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Redox-Switchable Transfer Hydrogenations with P-Chiral
Dendritic Ferrocenyl Phosphine Complexes

John Popp,'® Anne-Marie Caminade,’®! and Evamarie Hey-Hawkins*[!

Abstract: Attaining absolute control over a catalytic process
and, therewith, exploiting its full potential pleases scientists in
their ambitious and ongoing endeavor to perform catalysis like
Nature does. In this regard, redox-switchable catalysis certainly
holds great potential, constantly gaining importance in modern
catalysis research. Herein, we report the application of P-stereo-
genic dendritic ferrocenyl phosphines in the ruthenium-cata-
\Iyzed redox-switchable transfer hydrogenation of a ketone

yielding an enantioenriched alcohol. By adding a chemical oxid-
ant or reductant, the catalytic activity of the complexes was
reversibly switched off and back on again over the course of the
hydrogen transfer reaction. This has been rationalized mainly in
terms of a distinct electronic communication between the
redox-active group and the catalytic center. The highly func-
tionalized dendritic catalysts presented here might impact the
way prospective homogeneous catalysts will be designed. Y,

Introduction

The concept of redox-switchable catalysis (RSC) is based on the
incorporation of a redox-active functionality within a ligand
framework allowing the catalytic activity of the coordinated
transition metal to be controlled in situ.l'! Without changing
the formal oxidation state of the metal, oxidation and reduction
influence the electron-donating ability of the redox-active li-
gand and, thereby, the reactivity and/or selectivity of the cata-
lyst.?! A pioneering demonstration of this concept utilized a
rhodium(l) bisphosphino cobaltocene complex displaying or-
thogonal activity in different reactions depending on its redox
state. Thus, the same compound is a faster hydrosilylation cata-
lyst in its oxidized form and a better hydrogenation catalyst in
the reduced state.”®! This outstanding work laid the foundation
for a spectacular development of RSC as an important area of
homogeneous catalysis.*"1% Although RSC has been applied
to a wide variety of catalytic reactions, such as ring-opening
polymerizations,!"'~'7! ring-closing metatheses!'®'®! and other
reactions,?°=271 surprisingly little attention has been devoted to
the redox-controlled formation of alcohols by transfer hyd-
rogenation (TH).?8! This is particularly remarkable, given that
TH is an attractive alternative to direct hydrogenation and has
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recently become the center of research in hydrogenation sci-
ence.?”!

The increasing success of THE%37! is due to the avoidance
of hazardous pressurized H, gas, distinct reactivity and chemo-
and enantioselectivity, the availability of inexpensive and easy
to handle hydrogen donors and recyclability of the major side
product. The formal transfer of two H atoms from a hydrogen
donor to a carbonyl group in the presence of a catalyst is a key
transformation in homogeneous catalysis, especially the asym-
metric version (ATH),38-42 since it frequently provides quantita-
tive conversions and high enantioselectivities within reasonable
reaction times. Major breakthroughs in ATH were marked by
applying monotosylated 1,2-diamines,*>-4”! and -amino alco-
hols“8491 as highly efficient ligands for the reduction of ket-
ones. This tremendous success of nitrogen-containing donors
generally overshadowed hydrogen transfers with phosphine-
based ligands which is unexpected as they are routinely used
in direct hydrogenations.3"

Admittedly, early examples of phosphine ligands in ATH pro-
vided good conversions but their performance in terms of
enantioselectivity was overall unsatisfactory.>°~>2! Their applica-
tion in ATH gained fresh momentum as more sophisticated
methods for the preparation of P-stereogenic ligands were es-
tablished.53-551 In particular, stereoselective synthesis in the
presence of chiral auxiliaries became the preferred strategy for
synthesizing tertiary P-stereogenic phosphines due to the great
versatility and stereoselectivity obtained by this methodol-
ogy.> Consequently, a series of ruthenium complexes
[RuCl,(arene)P*] (P* = P-stereogenic monodentate phosphine)
for ATH were developed,’**=>%! of which some were immobilized
on carbosilane dendrimers.[®

Immobilization of catalytic entities on solid materials is an
advancing approach in catalysis research to overcome an
essential drawback of homogeneous catalysts, their limited re-
cyclability. In contrast to insoluble supports, dendritic polymers

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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offer a well-defined molecular architecture allowing the precise
control of the catalyst structure and are both soluble and re-
coverable by precipitation or nanofiltration.[®'-%3 Furthermore,
high local concentrations of catalytic units located on the sur-
face of dendrimers may cause dendritic effects where different
activities, depending on whether they are linked to a dendrimer
or not, or depending on the dendrimer generation, are ob-
served.[64

We have recently reported a positive dendritic effect (higher
catalytic activity of the dendritic catalyst than its monomeric
analog at the same metal loading) in the ruthenium-catalyzed
isomerization of an allylic alcohol, which was also the first appli-
cation of a dendritic transition metal complex in redox-switch-
able catalysis.’®>! This remarkable demonstration of redox con-
trol of ferrocenyl phosphine ligands over the catalytically active
transition metal encouraged us to introduce P-stereogenic
ferrocenyl phosphines into the ligand system for asymmetric
catalysis. Consequently, we herein report the preparation and
electrochemical characterization of P-stereogenic dendritic fer-
rocenyl phosphine ligands with different substituents at the
phosphorus atom, which were applied in the ruthenium-cata-
lyzed asymmetric transfer hydrogenation. Furthermore, the in-
corporated ferrocenyl moiety allowed us to apply the concept
of RSC to these reactions, electrochemically controlling the cat-
alytic activity in situ.

BH;
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2a-c-ML
a: R = 2-methoxyphenyl (Sp)
b: R = 2-biphenylyl (Sp)
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-
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Results and Discussion

Synthesis of P-Stereogenic Ferrocenyl Phosphines

A key step in the synthesis of phosphorus-containing dendrim-
ers is the quantitative substitution of terminal P-Cl bonds by
functionalized phenols.[® Therefore, the immobilization of fer-
rocenyl phosphines on the surface of such dendrimers requires
a free phenol function at one cyclopentadienyl ring, since only
phenolic OH groups are reactive enough to substitute terminal
P-Cl bonds quantitatively. Recently, we prepared three P-stereo-
genic ferrocenyl phosphine boranes 2a-c-ML with a 4-meth-
oxyphenyl substituent in the 1’-position of the ferrocenyl group
(Scheme 1).[67:68]

In these monomeric (non-dendritic) ligands (ML) the 4-meth-
oxyphenyl substituent serves to mimic the phenol linker which
is needed in immobilization reactions. The P-stereogenic ferro-
cenyl phosphine boranes 2a-c-ML were synthesized with excel-
lent enantiopurity (> 95 % ee in all cases) and subsequent bor-
ane-deprotection by heating in diethylamine, followed by reac-
tion with [{Ru(p-cymene)Cl,},], yielded the monomeric ruth-
enium complexes 3a-c-ML-Ru. Investigating ligands and com-
plexes at the monomeric level prior synthesizing dendrimers,
in general, allowed simplified purification and characterization
procedures and provided crucial insights into complexation
properties. Thus, we found that 3b-ML-Ru undergoes a teth-

Cl\h o
Cl‘Rlu/ C|‘Ru*\ |

I
b <o b.,
l R \ Fe i
Ph O@—@ Ph

3b-ML-Ru

3a,c-ML-Ru

Scheme 1. Monomeric P-stereogenic ferrocenyl phosphine boranes 2a-c-ML and their corresponding monomeric ruthenium complexes 3a-c-ML-Ru. 3b-ML-Ru
forms a tethered complex with loss of the p-cymene ligand when activated by light.[67:68]
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Scheme 2. Synthesis of the P-stereogenic ferrocenyl phosphines 3a-c. i) nBulLi, —
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ering process by replacing an nf-coordinating arene ligand
upon mild photochemical activation by a conventional desk
lamp (Scheme 1).71 Furthermore, the monomeric ruthenium
complexes 3a-c-ML-Ru were used for comparison in catalytic
tests of the dendritic complexes identifying potential dendritic
effects, whereby equal metal loadings must certainly be ad-
hered.

To synthesize the corresponding dendritic ligands, the syn-
thetic route for the monomeric compounds was slightly modi-
fied and 1-bromo-1’-[(4-phenoxy)tert-butyldimethylsilyl]-ferro-
cenel®59 was treated with methyl (phenyl)phosphinite boranes
(Scheme 2). These phosphinite boranes were synthesized by
way of an (-)-ephedrine-based oxazaphospholidine borane
complex”? bearing different substituents at the phosphorus
atom. At low temperature, the phosphinite boranes were
treated with the lithiated ferrocenyl precursor affording the cor-
responding tertiary phosphine boranes 1a-c, with inversion of
configuration at the phosphorus atom, in good yields and ex-
cellent enantiomeric excesses (> 97 % ee in all cases). Exemplar-
ily, the solid-state molecular structure of the fully protected fer-
rocene derivative 1a showed the expected molecular features
for these 1,1-substituted ferrocenes with an anti arrangement
(Figure 1).

Figure 1. Molecular structure of 1a in the solid state. Ellipsoids at 50 % proba-
bility; hydrogen atoms are omitted for clarity.

Deprotection of the silyl-protected phosphine boranes 1a-c
with tetra-n-butylammonium fluoride trihydrate gave the
phenol-functionalized ferrocene derivatives 2a-c in very good
yields with preservation of enantiopurity. Finally, borane-depro-
tection was achieved by heating in diethylamine, yielding the
free ferrocenyl phosphines 3a-c in nearly quantitative yields.
This step, again, fully retained the configuration at the phos-
phorus atom which was demonstrated by reprotection with
BH5-SMe; prior analysis by chiral HPLC (> 92 % ee in all cases).

Particular care should be taken during chromatographic pu-
rification of these P-stereogenic ferrocenyl phosphines since
they tend to racemize on conventional silica or alumina, as we
recently demonstrated.®® The use of deactivated silica, pre-
treated by amine, prevented the racemization while retaining
reasonable chromatographic resolution. The P-stereogenic fer-
rocenyl phosphines thus obtained represent ideal precursors for
immobilized ligands exhibiting a free phenol function for im-
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mobilization at one cyclopentadienyl ring and a free phosphine
for coordination at the other cyclopentadienyl ring of ferrocene.

Synthesis of Dendritic Ruthenium(ll) Complexes

The phosphorus-containing dendrimers used for immobiliza-
tion were constructed by divergent strategy by grafting concen-
tric layers from the hexafunctional N5sPsClg core, thus building
up generation by generation.”’ Within this approach, P(S)Cl,
groups act as branching functions in each generation, and each
step in this reaction sequence gives quantitative conversion,
which is a requirement in the synthesis of this kind of dendrim-
ers. Due to the presence of phosphorus atoms in the core and
in every branch of the dendritic architecture, 3'P{"H}-NMR spec-
troscopy is an indispensable technique for monitoring the reac-
tion progress of every synthetic step.

The immobilization experiments were performed with gener-
ation one (G4, Scheme 3) and generation two (G, Scheme 4)
of phosphorus-containing dendrimers bearing 12 and 24 P-Cl
terminal functions, respectively, and a slight excess of the ferro-
cenyl phosphines 3a-c. As for the synthesis of the dendrimers,
the reaction progress was, again, controlled by 3'P{'"H}-NMR
spectroscopy showing a characteristic chemical shift of the ter-
minal phosphorus atom. With advancing substitution, the signal
shifts from about 6 = 63 [P(S)Cl,] to around 70 ppm for mono
substitution [P(S)Cl(O-aryl)], and to ¢ = 62 ppm for disubstitu-
tion [P(S)(O-aryl),], thus giving distinct indication of the immo-
bilization progress.

After filtration of cesium carbonate, the dendrimers were
precipitated with n-pentane whereby the slight excess of ferro-
cenyl phosphine remained in solution and could therefore eas-
ily be separated by filtration. The obtained P-stereogenic den-
dritic ferrocenyl phosphines 3a-c-G, and 3a-c-G, were isolated
in excellent yields, and characterization by 3'P{'"H}-NMR spectro-
scopy confirmed their purity, exhibiting three signals: 6 = -24
to —-29 ppm for the terminal phosphines, depending on their
structure, 8 ppm for the core and 62 ppm for branching phos-
phorus atoms.

In order to form dendritic heterobimetallic complexes, the
dendritic phosphine ligands were reacted at room temperature
with 0.5 equivalents of di-p-chlorobis[(n®-p-cymene)-chlororu-
thenium(Il)] per terminal phosphine. In contrast to the corre-
sponding monomeric complexes 3a-c-ML-Ru, purification on
silica could not be applied due to the size of the dendrimers.
Alternatively, the dendritic complexes were purified by precipi-
tation with hexane/CH,Cl, (3:1). Thus, first-generation com-
plexes 3a-c-G,-Ru (Scheme 3) and second-generation com-
plexes 3a-c-G,-Ru (Scheme 4) were obtained in quasi-quantita-
tive yields in almost all cases. Only the butyl-substituted den-
dritic complex was partially soluble in hexane/CH,Cl, (3:1) re-
sulting in a reduced yield of 3c-G,-Ru. Decreasing the polarity
of the solvent mixture (hexane/CH,Cl,, 6:1) ensured an im-
proved yield of 3c-G,-Ru.

Upon complexation, a characteristic low-field shift in the
3TP{'"H}-NMR spectra for the terminal phosphines is observed,
indicating successful coordination. Similar to the monomeric
complex 3b-ML-Ru, the 2-biphenylyl-substituted dendritic

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Scheme 3. Synthesis of the P-stereogenic dendritic ferrocenyl phosphine ruthenium complexes 3a-c-G;-Ru. iv) 12 equiv. 3a-c, Cs,CO3, THF, r.t; v) 6 equiv.
[{Ru(p-cymene)Cl,},], DCM, r.t. ¥3b-G,-Ru forms a tethered complex with loss of the p-cymene ligand when activated by light.

complexes 3b-G;,-Ru underwent a tethering process by re-
placing the mnf-coordinating p-cymene ligand when photo-
chemically activated. The formation of this strained ruthen-
acycle shifts the phosphine signal in the 3'P{"H}-NMR spectra
further downfield (0 = 43 ppm), in comparison to the dendritic
complexes 3a-G;,-Ru and 3b-G;,-Ru (6 = 17 ppm and
15 ppm, respectively).

Electrochemistry

The monomeric and dendritic complexes were electrochemi-
cally investigated, primarily, to evaluate their suitability for
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redox-switched applications in catalysis. Therefore, distinctly
separated redox processes for Fe2*/Fe3* and Ru?*/Ru3*, with the
former being fully reversible, are required. The separation of
these redox potentials constitutes the electrochemical window
for prospective chemical oxidants affecting exclusively ferro-
cene units without interfering with the ruthenium redox proc-
ess. Besides comparing monomeric (ML-Ru) and dendritic com-
plexes (G, >-Ru), electrochemical experiments were furthermore
performed to examine the influence of different phosphorus
substituents (3a-c) on the redox potential of the ruthenium
complexes (Figure 2).

