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A route to enantiopure (R)-(+)-3-methyl-6-isopropenyl-cyclohept-3-enone-1, an intermediate 

for terpenoids, has been developed and includes a highly chemo- and regioselective Tiffeneau-

Demjanov reaction. Starting from readily available (R)-(–)-carvone, this robust sequence is 

available on a deca-gram scale and uses flow chemistry for the initial epoxidation reaction. 

The stereochemistry of the addition of two nucleophiles to the carbonyl group of (R)-(–)-

carvone has been determined by X-ray diffraction studies and chemical correlation. 

 

 

 

 

 

 

 

 

 

Introduction 

The synthesis of bioactive terpenoids and alkaloids containing an all 

carbon seven-membered ring is of current interest.1,2 Examples of 

such natural product syntheses include longifolene,3 and the guaiane 

sesquiterpenes thapsigargins,4 the englerins,5 echinopines6 and 

nanolobatolide (a sesqui- plus 3 C).7 The higher terpenoid examples 

include phorbol (prostratin),8 ingenol,9 guanacastapenes,10 

icetexanes,11 and the mero-terpenoids perovskone,12 frondosin13 and 

the cortistatins.14 Among the alkaloids, colchicine,15 diterpenoid 

alkaloids16, nominine16a,17 and the daphniphyllums18 can be cited as 

being part of this class of compounds (Figure 1). 

The synthesis of all carbon seven-membered rings can be effected by 

cyclization reactions19 and ring-closing metathesis,20 (4+3)21 or 

(5+2)22 or (3+2+2)23 cycloadditions, and 6+1 or 5+2 ring 

expansions.24 The terpenoid natural products11a,25 frequently present 

the seven membered-ring in fusion with a five-membered ring 

(sesquiterpenoids), the diterpenoids having a further six-membered 

ring (Scheme 1). 

The perhydroazulene sesquiterpenes26,27 and diterpenes28,29 

generally possess methyl and isopropyl group substitutions in a 

1,4-relationship, and thus display carbon skeleton similarity 

with naturally occurring para-menthane monoterpenes, and 

embedding a 1,4-methyl, isopropyl-cycloheptane residue 

(Figure 2). 

 
Scheme 1. Synthetic methods to cycloheptane rings, with target 

terpenoid carbon skeletons. 
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Figure 1. Examples of natural product synthetic targets containing 

an all carbon cycloheptane moiety. 

 

Figure 2. Structural relationships amongst perhydroazulene 

sesquiterpenes and diterpenes, para-menthane monoterpenes and 

cycloheptanes. 

Synthetic approaches to the perhydroazulene structures from 

para-menthanes have involved the contraction of the six-

membered ring to cyclopentanoids followed by heptanyl-

annulation,30,31 or much less frequently, expansion to 

cycloheptanoids and pentanyl-annulation.32 This last strategy 

has been studied in our laboratory for the synthesis of 

cycloheptanoids,33 and thus access to perhydroazulene 

terpenoids and alkaloids.34 The ring expansions occur by two 

different methods; cyclopropanation of a suitable para-

menthene-1 to an overbred bicyclic system followed by 

cleavage of the common C-C bond.35 The second sequence 

requires an appropriate nucleophile addition to a para-

menthanone-2 followed by a regioselective rearrangement, as 

presented in Scheme 2. 

Recently, we developed a synthetic route to transform (R)-(–)-

carvone (1) into (R)-(+)-3-methyl-6-isopropenyl-cyclohept-3-

enone-1 (2), based upon a completely chemo- and 

regioselective Tiffeneau-Demjanov ring expansion reaction 

(Scheme 3).36 The addition of TMS-cyanide to (R)-(–)-carvone 

(1) furnishes the TMS-cyanohydrins 3a/3b, as a 90:10 

diastereoisomeric mixture. Reduction of 3a/3b with LiAlH4 

provides the required amino-alcohols 4a/4b for the Tiffeneau-

Demjanov rearrangement, which leads to the non-conjugated 

cycloheptenone (R)-(+)-2. 

