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A facile synthesis of 2'-phosphanyl-1,1’-biphenyl- and 2'-
phosphanyl-1,1'-binaphthyl-2-ols and their silyl ethers has
been developed, consisting of electron-transfer-catalyzed
ring-opening of dibenzofuran and dinaphthofuran, respec-
tively, subsequent reaction with chlorophosphanes, and
work-up with acetic acid or ClSiMej. Studies of the molecu-
lar and crystal structures reveal the presence of P---H—-O
bridging bonds in the more basic tBuPhP derivative and a
nearly perpendicular arrangement of the aryl planes in the

biphenyl derivatives. The barrier to rotation of the aryl pla-
nes about the C—C axis was determined by NMR in the case
of the P-asymmetric derivative 3d, using the appearance of
diastereoisomers by atropisomerism and P-asymmetry, Com-
parative screening tests of the title compounds, phosphanyl-
phenols and phosphanylnaphthols in homogeneous Rh-cata-
lyzed reactions demonstrate catalytic activity in hydroformy-
lation reactions and superior properties of the biphenyl- and
binaphthyl-2-o0l derivatives in relation to other P—O ligands.

P/O-hybrid ligands have attracted considerable interest in
homogeneous catalysis. P—O chelate nickel complexes de-
rived from phosphanylacetic acid are used in the Shell
Higher Olefin Processt!, while O-substituted o-phosphanyl-
phenol or phosphanylbinaphthol ethers, providing a hemi-
labile temporary coordination, have been applied in tran-
sition-metal-catalyzed asymmetric hydrogenation, hydrofor-
mylation!, and enantioselective hydroboration/hydrosilyl-
ation®l.  Phosphanyl phosphites, obtained by O-
functionalization of hydroxyarylphosphanes®, are also of
interest, and gave high ee’s in asymmelric catalytic hydro-
formylation using a 2'-diphenylphosphanyl-1,1’-binaph-
thyl-2-yl phosphite ligandl. In the course of investigations
of o-hydroxyarylphosphanes!®”l, mainly P-asymmetrically
substituted derivatives, we have also studied some 2'-phos-
phanyl-1,1'-biphenyl-2-0l and 2'-phosphanyl-1,1’-binaph-
thyl-2-o0l derivatives and report here on their synthesis and
structures, as well as on screening tests of their catalytic ac-
tivity.

Results and Discussion

Synthesis. The synthesis of hydroxy-substituted aryl
phosphanes is accomplished mosti frequently by metalor-
gamnic strategies: (i) metallation of o-bromoaryl phosphinites
followed by an intramolecular carbanionic rearrange-
ment[l; (i) the formation of C.O-dilithio reagents and

Chem. Ber./Recueil 1997, 130, 1663—1670  © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1997

coupling with chlorophosphanes!”; and (iii) synthesis of O-
protected derivatives by substitution of chlorophosphanes
with RM' and subsequent ether cleavage®®. An alternative
Pd-catalyzed coupling of iodophenol and other functionally
substituted iodoarenes with primary and secondary aryl-
phosphanes, affording the respective phosphanes, has re-
cently been reported!®l. 2-Chloro-1,2-bihydrodibenzo[c,e]-
1,2-oxaphosphorin, a precursor of 2’-phosphanyl-1,1"-di-
phenyl-2-ol derivatives, has been synthesized from 2-
hydroxydiphenyl and PCl; in the presence of Lewis acid
catalysts!'%.

We studied the use of C,0O-dilithio reagents in obtaining
the title compounds, and made comparisons with the be-
havior of C,0-Li, species derived from o-bromophenols and
I-bromonaphth-2-ols. Suspensions of lithium 2-lithio-1,1'-
biphenyl-2-olate 1 can be obtained by C—O bond cleavage
of dibenzofuran with lithium under prolonged reflux in di-
ethyl ether or dioxane, whereas tetrahydrofuran was found
to be unsuitable/’1121 Wc observed that, using conven-
tional lithium suspensions, reaction times of about 4 d were
necessary to achieve sufficient and reproducible conversion
to 1 and reasonable yields of 2'-phosphanyl-1,1"-biphenyl-
2-yl silyl ethers 2 or 2'-phosphanyl-1,1'-biphenyl-2-ols 3 in
the subsequent reaction with chloro- or alkoxyphosphanes
and work-up with CISiMe; or acids (Scheme 1). A consider-
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able acceleration of the reductive ring-opening reaction
could be achieved by employing ultrasound, probably by
removing the dilithium reagent from the surface of the me-
tal. Recent work by Yus and co-workers on direct lithi-
ation!'¥ with electron-transfer catalysts prompted us to at-
tempt the ring cleavage in the presence of 4,4’ -di-fert-butyl-
diphenyl. We found a significantly reduced reaction time
(from 4 d to ca. 12 h) and an improved yield of the coupling
product 3a. The solvent THF is itself not attacked under
these conditions, although it was found to be cleaved in
the presence of BF;-OEt,!!¥. The initial green color of the
lithium arene-radical anion turns to brown during the
course of the C—O cleavage and a greenish-brown color
remains upon completion of the reaction. The superim-
posed intense brown color prevents 4 clear, visible monitor-
ing of the consumption of dibenzofuran by the ultimately
formed lithium arene-radical anion. The brown color disap-
pears after reaction with chlorophosphanes.

