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Synthesis and applications to catalysis of novel
cyclopentadienone iron tricarbonyl complexes+
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A series of cyclopentadienone iron tricarbonyl complexes with diverse structures were prepared, in each
case using the intramolecular cyclisation of a diyne as a key step. The complexes were generated as enan-
tiomerically enriched through (i) asymmetric synthesis of a C2-symmetric diol following a reported proto-
col, (ii) resolution of enantiomerically-enriched diastereoisomers formed from a chiral alcohol and
(iii) kinetic resolution of a racemic ketone-containing iron tricarbonyl complex. The approaches underline
the diversity of the synthetic routes which can be employed in the synthesis of homochiral cyclopentadie-
none iron tricarbonyl complexes. Although the complexes proved to be effective as catalysts for the
reduction of ketones, the alcohol products were formed in low ees (not exceeding ca. 35%), highlighting

rsc.li/dalton

Introduction

Cyclopentadienone iron tricarbonyl complexes 1 have recently
found a significant number of applications in the catalysis of a
number of organic transformations,'™ notably hydrogenation®
and transfer hydrogenation,” and formation of C-N bonds via
reductive amination® and ‘hydrogen borrowing’ reactions.”
The hydrogen transfer is believed to proceed via formation of
the hydride 2 and 16-electron species 3, with the hydride trans-
fer itself through the transition state also illustrated in Fig. 1.*

A number of derivatives of this class of catalyst have been
reported, for example 4-11, and some of these have been
applied in enantioselective catalysis of ketone and imine
reduction reactions.’ In other examples, non-chiral cyclopenta-
dienone iron tricarbonyl complexes have been used in con-
junction with an asymmetric reagent, such as a phosphonic
acid, in the catalysis of asymmetric reduction reactions
(Fig. 2).*°

In a recent study, we described an efficient route to the syn-
thesis of catalysts such as 12, through the reaction of iron pen-
tacarbonyl with the derivatives of a C2-symmetric diol 13
(Scheme 1)."

Herein we describe the synthesis and applications of a
series of cyclopentadienone iron tricarbonyl complexes with

Department of Chemistry, The University of Warwick, Coventry, CV4 7AL, UK.
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1 Electronic supplementary information (ESI) available: 'H and **C NMR spectra,
GC examples. X-ray data. Chiral HPLC of the ligands prior to complexation.
CCDC 1567218-1567222. For ESI and crystallographic data in CIF or other elec-
tronic format see DOI: 10.1039/c7dt03250a
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the challenging nature of asymmetric catalysis using complexes of this type.
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Fig. 1 lron tricarbonyl cyclopentadienone structures.

diverse structures, and efficient routes to their formation.
Whilst the complexes are competent pre-catalysts for asym-
metric reactions, the induced enantioselectivities remain low,
reflecting the challenge of achieving high enantioselectivities
with this class of complex.

Results and discussion

In the first extension of our studies, we sought to determine
what effect an electron-donating group on the side chains of
the catalyst might have. Towards this end we prepared the pyri-
dine-containing complex 14, from diol 15'* and via the di-
alkyne precursor 16, following the route illustrated in
Scheme 2a. Treatment of 14 with slightly more than 1 equi-
valent of trimethylamine N-oxide (TMAO)" resulted in for-
mation of a new species which appears to match the structure
17 in which one CO group was replaced by the pyridine in an
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Fig. 2 Reported asymmetric and non-asymmetric catalysts based on iron tricarbonyl cyclopentadienone structures.
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Scheme 1 Previously-reported asymmetric iron complexes derived
from C2-symmetric diols.
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Scheme 2 Synthesis of pyridine-containing complexes.

19 77% from 16

intramolecular reaction. The addition of triphenylphosphine
to the cyclic complex 17 led to formation of a new product
with a peak at § 57.57 in the *'P NMR which is indicative of
the formation of an iron triphenylphosphine complex. In
addition, a further complex, 18, containing a quinoline, was
prepared from the dialkyne 19 (Scheme 2b). Complexes 14, 17
and 18 proved to be effective catalysts for the reduction of
ketones, with selected results shown in Table 1 for hydrogen-
ation and Table 2 for transfer hydrogenation (full results are in
the ESIY).

In the hydrogenation reactions, catalysts 14 and 17 gave
products in low conversions, although the addition of K,CO;

Dalton Trans.

Table 1 Hydrogenation of acetophenone using complexes 14, 17
and 18

1 mol% [Fe] catalyst

o} activator OH
@ Hy, 30 bar @)\
IPAH,0
80°C, 18 h
Entry Catalyst Activator/% Solvent Conv./%
1 14 K,CO; (3%) IPA/H,O 17.3
2 14 K,CO; (2%) IPA/H,0 18.6
3 14 TMAO (1%) IPA/H,0 37.1
4 17 K,CO; (5%) IPA/H,O 15.4
5 17 TMAO (1%) IPA/H,0 36.3
6 17 TMAO (2%) IPA/H,0 30.3
7 18 — IPA/H,0 70.9
8 18 K,CO; (5%) IPA/H,0 51.2
9 18 TMAO (1%) IPA/H,0 99.8
10 18 TMAO (2%) IPA/H,0 99.7
11 18 TMAO (3%) IPA/H,O 99.8

Table 2 Asymmetric transfer hydrogenation of acetophenone using
complexes 14, 17 and 18

10 mol% [Fe] catalyst

o] activator OH OCHO
@)‘\ FA/TEA @)\ @)\
.
60°C, 24 h

Alcohol/%  Formate/%
Entry Catalyst Activator/%  Conv./% (ee/%) (ee/%)
1 14 — 73.7 63.1 [2 4 R) 10 6 (2 6 R)
2 14 TMAO (10%) 99.7 90.8 (2 R) (2 8 R)
3 17 — 99.9 85.5 (4.2 R) 14 4(3R)
4 17 TMAO (10%) 99.9 87.8 (3 4 R) 11.8 ( )
5¢ 18 TMAO (10%) 58.1 45.4 [3 4 R) 12.7 (5 2 R)

“ Hetereogenous reaction (catalyst is not soluble).

or TMAO as an activating agent resulted in the highest conver-
sions. In common with previous results, the addition of tri-
phenylphosphine served to inhibit the reaction (see ESI}). The
similarity between the results obtained with 14 and 17 suggest
that they are reacting through a common intermediate, i.e. the
formation (possibly reversible) of 17 from 14 upon treatment

This journal is © The Royal Society of Chemistry 2017
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with TMAO. The quinoline-derived complex 18 gave improved
conversions compared to the pyridine-containing complexes,
although the addition of TMAO was again essential for
optimal activation, and an excess of TMAO did not reduce the
conversions. In all cases the ees were low however and no
higher than ca. 7-8% (full results for these and other tests are
given in the ESIf).

