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CHAPTER 6

Towards a chiral photoswitchable phosphoric acid

Towards a chiral photoswitchable phosphoric acid

6.1 Introduction
Chiral phosphoric acids are versatile organocatalysts that have been used to
accelerate various asymmetric transformations under mild reaction conditions.1
It is assumed, that the idea of using phosphoric acids with chiral tunable
backbone comes from Sir John Cornforth.2 He was looking for a catalyst that
would allow the stereospecific hydration of alkenes and was especially
interested in phosphinic acids (Figure 1). These molecules would allow to
create a chiral cavity for potential substrates by varying the substituents at the
aromatic core.

Figure 1 Phosphinic acid catalysts developed by Cornforth.

After 30 years of silence in the field of chiral phosphoric acid catalysis, the
paper by Akiyama3 and co-workers appeared in 2004. The authors reported the
use of a BINOL-derived phosphoric acid as a chiral Brønsted acid catalyst for a
Mannich reaction between hydroxyphenylimine and silyl ketene acetals, giving
high yields and stereoselectivities. Since then, chiral phosphoric acids have
been employed in over 100 different reaction types (e.g. acetalization,4 aldol
reaction,5 C-H activation,6 Friedel-Crafts reaction,7 Passerini reaction,8 etc.). All
chiral phosphoric acids employed in asymmetric catalysis share the important
characteristics of Cornforth’s phosphinic acid; they contain a Brønsted acidic
and basic site, and tunable groups surrounding the chiral pocket (Figure 2).

Figure 2 General characteristics of chiral phosphoric acids.

Most commonly used chiral phosphoric acids are based on the BINOL core.
Others are based on a simple biphenyl core, derived from vaulted biaryl diols
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(Figure 3). Interestingly, even though both groups share the same common
characteristics of the active site, they can show different activity depending on
the chiral core. For example phosphoric acids derived from vaulted biaryl diols
have found use in a wide range of reactions where BINOL derived phosphoric
acids didn’t show satisfying reactivity and selectivity. 9

Figure 3 Examples of various chiral phosphoric acid backbones.

Due to the versatility of chiral phosphoric acid catalysts we have decided to
design a photoswitchable chiral phosphoric acid based on a second generation
molecular motor core (Figure 4). Since upon photoswitching the chiral
environment of the motor unit changes, e.g. from P to M helicity, we have
envisioned that one could obtain both enantiomers of the product depending
on the form of the phosphoric acid used for catalysis. Due to the specific chiral
environment of the molecular motor and its responsive behaviour, this class of
phosphoric acids might provide unique reactivity. In order to have a unique
chiral environment that could be switched by light we have decided to
synthesize PA 1 and PA 2 as depicted in Figure 4. An effort towards their
synthesis is described in this chapter. Since their extremely challenging
synthesis was not entirely accomplished, we have decided to focus our studies
on the isomerization of the newly synthesized overcrowded alkenes. We were
curious how various substitution patterns can affect the thermal relaxation halflives of these new photoswitches.

R=H
Figure 4 Proposal for a photoswitchable phosphoric acid
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6.2 Results and discussion
6.2.1 Synthetic effort towards a photoswitchable phosphoric acid
Since both of the target molecules, PA 1 and PA 2, are composed of two
identical halves, our initial approach towards their synthesis was to utilize
radical coupling as the last synthetic step. This strategy is common in the
synthesis of the BINOL core10 from naphthols. The first route via overcrowded
alkene 11 is depicted in Scheme 1. Synthesis of ketone 4 was slightly modified
from the process previously reported by Akhrem et al.11,12 Enol ester 1 was
obtained by mixing equimolar amounts of cyclohexane-1,3-dione and pyridine
with a 10 % excess of the acyl chloride of phenylacetic acid. Upon C-O
isomerisation of enol ester 1 in the presence of aluminium chloride, dione 2
was obtained, which was converted into chloro-derivative 3, in the
presence of oxalyl chloride. Upon Friedel-Crafts type cyclization of 3, in
the presence of aluminium chloride, ketone 4 was obtained. In this initial
approach we have envisioned that it would be the best for the further
steps to use a MOM protecting group (PG), due to the possibility of easy
removal under slightly acidic conditions. Therefore, the hydroxyl group
of compound 4 was converted in the presence of sodium hydride with
MOMCl to compound 5. Next, the methyl group was incorporated, using
LDA as a base and MeI as a methylating agent, resulting in ketone 6. In order
to make new overcrowded alkene building blocks, ketone 6 was
converted into hydrazone 7 and fluorenone was converted into the
corresponding thioketone 8. Hydrazone 7 was subsequently oxidized in
situ using equimolar amounts of bis(trifluoroacetoxy)iodobenzene, and reacted
with thioketone 8, resulting in episulfide 9. The latter was desulfurized using
HMPT at 60 °C resulting in a new overcrowded alkene 10. The MOM
protecting group was easily removed from 10 using a 4 M solution of HCl in
dioxane resulting in the overcrowded alkene 11. Unfortunately, attempts to
produce alkene TM1 via oxidative radical coupling failed, even though the
conditions for radical coupling were optimized using the model compound 4.
The latter is much less sterically hindered than the overcrowded alkene 11,
which could have significant effect on the radical coupling reaction attempts
after which mostly the starting material was recovered.

134

Chapter 6

Scheme 1 Synthetic route towards TM1.

In the meantime in our group a novel method for homo-coupling of aryl
halides reagents in the presence of tBuLi was developed.13 To use this protocol,
a halogen atom needed to be introduced next to the MOM group. Initial
attempts of bromination of compound 5 failed, as it also resulted in a
deprotection of MOM group. Therefore, bromine was introduced in earlier
stage using NBS for bromination of compound 4 (Scheme 2). MOM protection
could be successfully achieved, but the subsequent methylation step failed.
Instead of the desired methylated compound only deprotection of MOM group
was observed, when LDA or NaHMDS were used as a base.

Scheme 2 Route towards TM2.
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Since apparently the MOM PG vicinally to bromine gave problems in the
synthesis, it seemed that using a different more robust PG, such as methoxy,
could solve the problem (Scheme 3). The hydroxy group of compound 4 was
methylated using dimethylsulfate as a methylating agent, followed by
methylation to create a stereogenic centre as present in 15. This was achieved
by using LDA as a base and MeI as an electrophile. The corresponding
hydrazone was made from compound 15, which was then oxidized and
subsequently reacted with thioketone 8. The crude product was desulfurized
using PPh3 to give the overcrowded alkene 17. Due to the very low solubility of
compound 17, separation of its enantiomers by either SFC or HPLC was not
possible. The attempted homocoupling using tBuLi resulted in a quantitative
debromination of compound 17. This could be caused by the low solubility of
the compound in toluene, resulting in insufficient local concentration of
substrate necessary for the effective homocoupling.

Scheme 3 Synthetic attempts towards TM3.

In order to synthetize an overcrowded alkene which would be a building block
for PA2 a novel thioketone had to be prepared. First, isopropyl groups were
introduced to the 2,7-dibromo-9H-fluorene by isopropyl lithium coupling with
the aim to increase the solubility of the final product. Compound 18 was than
oxidized in the presence of TRITON B to form the corresponding ketone 19
which was subsequently transformed into thioketone 20 by treatment with the
Lawesson’s reagent. After the Barton Kellogg reaction between thioketone 20
and the diazo compound formed in situ from hydrazone 16, followed by
desulfurization with PPh3, the desired overcrowded alkene 21 was obtained.
Compared to the overcrowded alkene 17, it showed drastically higher solubility
(200 mg in 0.7 mL of DCM), and its enantiomers could be separated by SFC
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(although 40 % of material was lost during the separation). With enantiopure 21
the homocoupling with tBuLi was performed. At room temperature only the
dehalogenated product was isolated as previously observed with 17. The
reaction was therefore performed at a lower temperature. Unfortunately the
desired product was isolated in very poor yield (2%), due to the multiple
columns which were necessary to purify it from the unwanted dehalogenated
product. Importantly, the homocoupled product was obtained as a single
diastereomer (only one set of peaks was observed in 1H-NMR, but from them it
could not be determined which diastereomer was obtained). High
diastereoselectivity of tBuLi homocoupling was previously demonstrated in the
total synthesis of Mastigopherene A.13 Since the coupling was very low yielding
and couldn’t be improved by changing solvent or lowering the temperature the
synthesis was not continued. For catalytic tests relatively big amounts of
materials are necessary and therefore the proposed route was not viable.

