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Abstract: Asymmetric catalysis is an essential tool in modern chemistry, but increasing environmental
concerns demand the development of new catalysts based on cheap, abundant, and less toxic iron.
As a result, Knolker-type catalysts have emerged as a promising class of iron catalysts for various
chemical transformations, notably the hydrogenation of carbonyls and imines, while asymmetric
versions are still under exploration to achieve optimal enantio-selectivities. In this work, we report
a novel asymmetric design of a Knolker-type catalyst, in which the C,-rotational symmetric
cyclopentadienone ligand possesses chiral substituents on the 2- and 5-positions near the active
site. Four examples of the highly modular catalyst design were synthesized via standard organic
procedures, and their structures were confirmed with NMR, IR, MS, and polarimetry analysis.
Density functional theory (DFT) calculations were conducted to elucidate the spatial conformation
of the catalysts, and therewith to rationalize the influence of structural alterations. Transfer- and
Hj-mediated hydrogenations were successfully established, leading to appreciable enantiomeric
excesses (ee) values up to 70%. Amongst all reported Knolker-type catalysts, our catalyst design
achieves one of the highest ee values for hydrogenation of acetophenone and related compounds.

Keywords: asymmetric hydrogenation; homogeneous catalysis; iron; structural design;
conformational analysis; NMR spectroscopy; DFT

1. Introduction

The importance of asymmetric catalysis is emphasized by the Nobel Prize of 2001 awarded to
Noyori and Knowles, for their contributions to asymmetric hydrogenations [1,2]. Their efforts harvested
pivotal discoveries and developments, such as the enantioselective synthesis of the anti-Parkinson
drug Levodopamine [3]. Catalysts for these transformations generally rely on precious metals such
as ruthenium or rhodium, but the ever-increasing scale of global application in combination with
environmental concerns demands the development of new catalysts based on first-row transition
metals; preferably cheap, abundant, and less toxic iron [4-6].

Fortunately, many developments of iron-based catalysts have been conducted meanwhile by
the groups of Gao [7], Morris [8], Chirik [9] and Milstein [10], to name a few, and their sophisticated
ligand structures often show highly enhanced catalytic properties compared to simple iron salts or
iron pentacarbonyl [11]. However, perhaps the most versatile class of iron catalysts is derived from
n4-(cyclopentadienone) iron tricarbonyl complexes, which are often called “Knolker-type complexes”.
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Although iron compounds of such kind were synthesized for the first time in 1953 by Reppe and
Vetter [12], and revisited by several groups subsequently [13], it was the pioneering work of Knolker et al.
upon the delicate chemistry of ns-(1,3-bis(trimethylsilyl)-4,5,6,7-tetrahydro-2H-inden-2-one)iron
tricarbonyl (1a) [14-19], for which its trivial name “Knolker’s complex” became generally accepted
in literature. Ever since the discovery of Knolker’s complex possessing catalytic activity for the
hydrogenation of polarized double bonds by Casey and Guan in 2007 [20], this bifunctional iron
catalyst has received tremendous attention in modern research [13].

The modes of interaction between a Knolker-type catalyst and a substrate usually rely on an
‘outer-sphere’ coordination mechanism, as shown in Scheme 1 for hydrogenation [21-23]. When starting
from a Knolker-type complex (1), it first undergoes mono-decarbonylation by treatment with a base,
MesNO, or UV-light [24], to afford an unsaturated 16e species with a vacant site (2). Via the heterolytic
addition of (a) hydrogen (donor), followed by heterolytic cleavage, the metal center is oxidized from
Fe(0) to Fe(Il), while the 4-cyclopentadienone ligand turns into an aromatic ns-hydroxycyclopentadiene
moiety. As such, the bifunctional active species (3) is formed, featuring protic binding site on the ligand,
and a hydridic site on the iron. A polarized unsaturated substrate (e.g., a ketone) can then associate
onto these hydrogen atoms, initiating hydrogen transfer to furnish reduction product (e.g., alcohol),
while 2 is formed back.
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Scheme 1. Activation procedures and the catalytic cycle of a Knolker-type catalyst for the hydrogenation
of ketones, featuring the “concerted outer-sphere mechanism” for hydrogen transfer. Suitable hydrogen
donors can be dihydrogen, isopropyl alcohol, formic acid, and paraformaldehyde with water.

Following associative interactions conform this mechanism; the catalyst was found
applicable in both transfer and pressure hydrogenation [20,25,26], Oppenauer oxidation [27],
reductive amination [28], water-gas-shift-reactions [29], electro-reductions [30], alkylations [31],
photocatalysis [32], and enantioselective dual catalysis typically for allylic alcohols [33-38] with
formidable results. The capabilities of Knolker-type catalysts in asymmetric catalysis for normal ketones
and imines have also been explored [39], however, their performance regarding enantioselectivity are
generally found mediocre, as well for the corresponding ruthenium-based complexes (see Figure 1).
Hence, in order to make Knolker-type catalysts industrially more competitive for the production of
asymmetric fine chemicals, we considered further development a necessity.

To our knowledge, the first asymmetric catalyst of such kind is reported by Yamamoto et al. [40],
who designed ruthenium complexes derived from spirocyclic C-arylribosides. Shortly after,
cyclopentadienone metal complexes with different substituents on the 2,5-positions, and with an
enantiopure carbon center in the cyclic backbone of the ligand were developed by the group of
Wills [25,41]. In these early examples the ligand design did not allow complete blockage of one face of
the cyclopentadienone moiety, leading to diastereomeric mixtures of the complexes, and therefore to
rather low enantio-selectivities in catalysis.
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Figure 1. Overview of reported structures of asymmetric cyclopentadienone-ligated metal tricarbonyl
complexes, featuring ruthenium (top panel) and iron (bottom panel), and their best enantioselectivity
in asymmetric hydrogenation. * This result concerns the hydrogenation of imines.

In later years, this problem was circumvented with the use of ligands featuring a Cy-rotational
symmetry axis along the catalytically functional carbonyl bond, because for such a design coordination
of the metal to either face of the ligand will lead to the same complex. As such, higher catalytic
enantioselectivities could be achieved [42,43], with the best example featuring BINOL-derived
cyclopentadienone ligand provided by Gajewski et al. [44—46].

Alternatively, racemic mixtures of asymmetric ruthenium [47] and iron catalysts [48] with different
2,5-substituents were separated using preparative chiral HPLC chromatography, yielding batches of
both pure enantiomers. These catalyst versions achieved appreciable enantioselectivities for certain
substrates, however, they was not high enough to make them industrially relevant.

Meanwhile, different concepts had also emerged which derived their chirality from a different
chemical source to induce enantio-selectivity using a symmetric Knolker-type complex. Binaphthyl
phosphoric acids were employed as co-catalysts by the Beller group, and they achieved outstanding
enantiomeric excesses (ee) values over 90%. However, their system is only applicable to
imines [49-52], quinoxalines and benzoxazines [53]. Binaphthyl phosphoramides were coordinated to
a symmetric Knolker catalyst [24], as well as asymmetric iron complexes [42]. Furthermore, enzymatic
approaches have also been explored, for example iron-catalyzed hydrogenation in combination with
dynamic kinetic resolution using Candida antarctica Lipase B [54,55], but also covalent bonding of
Knolker-type catalysts into a Streptadivin enzyme [56]. However, the latter example rendered low to
moderate enantioselectivities.

By in-depth study of all available literature on asymmetric (cyclopentadienone)metal catalysts,
we deduced that desirable structural aspects are Cp-rotary symmetry of the ligand, and having the
chirality-inducing moieties closer located to the active site of the catalyst, in order to envision improved
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enantioselectivity by Knolker-type catalysts. Therefore, we hypothesize that a cyclopentadienone
ligand, bearing two identical enantiopure substituents on the 2- and 5-position with R,R or §,S
orientations only, could be a suitable design for this goal. To our knowledge, only one example of
such a design is reported for a ruthenium complex by Kim et al. [57], which possesses enantiopure
menthyl substituents. Surprisingly, the complexes in this work were not tested in any catalytic reaction,
and successive research upon ligand designs of this kind has been dormant for over a decade until now.