Scheme 1
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The substitution of 1 by chloro- or alkoxyphosphanes
proceeds chemoselectively at the carbon atom. C,0-disub-
stitution, observed cspecially with rigid, sterically stressed
di-tert-butyl-2-lithiophenolate’?], is not significant. Reac-
tion of the somewhat bulkier :BuPhPCl with 1 affords 2d
in reasonable yield. Nevertheless, the yield of the meth-
ylphenyl derivative 2b by reaction of 1 with chloro(methyl)-
phenylphosphane is relatively low (ca. 30%); base-induced
elimination of HCI may interfere. Side reactions also occur,
such as ether cleavage or competing formation of diphos-
phanes and lithium phosphides caused by excess lithium,
which is not easily to separate from the ethereal suspension
of 1. The use of THF/4,4’-di-tert-butylbiphenyl circumvents
this problem, since 1 is soluble in THF and can be sepa-
rated from excess lithium simply by filtration through glass
wool. Final O-silylation allows purification of 2b—d by dis-
tillation and subsequent conversion to 3 by alcoholysis un-
der completely neutral conditions. Deprotection of 2b pro-
ceeds rapidly, whereas 2¢,d are less sensitive to alcoholysis
or hydrolysis and must be heated for some time. The high-
boiling diphenylphosphanyl derivative 2a was treated with
alcohol and the resulting crude 3a was purified by column
chromatography.

The analogous cleavage of dinaphthofuran, producing
the C,0O-dilithio reagent 4, and subsequent reaction with
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chlorophosphanes offers a facile synthetic route to a race-
male of atropisomeric 2’-phosphanyl-1,1'-binaphthyl-2-ol
derivatives. The C,0-bond cleavage by lithium in diethyl
ether proceeds faster (12 h) and in higher yields than in the
case of dibenzofuran, possibly as a result of the greater
steric stress. The reaction is accelerated in THF by the elec-
tron-transfer catalyst 4,4’-di-fert-butyl-1,1’-biphenyl and
under these conditions is complete within 1 h. Further reac-
tion of 4 with chlorodiphenylphosphane proceeds selec-
tively at the carbon atom. The resulting naphtholate can be
worked-up by trimethylsilylation to give 5a or with aqueous
acids affording 6a (Scheme 2).

Scheme 2
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The silyl ether 5a is surprisingly stable towards alcohols
and may be recrystallized from boiling ethanol. Deprotcc-
tion to 6a is accomplished by treatment with glacial acetic
acid. Reaction of 4 with isopropylphenylphosphinous acid
(1R,2S,5R)-menthyl ester followed by treatment with
CISiMe; furnishes 5¢ in low yield. The diastereoselectivity
was not high; a ratio of 2:1 was observed in the crude prod-
uct. Attempts to separate the atropisomers of 6a via dia-
stereomeric sulfonic acid esters failed. Reaction of 6a with
(1 R)-(—)camphor sulfonic acid chloride produced the phos-
phane oxide 7a rather than a sulfonic acid ester (Scheme
3). The preparative-scale separation of the enantiomers by
esterification with (15)-(—)camphanic acid chloride is the
subject of ongoing studies. Use of this reagent is more pro-
mising, as shown by the separation of the diastereoisomers
formed with the P-asymmetric 2-(isopropylphenylphos-
phanyl)-4-methylphenol7#l. Small amounts of pure enanti-
omers of 6a for catalytical studies were resolved by HPLC
using Chiracel OD-H as a chiral stationary phase and elut-
ing with hexane/ethanol (98.5:1.5).

Dinaphthofuran is not commercially available and was
initially prepared by oxidative dehydration of f-naphthol in
the presence of V,0s!'3 or potassium hydrogen sulfatc/¢l.
The low yields, caused by sublimation of unreacted f-naph-
thol together with the product at the required high reaction
temperature, prompted us to search for an improved syn-
thesis. We obtained dinaphthofuran in high yield (91%5) and
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under mild conditions by use of a strongly acidic, perfluori-
nated sulfonic acid ion-exchange resin (Nafion-H), which
had previously been successfully applied in the synthesis of
dibenzofuran!'”l. Subsequently, the dinaphthofuran thus
obtained was treated with catalytic amounts of V,0s. This
was found to be necessary to ensure the cleavage of the
C—0 bond by lithium in diethyl ether['®,

Structures: 2,2'-Disubstituted biphenyl and binaphthyl
derivatives form atropisomers as a result of the steric repul-
sion of the substituents and hindered rotation about the
1,1’-C—C bond. An additional center of asymmetry due to
the presence of different substituents at the inversion-stable
phosphorus atom, gives rise to two pairs of diastereoiso-
mers. Investigation of the crystal and molecular structures
of 3a - MeOH (Figure 1) and 3d - MeOH (Figure 2) re-
vealed that both crystallize in the centrosymmetric space
group Pl and are thus racemates. In both cases, the aryl
planes of the biphenyl unit subtend a large angle (87° and
64°, respectively) thereby inducing chirality. In 3a - MeOH,
dimeric units are linked via inversion centres by hydrogen
bonds [ArO—-H--O: O---0 266.8(3) pm; MeO—-H--0: 0--O
278.6(3) pm]. In the P-asymmetrically substituted 3d -
MeOH, hydrogen-bonded dimers with inversion symmetry
are also observed but, in contrast (o 3a - MeOH, the H
bonds are ArO—H-O [0-O 270.3(2) pm] and
MeO—H-P [O--P 332.7(2) pm] due to the increased bas-
icity at the phosphorus atom. The conformation of the 2-
hydroxybiphenyl group in the crystals is close to trans-bisec-
tional, (X-P—-C31-C36) = -—169.7° in 3a and
(X—P—-C1-C2) = 169.8° in 3d (X is the centre of gravity
of the three C atoms bound atl phosphorus), while the phe-
nyl groups prefer approximately eclipsed or staggered orien-
tations.