In the attempted asymmetric transfer hydrogenations
(ATH), using a formic acid/triethylamine 5:2 azeotrope (FA/
TEA) mixture as both reducing agent and solvent, the pyridine-
containing complex 14 required the addition of TMAO to give
optimal results however the cyclic complex 17 proved to be just
as active with or without the addition of TMAO. This suggests
that 17 may represent an ‘activated’ version of 14, with revers-
ible coordination of the pyridine acting to free a coordination
site for hydride delivery and subsequent hydrogen transfer.
The quinoline complex 18 gave poor conversion even with the
addition of TMAO, however it appeared to not be soluble in
the reaction mixture. Again the ees were low in all cases
(between 2-4% only).

Previously reported catalysts 12, and those illustrated in
Scheme 2, contain unsubstituted phenyl rings adjacent to the
central C=0 of the cyclopentadienone, therefore we sought to
see if an improvement could be made by the introduction of
an ortho-substituent to these rings, since the extra steric hin-
drance has the potential to further influence the asymmetry of
the reduction reactions. The synthesis of a series of com-
pounds containing ortho-methoxy groups on the aromatic

21 -78°C-rt

2280%

5 eq. Fe(CO)s
130°C, toluene, 24h

OR
(S,5)-24 (R=H) 96% yield, >99% ee, dr=98.3:1.7
@)-24 (R=H) 77% yield, >99% ee, dr=98.1:1.9

(8.5)-26 (R=H) 69%

25 R=0Bn, 88%. (S.5)-27 (R=Bn) 20%

BnBr, NaH,
THF, rt, 24h.

Scheme 3 Synthesis of ortho-methoxy substituted complexes.

Fig. 3 X-ray crystallographic structures of complexes 26 and 27.
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rings was completed (Scheme 3) following a route based on
the method previously reported, using the reaction of the
lithium salt of alkyne 20 with bis-Weinreb reagent 21, to give
diketone 22, followed by ATH catalysed by tethered Ruf(u)
complex 23, to the corresponding diol 24 in high ee. Both
enantiomers, and the racemic standard (for HPLC analysis)
were prepared for comparison, although the (S,S)-configur-
ation products 24 were converted to catalysts for evaluation.
Conversion of diol 24 to the dibenzyl derivative 25 was
achieved efficiently. Both the diol and its two derivatives were
treated at 130 °C for 24 h with three equivalents of Fe(CO)s to
form the required complexes 26 and 27 respectively. In each
case, a stable complex was formed and fully characterised,
including by X-ray crystallography (Fig. 3).

The X-ray crystallographic analysis of 26 and 27 (Fig. 3) con-
firmed the expected structures of the complexes, however there
was no obvious transfer of chirality to the 0-OMe aromatic
rings. This flexibility may be responsible for the lack of selecti-
vity in the subsequent reductions in which the catalysts were
tested.

In the hydrogenation tests (Table 3; further results are
listed in the ESI}), we focussed initially on the diol complex
26. Again it was found that activation was required for best
results, with full conversions being generated using TMAO.
Previously, and in initial tests, a combination of IPA and water
was used as solvent, as this had been found to give good
results. A series of alternative solvents were tested however
these gave, with the exception of THF, inferior results in terms
of conversion, and no significant change to the ee. Reactions
at slightly lower temperatures (60 °C and 40 °C) resulted in
lower conversions, and the reduction of a series of acetophe-
none derivatives were also tested. In these tests, ortho-chloroa-
cetophenone gave a product in lower conversion than the less
hindered or electron-rich ketones. The dibenzyloxy-substituted
catalyst 27 was also effective although slightly more active in
THF than isopropanol/water (IPA/H,0), and gave a product in
up to 21% ee, which was higher than the average for the diol.
This indicates that the extra steric hindrance created by the
combined ring and ortho-aromatic substrates had a small posi-
tive effect on the selectivity (Table 4).

In the case of the ATH reactions, again the conversions
were improved by the use of an activator at 80 °C, the ees of
acetophenone reduction, however, were improved to 25-30%.

Dalton Trans.
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Table 3 Hydrogenation of ketones using complexes 26 and 27
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1 mol% [Fe] catalyst

o] activator OH
X\/ ‘ Hy, 30 bar X\< |
= 80°C, 18 h >

Entry Catalyst Substrate Activator/% Solvent/other changes Conv./% ee/%

1 26 PhCOMe — IPA/H,0 54.4 10 (R)
2 26 PhCOMe K,CO; (5%) IPA/H,0 19.5 9.2 (R)
3 26 PhCOMe TMAO (1%) IPA/H,0 99.8 9.4 (R)
4 26 PhCOMe TMAO (1%) IPA 89.3 3.6 (R)
5 26 PhCOMe TMAO (1%) H,0 57.2 7.4 (R)
6 26 PhCOMe TMAO (1%) Toluene 98.1 2.2 (R)
7 26 PhCOMe TMAO (1%) Chlorobenzene 85.9 0.2 (R)
8 26 PhCOMe TMAO (1%) THF 98.6 9.4 (R)
9 26 60 °C PhCOMe TMAO (1%) IPA/H,0 87.5 9.0 (R)
10 26 40 °C PhCOMe TMAO (1%) IPA/H,O 21.8 12.0 (R)
11 26 2-(OMe)C¢H,COMe TMAO (1%) IPA/H,0 >99 8.6 (S)
12 26 4-(OMe)C¢H,COMe TMAO (1%) IPA/H,0 91.6 6.0 (R)
13 26 2-CIC¢H,COMe TMAO (1%) IPA/H,0 56.8 3.6 (R)
14 26 4-CIC¢H,COMe TMAO (1%) IPA/H,0 96.6 10.2 (S)
15 27 PhCOMe TMAO (1%) IPA/H,0 77.8 21.0 (R)
16 27 PhCOMe TMAO (1%) THF 100 16.0 (R)

Table 4 Asymmetric transfer hydrogenation of acetophenone using complexes 26 and 27

10 mol%][Fe] catalyst

o activator OH OCHO
©)‘\ FAITEA @)\ @)\
+
60°C, 24 h
Entry Catalyst Activator/% Conv./% Alcohol/% (ee/%) Formate/% (ee/%)
1 26 — 54.9 46.8 (28.4 R) 8.2 (25 R)
2 26 TMAO (10%) 99.6 87.2 (30.2 R) 12.3 (28 R)
3¢ 2630°C24 h TMAO (10%) 25.7 25.2 (35.2 R) 0.5 (n/a)
44 2630 °C 48 h TMAO (10%) 51.5 49.9 (34.4 R) 1.6 (n/a)
54 2630°C 72 h TMAO (10%) 87.8 81.9 (34.6 R) 5.9 (n/a)
6 27 TMAO (10%) 93.3 89.4 (28.0 R) 10.6 (29.3 R)

“Followed over time and at lower temp. of 30 °C.

