mL). 
The aqueous layer was extracted with CH2Cl2 (3 x 20 mL). The combined organic layers 
were washed with sat. aq. NaHCO3 (1 x 20 mL). The sat. aq. NaHCO3 wash was further 
extracted with CH2Cl2 (1 x 20 mL). The combined organics was washed with sat. aq. NaCl 
(1 x 10 mL). The sat. aq. NaCl wash was further extracted with CH2Cl2 (1 x 20 mL). The 
combined organic layers were dried over Na2SO4 and concentrated in vacuo. The crude 
residue was purified by flash chromatography using silica gel (0% to 15% 
EtOAc/hexanes) to afford the corresponding aldehyde (502 mg, 88%) which was used 
directly in the next step.  

The aldehyde (502 mg, 1.07 mmol, 1.0 equiv) was suspended in anhydrous THF 
(3.6 mL) and cooled to 0 °C. To the solution was added 2,6-lutidine (496 μL, 4.28 mmol, 
4.0 equiv) then t-butyldimethylsilyl trifluromethanesulfonate (738 μL, 3.21 mmol, 3.0 
equiv). The reaction was stirred at this temperature for 1 hour, at which point TLC 
indicated residual starting material. Additional 2,6-lutidine (250 μL, 2.16 mmol, 2.0 equiv) 
and t-butyldimethylsilyl trifluromethanesulfonate (300 μL, 1.30 mmol, 1.2 equiv) was 
added and reaction was stirred at 0 °C. After an additional hour, the reaction mixture was 
diluted with Et2O (20 mL) and washed with a 2:1 sat. aq. NH4Cl/sat. aq. NaCl solution (1 
x 20 mL). The aqueous layer was extracted with Et2O (2 x 20 mL). The combined organic 
layers were dried over MgSO4 and concentrated in vacuo. The residue was passed 
through a plug of silica gel (1% Et3N/hexanes) and the eluent was concentrated in vacuo. 
The crude TBS-enol ether was suspended in CH2Cl2 (10.7 mL) and pyridine (260 μL, 3.21 
mmol, 3.0 equiv) was added. The solution was cooled to –78 °C and O3 was bubbled 
through the solution until a blue color persisted. Argon was then bubbled through the 
solution until all color had dissipated. The reaction mixture was directly concentrated in 
vacuo, further concentrating twice from toluene to remove residual pyridine. Flash column 
chromatography using silica gel (2% to 8% EtOAc/hexanes) afforded ketone S42 (245 
mg, 44% from S38-TIPS).  
  
Physical Properties: Clear oil; 
Rf = 0.33 (silica gel, 5% EtOAc/hexanes, visualized with anisaldehyde stain); 
IR (film) νmax = 2924, 2892, 2865, 1720, 1462, 1378, 1363 1162, 1099, 1070, 1012, 996, 
882, 790, 736, 679, 658 cm-1; 
1H NMR (600 MHz, CDCl3) δ 3.77 – 3.64 (m, 2H), 2.40 (m, 2H), 2.13 (s, 3H), 1.57 (m, 
4H), 1.44-1.00 (m, 38H), 0.90 – 0.82 (m, 9H); 
13C NMR (126 MHz, CDCl3) δ 209.25, 61.74, 44.12, 40.10, 37.50, 37.35, 37.30, 37.23, 
36.50, 32.79, 32.66, 29.81, 29.49, 24.41, 24.37, 21.43, 19.85, 19.74, 19.55, 18.03, 12.02; 
HRMS (ES+) calcd. For C28H59O2Si [M+H]+ 455.42, found 455.42; 
[α]D23 = +0.64 (c = 0.4, CHCl3) 
 

O

Me Me MeMe

OTIPS



 S31 

 

 
(6S,10R,14R,E)-6,10,14-trimethyl-16-((triisopropylsilyl)oxy)hexadec-3-en-2-one 
(S43): Ketone S42 (100 mg, 0.220 mmol, 1.0 equiv) was suspended in anhydrous THF 
(0.73 mL) and cooled to 0 °C. 2,6-lutidine (127 μL, 1.10 mmol, 5.0 equiv), then t-
butyldimethylsilyl trifluromethanesulfonate (151 μL, 0.660 mmol, 3.0 equiv) was added to 
the solution. After 1 hour at this temperature, the reaction mixture was diluted with Et2O 
(1 mL) and washed with a 2:1 sat. aq. NH4Cl/sat. aq. NaCl solution (1 x 1.5 mL). The 
aqueous layer was extracted with Et2O (2 x 1 mL). The combined organic layers were 
dried using a plug of MgSO4 and celite and was then concentrated in vacuo. The crude 
residue was passed through a plug of silica gel (1% Et3N/hexanes). After concentrating 
in vacuo, the resulting enol ether (126 mg, quant.) was used directly in the next reaction.  

The enol ether (50 mg, 0.088 mmol, 1.0 equiv) was suspended in anhydrous 
MeCN (0.88 mL) in a screw top vial. Na2CO3 (15 mg, 0.14 mmol, 1.6 equiv) and 
palladium(II) acetate (26 mg, 0.11 mmol, 1.3 equiv) was added to the reaction. The 
septum was replaced with a screw cap and the reaction was heated to 80 °C. After 2 
hours, the reaction mixture was removed from heat and passed over a celite plug washing 
the plug with hexanes and then CH2Cl2. The residue was purified by preparative thin layer 
chromatography using silica gel (5% EtOAc/hexanes) to afford enone S43 (15 mg, 38%). 
 