The NMR spectra of the mixtures of diastereoisomeric
alkylphenylphosphanyl hydroxybiphenyl derivatives 2b—d
and 3b—d each feature two sets of signals. One of the dia-
slereomeric pairs is preferred in the casc of the bulkier O-
silylated derivatives, with a larger influence being exerted
by the isopropyl than by the rotationally symmetric methyl
and fert-butyl groups (diastereoisomer ratio in 2 with R =
Me, iPr, 7Bu: 1:2, 1:3, 1:2, respectively). The preference de-
creases slowly upon storage, e.g. of 2b. Alcoholysis of 2 af-

f /—7— SO,Cl
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Figure 1. Crystal and molecular structure of 3al®

i1l Selected distances [pm] and angles [°]: P—C11 183.0(3), P—C21
182.8(3), P—C31 183.7(3); C11-P~-C21 102.2(2), C11-P-C31
101.89(14), C21-P-C31 100.71(14); O1-HI--099: 0O--O
266.8(3), O—H--0 164; 099~H99--01 (1 — x, 1 — y, —2): OO
278.6(3), O—H--0O 159; dihedral angles (X = center of gravity of
Cl1, C21, C31): X-P-Cl1-Cl2 67.5, X-P—-C21-C22 58.5,
X-P-C31-C3212.1.

fords 3, initially with an unchanged diastereoisomer ratio,
as shown by in situ *’P-NMR experiments with 2c. Broad
signals and racemization of 3 within a short time indicate
an exchange process and a relatively low barrier to rotation
about the C1—C1’ axis. In order to get some appraisal of
the activation enthalpy and rate of rotation, we studied the
temperature dependence of the *'P-NMR signals of 3d, and
our results are presented in Figure 3. Using the tempera-
ture-dependent populations of the diastereomers, deter-
mined from the integration of *'P resonances, the differ-
ences between the free enthalpies of the diastereoisomers
AG® = —RTInK was calculated. The plot against T was
found to be linear and led to the expression AG® [kcal/
mol] = —0.66 (£0.02) + 0.0014-7, showing that the lower
enthalpy (AH® = —0.66 kcal/mol) diastereoisomer also pos-
sesses the lower entropy [AS® = 1.4 cal/(mol-K)] and is less
populated at higher temperatures. A line-form analysist!?]
(reference to the half-widths wy,, of the Ph;PO signal) fur-
nished the &k values (Table 1). The temperature dependence
of the AG™ values (Table 1), calculated using the Eyring
equation & = (kpT/h)exp(—AG*/RT), led to AH* =
12.87(£0.06) kcal/mot and AS* = 3.8(%0.2) cal/mol'K.
The barriers to internal rotation in biphenyl derivatives
have been the subject of numerous classical studies[201(21],
The free energy of activation AG* in 3d is lower than for
biphenyls with other ortho substituents of similar van der
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Figure 2. Crystal and molecular structure of 3d™

(21 Selected distances [pm] and angles [°]: P—C1 183.5(2), P—C13
183.2(2), P—C19 189.{(2); C1-P-Cl13 101.89(9), C1-P-C19
103.18(10), C13—P—-C19 107.17(10); O—H---099: O--O 270.3(2),
O-H-0'174; 099—H--P (I — x,2 — 3, 1 — z): O-P 332.7(2),
O—H-P 171; dihedral angles (X = gravity center of C1, C13, C19):
X—-P-Cl—-Co6 74, X—P-Cl13-Cl4 —-83.8, X-P-C31-C32
12.1.

Waals radii. The reason for this is that the entropy of acti-
vation in most ortho-substituted biphenyls has a negative
value between —3 and —20 cal/mol K, while it is positive
in 3d (AST = 3.8 cal/mol K). This may be attributed to the
breaking of the hydrogen bond in the transition state.

Catalysis: The advantageous properties of hemilabile
P—0 ligands in Rh-catalyzed hydrogenation and hydrofor-
mylation reactionsPIPIB! render interesting the behavior of
related hydroxyl or O-silylated derivatives, which constitute
potential P— O~ precursors. The OH group promises an im-
proved selectivity by directing interactions with O- or N-
containing substrates or by the different trans-cffect of O-
and P-donors in P,O-chelate intermediates. The key factor
relevant to the use of P,O-ligands might be the stability and
lifetime of rhodium(I) P,O~ chelate complexes, since neutral
complexes are usually less active than cationic specics. In
this context, we became interested in comparing the co-
catalytic behavior of the 2-hydroxy-2'-phosphanyl-1,1'-di-
phenyl and -dinaphthyl compounds with that of o-phospha-
nylphenol and 1-phosphanylnaphth-2-ol derivatives, the lat-
ter of which are known to form stable five-membered rho-
dium chelate complexes!?#1[22,

Attempts at the homogeneous Rh-catalyzed hydrogen-
ation of (£)-PhCH=C(NHCOMe)COOMc (1 mmol at 25
°C, 0.1 MPa H,, 0.0l mmol [Rh(COD), |BF,; and 0.01

