CrossMark

4 click for updates

View Article Online

View Journal

ChemComm

Accepted Manuscript

This article can be cited before page numbers have been issued, to do this please use: A. Urbano, G.
Hernandez-Torres, A. M. del Hoyo, A. Martinez-Carrion and M. C. Carreno, Chem. Commun., 2016, DOI:
10.1039/C6CC02624A.

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

C

o Accepted Manuscripts are published online shortly after

X acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. We will replace this Accepted Manuscript with the edited

and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's
standard Terms & Conditions and the Ethical guidelines still

apply. In no event shall the Royal Society of Chemistry be held
responsible for any errors or omissions in this Accepted Manuscript
or any consequences arising from the use of any information it
contains.

ROYAL SOCETY
&cnzmsﬂ\v

ROYAL SOCIETY
OF CHEMISTRY WwWW.rsc.org/chemcomm


http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/
http://dx.doi.org/10.1039/c6cc02624a
http://pubs.rsc.org/en/journals/journal/CC
http://crossmark.crossref.org/dialog/?doi=10.1039/C6CC02624A&domain=pdf&date_stamp=2016-04-08

Page 1 of 5

Published on 08 April 2016. Downloaded by University of Connecticut on 13/04/2016 04:27:04.

ChemComm

ChemEomm

Ry GHEMIBTRY

DOI: 104059/€6CC02624A

Mild access to planar-chiral ortho-condensed aromatic ferrocenes
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An efficient approach to (R;) planar-chiral tri- and tetracyclic
ortho-condensed aromatic ferrocenes was developed through the
enantioselective cationic Au(l)-catalyzed cycloisomerization, in the
presence of bidentate phosphine ligand (R)-DTBM-Segphos, from
readily available ortho-alkynylaryl ferrocenes under very mild
conditions (11 examples, up to 92% yield and 93% ee).

Planar-chiral ferrocenes are important scaffolds in organic and
organometallic chemistry and have been used in a wide range
of asymmetric reactions as ligands, catalysts, or templates.1
Their preparation in enantiomerically enriched form has been
achieved either by diastereoselective transformation utilizing
stoichiometric homochiral substituents/reagents or by optical
resolution of preformed racemic compounds.2 More recently,
enzymatic3 and non-enzymatic kinetic resolutions,* as well as
enantioselective desymmetrizations,5 have emerged as
powerful tools for the synthesis of such homochiral structures.
In spite of the advances reached, their enantioselective
synthesis is still a challenging problem.

The development of versatile methods for synthesizing
chiral-planar ferrocenes in a catalytic manner would be a
highly efficient approach. In spite of the remarkable progress
in the field of asymmetric catalysis, examples of catalytic
controlling planar-chirality in ferrocenes had been extremely
rare, until recently.sThus, the first enantioselective palladium-
catalyzed ortho C-H arylation of a ferrocene directed by amine
groups was reported in 2013, using amino acids as Iigands.7

Similar  conditions were later described for the
enantioselective ferrocene C-H bond alkenylation and
acylation.8 Besides palladium catalysis, an iridium catalyst in

the presence of chiral diene ligands was employed for a novel
ferrocene C-H alkylation directed by isoquinoline groups.9
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Scheme 1. Enantioselective intramolecular reactions for the synthesis
of planar-chiral ring-fused ferrocenes.

With respect to the intramolecular version of ferrocene C-
H bond activation to construct planar-chiral ring-fused
ferrocenes (Scheme 1), the carbene C-H insertion of
diazoketone-tethered ferrocenes, mediated by Cu catalyst in
the presence of a chiral Box ligand, was a pioneering work™®
and planar-chiral cyclic ketone-fused ferrocenes were thus
prepared (Scheme 1a). More recently, planar-chiral
indenone™®®® and quinolinone-fused™“® ferrocenes were
obtained in excellent ee (Scheme 1b), through the ferrocene
C-H bond arylation with haloarenes,lla'd including
halopyridines,11e by using Pd catalysts in the presence of
different chiral phosphines or phosphoramides. Finally, the
synthesis of planar-chiral benzosiloloferrocenes has been
reported by rhodium-catalyzed intramolecular ferrocene C-H
bond sinIation12 in the presence of chiral dienes or
biphosphines (Scheme 1c). In all cases, temperatures between
40 and 135 oC were necessary to perform the enantioselective
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transformations. Albeit these successful examples,
development of new methodologies for catalytic asymmetric
synthesis of planar chiral molecules, with diverse skeletons
and under milder conditions is still necessary.