A reaction was followed over time at a lower temperature of ca.
30 °C, and in this case the ee improved to ca. 35%, although
the reaction required 3 days to reach ca. 82%. In this case, as
was the case for all reductions using FA/TEA, some formate
was also formed, presumably through formylation of the
initial alcohol product, although the ee of the formate was
similar to that of the alcohol. In previous work, we have estab-
lished that the alcohol and formate products in these reactions
are of the same configuration."" The result with the dibenzyl-
substituted complex 27 was comparable to that for the diol
catalyst 26, indicating that the increase of steric bulk had little
effect on the reaction enantioselectivity.

In order to improve the enantioselectivity, we sought to
place a larger group on the ortho position of the aromatic rings
adjacent to the C=O of the cyclopentadienone and towards
this end we prepared the acetylene reagent precursor o(OBn)
Ce¢H,CCH (OBn = OCH,Ph), however the subsequent reaction
was very problematic with deprotonation at the benzylic CH,
resulting in the formation of side products. In an alternative,

Dalton Trans.

successful, approach, we prepared the tetrahedropyran (THP)-
protected diketone 28 using alkyne 29, and subsequently the
diol 30 through the sequence shown in Scheme 4.
Unfortunately the cyclisation of this diol failed to give a clean
product. However the hydrolysis of the THP groups gave the
tetrol 31 which was either di- or tetrabenzylated to give 32 and
33 respectively. Both dialkynes were cyclised with Fe(CO)s in
good yield to form complexes 34 and 35. Reaction of the di-
benzyl intermediate 32 with ¢-butyldimethylsilyl chloride (TBSCI)
resulted in formation of 36 which was cyclised successfully but
in low isolated yield to 37. Peaks corresponding to the product
in the "H NMR spectrum of 37 were very broad, however the
mass spectrum indicated formation of the desired complex.

The application of complexes 34, 35 and 37 to the reduction
of acetophenone was tested, through both hydrogenation with
hydrogen gas and ATH. Further results are given in the ESL7
In the pressure hydrogenation of acetophenone (Table 5) the
tetrabenzyl complex 35 required activation but gave a product
of ca. 23% ee consistently. The dibenzyl 34 (i.e. containing

This journal is © The Royal Society of Chemistry 2017
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Scheme 4 Synthesis of benzyloxy-substituted complexes via OTHP intermediate 30.

Table 5 Hydrogenation of acetophenone using complexes 34, 35 and
37

Table 6 Asymmetric transfer hydrogenation of acetophenone using
complexes 34, 35 and 37

1 mol% [Fe] catalyst

10 mol%[Fe] catalyst

o] activator OH o] activator OH OCHO
@)‘\ H,, 30 bar @)\ ©)‘\ FA/TEA @)\ @)\
—_— +
80°C, 18 h 60°C, 24 h
Entry  Catalyst  Activator/% Solvent Conv./% ee/% Alcohol/% Formate/%
Entry Catalyst Activator/%  Conv./% (ee/%) (ee/%)
1 35 — IPA/H,0 4.8 25.2 (R)
2 35 K,CO; (5%)  IPA/H,O0  >99 232([R) 1 35 TMAO (10%)  55.7 47.9 (35.6 R) 7.8 (35.8R)
3 35 TMAO (1%)  IPA/H,0  >99 23(R) 2 34 TMAO (10%) 96.2 88.3(25.8R) 7.9 (26.4R)
4 34 — IPA/H,O0  >99 34(R) 3 37 TMAO (10%) 98.6 91.1 (34.2R) 8.5(32.6 R)
5 34 K,CO; (5%)  IPA/H,0 12 5.2 (R)
6 34 TMAO (1%)  IPA/H,0  >99 3.2(R)
7 35 1% TMAO EtOAc >99 24.5 (R)
8 35 1% TMAO Toluene  54.2 16.2 (R) Further extension of the range of complexes for investi-
9 35 1% TMAO THE 91.6 25.2 (R) gation was achieved through the asymmetric synthesis of com-
10 35 1% TMAO IPA >99 19.2 (R) o . . . :
1 35 1% TMAO Neat 37.6 18.8 (R) plexes containing a single chiral centre and non-identical
12 35 1% TMAO tBuOH 98.8 19.6 (R) groups flanking the central C=O0 of the cyclone. This concept
13 37 TMAO 1% IPA/H,0 85.2% 12 (R)

hydroxyl groups in the ring fused to the cyclopentadienone)
worked without activation and indeed were less active in the
presence of K,CO;; a trend we have noticed before.'* Further
solvents were tested (Table 5 and ESIt) and of these, EtOAc,
THF, IPA and tBuOH gave good but not improved results. A
reaction at 60 °C gave a lower conversion with no improvement
to the ee. A similar result was obtained using complex 37. In
ATH reactions (Table 6) the ee (26%) generated by the dibenzy-
loxy complex 34 was not as high as the 36% ee achieved using
the tetra OBn complex 35 however in both cases the reactions
in FA/TEA gave a higher ee than the hydrogenation reaction
with the same substrate. Although not fully purified, the bis-
OTBS-substituted complex 37 gave a product of ca. 34% ee in a
preliminary ATH test. Once again, the formate side-product
was of similar ee to the alcohol in each case.

This journal is © The Royal Society of Chemistry 2017

of planar chirality has been applied before in similar reduc-
tions®*'* however the opportunity was taken to explore new
routes to the synthesis of Fe cyclone catalysts (Scheme 5).