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. (Top left) Cyclic voltammetry of 3a-ML-Ru and 3a-G, ,-Ru. (Top right) Square-wave voltammetry (positive mode) of 3a-ML-Ru, 3a-G; ,-Ru and
[A<Fc][BF,]. (Bottom left) Cyclic voltammetry of 3b-ML-Ru and 3b-G, ,-Ru. (Bottom right) Cyclic voltammetry of 3¢-ML-Ru and 3¢-G, 5-Ru. 0.1 mol L=' DCM/

[nBuyNI[PFgl, glassy carbon working electrode, referenced vs. ferrocene, scan rate = 100 mV s™' ([A°Fc][BF,] = acetylferrocenium tetrafluoroborate).
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The cyclic voltammograms of all tested monomeric and den-
dritic ruthenium complexes exhibit a reversible one-electron
redox process, which was assigned to Fe?*/Fe3*, with half-wave
potentials between -0.03 V and 0.18 V (Table 1), whereby the
potentials of the dendritic complexes are generally slightly
higher than for the corresponding monomeric complexes. Fur-
thermore, both first- and second-generation dendrimers be-
have electrochemically highly similar with only a single iron(ll)
redox wave, implying that all 12 (G;) or 24 (G,) ferrocene moie-
ties are oxidized on the electrochemical timescale. In contrast
to our previous studies on ferrocenyl phosphine ligands with
aromatic spacers between ferrocene and phosphine,’®* all com-
plexes tested here displayed an irreversible redox process for
Ru?*/Ru3* with potentials between 0.64 V and 0.73 V (Table 1).
Repeated electrochemical cycles (Figure 2 shows only the first
scan of each measurement) showed decomposition of the com-
plex after ruthenium(ll) oxidation, which was further verified by
observed adsorption processes on the electrode surface. How-
ever, cyclic voltammetry solely of the Fe?*/Fe3* redox process,
with a forced vertex potential at 0.5 V, allowed repetitive elec-
trochemical cycles without any signs of degradation showing
the full reversibility of the iron(ll) redox process as one essential
requirement for desired redox-switched applications.

Table 1. Cyclic voltammetry data of the monomeric and dendritic complexes.
0.1 mol L™ DCM/[nBu,4N][PFg], glassy carbon working electrode, all half-wave
potentials referenced vs. ferrocene, scan rate = 100 mV s,

Entry Compound Eipp IV (Fe?*/Fe3*) Ei; IV (Ru?*/Ru3")
1 3a-ML-Ru -0.03 0.66
2 3b-ML-Ru 0.1 0.73
3 3c-ML-Ru 0.11 0.64
4 3a-G,-Ru 0.02 0.72
5 3b-G,-Ru 0.16 _fal
6 3¢c-G,-Ru 0.18 0.68
7 3a-G,-Ru 0.02 0.70
8 3b-G,-Ru 0.17 —fa)
9 3c-G,-Ru 0.15 0.67
10 [A<Fc][BF,] 0.26 -

11 [A<2fc][BF 4] 0.49 -

[a] Distinct redox wave was not observed, no half-wave potential could be
determined. [A“Fc][BF,4] = acetylferrocenium tetrafluoroborate, [A<*fc][BF,] =
diacetylferrocenium tetrafluoroborate.

Interestingly, the cyclic voltammograms of the 2-methoxy-
phenyl-substituted complexes 3a-ML-Ru and 3a-G,,-Ru
showed an additional redox process with a potential at about
0.2 V (Figure 2, top left). This corresponds with our previous
investigations on this complex showing its tendency for dimeri-
zation in solution at room temperature. A RuCl, fragment is
coordinated by two ligand molecules 3a in a chelating bident-
ate fashion via phosphorus and oxygen with complete displace-
ment of the p-cymene ligand.®”! Consequently, this 2:1 (ligand/
metal) complex exhibits two reversible one-electron redox
processes at separated potentials reflecting two ferrocenyl moi-
eties. Furthermore, the cyclic voltammograms of the 2-biphen-
ylyl-substituted dendritic complexes 3b-G;-Ru showed no
considerable redox process for ruthenium(ll), as a consequence
of the highly strained ruthenacycles formed by light-activated
tethering (Figure 2, bottom left). Regarding the influence of dif-
ferent phosphorus substituents on the redox potential, the
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monomeric and dendritic complexes with 2-biphenylyl or n-
butyl substituent exhibit similar iron(ll) redox potentials in the
cyclic voltammograms. Complexes with the electron-donating
2-methoxyphenyl substituent, in contrast, show lower iron(ll)
potentials being therefore easier to oxidize.

Among the oxidizing agents tested with regard to redox-
switchable applications, acetylferrocenium tetrafluoroborate
was the most suitable candidate since its oxidation potential of
0.26 V is highly suitable with respect to the electrochemical
window (Figure 2, top right). Diacetylferrocenium tetrafluoro-
borate with an oxidation potential of 0.49 V, however, might
partially interfere with the ruthenium redox process which
would have detrimental effects on catalytic reactions. Classi-
cally, metal salts of silver(l) or copper(l) are commonly used as
oxidizing agents,’? which were not considered here in order
to avoid catalyst poisoning.

Catalytic Tests

The monomeric and dendritic ruthenium(ll) complexes were
employed in the asymmetric transfer hydrogenation of aceto-
phenone, which is the most utilized model substrate, dissolved
in 2-propanol as hydrogen donor. Typically, catalytic precursors
for this reaction are ruthenium(ll) n®-arene complexes with chi-
ral polydentate nitrogen- or phosphorus-based ligands. Al-
though less commonly applied, complexes of the type
[RuCl,(m®-arene)P*] (P* = P-stereogenic monodentate phos-
phine) also feature catalytic activity and enantioselectivity in
transfer hydrogenations.>®=>° These reactions are standardly
performed in 2-propanol, acting as hydrogen donor and solvent
at the same time, which opposes the unfavorable thermody-
namics by shifting the equilibrium towards the desired product.
Unfortunately, 2-propanol is a rather poor solvent for the den-
dritic complexes that we intended to apply in the hydrogen
transfer reactions, thus requiring a suitable co-solvent. Dichloro-
ethane (DCE) provided excellent solubility in combination with
a boiling point high enough to be handled safely under cata-
lytic conditions. Preliminary catalytic testing with different ratios
of 2-propanol to DCE, however, showed erratic results with two
major findings: The higher the percentage of DCE in 2-propanol,
the lower the yield of the alcohol, and all reactions involving
DCE did not show any noticeable enantioselectivity. Therefore,
we turned our attention to different co-solvents with THF being
the most suitable candidate due to excellent yield albeit low
enantiomeric excess in the transfer hydrogenation of aceto-
phenone (Table 2, entry 2). Additionally, we found that

Table 2. Effect of co-solvents on the transfer hydrogenation of acetophenone
using 3a-ML-Ru.[®

Entry Solvent (1:1) yield (24 h) /%™ ee (24 h) /%
1 iPrOH/DCE 58 <5

2 iPrOH/THF 95 15 (S)

3 iPrOH/CHCl3 3 <5

4 iPrOH/C4HsCF5 37 <5

5 iPrOH/1,4-dioxane 95 7 (S)

6 iPrOH/ethyl acetate 35 <5

[a] Catalytic conditions (single runs): 3a-ML-Ru (1.25 pmol) and tBuOK
(12.5 pmol) dissolved in 1.6 mL of co-solvent and activated at 85 °C for 10
minutes before adding acetophenone (125.0 umol in 1.6 mL of iPrOH). [b]
Yields determined by GC-MS using anisole (125.0 umol) as internal standard.
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iPrOH:THF (1:1) gave similar results for catalytic activity and en-
antioselection as our tests with 100 % 2-propanol after 24
hours.

Further optimizations included the investigation of different
bases in the transfer hydrogenation of acetophenone since the
choice and amount of the base has a crucial influence on the
outcome of the reaction. Among the most commonly used
bases, we found that purified potassium tert-butoxide gave the
highest yield of the alcohol after 24 hours reaction time
(Table 3, entry 5). Another crucially important factor for obtain-
ing reasonable conversions in these reactions is the activation
period, in which the catalytic precursor is pre-heated in the
presence of the base, generating the catalytically active ruth-
enium hydride species. This activation period is a highly sensi-
tive process, and an optimal activation time of 15 minutes was
reported for similar complexes.’”! However, we found that low-
ering the activation time from 15 to 10 minutes did not influ-
ence the catalytic reaction noticeably.

Table 3. Effect of base on the transfer hydrogenation of acetophenone using
3a-ML-Ru.?)

Entry Base yield (24 h) /%™
1 NaOH 28
2 KOH 47
3 C5,CO; 52
4 tBUOK 58
5 tBuOK!d! 63

[a] Catalytic conditions (single runs): 3a-ML-Ru (1.25 pmol) and base
(12.5 umol) dissolved in 1.6 mL of DCE and activated at 85 °C for 10 minutes
before adding acetophenone (125.0 pumol in 1.6 mL of iPrOH). [b] Yields de-
termined by GC-MS using anisole (125.0 umol) as internal standard. [c] With-
out purification. [d] Freshly purified by dissolving in dry THF, filtration and
removal of solvent.

From a series of further pretrials, we concluded that the base
is substantially necessary since performing the reaction without
the addition of base hardly gave any alcohol after 24 hours.
Furthermore, without ruthenium no conversion is observed, en-
suring that the base itself is not catalytically active. In addition,
we found that preformed precursors are considerably better
catalysts than the ones formed in situ during the activation
period from [{Ru(p-cymene)Cl,},] and the corresponding ligand.
Lastly, performing hydrogen transfers in the absence of the fer-
rocenyl phosphine ligands displayed only low to moderate
yields under the same conditions.

Having established the best conditions to generate the
catalytically active species, we performed catalytic runs with all
synthesized monomeric (3a-c-ML-Ru) and dendritic (3a-c-G -
Ru) complexes, using 1 mol-% ruthenium precursor and 10 mol-
% potassium tert-butoxide (acetophenone/tBuOK/precursor =
100:10:1), in 2-propanol/THF (1:1) at 85 °C (Scheme 5). For com-
parison, we additionally used the structurally related achiral
precursors with two phenyl substituents at phosphorus (Ph-
ML-Ru and Ph-G, ,-Ru, structures are given in the Supporting
Information).l Since first- and second-generation dendrimers
bear 12 (G;) or 24 (G,) catalytically active units per molecule,
equal metal loadings had to be adhered throughout all catalytic
reactions.
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1 mol% precursor

o] OH
10 mol% 'BuOK
—_——
@J\ 'PrOH:THF (1:1) ©)\
85°C

acetophenone 1-phenylethanol

Scheme 5. Ruthenium-catalyzed transfer hydrogenation of acetophenone.

According to the performed test, all catalytic precursors are
active in the transfer hydrogenation of acetophenone yielding
1-phenylethanol, which proceeded very cleanly since only
acetophenone and its reduction product were detected by GC-
MS. Furthermore, calibration to both reactant and product by
using anisole as internal standard allowed determination of
conversion and yield of every sample taken from the reaction.
Thus, a selectivity of S = 1 was determined for all reactions,
ensuring that converted reactant is entirely and solely used for
yielding the product.

All monomeric complexes reached almost full conversion in
the transfer hydrogenation of acetophenone after 24 hours
(Table 4, entries 1-4), whereas all dendritic complexes per-
formed worse than their monomeric analogs with yields be-
tween 41 % and 61 % after 24 hours (Table 4, entries 5-12).
Interestingly, Ph-G;-Ru and Ph-G,-Ru displayed yields of 91 %
and 85 % after 72 hours proving that the dendritic complexes
successfully catalyze the hydrogen transfer but considerably
slower than their monomeric analogs (Table 4, entries 5 and
9). However, the majority of reactions was terminated after 24
hours.

Table 4. Transfer hydrogenation of acetophenone catalyzed by 3a-c-ML-Ru,
3a-c-G;-Ru and 3a-c-G,-Ru.?

Entry  Precursor Time /h Yield /%! ee /%!
1 Ph-ML-Ru(®”! 1/3/5/8/24 24/41/49/62/96 -

2 3a-ML-Ru 1/3/5/8/24  31/59/74/84/97 5(S)
3 3b-ML-Ru 1/3/5/8/24  45/65/76/88/97 <5

4 3c-ML-Ru 1/3/5/8/24  23/36/46/59/95 5(S)
5 Ph-G,-Ru/®” 1/3/5/8/24 9/21/28/41/53! -

6 3a-G,-Ru 1/3/5/8/24  6/14/22/33/58 8 (S)
7 3b-G;-Ru 1/3/5/8/24 11/19/28/35/54 10 (R)
8 3¢-G;-Ru 1/3/5/8/24  8/15/20/29/54 <5

9 Ph-G,-Rul®” 1/3/5/8/24  6/13/18/27/411 -

10 3a-G,-Ru 1/3/5/8/24  6/13/18/26/50 <5
11 3b-G,-Ru 1/3/5/8/24  9/19/27/33/61 6 (R
12 3¢-G,-Ru 1/3/5/8/24  5/12/19/27/44 <5

[a] Catalytic conditions (single runs): Precursor (1 mol-% Ru) dissolved in
6.5 mL of tBuOK (0.05 mmol in THF) and activated at 85 °C for 10 minutes
before adding acetophenone (0.5 mmol in 6.5 mL of iPrOH). [b] Yields deter-
mined by GC-MS using anisole (0.5 mmol) as internal standard. [c] Enantio-
meric excess at 24 h. [d] Yield after 72 h: 91 %. [e] Yield after 72 h: 85 %.

Regarding the dendrimer generations, it was found that the
first-generation dendritic complexes 3a-c-G;-Ru are generally
better precursors for the transfer hydrogenation of acetophen-
one than the second-generation dendritic complexes 3a-c-G,-
Ru (Table 4, entries 5-8 and 9-12). Only 3b-G,-Ru displayed a
slightly higher yield after 24 hours than its first-generation ana-
log 3b-G;-Ru (61 % vs. 54 %). When comparing the influence
of different phosphorus substituents on the catalytic perform-
ance, it is important to consider the formation of dimers of the
monomeric 2-methoxyphenyl-substituted complex 3a-ML-Ru,
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as reported previously.l®”! Therefore, it is highly likely that under
catalytic conditions the formation of the described 2:1 (ligand/
metal) complex is favored, in contrast to the initially synthesized
1:1 complex (Scheme 1). Generally, the 2-biphenylyl- and 2-
methoxyphenyl-substituted complexes were more active cata-
lysts in comparison to the n-butyl- and phenyl-substituted ones,
which is particularly noticeable in case of the monomeric com-
plexes 3a-ML-Ru and 3b-ML-Ru with very good yields of 84 %
and 88 %, respectively, after eight hours already (Table 4, en-
tries 2 and 3). For the 2-biphenylyl-substituted complexes, the
strained structure generated by tethering might benefit the cat-
alytic performance, as was previously observed for some teth-
ered complexes when compared to untethered counterparts.”>!
In some of the transfer hydrogenation reactions using P-ster-
eogenic ferrocenyl phosphine complexes, enantioenriched 1-
phenylethanol was obtained but no explicit trends could be
observed. 3b-G;-Ru, for instance, provided the R enantiomer of
the alcohol with 10 % excess, the highest achieved along all
tested precursors. In general, the 2-biphenylyl-substituted com-
plexes seem to discriminate for the R form, whereas 2-methoxy-
phenyl- and n-butyl-substituted complexes afford preferably
the S enantiomer. However, the overall enantioselection is very
low for all precursors tested, as commonly found with similar
monophosphine ligands;*®73! some are even completely unse-
lective, giving 1-phenylethanol with negligible enantiomeric ex-
cess (< 59%). Thermal inversion at phosphorus under catalytic
conditions was excluded, since previously reported inversion
barriers for the monomeric complexes 3a-c-ML-Ru indicated
an estimated half-life of several days at 85 °C.[®! The enantiose-
lectivity was only marginally better at low conversions, and low-
ering the temperature in general did not improve the enantio-
selection, but led to deficient conversions even for the mono-
meric precursors indicating slow deactivation over time.[”*

Redox-Switchable Catalysis

Leaving the unsatisfactory enantioselectivities aside, we com-
bined the general catalytic properties with the electrochemical
behavior of the monomeric and dendritic complexes and tested
their suitability for redox-switchable catalysis. By chemical oxid-
ation and subsequent reduction, the catalytic activity of the
P-stereogenic monomeric and dendritic ferrocenyl phosphine
complexes should be altered over the course of the hydrogen
transfer reaction. However, second-generation dendritic com-
plexes were not applied in redox-switched experiments since
solubility limitations are generally becoming an issue going to
higher generations, especially considering that in situ oxidation
creates high positive charges.