2. Results and Discussion

2.1. Design, Synthesis and Characterization of the Pre-Ligands and Catalysts

In our pursuit of designing a novel asymmetric Knélker-type catalyst, bearing a C;- rotational
symmetric cyclopentadienone ligand with chiral centers on the 2,5-positions (4), we considered
two conventional synthesis strategies by applying retrosynthetic analysis, as shown in Scheme 2.
Herein, Route A describes the formation of the desired iron complex from an iron carbonyl precursor
and a 3,4-aryl appended cyclopentadienone (5) [58], which could be obtained from the double
aldol condensation [59] of an R,R or S,S diastereopure (3,3’-substituted acetone (6), and an aril (7).
Alternatively, via Route B the iron complex with the desired structural features (4) can also be derived
from the 2 + 2 + 1 cycloaddition of an iron carbonyl precursor with a tethered dialkyne [60], containing
identically enantiopure groups on the termini (8). Such dialkyne pre-ligands can be obtained via
coupling reactions of enantiopure terminal alkynes (9) with a dihalide (10) [61-64].

o
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Scheme 2. Retro-syntheses of an iron cyclopentadienone complex, with optically active substituents on
the 2,5-positions of the ligand.

Although syntheses of compounds in accordance with the structure of 6 have been reported [65,66],
the acquisition of such diastereopure product in decent yields remains a significant challenge. On the
contrary, enantiopure terminal alkynes are easier to synthesize, because they possess only one chiral
center, and are readily available from commercial sources. For these reasons we selected Route B
to target the first examples of our asymmetric catalyst design. Herein, we considered enantiopure
1-substituted prop-2-yn-1-ols as the ideal synthon, because the possible combinations of 1-substituents
and applicable alcohol protection groups offer a broad variety of structures to tune the envisioned
catalyst. In addition, the dihalide synthon allows structural modularity in the backbone of the
cyclopentadienone ligand.

Considering the nature of the reaction steps in the total synthesis, a proper protection group for
the alcohol of the starting material is required to ensure chemical orthogonality against the strong base
required in the next step for alkynic proton abstraction, while a successful double C-C coupling with
the dihalide is a requisite to furnish the pre-ligand. In addition, a microwave-assisted procedure for
the complexation onto iron pentacarbonyl giving high yields was recently published [67]. These facts
led to the establishment of the total synthesis described in Scheme 3.
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Scheme 3. Total synthesis of a novel asymmetric iron cyclopentadienone complex series from
enantio-pure 1-substituted prop-2-ynols. R! = Me, Ph; R? = TIPS, TBDPS; R? = (CH,)4, (CH)s.

As the first example, R-but-3-yn-2-ol (11a) was protected with a triisopropylsylil (TIPS) group
using Corey’s conditions [68], affording the desired silyl ether product (12a) in 93% yield, and complete
preservation of the enantiopurity was confirmed by chiral GC-fid and polarimetry (Table 1).

However, the subsequent coupling reaction to produce the pre-ligand 13a proved to be far more
challenging. Although complete and selective abstraction of the alkynic proton be established in THF
using nBuLi, we experienced through numerous attempts that only iodides are sufficient leaving groups
for the alkyl dihalide reagent to achieve appreciable conversion. A strict temperature program featuring
the addition of nBuLi at =80 °C to react for 1 h allows complete deprotonation, followed by the addition
of 1,4-diiodobutane still at —80 °C, after which the resulting mixture is kept at 60 °C overnight to drive
the reaction. Moreover, delicate excess amounts of reagents (i.e., 12a > nBuLi >> 1,4-diiodobutane)
were essential to acquire bis-coupled product, and to minimize the remainder of mono-coupled
intermediate. Although having trace amounts of mono-coupled species in the crude product was
practically inevitable, separation over a long silica column ultimately provided chemo-pure 13ain a
commendable 89% yield. Polarimetry indicated enantiomeric excess of the R,R-diastereomer being
present in 13a, but no absolute diastereo-purity could be ensured, since the pre-ligand is too heavy for
GC-fid, and diastereomers of 13a could not be distinguished in NMR.

Table 1. Obtained yields and enantiomeric properties of the starting materials, silylated building blocks,
pre-ligands, and catalysts.

Isolated Enantiomeric Specific
Compound R R? R? Yield (%) Configuration R(I:tation
11a Me - - n/a R n/d
11b Ph - - n/a R n/d
11c Me - - n/a rac 0
12a Me TIPS - 92.7 R +96.1
12b Me TBDPS - 91.3 R +288.3
12¢ Ph TIPS - 85.5 R -14.8
12d Me TIPS - 76.3 rac 0
13a Me TIPS (CHy)4 89.1 R,R +122.6
13b Me TBDPS (CHy)4 38.7 RR +364.1
13¢ Ph TIPS (CHy)4 60.8 R,R -37.0
13d Me TIPS (CH,)3 70.3 R,R +131.9
13e Me TIPS (CHj)4 66.8 rac 0
14a Me TIPS (CHy)4 514 R,R +16.5
14b Me TBDPS (CHy)4 33.8 R,R +62.5
14c Ph TIPS (CHy)4 18.2 RR -107.5
14d Me TIPS (CH,)3 51.9 R,R +8.4
14el Me TIPS (CHy), 48.2 rac 0

1 14e serves as a collective abbreviation for all obtained diastereo-isomers in this reaction.

The complexation reaction of 13a with Fe(CO)s5 in a closed system at 140 °C by microwave
irradiation was carried on nevertheless, and the expected increase of pressure by CO release was indeed
observed within few hours. From the retrieved dark suspension a bright yellow solid was isolated
through column chromatography, and identified as a Knolker-type complex by the characteristic IR
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absorptions in the region of 1980-2070 cm™" for the iron-bound carbonyl vibration modes, plus the
vibration of 1630 cm™! for the ligand’s ketone. In addition, detected masses of 675.31648 Da and
697.29835 Da, corresponding to the protonated species and sodium ion, respectively, exhibited the
isotopic patterns of a mono-iron species. Altogether, with an optical rotation in polarimetry observed,
and with thorough 'H- and '*C-NMR analysis (vide infra), the successful synthesis of enantiopure
complex 14a with 51% yield was confirmed (see Appendix A).

The optimal reaction conditions and purification procedures found for all three synthetic steps
towards 14a were also applicable for certain structural variations of the building blocks and reagents
(Table 1). Protection of 11a with tert-butyldiphenyl silyl (TBDPS) group, followed by dicoupling onto
1,4-diiodobutane and complexation with iron pentacarbonyl afforded the more bulky complex 14b.
1-phenylprop-2-yn-1-ol (11b) was demonstrated as well to be an eligible building block for silylation,
and subsequent nBuLi-mediated coupling, which ultimately led to sterically- and electronically altered
complex 14c. Silyl ether 12a was also coupled to 1,3-diiodopropane, to finally afford complex 14d,
which possesses a smaller five-membered ring as backbone of its ligand. Furthermore, the use of
racemic but-3-yn-2-ol 11c in the total synthesis led to the diastereomeric mixture 14e. In total, the
syntheses of complex series 14a-d (Figure 2) give rise to a structural variation in each of R!, R?,
and R3, respectively, enabling the study of the influence of each separate R-group on the structural
conformation of the ligand, as well as enantioselectivity in catalysis (vide infra).

O‘TBDPS ~TIPS O‘TIPS O-TIps
: 1 O r8ppPs : r TIPS : 1 O qips : T TIPS

Fe CH Fe CH
oc/\ Hs oc/\ oc” [ Neo s //\ s
oc
14b 14c 14d 14e

Figure 2. Structures of the asymmetric Knolker-type complexes synthesized in this work. 14a serves as
the base case complex, while the fragments of 14b—e marked in red are structural alterations upon 14a.

NMR analysis was conducted as the main technique to verify the success of each step in the
total catalyst syntheses. In 'H-NMR (Figure 3, top), upon silylation of 11a—c the disappearance of
the alcohol signal, and the rise of silyl-appended hydrocarbon signals around 1 ppm were observed
for 12a—textbfd. The introduction of the alkyl tether via the coupling reaction then provided two
characteristic peaks between 1.5 and 2.5 ppm for 13a—textbfc (different signals for 13d). Finally,
in 3C-NMR the characteristic signals of Knolker-type complexes were observed for iron-bound
carbonyls between 200-210 ppm, and the cyclopentadienone carbonyl in the proximity of 170 ppm
(Figure 3, bottom).

However, the most significant effects were observed upon changing the molecular architecture of
the linear dialkyne into a bicyclic ring structure via the 2 + 2 + 1 cyclo-addition with iron pentacarbonyl.
As such, a spatial confinement of the bulky chiral substituents was created, while the C,-rotary
symmetry of the newly formed cyclopentadienone ligand is broken by coordination of iron to one
plane. This inflicted an intriguing splitting phenomenon with remarkably high differences in chemical
shift (A) for most of the signals in both 'H- and '*C-NMR. For the molecular fragments being
closer to the centers of asymmetry, notably R;, the methine groups of the 2,5-substituents, and the
cyclopentadienone carbons, Ab generally appeared to be larger (see the section ‘Materials and Methods’,
Appendix A, and the Supplementary Materials for in-depth details).
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Figure 3. TH-NMR (top) and 13C-NMR (bottom) spectra of compounds 11a, 12a, 13a, and 14a in CDCl;.

