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Three alternative synthetic entries into Johnson’s classic synthesis of rac-progesterone are 
presented in this manuscript. ent-Progesterone, the non-natural enantiomer of progesterone, has 
recently been identified as a potential alternative to progesterone for investigations into possible 
prevention and treatment of traumatic brain injury (TBI). Difficulties in accessing 
ent-progesterone in large quantities prevent it from being studied more thoroughly. Strategies for 
producing synthetic rac-progesterone are described and discussed herein. 
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1. Introduction 

Progesterone (1) is an abundant natural hormone that has a 
primary function of regulating the reproductive cycle in humans 
and other species. Progesterone has recently been reported also to 
reduce the negative effects associated with traumatic brain injury 
(TBI) in vitro.1,2,3,4 Interactions between progesterone and 
transmembrane cell receptors in damaged mice brains can reduce 
swelling and inflammation,5,6 although recent clinical studies 
failed to produce the corresponding positive outcomes in 
humans.7 This discrepancy between rodent and human 
pharmacology will have to be resolved before progesterone can 
move forward as a potential therapeutic for TBI. Any potential 
utility of progesterone therapy, however, would also have to be 
balanced against the expected sexual side effects associated with 
administration of a reproductive hormone. These are two 
significant barriers to realizing the full therapeutic potential of 
progesterone for TBI. 

An intriguing proposition for overcoming both 
pharmacological barriers is to explore the therapeutic potential of 
ent-progesterone, which displays superior activity to that of 
natural progesterone in vitro8,9 against TBI. One can rationalize 
this unusual result by considering that both enantiomers of 
progesterone present peripheral carbonyl functionality bridged by 
a rigid hydrocarbon spacer (Figure 1). This topographical 
similarity seems to be sufficient for the molecular recognition 
events associated with TBI but not for reproductive cycle 
modulation. Therefore, there is reason to be optimistic that 
ent-progesterone can duplicate or enhance the TBI potential 
without the same degree of concern for sexual side effects. 

 

Figure 1. Skeletal stuctures and conformational drawings, 
showing the relative distance between the terminal oxygen atoms 
bridged by a hydrocarbon spacer, for natural progesterone (left) 
and ent-progesterone (right). 

However, difficulties in accessing ent-progesterone prevent it 
from being studied more thoroughly as a potential drug 
candidate. ent-Steroids are only available through total chemical 
synthesis. Current access to ent-progesterone can be secured by 
leveraging an asymmetric synthesis of ent-testosterone,10,11,12 or 
by resolution of rac-progesterone13,14 by chiral preparative 
HPLC.15 We decided to investigate alternative entries into the 
classic synthesis of rac-progesterone and aim to reduce the 
number of synthetic steps and increase the overall efficiency of 
the synthesis. 

  

Scheme 1. Final steps in the classic Johnson synthesis of rac-progesterone. Trienyne 2 is converted into tetracycle 4 via key cation-π 
cyclization, which is followed by ozonolysis and aldol condensation to give rac-progesterone (1). 

 

  

Scheme 2. Johnson’s synthesis of trienyne 2. top: Preparation of the olefination reagent. middle: Synthesis of aldehyde 10 by 
Johnson ortho-ester Claisen rearrangement. bottom: E-Selective Wittig–Schlosser olefination, followed by deprotection and aldol 
condensation to produce trienyne 2. 
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Johnson’s bio-inspired synthesis of rac-progesterone13,14 is 
widely recognized as a landmark achievement in total synthesis.16 
Most significantly, it features a key cationic π-cyclization 
process, which is still a most attractive strategy for preparing 
synthetic progesterone (Scheme 1). Toward the end goal of 
making ent-progesterone more available, we endeavored to 
develop alternative processes for the synthesis of trienyne 2, the 
substrate for Johnson’s key cation-π cyclization event. 