(8.9)-23 ™S
TS\ S FATEA A S
N 4 DCM, 1t, 18h
OH
g © (S,5)-39, 89%, 94% ee
(RR)-39, 66%, 95% ec
5 eq. Fe(CO)s,

toluene, 130 °C, 24h

HQ ™S H oh

<§ = ;\:o + @ 5
/

H / Ph HO | ™S

\7':8\ Fe

oc

od co Ogcl “co

40 less polar, 40%. 41 27%

Scheme 5 Synthesis of diastereoisomeric complexes 40 and 41.
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Fig. 4 X-ray crystallographic structures of complexes 40 and 41 respectively.

Addition of phenylacetylide anion to TMSCCCH,CH,CHO fol-
lowed by oxidation gave ketone 38 which was subsequently
reduced to 39 in 94-95% ee using ATH with both enantiomers
of tethered catalyst 23. Cyclisation of 39 gave a mixture of two
diastereomeric complexes 40 and 41 which were readily
resolved by flash chromatography on silica gel and character-
ised by X-ray crystallography to confirm the relative stereo-
chemistry in each isomer (Fig. 4). These create compounds
with planar chirality about the centre C=O of the cyclone
group.

In the reduction tests on acetophenone, both hydrogen-
ation and transfer hydrogenation (Table 7), the diastereoiso-
meric complexes 40 and 41 gave alcohols of opposite configur-
ation, indicating that the planar symmetry of the molecule
created the primary directing effect. However the enantio-
selectivity was very low in all cases. Once again, for the hydro-
genation reaction, activation was required, with TMAO giving
the best results.

A Kkinetic resolution approach was also used to prepare a
final class of asymmetric catalyst (Scheme 6); we prepared the
bistrimethylsilyl (bisTMS) complex 42 (previously prepared by
Pearson et al.), in racemic form> from aldehyde 43 via ketone
44. Asymmetric reduction, following a precedent set by pre-
vious work in our group,'® with tethered catalyst 23, led to pre-
ferential reduction of one enantiomer of racemic 42 to leave
enriched ketone 42 and alcohol 45, both in high ee, which

i) TMSCCH, nBuLi o
THF, -78 °C-t,
3h 91% = A 5 eq Fe(CO)s
TR L TMs ™S ———
43 iy PCC, DCM, 44 130 °C, 20h
RT, 14h,
86%

o H
TMS (5523 TS TS
FAITEA ;
HO | TSTms | © |

racemic FI Ms + ™S
e

~N
Z °©
™S

DCM, tt, 7h Fo Fe
ocy N oc'Y
S co S co

(-)-45 40.6%, 97.6% ee

% %o

4263% (+)-42 35.0%, 88.2% ee

Scheme 6 Synthesis of enantiomerically-enriched complexes via a
dynamic kinetic resolution.

could be separated by chromatography on silica gel
(Scheme 6). The X-ray crystallographic structure of alcohol 45
was also obtained (Fig. 5), in order to confirm the endo
relationship of the alcohol to the iron centre, as would be
anticipated from the expected addition of hydride to the face
of the ketone away from the Fe(CO); unit due to steric
hindrance."®

Although TMS groups flank both sides of the central ketone
in this case, the asymmetric complexes provide the opportu-
nity to gauge the effect of distant chiral centres on any asym-
metric induction. Both new catalysts were also tested in asym-
metric reductions of acetophenone (Table 8) but gave only
moderate results, although it was reassuring to see the oppo-

Table 7 Asymmetric hydrogenation (entries 1-6) and ATH (entries 7 and 8) of acetophenone using complexes 40 and 41

1 mol% [Fe] catalyst

10 mol%][Fe] catalyst

o activator OH o activator OH OCHO
©)‘\ Ha, 30 bar ©/K ©)K FATEA @/K @/K
- . +
80°C, 18h or 60°C,24h
Entry Catalyst Activator/% Solvent Conv./% ee/%
1 40 — IPA/H,0 4 5 (R)
2 40 K,CO; (5%) IPA/H,0 68 7.4 (R)
3 40 TMAO (1%) IPA/H,0 99.7 6.2 (R)
4 11 — IPA/H,0 11.9 11.4 ()
5 M K,CO; (5%) IPA/H,0 82.3 11.6 (S)
6 1 TMAO (1%) IPA/H,0 99.8 12.2 (S)
Entry Catalyst Activator/% Solvent Alcohol/% (ee/%) Formate/% (ee/%)
7 40 TMAO (10%) FA/TEA 91.1 (3.8 R) 8.1(4R)
8 1 TMAO (10%) FA/TEA 88.4 (5.8 5) 9.9 (5.6 S)

Dalton Trans.
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Fig. 5 Solid state structure of (-)-45 with atom labels and thermal ellip-
soids at 50% probability level.

site sense of induction between 42 and 45 in the asymmetric
hydrogenation reactions, as would be predicted on the basis of
planar chirality control. Although in reality they are too low to
indicate any significant directing effect.

Although the measured enantiomeric excesses are low,
some trends emerge from the data which suggest that the
steric bulk and substitution on the groups flanking the central
C=0 bond influence the process of asymmetric induction.
Hydrides 46-50 (Fig. 6a), formed through activation of 34, 35,
37, 40 and 41 respectively, are representative of those that
would be formed from the iron tricarbonyl precursors.
Assuming that the proposed concerted mechanism for hydride
transfer (illustrated in Fig. 6b for each complex) is operating,
then our working model for 46-48 is that the tilt of the aro-
matic rings is influenced by the alkoxy groups on the 4-carbon
backbone and this creates a chiral environment in the region
where hydride transfer takes place (Fig. 6¢). In turn this is
likely to create a difference in the steric hindrance of one face
of the ketone to the complex relative to the other face, and has
in turn the potential to differentiate between addition of the
hydride to the Re or Si face of the ketone substrate. The ees of
the reduction products are generally higher using catalysts
with larger alkoxy groups on the 4-C backbone, which may
suggest that the ‘tilt’ of the aromatic rings is slightly better-
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Fig. 6 (a) Hydrides formed from complexes 34, 35, 37, 40 and 41
respectively. (b) Likely modes of hydride transfer from complexes 46—-50
based on literature precedents. (c) Transition state control model for
asymmetric hydride transfer from 46—-48 to each face of the ketone
substrate (the ovals representing positions of the tilted aromatic rings)
indicating  their  diastereomeric  nature and  potential for
enantiodifferentiation.

defined and this leads in turn to improved differentiation of
the faces of the ketone in the reduction step.