On oxidation with acetylferrocenium tetrafluoroborate
(1.0 equiv.) after 1.5 hours, the reaction rate for the monomeric
complexes 3a-c-ML-Ru was markedly reduced with the yields
remaining at an almost constant level in the following hours
(Figure 3, top). Only the achiral complex Ph-ML-Ru showed a
slightly delayed response to the chemical oxidation. With reduc-
tion by decamethylferrocene (1.1 equiv.) after 5 hours, all mono-
meric complexes regained catalytic activity, albeit not on the
same level as before oxidation. Although none of the redox-
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switched reactions reached the same yield as observed in the
non-switched reactions, the influence of a redox-active ligand
on the catalytic activity was remarkably demonstrated. The
comparatively low yield in the reaction with 3c-ML-Ru was due
to overall poor catalytic performance even before oxidation.

—=— Ph-ML-Ru
100 —e— 3a-ML-Ru
%0 ~—a— 3b-ML-Ru
—— 3¢c-ML-Ru
80
70
OFF .
. 60 l
= |
T 50 : i
K |
> 40 ; 5 "
30 3
20 ;
10 I
0 T T m T I’I’ T
1 3 5 8 24
time/ h
0 —e—3a-G1-Ru
—a— 3b-G1-Ru
60 —v— 3c-G1-Ru
50 OFF %
R 40 l /
T : 5
25 : '

time/h

Figure 3. Redox-switched transfer hydrogenation of acetophenone catalyzed
by monomeric complexes Ph-ML-Ru and 3a-c-ML-Ru (top) and dendritic
complexes 3a-c-G;-Ru (bottom) (OFF = 1.0 equiv. acetylferrocenium tetra-
fluoroborate, ON = 1.1 equiv. decamethylferrocene).

The same concept was applied to the dendritic complexes
3a-c-G4-Ru with different switching intervals to ensure a cer-
tain amount of conversion before oxidation was executed (Fig-
ure 3, bottom). All three dendritic complexes are less active
catalysts upon oxidation after 5 hours, and subsequent reduc-
tion after 8 hours restored their catalytic activity. As we previ-
ously reported, oxidation might reduce the solubility of the
dendritic complexes given the high positive charge.[®* There-
fore, a potential solubility effect, in addition to the electronic
communication, should not be excluded as explanation for a
less active oxidized catalyst. However, the results of the mono-
meric catalysts in the redox-switched experiments clearly indi-
cate an electronic effect of the redox-active ligand on the cata-
lytic activity. Once the ferrocene is oxidized, iron(lll) withdraws
electron density from the phosphine decreasing its donor
strength. Consequently, the electron-poor transition metal thus
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created is a less active catalyst for the transfer hydrogenation
of acetophenone. Therefore, reversible tuning of the electronic
properties of the ruthenium catalyst in situ is possible.

The power of the concept of redox-switchable catalysis was
furthermore proven by a double switching experiment per-
formed with 3a-ML-Ru by executing two oxidation and two
reduction steps alternately (Figure 4). In comparison with previ-
ous catalytic runs, the complex still showed evident activity
after the first oxidation which was endorsed by a separate ex-
periment where the catalyst was oxidized in the activation pe-
riod, revealing minor catalytic activity in the oxidized form. Fur-
thermore, we demonstrated in a separate experiment that the
reducing agent decamethylferrocene alone exhibited no cata-
lytic activity, ascribing the regained catalytic activity after re-
duction exclusively to the catalyst.

80 -
70 OFF /
o |
N OFF |
=
S | T [ ON |
k]
.
20
10
0 T T T T I/’ T
1 3 5 8 24
time/h

Figure 4. Redox-switched transfer hydrogenation of acetophenone catalyzed
by 3a-ML-Ru with two switching events (OFF = 1.0 equiv. acetylferrocenium
tetrafluoroborate, ON = 1.1 equiv. decamethylferrocene).

Conclusion

A new homogeneous catalytic system for the redox-switchable
asymmetric transfer hydrogenation of acetophenone has been
developed and, consequently, the first application of phosphine
ligands in redox-switchable transfer hydrogenation catalysis
was achieved. P-stereogenic phosphines were coupled to a
redox-active ferrocene moiety which was furthermore utilized
to immobilize this ligand system on phosphorus-containing
dendrimers. Ruthenium(ll) complexes of these P-stereogenic
dendritic ferrocenyl phosphines and their monomeric counter-
parts were electrochemically characterized proving their suita-
bility for redox-switchable applications. Catalytic testing of
these complexes revealed general catalytic activity for the
transfer hydrogenation with moderate (dendritic complexes) to
excellent (monomeric complexes) yields after 24 hours reaction
time. The first-generation dendrimers were more active than
the second-generation dendrimers; thus, no positive dendritic
effect could be observed. Overall unsatisfactory enantioselec-
tion afforded an enantioenriched reduction product in only
some cases. By utilizing the electrochemical properties, the con-
cept of redox-switchable catalysis was applied, and the catalytic
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activity of the complexes was altered over the course of the
hydrogen transfer reaction. Both monomeric and dendritic
complexes are switchable catalysts with markedly decreased
catalytic activity in the oxidized form. In situ reduction restored
the catalytic activity, although to a lesser extent than before
oxidation.

These results expand the use of redox-active phosphine li-
gands in redox-switchable catalysis. Especially transfer hydro-
genations, as a powerful alternative for direct hydrogenations,
have been scarcely explored in combination with redox-switch-
able catalysts. Redox control, in general, not only enables an
enhanced understanding of catalytic mechanisms but also facil-
itates the development towards catalysts with orthogonal activ-
ity for different substrates depending on their redox state. Addi-
tionally, dendritic catalysts might contribute to this develop-
ment by addressing the limited recyclability of homogeneous
catalysts. Future improvement of the ligand system presented
here should involve the introduction of P-stereogenic bisphos-
phines aiming for enhanced stereodiscrimination and, there-
fore, improved enantioselectivities in the asymmetric catalytic
transformations.

Experimental Section

General Procedure and Analytical Methods

In case of moisture or air sensitivity, the reactions were conducted
under nitrogen atmosphere using Schlenk techniques. Di-
ethyl ether, dichloromethane, toluene and hexane (isomeric mix-
ture) were obtained from an MBraun Solvent Purification System
SPS-800 and stored over 4 A molecular sieves or potassium (in case
of hexane). THF was dried and distilled from potassium, diethyl-
amine was dried and distilled from potassium hydroxide. The
starting material 1-bromo-1’-[(4-phenoxy)tert-butyldimethylsilyl]-
ferrocene!®>%%! was synthesized from 1,1’-dibromoferrocenel””! ac-
cording to literature procedures. The methyl (phenyl)phosphinite
boranes”% were synthesized by way of an (-)-ephedrine-based oxa-
zaphospholidine borane complex. The dendrimers G; and G,,""!
and acetylferrocenium tetrafluoroborate’?! were synthesized ac-
cording to literature procedures. Acetophenone and anisole were
freshly distilled, tBuOK freshly purified and decamethylferrocene
freshly sublimed prior use. Di-p-chlorobis[(n®-p-cymene)chloro-
ruthenium(ll)] is commercially available and was used without fur-
ther purification. NMR spectra were recorded with a Bruker Avance
Il HD 400 or Bruker Ascend 400 spectrometer. Numbering schemes
for the assignment of NMR signals are included in the Supporting
Information. Mass spectra were obtained with a Bruker ESI-TOF mi-
crOTOF, a Bruker ESI-qTOF Impact Il and a Bruker Esquire 3000plus
spectrometer. Elemental analyses were determined with a Heraeus
Vario EL Analyser. IR spectra were obtained with a Perkin-Elmer FT-
IR Spectrum 2000 spectrometer. The samples were measured as KBr
pellets. Chiral HPLC was performed with a Knauer HPLC system with
a Smartline PDA 2800 detector (A = 233 nm) and a 250 X 4.6 mm
Lux® 5 pm Amylose-1 column by Phenomenex. The specific rota-
tions were measured with a Kriiss Optronic P3002RS automatic digi-
tal polarimeter using a 1 dm micro polarimeter tube from Schmidt
+ Haensch. Melting points were determined using a Gallenkamp
MPD 350 BM 2.5 capillary melting point apparatus and are reported
uncorrected. All electrochemical measurements were obtained at
room temperature with a Biologic Science Instruments SP-50 poten-
tiostat using a three-electrode cell setup from Gamry Instruments
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(glassy carbon working electrode, platinum counter electrode and
non-aqueous Ag/Ag* reference electrode) with 0.1 mol L™
[nBu4NI[PFs] in DCM as electrolyte. GC analyses were performed
with a GC-MS system GC-MS-QP2010 from Shimadzu with helium
as carrier gas. All samples were analyzed by using a 30 m x 0.25 mm
[-DEX™ 120 chiral capillary column by Supelco with anisole as inter-
nal standard. Enantiomers were assigned by comparison with com-
mercially available enantiopure compounds. X-ray diffraction stud-
ies were performed with an Oxford Diffraction CCD Xcalibur-S dif-
fractometer using Mo-K,, radiation and w-scan rotation. All dendritic
compounds were characterized exclusively by NMR spectroscopy
since dendrimers are known for solvent inclusions falsifying other
characterization results.

Synthesis of Silyl-Protected Ferrocenyl Phosphine Boranes 1a-c

At -80 °C, nBuLi in hexanes (1.10 equiv.) was slowly added to a
solution of 1-bromo-1"-[(4-phenoxy)tert-butyldimethylsilyllferrocene
(1.05 equiv.) in THF (0.25 mol L™"). After stirring for 1 h at -80 °C,
the reaction mixture was slowly added to a solution of the corre-
sponding methyl (phenyl)phosphinite borane (1.00 equiv.) in
THF (0.25 mol L") at -80 °C. The solution was warmed to room
temperature over a period of 12 h. Water was added and the aque-
ous phase was extracted with diethyl ether. The combined organic
layers were washed with saturated aqueous NaCl and dried with
MgSO,. After removal of the solvent in vacuo, the crude product
was purified by column chromatography on silica with hexane/
DCM (4:1) grad. hexane/DCM (1:1).

1-[(Sp)-(2-Methoxyphenyl)(phenyl)phosphine  P-boranel-1'-[(4-
phenoxy)tert-butyldimethylsilyllferrocene (1a). Ferrocenyl phos-
phine borane 1a was obtained from methyl (Rp)-(2-methoxy-
phenyl)(phenyl)phosphinite P-borane (0.68 g, 2.63 mmol) as a sticky
orange solid (0.85 g, 52 %). Its enantiomeric excess was determined
by analytical chiral HPLC (hexane/2-propanol 90:10, 0.5 mL min~"):
ee = 97.5 % (tz: 10.0 min [Spl, 10.7 min [Rp]). Ry 0.27 (hexane/DCM,
2:1, v/v). mp: 66-68 °C. [a]®y = -18.3 (c = 1.25, CHCl;). 'H-NMR
(400.2 MHz, CDCl3): 6 (ppm) = 0.20 (s, 6H, H28), 0.73-1.82 (br m,
3H, BHs), 0.99 (s, 9H, H26), 3.41 (s, 3H, H25), 4.14-4.16 (m, 1H, H7/
8), 4.16-4.18 (m, 1H, H7/8), 4.26-4.28 (m, TH, H11/12), 4.28-4.30 (m,
1H, H11/12), 438-4.39 (m, TH, H6/H9), 4.40-4.41 (m, 1H, H10/13),
4.42-4.43 (m, TH, H10/13), 4.45-4.46 (m, TH, H6/H9), 6.67 (d, 2H,
3Juu = 8.6 Hz, H3), 6.84-6.87 (m, TH, H23), 7.06 (d, 2H, 3J,;; = 8.6 Hz,
H2), 7.07-7.12 (m, 1H, H21), 7.30-7.40 (m, 3H, H17, H18), 7.46-7.53
(m, 3H, H16, H22), 7.84-7.90 (m, 1H, H20). "*C{'"H}-NMR (100.6 MHz,
CDCls): 0 (ppm) = -4.2 (s, C28), 18.4 (s, C27), 25.8 (s, C26), 55.3 (s,
C25), 67.3 (s, C6/C9), 67.5 (s, C6/C9), 69.0 (d, Jep = 70.1 Hz, C14),
71.0 (s, C7/C8), 71.0 (s, C7/C8), 73.8 (d, 3Jcp = 8.3 Hz, C11/12), 74.1
(d, 3Jep = 7.5 Hz, C11/12), 75.0 (d, 2Jcp = 13.9 Hz, C10/C13), 75.1 (d,
2Jep = 8.2 Hz, C10/C13), 87.0 (s, C5), 112.0 (d, 3Jep = 4.2 Hz, C23),
119.7 (d, "Jep = 58.1 Hz, C19), 120.1 (s, C3), 121.1 (d, 3Jep = 11.7 Hz,
C21), 127.1 (s, C2), 128.0 (d, 3Jep = 10.5 Hz, C17), 130.0 (d, “ep =
2.2 Hz, C18), 130.6 (s, C4), 131.5 (d, 2Jcp = 10.0 Hz, C16), 132.8 (d,
"Jep = 62.7 Hz, C15), 133.5 (d, *Jep = 1.4 Hz, C22), 135.8 (d, 2Jep =
12.8 Hz, C20), 154.3 (s, C1), 161.0 (s, C24). 3'P{"H}-NMR (162.0 MHz,
CDCl3): 6 (ppm) = 13.7 (br m). ESI(+)-MS: m/z (%) = 643.2 (98.0)
[M + Nal]*, 620.2 (100) [M]*, 607.2 (26.1) [M - BHs]*. FT-IR (KBr): ¥
(cm™") = 3444 m, 3062 w, 2954 m, 2930 m, 2887 m, 2856 m, 2381 m,
2257 w, 1607 m, 1589 m, 1574 m, 1524 s, 1476 s, 1458 s, 1433 m,
1389 w, 1362 w, 1254 s, 1169 m, 1134 w, 1104 w, 1059 m, 1027 m,
913 s, 836 5, 804 m, 781 m, 758 m, 742 m, 697 m, 673 w, 634 w,
610 w, 582 w, 529 m, 499 m. Anal. Calcd. for C55H,,BFeO,PSi (620.2):
C 67.76, H 6.82; found C 67.33, H 6.73.

