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The regioselective functionalization of 4,12-dibromoparacyclophane via electrophilic aromatic substitution is reported for the first time. The
functionalization of the paracyclophane backbone allows the development of a new family of paracyclophane-based phosphines (named ParaPhos)
that opens the possibility of improved catalyst development and tuning while retaining all the catalysis potential of the PhanePhos family of
ligands.

The [2.2]paracyclophane backbone offers a number of proven its efficacy in rhodium-catalyzed hydrogenation of
interesting opportunities to synthetic chemists in their quest dehydroamino acid%,allylic acids? palladium-catalyzed
for ever new and more efficient ligands for asymmetric amination? ruthenium-catalyzed hydrogenation @fke-
catalysist The general reactivity of [2.2]paracyclophanes was toesters$, enantioselective hydroboration of cyclopropenhes,
extensively studied by Cram et al. in the late 1960si it and more recently the “Noyori-type” ruthenium-catalyzed
has only been in the last 10 years that paracyclophane-basetiydrogenation of unfunctionalized ketorfes.

ligands have been prepared and applied in asymmetric The common precursor of all PhanePhos derivatives is 4,-
catalysis. The planar chiral diphosphine PhanePhos (1)12-dibromo[2.2]paracyclophang)((Figure 1). Formation of
(Figure 1) provides the most impressive success story in thisthe Grignard reagent and reaction with diphenylphosphinyl
area3 chloride yields the phosphine oxide that is subsequently
resolved with dibenzoyl tartaric acid to give PhanePH)s (
The potential for industrial use shown by this class of ligands
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prompted us to undertake an investigation of the reactivity sively in the position para to one of the bromine atoms. No
of 4,12-dibromo[2.2]paracyclophan®) toward electrophilic disubstitution was detected even in the presence of excess
substitution. Our research had the following aims: (i) Lewis acid. This result was tentatively explained by con-
Improving the efficiency of the synthesis of the paracyclo- sidering the inductive effect of the further deactivated
phane-based phosphines by the introduction of an early stagearomatic ring on the second aromatic ring.
resolution step. By doing so, we would gain the advantage Replacement of acetyl chloride with oxalyl chloride led
of obtaining all the phosphine derivatives from an enantio- to the synthetically more useful acyl chloride The acyl
merically pure common precursor. (i) Expanding the range chloride4 was hydrolyzed in water/THF to give the add
of the available phosphines by the introduction of substituents or reacted with methanol to give estrThe purification of
with different electronic properties on the paracyclophane the methyl esteb was somewhat easier, and the compound
backbone, possibly breaking tlk symmetry of the ligand.  could be readily converted to the free adidby ester

In his original reports of macrorings, Cram described the hydrolysis. The formyl derivativé was obtained by reaction
transannular directive influences in electrophilic substitution of 2 with TiCl, anda,a-dichloromethyl methyl ether in again
of monosubstituted [2.2]paracyclophariegery little has excellent yield and with completely regioselective substitu-
been reported, however, on the reactivity of 4,12-dibromo- tion at the para position (Scheme!#)lhese reactions were
[2.2]paracyclophane (2), except for being involved in the carried out on racemic dibromidg but we have found that

tetrabrominatio and tetrabromomethylatiéh of para- they can also be performed on the chiral dibrorhigithout
cyclophane, both requiring long reaction times and leading any racemization.
to mixtures of regioisomers. It might be expected tRat When the electrophilic substitution is carried out on

would be deactivated toward Lewis acid electrophilic racemic2, the introduction of the carboxylic functional group
substitution. To test this, we subject2tb a range of Lewis  lends itself to the potential of a classical resolution of the
acid-catalyzed electrophilic substitution reactiéhs. monoacid dibromide6. As indicated earlier this would

In our initial experiment, acetyl chloride was added to a dramatically improve the efficiency of the synthesis of
solution of2 and AICk at —45 °C and allowed to warm to  paracyclophane-based ligands. To test this hypothesis, com-
room temperature (Scheme 1). This led to smooth conversionpound6 was subjected to a number of chiral bases. In the
presence of-)-cinchonidine, classical resolution of add
was achieved to give 52% yield of th&)tenantiomer in
>97% ee after two recrystallizations (Schemé*2jhe lower