Physical Properties: Clear oil; 
Rf = 0.3 (silica gel, 5% EtOAc/hexanes, visualized with anisaldehyde stain); 
IR (film) νmax = 2925, 2894, 2865, 1701, 1677, 1627, 1462, 1379, 1359, 1250, 1099, 1069, 
1012, 980, 882, 737, 680, 657 cm-1; 
1H NMR (600 MHz, CDCl3) δ 6.78 (dt, J = 15.3, 7.4 Hz, 1H), 6.07 (d, J = 15.8, 1H), 3.71 
(m, 2H), 2.25 (m, 4H), 2.05 (m, 1H), 1.60 (m, 3H), 1.41-1.03 (m, 36H), 0.90 (dd, J = 6.7, 
0.9 Hz, 3H), 0.88 (d, J = 6.3 Hz, 3H), 0.85 (d, J = 6.6 Hz, 3H); 
13C NMR (126 MHz, CDCl3) δ 198.57, 147.47, 132.39, 61.75, 40.10, 39.97, 37.51, 37.28, 
37.18, 37.08, 32.79, 32.65, 29.50, 26.89, 24.44, 24.37, 19.86, 19.72, 19.66, 18.05, 12.03; 
HRMS (ES+) calcd. For C28H57O2Si [M+H]+ 453.41, found 453.41; 
[α]D23 = –4.42 (c = 0.25, CHCl3) 
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(3S,7R,11R)-3,7,11-trimethyl-13-((triisopropylsilyl)oxy)tridecan-1-ol (S44): Enone 
S43 (22 mg, 49 μmol, 1.0 equiv) was suspended in CH2Cl2 (0.5 mL) and pyridine (12 μL, 
150 μmol, 3.0 equiv) was added to the solution. The reaction was cooled to –78 °C and 
O3 was bubbled through the reaction until a blue color persisted. Argon was then bubbled 
through the reaction until no color remained. The reaction mixture was directly 
concentrated in vacuo and was purified with preparative thin layer chromatography using 
silica gel (5% EtOAc/hexanes) to afford the desired aldehyde (4.7 mg, 23%) which was 
used directly in the next reaction.  

The aldehyde (4 mg, 10 μmol, 1.0 equiv) was dissolved in MeOH (1 mL) and 
sodium borohydride (appx. 10 mg, 0.26 mmol, 27 equiv) was added to the reaction. After 
30 minutes, H2O (1 mL) was added to the reaction mixture and the solution was extracted 
with EtOAc (3 x 1 mL). The combined organic layers were dried over Na2SO4. After 
concentrating in vacuo, alcohol S44 (4 mg, quant.) was afforded.  

 
Physical Properties: Clear oil; 
Rf = 0.18 (silica gel, 10% EtOAc/hexanes, visualized with Seebach stain); 
IR (film) νmax = 3348 (br), 2925, 2865, 1462, 1378, 1247, 1101, 1068, 997, 882, 738, 682 
cm-1; 
1H NMR (600 MHz, CDCl3) δ 3.70 (m, 4H), 1.56 (m, 5H), 1.41-1.01 (m, 36H), 0.90 (d, J = 
6.6 Hz, 3H), 0.88 (d, J = 6.5 Hz, 3H), 0.84 (d, J = 6.6 Hz, 3H); 
13C NMR (126 MHz, CDCl3) δ 61.74, 61.27, 40.05, 39.93, 37.48, 37.46, 37.26, 32.78, 
29.48, 29.46, 24.35, 24.33, 19.85, 19.75, 19.67, 18.04, 11.98; 
HRMS (ES+) calcd. For C25H55O2Si [M+H]+ 415.39, found 415.39; 
[α]D23 = +10.31 (c = 0.205, CHCl3) 
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(3R,7R,11R)-3,7,11,15-tetramethylhexadecanal (S39-Ac):  

Bromide 9 (1.0 g, 2.4 mmol, 1.0 equiv) was suspended in anhydrous and degassed 
benzene (12 mL). Tributyltin hydride (1.6 mL, 6.0 mmol, 2.5 equiv) and AIBN (0.12 g, 0.72 
mmol, 0.3 equiv) were added to the solution. The septum was replaced by a yellow cap 
(secured by a three fingered clamp) and the reaction was heated at 65 °C for 
approximately 16.5 hours. The reaction was cooled to room temperature. NMR analysis 
of a small aliquot indicated partial conversion. Additional AIBN (30 mg, 0.22 mmol, 0.069 
eq) and tributyltin hydride (0.16 mL, 0.592 mmol, 0.25 equiv). The septum was rapidly 
swapped for a yellow cap (secured by a three fingered clamp). The reaction was heated 
to 65 °C. After ca 4 hours the reaction was cooled back to room temperature and was 
then concentrated in vacuo. The crude residue was suspended in MeOH (24 mL) and 
K2CO3 (2.5 g, 18 mmol, 7.5 equiv) was added to the solution. After approximately 16 
hours, the reaction was directly concentrated in vacuo and resuspended in H2O (75 mL). 
The solution was extracted with EtOAc (3 x 75 mL) and the combined organic layers were 
dried over MgSO4 and concentrated in vacuo. The crude residue was purified with flash 
column chromatography on silica gel (0-15% EtOAc/hexanes) to afford the desired 
alcohol (525 mg, 73% yield). 