Johnson originally prepared trienyne 2 in 13 steps total, with a 
longest linear sequence of 9 steps,17 for which we calculated an 
overall yield of up to 17%18 (Scheme 2). A pivotal step in the 
sequence is an E-selective Wittig–Schlosser olefination of 
aldehyde 10. The stereoselective formation of this trans-alkene is 
one of the central challenges in the synthesis of trienyne 2. We 
initially conceived of exploiting sulfone-mediated olefination 
technology (i.e., Julia–Kocienski and related reactions) to craft 
this alkene. As discussed herein, we ultimately expanded our 
investigations to develop three alternative approaches to trienyne 
2. We also converted trienyne 2 to rac-progesterone according to 
the four-step sequence pioneered by Johnson. 

2. Results and Discussion 

The synthesis of trienyne 2 was initially envisioned to involve 
parallel preparations of aldehyde 10 (cf. Scheme 2) and a pro-
nucleophile partner exemplified by 15 (Scheme 3, bottom), 
which would be capable of delivering the cyclopentenone moiety 
and creating the central trans-alkene. We envisioned preparation 
of aldehyde 10 by the oxidative cleavage of epoxide 17, which 
could be prepared from readily available geranyl halides (18a,b). 
We later investigated the conversion of homoallylic bromide 12 
(Scheme 3, top) to the trienyne 2, which proved advantageous. 

2.1. Synthesis of aldehyde 10 

We started by devising an alternative route to known aldehyde 
10.13,14,15,19 Epoxidation of geranyl bromide, followed by one-pot 
propargylation / deprotection20 using lithiated TMS-propyne, 
gave terminal alkyne 19 in 52% yield over 2 steps (Scheme 4, 
top). Methylation followed by periodate cleavage of the epoxide 
then gave the desired aldehyde in 4 steps. However, this route is 
compromised by the relatively high cost of trimethylsilylpropyne 
and relative instability of the epoxidation product of geranyl 
bromide. 

 

Scheme 3. Retrosyntheses of trienyne 2. top: strategic disconnections involving homoallylic bromide 12 (prepared from aldehyde 10)  
and either a pre-formed cyclopentenone (14) or a cyclopentenone precursor (13). bottom: first-generation approach featuring Julia–
Kocienski olefination of aldehyde 10, to be prepared from geranyl halides 18a or 18b. 

 

  

Scheme 4. Alternative syntheses of aldehyde 10, featuring epoxidation, homologation, and oxidative cleavage. top: Three-step 
homologation using lithiated TMS-propyne as a propyne dianion equivalent. bottom: One-pot homologation by double-lithiation of 
propargyl bromide, as outlined in Table 1. 
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Table 1. Optimization of the one-pot sequential double alkylation of dilithiopropyne (C3H2Li 2) depicted in Scheme 4 
Entry  C3H2Li 2 Additive(s) Methylating agent Time and temperaturea Ratio 20:19:17b Yield %c 

1 1.2 equiv — 2.0 equiv MeI Stage 1: –78 °C, 20 min 
Stage 2: –78 °C, 20 min 

only 20 N.D. 

2 1.2 equiv — 2.0 equiv MeI Stage 1: 0 °C, 20 min 
Stage 2: 0 °C, 60 min 

40:38:22 N.D. 

3 1.2 equiv — 3.0 equiv MeI Stage 1: rt, 30 min 
Stage 2: 0 °C, 60 min 

60:32:8 N.D. 

4 1.5 equiv 10mol% TBAI — Stage 1: 0 °C, 30 min 32:68:— N.D. 

5 2.2 equiv 10mol% TBAI — Stage 1: 0 °C, 30 min only 19 81 (19) 

6 2.2 equiv 10mol% TBAI 
5.0 equiv DMPU 

5.0 equiv MeI Stage 1: 0 °C, 30 min 
Stage 2: rt, 60 min 

7:33:60 N.D. 

7 2.2 equiv 10mol% TBAI 
5.0 equiv DMPU 

5.0 equiv Me2SO4 Stage 1: 0 °C, 30 min 
Stage 2: rt, 60 min 

only 17 74 (17) 

8d 2.2 equiv 10mol% TBAI 
5.0 equiv DMPU 

5.0 equiv Me2SO4 Stage 1: 0 °C, 30 min 
Stage 2: rt, 60 min 

only 17 76 (17) 

9d,e,f 2.2 equiv 10mol% TBAI 
5.0 equiv DMPU 

5.0 equiv Me2SO4 Stage 1: 0 °C, 30 min 
Stage 2: rt, 60 min 

complex and  
variable mixture 

≤73 (17) 