 
Scheme 2. Ring expansion strategies to 1,4-methyl, isopropyl-

cycloheptanes, and thus terpenoids. 

Scheme 3. Ring expansions of carvone by the Tiffeneau-Demjanov 

rearrangement and Nozaki reaction. 

We were pleasantly surprised to discover the complete chemo- and 

regioselectivity in this rearrangement, as can be seen in Scheme 4, 

where the epoxide 6 and the regio-isomeric cycloheptenone 7 were 

not observed. Similarly, the Nozaki ring expansion with addition of 

the dibromomethyl carbanion to carvone, and subsequent 

rearrangement of 5 is also highly effective (Scheme 3).36 

 
Scheme 4. Chemo- and regioselectivity in the Tiffeneau-Demjanov 

rearrangement. 

Encouraged by the total chemo- and regioselectivity observed in the 

Tiffeneau-Demjanov rearrangement, we have now examined an 

attractive alternative, by Corey-Chaykovsky epoxidation of (R)-(–)-

carvone (1) and N-nucleophile ring opening to the same intermediate 

amino-alcohols 4a/4b obtained in Scheme 3. We now demonstrate 
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significant improvements over the previous synthetic routes, which 

allow a deca-gram  scale-up, in less bench time, with very simple 

purifications, thus reducing substantially problems of synthesis 

logistics. This route also avoids the practical problems of using KCN 

and LiAlH4, or the preparation and use of the CHBr2 carbanion, on a 

large scale. We also present a structural assignment of 4a by X-ray 

diffraction and a chemical correlation, and thus the stereochemistry 

of 1,2 nucleophilic additions to the carbonyl group of (R)-(–)-

carvone (1). 

Results and Discussion 

Our initial experiments with the Corey-Chaykovsky 

epoxidation of (R)-(–)-carvone (1),37 using the original NaH 

procedure for generating the sulfur ylide, were not reproducible 

on a large scale, besides presenting some practical difficulties 

with the manipulation of large quantities of NaH. This led us to 

try the modification using methyl lithium or n-butyl lithium 

hexane solutions with DMSO,38 and in these conditions, the 

epoxidation of (R)-(–)-carvone (1) led to a 90:10 ratio (by GC 

and 1H-NMR) of 6a and 6b in 90–95% yields (Scheme 5), and 

this mixture was used as such in the following reaction. 

To test the quality of our commercial Me3S
+I⁻, we prepared this 

reagent freshly by reaction of Me2S with MeI,39 and after 

recrystallisation the Me3S
+I⁻ turned out to be slightly more 

efficient in our reaction. We conclude, however, that the 

commercial product is perfectly adequate for our purposes, not 

justifying the time spent on its preparation and purification. 

The base used to form the ylide and reaction conditions were 

also studied, and the results are shown in Table 1. A solution of 

the alkyl-lithium was added to DMSO at room temperature, a 

biphasic mixture was formed, the dimsyl-Li (heavier phase) 

was transferred, via cannula, to a previously prepared solution 

of Me3S
+I⁻ in THF/DMSO at –10 °C. The (R)-(–)-carvone 

solution in THF was added, and after 3 h a crude oil containing 

the mixture of epoxides 6a/6b was obtained, to be used as such 

in the following reaction. 

The epoxides 6a/6b were formed on a 23 gram scale from 18 g 

(120 mmol) of carvone using the conditions shown in Table 1  

(entry 9), and used as such in the subsequent reaction. 

 
Scheme 5. Reagents and conditions: (a) Me3S

+I⁻, n-BuLi, DMSO-

THF, 90–95%, (b) K phthalimide, phthalimide, DMF, 155–160 oC, 3 

h, (c) NH2NH2.H2O, EtOH, 80–85 oC, 2 h, 64% for 2 steps (d) 

NaNO2 1.25 M, AcOH 10% (v/v), 0–4 oC, 4 h, 35–71%. 