We now report the first general enantioselective synthesis
of planar-chiral ortho-condensed aromatic ferrocenes from the
cationic gold(l)—catalyzed13 intramolecular cycloisomerization
of 2-alkynylaryl ferrocenes, under very mild conditions
(Scheme 1d), based on the metal-catalyzed intramolecular
hydroarylation of ortho-alkynylbiaryls initially developed by
Firstner™ for the synthesis of phenanthrenes and later applied
for higher helicenes.’” To the best of our knowledge, there is
only one example in the literature describing an
enantioselective version of this type of cycloisomerization.16

2-Alkynylphenylferrocene 5a,"” chosen as model substrate,
was readily prepared in only 2 steps (Scheme 2) from Suzuki
coupling of commercially available ferrocene boronic acid (1)
and 2-bromobenzaldehyde (2a), followed by the Seyferth-
Gilbert homologation18 of the resulting 2-formylphenyl
ferrocene (3a),19 using the Ohira-Bestmann reagent a4

The access to the racemic ortho-condensed aromatic
ferrocene (rac)-6a could be achieved, after many
experimentation using different metal catalysts such as
platinum, gold or indium, from the cycloisomerization of 5a
using 10% mol of PtCl, in toluene at 100 2C, after a 6-endo-dig
process.14IO Under these conditions, model substrate 5a
afforded tricyclic aromatic ferrocene (rac)-6a in practically
quantitative yield, after celite filtration. The tricyclic ortho-
condensed aromatic structure of ferrocene (rac)-6a could be
demonstrated after an X-ray diffraction study (Scheme 2).

Our initial attempts for the enantioselective version of this
cycloisomerization using chiral platinum catalysis21 were quite
disappointing, even in terms of lack of reactivity, and we
decided to move to the more developed chiral cationic gold(l)
catalysis13 (Scheme 2, Table 1). We first tried the
enantioselective Au(l)-catalyzed cycloisomerization of model
substrate 5a using 10% of commercially available bidentate
phosphine ligand (R)-DTBM-Segphos (L1) in the presence of
20% AgSbFg, in dichloroethane (DCE) as solvent (entry 1).
Under these conditions, we could obtain, after one hour at
room temperature, ortho-condensed aromatic ferrocene (R,)-
6a in a satisfactory 70% vyield but a very poor 15% ee.
Delightedly, when the same reaction was performed in
toluene as solvent (entry 2), the enantioselective
cycloisomerization process furnished, after 1 h at rt and
filtration over neutralized silica gel, planar-chiral tricyclic
aromatic ferrocene (R,)-6a in a good 86% yield and a promising
83% ee. The use of other commercially available bidentate
phosphine ligands (entries 3-6) such as Segphos (L2), DM-
Segphos (L3), BINAP (L4) or DTBM-MeOBiphep (L5) afforded,
under similar conditions, good yields (72-85%) of (R,)-6a albeit
with poor enantioselectivities (5-37% ee). Next, the effect of
the counterion was investigated (Table 1, entries 7 and 8) and
silver triflate and silver tetrafluorborate as a halide scavenger
gave comparable results in terms of chemical yield to that
using AgSbFg (entry 2), but slightly lower related to the optical
purity of (Ry)-6a. Finally, lowering the temperature to 0 2C, we

2 Chem. Commun., 2015, 51, 1-4

obtained the ortho-condensed aromatic tricycljg, ferroeene
(Rp)-6a with excellent 92% yield and 9196661564932k
0.04, CH,Cl,)}, after 5 h (Table 1, entry 9). At a lower
temperature (—10 2oC, entry 10), similar results were observed,
while the reaction became sluggish.

Scheme 2. Synthesis of model substrate 5a and metal-catalyzed
cycloisomerizations towards racemic and enantioenriched 6a.
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Table 1. Reaction conditions optimization.