10d,e,g 2.4 equiv 10mol% TBAI 
6.0 equiv DMPU 

6.0 equiv Me2SO4 Stage 1: 0 °C, 30 min 
Stage 2: rt, 60 min 

only 17 67 (17) 

aStage 1: reaction of C3H2Li 2 with 12; Stage 2: addition of methylating agent to the reaction mixture 
bEstimated by 1H NMR analysis of the crude product mixture. 
cIsolated yield of the major product. 
dReaction mixture was quenched with 5% NH3(aq) solution. 
e8.33-mmol scale 
fStirring was compromised by formation of an insoluble sludge. 
gTHF was added as a co-solvent prior to Stage 2. 

 

We therefore refined our approach and switched to geranyl 
chloride as a starting material. Both the epoxidation (with 
mCPBA) and the epoxide cleavage (with HIO4) produced the 
expected products in the theoretically expected yields. The 
homologation of the allylic chloride to install the methylated 
alkyne (20 → 17) received the bulk of our attention. 

TMS-propyne (cf. Scheme 4, top) was in effect being 
employed here as a propyne dianion equivalent. Formally 
identifying lithiated TMS-propyne as a propyne dianion synthon 
inspired us to consider other possible options. Propargyl bromide 
(cf. Scheme 4, bottom) has been used to generate a propyne 
dianion suitable for one-pot sequential addition to a pair of 
aldehydes.21 If this sequential addition strategy could be extended 
to sp3-hybridized electrophiles (i.e., sequential substitution), then 
we could streamline this homologation process. Propargyl 
bromide is also cheaper than TMS-propyne. 

We optimized for one-pot sequential alkylation of the C3H2Li 2 
synthon as outlined in Table 1. During optimization, it was found 
that 2.2 equivalents of the propyne dianion (generated from 
propargyl bromide using n-butyllithium) and TBAI as an additive 
were necessary for complete conversion in the first stage of 
alkylation (entry 5). When methyl iodide was used as an 
alkylating agent, the second stage of the reaction was sluggish, 
giving mixtures of terminal and methylated alkyne. However, 
when 5 equivalents of dimethyl sulfate with DMPU as an 
additive was used, the reaction proceeded efficiently to 
completion on the exploratory scale (entry 8). Problems of 
solubility arose on larger scales (e.g., 8.33 mmol), with the 
formation of solid sludge on the bottom of the flask that 
complicated stirring and resulted in significantly decreased yields 
of the desired product (17). To avoid the insoluble sludge, the 

reaction was diluted with dry THF after the first stage, and the 
reaction time was extended to ensure completion. The epoxide of 
17 was then cleaved with periodic acid / sodium periodate to give 
the desired aldehyde (10). In this manner, we were able to 
complete a concise and efficient synthesis of Johnson’s aldehyde 
(10) in 3 steps and 67% overall yield from geranyl chloride 
(Scheme 4). 

We then turned our attention to identifying and preparing 
appropriate coupling partners for homologating aldehyde 10 into 
the key cyclization substrate, 2. 

2.2. Julia–Kocienski approach to trienynone 2 

We investigated the possibility of preparing 2 via Julia-
Kocienski olefination (Scheme 5) as an alternative to the 
Schlosser–Wittig protocol previously employed by Johnson for 
installing the central trans-alkene. First, sulfone 22 was prepared 
in 4 steps from known diol 16.22 The diol was protected using 
TBSCl / imidazole in DMF. Hydroboration followed by 
Mitsunobu reaction and oxidation of the resulting sulfide using 
hydrogen peroxide / ammonium molybdate afforded 22 in 34% 
overall yield. E-selective Julia-Kocienski olefination23 with 
aldehyde 10 then provided the desired olefination product in 67% 
yield and 7 : 1 E : Z ratio (as estimated by 1H NMR). From here, 
intermediate 23 was converted to the desired 2 in 3 steps — TBS 
deprotection with TBAF, Swern oxidation of the resulting diol, 
and aldol condensation (61% yield over 3 steps). Attempts to 
make this route more convergent — namely, to olefinate the 
aldehyde using sulfone 24 — were unsuccessful, however, and 
the route from 16 was deemed too long (too many steps) for our 
prescribed objectives. Therefore, we abandoned the Julia-
Kocienski strategy in favor of efforts to prepare the central trans-
alkene by a cyclopropyl-homoallyl rearrangement.24,25,26  
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Scheme 5. Synthesis of 2 via Julia-Kocienski route. 