Scheme 4 Synthetic route towards PA2.

In order to test the properties of the newly synthesized overcrowded alkenes
we have decided to make two more analogues and to test how the substitution
next to the methoxy group affects the thermal relaxation process. In one
derivative (23), the bromine was replaced with a phenyl group and in the other
(24) the bromine was replaced by a hydrogen (Scheme 5).
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Scheme 5 Synthesis of overcrowded alkenes 23 and 24.

6.2.2 Photochemical and thermal isomerization studies
Photoswitching of all synthesized overcrowded alkenes (Figure 5) has been
tested by NMR spectroscopy.

Figure 5 Photoswitching of newly synthesized overcrowded alkenes.

In DCM all novel overcrowded alkenes (10, 17, 21, 23, 24) demonstrated high
PSS>92:8. Photoswitching of overcrowded alkenes 21, 23 and 24 was tested as
well in toluene by irradiation at 312 nm, where overcrowded alkene 21
demonstrated the lowest PSS of 89:11, whereas 24 showed the highest PSS of
97:3. During the photoswitching process, characteristic shifts of aliphatic and
aromatic protons could be observed (Figure 6). Upon heating the PSS mixtures
at 60 °C overnight (15 h), complete conversion to the starting stable form of
overcrowded alkene was observed in all cases. Switching back from the
unstable to the stable form with light (λ=400 nm) was only tested with
overcrowded alkenes 17 and 21 and unfortunately they could not be completely
switched back (a PSS mixture of 50:50 was achieved).
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a)

b)

c)

Figure 6 H-NMR spectra of overcrowded alkenes a)21, b)23 and c)24 before and after irradiation
at 312 nm.
1

The photoisomerization of overcrowded alkenes 21- 24 was also followed
by UV-Vis spectroscopy. The changes of UV-Vis absorption spectra upon
photoirradiation at 312 nm were monitored (Figure 7). In all the cases the
expected red shift of the absorption due to formation of the unstable form was
observed along with the occurrence of the photoinduced isomerization, as well
as the presence of two isosbestic points. For compounds 22-24 upon irradiation
with 312 nm at room temperature in toluene the band at λmax= 410 nm
disappears and at the same time a new band appears at λmax= 455 nm. For
overcrowded alkene 21 the band at λmax= 347 nm disappears upon irradiation
and at the same time new band appears at λmax= 386 nm.
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Figure 7 Irradiation of overcrowded alkenes a) 21, b) 22, c) 23 and d) 24 at 312 nm in toluene, at
room temperature, followed by UV-Vis spectroscopy.
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Since enantiomers of overcrowded alkene 21 were separated by SFC the same
process was followed by CD spectroscopy using second eluted enantiomer (S).
Changes in helicity can be observed upon irradiation with 312 nm (Figure 8a)
as well as upon heating of PSS mixture (Figure 8b).

Figure 8 CD spectra of the second enantiomer of 21 in toluene upon a) irradiation at 312 nm
(spectrum on the left) and b) heating at 60 °C.

The thermal helix inversion of the unstable form of overcrowded alkenes 21, 23
and 24 to the stable form, was followed by UV-Vis spectroscopy at 5 different
temperatures in toluene, delivering the kinetic data shown in the Figures
below. The changes in half- time between the overcrowded alkenes were
noticeable, ranging from 51 h for 24, 618 h for 31 to 808 h for 23. The
overcrowded alkene 24 containing a hydrogen next to the methoxy group
showed a thermal relaxation an order of magnitude faster (k20 °C (s-1) = 3.8 x 10-6)
compared to the overcrowded alkenes 21 (k20 °C (s-1) = 3.1 x 10-7) and 23 (k20 °C (s-1)
= 2.4 x 10-7), which had Br and phenyl substituents next to the methoxy group
respectively. These results indicate that the steric hindrance plays a crucial role
for the thermal helix inversion as reflected in the thermal relaxation half-life.
The larger the substituent next to the methoxy, the slower the thermal
relaxation process.
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Figure 9 Thermal relaxation of motor 21 in toluene, c = 1.5 x 10-5 moldm-3, followed by absorption
changes in the UV-Vis spectrum at 405 nm, at five different temperatures (85, 80, 75, 65, 60 °C). The rate
constants k of the first order decay at different temperatures were obtained using the equation A=A0e-kT (A
and A0 are the absorbance at different time t). By analysis of this data using the Eyring equation following
data have been calculated: k20 °C (s-1) = 3.1 x 10-7, t1/2= 618 h, ΔH‡ = 98.3 kJ mol-1, ΔG‡ (20 °C) = 108.2 kJ
mol-1, ΔS‡ = -34.7 J K-1 mol-1
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Figure 10 Thermal relaxation of motor 23 in toluene, c = 1.5 x 10-5 moldm-3, followed by absorption
changes in the UV-Vis spectrum at 455 nm, at five different temperatures (85, 80, 75, 65, 60 °C). The rate
constants k of the first order decay at different temperatures were obtained using the equation A=A 0e-kT (A
and A0 are the absorbance at different time t). By analysis of this data using the Eyring equation following
data have been calculated: k20 °C (s-1) = 2.4 x 10-7, t1/2= 808 h, ΔH‡ = 100.5 kJ mol-1, ΔG‡ (20 °C) = 108.9 kJ
mol-1, ΔS‡ = -28.6 J K-1 mol-1.
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Figure 11 Thermal relaxation of motor 24 in toluene, c = 1.5 x 10-5 moldm-3, followed by absorption
changes in the UV-Vis spectrum at 455 nm, at five different temperatures (70, 65, 60, 55, 50 °C). The rate
constants k of the first order decay at different temperatures were obtained using the equation A=A 0e-kT (A
and A0 are the absorbance at different time t). By analysis of this data using the Eyring equation following
data have been calculated: k20 ̊C (s-1) = 3.8 x 10-6, t1/2= 51 h, ΔH‡ = 94.7 kJ mol-1, ΔG‡ (20 °C) = 102.2 kJ
mol-1, ΔS‡ = -22.1 J K-1 mol-1.

6.2.3 Structure of the overcrowded alkenes 21 and 24
Fortunately, single crystals of enantiopure overcrowded alkenes 21 and 24
could be obtained by slow evaporation from chloroform (24) or vapor diffusion
of pentane into DCM solution (21). Based on the X-ray analysis it was
confirmed that the configuration at the stereogenic center (C-CH3) of the
enantiomer, which elutes second during the SFC separation, is S and the isomer
has P helicity. The structure of two overcrowded alkenes was overlaid (Figure
12), showing that there is only a slight difference between them, e.g.the torsion
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angle between two phenyl rings. In the case of overcrowded alkene 21 the
aromatic rings of the upper half are not planar, while in 24 they are. This
indicates that the difference in thermal relaxation half-lives resulted mostly
from differences in sterics of substitution next to methoxy group of the upper
part of the switch. The increased steric hindrance in this position results in a
higher energy barrier for rotation.

Figure 12 Overlaid crystal structure of stable S-P-21 (yellow) and S-P-24 (purple) (solvent
molecules have been omitted for clarity).

6.3 Conclusion
A series of novel overcrowded alkenes have been synthesised in attempts
towards the synthesis of a chiral photoswitchable phosphoric acid. Significant
progress has been made towards the final molecule using lithium
homocoupling, however, the final target responsive phosphoric acid has not
been reached yet. The isomerization processes of novel overcrowded alkenes
21, 23 and 24 were studied in depth and it has been found that the difference in
the size of the substituent in the fjord region at the naphthyl ring significantly
affects the half-life of thermal relaxation. The larger the substituent next to the
methoxy group, the higher the half-life of the thermal helix inversion.