In the case of 49 and 50, the complexes have a pseudo-
planar chirality and in this case a similar differentiation of the
faces of the ketone substrate can operate (not illustrated) due
to the difference in the steric bulk of the substituents either
side of the central C=O bond. This would be likely to dis-
favour approach from one face over the other sufficiently to
generate an enantioselectivity, and would account for the
reversal in enantioselectivity from 49 to 50.

However the limited enantioselectivity may be the result of
the significant distance from the groups flanking the central
C=O0 of the cyclopentadienone ring from the ketone substitu-
ents in the proposed reduction model. Until this distance can

Table 8 Asymmetric hydrogenation (entries 1-6) and ATH (entry 7) of acetophenone using catalysts 42 and 45

1 mol% [Fe] catalyst

10 mol%][Fe] catalyst

o activator OH 0 activator OH OCHO
Ha, 30 bar FAITEA
. +

80°C, 18 h or 60°C, 24 h
Entry Catalyst Activator/% Solvent Conv./% ee/%
1 45 — IPA/H,0 13.7 6.8 (5)
2 45 K,CO; (5%) IPA/H,0 99.4 9.4 (S)
3 45 TMAO (10%) IPA/H,0 99.6 4.2 (S)
4 12 — IPA/H,O >99 3.8 (R)
5 42 K,CO; (5%) IPA/H,0 9.6 2.6 (R)
6 12 TMAO (1%) IPA/H,0 >99 0.4 (R)
Entry Catalyst Activator (%) Solvent Alcohol/% (ee/%) Formate/% (ee/%)
7 42 TMAO (10%) FA/TEA 3.9(3.8eeR) 24.2 (4 eeR)

This journal is © The Royal Society of Chemistry 2017
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be closed, or the mechanism better understood, progress
towards high enantioselectivities with this class of catalyst will
remain challenging. The improved ees obtained using the ATH
process also cannot be directly explained with the model in
Fig. 6c, and suggest the operation of an additional directing
effect by the solvent.

In conclusion, we have completed the synthesis of a range of
enantiomerically-enriched cyclopentadienone iron tricarbonyl
complexes through a range of diverse approaches, thus opening
up routes to a range of valuable derivatives for testing as
reduction and oxidation catalysts. Larger functional groups flank-
ing the central C=O0 bond in the catalyst appear to give improved
enantioselectivities in reductions, however even the best enantio-
meric excesses were relatively modest. Whilst the synthesis of the
iron-based catalysts was successful, the results indicate that sig-
nificant work remains to be carried out in order to translate our
understanding of the mechanism to the synthesis of a highly
enantioselective catalyst for the target applications. This remains
the subject of ongoing studies in our group.

Experimental section
General experimental methods

All solvents and reagents were degassed before use and all reac-
tions were carried out under a nitrogen atmosphere. Reactions
were monitored by TLC using aluminium backed silica gel
plates, visualized using UV 254 nm and phosphomolybdic acid
or potassium permanganate. Flash column chromatography
was carried out routinely on silica gel. Reagents and solvents
were used as received from commercial sources unless other-
wise stated. The synthesis of iron complexes was carried out in
ACE 15 MI 150 psi pressure tested pressure tubes and heated in
aluminium heating blocks. Pressure hydrogenation reactions
were carried out in a Parr pressure vessel. "H NMR spectra were
recorded on a Bruker DPX (400 or 500 MHz) spectrometer.
Chemical shifts are reported in § units, parts per million relative
to 7.26 ppm for chloroform and 0.00 ppm for TMS. Mass
spectra for analysis of synthetic products were recorded on a
Bruker Esquire 2000 or a Bruker MicroTOF mass spectrometer.
IR spectra were recorded on a PerkinElmer Spectrum One FT-IR
Golden Gate instrument. Melting points were recorded on a
Stuart Scientific SMP 1 instrument and are uncorrected.

2,2"-((((38,6S)-1,8-Diphenylocta-1,7-diyne-3,6-diyl )bis(oxy))bis
(methylene))dipyridine 16.

This compound is novel. In an round bottom flask under a
nitrogen atmosphere (3S5,65)-1,8-diphenylocta-1,7-diyne-3,6-

Dalton Trans.

View Article Online

Dalton Transactions

diol 15 (812 mg, 2.80 mmol) and 2-(bromomethyl)pyridine
hydrobromide (1.56 g, 6.17 mmol) was dissolved/suspended in
anhydrous THF (80 cm®). The mixture was cooled at 0 °C and
NaH (60% in mineral oil, 447 mg, 11.2 mmol) was added in
small portions. After 19 hours, H,O (100 cm?) was added drop-
wise and the mixture was stirred 10 minutes. Then THF
was removed and the product was extracted with DCM
(3 x 100 em?®). The reunited organic layers were washed with
brine (50 c¢cm®) and dried over MgSO,. The volatiles were
removed and the product was purified by flash chromato-
graphy on silica gel (eluent: petroleum ether/EtOAc = 1:1 to
petroleum ether/EtOAc = 1:4) to give 2,2’-((((3S5,65)-1,8-di-
phenylocta-1,7-diyne-3,6-diyl )bis(oxy))bis(methylene))dipyridine 16
(1.27 g, 2.69 mmol, yield: 96%) as colourless solid.
M.p. 64.2-66.4 °C. [a]¥ —88.6 (¢ 0.50, CHCl;). IR(ear) 3058,
2966, 2931, 2893, 2868, 2836, 2220, 1591, 1571, 1489, 1476,
1457, 1441, 1388, 1343, 1329, 1299, 1242. &y (500 MHz,
CDCl;), 8.56 (2H, d, J = 4.9 Hz, PyH), 7.68 (2H, td, J = 7.7, 1.7
Hz, PyH), 7.51 (2H, d, J = 7.8 Hz, PyH), 7.40-7.46 (4H, m, ArH),
7.23-7.34 (6H, m, ArH), 7.18 (2H, dd, J = 6.9, 5.3 Hz, PyH), 5.02
(2H, d, J = 13.3 Hz, PyCHH), 4.74 (2H, d, J = 13.3 Hz, PyCHH),
4.49-4.61 (2H, m, CHOR), 2.11-2.32 (4H, m, CH,). &¢
(125 MHz, CDCl;), 158.4 (C), 148.9 (CH), 136.6 (CH), 131.8
(CH), 128.4 (CH), 128.2 (CH), 122.5 (C), 122.3 (CH), 121.5 (CH),
87.4 (C), 86.5 (C), 71.5 (CH,), 69.8 (CH), 31.6 (CH,). m/z (ESI)
[M + H]", 473.2; [M + Na]’, 495.2. HRMS (ESI-Q-TOF) m/z: [M +
Na]" caled for C5,H,5N,0,Na 495.2043; found 495.204.
Tricarbonyl-((4S,7S5)-1,3-diphenyl-4,7-bis( pyridin-2-
ylmethoxy)-4,5,6,7-tetrahydro-2H-inden-2-one) iron 14.