Similar signal patterns in the NMR spectra for complexes 14b—d were observed as well, but with
different chemical shifts and Ab splits, of which the most noteworthy ones are listed in Tables 2
and 3. Although these spectroscopic values are to an extent subjected to the electronic nature of the
molecular surroundings of their corresponding atoms, we believe that they are also affected by the
dihedral rotation of the chiral 2,5-substituents, as a result from structural variations in R}, R2, and R3.
Therefore, the comparison of complexes 14b-d with 14a could provide useful insights for each separate
structural deviation.

In general, a higher Ab for a signal in NMR is in accordance with a slower and less facile spatial
movement of the corresponding molecular group [69]. Although a clear trend for such peak segregation
is not easily recognized by taking all represented split signals into account, some observed NMR signals
may still be linked to possible structural properties. The heavier and sterically more encumbered
2,5-substituents of 14c¢ are expected to exhibit a more restricted dihedral rotation, which is in agreement
with the increased values for A% in 1>*C-NMR.

On the other hand, 14d possesses a fused five-membered ring as backbone of the ligand, which is
narrower than the fused six-membered ring of 14a, while R! and R? are identical for these complexes.
Remarkably, all A§ values (except for the methyl group in 'H-NMR) are significantly smaller than the
values observed for 14a. This result suggests a considerably more facile rotation of the 2,5-substituents
for 14d, which may be enabled by the narrower backbone of the ligand, and highlights the unexpectedly
significant effect of the R*>-group.

Regarding R!, no statement on the effect of certain silyl groups can be declared yet, whereas the
observed differences in Ad values for 14b are not understood at this moment, and the steric difference
(e.g., cone angles) between TIPS and TBDPS are rather similar [70]. For a better understanding, a larger
scope of alcohol protection groups for R! should be included in a future study.
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Table 2. Observed chemical shifts and values of AS of characteristic signal splitting in "H-NMR
spectroscopy for the synthesized iron complexes in CDCls.

TH-NMR
Complex Methine Methyl
8 (ppm) A% (Hz) & (ppm) AS (Hz)
14a 4.99 66.3 1.47 6.4
14b 4.82 85.7 1.32 6.4
14c 5.94 52.7 - -
14d 4.89 28.1 1.47 18.8

Table 3. Observed chemical shifts and values of Ad of characteristic signal splitting in 13C-NMR
spectroscopy for the synthesized iron complexes in CDCl;.

BC-NMR
Complex 34-Cp 2,5-Cp Methine Methyl
S (ppm) AS (Hz) S (ppm) AS (Hz) S (ppm) AS (Hz) S (ppm) AS (Hz)
14a 100.5 1139 87.2 61.2 64.1 194.6 25.2 261.2
14b 100.6 74.5 86.0 110.4 64.3 98.0 25.1 237.1
14c 99.8 156.4 87.7 248.0 69.2 223.6 - -
14d 105.5 60.6 88.4 28.0 64.5 52.6 27.6 52

The occurrence of such notable signal splitting in NMR spectra, as a result from the structural
asymmetry in these complexes, prompted us to investigate the diastereo-isomeric mixture 14e, which
was obtained from racemic building block 11c¢ through the total iron complex synthesis (Scheme 3).
Herein, 12d and 13e were analyzed and compared with their structural contenders from enantio-pure
sources, to confirm that their spectroscopic properties and masses are identical, but no optical rotation
in polarimetry can be detected (Table 1).

However, upon complexation of 13e with Fe(CO)s; a statistical mixture all possible
diastereo-isomers is expected, comprising the asymmetric R,R-complex 14a and its enantiomer
S,5-complex 14a’, as well as two meso-isomers: R,S-complex 14f and S,R-complex 14g, which are not
enantiomers of each other (Scheme 4). Because enantiomers 14a and 14a” exhibit identical molecular
environments and conformations, though mirrored, they cannot be distinguished from each other
by spectroscopy. In contrast, the pairs of chiral centers of symmetric compounds 14f and 14g have
opposite optical configurations pertaining to the iron core, which is expected to give different dihedral
rotations of their 2,5-substituents. Therefore, the diastereomerically racemic mixture 14e should display
three sets of signals in NMR spectroscopy, in theory.

TIPS TIPS T]PS O\TIPS TIPS O-Tips
* O * * 5 O &Kr
T]PS “TIPS
T U

Fe Me Me
oc / o oc / o
14a 14a' 14f
RR S (RS)
11¢ 12d RR) (02}
(rac) (rac) (RR/S, S//R S=S,R)

Scheme 4. Total synthesis of a diastereomeric mixture of (cyclopentadienone)iron complexes derived
from racemic but-3-yn-2-ol. Each colored box indicates a (group of) diastereo-isomer(s) that can be
distinguished by spectroscopic analysis. The collective mixture of 14a + 14a” + 14f (+ 14g) is denoted
as 14e.

The actual NMR spectra of 14e, however, only revealed two sets of signals, of which one set
belongs to both 14a and 14a’, which is in accordance with the absence of optical rotation in polarimetry.
The other set comprises non-split signals that are characteristic for a symmetric Knolker-type complex
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(see Supplementary Materials). In 3C-NMR, the new peaks at 209.35 ppm and 169.58 ppm were assigned
to the iron-bound carbonyls and the cyclopentadienone carbonyl, respectively. Clear singular peaks at
146.87 ppm, 101.39 ppm, and 87.76 ppm were also observed for the other pair of cyclopentadienone
carbons and the methine carbons, respectively (Figure 4, bottom). The 'H-NMR spectrum shows
through the doublet of quartets for the methine protons of 14a and 14a’ in the region of 5.0-5.2 ppm
another singular quartet at 5.08 ppm, in agreement with a symmetric species within 14e (Figure 4, top).
These observations evidence that only three out of four expected diastereo-isomers are formed.

M 1a ANV
Moll i, le /’WWJ

,‘J | iy 1 ‘ ‘

‘ b 14e

T T T
100 0 80 70 60 ppm

Figure 4. 'H-NMR spectrum of 14a and 14e in d8-toluene (top), and a zoom of the 3C-NMR spectrum
of compounds 14a, and 14e in CDCl3 (bottom).

The quartet signal for the symmetric diastereo-isomer rendered an integral of 1.3H compared
to 2H for 14a + 14a’, which is significantly higher than the statistically expected integral of 1.0H.
Since all synthesized complexes 14a—e were found stable in air at room temperature over the course of
several months, as well as during column chromatography over silica, this unusual diastereomeric
product distribution is not likely a result from decomposition during these stages. However, partial
decomposition during the synthetic reaction cannot be excluded, as incomplete mass balances of the
iron complexes but no unreacted pre-ligand were obtained.

Alternatively, we propose the possibility that one of the symmetric diastereomers, supposedly
14g, is sterically constrained to such an extent that ring closure of the alkynes cannot be achieved.
Steric restrictions of such kind have been reported for the formation of a similar cyclopentadienone
ruthenium complex as well [71]. In the case of 14g the bulky silyl groups are oriented towards the iron
core (deduced from its DFT structure, vide infra) inhibiting ring closure. However, rearrangement of
the alkynes onto the iron by dissociation, displacement, and re-coordination of one the alkyne moieties
may lead to the formation of 14f in extra quantities (Scheme 5), as observed in NMR.



Catalysts 2019, 9, 790 10 of 24

- Ve _
O-rips Me~O-TiPs
T N o
o O 1ips — o
OCy/ © -2CO “TIPS
0C—Re—CO /73\ Me
;‘TPS glps Meo / | odco | ococ o
— TIPS 14f
Re-association to (RS)
Fe(CO)s + ‘ ‘ ‘ ‘ — ==—.10 other face of diyne. g
\ve TIPS - B
OC. Me
OC*Fe\*CO ___luwo Me._.O~Tips
13f ¢oco : TIPS
(RS=SR) ==L .0. *» Ie)
\ive TIPS DA +Ospibg
OC. Fe Me
OC—-Fe—CO oc”/\
» co
oc COo ocC
- h 14g
(SR)

Scheme 5. Proposed complexation mechanism of mesomeric pre-ligand 13f with Fe(CO)s, yielding
complex 14f only. Herein, formation of complex 14g is excluded by steric aspects, and rearrangement
of the coordinated alkyne moieties of intermediate species leads to 14f as well.

Another important implication is that potential racemization during any stage of the total synthesis
would result in elimination of optical rotation, and the occurrence of more than one set of signals in
NMR spectroscopy, as partial racemization of 14a into 14f cannot be excluded in this scenario. This is
fortunately not the case for 14a—-d, which evidences preservation of chiral information through their
total synthesis, thus rendering these complexes enantio-pure.