6.4 Experimental section
General information:
Solvents and commercial starting materials were used as received (from
Fluorochem or Sigma Aldrich). Merck silica gel 60 (230-400 mesh ASTM) was
used in flash chromatography. NMR spectra were obtained using a Varian
Mercury Plus (400 MHz) and a Varian VXR-300S (300 MHz). Chemical shift
values are reported in ppm with the solvent resonance as the internal standard
(CHCl3: G 7.26 for 1H, G 77.0 for 13C). Exact mass spectra were recorded on a LTQ
Orbitrap XL (ESI+) or on a DART Xevo G2 QTof. All reactions requiring inert
atmosphere were carried out under argon atmosphere using oven dried
glassware and standard Schlenk techniques. Dichloromethane was used from
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the solvent purification system using a MBraun SPS-800 column. THF was
distilled over sodium under nitrogen atmosphere prior to use. Melting points
were determined using a Büchi Melting Point B-545.
Compound 1 (3-oxocyclohex-1-en-1-yl 2-phenylacetate):
2-Phenyl acetyl chloride (4.35 mL, 33 mmol) was added to a
stirred solution of cyclohexan-1,3-dione (3.36 g, 30 mmol) and
pyridine (2.37 mL, 30 mmol) in 150 mL of dry DCM. The
mixture was stirred for 2 h at room temperature. Subsequently the mixture was
washed with water (40 mL), 6 M aqeous solution of HCl (30 mL), saturated
aqueous solution of NaHCO3 (30 mL), water (2 x 20 mL) and brine (10 mL). The
organic phase was dried over MgSO4 and evaporated to dryness in vacuo
affording product 1 as oil (6.98 g) in 92% yield.
H NMR (400 MHz, CDCl3) δ 7.35-7.25 (m, 5 H), 5.87 (s, 1H), 3.74 (s, 2H), 2.46 (t,
J = 6.1, 2H), 2.35 (t, J = 6.2 Hz, 2H), 1.96 (p, 2H).

1

C NMR (101 MHz, CDCl3) δ 199.3, 169.8, 168.0, 132.6, 129.2, 128.7, 127.5, 117.5,
41.3, 36.6, 28.1, 21.1.

13

HRMS (APCI+, m/z): calculated for C14H14O3Na [M+Na]+: 253.0835, found:
253.0833.
Compound 2 (3-hydroxy-2-(2-phenylacetyl)cyclohex-2-enone):
Compound 1 (6.9 g, 30 mmol) was added to a stirred
suspension of aluminium chloride (8.0 g, 60 mmol) in dry
DCM (100 mL) at 0 °C. The reaction mixture was allowed to
warm up to room temperature and stirred for 1 h. Then the
reaction mixture was quenched by pouring on a mixture of ice (40 g) and conc.
HCl (40 g). The organic phase was separated and the aqueous phase extracted
with DCM (2 x 70 mL). The combined organic phases were washed with water,
dried with MgSO4 and the solvent was evaporated in vacuo. The crude residue
was dissolved in minimum quantity of ether and treated with 100 mL 1 M
NaOH (aq). The aqueous layer was acidified with conc. HCl and extracted with
ether (3 x 80 mL). The ethereal solution was dried with MgSO4, concentrated in
vacuo and the crude product recrystallized from a mixture of acetone and
hexane. The product is a white solid (5.2 g) and is obtained in 75% yield.
mp= 77-79 °C
H NMR (400 MHz, CDCl3) δ 17.52 (s, 1H), 7.35-7.24 (m, 5 H), 4.39 (s, 2H), 2.67
(t, J = 6.4Hz, 2H), 2.51 (t, J = 6.4 Hz, 2H), 1.98 (p, 2H).

1
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C NMR (101 MHz, CDCl3) δ 203.4, 198.8, 195.7, 134.6, 129.9, 128.4, 127.2, 112.9,
46.5, 38.6, 33.0, 18.9.

13

HRMS (APCI+, m/z): calculated for C14H13O2 [M+H-H2O]+: 213.0910, found:
213.0907.
Compound 3 (3-chloro-2-(2-phenylacetyl)cyclohex-2-enone):
Oxalyl chloride (2.5 mL) was added to the compound 2 (1.15 g,
5 mmol) and the mixture was stirred at room temperature for 5
h. Then the excess of oxalyl chloride in reaction mixture was
evaporated in vacuo. The crude residue was dissolved in ether
(150 mL). The solution was washed twice with aqueous solution of sodium
hydrogen carbonate (50 mL) and with water (30 mL) and dried with
magnesium sulfate. The solvent was evaporated and the crude residue
recrystallized from hexane. The product was obtained as a yellow solid (1.16 g)
with 93% yield.
m.p. 80 – 82 °C (lit. 81 – 84 °C)12
H NMR (400 MHz, CDCl3) δ 7.35 – 7.17 (m, 5H), 3.92 (s, 2H), 2.66 (t, J = 6.1 Hz,
2H), 2.43 – 2.32 (t, J = 6.1 Hz, 2H), 2.03 – 1.93 (p, 2H)

1

C NMR (101 MHz, CDCl3) δ 199.7, 194.1, 153.9, 139.6, 132.8, 129.9, 128.3, 127.1,
50.1, 36.3, 34.1, 21.4.

13

HRMS (APCI+, m/z): calculated for C14H13O2 [M+H-HCl]+: 213.0910, found:
213.0905.
Compound 4 (10-hydroxy-3,4-dihydrophenanthren-1(2H)-one):
A solution of compound 3 (2.490 g, 10 mmol) in dry
dichloromethane (50 mL) was added via canula to a stirred
suspension of anhydrous aluminium chloride (1.33 g, 10 mmol) in
dry dichloromethane (200 mL). Stirring was continued for 5 h at room
temperature. The reaction mixture was then poured into the mixture of ice (40
g) and concentrated hydrochloric acid (30 g) and stirred for 20 min.
Subsequently 20 mL of water was added and the organic layer was separated.
The aqueous layer was extracted with dichloromethane (3 x 70 mL). The
combined organic layers were washed with water (3 x 30 mL) and dried with
magnesium sulphate. The solvent was evaporated in vacuo and the residue was
recrystallized from hexane providing product 4 (1.698 g) in 80% yield.
m.p. 100 - 102°C (lit. 103 – 106°C)
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H NMR (400 MHz, CDCl3) δ 11.02 (s, 1H), 7.98 (d, J = 8.6 Hz, 1H), 7.65 (d, J = 8.2
Hz, 1H), 7.51 (t, J = 7.5 Hz, 1H), 7.35 (t, J = 7.7 Hz, 1H), 7.13 (s, 1H), 3.40 (t, J = 6.1
Hz, 2H), 2.79 (t, J = 6.1 Hz, 2H), 2.37 – 2.18 (p, 2H)
1

C NMR (101 MHz, CDCl3) δ 205.8, 157.1, 145.6, 138.2, 129.5, 127.2, 125.5, 125.0,
123.9, 118.2, 110.3, 38.8, 26.0, 22.4.

13

HRMS (APCI+, m/z): calculated for C14H13O2 [M+H]+: 213.0910, found: 213.0907.
Compound 5 (10-(methoxymethoxy)-3,4-dihydrophenanthren-1 (2H)-one):
Solution of compound 4 (5.00 g, 23.5 mmol) in 50 mL of
anhydrous THF was added dropwise to the cooled stirring
suspension of NaH (0.62 g, 25.9 mmol) in anhydrous THF (20
mL). After addition the reaction mixture was allowed to
warm up to rt and stirred for 10 min followed by cooling down to 0 °C.
MOMCl (1.5 eq, 2.68 mL) was added dropwise to the reaction mixture which
was stirred at 0 °C for one hour and subsequently allowed to warm up to the
room temperature overnight. The reaction was quenched with NH4Cl (40 mL of
sat. aq. solution). The aqueous phase was extracted with EtOAc (3 x 80 mL).
The combined organic layers were washed with water (20 mL) and brine (20
mL), and dried over MgSO4. The solvent was evaporated in vacuo and the crude
product purified with column chromatography with pentane/EtOAc = 8 : 2 as
an eluent (Rf = 0.2). The product was obtained in 75% yield as a pale yellow oil
(4.52 g).
H NMR (400 MHz, CDCl3) δ 8.02 (d, J = 8.5 Hz, 1H), 7.72 (d, J = 8.1 Hz, 1H),
7.53 (t, J = 7.5 Hz, 1H), 7.43 (t, J = 7.6 Hz, 1H), 7.38 (s, 1H), 5.34 (s, 2H), 3.57 (s,
3H), 3.36 (t, J = 6.2 Hz, 2H), 2.73 (t, J = 6.2 Hz, 2H), 2.28 – 2.21 (p, 2H).

1

C NMR (101 MHz, CDCl3) δ 197.8, 153.5, 145.3, 136.1, 128.7, 127.7, 127.3, 124.9,
124.7, 124.2, 111.1, 95.3, 56.4, 40.4, 26.4, 22.5.