The alcohol (525 mg, 1.76 mmol, 1.0 equiv) was then oxidized in a similar manner 
to S39-TIPS to afford S39-Ac (340 mg, 65% yield) 
 Spectroscopic data matched that reported in the literature.12 

 

 

 
 (6R,10R)-6,10,14-trimethylpentadecan-2-one (S40-Ac):  
 S39-Ac (340 mg, 1.15 mmol, 1.0 equiv) was subjected to the same oxidation and 
ozonolysis sequence as described in the synthesis of S40-TIPS to afford S40-Ac (325 
mg, 84% from S39-Ac) with minor PPh3 impurity present (The PPh3 has no consequence 
in the next step and is removed in the next purification). 
 Spectroscopic data matched that reported in the literature.13 

 

 

 
(3R,7R)-3,7,11-trimethyldodecan-1-ol (S41-Ac):  

S40-Ac (325 mg, 0.968 mmol, 1.0 equiv) was subjected to the same Saegusa 
oxidation and ozonolysis sequence as described in the synthesis of S41-TIPS to afford 
S41-Ac (9.6 mg, 8.7% yield). 

Spectroscopic data matched that reported in the literature.14 
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(3R,7R,11S)-3,7,11-trimethyl-15-oxohexadecyl acetate (S45): To a solution of alcohol 
S38-Ac from the asymmetric hydrogenation of 8 (500 mg, 1.40 mmol, 1.0 equiv) in 
anhydrous CH2Cl2 (1.4 mL) was added TEMPO (22 mg, 0.14 mmol, 0.1 equiv) and 
(diacetoxyidodo)benzene (497 mg, 1.40 mmol, 1.10 equiv). After 2 hours, TLC indicated 
residual alcohol, so an additional portion of (diacetoxyiodo)benzene (50 mg, 0.14 mmol, 
0.11 equiv) was added. After an additional hour, the reaction mixture was diluted with 
CH2Cl2 (30 mL) and washed with sat. aq. Na2S2O3 (1 x 20 mL). The aqueous layer was 
extracted with CH2Cl2 (1 x 10 mL). The combined organic layers were washed with sat. 
aq. NaHCO3 (1 x 20 mL). The sat. aq. NaHCO3 wash was further extracted with CH2Cl2 
(1 x 20 mL). The combined organics was washed with sat. aq. NaCl (1 x 10 mL). The sat. 
aq. NaCl wash was further extracted with CH2Cl2 (2 x 10 mL). The combined organic 
layers were dried over Na2SO4 and concentrated in vacuo. The crude residue was purified 
by flash chromatography using silica gel (5% to 15% EtOAc/hexanes) to afford the 
corresponding aldehyde (507 mg, quant.) which was used directly in the next step.  

The aldehyde (480 mg, 1.35 mmol, 1.0 equiv) was suspended in anhydrous THF 
(4.5 mL) and cooled to 0 °C. To the solution was added 2,6-lutidine (627 μL, 5.41 mmol, 
4.0 equiv) then t-butyldimethylsilyl trifluromethanesulfonate (933 μL, 4.06 mmol, 3.0 
equiv). The reaction was stirred at this temperature for 1 hour, at which point TLC 
indicated residual starting material. Additional 2,6-lutidine (125 μL, 1.08 mmol, 1.0 equiv) 
and t-butyldimethylsilyl trifluromethanesulfonate (150 μL, 0.65 mmol, 0.6 equiv) was 
added and reaction was stirred at 0 °C. After an additional 30 minutes, the reaction 
mixture was diluted with Et2O (20 mL) and washed with a 2:1 sat. aq. NH4Cl/sat. aq. NaCl 
solution (1 x 20 mL). The aqueous layer was extracted with Et2O (2 x 20 mL). The 
combined organic layers were dried over MgSO4 and concentrated in vacuo. The residue 
was passed through a plug of silica gel (1% Et3N/hexanes) and the eluent was 
concentrated in vacuo. The crude TBS-enol ether was suspended in CH2Cl2 (13.5 mL) 
and pyridine (328 μL, 4.05 mmol, 3.0 equiv) was added. The solution was cooled to –78 
°C and O3 was bubbled through the solution until a blue color persisted. Argon was then 
bubbled through the solution until all color had dissipated. The reaction mixture was 
directly concentrated in vacuo, further concentrating twice from toluene to remove 
residual pyridine. Flash column chromatography using silica gel (0% to 20% 
EtOAc/hexanes) afforded ketone S45 (203 mg, 44% from 8).  
  