 

  

Scheme 6. Synthesis of homoallylic bromide 12 by one-pot Grignard addition and SN1-type substitution with stereoselective 
cyclopropyl→homoallyl rearrangement. 

2.3. Approaches to trienynone 2 via homoallyl bromide 12 

Cyclopropyl carbinols can be converted into homoallyl 
bromides stereoselectively and in good yield.25,26 Cyclopropyl 
carbinols, in turn, can be prepared by addition of cyclopropyl 
Grignard reagents to aldehydes. Consequently, the conversion of 
aldehyde to homoallyl halide can be achieved in a two-step 
process comprising Grignard addition and subsequent 
rearrangement. We aimed to develop a one-pot protocol.  

Addition of cyclopropylmagnesium bromide solution in 
diethyl ether to aldehyde 10, followed by the dilution with 
diethyl ether and addition of magnesium bromide and small 
amounts of water (0.5–1%), gave satisfactory results (Scheme 6). 
The small amount of water was optimal: byproducts were 
observed in TLC analysis of reactions conducted under 
anhydrous conditions, and the rearrangement became sluggish 
with increasing concentrations of water. Thus, Grignard addition 
was followed by dilution with ether and addition of magnesium 
bromide and water. Heating this mixture overnight resulted in the 
desired one-pot transformation in 45-62% yield and high E : Z 
ratio (no Z isomer observed by 1H NMR). 

A convergent means of converting homoallylic bromide 12 to 
the desired ketone (2) would be by coupling 12 with bromo-
cyclopentenone 14 (Scheme 7). However, we were unable to 
develop a satisfactory and reproducible protocol. Our best efforts 
involved borylation of 12 via the corresponding Grignard 
reagent, followed by Suzuki coupling with 14. This sequence 
provided 2 in up to 46% yield, but it was capricious. 

A more robust protocol for completing the route to 2 makes 
use of the classic tactic of alkylation and decarboxylation of β-
keto esters, followed by aldol condensation.27,28,29,30 β-Keto ester 
25 was prepared according to the procedure reported by Crabbe 
et. al.31 and alkylated with 12. Saponification followed by one-
pot decarboxylation, deprotection, and aldol condensation then 
gave the desired intermediate 2.  

2.4. Completion of the synthesis 

Having developed a new route to 2, we then finished the 
synthesis of rac-progesterone using chemistry originally 
published by Johnson.13 The overall efficiency of this 4-step 
transformation was similar to what was reported by Johnson; our 
yield for the MeLi addition and cation-π cascade sequence was 
slightly lower than originally reported, whereas our yield for the 
ozonoloysis and aldol condensation sequence was slightly higher 
than originally reported. 

3. Conclusion 

In conclusion, we report three alternative ways to access 
cation-π cyclization substrate 2 en route to rac-progesterone. 
These new methods may be viable for accessing larger amounts 
of rac-progesterone . During the course of our endeavors, we 
developed a straightforward process for converting a linear 
aliphatic aldehyde into a homoallylic bromide, which proved to 
be a good choice for preparing the isolated and unbranched 
central trans-alkene of 2 with high stereocontrol. The optimal 
route produces 2 in up to 21% overall yield for the seven-step 
longest linear sequence (LLS). 

4. Experimental section 

All reagents were purchased from commercial suppliers and used 
without further purification. NMR spectra were recorded on a 
Bruker Ultrashield spectrometer operating at 400 MHz for 1H 
NMR and at 100 MHz for 13C NMR. The spectra were measured 
in CDCl3 and are given as δ values (in ppm) relative to TMS. 
Column chromatography was carried out using compressed air, 
Silica Gel 60 (230– 400 mesh, Merck), and mixtures of ethyl 
acetate / hexanes. Mass spectra were recorded using electrospray 
ionization (ESI+) or atmospheric pressure chemical ionization 
(APCI). All reactions were run under inert atmosphere unless 
otherwise indicated in the text. All solvents were purified using a 
Waters SG SiO2 column based solvent purification system. 
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Scheme 7. Synthesis of trienynone 2 via Suzuki reaction and the alkylation route. The Suzuki coupling of 14 with boronates derived 
from 12 proved capricious and unreliable on small-scale, so we alternatively crafted the cyclopentenone moiety by aldol condensation 
after alkylation of β-keto ester 25 with bromide 12. 