2.2. Computational Structure Assessment of the Novel Catalyst Design

In order to assess the spatial conformation of complexes 14a—e a series of computational structure
optimizations were conducted in lieu of a crystal structure determination, since the acquisition of
suitable crystals of 14a—d proved very difficult. These calculations were conducted on DFT level using
they hybrid B3LYP function [72,73], and the LANL2DZ core potential [74,75] was applied on all atoms.

The optimized structure of 14a exhibits the typical “piano-stool” complex, featuring
n4-coordination of the cyclopentadienone ligand onto iron, as expected (Figure 5, left). The enantio-pure
2,5-substituents are rotated in different dihedral angles, in which the bulky TIPS-groups are directed
away from the core of the molecule, and the least sterically demanding methine hydrogens point
towards the backbone of the ligand. As such, one TIPS group is oriented endo with respect to the iron,
while the other is oriented exo, establishing the visibly asymmetric nature of the complex.

Assessment of the symmetric 14f and 14g diastereo-isomers reveals a conformational
change regarding the TIPS groups, as they are oriented exo—exo, and endo—endo, respectively.
These conformations bear different degrees of steric clashing, as the difference in Gibbs free energy
(AG) between 14f and 14g is 5.29 kcal'mol~!, and plausibly induces the formation of 14f only from the
mesomeric diastereo-isomer of 13e.

o

Figure 5. Optimized structures of complexes 14a (left), 14f, (middle), and 14g (right)}—which are each
other’s diastereo-isomers—derived from DFT calculations. Hydrogens are omitted for clarity.
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The optimized structures for 14b—d reveal a similar conformation compared to 14a, regarding
the orientation of the 2,5-substituents (Figure 6). Since the 2,5-substituents do possess some degree
of rotational freedom, which is assumed different for each complex, we defined the corresponding
dihedral angles 6 and ¢ for comparative reasons, as indicated in Figure 7.

-
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Figure 6. Optimized structures of complexes 14b (left), 14c’, (middle), and 14d (right) derived from

DEFT calculations. Hydrogens are omitted for clarity. The S,S-enantiomer of 14c was chosen to be
calculated for comparative reasons.
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Figure 7. General structures for complexes 14, decarbonylated complexes 15, and active catalysts 16, in
which angle 8 describes the dihedral angle along labeled atoms 14 for the left-hand chiral substituent
(as seen from top view), while ¢ describes the dihedral angle for the right-hand chiral substituent.

In addition, the structures for the (cyclopentadienone)iron dicarbonyl (15a-d) and
(hydroxycyclopentadiene)iron(Il) dicarbonyl hydride (16a—d) were optimized as well, because they are
more representative for the iron species within the catalytic cycle. Their values for 0 and ¢, and the
absolute difference between 0 and ¢, are listed in Table 4. From the overview it can be seen that for
complexes 14 and 15 the endo-oriented substituent is affected the most upon structural variation, as
indicated by 6. Moreover, the rotations of 6 and ¢, and the increased angle of |8 — ¢| for 14¢” and 15¢’
deviate a lot from those of the other complexes. These observations indicate that 14c is significantly
more constrained in rotational freedom than the other complexes, which is complementary to the
deductions from NMR-analysis and enantioselectivity in catalysis (vide infra), concerning 14c.

Table 4. DFT-computed dihedral angles of the 2,5-substituents of the cyclopentadienone ligand.

Entry LFe(CO); (14) LFe(CO)1[vac] (15) (LH)FeH(CO); (16)
0 () o) 10— 00 e 10— 00) e 10-gl

a ~1332  -766 566 1356 807 549  -1687  —-808 87.9
b ~1425  -781 643  -127.6  -84.6 430  -1692  -866 82.6
< ~1592  -90.8 684  -1550  -92.8 623  -169.0  -965 72.5
d ~1325  -775 549  -1298  -80.0 498 1701  -824 87.7
f 754 754 0.0

g ~1352 1349 0.3 n/a n/a

Therefore, DFT may serve as a preliminary tool for asymmetric Knélker complexes of this kind,
to predict the enantioselectivity of one complex relative to another. However 16a—d all exhibit a very
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similar rotation for 6 of about 170°. This is attributed to hydrogen bonding between the hydroxy group
and the oxygen of the left-hand chiral substituent, and may qualify structures 16a—d unsuitable to base
predictions upon.

2.3. Performance of the Catalysts in Asymmetric Hydrogenation

To probe the catalytic abilities of the synthesized complexes, the reduction of the representative
substrate acetophenone was targeted. Initial experimentation conducted using the base case complex
14a in transfer hydrogenation with isopropyl alcohol (iPrOH) as hydrogen donor.

Since this reaction is subject to the Meerwein—-Ponndorf-Verley (MPV) equilibrium, a substantial
amount of excess iPrOH is required to drive the reaction forward [76]. Several amounts of iPrOH
were tested at 80 °C (Table 5, Entries 1-4), which afforded modest conversions up to 24% for the most
concentrated reaction mixture. To our delight, enantiomeric excesses (ee) of 40% in average favoring
S-1-phenylethanol production were achieved, with slightly better enantioselectivities for more dilute
systems. To find a suitable mitigation between conversion and enantioselectivity, 10 equivalents of
iPrOH (10% substrate dilution) was selected for further experiments. Herein, addition of solvent
without hydrogen-donative properties showed even further inhibition of conversion (Entries 5 and 6),
while variation of the temperature indicated slightly better enantioselectivity at lower temperatures
(Entries 7 and 8). Moreover, the advanced conversion upon higher temperature suggests that the MPV
equilibrium was not reached within 24 h, thus the reaction proceeds rather slowly.

Table 5. Asymmetric transfer hydrogenation of acetophenone catalyzed by complex 14a.

(@) 1% 14a, 3% TMAO
)\ =
> /\@
solvent, T, 24h
Entry Solvent equiv. Temperature Conversion Enantiomeric
iPrOH O (%) (%) Configuration
11 none 25 80 24 36 S
21 none 10 80 15 41 S
31 none 17.5 80 9 42 S
41 none 25 80 8 42 S
52 toluene 10 80 7 39 S
62 tBuOH 10 80 3 42 S
7 none 10 100 25 40 S
8 none 10 60 11 45 S

1 With different amounts of iPrOH under solvent-free conditions, these concentrations vary accordingly. 2 Delicate
solvent volumes were added to afford the same concentration as in Entry 4.

In order to boost the reaction rates, and to eliminate the MPV equilibrium for allowing higher
conversions, pressure hydrogenation using 50 bar Hy was conducted subsequently. Although
near-complete conversion was readily achieved, the ee was decreased to 33% (Table 6, Entry 1).
Variation of the solvent did not alter the enantioselectivity significantly, which appears a common factor
for Knolker-type catalysts with the origin of asymmetry in the cyclopentadienone ligand [39], while the
enantioselectivity for other types of catalysts is sometimes more susceptible to solvent effects [77].
However, significantly lower conversions were observed in methanol and 2-methyltetrahydrofuran
(Entries 2-5).

Comparative screening of 14a—e at 80 °C rendered 99% conversion for all catalysts, while ee
values varied from 21% to 41% ee in the order 14c > 14a > 14b > 14d (Entries 6-8). Upon decreasing
the temperature to 60 °C, lower conversions are attained in the order of 14d > 14a > 14b > 14c.
The corresponding ee values still showed the same trend with respect to the catalyst structures, but
rendered significantly higher with a commendable peak of 62% for 14c. (Entries 9-12).
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Table 6. Iron-catalyzed asymmetric pressure hydrogenation of acetophenone.

(0]
1% [Fe], 3% TMAO, H,

>
Solvent, T, P(Hy) 24h

Temperature H; Pressure  Conversion Enantiomeric

Entry Catalyst Solvent ?’C) (bar) (%) (%) Configuration
1 14a iPrOH 80 50 99 33 S
2 14a MeOH 80 50 5 30 S
3 14a EtOH 80 50 99 33 S
4 14a toluene 80 50 99 33 S
5 14a 2-MeTHF 80 50 65 30 S
6 14b iPrOH 80 50 99 21 S
7 14c iPrOH 80 50 99 41 R
8 14d iPrOH 80 50 99 21 S
9 14e iPrOH 80 50 99 0 -
10 14a iPrOH 60 50 74 40 S
11 14b iPrOH 60 50 29 36 S
12 14c iPrOH 60 50 14 62 R
13 14d iPrOH 60 50 97 34 S
141 14a iPrOH 60 1 45 44 S
151 14a iPrOH 22 1 4 60 S

! The reaction was carried out in a Schlenk flask, equipped with a H-filled balloon.