1666

Figure 3. The observed and calculated *'P-NMR spectra of 3d
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Table 1. Results of line-form analysis using WIN-DYNAMICS

1.01%: Temperature-dependent rate constants for the exchange and

free enthalpy of activation AG™ calculated by the Eyring equation
k = (kpTlh)exp(—AGT/RT)

T(K) ky AGT
278.3 10 11.87
289.4 26 11.79
297.9 52 11.73
299.5 58 11.73
310 120 11.69
320.5 240 11.64
331.2 440 11.63
342.1 800 11.61
3533 1490 11.55
362.1 2400 11.50
371.2 3600 11.49
381.7 5900 11.44
391.3 8700 11.42
401.4 14000 t1.34

mmol P/O-ligand) showed that 2-phosphanylphenol and 1-
phosphanylnaphth-2-ol ligands strongly impede the reac-
tion. Low yiclds of the hydrogenation products were ob-
served after prolonged reaction times, c.g. 7% in MeOH
and 15% in THF with PhP(2-OH-4-MeCgHj;), after 24 h;
25% in MeOH and 46% in THF with rac-2-tBuPhP-4Me-
CsH;0S8iMe; after 70 h. The use of the 2-hydroxy-2'-di-
phenylphosphanyl-1,1’-binaphthyl ligand did not lead to
any enhancement of the catalytic activity (conversion of 9%
after 19 h in MeOH). It seems that by addition of the above
ligands to [Rh'(COD),|BF, under the reaction conditions,
in situ complexes of the type [(COD)RhY(P~O),]" are
formed, producing COD + 2 H* + [RhY(PT0),]” or [Rh'
(PT0),]124123 | which are inefficient hydrogenation catalysts.
The low catalytic activity can be explained by assuming
the presence of a small amount of the complex

Chem. Ber./Recueil 1997, 130, 1663—-1670
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[(COD)Rh(P"O)]". The formation of this type of complex
is favored in THF more so than in MeOH ™, Accordingly,
we observe a slight increase of the activity in THE

Better results may be expected in catalytic reactions un-
der more vigorous conditions and with components that
compete more effectively with the P—O ligands for coordi-
nation sites. Studies of homogeneously Rh-catalyzed hydro-
formylation reactions with vinyl acetate at 80 °C/50 bar and
a metal/ligand ratio of 1:1 (Scheme 4) were successful,
whereas attempts using allyl acelale or with a metal/ligand
ratio of 1:2 resulted in much lower conversions. The results
of the hydroformylation of vinyl acetate in the presence of
equimolar amounts of Rh(CO),(acac) and some selected
P—O ligands show the following trends (Table 2): o-Phos-
phanylphenols and 1-phosphanylnaphth-2-ols impede or
prevent the catalysis. The activity increases, however, with
the steric demand of the substituents at phosphorus, as ob-
served for 2-tBuPhP-4-MeC(H;OH and the phosphanyl-
naphthol derivative. However, even then it is much lower
than for phosphanylphenol ethers, as exemplified by 2-
Ph,PCsH,OMe. The secondary nature of the phosphanyl
group in 2-PhHP-4-MeCgH;OCH,OMe does not strongly
aflect the catalytic behavior, activity or selectivity, although
the complex chemistry is different; phosphido-bridging
complexes are formed rather than P—O chelates*¥], Cata-
lysts obtained with the title compounds, the 2-hydroxy-2’'-
phosphanyl-1,1'-biphenyl and -1,1’-binaphthyl derivatives 3
and 6 exhibit a high activity, while the 2-trimethylsilyloxy
derivatives 2 and 5 are somewhat less etffective.

Scheme 4
Hy + CO
N CHO
X cat.inTHF X CHO N\
(15 ml)
(1.0 mmol) () )

R{ R2
cat = ((1)’ . RR(CO)yaca
E (0.01 mmol)

An increase in the ligand/Rh ratio causes inhibition of
the hydroformylation. In the case of phosphanylphenols
and -naphthols, catalysis is completely suppressed; for more
active phosphanylphenol ethers or the binaphthyl-2-ol de-
rivative, 6a it is markedly reduced. A decrease in activily
with increasing ligand/metal ratio has also been observed
for other mixed bidentate ligands!>* and can be rationalized
in terms of the formation of unreactive complexes of the
type [Rh(P"0),], which are better stabilized in the case of
five- than in the case of seven-membered chelates.

The enantioselectivity induced by single enantiomer chi-
ral ligands (+)-6a and (—)-6a was invariably less than 2%.
A similarly low stereoselectivity (14%) has been reported
previously for the Rh-catalyzed hydroformylation of styrene
using analogous 2,2'-P,S substituted 1,1'-binaphthyl de-
rivatives®, No ee was recorded with catalysts containing
pyridylphosphane ligands able to form eight-membered
rings by PN chelation?”). It seems that the smaller chelate
effect in complexes with large heterobidentate ligands and
the consequent facile ring-opening to form monodentate P-
coordinated species during the hydroformylation, might be
responsible for the low stereoselectivity as well as the high
activity. Studies of the complex chemical behavior of 3 and
6 aimed at consolidating this interpretation will be carried
out in due course.

This work was supported by a grant from the Deutsche For-
schungsgemeinschaft (R. K., Greifswald, 1995) and financial assist-
ance from the Fonds der Chemischen Industrie. We thank B. Wit
for numerous NMR measurements, Mrs. Burneleit, Mrs. Prib-
benow, Mrs. Modier, and Mrs. Kortus for technical assistance.