 

 

Scheme 8. Completion of the synthesis of rac-progesterone (originally reported yields by Johnson in red in parentheses). 

 

Yields refer to isolated yields of material judged to be ≥95% pure 
by 1H NMR spectroscopy. 

4.1. (E)-4-methyldec-4-en-8-ynal (10) 

Geranyl chloride (5.8 g, 33.6 mmol, 1.0 equiv.) was dissolved 
in 336 mL of chloroform. Solution was then cooled to 0 oC and 
then mCPBA (77 % purity) (7.9 g, 35.3 mmol, 1.05 equiv.) was 
added in small portions over 30 min. After addition, solution was 
stirred for additional 30 minutes at 0 oC. Solution was then 
extracted 5 times with 1M NaHCO3. Organic layer was washed 
with water, brine, dried over Na2SO4 and concentrated to give 
6.34 g (100 % yield, ca. 90-95 % pure by 1H NMR) of epoxide 
20 as a colorless liquid, which was used in the next step without 
further purification and for which the characterization data 
matched literature values:32 1H NMR  (400 MHz, CDCl3) δ 5.50 
(td, 1H, J=7.9, 1.1), 4.10 (d, 2H. J=8.0), 2.69 (t, 1H, J=6.2), 2.29-
2.11 (m, 2H), 1.74 (s, 3H), 1.66 (m, 2H), 1.30 (s, 3H), 1.27 (s, 
3H); 13C NMR (100 MHz, CDCl3) δ 141.7, 120.8, 63.8, 58.4, 
40.8, 36.1, 26.9, 24.8, 18.7, 16.0.  Propargyl bromide (2.97 g, 80 
wt % in toluene, 20 mmol, 2.15 mL, 2.4 equiv.) was added 
dropwise to a cold (–78 °C) solution of BuLi (25 mL, 1.6 M in 
hexanes, 40 mmol, 4.8 equiv.) and TMEDA (1.162 g, 10 mmol, 
1.5 mL, 1.2 equiv.) in 25 mL of ether. The resulting solution was 
stirred for 20 min at –78 °C, and then a mixture of epoxide 20 
(1.572 g, 8.33 mmol, 1.0 equiv.) and TBAI (303 mg, 0.833 
mmol, 0.1 equiv.) in 5 mL of ether was then added by cannula, 
followed by rinsing with two additional 5-mL portions of ether. 
The reaction mixture was then switched to a 0 °C bath and stirred 
for 1h, and then the cloudy mixture was diluted with 50 mL of 
THF and 6.41 g (50 mmol, 6.03 mL, 6.0 equiv) of DMPU, 
followed by the dropwise addition of 6.30 g (50 mmol, 4.78 mL, 