13

HRMS (APCI+, m/z): calculated for C16H17O3 [M+H]+: 257.1099, found: 257.1100.
Compound 6 (10-(methoxymethoxy)-2-methyl-3,4-dihydrophenanthren-1(2H)one):
A solution of a ketone 5 (840 mg, 3.28 mmol) in THF (5
mL) was added dropwise to the solution of LDA (1.15 eq,
3. 77 mmol) in THF (15 mL) at -78°C and stirred for one
hour. Subsequently CH3I (1.5 eq, 0.3 mL) was added into
the reaction mixture, which was then allowed to warm up to the room
temperature overnight. The reaction mixture was quenched with aqueous
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solution of NH4Cl (25 mL) and the aqueous layer was extracted with EtOAc (3 x
20 mL). The organic layers were combined and washed with water (20 mL),
brine (15 mL) and dried over magnesium sulfate. The solvent was evaporated
in vacuo and the crude product was purified with column chromatography with
pentane/EtOAc as an eluent (Rf (pentane/EtOAc=9/1) = 0.6). Product was
obtained in 70% yield as a yellow oil (621 mg).
H NMR (400 MHz, CD2Cl2) δ 7.83 (d, J = 8.5 Hz, 1H), 7.55 (d, J = 8.1 Hz, 1H),
7.36 (t, J = 7.5 Hz, 1H), 7.26 (t, J = 7.6 Hz, 1H), 7.17 (s, 1H), 5.12 (s, 2H), 3.40 (s,
3H), 3.36 – 3.25 (m, 1H), 3.14 – 3.01 (m, 1H), 2.62 – 2.48 (m, 1H), 2.15 (m, 1H),
1.74 (m, 1H), 1.06 (d, J = 6.6 Hz, 3H).

1

C NMR (101 MHz, CD2Cl2) δ 200.1, 153.3, 144.2, 135.8, 128.4, 127.4, 127.3, 124.8,
124.5, 124.5, 110.9, 95.5, 56.2, 43.1, 30.8, 25.7, 15.1.

13

HRMS (APCI+, m/z): calculated for C17H19O3 [M+H]+: 271.1256, found: 271.1253.
Compund 7 ((10-(methoxymethoxy)-2-methyl-3,4-dihydrophenanthren-1(2H)ylidene)hydrazine):
Hydrazine monohydrate (N2H4 50-60%, 3.5 mL) was added
to the solution of compound 6 (366 mg, 1.36 mmol) in
absolute EtOH (3.5 mL) under nitrogen. The reaction
mixture was warmed up to 110 °C and stirred for 5 h. Subsequently the reaction
mixture was cooled down to rt and the crude product was extracted with DCM
(3 x 15 mL) and washed with water (2 x 15 mL). The organic layers were
combined and dried over magnesium sulfate. The solvent was evaporated in
vacuo and the crude product was purified by column chromatography with
pentane/EtOAc as an eluent (Rf (pentane/EtOAc=7/3) = 0.3). The product was
obtained in 50% yield as a yellow gummy solid (193 mg).
H NMR (400 MHz, CDCl3) δ 7.98 (d, J = 8.3 Hz, 1H), 7.76 (d, J = 7.6 Hz, 1H),
7.50 – 7.38 (m, 3H), 5.67 (bs, 2H), 5.35 (d, J = 6.5 Hz, 1H), 5.31 (d, J = 6.6 Hz, 1H),
3.53 (s, 3H), 3.28 (m, 1H), 2.91 (m, 2H), 2.36 (m, 1H), 1.60 (m, 1H), 1.16 (d, J = 6.8
Hz, 3H).

1

C NMR (101 MHz, CDCl3) δ 151.0, 150.8, 139.5, 134.5, 127.8, 127.7, 126.7, 124.7,
123.9, 121.9, 109.0, 95.4, 56.6, 37.3, 31.3, 23.9, 19.0.

13

HRMS (APCI+, m/z): calculated for C17H20N2NaO2 [M+Na]+: 307.1422, found:
307.1425.
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Compound 8 (9H-fluorene-9-thione):
Lawesson’s reagent (4.40 g, 10.877 mmol) was added to a solution
of fluoren-9-one (1.34 g, 7.39 mmol) in toluene (23 mL) and the
resulting mixture was heated to 80°C for 2 h. The mixture was
filtered over celite and concentrated in vacuo, after which the
residue was purified by flash column chromatography (silica gel,
pentane/dichloromethane 10:1, Rf = 0.8), thereby affording thioketone 8 as a
green solid (1.13 g, 53%).
H NMR (400 MHz, CDCl3) δ 7.73 (dd, J = 7.5, 0.6 Hz, 2H), 7.49 – 7.37 (m, 4H),
7.20 (td, J = 7.4, 1.2 Hz, 2H).

1

13

C NMR (101 MHz, CDCl3) δ 227.9, 143.8, 140.8, 134.1, 128.9, 123.9, 119.7.

Compound 9:
(Bis(trifluoroacetoxy)iodo)benzene (365 mg, 0.849 mmol)
was added to a solution of compound 7 (242 mg, 0.849
mmol) in DMF (4 mL) at – 30 °C. After stirring the
reaction mixture for 45 sec, a solution of thioketone 8 (233
mg, 1.189 mmol) in DMF (2 mL) was added dropwise and
subsequently reaction mixture was allowed to slowly
warm up to room temperature overnight. The reaction was quenched with
aqueous solution of NH4Cl (40 mL) and extracted with EtOAc (3 x 15 mL). The
organic layers were combined, washed with water (10 mL) and brine (10 mL)
and dried over MgSO4. The solvent was evaporated in vacuo and the crude
product was purified by column chromatography with pentane/EtOAc as an
eluent (Rf (pentane/EtOAc=98/2)= 0.2). The product was obtained as a yellow
solid (66%, 255 mg).
H NMR (400 MHz, CDCl3) δ 7.81 – 7.54 (m, 5H), 7.38 (tt, J = 14.9, 7.4 Hz, 4H),
7.28 – 7.12 (m, 1H), 7.04 (t, J = 7.4 Hz, 1H), 6.63 (t, J = 7.4 Hz, 1H), 6.47 (d, J = 7.7
Hz, 1H), 5.51 (d, J = 6.6 Hz, 1H), 5.46 (d, J = 6.6 Hz, 1H), 3.68 (s, 3H), 3.07 – 2.96
(m, 1H), 2.90 (m, 1H), 1.86 (m, 1H), 1.29 (m, 2H), 1.03 (d, J = 6.8 Hz, 3H).
1

C NMR (101 MHz, CDCl3) δ 154.5, 145.0, 144.1, 141.5, 140.0, 139.9, 133.8, 127.9,
127.4, 127.3, 126.6, 126.4, 126.2, 126.1, 125.8, 125.2, 123.7, 123.5, 123.1, 120.2,
119.2, 107.1, 94.2, 56.6, 56.3, 55.6, 37.6, 29.5, 22.8, 22.6.

13

Compound
10
(1-(9H-fluoren-9-ylidene)-10-(methoxymethoxy)-2-methyl1,2,3,4-tetrahydrophenanthrene):
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HMPT (0.2 mL, 1.13 mmol) was added via syringe to the
solution of compound 9 (255 mg, 0.565 mmol) in toluene (22
mL). The reaction mixture was heated to 60 °C and left to
stir overnight. The solvent was evaporated and the crude
product
purified
by
column
chromatography
(pentane/EtOAc=98/2) and recrystallized from ethanol. The product was
obtained as a yellow solid. (201 mg, 85%)
H NMR (400 MHz, CDCl3) δ 8.10 – 8.01 (m, 2H), 7.87 – 7.77 (m, 2H), 7.67 (d, J =
7.5 Hz, 1H), 7.55 – 7.49 (m, 1H), 7.44 (ddd, J = 8.2, 6.9, 1.3 Hz, 1H), 7.41 – 7.35
(m, 3H), 7.19 – 7.13 (m, 1H), 6.89 – 6.82 (m, 2H), 5.06 (d, J = 6.7 Hz,1H), 4.97 (d,
J=6.7 Hz, 1H), 4.34 – 4.19 (m, 1H), 3.43 (dt, J = 9.7, 4.5 Hz, 1H), 3.04 (s, 3H), 2.56 –
2.42 (m, 2H), 1.29 (d, J = 6.9 Hz, 3H), 1.27 – 1.22 (m, 1H).