Moreover, the outcome of these catalyst-screening experiments suggest few structural trends:
(1) an increased bulkiness of the asymmetric 2,5-substituents seems to enhance enantioselectivity,
but at the cost of conversion, notably for 14c; (2) alteration of the ligand’s backbone (i.e., R%) again
proves to be a more dominating factor than expected, as seen for 14d versus 14a. Furthermore, balloon
experiments indicate that even milder conditions (e.g., H, pressure, temperature) can already achieve
a decent mitigation between conversion and ee (Entries 14-15).

With the influences of the investigated reaction conditions upon the yield and enantioselectivity
for acetophenone hydrogenation using 14a-d now known, the most representative circumstance
was selected to assess the catalytic performance for hydrogenation of different substrates. Several
substituted acetophenone derivatives with varying electronic properties were screened (Table 7,
Entries 1-5), as well as differently substituted ketones (Entries 6-9), and bio-derived methyl levulinate
(Entry 10).

Decent to complete conversions were obtained using catalyst 14a, and enantio-selectivity favoring
the S-product was always observed. Compared to the acetophenone hydrogenations, lower ee values
were generally observed for the substituted analogues of this substrate, however, hydrogenation
of 2,6-dihydroxyacetophenone and propiophenone rendered 47% ee. Low enantio-selectivity was
observed towards non-aromatic substrates such as tert-butyl methyl ketone and methyl levulinate.
Some substrates were subjected to catalysts 14c and 14d additionally. These examples followed a
general trend, that 14c is a more selective but less active catalyst, and 14d is slightly less selective than
14a. Herein, the 14c-catalyzed hydrogenation of propiophenone yielded the highest enantioselectivity
obtained in this work, rendering 70% ee.
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Table 7. Substrate scope for the iron-catalyzed asymmetric pressure hydrogenation.
1% [Fe], 3% TMAO

) H, (50 bar) OH
U > .
R™ R iproH, s0°c, 24h R R
Entry Substrate Catalyst Conversion (%) Ee (%) Enantiomeric Configuration
(6]
1 Q)K 14a 99 29 S
MeO
(o]
2 QA 14a 66 26 S
O,N
O
3 Q)K 14a 97 29 S
Br
(0]
- 14a 97 38 S
4 3
14c 93 56 R
14d 72 34 S
CF,
OH O
5 @fk 14a 99 47 S
OH
O o 14a 69 26 S
6 O 14c 32 63 R
14d 95 23 S
O
. 14a 100 14 S
O
] 14c 41 28 R
\
8 i 14a 100 3 S
}A 14c 2 22 R
0 14a 98 47 S
9 14c 53 70 R
14d 68 38 S
O
101 o 14a 50 1 S
14c 32 4 R
(0]

! The reaction temperature was 80 °C.

3. Materials and Methods

3.1. General Statements

(R)-but-3-yn-2-ol (99% pure, >99.5% ee); (R)-1-phenylprop-2-yn-1-ol (99% pure, >99.5% ee);
(rac)-but-3-yn-2-ol (99% pure); triisopropylsilyl chloride (97% pure); tert-butyldiphenylsilyl chloride
(98% pure); imidazole (99% pure); n-butyllithium (1.6 M in hexanes); 1,4-diiodobutane (98% pure);
1,3-diiodopropane (98% pure); iron pentacarbonyl (99% pure); diiron nonacarbonyl (99% pure);
trimethylamine-N-oxide (99% pure); acetophenone (>99% pure) were purchased from Sigma Aldrich
(St. Louis, MO, USA) verified by NMR (Bruker, Billerica, MA, USA) and chiral GC-fid (Hewlett Packard,
Palo Alto, CA, USA), and used without further purification. Ketones in the substrate scope were
obtained from miscellaneous sources. Dry DCM was purchased from Sigma Aldrich (St. Louis,
MO, USA); dry THF and dry toluene were drawn from a SPS MBraun solvent dispenser (Garching,
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Germany), and were always verified to contain <100 ppm water by titration using a Mettler Toledo
C30S Compact Karl Fischer Coulometer (Columbus, OH, USA). All other solvents were HPLC-grade
pure, and were purchased from Biosolve (Valkenswaard, The Netherlands).

All organic reactions were performed in oven-dried glassware under a N, atmosphere using
Schlenk techniques. Complexation reactions were performed in pressure tubes equipped with a
magnetic stirring bar and a crimp-cap septum, using a Biotage Initiator + microwave.

Thin layer chromatography was conducted using aluminum TLC plates, coated with um 60 mesh
normal phase silica and fluorescent indicator F254. Column chromatography was conducted manually
using glass columns and 80-200 pm mesh silica.

NMR spectra were recorded on a Bruker AVANCE-300 Ultra Shield spectrometer (Billerica,
MA, USA), 300 MHz for 'H-NMR and 75 MHz for 3C-NMR at 25 °C. FI-IR were recorded
on a Shimadzu Miracle 10 FT-IR spectrometer (Kyoto, Japan) in the range of 400-4000 cm™!.
Mass spectrometry was conducted using a Bruker solariX XR FT-ICR-MS mass-spectrometer (Billerica,
MA, USA) with an ultra-high resolution over 10°. The applied MS parameters in positive mode
were as following. Capillary: 4.4 kV; end plate offset: —800 V; nebulizer: 1 bar, dry gas 4 L/min,
dry temperature 200 °C; mass range: 50-1000 Da. Samples were prepared by dissolving the compounds
in CH,Cl,—~CH3CN-CH3COOH (49.95-49.95-0.1 vol%).

Chiral organic products from the hydrogenation reactions were analyzed using a Hewlett
Packard 5890 Series II gas chromatograph (Palo Alto, CA, USA), equipped with a flame-ionization
detector, and a CP-Chirasil-Dex CB capillary column (length = 25 m; internal diameter = 0.25 mm;
film thickness = 0.25 mm). The heating program was 5 min at 40 °C, a ramp of 5 °C/min up to 200 °C
and a final 8 min at 200 °C. The (direction of) optical rotations of synthetic products and hydrogenation
reaction mixtures were measured using a Bellingham + Stanley ADP410 polarimeter (Kent, UK),
equipped with a 5.0 cm pathway sample chamber.

Computational calculations for all chemical geometries were performed by using the Gaussian
software package (Version 09, Gaussian Inc., Wallingford, CT, USA, 2015). Optimizations were
performed at the level of DFT by means of the hybrid B3LYP [72,73] functional and the basis set
LANL2DZ [74,75] was employed for all elements. All calculations were performed without freezing
any atom. Frequency calculations were performed for all stationary points at the same level to identify
the minima (zero imaginary frequencies) and transition states (TS, only one imaginary frequency) and
to provide free energies at 298.15 K and 1 atm.

3.2. General Procedure for the Synthesis of Alkynic Silyl Ethers 12a—c

In oven-dried glassware under a nitrogen atmosphere, alkynol 11 (12.4 mmol, 1.0 eq), and imidazole
(25 mmol, 2.0 eq) were dissolved together in 30 mL of dry DCM, and silyl chloride (14.5 mmol, 1.2 eq)
was dissolved separately in 15 mL of dry DCM. The alkynol/imidazole solution was cooled to 0 °C,
and the silyl chloride solution was added dropwise under vigorous stirring, upon which the formation
of imidazolyl chloride salt was observed quite readily. Nevertheless, the mixture was stirred overnight
at room temperature to ensure complete conversion. For workup, 20 mL of demineralized water was
added for quenching. The biphasic mixture was separated, and the aqueous layer was back-extracted
using 3 x 15 mL ethyl acetate. The combined organic phases were subsequently extracted using
3 x 30 mL of a saturated aqueous NH4Cl solution and dried over MgSO,. Upon concentration,
chromatography over a silica column (+30 cm X 1 cm) using pure hexane as eluent, and thorough
rotary vaporization the pure product was obtained. Staining with KMnOj/alkaline solution is required
to visualize the product in TLC.