o) | X

. Ph N
e

Ph N |
(CO)sFe X

This compound is novel. In an ACE pressure tube under a
nitrogen atmosphere 2,2’-((((35,65)-1,8-diphenylocta-1,7-diyne-
3,6-diyl)bis(oxy))bis(methylene))dipyridine 16 (500 mg,
1.06 mmol) was dissolved in anhydrous toluene (5 cm?®) pre-
viously degassed by freeze-pump-thaw cycles. Fe(CO)s
(0.79 c¢cm®, 5.86 mmol) was added, the pressure tube was
sealed and the mixture was heated at 130 °C. After 24 hours
the mixture was cooled to room temperature and the pressure
tube was carefully opened into the fumehood to release CO
pressure. Then the mixture was diluted with EtOAc (15 cm?)
and filtered through a Celite plug washing through with EtOAc
(100 ecm?®). The volatiles were removed and the product was
purified by flash chromatography on silica gel (eluent: EtOAc
to EtOAc/MeOH = 9/1) to give tricarbonyl-((4S,7S)-1,3-diphenyl-
4,7-bis( pyridin-2-ylmethoxy)-4,5,6,7-tetrahydro-2H-inden-2-one)
iron 14 (485 mg, 0.76 mmol, yield: 72%) as an orange solid.
M.p. 55.6 °C dec. [a]Z’ +82.3 (¢ 0.52, CHCL). IR(ear) 3056,
3013, 2931, 2864, 2062, 1983, 1633, 1590, 1571, 1499, 1475,
1435, 1388, 1362, 1329 cm ™. 8y (500 MHz, CDCl;), 8.53 (1 H,
dq, J = 4.9, 0.8 Hz, PyH), 8.47 (1 H, dq, J = 4.9, 0.6 Hz, PyH),
7.78-7.83 (2 H, m, ArH), 7.71-7.77 (2 H, m, ArH), 7.58 (1 H, td,

This journal is © The Royal Society of Chemistry 2017
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J = 7.7, 1.7 Hz, PyH), 751 (1 H, td, J = 7.7, 1.7 Hz, PyH),
7.27-7.42 (6 H, m, ArH), 7.18 (1 H, ddd, J = 7.3, 5.0, 0.8 Hz,
PyH), 7.14 (1 H, ddd, J = 7.3, 5.0, 0.8 Hz, PyH), 7.03 (1 H, d, J =
7.8 Hz, PyH), 6.71 (1 H, d, J = 7.8 Hz, PyH), 4.82 (1 H, t, J =
3.2 Hz, CHOR), 4.73 (1 H, d, J = 12.1 Hz, PyCHH), 4.60 (1 H, d,
J = 12.1 Hz, PyCHH), 4.57 (1 H, d, J = 12.1 Hz, PyCHH), 4.52
(1 H, t,J = 3.3 Hz, CHOR), 4.28 (1 H, d, J = 12.1 Hz, PyCHH),
2.14-2.35 (3 H, m, CH,), 2.03-2.12 (1 H, m, CH,). é¢ (125 MHz,
CDCly), 208.16 (C), 170.08 (C), 157.18 (C), 156.91 (C), 148.93
(CH), 148.80 (CH), 136.60 (CH), 136.50 (CH), 131.23 (C), 131.06
(C), 130.08 (CH), 129.71 (CH), 128.38 (CH), 128.34 (CH), 128.02
(CH), 122.62 (CH), 122.52 (CH), 122.25 (CH), 121.69 (CH),
100.15 (C), 100.08 (C), 83.28 (C), 81.69 (C), 72.82 (CH,), 72.62
(CH,), 70.80 (CH), 68.74 (CH), 22.09 (CH,), 21.98 (CH,). m/z
(ESI) [M + HJ, 641.1; [M + Na]’, 663.1. HRMS (ESI-Q-TOF) m/z:
[M + Na]' caled for CzesH,gFeN,OgNa 663.1190; found
663.1191.
Dicarbonyl-((4S,7S)-1,3-diphenyl-4,7-bis( pyridin-2-

ylmethoxy)-4,5,6,7-tetrahydro-2H-inden-2-one) iron 17.

o) X

This compound is novel. In an round bottom flask under a
nitrogen atmosphere, tricarbonyl-((4S,75)-1,3-diphenyl-4,7-bis
(pyridin-2-ylmethoxy)-4,5,6,7-tetrahydro-2H-inden-2-one) Iron
14 (500 mg, 0.78 mmol) was dissolved in anhydrous DCM
(20 em®). Then trimethylamine N-oxide (77 mg, 1.10 mmol)
was added and the reaction mixture was stirred for 1 hour and
the volatiles were removed. The product was purified by flash
chromatography on silica gel (eluent: hexane/EtOAc = 3:7 to
1:4) to give dicarbonyl-((4S,7S)-1,3-diphenyl-4,7-bis( pyridin-2-
ylmethoxy)-4,5,6,7-tetrahydro-2H-inden-2-one) iron 17 (386 mg,
0.63 mmol, yield: 81%) as orange solid. M.p. 150 °C dec.
[a]¥’ +985.3 (c 6.8 x 107°, CHCL). IRgeaq) 3095, 3077, 3052,
2988, 2952, 2910, 1992, 1934, 1617, 1597, 1571, 1497, 1477,
1447, 1437, 1393, 1367, 1314, 1242 cm™ .