Experimental Section

General: Solvents were dried over appropriate drying agents and
[reshly distilled under argon prior to use. MesSiCl was distilled
under argon, chloromethylphenylphosphane®! and chloro-tert-bu-
tylphenylphosphane®! were preparcd according to litcrature pro-
cedures, and chloroisopropylphenylphosphane was obtained by an
appropriate adaptation of the latter. All reactions were carried out
under an argon atmosphere by using standard Schienk techniques.

Table 2. Results of the Rh-catalyzed hydroformylation of viny! acetate and allyl acetate in the presence of P—O ligandsi

R! R? E aryl L/Rh  Pressure  Temp. [°C] Time [h]  Conv. [%] Selectivity
ratio  [bar] (b/n) [%)]
R-0Ac
iPr H H 4-MeCsHj; 1 60 80 24 <1 —
Ph tBu H 4-MeC:Hj; 1 50 80 24 10 99 : 1
Ph iPr H CoHs 1 50 60 24 45 b only
Ph Ph Me CsH, 1 54 60 17 99 b only
Ph Ph Me C¢H, 2 50 40 18 10 b only
Ph H CH,OMe  4-McC¢H; 1 60 80 24 71 b only
3d Ph tBu H CsH,-CcH, 1 55 81 24 91 98:2
2a Ph Ph SiMe, C¢H,-CsH, 1 60 80 24 83 96 : 4
Sa Ph Ph SiMe, C,yHg-CoHg 1 60 80 24 81 b only
6a Ph Ph H CoHg-CoHg 1 42 60 70 96 b only
6a Ph Ph H CyHe-CyHg 2 50 60 60 46 b only
R=CH,0Ac
Ph iPr R™ [ 4-MeC¢H; 4 60 40 17 79 1.9
6a Ph Ph H C,oHs-CioH, 1 55 60 2 74 1.1
6a Ph Ph H CioHe-CigHy 2 50 40 72 36 29

41 0.01 to 0.04 mmol of ligand, 0.01 mmol of Rh(CO),(acac), | mmol of substrate CH,=CHR in 15 ml of THF; o-phosphanylphenols,

phosphanylnaphthols[721I7%), — 1Yl R* = (1S)-camphanoyl.

Chem. Ber./Recueil 1997, 130, 1663—1670
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— NMR data were recorded on a multinuclear FT-NMR spec-
trometer ARX 300 (Bruker) at 300.1 (* H), 75.5 (3C), and 121.5
MHz (*'P) with reference to TMS and H5PO, (85%), respectively.
CDCl; was used as solvent unlcss otherwise indicated. — Mass
spectra (EI, 70 eV) were measured on a single-focussing sector-ficld
mass spectrometer AMDA40 (Intectra). — HPLC was performed
using a Model 1090 Scries 1I Liquid Chromatograph, equipped
with a diode-array detector (Hewlett-Packard) and a Chiralyser
(IBZ Messtechnik, Hannover, Germany). Separation was achieved
using Chiracel OD-H analytical columus (250 X 4.6 mm I.D., De-
icel).

The experimental procedures for the hydrogenation, the synthesis
of the substrate, the derivatization and the determination of the
hydrogenated products are described in ref.®), Gas chromat-
ographic analyses were carried out on a Hewlett-Packard 5890
Series 11 gas chromatograph with {lame ionization detector using a
25-m fused silica (HP101 or Lipodex E) capillary column.

2-{2'-( Diphenylphosphany!) phenyl [phenyl  Trimethylsily!  Ether
(2a) and 2-[2'-( Diphenylphosphanyl)pheny! [phenol (3a): A suspen-
sion of lithium (1.5 g, 216 mmol) was added to a solution of di-
benzofuran (16.8 g, 100 mmol) in 250 ml of diethyl ether and the
mixture was heated for 25 h with sonication (120 W ultrasound
bath, Bandelin) affording a red-brown solution and ultimately a
brown suspension of 1. After cooling to 0—5 °C, a solution of 22.0
g (100 mmol) of CIPPh, in THF (60 ml) was added dropwise. Stir-
ring was continued at room temperature for 2 h (or overnight) and
then 13 ml (103 mmol) ol CISiMe; was added slowly. The precipi-
tate was removed by filtration and the solvent was evaporated in
vacuo, leaving a viscous residue (42 g) containing 2a (&P =
—11.8), tetraphenyldiphosphane (§*'P = —14.6), Ph,PSiMe,
(53P = —55.9, 8'Hgjmes = 0.23, d, Jpu = 4.8 Hz), and 2-Me;SiO-
CgHu-Ph. 17.0 g of the residue was distilled to give 2.4 g of unre-
acted dibenzofuran (80 °C/0.02 Torr) and a mixture with a boiling
range of 110—180 °C/0.02 Torr. The remaining residuc (25 g) was
dissolved in hot methanol (50 ml), allowed to cool, poured into
water (50 ml) and extracted with diethyl ether (3 X 50 ml). After
drying with Na,SQ,, the solvent was removed and the extract was
purified by preparative column chromatography on silica (overload
chromatography, substrate:silica 1:10), using petroleum ether/ethyl
acetate (6:4) as the mobile phase. Removal of the solvent from the
product [ractions left a syrup, which was crystallized from meth-
anol affording 9.4 g (41%, rel. to chromat. work-up) of pure 3a -
MeOH, m.p. 128 °C. — P NMR (CDCL): 8 = —-12.3. —
CusHx0-P (386.4): caled. C 77.70, H 6.00; found C 77.70, H 6.06.
— X-ray crystal structure analysis sec Figure 1.