Physical Properties: Clear oil; 
Rf = 0.44 (silica gel, 15% EtOAc/hexanes, visualized with anisaldehyde stain); 
IR (film) νmax = 2954, 2928, 2859, 1741, 1719, 1463, 1366, 1240, 1047 cm-1; 
1H NMR (400 MHz, CDCl3) δ 4.12 – 3.98 (m, 2H), 2.35 (t, J = 7.5 Hz, 2H), 2.08 (s, 3H), 
1.99 (s, 3H), 1.67 – 0.94 (m, 21H), 0.85 (d, J = 6.6 Hz, 3H), 0.80 (t, J = 6.5 Hz, 6H); 
13C NMR (101 MHz, CDCl3) δ 209.06, 171.02, 62.93, 43.98, 37.22, 37.14, 37.12, 37.09, 
36.36, 35.34, 32.64, 32.55, 29.73, 29.71, 24.30, 24.16, 21.29, 20.90, 19.64, 19.46, 
19.44; 
HRMS (ES+) calcd.C21H41O3 [M+H+] 341.30, found 341.30; 
[α]D23 = +0.18 (c = 0.335, CHCl3) 
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(3R,7R,11S,E)-3,7,11-trimethyl-15-oxohexadec-13-en-1-yl acetate (S46): Ketone S45 
(145 mg, 0.426 mmol, 1.0 equiv) was suspended in anhydrous THF (1.4 mL) and cooled 
to 0 °C. 2,6-lutidine (247 μL, 2.13 mmol, 5.0 equiv), then t-butyldimethylsilyl 
trifluromethanesulfonate (293 μL, 1.28 mmol, 3.0 equiv) was added to the solution. After 
1 hour at this temperature, the reaction mixture was diluted with Et2O (1 mL) and washed 
with a 2:1 sat. aq. NH4Cl/sat. aq. NaCl solution (1 x 1.5 mL). The aqueous layer was 
extracted with Et2O (2 x 10 mL). The combined organic layers were dried using a plug of 
MgSO4 and celite and was then concentrated in vacuo. The crude residue was passed 
through a plug of silica gel (10% EtOAc/hexanes with 1% Et3N). After concentrating in 
vacuo, the resulting enol ether was used directly in the next reaction.  

The enol ether was suspended in anhydrous MeCN (4.3 mL) in a screw top vial. 
Palladium(II) acetate (124 mg, 0.554 mmol, 1.3 equiv) was added to the reaction. The 
septum was replaced with a screw cap and the reaction was heated to 80 °C. After 2 
hours, the reaction mixture concentrated in vacuo. The residue was purified by flash 
column chromatography using silica gel (0% to 20% EtOAc/hexanes) to afford enone S46 
(47 mg, 33%). 
 
Physical Properties: Clear oil; 
Rf = 0.45 (silica gel, 15% EtOAc/hexanes, visualized with anisaldehyde stain); 
IR (film) νmax = 2956, 2926, 2870, 1740, 1698, 1675, 1627, 1462, 1432, 1378, 1364, 1249, 
1040, 981 cm-1; 
1H NMR (600 MHz, CDCl3) δ 6.78 (dt, J = 14.8, 6.8 Hz, 1H), 6.07 (d, J = 15.9 Hz, 1H), 
4.14 – 4.05 (m, 2H), 2.27 – 2.20 (m, 4H), 2.09 – 2.01 (m, 4H), 1.69 – 1.59 (m, 2H), 1.52 
(q, J = 6.6 Hz, 1H), 1.46 – 1.02 (m, 14H), 0.90 (d, J = 6.6 Hz, 6H), 0.84 (d, J = 6.6 Hz, 
3H); 
13C NMR (126 MHz, CDCl3) δ 198.54, 171.20, 147.42, 132.36, 63.06, 39.93, 37.22, 
37.21, 37.15, 37.02, 35.44, 32.74, 32.62, 29.84, 26.88, 24.42, 24.26, 21.02, 19.68, 
19.65, 19.53; 
HRMS (ES+) calcd.C21H39O3 [M+H+] 339.29, found 339.29;  
[α]D23 = + 0.85 (c = 0.41, CHCl3) 
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(3R,7R,11S)-13-hydroxy-3,7,11-trimethyltridecyl acetate (S47): Enone S46 (31 mg, 
92 μmol, 1.0 equiv) was suspended in CH2Cl2 (1 mL) and pyridine (20 μL, 250 μmol, 2.7 
equiv) was added to the solution. The reaction was cooled to –78 °C and O3 was bubbled 
through the reaction until a blue color persisted. Argon was then bubbled through the 
reaction until no color remained. The reaction mixture was directly concentrated in vacuo. 
The crude aldehyde was dissolved in MeOH (0.5 mL) and sodium borohydride (3.5 mg, 
0.092 mmol, 1.0 equiv) was added to the reaction. After 30 minutes, TLC indicated 
residual aldehyde so additional NaBH4 was added (5 mg, 0.013 mmol, 1.4 equiv). After 
an additional 15 minutes, another portion of NaBH4 (20 mg, 0.052 mmol, 5.6 equiv) was 
added. The reaction was diluted with 3 mL of EtOAc and washed with saturated aqueous 
NaCl (1 x 1 mL). The aqueous layer was extracted further with EtOAc (2 x 1 mL). The 
combined organic layers were dried over Na2SO4 and concentrated in vacuo. The crude 
residue was purified using preparative thin layer chromatography on silica gel (35% 
EtOAc/hexanes) to afford the desired diol S47(8.0 mg, 29% yield) 