However, a significant improvement was found conducting this 

reaction under continuous flow conditions.40 We used a Vapourtec 

E-series41,42 flow equipment, with 3 peristaltic pumps (A, B and C), 

a 10 mL coil reactor and 1.0 mm i.d. PTFE tubing. The equipment 

schematics with the best results are shown in Scheme 6. 

n-BuLi in hexanes was pumped through C (we used a red end 

crimped fluoropolymer in this pump, compatible with 

organometallic solutions) and then mixed with a solution of Me3S
+I- 

in DMSO pumped by B. The ylide then meets the (R)-(–)-carvone 

stream from A, and the reaction takes place in the 10 mL reactor coil 

kept at room temperature. After the continuous off-line aqueous 

work-up the desired epoxides 6a/6b were obtained. DMSO (99%+, 

Alfa-Aesar) was used directly from the bottle, without any further 

treatment in the flow experiments. 

 

Table 1. Corey-Chaykovsky epoxidation of (R)-(–)-carvone in the batch mode. 

Entry 
Scale gram 

(mmol) 
Base (eq) Me3S

+I⁻⁻⁻⁻ (eq) Conversion (%)a 
Crude Mass 

Obtained (g)b 

1 0.15 (1.0) 
MeLi 1.56 M in Et2O 

(1.2) 
1.2 87 0.065 

2 0.45 (3.0) 
MeLi 1.56 M in Et2O 

(1.2) 
1.2 78 0.48 

3 0.15 (1.0) 
n-BuLi 1.50 M in 

Hexanes (1.2) 
1.2 80 0.17 

5 0.45 (3.0) 
MeLi 1.56 M in Et2O 

(1.5) 
1.5 100 0.52 

6 1.50 (10) 
n-BuLi 2.50 M in 

Hexanes (1.5) 
1.5 100 1.41 

7 3.02 (20) 
n-BuLi 2.50 M in 

Hexanes (2.0) 
2.0 95 3.38 

8 9.00 (60) 
n-BuLi 2.50 M in 

Hexanes (2.0) 
2.0 95 15.03 

9 18.02 (120) 
n-BuLi 2.50 M in 

Hexanes (2.0) 
2.0 95 23.13 

a Conversion based on 1H-NMR signal ratios between H-2 of (R)-(–)-carvone and H-2 of 6a/6b; b Based on the crude product mass after 

aqueous work-up; 90:10 ratios in all entries; increased base and Me3SI with scale was used to maintain high conversions.  
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Scheme 6. Corey-Chaykovsky epoxidation of (R)-(–)-carvone under continuous flow conditions. 

Table 2. The opening of epoxides 6a/6b with ammonia solutions. 

 

Entry 
Scale grams 

(mmol) 

Solvent 

(eq. NH3) 
Conditions 4a/4b (%)

a

 8 (%)
a

 By-products (%)
a

 

1 2 (12.2) H2O/THF (10)  90–100 ˚C, 6 h 26 10 64 

2 0.2 (1.2) MeOH (10) 50 ˚C, 1 h 2 - 8 

3 0.2 (1.2) MeOH (10) 70 ˚C, 1 h 11 - 32 

4 0.2 (1.2) MeOH (10) 90 ˚C, 2.5 h 33 - 67 

5 0.16 (1.0) MeOH (10) 130 ˚C, 15 min, MW 29 - 61 

6 0.16 (1.0) Isopropanol (10) 90 ˚C, 2 h 8 - 10 

7 0.32 (2.0) DME (10) 90 ˚C, 1.5 h - - - 

8 0.32 (2.0) DME (10) 130 ˚C, 15 min, MW - - - 

9 0.16 (1.0) Dioxane (10) 130 ˚C, 25 min, MW - - - 

a Conversion based on 1H-NMR signal ratios of H-2 of 4a/4b, 8 and by-products. 
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In the initial experiments, our attempts to optimise the 

procedure were accompanied by blockages within 15 min of 

processing. The blockages came from the precipitation of the 

Me3S
+I- and/or LiOH from n-BuLi hydrolysis. This problem 

was solved using a wider bore T-piece and tubing (2.0 mm i.d.) 

as shown in Scheme 6. 