6.0 equic.) of dimethyl sulfate. The 0 °C bath was then removed 
and the reaction stirred for 1 h at r.t. Reaction was then cooled to 
0 oC and 25 mL of 5% NH3 solution was added to quench the 
unreacted dimethyl sulfate. The reaction mixture was stirred for 1 
h at r.t., then diluted with water, and extracted 3 times with ethyl 
acetate. Organic extracts were washed twice ammonium chloride, 
twice with water, and once with brine, and then dried over 
Na2SO4, concentrated under rotary evaporator and subjected to 
column chromatography using 3 % ethyl acetate / hexanes to 
afford 1.14 g (67 % yield) of 17 as a colorless liquid: 1H NMR  
(400 MHz, CDCl3) δ 5.21 (t, 1H, J=5.6), 2.71 (t, 1H. J=6.3), 
2.25-2.05 (m, 6H), 1.77 (t, 3H), 1.72-1.56 (m, 5H), 1.31 (s, 3H), 
1.27 (s, 3H); 13C NMR (100 MHz, CDCl3) δ 135.4, 123.6, 79.1, 
75.4, 64.1, 58.4, 36.3, 27.7, 27.4, 24.9, 19.1, 18.7, 16.1, 3.5. 
HRMS (APCI) Calcd. for C14H23O [M+H]: 207.1743, found: 
207.1746. A cold (0 °C) solution of 17 (540 mg, 2.62 mmol, 1.0 
equiv., prepared as described above) in 10.5 mL of 1 : 1 THF : 
H2O was then treated with sodium periodate (1.35 g, 6.28 mmol, 
2.4 equiv.), followed by the addition of periodic acid (59.7 mg, 
0.262 mmol, 0.1 equiv.). The resulting mixture was stirred for 3 h 
at 0oC and 1 h at r.t. and then partitioned between cold (0 °C) 1 
M NaHCO3 and EtOAc. The aqueous layer was extracted with 3 
portions of ethyl acetate. Organic layers were then combined and 
washed twice with water, brine and dried over sodium sulfate. 
Reaction mixture was then concentrated using rotary evaporator 
to give a quantitative recovery of crude aldehyde 10 (67% overall 
from geranyl chloride) as a colorless oil, which was used without 
purification in the next step. Characterization data for aldehyde 
10 matched literature data:14 1H NMR  (400 MHz, CDCl3) δ 9.80-
9.74 (t, 1H, J=1.2), 5.21 (t, 1H, J=5.7), 2.52 (tq, 2H, J=8, 1.2), 
2.33 (t, 2H, J=8), 2.2-2.07 (m, 4H), 1.76 (t, 3H, J=2.4), 1.62 (s, 
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3H). 13C NMR (100 MHz, CDCl3) δ 202.6, 134.3, 124.1, 78.9, 
75.6, 42.1, 31.8, 27.6, 19.0, 16.2, 3.4. Aldehyde 10 has strong 
irritating odor, which is felt even when the sample is in the fume  
hood. 

4.2. (6E,10E)-13-bromo-6-methyltrideca-6,10-dien-2-yne (12) 

Cyclopropylmagnesium bromide (7.82 mL, 0.5 M solution in 
Et2O, 3.91 mmol, 1.5 equiv.) was added dropwise to a cold (0 °C) 
solution of aldehyde 10 (prepared as described above from 540 
mg of epoxide 17) in 10 mL of ether, and the resulting mixture 
was stirred for 30 min at 0 oC, then 30 min at r.t., and then 
recooled to 0 °C. Water (0.29 mL) was then added slowly. After 
an additional 5 min of stirring, the reaction mixture was diluted 
with 12 mL of Et2O, and MgBr2•Et2O (3.35 g, 13.1 mmol, 5.0 
equiv.) was added. The reaction mixture was then heated to 
reflux and stirred overnight. The reaction mixture was then 
cooled and partitioned between ethyl acetate and 1.0 M solution 
of NaHCO3. The aqueous layer was extracted 2 times with 
EtOAc. Organic layer was then washed with NaHCO3 (1.0 M), 
water, and brine, and dried over sodium sulfate and concentrated 
using rotary evaporator. The crude material was purified using 
column chromatography (gradient elution using hexanes to 1 % 
ethyl acetate / hexanes) to give 435 mg of homoallyl bromide 12 
(62% yield from 17, 42% over four steps from geranyl chloride) 
as a colorless oil: 1H NMR  (400 MHz, CDCl3) δ 5.53 (dt, 1H, 
J=14.8, 8), 5.40 (dt, 1H. J=14.8, 8), 5.18 (t, 1H, J=5.2), 3.36 (t, 
2H, J=8), 2.54 (q, 2H, J=8), 2.23-2.00 (m, 8H), 1.78 (t, 3H, 
J=2.8), 1.6 (s, 3H); 13C NMR (100 MHz, CDCl3) δ 135.6, 133.4, 
126.5, 123.3, 79.1, 75.4, 39.3, 36.0, 32.8, 30.9, 27.7, 19.2, 16.0, 
3.45. HRMS (APCI) Calcd. for C14H20Br [M–H]: 269.0722, 
found: 269.0718. 