3.3. General Procedure for the Synthesis of Pre-Ligands 13a—e

NOTE: For a successful reproduction, it is essential to ensure absolutely dry conditions, and to
apply the stoichiometry of reagents and the temperature programming exactly as described below!
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In oven-dried glassware under a nitrogen atmosphere, alkynic silyl ether 13 (6.0 mmol, 4.0 eq)
was dissolved in 20 mL of dry THEF, and diiodo alkane (1.5 mmol, 1.0 eq) was dissolved separately in
10 mL of dry THE. The alkynic silyl ether solution was cooled to —80 °C using an isopropanol/liquid
N, bath, and a commercial solution of n-butyllithium 1.6 M in hexanes (9.1 mL, 5.7 mmol, 3.8 eq)
was added dropwise over a course of 10 min. The reaction was kept at —80 °C for 60 min to achieve
complete alkyne deprotonation. Then, the diiodo alkane solution was added dropwise at —80 °C
under inert conditions, and the resulting reaction mixture was slowly heated to 60 °C subsequently,
and allowed to react for 18 h. For workup, the reaction mixture was quenched with 5 mL of a saturated
aqueous NHyCl solution and 10 mL ethyl acetate was added to promote better phase separation.
The biphasic mixture was separated, and the aqueous layer was back-extracted with 5 mL ethyl
acetate, and using 15 mL of a saturated aqueous NH4Cl solution and dried over MgSOy. The final
organic layer was dried using MgSO, and the solution was concentrated. The crude product was
purified by chromatography over a silica column (+80 cm X 2 cm) using 0-3% (slow increment) ethyl
acetate/hexane eluent. Rotary vaporization of the carefully selected chromatography fractions yielded
the pure dialkyne product, and the excess of alkynic silyl ether 12 could also be recovered for recycling.
Staining with KMnQy/alkaline solution is required to visualize the product in TLC.

3.4. General Procedure for the Synthesis of Iron Complexes 14a—e

CAUTION: This reaction builds up a significant pressure (+7 bar) of CO gas, and a very thorough
consideration on how to handle and neutralize this pressurized lethal gas is essential to warrant safety!
We used dedicated microwave equipment from Biotage®, which firmly clamps the crimp-cap onto the
vial, monitors the pressure in real-time, and has a steel-cage chamber equipped with a sponge to absorb
any potential leakage or explosion. We neutralized the CO-pressurized vials via: (1) ensuring that the
reaction mixture was cooled to room temperature; (2) applying a 10 mL syringe equipped with a Luer
lock and a thin needle to release the CO pressure manually, while keeping all materials deep inside
a well-ventilated fume hood. (Hold the syringe firmly with your thumb on the plunger, pierce the
septum carefully with the needle and collect the CO gas in the syringe in a controlled manner. Then,
withdraw the needle and release the CO gas from the syringe deep and high inside the fume hood
(the septum from Biotage® will close and withstand the remaining pressure). Repeat the manual CO
extractions with the syringe, until all pressure is released.); (3) Purging the headspace of the microwave
vial via needles using a balloon of nitrogen inside a well-ventilated fume hood. Then finally, the
crimp-cap can be safely removed from the vial.

A 30-mL glass pressure vial from with a stirring magnet was mounted inside a large Schlenk flask,
and the system was purged under a nitrogen atmosphere. Under outflow of a nitrogen stream, dialkyne
6 (1.2 mmol, 1.0 eq) and 15 mL of dry toluene, and finally Fe(CO)s5 (5 mmol, 4-5 eq) were added into the
pressure vial, and the vial was sealed using a dedicated crimp-cap septum. The mixture was reacted
by microwave irradiation to a constant temperature of 140 °C for 18 h, during which the formation of
CO pressure was observed to build up to 10 bar over the course of 4-8 h. After cooling down to room
temperature, the vial was still pressurized with 7 bar CO gas, which was very carefully released as
described above in the red ‘caution” section. The neutralized reaction mixture was passed through
a Celite column (+30 cm X 1 cm) using 100 mL ethyl acetate to remove solid iron carbonyl particles,
and resulting solution was pushed through a millipore filter subsequently to remove paramagnetic
iron nanoparticles. After removal of the ethyl acetate by rotary vaporization, the concentrated crude
product was purified by chromatography over a silica column (+50 cm X 2 ¢cm) using 0-5% ethyl
acetate/hexane eluent. Rotary vaporization of the product fractions yielded the pure Knolker-type iron
complex. Visualization of the product in TLC is possible under UV-light, but also by staining with
KMnQO,/alkaline solution.
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3.5. General Procedure for Transfer—Hydrogenation

In oven-dried Schlenk flasks under a nitrogen atmosphere, separate stock solutions of pre-catalyst
14a (0.052 M), Me3NO (0.156 M), in degassed isopropanol were prepared. Generally, 20.0 uL of these
stock solutions, 117 pL of acetophenone, aliquots of isopropanol, and optionally amounts of extra
solvent were added into oven-dried 5-mL Schlenk flasks under a nitrogen atmosphere to obtain the
ratios as described in Table 5. The reaction mixtures were heated in pre-heated oil baths at the desired
temperature for 24 h. Samples for GC-analysis were prepared by dissolving delicate aliquots of reaction
mixture in 1.00 mL of a 0.1 vol% solution of hexadecane in DCM.

3.6. General Procedure for Pressure—Hydrogenation

Hydrogenation reactions were performed in 3-mL glass vials equipped with a magnetic stirring
bar. First, solid reagents (i.e., catalyst (0.010 mmol), MesNO (0.03 mmol), and certain substrates
(1.00 mmol)) were loaded. Each vial was then inserted in a Schenk flask and purged under N,
by applying three vacuum/N, cycles, and isopropanol (1.00 mL) and liquid substrates (1.00 mmol).
A disposable snap-cap was fitted on each vial under outflow of N;. Four of such reaction vials at a time
were mounted inside a 5500 HP compact 100 mL autoclave from Parr Instrument Company, and the
snap-caps were pierced once with a thick needle to allow gas exchange. The reactor was sealed, purged
with 5 X 2.5 bar N, and 3 X 10 bar Hj, and finally charged with 50 bar H, pressure. Subsequently,
the system was heated to the desired temperature using ‘mode 1’ (i.e., using 40% electric power) to
avoid a temperature overshoot, and the reaction mixtures were magnetically stirred at 300 rpm using a
stirring plate placed underneath the autoclave. After 24 h, the reactions were stopped by allowing the
reactor to cool down below 40 °C within 15 min, after which the reactor was purged with 3 x 2.5 bar
N before opening.

Samples for GC-analysis were prepared by dissolving 50.0 pL reaction mixture in 1.00 mL of a
0.1 vol% solution of hexadecane in DCM.

4. Conclusions

We have successfully synthesized a new series of asymmetric Knolker-type iron catalysts,
which exhibit the centers of chirality at the front side of the catalyst near the catalytically active site.
Amongst the four asymmetric complexes a structural alteration in each variable fragment of the
cyclopentadienone ligand (i.e., R!, R?, and R®) compared to base-case complex 14a was made. NMR
analysis was particularly useful to study the asymmetric nature of the complexes, and it could even be
used as a tool to confirm preservation of enantio-purity throughout the total synthesis of the complexes.
In addition, DFT calculations provided useful insights on the structural conformation of the chiral
substituents on the ligand, and the role of the ligand’s backbone herein.

All synthesized iron complexes exhibited catalytic activity in the pressure hydrogenation of
ketones, while transfer hydrogenation was also established using 14a. Complexes 14a—d rendered
ee values in the range of 21-62% for the hydrogenation of acetophenone, and 70% as highest ee
in the substrate screening catalyzed by 14c, which ranks our structural design in the top three of
enantioselective Knolker-type catalysts.

Future research will focus on extending the structural examples within the series of our catalyst
design, aiming for a superior catalytic performance to make environmentally considerate iron more
attractive in applied and industrial chemistry.
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Appendix A

(R)-(but-3-yn-2-yloxy)triisopropylsilane (12a)

Appearance: colorless liquid. Yield (isolated): 92.7%. 'H-NMR (300 MHz), 25 °C, CDCl; (7.26 ppm):
5=4.60 (qd, J1 = 6.5 Hz, ], = 2.0 Hz, 1H, CHO), 2.37 (d, ] = 2.0, 1H, C=CH), 1.46 (d, ] = 6.5 Hz, 3H,
Me), 1.34-0.83 (m, 6H, Si(CHMey)3), 1.09 (d, ] = 3.5 Hz, 36H, Si(CHMe;,)3) ppm. 3C-NMR (75 MHz),
25 °C, CDCl; (77.16 ppm): 6 = 86.80, 71.18, 58.94, 25.72, 18.11, 18.09, 12.30 ppm. FT-IR: 629, 654, 679,
752,835, 881, 918, 974, 991, 1014, 1059, 1101, 1121, 1250, 1313, 1337, 1370, 1384, 1464, 2866, 2891, 2943,
3312 cm™L. [a]3 = +96.1 (c = 2.44 in DCM).