Scheme 2

Scheme 2

o] o]
HO SN Br a HO 2 Br
> o 7
Br Br
)-6 (S)-6

(rac)-

Br . RO ﬁ . —PPhy

PPh,
(S)-8;R=H (S)-11; R = Trityl
o]
d—[ (S)-9; R = Trityl (S)12;R=TIPS
aReagents and conditions: (a) AKCCH;COCI, CHCI,, —45 (S)-10; R = TIPS f [ (S)13: R=H

°C to rt, 70%; (b) AIC}, oxalyl chloride, CHCI,, —10°C to rt; (c)
MeOH, 0°C to rt, 79% from2; (d) LiOH, MeOH, HO, 100°C,
95%; (e) BO, THF, 80% from2; (f) TiCls, CLCHOCH;, CH,Cl,,
0 °C to rt, 85%.

aReagents and conditions: (a) (i} -Cinchonidine, EtOH, 90
°C; (ii) recrystallization from EtOH; (jii) 10% aqueous HCI, GEl,,
52%, ee> 97%. (b) BH-SMe,, THF, 45 °C, 96%. (c) Trityl
chloride, DBU, CHCl,, 91%. (d) TIPSOTHf, lutidine, CkCl,, 94%.
(e)tBuLi, Ph,PCI, E£O or THF,—78°C to room temperature, 80%
to the monoacety! dibromide paracycloph&ie high yield. ~ for 11, 66% for12. (f) TBAF, THF, 70%.

To our surprise, the reaction produced substitution exclu-
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presence of quinine of the enantiomerically enriched (R)-
acid obtained from the mother liquors yielded the) Scheme 2
enantiomer ir-97% e€'® X-ray analysis of the salt allowed

us to confirm both the absolute stereochemistry of compound Br HO Br
. . " L HO A ab S
6 and the regiochemistry of the electrophilic substitution @ _ % . @ )
(Figure 2). Br Br
8 14
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aReagents and conditions: (a) Mp@H,Cl,, 96%; (b) mCPBA,
CH,Cl,, 75%; (c) NaH, Mel, THF, 88%; (diBuLi, Ph,PCl, THF,
—78 °C to room temperature, 86%.

produce the phenolic derivativiet. Methylation tol5 was
achieved by treatment with sodium hydride and methyl
iodide. The derived phosphine ligadé was then obtained
by our standard synthetic procedure in good yield. This new
Figure 2. Crystal structure of the quinine salt dR}-6. ligand was designed to increase the electronic differential
between the rings of the paracyclophane backbone.

_ ) ) _ With the synthesis of these novel paracyclophane phos-
The new functionalized dibromides were then transformed phines in hand, we sought to begin a preliminary investiga-

into the corresponding phosphines (Scheme 2). The enanyjon of their performance in homogeneous asymmetric
tiomerically pure acidb, obtained either by classical resolu- hydrogenation. To this end, the rhodium catalysts were
tion or by electrophilic aromatic substitution on enantiomer- prepared by reaction of the free ligands with [Rh(NBPD)
ically pure dibromide2, was reduced to the benzylic alcohol BF, (NBD = 2,5-norbornadiene) and tested against a
8 via a high-yielding borane reduction. To avoid unwanted giandard substrate, methytacetamido acrylate, at a molar

side reactions during the following step, involving reaction g pstrate-to-catalyst ratio (s/c) of 5000 (Table 1). All the
with tBulLi, the free alcohol was protected with the trityl

group (compound) or the triisopropyl silyl group (TIPS,

10). Both substrateand10 could be cleanly lithiated with _
tBuLi and reacted with chlorodiphenylphosphine to produce Table 1. Asymmetric Hydrogenation of Methyl Acetamido
ligands11and12. While the direct synthesis of the phosphine Acrylate Using Rhodium Catalysts