After the standard parameters had been optimised, the 

preparation was continuously run for over 2 hours, to generate 

the epoxides 6a/6b (9.4 g, 57 mmol) in 95% isolated yield, 

from 9.0 g (60 mmol) of (R)-(–)-carvone, 18.4 g (90 mmol) of 

Me3S
+I-  and 40 mL (90 mmol) of n-BuLi 2.25 M in hexanes. 

The crude colourless oil was used in the next step without any 

need of further purification. 

In the batch process using NaH as base, we obtained the 

epoxides 6a/6b in 87% yield, whereas the batch process using 

n-BuLi as base and continuous flow process led to 95% yield 

without the need for purifications, and ready for the next 

synthetic step. The continuous flow procedure was also better 

due to the ease of operating at much larger scales with a 

minimum of manual interactions, giving a gain in bench time 

and simplicity. 

Initially the ring opening of the epoxides 6a/6b (Scheme 5) was 

studied with the obvious nucleophiles ammonia43 and sodium 

amide,44 but with limited success. For example, we used a 

commercial ammonia solution in H2O (25–30%, Fisher 

Scientific) and prepared other ammonia solutions by bubbling 

ammonia gas, at room temperature, into the desired solvent for 

2 h. The solutions were titrated by a 0.12 M HCl standard 

aqueous solution containing bromocresol green. 

 

Table 3. Epoxide ring opening with potassium phthalimide and phthalimide using conventional or microwave heating. 

 

Entry Scale grams (mmol) Conditions 6a/6b (%)a 9a/9b (%)a 10 (%)a 

1 0.49 (3.0) t-BuOH, 160 ˚C, 2 h 100 - - 

2 0.49 (3.0) EtOAc, 160 ˚C, 2 h 100 - - 

3 0.49 (3.0) MeCN, 160 ˚C, 5 h degradation 

4 0.82 (5.0) DMF, 80 ˚C, 2 h 100 - - 

5 0.82 (5.0) DMF, 110 ˚C, 2 h 100 - - 

6 0.82 (5.0) DMF, 140 ˚C, 7 h - 70 30 

7 0.16 (1.0) DMF, 160 ˚C, 1.5 h - 80 20 

8 0.16 (1.0) DMF, 100 ˚C, 7.5 min (MW) 97 2 1 

9 0.16 (1.0) DMF, 125 ˚C, 7.5 min (MW) 88 7 5 

10 0.16 (1.0) DMF, 150 ˚C, 7.5 min (MW) - 77 23 

11 0.16 (1.0) DMA, 150 ˚C, 7.5 min (MW) - 86 14 

12 0.16 (1.0) DMA, 150 ˚C, 5.0 min (MW) - 86 14 

13 0.16 (1.0) DMA, 150 ˚C, 2.5 min (MW) - 85 15 

14 1.64 (10.0) DMA, 160 ˚C, 1 h (MW) - 84 16 

15 16.40 (100.0)b DMA, 160 ˚C, 6 h - 87 13 

16 23.13 (120.0) DMF, 160 ˚C, 3 h - 78 22 

a Conversion based on the 1H-NMR signal ratios of H-11 of 6a/6b, 9a/9b and 10; b performed simultaneously in two flasks 

containing the same quantities (8.21 g, 50.0 mmol) of epoxides 6a/6b 
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We obtained ammonia solutions in MeOH (8.0 N), isopropanol 

(4.0 M), dimethoxyethane (2.9 M). These ammonia solutions 

were then reacted in screw cap sealed pressure tubes with the 

epoxide mixture 6a/6b, and led to the formation of the desired 

amino-alcohols 4a/4b, and unidentified by-products. The 

corresponding diols were also formed when we used aqueous 

ammonia solutions, due to the presence of water (in a 26:10 

ratio) (Table 2). The separation of the amino-alcohols on a 

multi-gram scale we deemed to be impracticable. 

On the other hand, sodium amide led to complex mixtures as 

shown by TLC analysis, probably due to its reactivity as a base. 