(R)-(but-3-yn-2-yloxy)(tert-butyl)diphenylsilane (12b)

Appearance: colorless liquid. Yield (isolated): 91.3%. H-NMR (300 MHz), 25 °C, CDCl; (7.26 ppm):
6 =7.91-7.65 (m, 4H, C¢Hs), 7.53-7.37 (m, 6H, C¢Hs), 4.52 (qd, J1 = 6.5 Hz, ], = 2.0 Hz, 1H, CHO), 2.37
(d, ] = 2.1 Hz, 1H, C=CH), 1.45 (d, ] = 6.5 Hz, 3H, Me), 1.15 (s, 9H, tBu) ppm. '*C-NMR (75 MHz),
25 °C, CDCl; (77.16 ppm): & = 136.09, 135.90, 133.84, 133.55, 129.90, 129.86, 127.77, 127.66, 86.20, 71.72,
59.93, 27.00, 25.30, 19.33 ppm. FI-IR: 544, 611, 657, 700, 739, 762, 822, 841, 938, 974, 1057, 1098, 1427,
1471, 2859, 2889, 2932, 2959, 3070, 3306 cm ™. [oc]1234 = +288.3 (c = 2.23 in DCM).

(R)- triisopropyl((1-phenylprop-2-yn-1-yl)oxy)silane (12c)

Appearance = viscous yellow liquid. Yield (isolated): 85.5%. TH-NMR (300 MHz), 25 °C, CDCl;
(7.26 ppm): 6 =7.56 (d, ] = 7.3, 2H, C¢Hs), 7.48-7.29 (m, 3H, C¢Hs), 5.62 (d, ] = 2.0 Hz, 1H, CHO), 2.58
(d, ] = 2.2 Hz, 3H, Me), 1.36-1.21 (m, 2H), 1.22-1.10 (m, 18H, Si(CHMe,)3) ppm. *C-NMR (75 MHz),
25°C,CDCl; (77.16 ppm): & = 142.04, 128.49, 127.88, 125.98, 85.32, 77.58, 77.16, 76.74, 73.53, 64.83, 18.13,
12.39 ppm. FI-IR: 575, 656, 681, 695, 733, 824, 834, 881, 918, 961, 997, 1015, 1028, 1063, 1092, 1192, 1265,
1317, 1341, 1366, 1385, 1462, 1493, 2866, 2891, 2943, 3308 cm . [oc]2D6 = —-14.8 (c = 2.16 in DCM).

(5R,14R)-3,3,16,16-tetraisopropyl-2,5,14,17-tetramethyl-4,15-dioxa-3,16-disilaoctadeca-6,12-diyne (13a)

Appearance: pale yellow liquid. Yield (isolated): 89.1%. 'H-NMR (300 MHz), 25 °C, CDCl3 (7.26 ppm):
6 =4.57(q, ] = 6.4 Hz, 2H, CHO), 2.19 (m, 4H, C=C-CH,), 1.58 (m, 4H, CH,), 1.41 (d, ] = 6.4 Hz, 6H,
Me), 1.22-0.93 (m, 6H, Si(CHCH3)3), 1.08 (d, ] = 3.6 Hz, 36H, Si(CHCH3)3) ppm. '*C-NMR (75 MHz),
25 °C, CDCl; (77.16 ppm): b = 83.48, 83.08, 77.58, 77.36, 77.16, 76.74, 59.25, 27.81, 26.11, 18.35, 18.15,
18.13, 12.35 ppm. FT-IR: 666, 677, 756, 881, 920, 949, 976, 1013, 1030, 1069, 1099, 1159, 1248, 1316, 1335,
1368, 1383, 1462, 2236, 2864, 2892, 2941 cm~!. ESI-MS (in CH,Cl,/CH3CN 1:1 v/v with CH3COOH for
M = C3yHs551,0;): m/z = 529.38515 {[M + Na]™, calcd 693.356006. [oc]lzjz = +122.6 (c =2.01 in DCM).

(5R,14R)-2,2,5,14,17,17-hexamethyl-3,3,16,16-tetraphenyl-4,15-dioxa-3,16-disilaoctadeca-6,12-diyne (13b)

Appearance: viscous colorless liquid. Yield (isolated): 38.7%. ITH-NMR (300 MHz), 25 °C, CDCl;
(7.26 ppm): & =7.73 (dd, J1 = 20.6 Hz, ], = 6.1 Hz, 8H, C¢Hs), 7.37 (d, ] = 7.4 Hz, 12H, C¢Hs), 447
(q, ] = 6.3 Hz, 2H, CHO), 2.06 (m, 4H, C=C-CHy), 1.40 (m, 4H, CHy), 1.38 (d, | = 6.4 Hz, 6H, Me),
1.07 (s, 18H, tBu) ppm. *C-NMR (75 MHz), 25 °C, CDCl; (77.16 ppm): & = 136.10, 135.91, 134.14,
134.10, 129.74, 129.63, 127.66, 127.50, 83.88, 83.00, 60.31, 27.61, 27.02, 25.69, 19.33, 18.29 ppm. FI-IR:
611, 698, 738, 822,951, 974, 998, 1028, 1080, 1098, 1161, 1341, 1368, 1390, 1427, 1472, 1589, 2857, 2891,
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2930, 3070 cm_l. ESI-MS (1n CH2C12/CH3CN 1:1 V/V with CH3COOH forM = C44H54SizOz)2 m/z =
693.35186 {[M + Na]*, calcd 529.387306}. [oc]lz)6 = +364.1 (c = 2.17 in DCM).

(5R,14R)-3,3,16,16-tetraisopropyl-2,17-dimethyl-5,14-diphenyl-4,15-dioxa-3,16-disilaoctadeca-6,12-diyne
(13¢)

Appearance: viscous orange liquid. Yield (isolated): 60.8%. TH-NMR (300 MHz), 25 °C, CDCl3
(7.26 ppm): & =7.52-7.17 (m, 4H, C¢Hs), 7.14 (m, | = 6.8, 6H, C¢Hs), 5.46 (s, 2H, CHO), 2.10 (b, 4H,
C=C-CHy), 148 (b, 4H, CHj), 1.08 (m, 6H), 1.00 (dd, J; = 12.3, ], = 6.0, 36H) ppm. 3C-NMR (75
MHz), 25 °C, CDCl3 (77.16 ppm): & = 143.00, 128.26, 127.44, 125.94, 85.47, 82.10, 65.07, 27.67, 18.44,
18.17, 12.44 ppm. FT-IR: 581, 629, 659, 681, 694, 721, 820, 881, 918, 996, 1013, 1026, 1057, 1083, 1134,
1194, 1273, 1329, 1367, 1383, 1462, 1492, 2864, 2891, 2941 cm™~!. ESI-MS (in CH,Clp/CH3CN 1:1 v/v with
CH3COOH for M = Cy4Hg4SiryO,): m/z = 653.41845 {[M + Na]™, calcd 653.418606}; 669.41330 {[M + K],
caled 669.392544}. [o]% = —37.0 (c = 2.00 in DCM).

(5R,13R)-3,3,15,15-tetraisopropyl-2,5,13,16-tetramethyl-4,14-dioxa-3,15-disilaheptadeca-6,11-diyne (13d)

Appearance: pale yellow liquid. Yield (isolated): 70.3%. TH-NMR (300 MHz), 25 °C, CDCl; (7.26 ppm):
6=4.57(q,]=6.4Hz, 2H,CHO),2.28 (td, J; =7.0Hz, J, =1.6 Hz, 4H, C=C—CHy,), 1.66 (p, ] = 7.1 Hz, 2H,
CHy), 141 (d, ] = 6.4 Hz, 6H, Me), 1.22-0.93 (m, 6H, Si(CHMe)3), 1.08 (d, ] = 3.7 Hz, 36H, Si(CHMey)3))
ppm. ¥C-NMR (75 MHz), 25 °C, CDCl; (77.16 ppm): & = 83.76, 82.55, 77.58, 77.16, 76.74, 59.23, 27.91,
26.08,18.15, 18.12, 12.35 ppm. FT-IR: 657, 679, 756, 881, 920, 952, 973, 996, 1014, 1028, 1069, 1099, 1157,
1248, 1316, 1337, 1368, 1383, 1464, 2866, 2891, 2941 cm™!. [a]2D6 = +131.9 (c = 2.28 in DCM).

n4-[1,3-bis((R)-1-((triisopropylsilyl)oxy)ethyl)-4,5,6,7-tetrahydro-2H-inden-2-oneliron tricarbonyl (14a)