5y (500 MHz, CDCl,), 8.62 (1H, d, J = 5.0 Hz, PyH), 8.40 (1H,
d, J = 4.3 Hz, PyH), 7.82-7.88 (2H, m, ArH), 7.48-7.58 (3H, m,
2x ArH and 1x PyH), 7.45 (1H, dd, J = 7.7, 1.7 Hz, PyH),
7.20-7.32 (3H, m, ArH), 7.18 (1H, d, J = 6.9 Hz, PyH), 7.07 (1H,
dd, J = 6.7, 5.2 Hz, PyH), 6.95-7.02 (3H, m, ArH), 6.76 (1H,
ddd, J = 7.3, 6.0, 1.4 Hz, PyH), 6.55 (1H, d, J = 7.8 Hz, PyH),
5.65 (1H, d, J = 13.0 Hz, PyCHH), 5.32 (1H, d, J = 4.4 Hz,
CHOR), 4.71-4.79 (2H, m, 1x PyCHH and 1x CHOR), 4.42 (1H,
d, J = 12.0 Hz, PyCHH), 3.93 (1H, d, J = 12.0 Hz, PyCHH), 2.65
(1H, tt, J = 14.4, 3.0 Hz CHH), 2.54 (1H, tdd, J = 14.4, 5.6, 3.5
Hz CHH), 2.43 (1H, dq, J = 14.4, 3.0 Hz, CHH), 2.22-2.31 (1H,
m, CHH). é¢ (125 MHz, CDCl3), 217.0 (C), 211.6 (C), 168.7 (C),
162.3 (C), 159.7 (CH), 157.5 (C), 148.5 (CH), 138.1 (CH), 136.4
(CH), 133.5 (C), 132.0 (C), 129.4 (CH), 128.3 (CH), 128.0 (CH),
127.7 (CH), 127.2 (CH), 126.0 (CH), 125.5 (CH), 124.6 (CH),
122.3 (CH), 121.8 (CH), 99.4 (C), 82.7 (C), 81.7 (C), 73.1 (CH,),
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71.5 (C), 70.7, 69.3 (CH,), 69.1 (CH), 27.5 (CHy), 23.9 (CHy).
m/z (ESI) [M + H]', 613.1; [M + Na]’, 635.1. HRMS (ESI-Q-TOF)
mizz [M + H]" caled for CssH,oFeN,Os 613.1421; found
613.1427.

2,2"-((((38,6S)-1,8-Diphenylocta-1,7-diyne-3,6-diyl )bis(oxy))bis
(methylene))diquinoline 19.

This compound is novel. In an round bottom flask under a
nitrogen atmosphere (3S,6S5)-1,8-diphenylocta-1,7-diyne-3,6-
diol 15 (1.00 g, 3.44 mmol) was dissolved in anhydrous DMF
(40 cm?®). The mixture was cooled at 0 °C and NaH (60% in
mineral oil, 826 mg, 20.65 mmol) was added in small por-
tions. Then and 2-(chloromethyl)quinoline hydrochloride
(1.56 g, 7.94 mmol) was added in small portions and the
reaction mixture was warmed at room temperature. After
24 hours, NH,Cl aqueous (30 cm®) and H,O (50 cm?) were
added. The product was extracted with 3 x 150 cm® and the
reunited organic layers were washed with 3 x 100 cm?® of
H,O0. The volatiles were removed and the product was puri-
fied by flash chromatography on silica gel (eluent: pentane/
EtOAc = 9:1 to 3:7) to give 2,2'-((((35,65)-1,8-diphenylocta-
1,7-diyne-3,6-diyl)bis(oxy))bis(methylene))diquinoline 19
(1.52 g, 2.65 mmol, yield: 77%) as brown solid which was
enough pure by NMR to be used without further purifi-
cation. A sample for full characterisation was purified by
double crystallisation from hot hexane giving a white solid.
M.p. 98.4-99.6 °C. [a]Z® —148.0 (¢ 0.66, CHCl;). IR(near) 3056,
2961, 2937, 2868, 2228, 1735, 1709, 1616, 1596, 1561, 1503,
1490, 1444, 1425, 1384, 1335, 1313, 1254, 1228, 1206.
6y (500 MHz, CDCl3), 8.13 (2H, d, J = 8.5 Hz, ArH), 8.05 (2H,
d, J = 8.5 Hz, ArH), 7.78 (2H, d, J = 8.1 Hz, ArH), 7.64-7.73
(4H, m, ArH), 7.48-7.54 (2H, m, ArH), 7.38-7.44 (4H, m,
ArH), 7.24-7.33 (6H, m, ArH), 5.17 (2H, d, J = 13.3 Hz,
ArCHH), 4.92 (2H, d, J = 13.3 Hz, ArCHH), 4.57-4.68 (2H, m,
CHOR), 2.18-2.36 (4H, m, CH,). 6¢ (125 MHz, CDCl;), 159.1
(C), 147.4 (C), 136.6 (CH), 131.8 (CH), 129.5 (CH), 128.9
(CH), 128.4 (CH), 128.2 (CH), 127.6 (CH), 127.5 (C), 126.2
(CH), 122.5 (C), 119.6 (CH), 87.5 (C), 86.7 (C), 72.2 (CH,),
70.0 (CH), 31.7 (CH,). m/z (ESI) [M + H]', 573.2; [M + Na]’,
595.2. HRMS (ESI-Q-TOF) m/z: [M + H]" caled for
C4oH33N,0,N 573.2537; found 573.2537.
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Tricarbonyl-(4S,7S5)-1,3-diphenyl-4,7-bis(quinolin-2-
ylmethoxy)-4,5,6,7-tetrahydro-2H-inden-2-one iron 18.