4.3. (5E,9E)-methyl 9-methyl-2-(3-(2-methyl-1,3-dioxolan-2-
yl)propanoyl)pentadeca-5,9-dien-13-ynoate (26) 

Homoallyl bromide 12 (357 mg, 1.33 mmol, 1.0 equiv., 
prepared as described above) was added to a solution of β-keto 
ester 2531 (430 mg, 1.99 mmol, 1.5 equiv) and cesium carbonate 
(562 mg, 1.73 mmol, 1.3 equiv) in acetone. The reaction vessel 
was then sealed and heated at 70 °C for 8 h, then cooled to rt and 
partitioned between ethyl acetate and half-saturated aqueous 
ammonium chloride. The aqueous layer was then extracted 3 
times with ethyl acetate, and the combined organics were washed 
with water, brine, dried over sodium sulfate and concentrated 
using a rotary evaporator. The crude material was then purified 
using column chromatography with 15% ethyl acetate / hexanes 
to give 357 mg (73% yield) of β-keto ester 26 as a colorless 
liquid: 1H NMR  (400 MHz, CDCl3) δ 5.48-5.26 (m, 2H), 5.16 (t, 
1H, J=6.5), 3.97-3.86 (m, 4H), 3.71 (s, 3H), 3.49 (t, 3H, J=7.2), 
2.68-2.62 (m, 2H), 2.22-1.84 (m, 14H), 1.77 (t, 3H, J=2.9), 1.59 
(s, 3H), 1.30 (s, 3H) 13C NMR (100 MHz, CDCl3) δ 204.7, 
170.3, 135.89, 131.8, 128.4, 123.2, 109.1, 79.2, 75.4, 64.7, 64.6, 
58.0, 52.3, 39.5, 36.7, 32.5, 31.1, 30.3, 28.0, 27.7, 23.9, 19.2, 
16.0, 3.5 HRMS (ESI+) Calcd. for C24H36O5Na: 427.2460, found: 
427.2457. 

4.4. 3-Methyl-2-((3E,7E)-7-methyltrideca-3,7-dien-11-yn-1-
yl)cyclopent-2-enone (2) 

A solution of β-keto ester 26 (310 mg, 0.77 mmol, 1.0 equiv.), 
2 mL of methanol, 2 mL of THF, and 2 mL of 2M KOH was 
heated at reflux for 3 h in a 75 °C oil bath and then allowed to 
cool to rt. The resulting mixture was partitioned between ethyl 
acetate and satd. ammonium chloride. The aqueous layer was 
extracted with 3 portions of ethyl acetate, and the combined 
organics were washed with water and brine, dried over sodium 
sulfate, and concentrated using a rotary evaporator. The crude 

mixture was then dissolved in 3.0 mL of methanol and treated 
with 0.5 mL of 2 M HCl. This mixture was stirred for 3 h then 
diluted with 2.5 mL of 2M KOH and 3 mL of THF. The resulting 
mixture was heated at reflux overnight, then allowed to cool to rt 
and partitioned between satd. ammonium chloride and ethyl 
acetate. The aqueous layer was extracted 3 times with ethyl 
acetate, and the organics were washed with water, brine, dried 
over sodium sulfate, and concentrated using a rotary evaporator. 
The crude material was purified using column chromatography 
(10 % ethyl acetate / hexanes) to give 155 mg (71%) of trienyne 
2 as a colorless oil. Characterization data for trienyne 2 matched 
literature data:14 1H NMR  (400 MHz, CDCl3) δ 5.47-5.30 (m, 
2H), 5.16 (t, 1H, J=6.1), 2.48 (d, 2H, J=4.2), 2.36 (t, 2H, J=4.2), 
2.32-1.92 (m, 15 H), 1.78 (t, J=2.3), 1.60 (s, 3H); 13C NMR (100 
MHz, CDCl3) δ 209.6, 170.6, 140.0, 136.0, 130.7, 129.4, 123.1, 
79.2, 75.4, 29.6, 34.3, 31.5, 31.2, 31.1, 27.7, 23.2, 19.2, 17.3, 
16.1, 3.5. HRMS (ESI+) Calcd. for C20H28ONa: 307.2038, found: 
307.2030. 
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