 
Physical Properties: Clear oil; 
Rf = 0.35 (silica gel, 25% EtOAc/hexanes, visualized with Seebach stain); 
IR (film) νmax = 3434 (br), 2955, 2926, 2860, 1741, 1463, 1378, 1367, 1239, 1050 cm-1; 
1H NMR (600 MHz, CDCl3) δ;  4.09 (m, 2H), 3.68 (m, 2H), 2.04 (s, 3H), 1.75 – 1.01 (m, 
20H), 0.90 (dd, J = 6.6, 2.0 Hz, 6H), 0.85 (d, J = 6.5 Hz, 3H). 
13C NMR (126 MHz, CDCl3) δ 171.26, 63.11, 61.26, 39.96, 37.47, 37.26, 37.22, 35.45, 
32.76, 29.85, 29.51, 24.35, 24.25, 21.04, 19.75, 19.68, 19.56 [1 signal missing; ; signals 
at 37.42 and 32.81 are more intense than other peaks suggesting the contribution of 
multiple nuclei];   
HRMS (ES+) calcd.C21H41O3 [M+H+] 301.27, found 301.27; 
[α]D23 = + 0.177 (c = 0.34, CHCl3) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 S37 

7. Stereochemical Assignment via Chiral Ester Analysis 

All stereochemical assignments were made in comparison to literature reports. For 
Mosher ester analysis, the (S)-diastereomer at C15 appears as a two dd at 4.23 and 4.05 
ppm with the (R)-diastereomer appearing as a multiplet at 4.14 ppm.15,16 For MαNP 
analysis, the (R)-diastereomer of the stereocenter of interest appears as a doublet at 0.54 
ppm, whereas the (S)-diastereomer appears as a doublet at 0.63 ppm.15 For clarity, 
Figures S1 and S2 illustrate the manner in which the stereochemical composition at C3, 
C7, C11, and C15 were assigned.  
 
Figure S1. MTPA analysis of a similar β-methyl stereocenter system as reported by 
Negishi et al. (Directly taken from Tet. Lett. 2015, 56, 3346–3348.)  

 
 

Figure S2. MαNP analysis of S41 as reported by Negishi et al. (Directly taken from Tet. 
Lett. 2015, 56, 3346–3348.) 
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Figure S3. Degradation products derivatized with MTPA or MαNP chiral acids and their 
comparison to precedented compounds whose stereochemistry was determined through 
chiral ester analysis.  
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Figure S4. Chiral ester analysis of each stereocenter after global asymmetric 
hydrogenation. 

 

 
 
Representative Procedure for MTPA ester analysis: To a solution of alcohol S38 (2.5 
mg, 5.3 μmol, 1.0 equiv) in CH2Cl2 (50 μL) was added pyridine (0.94 μL, 12 μmol, 2.2 
equiv) and the R-MTPA acid chloride (1.3 μL, 6.9 μmol, 1.3 equiv). The solution stirred at 
room temperature for approximately 16 hours. The reaction mixture was concentrated in 
vacuo and the crude residue was directly analyzed using 1H NMR.  
 
Representative Procedure for MαNP ester analysis: To a solution of alcohol S44 (2.5 
mg, 6.2 μmol, 1.0 equiv) in CH2Cl2 (0.24 mL) was added DMAP (2.3 mg, 19 μmol, 3.05 
equiv), EDC (3.6 mg, 19 μmol, 3.05 equiv) and the R-MαNP acid (2.9 mg, 13 μmol, 2.05 
equiv). The solution was stirred at room temperature for 13 hours. The reaction mixture 
was diluted with CH2Cl2 (1 mL) and washed with 1M HCl (1 x 1 mL), sat. aq. NaHCO3 (1 
x 1 mL), and sat. aq. NaCl (1 x 1 mL). The organic layer was dried over Na2SO4, 
concentrated in vacuo, and the crude residue was directly analyzed using 1H NMR.  
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16-acetoxy-2,6,10,14-tetramethylhexadecyl (S)-3,3,3-trifluoro-2-methoxy-2-phenyl-
propanoate (S48) [Mixture of diastereomers]: 8 (50 mg, 0.14 mmol, 1.0 equiv) was 
suspended in approximately 0.5 mL of hexanes. To this solution was added a pipette tips 
worth of PtO2 (approx. 3 mg, 0.013 mmol, 0.09 equiv). The solution was placed under 50 
bar of H2 and stirred at room temperature for nearly 21 hours. The reaction mixture was 
passed over ceilte and concentrated in vacuo. The crude residue was purified by 
preparative thin layer chromatography on silica gel (10% EtOAc/hexanes) to afford the 
product as a mixture of diastereomers.  

The hydrogenated product (5.0 mg, 14 μmol, 1.0 equiv) was derivatized using the 
representative procedure for MTPA ester analysis. 
 

 
*An additional set of peaks are present likely due to diastereomers at C11.  
 
 
 
 

(S)-C15, H16 
1H* 

(R)-C15, H16 
2H 

(S)-C15, H16, 1H 
+ 

H1, 2H 
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(2S,6S,10R,14R)-16-acetoxy-2,6,10,14-tetramethylhexadecyl-(S)-3,3,3-trifluoro-2-
methoxy-2-phenylpropanoate (S49): To a solution of ω-hydroxygeranylgeranyl acetate 
8 (15 mg, 43 μmol, 1.0 equiv) in anhydrous CH2Cl2 (0.14 mL) at 23 °C was added Pfaltz 
iridium catalyst ([Ir(L*)COD]BArF4) (3.4 mg, 2.2 μmol, 0.05 equiv). The reaction mixture 
was placed into a Parr pressure vessel and pressurized to 50 bar with H2. After 
approximately 23 hours, the pressure was released, and the solution was removed from 
the vessel. The reaction mixture was concentrated in vacuo and the crude residue was 
purified through a plug of silica gel (50% Et2O/hexanes) to afford the hydrogenated 
product. 
 The hydrogenated product (2.5 mg, 7.0 μmol, 1.0 equiv) was then derivatized using 
the representative procedure for MTPA ester analysis. The absolute stereochemistry was 
assigned in analogy to literature.15,16 