1

C NMR (101 MHz, CDCl3) δ 153.4, 141.8, 140.7, 139.7, 139.4, 138.9, 138.4, 134.8,
133.4, 127.7, 127.4, 127.1, 126.82, 126.80, 126.7, 126.5, 125.1, 124.1, 123.8, 123.3,
119.6, 118.8, 107.1, 94.5, 56.0, 33.9, 30.4, 23.6, 20.4.

13

HRMS (APCI+, m/z): calculated for C30H27O2 [M+H]+: 419.2006, found: 419.2004.
Compound
11
(8-(9H-fluoren-9-ylidene)-7-methyl-5,6,7,8tetrahydrophenanthren-9-ol):
4 M HCl in dioxane (1 mL) was added to solution of 10
(108 mg, 0.26 mmol) in THF (1 mL) and the reaction
mixture was stirred overnight at room temperature. Water
(10 mL) was added followed by addition of aqueous
solution of NaHCO3 till the pH of the reaction mixture reached neutral. The
crude product was then extracted with DCM (3 x 10 mL), washed with water
(10 mL) and brine (10 mL) and the organic layers were dried over MgSO4. The
solvent was evaporated and crude product purified by column
chromatography with DCM / pentane (1 : 3) as eluent (Rf=0.2). The product was
obtained as yellow oily solid (97 mg , 79%).
H NMR (400 MHz, CDCl3) δ 8.10 – 8.01 (m, 2H), 7.85 – 7.78 (m, 2H), 7.72 (d, J =
7.6 Hz, 1H), 7.56 – 7.49 (m, 1H), 7.47 – 7.37 (m, 3H), 7.32 – 7.24 (m, 2H), 7.05 (d, J
= 8.0 Hz, 1H), 7.01 – 6.93 (m, 1H), 5.89 (bs, 1H), 4.37 – 4.23 (m, 1H), 3.47 (dt, J =
15.2, 4.8 Hz, 1H), 2.69 – 2.55 (m, 1H), 2.54 – 2.41 (m, 1H), 1.38 (m, 1H), 1.30 (d, J
= 7.0 Hz, 3H).

1
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C NMR (101 MHz, CDCl3) δ 150.8, 142.6, 140.8, 139.6, 138.9, 137.4, 136.9, 135.4,
132.7, 128.3, 128.0, 127.4, 127.2, 126.9, 126.3, 125.3, 124.8, 124.0, 123.7, 123.2,
119.9, 119.3, 108.2, 34.2, 29.9, 23.4, 20.3.

13

Compound 12 (9-bromo-10-hydroxy-3,4-dihydrophenanthren-1(2H)-one):
Compound 4 (1.05 g, 4.94 mmol) was dissolved in THF (100
mL) and the solution was cooled down in an ice bath. NBS
(1.01 g, 5.70 mmol) was added in portions during 30 min to the
reaction mixture. After 30 min, the reaction mixture was
allowed to slowly warm up to room temperature. Progress of
the reaction was followed by TLC with toluene as eluent (Rf (product)=0.85).
After the reaction was completed, the mixture was diluted with 200 mL DCM
and water (100 mL). The crude product was extracted with DCM (3 x 80 mL)
and organic layers were dried over MgSO4. Solvent was evaporated and crude
product purified by column chromatography with toluene as eluent (Rf=0.85).
Product 12 was obtained as a white solid (1.20 g , 85%).
mp=152°C
H NMR (400 MHz, CDCl3) δ 12.74 (s, 1H), 7.99 (dt, J = 10.7, 3.2 Hz, 1H), 7.82
(dd, J = 9.4, 5.2 Hz, 1H), 7.53 – 7.49 (m, 1H), 7.32 – 7.26 (m, 1H), 3.19 (t, J = 6.2
Hz, 2H), 2.71 – 2.67 (t, J = 6.2 Hz, 2H), 2.18 – 2.11 (p, 2H).

1

C NMR (101 MHz, CDCl3) δ 205.4, 153.5, 145.1, 135.7, 130.7, 126.12, 126.11,
125.3, 124.5, 117.9, 105.1, 38.3, 25.9, 22.0.
13

HRMS (APCI+, m/z): calculated for C14H12BrO2 [M+H]+: 292.9995, found:
292.9991.
Compound 13 (9-bromo-10-(methoxymethoxy)-3,4-dihydrophenanthren-1(2H)one):
A solution of compound 12 (149 mg, 0.512 mmol) in
anhydrous THF (2 mL) was added dropwise to the cooled
stirring suspension of NaH (14 mg, 0.589 mmol) in
anhydrous THF (2 mL). The reaction mixture was allowed to
warm up to rt and stirring was continued for an additional
10 min. Next it was cooled down to 0°C and MOMCl (1.5 eq, 0.058 mL) was
added. The reaction mixture was stirred at 0 °C for one hour and then allowed
to warm up to the room temperature overnight. The reaction was quenched
with NH4Cl (10 mL of a sat. aq. solution). The aqueous phase was extracted
with EtOAc (3 x 15 mL) and the combined organic layers were washed with
water (10 mL) and brine (10 mL) and dried over MgSO4. The solvent wass
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evaporated in vacuo and the crude product was purified by column
chromatography with toluene/EtOAc=95/5 as an eluent (Rf = 0.3). Product 13
(137 mg, 80% ) was obtained as a pale yellow gummy solid.
H NMR (400 MHz, CDCl3) δ 8.30 (d, J = 7.9 Hz, 1H), 8.05 (d, J = 8.5 Hz, 1H),
7.65 (ddd, J = 8.3, 6.9, 1.1 Hz, 1H), 7.52 (ddd, J = 8.3, 6.9, 1.2 Hz, 1H), 5.15 (s, 2H),
3.70 (s, 3H), 3.31 (t, J = 6.2 Hz, 2H), 2.71 (t, J = 6.2 Hz, 2H), 2.24 (p, 2H).

1

C NMR (101 MHz, CDCl3) δ 196.8, 150.4, 144.7, 134.5, 129.9, 129.6, 128.0, 126.7,
126.5, 125.0, 116.8, 101.0, 58.3, 39.9, 26.5, 22.1.

13

Compound 14 (9-bromo-10-methoxy-3,4-dihydrophenanthren-1(2H)-one):
K2CO3 (1.068 g, 7.72 mmol) was added to the solution of
compound 12 (1.125 g, 3.86 mmol) in acetone (50 mL).
Subsequently dimethyl sulfate (0.732 mL, 7.72 mmol) was
added to the reaction mixture which was then heated at reflux
for 5 h. Water (50 mL) was added to the reaction mixture and
most of the acetone was evaporated in vacuo. The crude product was extracted
with DCM (3 x 40 mL), washed with water and brine, and dried over MgSO4.
After evaporation of solvent, crude product was purified by column
chromatography with toluene as eluent (Rf = 0.2). Product 14 was isolated as a
white solid (1.106 g, 94%).
mp=107°C
H NMR (400 MHz, CDCl3) δ 7.98 (d, J = 8.5 Hz, 1H), 7.72 (d, J = 8.4 Hz, 1H),
7.40 (t, J = 7.6 Hz, 1H), 7.28 (dd, J = 11.3, 4.0 Hz, 1H), 3.80 (s, 3H), 3.00 (t, J = 6.2
Hz, 2H), 2.52 (t, J = 4.8 Hz, 2H), 2.02 (p, 2H).

1

C NMR (101 MHz, CDCl3) δ 196.4, 153.2, 144.6, 134.1, 129.6, 129.3, 127.2, 126.5,
126.2, 124.8, 116.7, 61.6, 39.9, 26.3, 22.1.