1-[(Sp)-(2-Biphenylyl)(phenyl)phosphine P-borane]-1’-[(4-phen-
oxy)tert-butyl-dimethylsilyllferrocene (1b). Ferrocenyl phosphine
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borane 1b was obtained from methyl (Rp)-(2-biphenylyl)(phenyl)-
phosphinite P-borane (0.20 g, 0.65 mmol) as an orange solid (0.22 g,
51 %). Its enantiomeric excess was determined by analytical chiral
HPLC (hexane/2-propanol 90:10, 0.25 mL min™"): ee = 97.1 % (tg:
17.3 min [Sp], 18.1 min [Rp]). Ry 0.30 (hexane/DCM, 2:1, v/v). mp:
57-59 °C. [a]®’ = -13.8 (c = 1.25, CHCl3). "TH-NMR (400.2 MHz, CDCl3):
o (ppm) = 0.19 (s, 6H, H31), 0.65-1.66 (br m, 3H, BH3), 0.98 (s, 9H,
H29), 3.85-3.86 (m, 1H, H7/8), 3.88-3.89 (m, 1H, H11/12), 4.01-4.03
(m, 2H, H6/H9, H7/H8), 4.16-4.17 (m, 1H, H11/12), 4.20-4.22 (m, 1H,
H10/13), 4.53-4.54 (m, 1H, H6/H9), 4.58-4.60 (m, TH, H10/13), 6.66
(d, 2H, 3Ju4y = 8.6 Hz, H3), 6.87 (br s, 2H, H27), 6.99 (t, 2H, 3/ =
7.5 Hz, H26), 7.02-7.14 (m, 2H, H23, H28), 7.04 (d, 2H, 3/ = 8.7 Hz,
H2), 7.20-7.26 (m, 2H, H20, H21), 7.32-7.40 (m, 3H, H17, H18), 7.43-
7.48 (m, 1H, H22), 7.57-7.62 (m, 2H, H16). "3C{"H}-NMR (100.6 MHz,
CDCl3): 0 (ppm) = -4.2 (s, C31), 18.4 (s, C30), 25.8 (s, C29), 67.2 (s,
C6/C9), 67.5 (s, C6/C9), 71.2 (s, C7/C8), 71.4 (s, C7/C8), 71.6 (d, "Jep =
68.8 Hz, C14), 72.7 (d, 3Jcp = 1.8 Hz, C11/12), 74.3 (d, Zcp = 8.9 Hz,
C10/C13), 74.5 (d, 3Jep = 6.2 Hz, C11/C12), 76.2 (d, Jcp = 16.4 Hz,
C10/C13), 87.1 (s, C5), 120.1 (s, C3), 126.9 (d, 2Jp = 9.2 Hz, C20),
127.0 (s, C28), 127.1 (s, C2), 127.1 (s, C26), 128.3 (d, 3Jcp = 10.3 Hz,
C17), 130.1 (d, *Jep = 1.6 Hz, C18), 130.2 (s, C27), 130.5 (s, C4), 131.0
(d, ¥Jep = 2.5 Hz, C22), 1314 (d, "Jep = 31.3 Hz, C15), 131.8 (s, C25),
131.9 (d, 3Jep = 7.9 Hz, €23), 133.2 (d, Uep = 9.5 Hz, C16), 133.6 (d,
3Jcp = 8.8 Hz, C21), 140.5 (d, Yep = 3.1 Hz, C24), 146.8 (d, Jep =
9.5 Hz, C19), 1543 (s, C1). 3'P{'"H}-NMR (162.0 MHz, CDCls):
O (ppm) = 17.8 (br m). ESI(+)-MS: m/z (%) = 689.2 (63.2) [M + Nal*,
653.2 (100) [M - BHs]*. FT-IR (KBr): ¥ (cm™") = 3441 m, 3054 w,
2928 m, 2856 m, 2371 m, 1607 m, 1561 w, 1524 s, 1457 s, 1438 m,
1389 w, 1263 5, 1169 m, 1103 w, 1057 m, 1028 m, 913 s, 829 s,
805 m, 780 m, 743 m, 697 m, 668 m, 606 w, 528 w, 496 w. Anal.
Calcd. for C4oH44BFeOPSI (666.2): C 72.08, H 6.65; found C 72.46,
H 6.80.

1-[(Rp)-(n-Butyl)(phenyl)phosphine P-boranel-1’-[(4-phenoxy)-
tert-butyl-dimethylsilyllferrocene (1c). Ferrocenyl phosphine bor-
ane 1c was obtained from methyl (Sp)-(n-butyl)(phenyl)-phosphinite
P-borane (0.80 g, 3.81 mmol) as an orange oil (1.11 g, 51 %). Its
enantiomeric excess was determined by analytical chiral HPLC (hex-
ane/2-propanol 90:10, 0.5 mL min~"): ee = 98.1 % (tz: 6.6 min [Sp],
8.3 min [Rp]). Ry 0.23 (hexane/DCM, 2:1, v/v). [a]® = +54.7 (c = 1.25,
CHCl3). "H-NMR (400.2 MHz, CDCl3): 6 (ppm) = 0.21 (s, 6H, H25),
0.55-1.78 (br m, 3H, BHs), 0.99 (s, 9H, H23), 0.83-0.90 (m, 3H, H22),
1.26-1.34 (m, 2H, H21), 1.50-1.58 (m, 2H, H20), 1.93-2.00 (m, 2H,
H19), 4.18-4.19 (m, 2H, H10/H13, H11/H12), 4.25-4.27 (m, 2H, H7/
H8, H10/H13), 4.29-4.30 (m, TH, H7/H8), 4.33-4.35 (m, 1H, H11/H12),
4.48-4.49 (m, 1H, H6/H9), 4.65-4.67 (m, TH, H6/H9), 6.73 (d, 2H,
3Jun = 8.5 Hz, H3), 7.23 (d, 2H, 3Jyy = 8.5 Hz, H2), 7.42-7.50 (m, 3H,
H17, H18), 7.72-7.77 (m, 2H, H16). "3C{"H}-NMR (100.6 MHz, CDCls):
o (ppm) = -4.2 (s, C25), 13.7 (s, C22), 18.4 (s, C24), 24.4 (d, 2Jep =
14.4 Hz, C20), 25.4 (s, C21), 25.8 (s, C23), 27.6 (d, "Jcp = 38.9 Hz,
C19), 67.5 (s, C6/C9), 67.5 (s, C6/C9), 70.8 (s, C7/C8), 70.8 (s, C7/C8),
71.0 (d, "Jep = 65.0 Hz, C14), 72.9 (d, 3Jcp = 9.5 Hz, C11/12), 73.1 (d,
3Jcp = 9.7 Hz, C11/12), 73.6 (d, 2Jcp = 7.4 Hz, C10/C13), 74.0 (d, Yep =
7.4 Hz, C10/C13), 87.2 (s, C5), 120.2 (s, C3), 127.3 (s, C2), 128.6 (d,
3Jep = 9.7 Hz, C17), 130.5 (d, "Jep = 54.9 Hz, C15), 130.0 (s, C4), 131.1
(d, “Jep = 1.9 Hz, C18), 132.2 (d, 2Jcp = 8.9 Hz, C16), 154.5 (s, C1).
3TP{'H}-NMR (162.0 MHz, CDCl3): 6 (ppm) = 11.2 (br m). ESI(+)-MS:
m/z (%) = 593.2 (33.9) [M + Nal*, 570.2 (100) [MI]*. FT-IR (KBr): ¥
(cm™") = 3438 m, 3059 w, 3032 w, 2958 m, 2930 m, 2899 w, 2858 m,
2381 m, 2344 m, 2254 w, 1608 m, 1525 s, 1458 s, 1437 w, 1413 w,
1387 w, 1362 w, 1261 s, 1172 m, 1105 m, 1066 m, 1030 m, 913 s,
828 5, 805 s, 783 m, 741 m, 697 m, 672 w, 630 w, 601 w, 529 m,
495 m. HR-MS [ESI(+)]: m/z [M]* calcd. for C3,H44BFeOPSi: 570.2343;
found 570.2355.

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Synthesis of Ferrocenyl Phosphine Boranes 2a-c

Tetra-n-butylammonium fluoride trihydrate (2.00 equiv.) was added
to a solution of 1a-c (1.00 equiv.) in THF (0.02 mol L™") and stirred
for 12 h at room temperature. Ethyl acetate was added and the
organic phase was washed with saturated aqueous NH4Cl and dried
with MgSQO,. After removal of the solvent in vacuo, the crude prod-
uct was purified by column chromatography on silica with hexane/
DCM, 1:1 grad. DCM.

1-[(Sp)-(2-Methoxyphenyl)(phenyl)phosphine  P-boranel-1'-(4-
hydroxyphenyl)ferrocene (2a). Ferrocenyl phosphine borane 2a
was obtained from silyl-protected ferrocenyl phosphine borane 1a
(0.50 g, 0.81 mmol) as an orange solid (0.38 g, 93 %). Its enantio-
meric excess was determined by analytical chiral HPLC (hexane/2-
propanol 85:15, 0.5 mLmin™"): ee = 96.6 % (tg: 33.8 min [Sp],
36.3 min [Rp]). Ry 0.16 (hexane/DCM, 1:2, v/v). mp: 113-115 °C.
[a]3 = -203 (c = 1.25, CHCl3). '"H-NMR (400.2 MHz, CDCls):
& (ppm) = 0.68-1.77 (br m, 3H, BH3), 3.40 (s, 3H, H25), 4.14-4.15 (m,
1H, H7/8), 4.16-4.17 (m, 1H, H7/8), 4.28-4.29 (m, TH, H11/12), 431~
4.32 (m, 1H, H11/12), 4.39-4.40 (m, 2H, H6/H9, H10/13), 4.41-4.42
(m, TH, H10/13), 4.45-4.46 (m, 1H, H6/9), 4.77 (br s, 1H, OH), 6.67
(d, 2H, 3Jy = 8.5 Hz, H3), 6.84-6.87 (m, TH, H23), 7.06 (d, 2H, 3Juy =
8.6 Hz, H2), 7.07-7.12 (m, 1H, H21), 7.30-7.40 (m, 3H, H17, H18),
7.46-7.53 (m, 3H, H16, H22), 7.84-7.89 (m, 1H, H20). "3C{'"H}-NMR
(100.6 MHz, CDCl3): 6 (ppm) = 55.3 (s, C25), 67.3 (s, C6/C9), 67.5 (s,
C6/C9), 69.0 (d, "Jep = 70.2 Hz, C14), 70.9 (s, C7/C8), 70.9 (s, C7/C8),
73.7 (d, 3Jcp = 8.3 Hz, C11/12), 74.0 (d, 3Jcp = 7.5 Hz, C11/12), 75.0
(d, 2Jep = 12.6 Hz, C10/C13), 75.2 (d, 2Jcp = 7.8 Hz, C10/C13), 87.1
(s, C5), 112.0 (d, 3Jep = 4.3 Hz, C23), 115.4 (s, C3), 119.6 (d, "Jep =
58.3 Hz, C19), 121.1 (d, 3Jep = 11.7 Hz, C21), 127.4 (s, C2), 128.0 (d,
3Jcp = 10.5 Hz, C17), 130.0 (d, “Jep = 2.1 Hz, C18), 130.2 (s, C4), 131.4
(d, ZJep = 10.0 Hz, C16), 132.7 (d, "Jep = 62.7 Hz, C15), 133.6 (d,
4Jep = 1.4 Hz, C22), 135.7 (d, Zep = 12.8 Hz, C20), 154.2 (s, C1), 161.0
(s, C24). 3'P{"H}-NMR (162.0 MHz, CDCl3): & (ppm) = 13.7 (br m).
ESI(+)-MS: m/z (%) = 529.1 (89.8) [M + Na]*, 515.1 (100) [M - BH; +
Na]*, 492.1 (98.3) [M - BH5]*. FT-IR (KBr): ¥ (cm™) = 3922 w, 3430 s,
3136 w, 3105 w, 3062 w, 3036 w, 3010 w, 2966 w, 2939 w, 2836 w,
2378 s, 2366 s, 2299 m, 2270 m, 1956 w, 1910 w, 1887 w, 1799 w,
1769 w, 1704 w, 1675 w, 1647 w, 1610 m, 1588 m, 1526 s, 1478 s,
1456 s, 1433 s, 1388 w, 1348 m, 1325 w, 1301 w, 1278 s, 1264 s,
1250 s, 1213 5, 1193 5, 1169 5, 1138 m, 1106 m, 1068 s, 1029 s,
1013 m, 890 w, 834 s, 808 m, 756 s, 726 m, 702 m, 689 m, 655 w,
636 m, 614 m, 584 w, 531 m, 509 s, 496 s, 461 s, 428 w. Anal. Calcd.
for CoH,gBFeO,P (506.1): C 68.81, H 5.58; found C 68.75, H 5.56.

1-[(Sp)-(2-Biphenylyl)(phenyl)phosphine P-boranel-1'-(4-
hydroxyphenyl)ferrocene (2b). Ferrocenyl phosphine borane 2b
was obtained from silyl-protected ferrocenyl phosphine borane 1b
(0.62 g, 0.92 mmol) as an orange solid (0.38 g, 75 %). Its enantio-
meric excess was determined by analytical chiral HPLC (hexane/2-
propanol 85:15, 0.5 mLmin™"): ee = 963 % (tg: 27.9 min [Sp],
42.3 min [Rp]). Ry: 0.19 (hexane/DCM, 1:2, v/v). mp: 96-98 °C. [a]F’® =
+19.7 (c = 1.25, CHCl3). "H-NMR (400.2 MHz, CDCl5): 6 (ppm) = 0.61-
1.64 (br m, 3H, BHs), 3.86-3.88 (m, 1H, H7/8), 3.88-3.89 (m, 1H, H11/
12), 3.99-4.00 (m, TH, H7/H8), 4.03-4.05 (m, 1H, H6/H9), 4.19-4.20
(m, 1H, H11/12), 4.22-4.24 (m, 1H, H10/13), 4.52-4.53 (m, 1H, H6/
H9), 4.57-4.59 (m, 1H, H10/13), 4.67 (br s, 1H, OH), 6.66 (d, 2H, 3Jy =
8.6 Hz, H3), 6.87 (br s, 2H, H27), 6.99 (t, 2H, 3Jyy = 7.5 Hz, H26),
7.03-7.14 (m, 2H, H23, H28), 7.05 (d, 2H, 3J4y = 8.6 Hz, H2), 7.17-
7.25 (m, 2H, H20, H21), 7.33-7.40 (m, 3H, H17, H18), 7.44-7.48 (m,
1H, H22), 7.57-7.62 (m, 2H, H16). "*C{'"H}-NMR (100.6 MHz, CDCl5):
0 (ppm) = 67.2 (s, C6/C9), 67.5 (s, C6/C9), 71.1 (s, C7/C8), 71.3 (s,
C7/C8), 71.7 (d, YJep = 68.4 Hz, C14), 72.7 (d, 3Jcp = 2.0 Hz, C11/12),
742 (d, 2Jcp = 8.9 Hz, C10/C13), 74.4 (d, 3Jcp = 6.2 Hz, C11/C12),

Eur. J. Inorg. Chem. 2020, 1654-1669 www.eurjic.org

1664

76.3 (d, 2Jcp = 16.5 Hz, C10/C13), 87.0 (s, C5), 115.4 (s, C3), 126.9 (d,
2Jep = 9.2 Hz, C20), 127.1 (s, C28), 127.1 (s, C2), 127.4 (s, C26), 128.3
(d, 3Jcp = 10.3 Hz, C17), 130.1 (d, “Jep = 1.9 Hz, C18), 130.2 (s, C27),
131.0 (s, C4), 131.0 (d, “Jep = 2.3 Hz, C22), 1314 (d, Jep = 34.3 Hz,
C15), 131.8 (s, €25), 131.9 (d, 3Jep = 7.9 Hz, C23), 133.3 (d, Uep =
9.5 Hz, C16), 133.6 (d, 3Jcp = 8.7 Hz, C21), 140.5 (d, ?Jep = 3.3 Hz,
C24), 1469 (d, "Jep = 9.6 Hz, C19), 154.2 (s, C1). 3'P{'"H}-NMR
(162.0 MHz, CDCl3): 6 (ppm) = 17.8 (br m). ESI(+)-MS: m/z (%) =
552.1 (18.0) [M]*, 538.1 (100) [M - BHs]*. FT-IR (KBr): v (cm™') =
3924 w, 3775 w, 3716 w, 3689 w, 3419 s, 3053 m, 2955 m, 2384 s,
2361 m, 1734 w, 1687 w, 1651 w, 1647 w, 1611 m, 1562 w, 1556 w,
1540 w, 1527 s, 1497 w, 1458 m, 1438 s, 1385 m, 1363 w, 1264 m,
1215 m, 1170 s, 1106 m, 1085 w, 1058 m, 1030 m, 1008 w, 886 w,
830 s, 745 5, 699 s, 668 m, 634 w, 608 w, 530 w, 498 m, 469 m,
421 w. Anal. Calcd. for C5,H;,BFeOP (552.2): C 72.95, H 5.48; found
C 72.65, H 5.78.