 

 
 
 

(S)-C15, H16 
1H 

(R)-C15, H16 
2H 
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(2S,6S,10R,14R)-2,6,10,14-tetramethyl-16-((triisopropylsilyl)oxy)hexadecyl-(S)-3,3, 
3-trifluoro-2-methoxy-2-phenylpropanoate (S50): Prepared from S38 (2.5 mg, 5.3  
μmol, 1.0 equiv) using the representative procedure for MTPA ester analysis. The 
absolute stereochemistry was assigned by analogy to literature.15,16 
 

 
 
 
 
 
 
 
 
 
 
 
 

 

(S)-C15, H16 
1H 

(R)-C15, H16 
2H 

(S)-C15, H16 
1H 
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(7R,11S,15S)-16-acetoxy-3,7,11,15-tetramethylhexadecyl (R)-2-methoxy-2-(naphtha 
en-1-yl)propanoate (S51A) [Mixture of C3 diastereomers]: A mixture of geranylgeranyl 
acetate and geranylneryl acetate (50 mg, 0.15 mmol, 1.0 equiv, ca 4:1 geranylgeranyl 
acetate/geranylneryl acetate) was suspended in anhydrous CH2Cl2 (0.5 mL) at 23 °C was 
added Pfaltz iridium catalyst ([Ir(L*)COD]BArF4) (2.4 mg, 1.5 μmol, 0.01 equiv). The 
reaction mixture was placed into a Parr pressure vessel and pressurized to 50 bar with 
H2. After approximately 21 hours, the pressure was released, and the solution was 
removed from the vessel. The reaction mixture was concentrated in vacuo and the crude 
residue was purified through a plug of silica gel (100% Et2O) to afford the hydrogenated 
product (21 mg, 41% yield) as a significant mixture of diastereomers at C3. 

The hydrogenated product (21 mg, 62 μmol, 1.0 equiv) was suspended in MeOH 
(approx. 1 mL) and K2CO3 (appx. 65 mg, 0.47 mmol, 7.6 equiv). The reaction was stirred 
at 23 °C for nearly 2 hours before the reaction mixture was concentrated in vacuo. The 
crude reaction mixture was suspended in 10 mL H2O and 10 mL EtOAc. The organic layer 
was isolated and the aqueous layer was extracted with EtOAc (2 x 10 mL). The combined 
organic layers were dried over Na2SO4. The crude mixture was purified using preparative 
thin layer chromatography on silica gel (15% EtOAc/hexanes) to afford the deprotected 
product (11 mg, 60% yield). 
 The deprotected product (11 mg, 37 μmol, 1.0 equiv) was derivatized using the 
representative procedure for MαNP ester analysis. The absolute stereochemistry was 
assigned in analogy to literature.15 

 

(R)-C3 

(S)-C3 
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(3R,7R,11S,15S)-16-acetoxy-3,7,11,15-tetramethylhexadecyl-(R)-2-methoxy-2-
(naphthalen-1-yl)propanoate (S51B): The intermediate alcohol from the synthesis of 
S39-TIPS (1.5 mg, 5.0 μmol, 1.0 equiv) was derivatized using the representative 
procedure for MαNP ester analysis. The absolute stereochemistry was assigned in 
analogy to literature.15 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

(R)-C3 

(S)-C3 
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(3R,7R,11S,15S)-16-((tert-butyldiphenylsilyl)oxy)-3,7,11,15-tetramethylhexadecyl 
(R)-2-methoxy-2-(naphthalen-1-yl)propanoate (S52): To a solution of ω-
hydroxygeranylgeranyl acetate 8 (50 mg, 140 μmol, 1.0 equiv) in anhydrous CH2Cl2 (12 
mL) at 23 °C was added Pfaltz iridium catalyst ([Ir(L*)COD]BArF4) (5.7 mg, 3.6 μmol, 0.05 
equiv). The reaction mixture was placed into a Parr pressure vessel and pressurized to 
50 bar with H2. After approximately 22 hours, the pressure was released, and the solution 
was removed from the vessel. The reaction mixture was concentrated in vacuo and the 
crude residue was purified through a plug of silica gel (100% Et2O) to afford the 
hydrogenated product. 
 The hydrogenated intermediate (15 mg, 42.1 µmol, 1.0 equiv) was suspended in 
anhydrous CH2Cl2 (approx. 1 mL). Imidazole (7.16 mg, 105 µmmol, 2.5 equiv) and 
TBDPSCl (8.85 µL, 50.5 µmol, 1.2 equiv) were added. After approximately 18 hours, TLC 
indicated incomplete conversion. An additional portion of TBDPSCl (10 µL, 57 µmol, 1.4 
equiv) and imidazole (approximately 1 mg, 14 µmol, 0.3 equiv) was added. After an 
additional 4.5 hours, the reaction was quenched by the addition of 1N HCl (1 mL). The 
organic layer was isolated and washed with sat. aqueous NaHCO3 (1 x 1 mL). The 
aqueous layers were extracted with DCM (1 x 1 mL) and the combined organic layers 
were dried over Na2SO4 and were then concentrated in vacuo. The crude residue was 
purified using preparative thin layer chromatography on silica (15% EtOAc/hexanes) to 
afford the TBDPS-protected product (20 mg, 80% yield).  
 The TBDPS-protected product (20 mg, 34 µmol. 1.0 equiv) was suspended in 
MeOH (1 mL) and a pellet of KOH (approx. 100 mg, 3 mmol, 95 equiv) was added to the 
solution. After approximately 50 minutes, the reaction was concentrated in vacuo. The 
crude residue was suspended in saturated aqueous NH4Cl (1 mL). The solution was 
extracted with EtOAc (3 x 1 mL). The combined organic layers were dried over Na2SO4 
and concentrated in vacuo to afford the crude alcohol.  