Solvent T t Yield ee

Entry L* AgX
ec) () (%) (%)

1 L1 AgSbFs DCE rt 1 70 15
2 L1 AgSbFs Toluene rt 1 86 83
3 L2 AgSbFs Toluene rt 1 81 10
4 L3 AgSbFs Toluene rt 1 72 37
5 L4 AgSbFs Toluene rt 2 85 5
6 L5 AgSbFs Toluene rt 1 85 16
7 L1 AgOTf  Toluene rt 1 79 77
8 L1 AgBF, Toluene rt 1 92 80
9 L1 AgSbFs Toluene 0 5 92 91
10 L1 AgSbFs Toluene -10 20 90 91

[a] Determined by chiral HPLC analysis (see ESI)

The (R,) absolute configuration of 6a was ascertained after
the chemical correlation shown in Scheme 3, starting from
planar-chiral p-tolylsulfinyl ferrocenyl boronic acid (Ss,S,)-7,
whose absolute configuration is perfectly known.* Thus, the
Suzuki coupling between p-tolylsulfinyl ferrocenyl boronic acid

This journal is © The Royal Society of Chemistry 2015
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(S5,Sp)-7 (>98% ee) and iodobenzene (8), in the presence of
PdCl,(dppf) and NaOH,”®  afforded phenyl-substituted
ferrocene (Ss,Sp)-9 with 79% vyield (Scheme 3). Next, the
sulfoxide-lithium exchange on (Ss,S,)-9 effected by tert-Buli,
followed by the addition of N,N-dimethyl formamide as
formylating agent,”® yielded a 64% of 1-formyl-2-phenyl
ferrocene (Sp)—lo.25 The subsequent transformation of the
formyl group of (S,)-10 into a triple bond was carried out using
the two-step Corey-Fuchs procedure.26 Thus, reaction of (Sp)-
10 with CBr, and PPh; afforded the corresponding
dibromoalkene which was treated with n-Buli furnishing 2-
alkynyl-1-phenyl ferrocene (R,)-11 {[oc]zoD = -434 (c 0.08,
CH,Cl,)}, in 60% vyield. Finally, the PtCl,-catalyzed
cycloisomerization of (R,)-11 in toluene at 100 2C gave rise to
the ortho-condensed aromatic tricyclic ferrocene (R,)-6a in
almost quantitative yield and >98% ee {[oc]zoD =+1037 (c 0.013,
CH,Cl,)}, identical in all aspects to derivative obtained in the
enantioselective Au(l)-catalyzed process shown in Scheme 2.

o i

s,//,, H N/

i PdCl,(dppf) /O t-Buli,

p- Tol NaOH e g

(Ss.Sp)-7 _— | p Tol THF, -78 °C 2h
toluene/H,0O
110°C,15h  (Ss,Sp
79%
| 8
(Sp)-10

PtClI, (10%) 1. CBry, PPhs

-—

CH,Cl, 0°C, 2h

toluene, 100 °C )
15h,>95% = .. 2 n-BuLi Et;O/THF
(Ry)-6a (>98% ee) (Ro)- -78°Ctort, 2 h
]OL]DZO = +1037 ]Ot]D20 =-434 60%

(¢ 0.013, CH,Cl,) (¢ 0.08, CHxClp)

Scheme 3. Synthesis of (R;)-6a from known (Sg,S,)-7.

Having established the absolute configuration of (R,)-6a
and the optimal catalytic conditions for the enantioselective
cycloisomerization of 5a shown in Table 1, entry 9, (R)-DTBM-
Segphos(AuCl), (10% mol) associated with the silver salt
AgSbFs (20% mol) in toluene at 0 2C, the scope of the
methodology was ascertained by subjecting a range of
diversely substituted 2-alkynylarylferrocenes 5b—j to the best
reaction parameters. As summarized in Table 2, various
substituents on different positions of the phenyl ring,
regardless of their electronic nature, were well tolerated
affording tricyclic aromatic ferrocenes (R,)-6b—j with good to
excellent yields and enantiomeric excesses. Thus, three planar-
chiral ferrocenyl derivatives (R,)-6b—d bearing —OMe (82% ee),
—F (92% ee) and —Me (91% ee) groups at the 8 position could
be obtained in good to excellent enantiomeric purities,
showing high values of their optical rotations. We also
prepared the 7-methoxy-substituted aromatic ferrocene (R,)-
6e, which was obtained with a good 81% of ee {[oc]zoD = +1545
(c 0.016, CH,Cl,)} and whose absolute configuration could be
demonstrated after a X-ray diffraction study (see ESI). Besides