2-[2'-{ Methylphenylphosphanyl ) phenyl Jphenyl Trimethylsilyl
Ether [2b(A,B)]: A solution of dibenzofuran (4.2 g, 25 mmol) in
diethyl ether (200 ml) was stirred for 60 h at room temperature
with lithium suspension (0.4 g, 57 mmol). Then, Ph(Me)PCl (4.0
g, 25 mmol) was added at 0 °C and the brown suspension was
stirred for a further 2 h. Thereafter, CISiMe; (6.5 ml) was added,
the precipitate was filtered off, the solvent was removed and the
residue was distilled. The fraction obtained at 150—170 °C/0.1 Torr
(4.0 g) was redistilled at 130—135 °C/10 * Torr affording 2.7 g
(30%) of a mixture of diasterecoisomers 2b(A) and 2b(B). The prod-
uct was found to be slightly contaminated by an unidentified com-
pound with 3(*'P) = 84.7, which constituted the main component
of the residue. 2b(A,B). — '"H NMR (CDCly): 6 = 0.52, 0.53 (25,
SiMe;, B,A), 1.61 (d, 2Jpy = 2.8 Hz, PMg, B), 1.75 (d, 2Jpy = 4.0
Hz, PMe, A, int. A/B = 8:5), 6.8—7.8 (m, aryl H). — 3'P NMR
(CDCl3): 8 = —34.4 and —33.1 (A/B, int. roughly 2:1). —
C,2H,50PSi (364.5): caled. C 72,49, H 6.91; found C 73.45, H 7.09.
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Chromatography of a degassed ethereal solution of crude 2b on
silica gel was accompanied by partial hydrolysis of 2b to 3b,
8(3'P) = =35.5, —39.1 (ca. I:1, broad singlets).

2-[2'-( Isopropylphenylphosphanyl) phenyl Jphenyl  Trimethylsilyl
Ether [2¢(A,B)]: Ph(iPr)PO/Bu (25 g, 111 mmol) was added drop-
wise to a suspension of the C,0-dilithium reagent, obtained by stir-
ring 18.2 g (108 mmol) of dibenzofuran in diethyl ether (200 ml)
with lithium suspension (1.49 g, 216 mmol) for 4 d. Tt was allowed
to react for 1 d at room temperature, then 6.5 ml of CISiMe; was
added. The precipitate was filtered off, the solvent was removed
from the filtrate, and the remainder was distilled to give 16.2 g
(38%) of viscous oily 2¢(A,B), b.p. 140—145 °C/0.005 Torr. — 'H
NMR (CDClL): 8 = 0.0, 0.12 (2 s, SiMes, B,A, ca. 1:3), 1.01, 1.22
{each dd, 3Jyyp = 6.9, *Jpy = 15.6 Hz, Mey g, A), ca. 0.99, ca. 1.06
(each dd, Meu 3, B; A+B, 6 H), 2.42, 2.52 (2q, *Jyy = 6.6, 6.9 Hz,
PCH, B,A, 1 H); A: 6.67(d, 1 H), 6.86 (“t”, 1 H), 7.00 (d, J = 8.1
Hz, 1 H), 7.58 (m, 2 H), 7.90 (d, 1 H); B: ca. 6.93 (d, 1 H), ca. 7.15
(“t”, 1 H), 7.2—7.5 (m, aryl H). — 3P NMR (CDClLy}: 8§ = —-9.7
and —10.0 (A/B, intensity roughly 3:1). — CyHy,OPSi (392.6):
caled. C 73.43, H 7.45; found C 73.22, H 7.54.

2-[2'~{ Isopropylphenylphosphanyl)phenyl [phenol [3c(A,B)]: 5.7 g
of 2¢(A,B) was dissolved in warm methanol (10 ml). 2.35 g (50%)
of colorless crystals formed after 1 h. Attempts at recrystallization
furnished an oil, consisting of spectroscopically pure (NMR) dia-
stereoisomers 3¢(A,B) with a low tendency to crystallize. The prod-
uct distilled at 147—151 °C/107*Torr. — 'H NMR (CDCly): § =
0.96, 1.17 (each dd, *Juy = ca. 6.7, 3Jpy = ca. 16.3 Hz, Mc, A),
0.93, 1.04 (each dd, /gy = 6.9, *Jpy = 15.3 Hz, Me, B; A+B, 6
H), 2.43 (m, PCH, B,A, 1 H), 1.80 (br. s, 1| H, OH); A: 6.47 (d,
J =72Hz 1H), 670 (“t”, 1 H). 6.99 (d, J = 7.8 Hz, 1 H), ca.
7.60 (m, 2 H), ca. 7.75 (d, 1 H); B: 6.82 (d. 1 H), 7.00 (“t", 1 H),
7.2—7.5 (m, aryl H). — P NMR (CDCl;): 8 = —8.6 and —9.8
(A:B, intensity ca. 55:45%). — CyH,;OP (320.4): caled. P 9.67:
found P 9.62.