The deprotected product (11 mg, 37 μmol, 1.0 equiv) was derivatized using the 
representative procedure for MαNP ester analysis. The absolute stereochemistry was 
assigned in analogy to literature.15 
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(3R,7R)-3,7,11-trimethyldodecyl-(R)-2-methoxy-2-(naphthalen-1-yl)propanoate 
(S53-TIPS & S53-Ac): Prepared from S41-TIPS (1.5 mg, 5.0  μmol, 1.0 equiv) and S41-
Ac (1.5 mg, 6.6 µmol, 1.0 equiv) using the representative procedure for MαNP ester 
analysis. The absolute stereochemistry was assigned by direct comparison to exact 
literature compound.15 

 
*Numbering given based on corresponding carbon in S38-TIPS. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(R)-C7* 

(S)-C7* 

From S41-Ac 
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*Numbering given based on corresponding carbon in S38-TIPS. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(R)-C7* 

(S)-C7* 

From S38-TIPS 
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(3S,7R,11R)-3,7,11-trimethyl-13-((triisopropylsilyl)oxy)tridecyl-(R,S)-2-methoxy-2-
(naphthalen-1-yl)propanoate (S54A): Prepared from S44 (1.5 mg, 3.7  μmol, 1.0 equiv)  
using the representative procedure for MαNP ester analysis with racemic MαNP acid.  

 
*Numbering given based on corresponding carbon in S38-TIPS. 
 
 
 
 
 
 
 
 
 
 
 
 
 

(R)-C11* (S)-C11* 
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(3S,7R,11R)-3,7,11-trimethyl-13-((triisopropylsilyl)oxy)tridecyl-(R)-2-methoxy-2-
(naphthalen-1-yl)propanoate (S54B): Prepared from S44 (2.5 mg, 6.2  μmol, 1.0 equiv)  
using the representative procedure for MαNP ester analysis. The absolute 
stereochemistry was assigned by analogy to literature.15,16 

 
*Numbering given based on corresponding carbon in S38-TIPS. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(R)-C11* 

(S)-C11* 
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(3S,7R,11R)-3,7,11-trimethyl-13-((triisopropylsilyl)oxy)tridecyl-(R,S)-2-methoxy-2-
(naphthalen-1-yl)propanoate (S55A): Prepared from S47 (1.0 mg, 3.5  μmol, 1.0 equiv)  
using the representative procedure for MαNP ester analysis using racemic MαNP acid. 

 
*Numbering given based on corresponding carbon in 9. 
 
 
 
 
 
 
 
 
 
 

(R)-C11* (S)-C11* 
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(3S,7R,11R)-3,7,11-trimethyl-13-((triisopropylsilyl)oxy)tridecyl-(R)-2-methoxy-2-
(naphthalen-1-yl)propanoate (S55B): Prepared from S47 (1.0 mg, 3.5  μmol, 1.0 equiv)  
using the representative procedure for MαNP ester analysis. The absolute 
stereochemistry was assigned by analogy to literature.15,16 
 

 
*Numbering given based on corresponding carbon in 9. 
 
 
 
 
 
 
 
 
 
 
 
 
 

(R)-C11* 

(S)-C11* 
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8. Hydrogenation Optimization Studies 

Table S2. Attempted optimization of the global asymmetric hydrogenation. 
 

 
 

9. Bimolecular Macrolactonization Optimization 

Table S3. Optimization of the bimolecular macrolactonization.  
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10.  Biophysical Characterization of GDGT-0 Lipids 13 and 16 

Materials and methods 
Nile Red and Texas Red-DHPE were obtained from Invitrogen, and 5- (and 6)-

carboxyfluorescein from Molecular Probes as a mixture. All water used was from a 
Millipore (Billerica, MA) MilliQ system with a resistivity of ~18.2 MΩ·cm. Microscopic 
observations were made on a Nikon Ti-U inverted microscope using a 100X oil-immersion 
objective (Apochromat, NA 1.49, Nikon Instruments) and equipped with an Andor iXon 
897 camera. MetaMorph was used to capture the images and FIJI for image processing. 
Fluorometric measurements were carried out on a Horiba Fluorolog-3 Fluorescence 
Spectrometer.  
 
Preparation of vesicles by gentle hydration method 

A 10 mM solution of the GDGT lipid (13 or 16) in 1:1 CHCl3/MeOH was diluted with 
excess CHCl3 in a glass vial. A 0.1 mM ethanolic solution of a membrane staining dye 
(Nile Red or Texas Red-DHPE) was also added such that the final concentration of the 
dye was 0.1 mol%. The solvents were evaporated under a gentle stream of argon gas. 
The vial containing the lipid film was stored in a desiccator connected to house vacuum 
for at least 12 h. The film was hydrated by adding a measured volume of Tris buffer (50 
mM, pH 7.75) such that upon complete hydration, the lipid concentration was 1 mM. The 
vial was rocked on a shaker table incubated at 50 °C for 12-24 h. A small volume of the 
cloudy dispersion was placed on a thin microscope slide, secured with a cover slip held 
by a grease ring, and observed under microscope. 
 