This journal is © The Royal Society of Chemistry 2015
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the 8-fluoro-substituted derivative (R,)-6c commented hefore,
it was possible to synthesize planar-chir@CarBmatic FerfoCones
(Rp)-6f—h, having fluorine substituents at all positions of the
external aromatic ring of the tricyclic moiety, with excellent
optical purities (89-93% ee) for the 7- and 9-substituted
derivatives (R,)-6f and (R,)-6g, and moderate ee (68%) for the
6-fluoro-substituted ferrocene (Rp)-6h. This lower
enantioselectivity could be probably due to the close proximity
of the fluorine atom, ortho to the reactive triple bond, in the
starting material 5h. Finally, two more examples of
disubstituted tricyclic aromatic ferrocenes (R,)-6i—j bearing
two oxygenated or fluorine atoms at the 7 and 8 positions
were obtained, showing excellent (93% ee for 6i) and good
optical purities (87% ee for 6j), respectively.t

R
(R)-DTBM-Segphos(AuCl), (10%)
0 AgSbFg (20%)

toluene, 0 °C, 3-15 h
74-92%

(R,)-6b, 83%, 82% ee (Rp)-6c, 85%, 92% ee  (R,)-6d, 84%, 91% ee

[a]p? = +2750 [a]p? = +3260 [a]p?° = +980
(¢ 0.007, CH,Cl,) (c 0.08, CH,Cly) (c 0.012, CH,Cl,)
NG

(Rp)-6f, 82%, 89% ee (g ).6g, 74%, 93% ee
[a]p?® = +2710
(C 007, CH2C|2)

(Rp)-6e, 90%, 81% ee
[a]p®® = +1545
(c0.016, CH,Cl,)

[a]p® = +432
(c 0.032, CH,Cl,)

sP 1\
7.0

(Rp)-6h, 79%, 68% ee  (R,)-6i, 85%, 93% ee
[a]p?° = +660 [a]p® = +2444
(c 0.055, CH,Cl) (c 0.037, CH,Cl,)

(Rp)-6j, 83%, 87% ee
[a]p?0 = +2774
(c 0.042, CH,Cl,)

Table 2. Scope of the gold-catalyzed cycloisomerization.

Having demonstrated the scope of the enantioselective Au-
catalyzed cycloisomerization process for the synthesis of
enantioenriched differently substituted tricyclic aromatic
ferrocenes 6a-j, we were interested in extending the
methodology to the construction of a planar-chiral tetracyclic
aromatic ferrocene such as (R,)-6k, in a three-step sequence as
depicted in Scheme 4. Thus, the Suzuki coupling between
commercially available ferrocene boronic acid (1) and 1-
bromo-2-naphthaldehyde (2a) afforded, in 79% vyield, the
corresponding naphthyl ferrocene 3k, whose homologation
with the Ohira-Bestmann reagent 4 gave rise to the alkynyl
naphthyl ferrocene 5k, in 61% vyield. Finally, the

Chem. Commun., 2015, 51, 1-4 | 3
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enantioselective cycloisomerization of 5k in the presence of
10% mol of (R)-DTBM-Segphos(AuCl), and 20% mol of AgSbFg
in toluene at 0 oC for 15 h, furnished tetracyclic ortho-
condensed aromatic ferrocene (R,)-6k, in excellent 88% yield
and 93% ee {[a]*°s = +1934 (¢ 0.017, CH,Cl,)}.

Pd(PPh O

B(OH) Br
S oo o L
& OO toluene, ref -,

1 2k 20 h, 79%

3k
O Ohira-Bestmann MeOH
reagent 4 rt, 20 h, 61%

@é (R)-DTBM-Segphos(AuCl), (10%) O
®c AgSbFg (20%)
oY
(R,)-6k (93% ee) < O
[ 0% =+1934 88% e // s

(c 0.017,CH CI = k

Scheme 4. Synthesis of tetracyclic ferrocene (R,)-6k.

In summary, we have developed a highly efficient synthesis
of planar-chiral aromatic ferrocenes by enantioselective Au(l)-
catalyzed C—H activation, under very mild reaction conditions,
of readily available ortho-alkynylaryl ferrocenes, prepared in
only two steps from commercially available ferrocenyl boronic
acid and 2-bromobenzaldehydes. This is the first example of
the preparation of homochiral 1,2-disubstituted ferrocenes in
optically enriched form using gold catalysis and may offer a
short, practical and versatile route to functionalized planar-
chiral metallocenes. Studies on the mechanistic aspects and
applications of these structurally new ferrocenes in organic
synthesis and catalysis are underway in our laboratories.

We thank MICINN (Grants CTQ2011-24783 and CTQ2014-
53894-R) for financial support.
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