2-[2'~( tert- Butylphenylphosphanyl)phenyl [phenyl  Trimethylsilyl
Ether (2d): A solution of 14.0 g (70 mmol) of tBuPhPCl in diethyl
ether (20 ml) was added to the C,O-dilithium reagent, prepared by
rcaction of dibenzofuran (11.7 g, 70 mmol) with lithium (1.0 g, 144
mmol) in 200 ml of diethyl ether (30 h reflux, sonication bath).
After stirring overnight, 8.8 ml of ClSiMe; was added, the precipi-
tate was filtercd off and the solvent was evaporated. 17 g (60%) of
viscous oily 2d(A,B) was oblained, distilling at 170--174 °C/0.01
Torr. — 'TH NMR (CDCl): 3 = —0.08, 0.09 (2 s, SiMes, A/B 63:37),
1.06 (d, *Jpy = 12.3 Hz, CMes A), 1.15(d, *Jpy = 12.5 Hz, CMe;
B); A: 6.55 (d, | H), 6.67 (“t”, | H), 6.84 (d, J = 8 Hz, 1 H), ca.
7.57 (m, 2 H), ca. 7.84 (1 H); B: 6.85 (d, 1 H), 7.03 (“t”, 1 H),
7.2-7.5 (m, aryl H). — 3P NMR (CDCl3): § = 7.4 and 6.7 (A/B,
int. 2:1). The product was found to be contaminated by ca. 5 mol%
(rBuPhP).. identified by NMR!%L this diphosphane constituted
about one-third of the crude product.

2-[2'-( tert-Butyilphenylphosphanyl) phenyl [phenol  (3d). 2d(A,B)
was heated with 10 ml of methanol. A 1:1 adduct with methanol,
3d(A,B)- MeOH, crystallized at room temperature, m.p. 45—47 °C.
— 'H NMR (CDCl,): § = 1.10 (d, *Jpy = 12.7 Hz, CMe; A), 1.19
(4, 3Jpny = 12.9 Hz, CMey B); A: 6.37 (d, 7.6 Hz, | H), 6.57 ("t",
1 H), 6.94 (d, 8 Hz, 1 H), ca. 7.70 (dm, | H), ca. 7.95 (dm, 1 H);
B: 6.80 (d, 1 H), 6.95 ("t", 1 H), 7.1—7.5 (m, aryl H). — *'P NMR
(CDCl3): 8 = 8.0 and 8.2 (A/B, int. 1:1). — CxHyp,0.P (366.4):
caled. C 75.39, H 7.43; found C 74.83, H 7.83. — X-ray crystal
structure analysis see Figurc 2.
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Dinaphtho{2,1-b;1',2"-d ] furan: 30 g (263 mmol) of B-dinaphthol
and 15 g of strongly acidic ion-exchange resin, Nafion-NRS50 (Al-
drich), were refluxed in o-xylene (100 ml) in an apparatus fitted
with a water separator until ca. 2.3 ml of water had been collected
(ca. 16 h). The hot solution was then decanted from the ion-ex-
change resin and ca. 3/4 of the solvent was evaporated in vacuo.
Pale-yellow crystals of dinaphtho[2,1-A;1",2"-d]furan were collected,
the solvent was removed from the filtrate and the residue was crys-
tallized from toluene/heptane (ca. 1:2). The total yicld was 25.2 g
(91%), m.p. 153—~155 °C (cf. 156 °C ref.[®!)). To obtain reproducible
results in the lithium cleavage, the entire material was refluxed for
1 h with vanadium pentoxide and crystallized once more. — 'H
NMR (CDCl;): § = 7.44 (ddd, Juens = 8.1, Jueur = 6.9, Jugus =
1.0 Hz, 6-H), 7.60 (ddd, Jyy1s = 8.5, Jurmes = 6.9, Jums = 1.3
Hz, 7-H), 7.64 [d(AB), Juans = 8.9 Hz, 4-HJ, 7.75 [d(AB), Ju3us =
8.9 Hz, 3-H], 7.88 (dd, Jusue = 8.1, Jyrus = 1.3 Hz, 5-H), 8.98
(d, Jusir = 8.5 Hz, 8-H). — 13C NMR (cf. ref.I'% CDCl,): § =
112.5 (C-3), 119.3 (C-1), 124.2, 125.5, 126.0, 128.1, 129.3 (C-4 to
C-8), 128.5, 131.1 (C-4a, C-8a), 154.1 (C-2). — MS (70 eV); miz
(%0): 269 (34) [M + 17], 268 (100) [M*].

1-12'-( Diphenylphosphanyl )naphth-1'-yl [naphth-2-yl  Trimethyl-
sifyl Ether (5a): A solution of 2.68 g (10 mmol) of dinaphthofuran
in diethyl ether (60 ml) was stirred with a suspension of lithium
(0.14 g, 20 mmol) affording a solution of 4. The reaction was ac-
companied by a color change from blue through violet to dark-red.
Stirring was continued overnight, then a solution of CIPPh, (2.2 g,
10 mmol) in diethyl ether (5 ml) was added dropwise to the mixture
at 0 °C. After 1 h, CISiMe; (1.5 ml) was added, the precipitate was
removed and the solvent was evaporated in vacuo. The residue was
refluxed for 2 h in ethanol (10 ml). 1.6 g (32%) of colorless crystals
of 5a separated, m.p. 107—109 °C. — 'H NMR (CDCls): 8 = —0.05
(s, 9 H, SiMe3), 7.12 (d, J = 84 Hz, 1 H), 7.25 (t, J = ca. 7.3 Hz,
1 H), 7.28—7.38 (m, 6 H), 742-7.52 (m, 6 H), 7.62~7.68 (m, 2
H), 8.02 (d, / = 8.1 Hz, 1 H), 8.02—8.10 (m, 3 H). — *'P NMR
(CDCls): & = —12.6. — MS (C], isobutane); m/z (%): 583 (20) [M
+ isobutane*], 528 (40) [M + 1*1, 527 (100) [M*]. — IR (Nujol):
no OH band. — C35H;,OPSi (526.7): caled. C 79.82, H 5.93, P
5.88; lound C 79.78, H 8.08, P 6.20.