Ring opening of the epoxides 6a/6b was easily accomplished 

by potassium phthalimide and phthalimide in 

dimethylacetamide (DMA) or DMF at 155–160 ˚C, according 

to the classic Gabriel procedure.45 Table 3 summarizes our 

epoxide ring opening results under conventional or microwave 

(MW) heating, with DMA presenting better results. 

Microwave heating at 150–160 ˚C in DMA gave the best 

results, but due to the volume limitation of the microwave tubes 

(~14 mL), the large scale reactions (2 flasks with 8.2 g, 50 

mmol each and 23.1 g, 120 mmol; Table 3 entries 15 and 16) 

were performed with conventional heating. The crude product 

obtained as a brown oil was used directly in the next step. 

Hydrazinolysis of the phthalimido-alcohols 9a/9b produced the 

same amino-alcohols 4a/4b obtained in the previous sequence 

(Scheme 3). After reacting with hydrazine monohydrate (1.5 

equivalents) in refluxing ethanol for 3 hours, the starting 

material 9a/9b was completely consumed. The crude reaction 

product (13.9 g, 77 mmol) was characterized as the amino-

alcohols 4a/4b with an 85:15 ratio as determined by 1H-NMR. 

Recrystallization from hot hexanes afforded 12.2 g (73.7 mmol) 

of amino-alcohol 4a in 64% yield for the last 2 steps. 

The phthalimido-alcohols 9a/9b reduction described by Ganem 

et al46 was also examined using NaBH4 in isopropanol:H2O at 

room temperature for 24 h. A yellow oil was obtained 

containing the amino-alcohols 4a/4b together with a complex 

mixture of by-products. As the product 4a/4b crystallizes along 

with the by-product phthalide, and required large amounts of 

sodium borohydride, this procedure was not investigated 

further. 

The Tiffeneau-Demjanov47,48 rearrangement was performed by 

treatment of a solution of 4a/4b (38.7 g, 214 mmol, divided in 3 

flasks with 12.9 g each), in 10% (v/v) aqueous AcOH with an 

aqueous NaNO2 solution (1.25 M, 103 mL, 8.83 g, 128 mmol, 

1.8 equiv.) for each flask. The temperature was kept at 0–4 °C 

(ice-water bath) for 4 hours. Aqueous work-up then produced a 

brown oil which underwent immediate chromatographic 

purification affording the non-conjugated cycloheptenone 2 

(15.9 g, 96 mmol) in 35% yield ([α]D
25= +44.3 (c 1.15, CHCl3): 

lit.36 [α]D
25 = +30.0 (c 0.26 CHCl3). In these conditions we did 

not observe formation of the conjugated cycloheptenone. 

The assignment of the stereochemistry of 3a/3b and thus 6a/6b 

was made by chemical correlation with 4a, from the mono-

crystal X-ray diffraction studies (Figure 3) and the nOe 

irradiations (see supporting information) of the major amino-

alcohol 4a, obtained by reduction of the TMS-cyanohydrin 

mixture 3a/3b. Other nucleophile addition reactions to the 

carbonyl group of carvone have been studied previously,49 and 

the stereochemistry of major approach has been shown to be 

preferentially anti- to the isopropenyl group.50 We have now 

confirmed that this is the correct stereochemistry for the major 

isomers 3a and 6a. The structure of 4a is shown in Figure 3, 

and the chemical correlation of the amino-alcohols 4a/4b 

obtained in both sequences, establishes the same 90:10 

diastereomeric preference of addition of cyanide and the 

sulfonium ylide nucleophiles. 

 

Figure 3. Structure of the major amino-alcohol 4a, obtained by 

X-ray diffraction studies, with indication of observed nOe 

interactions. (Ellipsoids shown at 40% probability level). 

Conclusions 

In summary, we have developed a very efficient synthetic route 

to the appropriately functionalized (R)-(+)-3-methyl-6-

isopropenyl-3-cycloheptenone-1 (2), a useful enantiopure 

intermediate for bioactive terpenoid synthesis. Using this 

methodology, cycloheptenone 2 has been prepared on a deca-

gram scale with minimal chromatographic separations needed. 