1-[(Rp)-(n-Butyl)(phenyl)phosphine P-boranel-1'-(4-hydroxy-
phenyl)ferrocene (2c). Ferrocenyl phosphine borane 2c was ob-
tained from silyl-protected ferrocenyl phosphine borane 1c (0.92 g,
1.62 mmol) as a sticky orange solid (0.66 g, 89 %). Its enantiomeric
excess was determined by analytical chiral HPLC (hexane/2-prop-
anol 85:15, 0.5 mL min™"): ee = 94.6 % (tg: 19.0 min [Rp], 20.4 min
[Sp]). Ry: 0.19 (hexane/DCM, 1:2, v/v). [a]F = +69.7 (c = 1.25, CHCl5).
"H-NMR (400.2 MHz, CDCl,): & (ppm) = 0.51-1.65 (br m, 3H, BH5),
0.82-0.86 (m, 3H, H22), 1.24-1.34 (m, 2H, H21), 1.49-1.56 (m, 2H,
H20), 1.89-2.02 (m, 2H, H19), 4.17-4.19 (m, 1H, H11/H12), 4.19-4.20
(m, TH, H10/H13), 4.26-4.27 (m, 1H, H7/H8), 4.28-4.29 (m, 2H, H7/
H8, H10/H13), 4.34-4.35 (m, 1H, H11/H12), 4.48-4.49 (m, 1H, H6/
H9), 4.65-4.66 (m, 1H, H6/H9), 4.99 (br s, TH, OH), 6.75 (d, 2H, 3Jyy =
8.5 Hz, H3), 7.24 (d, 2H, 3Jyy = 8.5 Hz, H2), 7.41-7.50 (m, 3H, H17,
H18), 7.73-7.77 (m, 2H, H16). "*C{'H}-NMR (100.6 MHz, CDCl,):
o (ppm) = 13.7 (s, C22), 24.3 (d, 2Jcp = 14.4 Hz, C20), 25.4 (s, C21),
27.6 (d, "Jep = 39.0 Hz, C19), 67.4 (s, C6/C9), 67.5 (s, C6/C9), 70.7 (s,
C7/C8), 70.8 (s, C7/C8), 70.9 (d, "Jep = 65.1 Hz, C14), 72.9 (d, *Jcp =
9.4 Hz, C11/12), 73.1 (d, 3Jcp = 9.8 Hz, C11/12), 73.5 (d, 2Jcp = 7.4 Hz,
C10/C13), 73.9 (d, 2Jcp = 7.4 Hz, C10/C13), 87.2 (s, C5), 115.5 (s, C3),
127.5 (s, C2), 128.7 (d, 3Jep = 9.7 Hz, C17), 130.1 (s, C4), 130.4 (d,
ep = 55.2 Hz, C15), 131.1 (d, “Jep = 2.0 Hz, C18), 132.2 (d, Zep =
8.9 Hz, C16), 1544 (s, C1). 3'P{"H}-NMR (162.0 MHz, CDCls):
o (ppm) = 11.2 (br m). ESI(+)-MS: m/z (%) = 479.1 (98.9) [M + Na]*,
456.1 (34.1) [M]*, 422.1 (100) [M - BH5]*. FT-IR (KBr): v (cm™) =
3925 w, 3422 s, 3082 w, 3056 w, 2956 m, 2929 m, 2868 m, 2377 s,
1886 w, 1611 m, 1591 m, 1527 s, 1483 w, 1457 m, 1437 s, 1383 m,
1362 m, 1263 m, 1216 m, 1172’5, 1106 m, 1065 m, 1030 m, 888 m,
863 w, 831 s, 743 m, 696 m, 629 w, 606 m, 530 m, 494 m. Anal.
Calcd. for Cy4H50BFeOP (456.2): C 68.36, H 6.63; found C 67.88,
H 6.79.

Synthesis of Ferrocenyl Phosphines 3a-c

A solution of 2a-c in diethylamine (0.025 mol L™") was heated at
50 °C for 12 h. Diethylamine was removed by evaporation under
reduced pressure and the crude residue was purified by column
chromatography on degassed, deactivated silica (pretreated with
hexane/triethylamine, 95:5) with degassed hexane/DCM (1:1) grad.
DCM. In order to determine the enantiomeric excess, 3a-c was re-
protected by BH3-SMe, (2.0 mol L™! in THF) prior analysis by chiral
HPLC.

1-[(Sp)-(2-Methoxyphenyl)(phenyl)phosphine]-1'-(4-hydroxy-
phenyl)ferrocene (3a). Ferrocenyl phosphine 3a was obtained
from ferrocenyl phosphine borane 2a (0.33 g, 0.66 mmol) as a sticky
orange solid (0.31 g, 98 %). Its enantiomeric excess was determined,
after reprotection by reaction with BH;-SMe,, by analytical chiral
HPLC (hexane/2-propanol 85:15, 0.5 mL min~'): ee = 92.6 % (tg:

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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34.1 min [Spl, 36.8 min [Rp]). Ry 0.22 (hexane/DCM, 1:2, v/v). mp:
45-47 °C. "H-NMR (400.2 MHz, CDCl5): 6 (ppm) = 3.70-3.71 (m, 1H,
H10/H13), 3.71 (s, 3H, H25), 4.07-4.08 (m, TH, H10/H13), 4.15-4.17
(m, TH, H11/H12), 4.17-4.18 (m, 1H, H7/8), 4.19-4.20 (m, 1H, H7/8),
4.21-4.22 (m, TH, H11/H12), 4.42-4.43 (m, 1H, H6/H9), 4.57-4.58 (m,
1H, H6/H9), 4.78 (br s, 1H, OH), 6.71 (d, 2H, 3J44 = 8.6 Hz, H3), 6.81-
6.90 (m, 2H, H21, H23), 7.23 (d, 2H, 3/ = 8.6 Hz, H2), 7.26-7.34 (m,
5H, H16-H18), 7.45-7.49 (m, 2H, H20, H22). "3C{"H}-NMR
(100.6 MHz, CDCls): 6 (ppm) = 55.8 (s, C25), 67.1 (s, C6/C9), 67.4 (s,
C6/C9), 70.0 (s, C7/C8), 70.1 (s, C7/C8), 72.7 (d, 3Jep = 1.1 Hz, C11/
12), 73.4 (d, 3Jcp = 5.8 Hz, C11/12), 73.4 (d, %Jcp = 4.6 Hz, C10/C13),
75.9 (d, 2Jcp = 24.7 Hz, C10/C13), 76.2 (d, "Jep = 5.8 Hz, C14), 86.6
(s, C5), 110.4 (d, 3Jep = 1.1 Hz, C23), 115.4 (s, C3), 120.9 (s, C21),
127.6 (s, C2), 128.1 (d, 2Jcp = 7.5 Hz, C16), 128.1 (d, "Jep = 12.7 Hz,
C19), 128.6 (s, C18), 130.1 (s, C17), 131.0 (s, C4), 133.8 (s, C20), 134.0
(s, C22), 138.2 (d, "Jep = 8.1 Hz, C15), 154.1 (s, C1), 160.8 (d, 2Jcp =
15.2 Hz, C24). 3"P{"H}-NMR (162.0 MHz, CDCl5): 6 (ppm) = -29.7 (s).
ESI(+)-MS: m/z (%) = 531.1 (11.1) [M + K]*, 493.1 (100) [M + H]*. FT-
IR (KBr): ¥ (cm™") = 3384 m, 3065 m, 3003 m, 2962 w, 2933 w,
2832 w, 2362 w, 1884 w, 1701 w, 1610 m, 1584 m, 1526 s, 1458 s,
14315, 1383 m, 1266 s, 1240 s, 1195 w, 1161 m, 1129 m, 1100 m,
1069 m, 1024 s, 888 m, 829 s, 796 m, 750 s, 698 m, 633 w, 608 w,
575 w, 530 m, 488 m, 434 w. Anal. Calcd. for C,oH,5FeO,P (492.1):
C 70.75, H 5.12; found C 70.35, H 5.16.

1-[(Sp)-(2-Biphenylyl)(phenyl)phosphinel-1’-(4-hydroxyphenyl)-
ferrocene (3b). Ferrocenyl phosphine 3b was obtained from ferro-
cenyl phosphine borane 2b (0.35 g, 0.63 mmol) as a sticky orange
solid (0.31 g, 92 %). Its enantiomeric excess was determined, after
reprotection by reaction with BH3; SMe,, by analytical chiral HPLC
(hexane/2-propanol 85:15, 0.5 mL min™"): ee = 92.2 % (tg: 26.7 min
[Spl, 41.3 min [Rp]). Ry 0.25 (hexane/DCM, 1:2, v/v). mp: 52-54 °C.
TH-NMR (400.2 MHz, CDCl3): & (ppm) = 3.69 (br s, TH, H11/H12),
3.98 (br s, TH, H7/H8), 4.08 (br s, TH, H7/H8), 4.14 (br s, 2H, H10/
H13, H11/H12), 4.19 (br s, 2H, H6/H9, H10/H13), 4.48 (br s, TH, H6/
H9), 4.53 (br s, TH, OH), 6.67 (d, 2H, 3J4y = 8.2 Hz, H3), 7.08-7.12
(m, 3H, H17, H18), 7.11 (d, 2H, 3Jyy = 8.0 Hz, H2), 7.18-7.33 (m, 11H,
H16, H20-H23, H26-H28). "3*C{"H}-NMR (100.6 MHz, CDCl;):
0 (ppm) = 67.0 (s, C6/C9), 67.1 (s, C6/C9), 70.0 (s, C7/C8), 70.1 (s,
C7/C8), 72.9 (s, C11/C12), 73.3 (s, C11/C12), 73.7 (d, 2Jcp = 6.8 Hz,
C10/C13), 76.0 (d, 2Jcp = 29.9 Hz, C10/C13), 77.1 (d, "Jep = 8.5 Hz,
C14), 86.5 (s, C5), 115.4 (s, C3), 127.0 (s, C2), 127.5 (s, C26), 127.7 (s,
C27), 128.0 (s, C23), 128.0 (s, C21), 128.2 (s, C28), 128.6 (s, C22),
129.8 (d, 3Jcp = 3.8 Hz, C17), 129.9 (d, 2Jcp = 3.8 Hz, C20), 130.9 (s,
C4), 132.9 (s, C18), 134.5 (d, 2Jep = 20.5 Hz, C16), 138.4 (d, Zep =
8.5 Hz, C24), 139.1 (d, "Jep = 15.0 Hz, C19), 141.9 (d, 3Jcp = 5.0 Hz,
C25), 146.9 (d, "Jcp = 24.8 Hz, C15), 154.0 (s, C1). 3'"P{'"H}-NMR
(162.0 MHz, CDCl3): 6 (ppm) = -23.0 (s). ESI(+)-MS: m/z (%) =
538.1 (100) [M]*. FT-IR (KBr): ¥ (cm™") = 3854 w, 3804 w, 3730 w,
3676 W, 3246 m, 3048 m, 2962 m, 2361 m, 2339 m, 1631 w, 1610 w,
1588 w, 1526 s, 1478 w, 1458 m, 1433 s, 1385 w, 1347 w, 1325 w,
1308 w, 1262 s, 1215 m, 1197 m, 1171 m, 1168 m, 1098 s, 1027 s,
916 w, 886 w, 821 5,803 s, 751'5,699 5, 672 W, 655 w, 634 w, 611 w,
556 w, 530 w, 488 m, 457 w, 425 w. Anal. Calcd. for C34H,,FeOP
(538.1): C 75.85, H 5.05; found C 75.18, H 5.16.

1-[(Rp)-(n-Butyl)(phenyl)phosphine]-1'-(4-hydroxyphenyl)ferro-
cene (3c). Ferrocenyl phosphine 3¢ was obtained from ferrocenyl
phosphine borane 2c (0.64 g, 1.40 mmol) as a sticky orange solid
(0.61 g, 98 %). Its enantiomeric excess was determined, after repro-
tection by reaction with BH3:SMe,, by analytical chiral HPLC (hex-
ane/2-propanol 85:15, 0.5 mL min~"): ee = 92.5 % (tg: 19.9 min [Rp],
22.5 min [Sp]). Ry 0.23 (hexane/DCM, 1:2, v/v). mp: 41-43 °C. 'H-
NMR (400.2 MHz, CDCl5): & (ppm) = 0.86-0.90 (m, 3H, H22), 1.28-
1.51 (m, 4H, H20, H21), 1.81-1.88 (m, 2H, H19), 3.96-3.97 (m, 1H,
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H10/H13), 4.10-4.11 (m, TH, H11/H12), 4.14-4.15 (m, TH, H10/H13),
4.17-4.19 (m, 1H, H11/H12), 4.20-4.23 (m, 2H, H7, H8), 4.48-4.49
(m, 1H, H6/H9), 4.53-4.54 (m, 1H, H6/H9), 4.95 (br s, TH, OH), 6.76
(d, 2H, 3Jyy = 8.6 Hz, H3), 7.28-7.31 (m, 3H, H17, H18), 7.32 (d, 2H,
3Jun = 8.6 Hz, H2), 7.42-7.47 (m, 2H, H16). "3C{"H}-NMR (100.6 MHz,
CDCl5): 0 (ppm) = 14.0 (s, C22), 24.5 (d, 2Jcp = 13.3 Hz, C20), 28.7
(d, 3Jep = 2.9 Hz, C21), 28.7 (d, "Jep = 21.6 Hz, C19), 67.1 (s, C6/C9),
67.2 (s, C6/C9), 69.9 (s, C7/C8), 69.9 (s, C7/C8), 71.8 (d, 3Jcp = 8.0 Hz,
C11/12), 72.1 (d, 3Jcp = 2.3 Hz, C11/12), 72.7 (d, Zp = 4.8 Hz, C10/
C13), 744 (d, ?Jcp = 19.0 Hz, C10/C13), 78.2 (d, "Jep = 7.7 Hz, C14),
86.6 (s, C5), 115.5 (s, C3), 127.6 (s, C2), 128.3 (d, 3Jep = 7.1 Hz, C17),
128.7 (s, C18), 131.0 (s, C4), 132.9 (d, ZJcp = 19.6 Hz, C16), 140.0 (d,
"Jep = 13.3 Hz, C15), 154.2 (s, C1). 3"P{"H}-NMR (162.0 MHz, CDCl5):
0 (ppm) = -28.0 (s). ESI(+)-MS: m/z (%) = 473.1 (58.9) [M+CH5OHI",
443.1 (100) [M + HI*. FT-IR (KBr): v (cm™") = 3418 s, 3443 5, 3023 W,
2955 m, 2926 m, 2854 m, 1876 w, 1610 m, 1596 m, 1525 s, 1448 s,
1377 m, 12415, 1175 m, 1159 m, 1101 m, 1068 w, 1028 m, 889 m,
826 s, 741 m, 719 w, 695 m, 634 w, 610 w, 522 m, 491 m. Anal.
Calcd. for C,6H,,FeOP (442.1): C 70.60, H 6.16; found C 70.36, H 6.34.