ligand 13 from the benzylic alcohol proved to be more CO,Me [(ligand) Rh (NBD)IBF, CO,Me
challenging, the same ligand was readily obtained from #NHA 5.5 bar Ha. MeOH NHA
deprotection of the TIPS derivativé2 with tetrabutyl- ¢ it sle gooo ¢
ammonium fluoride (TBAF). <20 mins
A parallel synthetic pathway was also developed with the
formyl derivative7 (Scheme 3). This compound was obtained entry precatalyst conversion (%)? ee (%)?
by electrophilic substitution (Scheme 1) or, alternatively, by 1 [(S)-1 Rh NBD]BF, 100 96.7 (S)
the high-yielding oxidation of the benzylic alcohd. 2 [(R)-1 Rh NBD]BF, 100 96.4 (R)P
Compound?, in its enantiomerically pure form, was sub- 3 [(S)-11 Rh NBD]BF4 100 97.0(S)
jected to a BaeyetVilliger oxidation usingmetachloro- 4 [(S)-12 Rh NBD]BF4 100 95.0 (S)
perbenzoic acid (MCPBA) to give an intermediate formate 5 [(R)-13 Rh NBD]BF, 100 96.8 (R)
6 [(S)-16 Rh NBD]BF, 100 96.0 (S)

derivative that was subsequently hydrolyzed in situ to

aDetermined by GC analysis on Chirasil Dex-CHze > 99% reported
in ref 3 was obtained at s/c 100 under atmospheric pressure of hydrogen.

(13) Rozenberg, V. I.; Antonov, D. Y.; Sergeeva, E. V.; Vorontsov, E.
V.; Starikova, Z. A.; Fedyanin, I. V.; Schulz, C.; Hopf, lur. J. Org.
Chem.2003, 2056.

(14) Stereochemistry assigned as in ref 1 and: Pye, P. J.; Rossen, K. . .
Tetrahedron: AsymmetryL998,9, 539. reactions were very fast, and the results underlined the

(15) Treatment of racemi6 with quinine in refluxing EtOH, followed substantial equivalence of the new class of phosphines in

by recrystallization of the obtained salt, allowed the separation of enantiopure ; ) ] ;
(R)-6 (>97% ee). However, in our hands, the chiral resolution of &id terms of catalytic efficacy with the ligand PhanePhij (

when done in multigram scale, worked more effectively following the The application of the new |igands to ruthenium_catalyzed

procedure described in the text. The mother liquors of each recrystallization : .
were combined, concentrated, and recrystallized to minimize the loss of hydrogenation of aromatic ketones turned out to be as

material (see Supporting Information for full details). successful as for the related ligand PhanePHgs The
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ruthenium catalysts of the type [(ligand)RU@PEN)]
(DPEN = 1,2-diphenylethylenediamine) were prepared ac-
cording to standard procedur®As reported in Table 2, the

Table 2. Asymmetric Hydrogenation of Acetophenone Using
Ruthenium Catalysts

9 [(ligand) Ru Cl, (diamine)] OH
Q)J\ 10 bar Hy, iPrOH, 25-30 °C ©)\
4% t-BuOK , s/c 10,000
<1 hour

entry precatalyst conversion (%)®  ee (%)?
1 (R)-11 Ru Cl; (S,S)DPEN 100 99.2 (R)
2 (R)-12 Ru Cl; (S,S)DPEN 100 98.5 (R)
3 (R)-13 Ru Cl; (S,S)DPEN 100 99.3 (R)
4 (S)-16 Ru Cl, (R,R)DPEN 100 98.6 (S)

aDetermined by GC analysis on Chirasil DEX-CB

hydrogenation of acetophenone proceeded at s/c 10 00

displaying excellent selectivity and activity comparable to
those obtained with the PhanePhos ligands.

At the beginning of this research we sought to extend the
range and availability of paracyclophane-based phosphines

having in mind the possibility of differentiating the two

1930

aromatic rings of the paracyclophane backbone and/or
introducing a tool for further modification of the properties
of the ligands. We have achieved this goal via regioselective
Lewis acid-catalyzed electrophilic substitution of 4,12-
dibromo[2.2]paracyclophan). All the steps involved in
the synthetic pathways here described are high-yielding and
require minimal purification of the crude products, therefore
making this chemistry a promising starting point for the
industrial use of the derived phosphine ligands. The new
ParaPhos ligands display, as expected, an excellent degree
of activity and selectivity in the hydrogenation of standard
test substrates such as methytacetamidoacrylate and
acetophenone. Work is ongoing to explore the new pos-
sibilities opened by the functionalization of the paracyclo-
phane backbone in terms of ligand stereoelectronic tuning.
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