 
Figure S5. Microscopic observation of vesicles formed by GDGT lipids by gentle 
hydration in Tris buffer (50 mM, pH 7.75). Membranes were visualized by addition of 0.1 
mol% Nile Red. All scale bars represent 5 µm. The vesicles exhibited polydispersity with 
respect to size and lamellarity as is typical in gentle hydration procedures. 
 
Encapsulation of water-soluble fluorescent dye 

Lipid films were prepared as described in the previous section. For hydration of 
lipid 13, a solution containing 250 mM sucrose and 0.5 mM carboxyfluorescein dye in Tris 
buffer (50 mM, pH 7.75) was used. For microscopic observation, a small volume (5-10 
µL) of the dispersion was added to one of the wells of a chamber slide (µ-slide, Ibidi) filled 
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with 200 µL of Tris buffer (50 mM, pH 7.75) containing 250 mM glucose. The vesicles 
encapsulating the dye were allowed to sink for 10 min. To reduce background 
fluorescence from the unencapsulated dye, the chamber was rinsed by adding excess 
Tris buffer (50 mM, pH 7.75) containing 250 mM glucose and pipetting off from the top 
carefully. The vesicles settled at the bottom of the slide were imaged. Hydration of lipid 
16 was carried out with 0.5 mM carboxyfluorescein in Tris buffer (50 mM, pH 7.75) by 
rocking the vial on a shaker table incubated at 50 °C. We found that unlike lipid 13, 
inclusion of sucrose led to poor hydration and mostly aggregates were formed. For lipid 
16, unencapsulated dye was removed by drop dialysis as follows: 20 µL of the dispersion 
was carefully placed on a 50 nm polycarbonate Nucleopore membrane (Whatman) which 
floated on a Tris buffer reservoir (50 mM, pH 7.75) at 65 °C. The vesicle dispersion was 
recovered after 20 min and imaged. 

 
Differential scanning calorimetry (DSC) 

A 10 mM solution of the GDGT lipid (13 or 16) in 1:1 CHCl3/MeOH was added to 
a Tzero aluminum hermetic pan (DSC consumables, DSC84012) such that the mass of 
lipid was ~1 mg. The solvents were allowed to evaporate. The pan and the lid were placed 
in a desiccator connected to the house vacuum and dried for 24 h. 20 µL of hydration 
solution (50 mM Tris buffer, pH 7.75) was added, and the pan was hermetically sealed. 
For scans below 0 °C, 50% ethylene glycol was included in the hydration solution. The 
sealed pan was placed in an oven set to 65 °C for 24 h to ensure complete hydration. A 
reference pan was treated identically. At every step, the combined mass of the pan and 
lid was measured to ensure no leakage took place.   

DSC scans were performed on a TA Instrument DSC Q2000 using the 
manufacturer-supplied software. Scans were performed over the range -40 °C to 90 °C 
and scan rates of 0.5-10 °C/min were employed. Various natural phospholipids were 
analyzed under identical conditions as positive controls. Data was analyzed using TA 
Instruments Universal Analysis 2000 software.    
 

 
Figure S6. Differential scanning calorimetry of GDGT lipids. Scans of pure phospholipids 
(DOPC, POPC, DPPC) were performed as positive control. The indicated temperatures 
correspond to the gel-to-fluid phase transition temperatures (Tm).  
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Fluorescence characteristics of Laurdan 
Dispersions of GDGT lipids 13 and 16 were prepared in Tris buffer (50 mM, pH 

7.75) such that the concentrations of lipids were 0.5 mM. A small volume of a 1 mM 
ethanolic Laurdan solution was added such that the final concentration of dye was 5 µM. 
Each dispersion was taken in a cuvette and placed in a thermostatted cuvette holder of a 
Horiba Fluorolog-3 fluorimeter. The temperature was gradually raised from 10 °C in 5 °C 
intervals and emission spectra were recorded using the following parameters: λex: 364 
nm, slit: 2.5 nm; λem range: 400-500 nm, slit: 2.5 nm. Generalized polarization (GP) values 
were calculated according to the equation: 

GP = (I440-I490)/(I440+I490), where I denotes fluorescence intensity. 
For comparison, a dispersion of dipalmitoylphosphatidylcholine (DPPC) was prepared 
similarly and analyzed. 
 

 
Figure S7. Temperature-dependent variation of Laurdan generalized polarization (GP). 
1 mol% Laurdan was incorporated in the aqueous (50 mM Tris buffer, pH 7.75) 
dispersions of the lipids under study. The GDGT’s (13 and 16) showed a steady decrease 
in the GP values with temperature but no abrupt change was observed. In comparison, 
the natural phospholipid dipalmitoylphosphatidylcholine (DPPC) displayed a sharp 
decrease in GP from 40 °C to 45 °C consistent with its gel-to-fluid transition at 
approximately 41 °C. The error bars represent standard deviation (n = 3). 
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11.  1H and 13C NMR Spectra 
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HSQC Data for 16:  
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