Synthesis of Dendritic Ferrocenyl Phosphines 3a-c-G,
and 3a-c-G,

A solution of 3a-c (13 equiv. for Gy or 26 equiv. for G,) in THF
(0.05 mol L") was added to dry Cs,COs5 (18 equiv. for G, or 36 equiv.
for G,) and stirred for 12 h at room temperature. A solution of G,
or G, (1 equiv.) in THF (0.01 mol L") was added and stirring re-
sumed until the 3"P{"H}-NMR spectrum indicated full conversion (at
least 12 h). The suspension was filtered and the filtrate was precipi-
tated with n-pentane. After stirring for 15 minutes, the product was
isolated and washed twice with n-pentane.

Dendritic Ferrocenyl Phosphine 3a-G,. Dendritic ferrocenyl phos-
phine 3a-G; was obtained from ferrocenyl phosphine 3a (0.12 g,
0.24 mmol) and G, (0.03 g, 0.02 mmol) as an orange solid (0.13 g,
93 %). "H-NMR (400.2 MHz, CDCl3): 6 (ppm) = 3.20 (d, 18H, 3Jp =
10.1 Hz, H34), 3.63 (br s, 48H, H10/H13, H25), 4.01 (br s, 12H, H10/
H13), 4.06 (br's, 12H, H11/H12), 4.12 (br s, 12H, H11/H12), 4.14 (br s,
12H, H7/8), 4.16 (br s, 12H, H7/8), 4.34 (br s, 12H, H6/H9), 4.48-4.49
(m, 12H, H6/H9), 6.74-6.84 (m, 36H, H20, H21, H23), 6.98 (d, 12H,
3J,4 = 8.7 Hz, H30), 7.01 (d, 24H, 3J,y = 8.2 Hz, H3), 7.17 (d, 24H,
3Jun = 8.5 Hz, H2), 7.18-7.26 (m, 48H, H16, H17), 7.38-7.42 (m, 24H,
H18, H22), 7.52 (s, 6H, H33), 7.57 (d, 12H, 3Jy4 = 8.5 Hz, H31). "3C{"H}-
NMR (100.6 MHz, CDCl3): 6 (ppm) = 33.2 (d, ZJep = 11.9 Hz, C34),
55.7 (s, C25), 67.6 (s, C6/C9), 67.8 (s, C6/C9), 70.5 (s, C7/C8), 70.6 (s,
C7/C8),72.8 (s,C11/12),73.5 (d, 3Jcp = 2.8 Hz, C11/12), 73.5 (d, 2Jp =
13.6 Hz, C10/C13), 75.8 (d, Zcp = 24.6 Hz, C10/C13), 76.5 (d, "Jep =
6.5 Hz, C14), 85.4 (s, C5), 110.4 (s, C23), 120.9 (s, C21), 121.4 (s, C2),
121.5 (s, C30), 127.3 (s, C3), 128.1 (d, "Jep = 12.7 Hz, C19), 128.1 (d,
2Jep = 7.7 Hz, C16), 128.4 (s, C31), 128.7 (s, C18), 130.2 (s, C17), 132.4
(s, C32), 133.7 (s, C22), 133.8 (d, 2Jcp = 20.3 Hz, C20), 136.1 (s, C4),
138.1 (d, "Jep = 8.3 Hz, C15), 138.6 (d, 3Jcp = 14.3 Hz, C33), 148.9 (d,
2Jep = 7.1 Hz, C1), 151.3 (s, C29), 160.8 (d, ZJcp = 15.2 Hz, C24).
31P{'H}-NMR (162.0 MHz, CDCl5): & (ppm) = -29.9 (s, (5)-P), 8.3 (s,
NsPs), 62.3 (s, P=S).

Dendritic Ferrocenyl Phosphine 3a-G,. Dendritic ferrocenyl phos-
phine 3a-G, was obtained from ferrocenyl phosphine 3a (0.10 g,
0.20 mmol) and G, (0.04 g, 0.01 mmol) as an orange solid (0.12 g,
97 %). "H-NMR (400.2 MHz, CDCl5): 6 (ppm) = 3.11 (d, 18H, 3Jip =
9.7 Hz, H34), 3.20 (d, 36H, 3Jup = 9.5 Hz, H40), 3.63 (br s, 96H, H10/
H13, H25), 4.01 (br s, 24H, H10/H13), 4.07 (br s, 24H, H11/H12), 4.14
(br's, 72H, H7, H8, H11/H12), 4.36 (br s, 24H, H6/H9), 4.50 (br s, 24H,
H6/H9), 6.76-6.89 (m, 84H, H20, H21, H23, H30), 7.02 (d, 48H, 3/, =
7.05 Hz, H2), 7.15-7.26 (m, 156H, H3, H16, H17, H31), 7.41 (br s, 48H,
H18, H22), 7.49 (br s, 18H, H33, H39), 7.56-7.60 (m, 48H, H36, H37).
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13C{'H}-NMR (100.6 MHz, CDCl5): & (ppm) = 33.1 (d, Zep = 11.3 Hz,
C34) = 33.2 (d, ZJep = 12.8 Hz, C40), 55.7 (s, C25), 67.6 (s, C6/C9),
67.8 (s, C6/C9), 70.5 (s, C7/C8), 70.6 (s, C7/C8), 72.8 (s, C11/12), 73.5
(d, 3Jcp = 2.8 Hz, C11/12), 73.5 (d, 2Jcp = 12.5 Hz, C10/C13), 75.8 (d,
2Jep = 23.3 Hz, C10/C13), 76.5 (d, "Jep = 6.4 Hz, C14), 85.4 (s, C5),
1104 (s, C23), 120.9 (s, C21), 121.5 (s, C2), 121.6 (s, C36), 122.0 (s,
C30), 127.3 (s, C3), 128.1 (d, "Jep = 12.5 Hz, C19), 128.1 (d, 2Jep =
7.4 Hz, C16), 128.5 (s, C31, C37), 128.7 (s, C18), 130.2 (s, C17), 132.6
(s, C32, C38), 133.7 (s, C22), 133.8 (d, 2Jcp = 19.8 Hz, C20), 136.1 (s,
C4), 138.1 (d, "Jep = 8.9 Hz, C15), 138.6 (d, 3Jcp = 13.5 Hz, €33, C39),
1489 (d, ZJep = 6.3 Hz, C1), 151.3 (s, C29), 151.4 (s, C35), 160.8 (d,
2Jep = 15.5 Hz, C24). 3'P{'H}-NMR (162.0 MHz, CDCl5): 6 (ppm) =
-29.8 (s, (5)-P), 8.5 (s, N3P3), 62.6 (br s, P=S).

Dendritic Ferrocenyl Phosphine 3b-G,. Dendritic ferrocenyl phos-
phine 3b-G; was obtained from ferrocenyl phosphine 3b (0.12 g,
0.22 mmol) and G, (0.03 g, 0.02 mmol) as an orange solid (0.12 g,
89 %). "H-NMR (400.2 MHz, [Dg]THF): 6 (ppm) = 3.23 (d, 18H, 3Jp =
10.3 Hz, H34), 3.58 (br s, 12H, H11/H12), 3.96 (br s, 12H, H7/H8),
4.00 (br s, 12H, H10/H13), 4.05 (br s, 24H, H7/H8, H11/H12), 4.09
(br's, 12H, H10/H13), 4.24 (br s, 12H, H6/H9), 4.49-4.51 (m, 12H, H6/
H9), 7.01-7.28 (m, 228H, H2, H3, H16-H18, H20-H23, H26-H28,
H30), 7.64 (s, 6H, H33), 7.66 (br s, 12H, H31). "3C{"H}-NMR
(100.6 MHz, [DgITHF): & (ppm) = 33.7 (d, 2Jcp = 11.3 Hz, C34), 68.3
(s, C6/C9), 68.4 (s, C6/C9), 71.3 (s, C7/C8), 71.5 (s, C7/C8), 73.6 (s,
C11/C12), 74.2 (s, C11/C12), 74.6 (d, 2Jcp = 5.2 Hz, C10/C13),
76.7 (d, 2Jcp = 28.1 Hz, C10/C13), 78.7 (d, "Jep = 10.5 Hz, C14), 86.3
(s, C5), 122.2 (s, C2), 122.4 (s, C30), 127.8 (s, C3), 128.0 (s, C26), 128.4
(s, C27), 128.9 (s, C23), 128.9 (s, C21), 129.1 (s, C28), 129.3 (s, C31),
129.4 (s, C22), 130.8 (d, 2Jcp = 3.7 Hz, C20), 130.8 (d, Jcp = 3.9 Hz,
C17), 133.7 (s, C32), 134.0 (s, C18), 135.4 (d, Zcp = 20.6 Hz, C16),
137.0 (s, C4), 139.6 (d, 3Jcp = 11.6 Hz, C33), 139.9 (d, 2Jep = 7.3 Hz,
C24), 139.9 (d, "Jep = 35.1 Hz, C19), 143.1 (d, 3Jcp = 4.9 Hz, C25),
148.2 (d, "Jep = 25.8 Hz, C15), 150.2 (d, 2Jep = 7.0 Hz, C1), 152.5 (d,
2Jep = 4.9 Hz, €29). 3'P{'"H}-NMR (162.0 MHz, [Dg]THF): 6 (ppm) =
-24.0 (s, (5)-P), 8.4 (s, N3Ps), 62.2 (s, P=S).

Dendritic Ferrocenyl Phosphine 3b-G,. Dendritic ferrocenyl phos-
phine 3b-G, was obtained from ferrocenyl phosphine 3b (0.10 g,
0.19 mmol) and G, (0.03 g, 0.01 mmol) as an orange solid (0.11 g,
91 %). "H-NMR (400.2 MHz, [Dg]THF): & (ppm) = 3.20 (d, 18H, 3Jup =
9.8 Hz, H34), 3.22 (d, 36H, 3Jup = 10.2 Hz, H40), 3.59 (br s, 24H, H11/
H12), 3.95 (br s, 24H, H7/H8), 4.00 (br s, 24H, H10/H13), 4.04 (br s,
24H, H7/H8), 4.05 (br s, 24H, H11/H12), 4.10 (br s, 24H, H10/H13),
4.24 (br s, 24H, H6/H9), 4.50 (m, 24H, H6/H9), 6.97-7.28 (m, 468H,
H2, H3, H16-H18, H20-H23, H26-H28, H30, H36), 7.63-7.68 (m, 54H,
H31, H33, H37, H39). 3 C{"H}-NMR (100.6 MHz, [Dg]THF): 6 (ppm) =
33.7 (d, ZJep = 12.0 Hz, C34, C40), 68.3 (s, C6/C9), 68.5 (s, C6/C9),
71.3 (s, C7/C8), 71.5 (s, C7/C8), 73.6 (s, C11/C12), 743 (s, C11/C12),
74.6 (d, Zcp = 6.3 Hz, C10/C13), 76.7 (d, Uep = 27.3 Hz, C10/C13),
78.7 (d, "Jep = 10.4 Hz, C14), 86.3 (s, C5), 122.3 (s, C2, C36), 122.9 (s,
C30), 127.8 (s, C37), 127.9 (s, C3), 128.0 (s, C26), 128.4 (s, C27), 128.9
(s, C23), 129.0 (s, C21), 129.1 (s, C28), 129.3 (s, C31), 129.5 (s, C22),
130.8 (d, 3Jcp = 3.8 Hz, C17, C20), 133.9 (s, C38), 134.0 (s, C32), 134.0
(s, C18), 135.3 (d, 2Jcp = 20.5 Hz, C16), 136.9 (s, C4), 139.8 (d, 3Jep =
12.4 Hz, €33, C39), 139.9 (d, 2ep = 7.2 Hz, C24), 139.9 (d, Jep =
35.4 Hz, C19), 143.0 (d, 3Jcp = 4.8 Hz, C25), 148.1 (d, "Jep = 25.9 Hz,
C15), 150.1 (d, 2Jcp = 6.9 Hz, C1, C35), 152.5 (d, Zep = 6.7 Hz, C29).
31P{"H}-NMR (162.0 MHz, [Dg]THF): 6 (ppm) = -24.2 (s, (S)-P), 8.2 (s,
N3Ps), 62.2 (br s, P=S).

Dendritic Ferrocenyl Phosphine 3c-G,. Dendritic ferrocenyl phos-
phine 3c-G; was obtained from ferrocenyl phosphine 3c (0.20 g,
0.45 mmol) and G, (0.06 g, 0.04 mmol) as an orange solid (0.22 g,
96 %). "H-NMR (400.2 MHz, [Dg]THF): 6 (ppm) = 0.84-0.88 (m, 36H,
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H22), 1.28-1.47 (m, 48H, H20, H21), 1.83-1.86 (m, 24H, H19), 3.28
(d, 18H, 3Jyp = 10.2 Hz, H34), 3.88 (br s, 12H, H10/H13), 4.03 (br s,
12H, H10/H13), 4.09 (br s, 12H, H11/H12), 4.13 (br s, 12H, H11/H12),
4.20 (br s, 24H, H7, H8), 4.50-4.51 (m, 12H, H6/H9), 4.56-4.57 (m,
12H, H6/H9), 7.08 (d, 12H, 3/ = 8.5 Hz, H30), 7.12 (d, 24H, 3Jy, =
8.1 Hz, H2), 7.22-7.23 (m, 36H, H17, H18), 7.38-7.43 (m, 48H, H3,
H16), 7.68 (d, 12H, 3Juy = 8.7 Hz, H31), 7.70 (s, 6H, H33). "3C{"H}-
NMR (100.6 MHz, [Dg]THF): 6 (ppm) = 14.5 (s, C22), 25.3 (d, Zep =
13.0 Hz, €20), 29.7 (d, 3Jcp = 3.2 Hz, C21), 29.7 (d, "Jep = 30.6 Hz,
C19), 33.7 (d, Zep = 12.1 Hz, C34), 68.2 (s, C6/C9), 68.6 (s, C6/C9),
71.1 (s, C7/C8), 71.2 (s, C7/C8), 72.6 (d, 3Jcp = 8.2 Hz, C11/12), 73.0
(s, C11/12), 73.6 (d, Zcp = 4.0 Hz, C10/C13), 75.5 (d, Zp = 19.3 Hz,
C10/C13), 78.0 (d, "Jep = 10.9 Hz, C14), 86.3 (s, C5), 122.3 (s, C30),
1223 (s, C2), 128.1 (s, C3), 129.0 (d, 3Jep = 7.0 Hz, C17), 129.3 (s,
C31), 129.5 (s, C18), 133.8 (s, C32), 133.9 (d, 2Jcp = 20.2 Hz, C16),
137.2 (s, C4), 139.9 (d, 3Jcp = 12.1 Hz, C33), 141.5 (d, "Jep = 15.8 Hz,
C15), 150.3 (d, ZJep = 7.2 Hz, C1), 152.5 (d, 2Jep = 2.6 Hz, C29).
31P{TH}-NMR (162.0 MHz, [Dg]THF): 6 (ppm) = -29.1 (s, (S)-P), 8.4 (s,
N;P3), 62.2 (s, P=S).