Appearance: yellow solid. Yield (isolated): 51.4%. "H-NMR (300 MHz), 25 °C, CDCl; (7.26 ppm):
6=4.99 (dq, J = 66.3 Hz, ], = 6.4 Hz, 2H, CHO), 3.01-2.42 (m, 4H, (CHy)), 1.80 (b, 4H, Cp-CHy),
1.47 (d, ] = 6.4 Hz, 6H, Me), 1.19-0.93 (m, 42H, TIPS) ppm. TH-NMR (300 MHz), 25 °C, toluene-d8
(2.08 ppm): 6 5.14 (dq, J1 = 75.3, ]1 = 6.5, 2H, CHO), 2.84-2.30 (m, 4H, Cp-CH),), 1.63-1.34 (m, 4H),
149 (dd, J; = 11.7, ], = 6.5, 6H, Me), 1.25-0.8 (m, 42H, TIPS). 13C-NMR (75 MHz), 25 °C, CDCl,
(77.16 ppm): 5 =209.20, 169.47, 101.26, 99.75, 87.60, 86.79, 65.40, 62.82, 26.92, 23.46, 23.08, 22.90, 22.37,
22.24,18.42,18.29,18.27,17.84, 13.16, 12.56, 12.43 ppm. FT-IR: 575, 594, 628, 653, 678, 737, 756, 770, 820,
881, 928, 993, 1012, 1065, 1130, 1256, 1387, 1464, 1630, 1987, 2000, 2060, 2864, 2943 cm™!. ESI-MS (in
CH2C12/CH3CN 1:1 V/V with CH3COOH forM = C34H585i206Fe): m/z = 675.31648 {[M + H]+, calcd
675.319960}; 697.29835 {{M + Na]*, calcd 697.301905}. [oc]zD2 = +16.5 (c = 2.06 in DCM).

n4-[1,3-bis((R)-1-((tert-butyldiphenylsilyl)oxy)ethyl)-4,5,6,7-tetrahydro-2H-inden-2-oneliron
tricarbonyl (14b)

Appearance: yellow solid. Yield (isolated): 33.8%. 'H-NMR (300 MHz), 25 °C, CDCl; (7.26 ppm):
b =7.88-7.62 (m, 8H, C¢Hs), 7.52-7.28 (m, 12H, C¢Hs), 4.81 (dq, J1 = 85.7 Hz, J, = 6.4 Hz, 2H, CHO),
2.90-2.35 (m, 4H, (CHa)y), 1.74 (m, 4H, Cp-CH,), 1.32 (dd, ]; = 6.4 Hz, ], = 3.1 Hz, 6H, Me), 1.08
(d, ] = 5.0 Hz, 18H, tBu) ppm. 3C-NMR (75 MHz), 25 °C, CDCl;3 (77.16 ppm): & = 209.22, 169.74,
136.12, 136.09, 135.92, 135.78, 134.92, 134.39, 134.34, 133.72, 133.34, 129.85, 129.81, 129.80, 129.65, 127.76,
127.73, 127.61, 101.11, 100.12, 87.20, 85.74, 77.58, 77.16, 76.74, 65.98, 64.68, 27.22, 27.20, 26.68, 26.34,
23.54,23.17,22.50, 22.15, 22.02, 19.45, 19.36 ppm. FI-IR: 574, 594, 604, 628, 700, 739, 822, 927, 991, 1078,
1105, 1186, 1260, 1371, 1427, 1472, 1645, 1983, 2060, 2361, 2857, 2930, 2956, 3046, 3071 cm~!. ESI-MS (in
CH,Cl,/CH3CN 1:1 v/v with CH3COOH for M = CygH54SipOgFe): m/z = 839.28749 {[M + H]*, calcd
839.288660}; 861.270605 {[M + Na]*, calcd 861.26817}. Elemental analysis for C4gHs4Si,OgFe: caled: C
68.72%, H 6.49%; found, C 68.32%, H 6.352%. [oc]zD2 = +62.5 (c = 2.59 in DCM).
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n*-[1,3-bis((R)-phenyl((triisopropylsilyl)oxy)methyl)-4,5,6,7-tetrahydro-2H-inden-2-oneliron
tricarbonyl (14c)

Appearance: orange solid. Yield (isolated): 18.2%. 'H-NMR (300 MHz), 25 °C, CDCl; (7.26 ppm):
6=7.48(dd, J; =45.1Hz, ], = 7.3 Hz, 4H, C¢Hs), 7.16 (m, 6H, C¢Hs), 5.94 (d, | = 52.7 Hz, 2H, CHO),
2.84(dd, J1 =53.3 Hz, ], = 17.0 Hz, 2H, Cp-CHy), 2.51-2.20 (m, 2H, Cp-CH,), 1.76-1.42 (m, 4H, (CH),),
1.05-0.66 (m, 42H, TIPS) ppm. *C-NMR (75 MHz), 25 °C, CDCl; (77.16 ppm): & = 208.11, 168.62,
145.90, 143.69, 127.95, 127.87, 127.48, 127.16, 126.50, 126.40, 100.88, 98.81, 89.38, 86.10, 77.58, 77.16, 76.74,
70.69, 67.72,23.43,22.05, 22.01, 21.95, 18.37, 18.28, 18.15, 17.96, 12.82, 12.20 ppm. FI-IR: 571, 598, 613,
647,704,731, 752, 806, 833, 881, 918, 972, 1015, 1055, 1084, 1104, 1173, 1260, 1288, 1366, 1423, 1452, 1492,
1, 1630, 1993, 2062, 2359, 2866, 2891, 2943, 3030, 3062 cm ™. ESI-MS (in CH,Cl,/CH3CN 1:1 v/v with
CH3COOH for M = Cy4HgSi,0gFe): m/z = 799.35063 {[M + H]*, calcd 799.351260}; 821.33173 {[M +
Na]*, caled 821.333205}. [oc]%,6 = +107.5 (c = 2.14 in DCM).

n%-[1,3-bis((R)-1-((triisopropylsilyl)oxy)ethyl)-5,6-dihydropentalen-2(4H)-oneliron tricarbonyl (14d)

Appearance: yellow solid. Yield (isolated): 51.9%. 'H-NMR (300 MHz), 25 °C, CDCl3 (7.26 ppm):
5=4.89(dq,J1 =28.1Hz, J, =6.2Hz, 2H, CHO), 2.88-2.70 (m, 2H, Cp—CH,), 2.69-2.45 (m, 2H, Cp-CH,),
2.43-2.21 (m, 1H, CH,), 1.98-1.77 (m, 1H, CH,), 1.47 (dd, ], = 18.8 Hz, ], = 6.2 Hz, 6H, Me), 1.08 (m, 42H,
TIPS) ppm. 3C-NMR (75 MHz), 25 °C, CDCl; (77.16 ppm): § = 209.15, 171.58, 105.90, 105.09, 88.58,
88.21, 64.83, 64.13, 27.61, 27.54, 26.52, 26.48, 24.26, 18.41, 18.30, 18.24, 13.17, 12.90 ppm. FT-IR: 576, 590,
605, 618, 635, 675, 737,799, 841, 880, 918, 953, 1000, 1013, 1030, 1065, 1094, 1125, 1169, 1206, 1258, 1364,
1384, 1438, 1464, 1622, 1996, 2062, 2864, 2891, 2941, 2967 cm 1. ESI-MS (in CH,Clp/CH3CN 1:1 v/v with
CH3COOH for M = C33Hs54SipOgFe): m/z = 661.30282 {{M + H]*, calcd 661.304310}; 683.28437 {[M +
Na]*, caled 683.286255}; 699.25943 {[M + K], calced 699.260193}. Elemental analysis for CazHzSip OgFe:
calcd: C 59.98%, H 8.54%; found: C 59.55%, H 8.59%. [oc]lz)6 = +8.4 (c = 2.15 in DCM).

14f (R,S-complex extrapolated from racemic mixture 14e; signals of 14a also present in spectrum)

'H-NMR (300 MHz), 25 °C, CDCl; (7.26 ppm): & = 5,08 (q, ] = 6.4 Hz, 2H, CHO), 3.01-2.42 (m, 4H,
(CH>),), 1.80 (b, 4H, Cp-CH,), 1.47 (d, ] = 6.4 Hz, 6H, Me), 1.19-0.93 (m, 42H, TIPS) ppm. 'H-NMR
(300 MHz), 25 °C, toluene-d8 (2.08 ppm): 6 =5,21(q, ] = 6.3 Hz, 2H, CHO), 3.01-2.42 (m, 4H, (CHy),),
1.80 (b, 4H, Cp-CH,), 1.47 (d, ] = 6.4 Hz, 6H, Me), 1.19-0.93 (m, 42H, TIPS) ppm. 3C-NMR (75 MHz),
25 °C, CDCl; (77.16 ppm): & = 209.35, 169.58, 146.87, 101.39, 87.76, 63.69, 34.66, 27.65, 23.47, 22.33,
12.75 ppm. [o]% = 0.00 (c = 2.02 in DCM).
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