Starting from 18.0 g of (R)-(–)-carvone (1), we have obtained 

8.1 g (41% overall yield) of the cycloheptenone 2. 

Experimental 

General protocol for preparation of 6a/6b in flow 

The continuous flow preparation of the epoxides 6a/6b was 

carried out using a three-stream reactor assembly. The 

Vapourtec E-Series machine was charged with a 0.5 M solution 

of (R)-(–)-carvone in DMSO (pump A) at the rate of 1.0 

mL.min–1, a 0.4 M solution of Me3S
+I- in DMSO (pump B) at 

the rate of 1.88 mL.min–1 and a solution of n-BuLi (2.25 M in 

hexanes) pumped direct from the bottle through C at the rate of 

0.340 mL.min-1. The DMSO was used directly without any 

purification. The desired flow rates were set and all pumps 

begun and DMSO and hexane were pumped for 5 min. Pump C 

was timed to switch to pumping n-BuLi for 5 min before 

switching pumps A and B simultaneously to (R)-(–)-carvone 

and Me3S
+I- at the rates as determined above. The streams of 

pumps B and C were mixed through a T-piece generating the 

sulfur ylide which was mixed with a stream of (R)-(–)-carvone 

from pump A. A PTFE tubing of 2.00 mm i.d. was used 

between pump C and the second T-piece. The resulting stream 

was driven to a 10 mL coil reactor at room temperature with 

residence time of 3.1 min at these flow rates. The quench was 

made by continuously collecting the output in a conical flask 

with cold water for 2 h. 

Compounds 6a/6b data: Rf 0.59 (n-hexane–EtOAc, 95:5); 

Ratio 6a/6b: 90:10 (1H NMR and GC); [α]D
25 = +24.3 (c 1.42, 

CHCl3); 
1H NMR (CHCl3, 400 MHz) major isomer 6a: δ 5.82–
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5.70 (1H, m), 4.74 (1H, br s), 4.72 (1H, br s), 2.93 (1H, dd, J = 

4.9, 1.4 Hz), 2.67 (1H, d, J = 5.0 Hz), 2.44–2.56 (1H, m), 2.16–

2.26 (1H, m), 2.06–2.12 (1H, m), 1.98–2.05 (1H, m), 1.73 (3H, 

br s), 1.50 (3H, br s), 1.45–1.56 (1H, m); 13C NMR (CHCl3, 

100 MHz) major isomer 6a: δ 148.4, 133.0, 128.7, 109.5, 59.0, 

53.3, 41.6, 36.8, 31.4, 20.6, 15.6; IR (neat, cm–1): 2971, 2919, 

1645, 1450, 1436, 888; LRMS: m/z 164, 149, 135, 121, 107, 

93, 91, 77, 55, 41; HRMS (ESI+): m/z calc. for C11H17O 

[M+H]+ 165.1279, found 165.1278; GC: 9.975 min = 6a, 9.817 

min = 6b. 

Representative procedure for the epoxide opening with 

ammonia 

A screw-cap pressure tube was charged with the epoxides 

6a/6b and ammonia solution. The pressure tubes were 

stoppered and heated. The mixtures were cooled down to room 

temperature, the pressure tubes were opened and gently heated 

in order to remove the residual ammonia. 

Compound 8 data: Rf 0.43 (n-hexane–EtOAc, 50:50); [α]D
25 = 

–0.71 (c 0.11, CHCl3); m.p. 103.6–104.5 °C; 1H NMR (400 

MHz): δ 5.66–5.74 (1H, m), 4.74–4.77 (2H, m), 3.70 (1H, d, J 

= 10.7 Hz), 3.54 (1H, d, J = 10.7 Hz), 2.29–2.40 (1H, m), 2.12–

2.20 (1H, m), 1.90–1.96 (1H, m), 1.82–1.89 (1H, m), 1.73–1.79 

(6H, m), 1.55–1.64 (1H, m), 1.49–2.45 (2H, m, after D2O 

exchange this resonance disappears); 13C NMR (100 MHz): δ 

149.1, 134.2, 128.7, 109.3, 72.8, 68.8, 39.2, 37.1, 31.4, 21.0, 

18.0; IR (neat, cm–1): 3305, 2946, 2911, 2854, 1645, 1445, 

1359, 1011, 889; LRMS: m/z 182, 164, 151, 123, 109, 93, 91, 

67, 55, 41; HRMS (ESI+): m/z calc. for C11H18O2Na [M+Na]+ 

205.1205, found 205.1201; GC: 12.983 min = 8. 