13

HRMS (APCI+, m/z): calculated for C15H14BrO2 [M+H]+: 305.0172, found:
292.0170.
Compound 15 (9-bromo-10-methoxy-2-methyl-3,4-dihydrophenanthren-1(2H)one):
A solution of compound 14 (1.090 g, 3.57 mmol) in THF (15
mL) was added dropwise to the LDA (1.15 eq, 4.1 mmol)
solution in THF (15 mL) at -78 °C. The reaction mixture was
stirred at -78 °C for one hour. Subsequently CH3I (1.5 eq, 0.311
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mL) was added into the reaction mixture which was then allowed to warm up
to the room temperature overnight. The reaction mixture was quenched with
aqueous solution of NH4Cl (25 mL) and the aqueous layer was extracted with
EtOAc (3 x 20 mL). Organic layers were combined and washed with water (20
mL) and brine (15 mL) and dried over magnesium sulfate. The solvent was
evaporated in vacuo and the crude product was purified with column
chromatography with pentane/EtOAc as an eluent (Rf (pentane/EtOAc=95/5)=
0.7). Product 15 was obtained as a white solid (855 mg, 74%).
H NMR (400 MHz, CDCl3) δ 8.12 – 8.07 (m, 1H), 7.82 (d, J = 8.4 Hz, 1H), 7.52 –
7.46 (m, 1H), 7.49 (ddd, J = 8.2, 7.0, 1.1 Hz, 1H), 7.37 (ddd, J = 8.2, 7.0, 1.1 Hz,
1H), 3.89 (s, 3H), 3.26 (m, 1H), 3.08 – 2.97 (m, 1H), 2.60 – 2.50 (m, 1H), 2.20 (m,
1H), 1.77 (m, 1H), 1.17 (d, J = 6.6 Hz, 3H).

1

C NMR (101 MHz, CDCl3) δ 199.5, 153.2, 143.4, 134.1, 129.44, 129.41, 127.4,
127.0, 126.3, 124.7, 116.8, 61.9, 42.8, 30.3, 25.8, 15.3.
13

HRMS (APCI+, m/z): calculated for C16H16BrO2 [M+H]+: 319.0323, found:
319.0328.
Compound 16 ((9-bromo-10-methoxy-2-methyl-3,4-dihydrophenanthren-1(2H)ylidene) hydrazine):
In a two neck flask equipped with reflux condenser, under
nitrogen, compound 15 (400 mg, 1.253 mmol) was
suspended in EtOH (4 mL). Subsequently hydrazine
monohydrate (4 mL) was added to the stirred ethanol
solution and the reaction mixture was heated to 100 °C for 4
h. Addition of water (5 mL) to the reaction mixture, which was previously
cooled down to rt, resulted in precipitation of the product which was purified
by washing with cold ethanol ( 3 x 3 mL). After drying in vacuo product 16 was
obtained as a white solid (367 mg) in 88% yield.
mp=206°C
H NMR (400 MHz, CDCl3) δ 8.27 (dd, J = 8.4, 0.7 Hz, 1H), 8.00 (d, J = 8.4 Hz,
1H), 7.56 (ddd, J = 8.3, 6.8, 1.1 Hz, 1H), 7.48 (ddd, J = 8.2, 6.9, 1.3 Hz, 1H), 7.00
(bs, 2H), 3.84 (s, 3H), 3.36 (m, 1H), 3.27 – 3.16 (m, 1H), 2.72 (m, 1H), 2.31 (m,
1H), 1.64 – 1.54 (m, 1H), 1.25 (d, J = 6.9 Hz, 3H).

1
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C NMR (101 MHz, CDCl3) δ 153.1, 149.0, 138.3, 132.3, 129.2, 127.6, 127.4, 127.3,
125.7, 123.7, 115.7, 61.2, 30.6, 28.2, 23.4, 15.8.

13

HRMS (APCI+, m/z): calculated for C16H18BrN2O [M+H]+: 333.0597, found:
333.0596.
Compound 17 (9-bromo-1-(9H-fluoren-9-ylidene)-10-methoxy-2-methyl-1,2,3,4tetrahydrophenanthrene):
Hydrazine 16 (800 mg, 2.40 mmol) was suspended in THF
(50 mL) and the mixture was stirred for 5 min.
Subsequently MnO2 (966 mg, 9.6 mmol) was added.
Conversion to the diazo product was followed by TLC
(pentane/EtOAc=80/20, Rf (product)=0.95). After 2 h the reaction was completed
and the reaction mixture was filtered over celite. The filtrate was collected
under nitrogen and subsequently cooled down to -25 °C. Thioketone 8 (942.
mg, 4. 8 mmol) was dissolved in THF (2 mL) and added to the reaction mixture
under nitrogen. Subsequently the reaction mixture was allowed to warm up to
room temperature and was stirred overnight. THF was evaporated in vacuo and
crude product was dissolved in p-xylene (30 mL) together with PPh3 (1.888 g,
7.2 mmol). The stirred reaction mixture was heated at reflux overnight, under a
nitrogen atmosphere. The solvent was evaporated and the crude product
purified by column chromatography on silica with pentane/DCM=9/1 as eluent.
The product was obtained as a white solid (224 mg) in 20% yield.
mp=260°C
H NMR (400 MHz, CDCl3) δ 8.41 (d, J = 7.9 Hz, 1H), 8.12 (d, J = 8.4 Hz, 1H),
8.03 – 7.99 (m, 1H), 7.79 (dd, J = 6.4, 2.3 Hz, 1H), 7.70 – 7.64 (m, 2H), 7.57 (ddd, J
= 8.2, 6.9, 1.2 Hz, 1H), 7.43 – 7.34 (m, 2H), 7.20 (td, J = 7.5, 0.8 Hz, 1H), 6.93 – 6.87
(m, 1H), 6.74 (d, J = 8.0 Hz, 1H), 4.39 – 4.24 (m, 1H), 3.66 (s, 3H), 3.48 – 3.39 (m,
1H), 2.63 (m, 1H), 2.46 (m, 1H), 1.52 – 1.43 (m, 1H), 1.41 (d, J = 7.0 Hz, 3H).

1

C NMR (101 MHz, CDCl3) δ 153.9, 141.1, 140.4, 139.1, 138.8, 138.3, 134.8, 133.0,
130.4, 129.4, 127.8, 127.7, 127.53, 127.45, 127.0, 126.8, 125.8, 124.9, 124.2, 123.2,
119.7, 119.0, 114.5, 61.4, 34.1, 30.6, 23.5, 20.7.

13

HRMS (APCI+, m/z): calculated for C29H24BrO [M+H]+: 467.1005, found:
467.1005.
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Compound 18 (2,7-diisopropyl-9H-fluorene):
In a 300 mL oven dried Schlenk flask, 2,7-dibromo-9Hfluorene (4.00 g, 12.3 mmol) and Pd[P(tBu)3]2 were dissolved
in anhydrous toluene (70 mL) under nitrogen atmosphere.
Subsequently, isopropyl lithium solution (88 mL, 0.36 M, 31.6 mmol) in
pentane/toluene was added dropwise via syringe pump with flow rate of 42
mL/h to the reaction mixture at room temperature. The reaction was quenched
with aqueous solution of NH4Cl (20 mL).The reaction mixture was then
extracted with ether (3 x 100 mL) and dried with MgSO4. The solvent was
evaporated and the crude product purified by column chromatography on
silica with pentane as eluent. The product was obtained as a white solid (2.35 g)
in 76% yield.
mp=115°C
H NMR (400 MHz, CDCl3) δ 7.90 (d, J = 7.8 Hz, 2H), 7.64 (s, 2H), 7.48 (d, J = 7.8
Hz, 2H), 4.05 (s, 2H), 3.24 (hept, J = 6.9 Hz, 2H), 1.60 (d, J = 6.9 Hz, 12H).
1

C NMR (101 MHz, CDCl3) δ 147.4, 143.7, 140.0, 125.3, 123.2, 119.7, 37.2, 34.6,
24.6.

13

Compound 19 (2,7-diisopropyl-9H-fluoren-9-one):
In a two neck flask, equipped with condenser, TRITON B
(0.4 mL) was added to the solution of compound 18 (2.350
g, 9.393 mmol) in pyridine (50 mL). The solution was
purged with air overnight. Pyridine was evaporated in
vacuo. The crude product was dissolved in 200 mL of DCM and washed with
water (3 x 100 mL) and dried over MgSO4. Subsequently the crude product was
purified by column chromatography on silica with pentane:DCM=8:2 as eluent.
The product was obtained as a yellow oil (1.986 g) in 80% yield.
H NMR (400 MHz, CDCl3) δ 7.44 (s, 1H), 7.29 – 7.15 (m, 2H), 2.89 – 2.76 (m,
1H), 1.20 (d, J = 7.1 Hz, 6H).

1

C NMR (101 MHz, CDCl3) δ 194.4, 149.7, 142.3, 134.6, 132.7, 122.1, 119.9, 34.03,
34.0, 23.7.