Dendritic Ferrocenyl Phosphine 3c-G,. Dendritic ferrocenyl phos-
phine 3¢c-G, was obtained from ferrocenyl phosphine 3c (0.20 g,
0.45 mmol) and G, (0.08 g, 0.02 mmol) as an orange solid (0.23 g,
92 %). "H-NMR (400.2 MHz, [Dg]THF): 6 (ppm) = 0.83-0.87 (m, 72H,
H22), 1.27-1.45 (m, 96H, H20, H21), 1.82-1.84 (m, 48H, H19), 3.24
(d, 18H, 3Jyp = 10.4 Hz, H34), 3.28 (d, 36H, 3Jup = 10.4 Hz, H40), 3.87
(br's, 24H, H10/H13), 4.03 (br s, 24H, H10/H13), 4.09 (br s, 24H, H11/
H12), 412 (br s, 24H, H11/H12), 4.19 (br s, 48H, H7, H8), 4.50 (br s,
24H, H6/H9), 4.56 (br s, 24H, H6/H9), 7.00 (d, 12H, 3Jyy = 7.9 Hz,
H30), 7.12 (d, 48H, 3Jyy = 7.9 Hz, H2), 7.21-7.25 (m, 96H, H17, H18,
H36), 7.39-7.40 (m, 96H, H3, H16), 7.64-7.71 (m, 54H, H31, H33, H37,
H39). "3C{'"H}-NMR (100.6 MHz, [Dg]THF): & (ppm) = 14.5 (s, C22),
25.3 (d, Zep = 13.1 Hz, C20), 29.7 (d, 3Jcp = 3.7 Hz, C21), 29.7 (d,
ep = 31.2 Hz, C19), 33.7 (d, 2Jep = 12.4 Hz, C34, C40), 68.2 (s, C6/
C9), 68.6 (s, C6/C9), 71.1 (s, C7, C8), 72.6 (br s, C11/12), 73.0 (s, C11/
12), 73.6 (br s, C10/C13), 75.5 (d, 2Jcp = 19.3 Hz, C10/C13), 80.0 (d,
"Jep = 10.9 Hz, C14), 86.3 (s, C5), 122.4 (s, C36), 122.4 (s, C2), 122.8
(s, C30), 128.1 (s, C3), 129.0 (d, 3Jep = 7.0 Hz, C17), 129.3 (s, C37),
129.4 (s, C31), 129.5 (s, C18), 133.6 (s, €38), 133.9 (s, C32), 133.8 (d,
2Jep = 20.1 Hz, C16), 137.1 (s, C4), 139.9 (d, 3Jcp = 13.3 Hz, €33, C39),
141.5 (d, "Jep = 15.7 Hz, C15), 150.3 (d, Zep = 7.1 Hz, C1), 152.6 (d,
2Jecp = 6.4 Hz, C29, C35). 3"P{"H}-NMR (162.0 MHz, [Dg]THF):
0 (ppm) = -29.1 (s, (5)-P), 8.4 (s, N3P3), 62.4 (br s, P=S).

Synthesis of Dendritic Ruthenium(ll) Complexes 3a-c-G,-Ru and
3a-c-G,-Ru

A solution of di-p-chlorobis[(n%-p-cymene)chlororuthenium(ll)]
(6 equiv. for 3a-c-G, or 12 equiv. for 3a-c-G,) in DCM
(0.05 mol L") was added to a solution of 3a-c-G, and 3a-c-G,
(1.00 equiv.) in DCM (0.01 mol L") and stirred at room temperature
until the 3'P{"H}-NMR spectrum indicated full conversion (3b-G,-Ru
and 3b-G,-Ru were exposed to the light of a conventional desk
lamp while stirring to support p-cymene substitution). The solution
was concentrated and precipitated with a mixture of hexane/DCM
(3:1). After stirring for 15 minutes, the product was isolated and
washed twice with hexane.

Dendritic Ruthenium Complex 3a-G;-Ru. Dendritic ruthenium
complex 3a-G,-Ru was obtained from dendritic ferrocenyl phos-
phine 3a-G; (0.11 g, 0.02 mmol) as an orange solid (0.16 g, 94 %).
'H-NMR (400.2 MHz, CD,CL,): 6 (ppm) = 0.36 (d, 36H, *Jyy = 6.5 Hz,
H49/H50), 0.95 (d, 36H, 3J4y = 7.0 Hz, H49/H50), 2.06 (s, 36H, H41),
2.50 (sept, 12H, 3y = 6.8 Hz, H48), 3.23 (d, 18H, 3Jp = 10.0 Hz,
H34), 3.49 (s, 36H, H25), 3.62 (br s, 12H, H7/H8), 3.73 (br s, 12H, H6/
H9), 3.80 (br s, 12H, H10/H13), 3.83 (br s, 12H, H7/H8), 3.95 (br s,
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12H, H11/12), 4.09 (br s, 12H, H11/12), 4.20 (br s, 12H, H6/H9), 4.76
(m, 12H, H10/H13), 4.83 (d, 12H, 3Juy = 5.2 Hz, H45/46), 5.13 (br s,
12H, H43/H44), 538 (d, 12H, 3Juy = 6.4 Hz, H45/H46), 5.52 (d, 12H,
3Jun = 6.4 Hz, H43/H44), 6.85 (t, 12H, 3Jyy = 7.5 Hz, H21), 6.89-6.92
(m, 12H, H23), 6.97 (d, 36H, 3Juy = 8.0 Hz, H2, H30), 7.10 (d, 24H,
3Juy = 7.7 Hz, H3), 7.18-7.22 (m, 12H, H20), 7.34 (t, 12H, 3y, =
7.7 Hz, H22), 7.41-7.47 (m, 36H, H17, H18), 7.61-7.63 (m, 18H, H31,
H33), 7.81-7.85 (m, 24H, H16). >*C{'"H}-NMR (100.6 MHz, CD,Cl,):
O (ppm) = 17.7 (s, C41), 18.8 (s, C49/C50), 23.6 (s, C49/C50), 30.3 (s,
(48), 33.7 (d, ZJcp = 11.7 Hz, C34), 55.2 (s, C25), 67.7 (s, C6/C9), 68.2
(s, C6/C9), 72.6 (d, 3Jcp = 7.6 Hz, C11/C12), 73.5 (s, C7, C8), 73.7 (d,
2Jep = 6.4 Hz, C10/C13), 75.0 (s, C11/12), 77.7 (d, "Jep = 52.0 Hz,
C14), 80.2 (d, ZJep = 12.7 Hz, C10/C13), 81.3 (s, C45/C46), 85.3 (s,
C5), 87.3 (s, C43/C44), 90.7 (d, 2Jcp = 10.4 Hz, C45/C46), 94.0 (s, C42),
96.5 (d, 2Jcp = 4.8 Hz, C43/C44), 108.3 (s, C47), 111.7 (d, 3Jcp = 3.6 Hz,
C23), 120.9 (d, 3Jcp = 9.4 Hz, C21), 121.6 (s, C2), 121.8 (s, C30), 126.5
(d, "Jep = 44.3 Hz, C19), 127.6 (s, C3), 127.6 (d, 3Jcp = 9.7 Hz, C17),
128.9 (s, C31), 130.2 (s, C18), 132.2 (s, C22), 132.9 (s, C32), 133.3 (d,
2Jep = 9.4 Hz, C16), 136.5 (s, C4), 137.6 (d, "Jep = 49.2 Hz, C15), 137.7
(d, 2Jcp = 7.9 Hz, C20), 139.5 (d, 3Jcp = 12.3 Hz, C33), 149.2 (d, Zcp =
5.3 Hz, C1), 151.7 (s, C29), 158.9 (s, C24). 3'P{'H}-NMR (162.0 MHz,
CD,Cl,): 6 (ppm) = 8.6 (s, N5P3), 17.1 (br s, (S)-P-Ru), 62.6 (s, P=S).

Dendritic Ruthenium Complex 3a-G,-Ru. Dendritic ruthenium
complex 3a-G,-Ru was obtained from dendritic ferrocenyl phos-
phine 3a-G, (0.11 g, 0.01 mmol) as an orange solid (0.15 g, 95 %).
"H-NMR (400.2 MHz, CD,Cl,): 6 (ppm) = 0.34 (d, 72H, )y = 5.3 Hz,
H49/H50), 0.93 (d, 72H, 3Jyy = 6.3 Hz, H49/H50), 2.03 (s, 72H, H41),
2.49 (sept, 24H, 3J,y = 6.8 Hz, H48), 3.19-3.24 (m, 54H, H34, H40),
3.47 (s, 72H, H25), 3.59 (br s, 24H, H7/H8), 3.76 (br s, 24H, H6/H9),
3.82 (br s, 48H, H7/H8, H10/H13), 3.93 (br s, 24H, H11/12), 4.09 (br s,
24H, H11/12), 4.20 (br s, 24H, H6/H9), 4.75 (m, 24H, H10/H13), 4.82
(br s, 24H, H45/46), 5.11 (br s, 24H, H43/H44), 5.36 (br s, 24H, H45/
H46), 5.50 (br s, 24H, H43/H44), 6.81-6.90 (m, 48H, H21, H23), 6.98
(d, 48H, 3Jyy = 7.7 Hz, H2), 7.10-7.20 (m, 108H, H3, H20, H30, H36),
7.32 (t, 24H, 3J4y = 6.9 Hz, H22), 7.42 (br s, 72H, H17, H18), 7.62-
7.67 (m, 54H, H31, H33, H37, H39), 7.82 (br s, 48H, H16). 3C{'H}-
NMR (100.6 MHz, CD,Cl,): 6 (ppm) = 17.7 (s, C41), 18.9 (s, C49/C50),
23.6 (s, C49/C50), 30.3 (s, C48), 33.7 (d, 2Jep = 12.2 Hz, C34, C40),
55.3 (s, C25), 67.7 (s, C6/C9), 68.3 (s, C6/C9), 72.7 (s, C11/C12), 73.3
(s, C7/C8), 73.4 (s, C7/C8), 73.6 (d, 2Jcp = 8.5 Hz, C10/C13), 75.1 (s,
C11/12), 77.7 (d, YJep = 51.6 Hz, C14), 80.3 (d, Zcp = 13.6 Hz, C10/
C13), 81.3 (s, C45/C46), 85.4 (s, C5), 87.3 (s, C43/C44), 90.8 (s, C45/
C46), 94.0 (s, C42), 96.6 (s, C43/C44), 108.3 (s, C47), 111.8 (s, C23),
121.0 (d, 3Jcp = 8.5 Hz, C21), 121.7 (s, C2), 121.9 (s, C36), 122.4 (s,
C30), 126.5 (d, "Jep = 45.5 Hz, C19), 127.6 (s, C3), 127.7 (d, 3Jep =
9.5 Hz, C17), 129.0 (s, C31, C37), 130.3 (s, C18), 132.3 (s, C22), 133.1
(s, C32, C38), 133.3 (d, 2Jcp = 10.4 Hz, C16), 136.5 (s, C4), 137.7 (d,
"Jep = 50.5 Hz, C15), 137.8 (d, Zep = 5.5 Hz, C20), 139.7 (d, 3Jep =
13.3 Hz, €33, C39), 149.3 (d, 2Jcp = 5.5 Hz, C1), 151.8 (s, C29), 151.8
(s, C35), 159.0 (s, C24). 3'P{"H}-NMR (162.0 MHz, CD,Cl,): 6 (ppm) =
8.3 (s, N3P3), 17.1 (br s, (5)-P-Ru), 62.7 (br s, P=S).

Dendritic Ruthenium Complex 3b-G;-Ru. Dendritic ruthenium
complex 3b-G;-Ru was obtained from dendritic ferrocenyl phos-
phine 3b-G; (0.10 g, 0.01 mmol) as an orange solid (0.12 g, 95 %).
Light activation by a conventional desk lamp enabled the tethering
process while stirring. "TH-NMR (400.2 MHz, CD,Cl,): 6 (ppm) = 3.28
(d, 18H, 3Jup = 9.0 Hz, H34), 3.96 (br s, 12H, H11/H12), 4.10 (br s,
12H, H10/H13), 4.14 (br s, 24H, H7/H8, H10/H13), 4.21 (br s, 12H,
H7/H8), 4.31 (br s, 12H, H6/H9), 4.48 (br s, 12H, H6/H9), 4.55 (br s,
12H, H11/H12), 4.90 (d, 12H, 3Jyy = 4.4 Hz, H26/H42), 5.17 (d, 12H,
3Jun = 4.5 Hz, H26/H42), 5.86 (br s, 24H, H27, H41), 6.22 (br s, 12H,
H28), 7.01 (d, 12H, 3Jyy = 7.7 Hz, H30), 7.09 (d, 24H, 3J44 = 7.6 Hz,
H2), 7.24-7.29 (m, 48H, H3, H21, H31), 7.35-7.43 (m, 36H, H16, H23),
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7.52 (br s, 24H, H18, H20), 7.58-7.69 (m, 42H, H17, H22, H33).
3C{'H}-NMR (100.6 MHz, CD,Cl,): 6 (ppm) = 33.9 (d, Zcp = 9.8 Hz,
C34), 68.7 (s, C6/C9), 69.2 (s, C6/C9), 72.2 (s, C7/C8), 72.5 (s, C7/C8),
72.6 (d, 2Jp = 8.3 Hz, C10/C13), 75.5 (s, C10/C13, C11/C12), 76.7 (s,
C11/C12), 769 (d, YJep = 45.9 Hz, C14), 814 (s, C26/C42), 82.0 (s,
C26/C42), 86.7 (s, C5), 91.4 (d, 2Jcp = 12.7 Hz, C28), 97.8 (s, C27/C41),
98.4 (s, C27/C41), 109.7 (s, C25), 122.0 (s, C2, C30), 127.8 (s, C21),
128.0 (d, 3Jep = 10.9 Hz, C17), 1282 (s, C3), 129.0 (s, C31), 130.3 (s,
€20), 130.7 (s, C23), 132.1 (s, C22), 132.7 (d, 2Jcp = 8.7 Hz, C16), 133.0
(s, C32), 133.4 (d, "Jep = 50.4 Hz, C15), 133.5 (s, C18), 136.0 (s, C4),
139.9 (d, 3Jep = 13.8 Hz, C33), 144.5 (d, 2Jep = 23.7 Hz, C24), 145.6
(d, Uep = 52.4 Hz, C19), 149.7 (d, 2cp = 7.0 Hz, C1), 151.8 (d, 2Jep =
6.7 Hz, C29). 3'P{'H}-NMR (162.0 MHz, CD,CL): & (ppm) = 84 (s,
N3Ps), 43.2 (br s, (S)-P-Ru), 62.5 (s, P=S).