Representative procedure for the epoxide opening with 

sodium amide. 

A screw cap pressure tube was charged with the epoxides 

6a/6b, THF and sodium amide. Ammonia was condensed from 

the cylinder with a cold-finger condenser and added to a screw 

cap tube maintained at –78 ˚C with magnetic stirring. The 

pressure tube was closed and allowed to warm to room 

temperature, and left stirring for 12 h. After this time, the tube 

was opened and gentle heated in order to remove the residual 

ammonia. The amino-alcohols 4a/4b were not observed by 

TLC. 

Procedure for the epoxide opening with 

phthalimide/phthalimide K 

To a round-bottomed flask were added sequentially 

phthalimide, potassium phthalimide, the epoxides 6a/6b and 

DMF. The suspension was heated at 160 ˚C for 3 h and after 

cooling down to room temperature the reaction mixture was 

diluted with EtOAc, water and brine. The crude product was 

used in the next step without any further purification. 

Compounds 9a/9b data: Rf 0.30 (n-hexane–EtOAc, 80:20); 

Ratio 9a/9b: 85:15 (1H NMR); [α]D
25 = –34.4 (c 1.40, CHCl3); 

1H NMR (CHCl3, 400 MHz) major isomer 9a: δ 7.81–7.90 

(2H, m), 7.68–7.75 (2H, m), 5.58 (1H, br s), 4.76 (1H, br s), 

4.70 (1H, br s), 3.98 (1H, d, J = 14.6 Hz), 3.84 (1H, d, J = 14.6 

Hz), 3.18 (1H, s, after D2O exchange this resonance 

disappears), 2.52–2.65 (1H, m), 2.07–2.17 (1H, m), 1.92–2.02 

(1H, m), 1.85 (3H, br s), 1.77–1.87 (1H, m), 1.70 (3H, br s), 

1.44-1.53 (1H, m); 13C NMR (CHCl3, 100 MHz) major isomer 

9a: δ 169.5, 148.7, 135.7, 134.3, 131.9, 126.0, 123.6, 109.5, 

75.0, 44.4, 39.0, 38.1, 31.1, 20.5, 17.2; IR (neat, cm–1): 3486, 

2940, 2920, 1772, 1705, 890, 716; LRMS: m/z 311, 293, 268, 

252, 238, 196, 178, 161, 151, 133, 123, 109, 91, 77, 67, 41; 

HRMS (ESI+): m/z calc. for C19H22NO3 [M+H]+ 312.1600, 

found 312.1594; GC: 26.925 min = 9a, 27.025 min = 9b. 

 

Compound 10 data: Rf 0.33 (n-hexane–EtOAc, 90:10); [α]D
25 

= +113 (c 1.16, CHCl3); 
1H NMR (CHCl3, 400 MHz): δ 10.13 

(1H, s), 4.73 (1H, br s), 4.69 (1H, br s), 2.44–2.65 (1H, m), 

2.26–2.37 (2H, m), 2.13 (3H, s), 2.01–2.10 (1H, m), 1.87–1.95 

(1H, m), 1.78–1.86 (1H, m), 1.73 (3H, br s), 1.38–1.51 (1H, m); 
13C NMR (CHCl3, 100 MHz): δ 191.0, 155.7, 149.0, 133.3, 

109.2, 40.3, 34.8, 27.6, 26.9, 20.9, 18.1; IR (neat, cm–1): 2933, 

2865, 1666, 1643, 1438, 1232, 888; LRMS: m/z 164, 149, 123, 

121, 95, 93, 68, 53, 41; HRMS: m/z calc. mass for C11H17O 

[M+H]+ 165.1279, found 165.1273; GC: 11.825 min = 10. 