13
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Compound 20 (2,7-diisopropyl-9H-fluorene-9-thione):
Lawesson’s reagent (2.36 g, 5.834 mmol) was added to a
solution of compound 19 (770 mg, 2.9125 mmol) in toluene
(23 mL). The resulting mixture was heated to 80 °C for 2 h.
The reaction mixture was filtered over celite and
concentrated in vacuo, after which the residue was purified by flash column
chromatography (silica gel, pentane/dichloromethane 10:1, Rf = 0.8), thereby
affording thioketone 20 as a red oil (563.553 mg, 69%).
H NMR (400 MHz, CD2Cl2) δ 7.64 (s, 2H), 7.33 (dt, J = 15.6, 4.4 Hz, 4H), 2.96
(hept, J = 6.9 Hz, 2H), 1.31 (d, J = 6.9 Hz, 12H).

1

C NMR (101 MHz, CD2Cl2) δ 228.89, 149.77, 141.80, 141.47, 132.46, 121.94,
119.45, 34.14, 23.57.
13

Compound 21 (9-bromo-1-(2,7-diisopropyl-9H-fluoren-9-ylidene)-10-methoxy2-methyl-1,2,3,4-tetrahydrophenanthrene):
A solution of (bis(trifluoroacetoxy)iodo)benzene (542
mg, 1.26 mmol) in DMF (8 mL) was added to a
solution of hydrazine 16 (420.0 mg, 1.260 mmol) in
DMF (40 mL) at – 30 °C. After stirring the reaction
mixture for 3 min, a solution of thioketone 20 (530 mg,
1.89 mmol) in DMF (2 mL) was added dropwise and
the reaction mixture was allowed to slowly warm up to room temperature
overnight. Water (180 mL) was added to the reaction mixture and the crude
product was extracted with EtOAc (3 x 60 mL). The organic layers were
combined, washed with water (1 x 70 mL mL) and brine (40 mL) and dried over
MgSO4. The solvent was evaporated in vacuo and the crude product was
dissolved in p-xylene (25 mL) together with PPh3 (991.45 mg, 3.78 mmol) and
the stirred mixture was heated at reflux overnight, under a nitrogen
atmosphere. The solvent was evaporated and the crude product purified by
column chromatography on silica with pentane/DCM=9/1. In order to get rid of
tiny impurities (grease and tiny amounts of ketone) the product was
recrystallised from heptane. The product was obtained as a pale yellow solid
(441 mg) in 64% yield.
mp= 264°C
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H NMR (400 MHz, CDCl3) δ 8.51 (d, J = 8.4 Hz, 1H), 8.18 (d, J = 8.4 Hz, 1H),
7.97 (s, 1H), 7.76 – 7.69 (m, 2H), 7.61 (dd, J = 7.6, 5.1 Hz, 2H), 7.34 (d, J = 7.8 Hz,
1H), 7.13 (d, J = 7.7 Hz, 1H), 6.68 (s, 1H), 4.46 – 4.34 (m, 1H), 3.76 (s, 3H), 3.49
(dt, J = 15.2, 4.7 Hz, 1H), 3.17 (m, 1H), 2.75 – 2.64 (m, 2H), 2.62 – 2.51 (m, 1H),
1.55 (d, J = 6.9 Hz, 3H), 1.52 – 1.46 (m, 1 H), 1.50 (d, J = 6.9 Hz, 6H), 1.09 (d, J =
6.9 Hz, 3H), 0.96 (d, J = 6.9 Hz, 3H).

1

C NMR (101 MHz, CDCl3) δ 154.3, 147.1, 147.0, 139.5, 139.40, 139.35, 139.2,
138.8, 137.4, 135.2, 133.0, 130.7, 129.4, 127.8, 127.7, 126.3, 125.9, 125.8, 124.2,
123.2, 121.3, 119.3, 118.5, 114.5, 61.6, 34.7, 34.2, 34.0, 31.0, 24.7, 24.3, 24.2, 23.8,
23.4, 20.8.
13

Enantiomers of compound 21 have been separated via SFC, on a ChiralPack IA
column, 25% IPA, detection set to 343 nm, flow 4 mL/min, 40 °C, 150 bar,
retention times 4.15 min and 7.23 min

[α]D20 = -185.0 (c = 0.2 in CHCl3) for the first eluted enantiomer
[α]D20 = + 184.0 (c = 0.2 in CHCl3) for the second eluted enantiomer
HRMS (APCI+, m/z): calculated for C35H4BrO [M+H]+: 551.1940, found: 551.1939.
Compound 22 (1,1'-bis(2,7-diisopropyl-9H-fluoren-9-ylidene)-10,10'-dimethoxy2,2'-dimethyl-1,1',2,2',3,3',4,4'-octahydro-9,9'-biphenanthrene):
In a dry Schlenk flask, Pd-PEPPSI-iPent (5
mol%, 14 mg) and the enantiopure substrate
(200 mg, 0.36 mmol) were dissolved in dry
toluene (0.7 ml) and the solution was cooled
to 0 °C with an ice bath. tBuLi (255 μL,1.7 M
in hexanes, 0.43 mmol, 1.2 eq) was slowly
added (2 drops with 5 min intervals, total
addition time = 50 min) by the aid of a syringe
pump. After the addition was completed the reaction mixture was stirred for
one additional hour after which the reaction was quenched with methanol.
Celite was added, and the solvent evaporated under reduced pressure. The
crude product was purified from the debrominated product by multiple
column chromatography on silica with pentane/DCM as eluent (Rf
(pentane/DCM=9/1) = 0.19). The homocoupled product was obtained in a single
diastereomeric form as a yellow solid (6 mg, 2%).
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H NMR (400 MHz, CDCl3) δ 8.18 (d, J = 8.5 Hz, 2H), 7.83 (s, 2H), 7.60 (d, J = 7.7
Hz, 2H), 7.47 – 7.37 (m, 4H), 7.29 – 7.24 (m, 2H), 7.19 (dd, J = 16.3, 8.1 Hz, 4H),
6.89 (s, 2H), 6.82 (d, J = 7.8 Hz, 2H), 4.41 (dt, J = 13.4, 6.7 Hz, 2H), 3.55 (dt, J =
14.9, 4.7 Hz, 2H), 3.32 (s, 6H), 3.12 – 2.98 (m, 2H), 2.75 – 2.60 (m, 2H), 2.53 (dt, J =
12.6, 5.4 Hz, 2H), 2.08 (dt, J = 13.7, 6.8 Hz, 2H), 1.51 – 1.43 (m, 8H), 1.38 (d, J = 6.9
Hz, 12H), 0.62 (d, J = 6.9 Hz, 6H), 0.22 (d, J = 6.8 Hz, 6H).

1

C NMR (101 MHz, CDCl3) δ 155.1, 148.0, 146.4, 140.2, 139.33, 139.28, 138.9,
138.8, 136.8, 135.5, 134.7, 130.0, 128.2, 126.4, 125.9, 125.4, 124.5, 124.0, 123.91,
123.88, 123.5, 123.0, 118.8, 118.1, 60.8, 34.5, 34.3, 33.7, 30.6, 24.6, 24.5, 24.2, 23.6,
21.9, 21.3.