N=
o] \_/
Ph
e
Ph‘ _
o
(CO)sFe N\ _/

This compound is novel. In an ACE pressure tube under a
nitrogen atmosphere 2,2’-((((3S,6S)-1,8-diphenylocta-1,7-diyne-
3,6-diyl)bis(oxy))bis(methylene))diquinoline 19 (400 mg,
0.70 mmol) was dissolved in anhydrous toluene (5 cm?®) pre-
viously degassed by freeze-pump-thaw cycles. Fe(CO)s
(0.47 cm®, 3.49 mmol) was added, the pressure tube was
sealed and the mixture was heated at 130 °C. After 22 hours
the mixture was cooled to room temperature and the pressure
tube was carefully opened into the fumehood to release CO
pressure. Then the mixture was diluted with EtOAc (15 ¢cm?)
and filtered through a Celite plug washing through with EtOAc
(100 cm®). The volatiles were removed and the product was
purified by flash chromatography on silica gel (eluent:
pentane/EtOAc = 1:1 to 3:7) to give tricarbonyl-(4S,75)-1,3-
diphenyl-4,7-bis(quinolin-2-ylmethoxy)-4,5,6,7-tetrahydro-2H-
inden-2-one iron 18 (244 mg, 0.33 mmol, 47%) as yellow/
orange solid. M.p. 74.7 °C dec. [a]y +23.0 (¢ 0.10, CHCL).
IR(near) 3056, 2930, 2862, 2064, 2011, 1988, 1733, 1633, 1599,
1565, 1501, 1442, 1427, 1364, 1311, 1218, 1070 cm .
Sy (500 MHz, CDCl;), 7.91-8.07 (4H, m, ArH), 7.75-7.82 (6H,
m, ArH), 7.63-7.75 (2H, m, ArH), 7.49-7.58 (2H, m, ArH),
7.27-7.39 (6H, m, ArH), 7.08 (1H, d, J = 8.4 Hz, ArH), 6.75 (1H,
d, J = 8.4 Hz, ArH), 4.85-4.95 (2H, m, 1x CHOR and 1x
ArCHH), 4.76 (2H, dd, J = 15.2, 12.1 Hz, ArCHH), 4.60-4.65
(1H, m, CHOR), 4.47 (1H, d, J = 12.1 Hz, ArCHH), 2.18-2.40
(3H, m, CH,), 2.08-2.15 (1H, m, CH,); éc (125 MHz, CDCl;),
208.2 (C), 170.1 (C), 157.7 (C), 157.4 (C), 147.3 (C), 147.2 (C),
136.6 (CH), 136.5 (CH), 131.2 (C), 131.1 (C), 130.2 (CH), 129.64
(CH), 129.57 (CH), 129.0 (CH), 128.9 (CH), 128.44 (CH), 128.40
(CH), 128.1 (CH), 127.6 (CH), 127.53 (C), 127.50 (C), 126.5
(CH), 126.4 (CH), 120.1 (CH), 119.5 (CH), 100.2 (C), 100.0 (C),
83.5 (C), 81.6 (C), 73.4 (CH,), 73.3 (CH,), 71.0 (CH), 69.0
(CH), 22.2 (CH,), 22.1 (CH). m/z (ESI) [M + HJ|', 741.2;
[M + Na]', 763.2. HRMS (ESI-Q-TOF) m/z: [M + H]" caled for
CasH33FeN,Oq 741.1683; found 741.1670.
1,8-Bis(2-methoxyphenyl)octa-1,7-diyne-3,6-dione 22.

This compound is novel. In a round bottom flask under a
nitrogen atmosphere 1-ethynyl-2-methoxybenzene 20 (0.5 cm?,
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3.86 mmol) was dissolved in anhydrous THF (10 cm®). The
mixture was cooled at —78 °C and n-butyllithium (2.5 M in
hexanes, 1.55 cm®, 3.88 mmol) was added dropwise. The
mixture was warmed to room temperature and stirred at this
temperature for 1 hour. Then the mixture was cooled to 0 °C
and transferred via cannula dropwise to a flask containing N,
N'-dimethoxy-N',N*-dimethylsuccinamide 21 (359 mg,
1.76 mmol) dissolved/suspended in THF (15 cm?®) at —78 °C.
After 5 minutes the mixture was warmed at room temperature
and stirred at this temperature for 90 minutes. Then the
mixture was cooled to —40 °C and saturated NaHCO; aqueous
solution (10 cm®) was added. The mixture was warmed to
room temperature and H,O (30 cm®) was added. The product
was extracted with DCM (3 x 50 cm?) and the reunited organic
layers were washed with brine (50 cm®) and dried over Na,SO,.
The volatiles were removed and the product was purified by
filtration through a silica plug washing with DCM to give
1,8-bis(2-methoxyphenyl)octa-1,7-diyne-3,6-dione 22 (458 mg,
1.32 mmol, yield: 80%) as colourless solid.

M.p. 128.8-130.1 °C. IR(near) 2983, 2948, 2919, 2840, 2183,
1656, 1593, 1569, 1488, 1460, 1427, 1402, 1314, 1282, 1252,
1216 cm™". 8y (500 MHz, CDCl3), 7.52 (2H, dd, J = 7.5, 1.2 Hz,
ArH), 7.39-7.46 (2H, m, ArH), 6.85-6.99 (4H, m, ArH), 3.90 (6H,
s, CH;), 3.15 (4H, s, CH,). 6c (125 MHz, CDCl;), 185.4 (C),
161.6 (C), 135.0 (CH), 132.6 (CH), 120.6 (CH), 110.8 (CH), 109.0
(C), 91.5 (C), 89.1 (C), 55.8 (CH;), 39.2 (CH,). m/z (ESI)
[M + Na]" 369.0. HRMS (ESI-Q-TOF) m/z: [M + Na]" caled for
C,,H,304Na 369.1097; found 369.1094.

(38,6S)-1,8-Bis(2-methoxyphenyl)octa-1,7-diyne-3,6-diol 24.

This compound is novel. In an round bottom flask under a
nitrogen atmosphere 1,8-bis(2-methoxyphenyl)octa-1,7-diyne-
3,6-dione 22 (450 mg, 1.30 mmol) was dissolved in anhydrous
DCM (1.5 cm?®). [(S,S)-Teth-TsDpen-RuCl] 23 (8 mg,
0.013 mmol) and an azeotropic mixture of formic acid/triethyl-
amine (5 : 2 mixture, 1.5 cm?) were added. After 26 hours, satu-
rated NaHCOj; aqueous solution (5 em?) and H,O (5 cm?) were
added and the mixture was stirred 30 minutes. The product
was extracted with DCM (3 x 20 ¢cm®). The reunited organic
layers were washed with brine (15 cm®) and dried over Na,SO,.
The volatiles were removed and the product was purified by
flash chromatography on silica gel (eluent: petroleum ether/
EtOAc = 7:3 to 3:7) to give (35,65)-1,8-bis(2-methoxyphenyl)
octa-1,7-diyne-3,6-diol 24 (438 mg, 1.25 mmol, yield: 96%, dr =
98.3:1.7, >99% ee) as colourless solid. The enantiomeric and
diastereomeric excess were determined by HPLC analysis with
a ChiralPak IB column: 0.46 cm x 25 cm, mobile phase
EtOAc: hexane 3:2, flow rate 1 mL min~", temperature 30 °C,
UV detection at 4 = 254 nm; fg = 6.4 min (R,R), tz = 11.8 min
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