Procedure for hydrazinolysis of phthalimido-alcohols 

To a suspension of the crude products 9a/9b in EtOH was 

added NH2NH2.H2O. The reaction system was heated at 80–85 

ºC for 3 h, cooled down to room temperature, and the white 

solid formed (phthalyl hydrazide) was filtered off in a sintered 

funnel and washed with EtOH. The ethanolic filtrate afforded 

after evaporation in vacuo, a yellowish oil mixed with a solid 

characterized as 4a/4b. The crude mixture of amino-alcohols 

4a/4b can be used directly in next step. 

Compound 4a: Rf 0.29 (MeOH–EtOAc, 50:50); Ratio 4a/4b: 

85:15 (1H NMR and GC); [α]D
25 = –118 (c 1.03, CHCl3) {lit.36 

[α]D
25 = –92.2 (c 2.0 CHCl3)}; m.p. 100.9–101.5 °C {lit.36 m.p. 

99.2–99.7 °C}; 1H NMR (600 MHz): δ 5.51 (1H, br s), 4.72 

(1H, br s), 4.71 (1H br s), 2.78 (1H, d, J = 13.0 Hz), 2.72 (1H, 

d, J = 13.0), 2.21–2.29 (1H, m), 2.04–2.11 (1H, m) 1.88–1.96 

(2H, m), 1.72 (3H, br s), 1.70 (3H, br s), 1.45–1.54 (1H, m,), 

0.5–3.5 (3H, m, after D2O exchange this resonance disappears). 
13C NMR (125 MHz): δ 149.1, 137.2, 125.2, 109.2, 73.0, 46.6, 

39.5, 38.3, 31.3, 20.6, 17.3; IR (film, cm–1): 3372, 3309, 3082, 

2955, 2914, 1645, 1596, 940, 891; LRMS: m/z 181, 164, 151, 

123, 109, 91, 81, 67, 55, 41; HRMS (ESI+): m/z calc. for 

C11H20NO [M+H]+ 182.1545, found 182.1541; GC: 12.958 min 

= 4a, 13.017 min = 4b. 

Procedure for Tiffeneau-Demjanov rearrangement 

A solution of the amino-alcohols 4a/4b in 10% (v/v) aqueous 

AcOH at 0 ˚C was treated with a 1.25 M aqueous solution of 

NaNO2. The reaction mixture was stirred for 4 h at 0 ˚C. The 

aqueous phase was extracted with EtOAc and the combined 

organic extracts were washed with 10% (m/v) solution of 

NaHCO3, brine, water and dried over Mg2SO4. The solvent was 

removed in vacuo and the residue was immediately purified by 

flash column chromatography to afford 2. 

Compound 2 data: Rf 0.53 (n-hexane–EtOAc, 90:10); [α]D
25= 

+44.3 (c 1.15, CHCl3) {lit.36 [α]D
25 = +30.0 (c 0.26 CHCl3)}; 

1H NMR (CHCl3, 400 MHz): δ 5.51–5.59 (1H, m), 4.75 (1H, 

br s), 4.72 (1H, br s), 3.30 (1H, d, J = 14.8 Hz), 2.99 (1H, d, J = 

14.8 Hz), 2.70–2.80 (1H, m), 2.60 (1H, br s), 2.58 (1H, br s), 

2.16–2.35 (2H, m), 1.77 (3H, br s), 1.72 (3H, br s); 13C NMR 

(CHCl3, 100 MHz): δ 208.0, 148.3, 130.4, 124.5, 110.2, 49.0, 

48.3, 43.3, 33.1, 26.1, 20.5; IR (neat, cm–1): 2969, 2913, 1704, 

890; LRMS: m/z 164, 149, 136, 122, 107, 93, 80, 68, 53, 41; 
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HRMS: m/z calc. for C11H17O [M+H]+ 165.1279, found 

165.1278; GC: 10.242 min = 2. 
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