13

HRMS (APCI+, m/z): calculated for C70H71O [M+H]+: 943.5448, found: 943.5442.
Compound 23 (1-(2,7-diisopropyl-9H-fluoren-9-ylidene)-10-methoxy-2-methyl9-phenyl-1,2,3,4-tetrahydrophenanthrene) (prepared according to literature
procedure for Suzuki coupling of sterically demanding substrates)14
In a dry Schlenk flask, Pd2dba3 (4 mol%, 2 mg),
SPhos (8 mol%, 4 mg), phenylboronic acid (10 mg,
0.0816 mmol), K2CO3 (22 mg, 0.162 mmol) and the
motor 21 (30 mg, 0.054 mmol) were dissolved in dry
toluene (0.2 ml) and the solution was heated to 100
°C and left to stir overnight. The reaction mixture
was passed over celite and the solvent was
evaporated. The crude product was purified by column chromatography on
silica with pentane/DCM=9/1. Product 23 was obtained as a pale yellow solid
(25 mg, 85%).
mp= 292°C
H NMR (400 MHz, CDCl3) δ 8.16 (d, J = 8.4 Hz, 1H), 7.84 (s, 1H), 7.69 (d, J = 8.4
Hz, 1H), 7.63 (d, J = 7.8 Hz, 1H), 7.57 – 7.33 (m, 8H), 7.21 (d, J = 7.8 Hz, 1H), 7.07
(d, J = 7.8 Hz, 1H), 6.78 (s, 1H), 4.31 (m, 1H), 3.49 (m, 1H), 3.21 (s, 3H), 3.04 (m,
1H), 2.71 (m, 1H), 2.55 (m, 2H), 1.64 – 1.49 (m, 1H), 1.45 (d, J = 6.9 Hz, 3H), 1.37
(d, J = 6.9 Hz, 6H), 1.04 (d, J = 6.9 Hz, 3H), 1.01(d, J = 6.9 Hz, 3H)

1

C NMR (101 MHz, CDCl3) δ 154.0, 146.9, 146.7, 140.6, 139.8, 139.0, 138.9, 138.8,
137.3, 136.7, 134.8, 133.7, 131.4, 130.8, 129.8, 128.9, 128.4, 128.2, 127.8, 127.0,
126.5, 126.2, 125.4, 125.1, 124.7, 123.8, 123.0, 122.0, 119.0, 118.5, 61.3, 34.6, 34.5,
34.2, 30.8, 24.5, 24.2, 23.8, 23.6, 20.6.

13
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HRMS (APCI+, m/z): calculated for C41H41O [M+H]+: 549.3152, found: 943.3148.
Compound 24 (1-(2,7-diisopropyl-9H-fluoren-9-ylidene)-10-methoxy-2-methyl1,2,3,4-tetrahydrophenanthrene):
n-BuLi (27 μL ,1.6 M in hexanes, 0.0432 mmol) was
added dropwise to the solution of motor 21 (20 mg,
0.036 mmol) in dry THF (1 ml) at -78 °C. After the
solution was stirred for 30 min at -78 °C, the reaction
was quenched with methanol (1 mL) and allowed to
warm up to room temperature. The solvent was
evaporated and the crude product passed over short pad of silica gel. Product
24 was obtained as a pale yellow solid (16 mg) in 94% yield.
mp= 206°C
H NMR (400 MHz, cdcl3) δ 8.06 (d, J = 8.4 Hz, 1H), 7.87 (s, 1H), 7.82 (d, J = 8.1
Hz, 1H), 7.65 (d, J = 7.8 Hz, 1H), 7.55 – 7.47 (m, 2H), 7.41 (t, J = 7.6 Hz, 1H), 7.22
(d, J = 7.7 Hz, 1H), 7.08 (s, 1H), 7.01 (d, J = 7.7 Hz, 1H), 6.69 (s, 1H), 4.25 (h, J =
6.7 Hz, 1H), 3.61 (s, 3H), 3.42 (m, 1H), 3.05 (hept, J = 6.7 Hz, 1H), 2.63 – 2.43 (m,
3H), 1.37 (d, J = 6.9 Hz, 6H), 1.31 (d, J = 6.9 Hz, 3H), 1.28 – 1.20 (m, 1H), 0.99 (d, J
= 6.9 Hz, 3H), 0.86 (d, J = 6.9 Hz, 3H).

1

C NMR (101 MHz, cdcl3) δ 156.1, 147.0, 146.7, 140.6, 139.7, 139.6, 138.82, 138.78,
137.0, 134.9, 133.8, 127.3, 127.3, 126.5, 126.4, 125.3, 125.2, 123.8, 123.5, 123.4,
120.9, 119.0, 118.1, 103.5, 55.1, 34.7, 34.1, 33.9, 30.7, 24.5, 24.21, 24.17, 23.8, 23.5,
20.2.

13

HRMS (APCI+, m/z): calculated for C35H37O [M+H]+: 473.2839, found: 478.2831.
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X-ray crystallography
A single crystal of overcrowded alkene 21 was mounted on top of a cryoloop
and transferred into the cold nitrogen stream (100 K) of a Bruker-AXS D8
Venture diffractometer. Data collection and reduction was done using the
Bruker software suite APEX2.15 The final unit cell was obtained from the xyz
centroids of 9956 reflections after integration. A multiscan absorption
correction was applied, based on the intensities of symmetry-related reflections
measured at different angular settings (SADABS17). The structures were solved
by direct methods using SHELXS, and refinement of the structure was
performed using SHLELXL.16 The hydrogen atoms were generated by
geometrical considerations, constrained to idealised geometries and allowed to
ride on their carrier atoms with an isotropic displacement parameter related to
the equivalent displacement parameter of their carrier atoms. Refinement of the
Flack x parameter converged at 0.0040(18) for the enantiomer with S
stereochemistry at C(10). Crystal data and details on data collection and
refinement are presented in Table 1.
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Table 1 Crystalographic data for 21

chem formula
Mr
cryst syst
color, habit
size (mm)
space group
a (Å)
b (Å)
c (Å)
V (Å3)
Z
Ucalc, g.cm-3
μ(Mo K D ), cm-1
F(000)
temp (K)
T range (deg)
data collected (h,k,l)
no. of rflns collected
no. of indpndt reflns
observed reflns
R(F) (%)
wR(F2) (%)
GooF
Weighting a,b
params refined
Flack x
restraints
min, max resid dens

21
C35 H35 Br O
551.54
orthorhombic
colorless, needle
0.25 x 0.07 x 0.05
P2(1)2(1)2(1)
8.9017(5)
13.6741(9)
23.4733(15)
2857.2(3)
4
1.282
1.464
1152
100(2)
2.865 – 28.321
-10:11, -18:18, -31:31
95649
7080
6667 (Fo t 2 V(Fo))
2.07
5.10
1.039
0.0231 , 0.6191
340
0.0040(18)
0
-0.360, 0.235
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Figure 13 Crystal structure of 21.

A single crystal of compound 24 was mounted on top of a cryoloop and
transferred into the cold nitrogen stream (100 K) of a Bruker-AXS D8 Venture
diffractometer. A high-brilliance Cu IμS microfocus source was used (Cu Kα
radiation wavelength = 1.54178 Å). The collection strategy was chosen such that
a reasonable data multiplicity (average 4.9 for data up to 0.83 Å resolution) was
achieved in order to be able to determine the absolute configuration in the
absence of atoms that show significant anomalous scattering. Data collection
and reduction was done using the Bruker software suite APEX2.15 The final unit
cell was obtained from the xyz centroids of 9956 reflections after integration. A
multiscan absorption correction was applied, based on the intensities of
symmetry-related reflections measured at different angular settings (SADABS).
The structures were solved by direct methods using SHELXT,17 and refinement
of the structure was performed using SHLELXL.16 The hydrogen atoms were
generated by geometrical considerations, constrained to idealised geometries
and allowed to ride on their carrier atoms with an isotropic displacement
parameter related to the equivalent displacement parameter of their carrier
atoms. Refinement of the Flack x parameter converged at -0.07(19) for the
enantiomer with S stereochemistry at C(2); the BijvoetPair analysis18
implemented in PLATON (based on Bayesian statistics) is consistent with this
being the correct enantiomer (P2(true) = 1.000; P3(true) = 0.988; Hooft y = -0.1(2)
based on 1971 Friedel pairs). Crystal data and details on data collection and
refinement are presented in Table 2.
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Table 2 Crystalographic data for 24

24
chem formula

C35 H36 O

Mr

472.64

cryst syst

orthorhombic

color, habit

colorless, needle

size (mm)

0.25 x 0.07 x 0.05

space group

P2(1)2(1)2(1)

a (Å)

9.7894(4)

b (Å)

15.3650(5)

c (Å)

17.1338(7)

V (Å3)

2577.17(17)

Z

4

Ucalc, g.cm-3

1.218

μ(Cu K D ), cm-1

0.539

F(000)

1016

temp (K)

100(2)

T range (deg)

3.864 – 68.543

data collected (h,k,l)

-11:8, -18:18, -18:20

no. of rflns collected

19808

no. of indpndt reflns 4648
observed reflns

4250 (Fo t 2 V(Fo))

R(F) (%)

3.60

wR(F2) (%)

8.04

GooF

1.063

Weighting a,b

0.0389 , 0.2075

params refined

331

Flack x

-0.07(19)

restraints

0

min, max resid dens

-0.243 , 0.150
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Figure 14 Crystal structure of 24.
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