Dendritic Ruthenium Complex 3b-G,-Ru. Dendritic ruthenium
complex 3b-G,-Ru was obtained from dendritic ferrocenyl phos-
phine 3b-G, (0.10 g, 0.01 mmol) as an orange solid (0.12 g, 92 %).
Light activation by a conventional desk lamp enabled the tethering
process while stirring. "TH-NMR (400.2 MHz, CD5Cl): 6 (ppm) = 3.20
(br's, 18H, H34), 3.27 (br s, 36H, H40), 3.95 (br s, 24H, H11/H12), 4.10
(br s, 24H, H10/H13), 4.12 (br s, 48H, H7/H8, H10/H13), 4.17 (br s,
24H, H7/H8), 4.28 (br s, 24H, H6/H9), 4.46 (br s, 24H, H6/H9), 4.52
(br's, 24H, H11/H12), 4.88 (br s, 24H, H26/H42), 5.14 (br s, 24H, H26/
H42), 5.80-5.83 (m, 48H, H27, H41), 6.18 (br s, 24H, H28), 6.90-7.01
(m, 36H, H30, H36), 7.08 (d, 48H, 3J44 = 6.6 Hz, H2), 7.15-7.38 (m,
180H, H3, H16, H21, H23, H31, H37), 7.50-7.65 (m, 138H, H17, H18,
H20, H22, H33, H39). "*C{"H}-NMR (100.6 MHz, CD,Cl,): 0 (ppm) =
33.9 (d, 2Jcp = 8.6 Hz, C34, C40), 68.8 (s, C6/C9), 69.2 (s, C6/C9), 72.2
(s, C7/C8), 72.4 (s, C7/C8), 72.6 (d, 2Jcp = 5.6 Hz, C10/C13), 75.4 (s,
C10/C13, C11/C12), 76.6 (s, C11/C12), 77.0 (d, "Jep = 49.0 Hz, C14),
81.4 (s, C26/C42), 82.0 (s, C26/C42), 86.7 (s, C5), 91.5 (d, Zep =
17.7 Hz, C28), 97.6 (s, C27/C41), 98.4 (s, C27/C41), 109.8 (s, C25),
121.8 (s, C30), 122.1 (s, C2), 122.4 (s, C36), 128.0 (s, C21), 128.1 (d,
3Jep =10.8 Hz, C17), 128.2 (s, C3), 129.0 (s, C37), 129.1 (s, C31), 130.3
(s, C20), 130.7 (s, C23), 132.1 (s, C22), 132.7 (d, 2Jcp = 8.4 Hz, C16),
134.2 (s, C32), 134.3 (s, C38), 133.3 (d, "Jep = 53.5 Hz, C15), 133.5 (s,
C18), 136.0 (s, C4), 140.0 (br s, C33, C39), 144.5 (d, 2Jcp = 22.4 Hz,
C24), 145.6 (d, "Jep = 482 Hz, C19), 149.7 (d, 2Jep = 6.2 Hz, C1),
151.8 (d, 2Jcp = 10.7 Hz, €29, C35). 3"P{'H}-NMR (162.0 MHz, CD,Cl,):
O (ppm) = 8.4 (s, N3P3), 43.4 (br s, (S)-P-Ru), 62.6 (s, P=S).

Dendritic Ruthenium Complex 3c-G;-Ru. Dendritic ruthenium
complex 3c-G;-Ru was obtained from dendritic ferrocenyl phos-
phine 3¢c-G, (0.20 g, 0.03 mmol) as an orange solid (0.23 g, 74 %).
The solution was precipitated with a mixture of hexane/DCM (4:1).
TH-NMR (400.2 MHz, CD,Cl,): & (ppm) = 0.80 (t, 36H, 3/ = 7.0 Hz,
H22), 0.92 (d, 36H, 3Jyy = 6.7 Hz, H49/H50), 0.96 (d, 36H, 3/ =
6.9 Hz, H49/H50), 1.22-1.32 (m, 48H, H20, H21), 1.55 (s, 36H, H41),
2.18-2.32 (m, 24H, H19), 2.74-2.83 (m, 12H, H48),3.37 (d, 18H, 3Jip =
10.1 Hz, H34), 4.21 (br s, 12H, H11/H12), 4.30 (br s, 24H, H10/H13,
H11/H12), 4.34 (br s, 24H, H7, H8), 4.45 (br s, 12H, H10/H13), 4.64
(br s, 12H, H6/H9), 4.67 (br s, 12H, H6/H9), 4.92 (d, 12H, 3Jyy =
5.2 Hz, H45/H46), 4.95 (d, 12H, 3Jy = 4.8 Hz, H43/H44), 5.05 (d, 12H,
3Jun = 5.8 Hz, H43/H44), 5.12 (d, 12H, 3Ju4y = 5.9 Hz, H45/H46), 7.04
(d, 12H, 3Jy = 8.4 Hz, H30), 7.18 (d, 24H, 3, = 8.2 Hz, H2), 7.42-
7.44 (m, 60H, H3, H17, H18), 7.71 (d, 12H, 3J44 = 8.5 Hz, H31), 7.77
(br s, 6H, H33), 8.05-8.09 (m, 24H, H16). 3C{'"H}-NMR (100.6 MHz,
CD,Cly): 0 (ppm) = 14.3 (s, C22), 17.7 (s, C41), 21.9 (s, C49/C50), 22.8
(s, C49/C50), 24.9 (d, 2Jcp = 13.1 Hz, C20), 26.0 (d, "Jep = 30.0 Hz,
C19),27.2 (d, 3Jcp = 7.6 Hz, C21), 30.7 (s, C48), 33.8 (d, Uep = 11.4 Hz,
C34), 68.5 (s, C6/C9), 69.1 (s, C6/C9), 72.3 (s, C7/C8), 72.6 (s, C7/C8),
73.9 (d, 3Jep = 7.9 Hz, C11/12), 74.1 (d, 2Jep = 6.9 Hz, C10/13), 74.4
(d, 3Jcp = 6.2 Hz, C11/12), 75.0 (d, 2Jcp = 12.7 Hz, C10/13), 78.8 (d,
"Jep = 44.1 Hz, C14), 84.6 (d, 2Jcp = 2.2 Hz, C45/C46), 86.3 (d, 2Jcp =
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6.5 Hz, C45/C46), 86.5 (s, C5), 89.1 (d, 2cp = 4.5 Hz, C43/C44), 90.7
(d, Uep = 2.9 Hz, C43/C44), 95.0 (s, C42), 1083 (s, C47), 121.9 (d,
3Jep = 4.1 Hz, C30), 122.1 (d, 3Jcp = 3.9 Hz, C2), 128.1 (s, C3), 128.5
(d, 3Jep = 9.5 Hz, C17), 129.0 (s, C31), 130.6 (d, *Jep = 2.0 Hz, C18),
132.9 (d, 2cp = 8.4 Hz, C16), 133.0 (s, C32), 135.0 (d, "Jep = 43.2 Hz,
C15), 135.9 (s, C4), 139.7 (d, 3Jep = 12.2 Hz, C33), 149.9 (d, Uep =
7.0 Hz, C1), 1518 (s, C29). 3'P{'HI-NMR (162.0 MHz, CD,Cl,):
8 (ppm) = 84 (s, N3P3), 15.0 (br s, (R)-P-Ru), 62.6 (s, P=S).

Dendritic Ruthenium Complex 3c-G,-Ru. Dendritic ruthenium
complex 3c-G,-Ru was obtained from dendritic ferrocenyl phos-
phine 3¢-G, (0.20 g, 0.01 mmol) as an orange solid (0.29 g, 95 %).
The solution was precipitated with a mixture of hexane/DCM (6:1).
'H-NMR (400.2 MHz, CD,Cl,): 6 (ppm) = 0.78 (t, 72H, *Jyy = 6.7 Hz,
H22), 0.91 (d, 72H, 3y = 6.8 Hz, H49/H50), 0.95 (d, 72H, 3Jyy =
6.9 Hz, H49/H50), 1.20-1.29 (m, 96H, H20, H21), 1.53 (s, 72H, H41),
2.17-2.30 (m, 48H, H19), 2.73-2.82 (m, 24H, H48), 3.28 (d, 18H, 3Ji;p =
9.9 Hz, H34), 3.37 (d, 36H, 3Jyp = 10.1 Hz, H40), 4.22 (br s, 24H, H11/
H12), 4.29 (br s, 48H, H10/H13, H11/H12), 4.33 (br s, 48H, H7, H8),
4.44 (br s, 24H, H10/H13), 4.65 (br s, 24H, H6/H9), 4.68 (br s, 24H,
H6/H9), 4.90 (d, 24H, 3Jyy = 5.3 Hz, H45/H46), 4.94 (d, 24H, 3y, =
4.6 Hz, H43/H44), 5.04 (d, 24H, 3J,, = 5.8 Hz, H43/H44), 5.11 (d, 24H,
3Jun = 5.6 Hz, H45/H46), 7.00 (d, 12H, 3J,y = 8.1 Hz, H30), 7.18 (d,
48H, 3Jyn = 8.2 Hz, H2), 7.21 (d, 24H, 3J44 = 9.6 Hz, H36), 7.41-7.46
(m, 120H, H3, H17, H18), 7.66 (d, 12H, 3Jy = 8.2 Hz, H31), 7.72-
7.74 (m, 42H, H33, H37, H39), 8.05-8.09 (m, 48H, H16). "3C{"H}-NMR
(100.6 MHz, CD,Cl,): 6 (ppm) = 14.3 (s, C22), 17.7 (s, C41), 21.9 (s,
C49/C50), 22.8 (s, C49/C50), 24.9 (d, 2Jcp = 13.1 Hz, C20), 25.9 (d,
Jep = 30.3 Hz, C19), 27.2 (d, 3Jcp = 7.4 Hz, C21), 30.7 (s, C48), 33.8
(d, ZJep = 11.8 Hz, C34, C40), 68.5 (s, C6/C9), 69.1 (s, C6/C9), 72.3 (s,
C7/C8),72.6 (s, C7/C8), 73.8 (d, 3Jep = 7.1 Hz, C11/12), 74.1 (d, 2Jcp =
6.0 Hz, C10/13), 744 (d, 3Jep = 6.1 Hz, C11/12), 749 (d, Uep =
14.0 Hz, C10/13), 78.8 (d, "Jcp = 44.0 Hz, C14), 84.6 (d, Ucp = 3.6 Hz,
C45/C46), 86.2 (d, 2Jcp = 7.0 Hz, C45/C46), 86.6 (s, C5), 89.1 (d, Zcp =
2.7 Hz, C43/C44), 90.8 (d, 2Jcp = 2.2 Hz, C43/C44), 95.0 (d, Zcp =
4.4 Hz, C42), 108.2 (s, C47), 121.8 (s, C30), 122.1 (d, 3Jcp = 4.1 Hz,
C2), 1224 (d, 3Jcp = 3.8 Hz, C36), 128.1 (s, C3), 128.6 (d, 3Jcp = 9.3 Hz,
C17), 129.0 (s, C31), 129.1 (s, C37), 130.7 (s, C18), 132.9 (d, Zep =
8.3 Hz, C16), 133.2 (s, €32, C38), 134.9 (d, "Jcp = 40.1 Hz, C15), 135.9
(s, C4), 139.8 (d, 3Jcp = 13.9 Hz, C39), 140.2 (d, 3Jcp = 11.3 Hz, C33),
149.9 (d, ?Jep = 6.9 Hz, C1), 151.8 (s, C35), 151.9 (s, C29). 3'P{'H}-
NMR (162.0 MHz, CD,Cl,): 6 (ppm) = 8.2 (s, N3P3), 15.0 (br s, (R)-P-
Ru), 62.6 (s, P=5).

Electrochemistry

All electrochemical measurements were conducted at room tem-
perature with a Biologic Science Instruments SP-50 potentiostat us-
ing a three-electrode cell setup from Gamry Instruments equipped
with a glassy carbon working electrode, a platinum counter elec-
trode and a non-aqueous Ag/Ag* reference electrode (0.01 mol L™
AgNO3, 0.1 mol L' [nBusN][PF¢] in acetonitrile). Decamethylferro-
cene (E;;, = -0.55 V vs. FcH/FcH*) was used as internal standard
and all half-wave potentials were referenced vs. ferrocene. The com-
pounds were dissolved in DCM under nitrogen atmosphere with
0.1 mol L™ [nBusNI[PF¢] electrolyte prior to each measurement.

Catalytic Transformation

General Procedure for Transfer Hydrogenation of Acetophen-
one. A Schlenk flask containing the ruthenium precursor (1.0 mol-
% Ru) was evacuated and filled with nitrogen three times. A stock
solution (6.5 mL) of potassium tert-butoxide (7.7 mmol L™') in THF
was added and the solution was preheated at 85 °C for 10 minutes.
To start the catalytic run, a stock solution (6.5 mL) of acetophenone
(77.0 mmol L") and anisole (77.0 mmol L") in 2-propanol was
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quickly added. The yield of (R)/(S)-1-phenylethanol was monitored
by GC-MS analysis taking samples at the allotted times (30 pL di-
luted with 1.5 mL of acetone).

Redox-Switchable Transfer Hydrogenation. A Schlenk flask con-
taining the ruthenium precursor (1.0 mol-% Ru) was evacuated and
filled with nitrogen three times. A stock solution (6.5 mL) of potas-
sium tert-butoxide (7.7 mmol L") in THF was added and the solu-
tion was preheated at 85 °C for 10 minutes. To start the catalytic
run, a stock solution (6.5 mL) of acetophenone (77.0 mmol L") and
anisole (77.0 mmol L") in 2-propanol was quickly added. At a cer-
tain point, the oxidant acetylferrocenium tetrafluoroborate (1.0 mol-
%), dissolved in THF (0.005 mol L™"), was added to the reaction. For
the reduction, a solution of decamethylferrocene (1.1 mol-%) in THF
(0.005 mol L") was added. The yield of (R)/(S)-1-phenylethanol was
monitored by GC-MS analysis taking samples at the allotted times
(30 pL diluted with 1.5 mL of acetone).

X-ray Crystallography

Data reduction was performed with CrysAlis Pro”® including the
program SCALE3 ABSPACK!7! for empirical absorption correction.
Structures were solved by direct methods and refined by full-matrix
least-squares techniques against F> with the SHELX program pack-
age.”8 All non-hydrogen atoms were refined with anisotropic ther-
mal parameters and all non-boron-bonded hydrogen atoms were
assigned riding isotropic displacement parameters and constrained
to idealized geometries. Structure figures were generated with Mer-
cury 4.0.0.7980

CCDC 1960781 (for 1a), 1960783 (for 2a), and 1960782 (for 3b) con-
tain the supplementary crystallographic data for this paper. These
data can be obtained free of charge from The Cambridge Crystallo-
graphic Data Centre.
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