1-[2'-( Diphenylphosphanyl )naphth-1'-yl [naphth-2-0l (6a). (A):
Dinaphthofuran (3.10 g, 11.5 mmol) and 0.16 g (12 mmol) of lith-
ium in diethyl ether (60 ml) were reacted as described above and a
solution of 2.53 g (11.5 mmol) of CIPPh, in diethyl ether (20 ml)
was added at 0 °C. After 1 h, 10 m] of dilute sulfuric acid (10%)
was added, the organic layer was separated and the aqueous phase
was extracted twice with CH,Cl,. The solvent was distilled off and
the residue was purified by column chromatography on silica, using
toluene as the eluent. Evaporation of the solvent in vacuo afforded
3.32 g (64%) of eolorless crystals of 6a, m.p. 197—200 °C, which
were found to be readily soluble in CH,Cl,, and moderately soluble
in MeOH. — 3P NMR (CDCl;): 8 = —13.2 (ref.[*1 § = —13.67).
— C3,H5;0P (454.5): caled. C 84.56, H 5.10; found C 83.60, H 5.73.

(B): A solution of 360 mg (0.68 mmol) of the silyl ether 5a in 3
ml of glacial acetic acid was heated for 10 min. over a water bath.
The volatiles were then removed in vacuo and the rcsidue was crys-
tallized from methanol (2 ml) to yield 210 mg (68%) of 6a, iden-
tified on the basis of its NMR spectra.

1-[2'-(Isopropylphenylphosphanyl) naphth-1'-yl Jnaphth-2-yl  Tri-
methylsilyl Ether (5¢): Dinaphthofuran (2.29 g, 8.5 mmol) in diethyl
cther (100 ml) was stirred for 2 d with an excess of lithium suspen-
sion (0.165 g, 23.6 mmol). A solution of 2.65 g (8.5 mmol) of
Ph(;Pr)PO(1 R,2S5,5R)-menthyl in THF (5 ml) was added, followed
2 h later by 3.0 ml of CISiMes. After stirring overnight, 30 ml of
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dcgassed water was added, the organic phase was dried and most of
the solvent was evaporated. The 3'"P-NMR spectrum of the residue
showed it to be a diastereoisomeric mixture of 5S¢ [signals at § =
—11.36, —11.51 (ratio ca. 2:1)] contaminated by impurities (§ =
—24.9,39.7, and 47.4) and a large amount of unreacted Ph(iPr)PO-
—menthyl (8 = 122.3). Column chromatography on silica gel 60
(80 g) with degassed toluene as eluent furnished 5S¢ in low yield.
The 5th and 6th fractions (each 20 ml) were found to contain Se¢
in a diastereoisomeric ratio of ca. 1:1, contaminated by 2-Me;-
SiCHg-1,1'-CgHgOSiMe;.

1-72'-Hydroxynaphth-1'-yl Jnaphth-2-yl-diphenylphosphane Oxide
7a by Reaction of 6a with { R)-{ — )-Camphor-10-sulfonyl Chloride:
280 mg (1.03 mmol) of (R)-(—)-camphor-10-sulfonyl chloride was
added to a solution of 450 mg (1 mmol) of 6a in pyridine (5 ml)
and the mixture was heated for 30 min. at 100 °C. After cooling,
the mixture was added to water, the precipitate was filtered off,
washed with water and dried in vacuo. Crystallization from ethanol
afforded 300 mg of 6a, m.p. > 265 °C. — 'H NMR ([Dg]DMSO):
8 = 6.40 (d, J = 8.3 Hz, 3'-H), 6.73 (td, J = ca. 7.0 and 1.3 Hz,
1 H), 6.82—6.94 (m, 5 H), 6.99 (m, 1 H), 7.07-7.18 (m, 3 H),
7.2—7.28 (m, 3 H), 7.37-7.47 (m, 3 H), 7.86 (d, / = 8.1 Hz, | H),
7.92 (dd, J = 8.6, 2.1 Hz, | H), 9.29 (s, 1 H, OH). — 3P NMR
([D;IDMF); & = 28.5 (ref.l’®) § = 30.8). — C3:H130,P (470.5):
caled. P 6.58; found P 6.45. — MS (70 eV); m/z (%): 471 (31) M
+ 17, 470 (84) [M '], 269 (21), 268 (100).

Catalysis Experiments Hydrogenation: For hydrogenation at 25
°C and 0.1 MPa H., 1 mmol of substrate was added to a catalyst
solution prepared in situ from 0.01 mmol of [Rh(COD),|BF, and
0.01 mmol of phosphanylphenol in 15 ml of solvent (MeOH or
THF) under anacrobic conditions.

Hydroformylation: A mixture of 1 mmol of substrate (vinyl ace-
tate or allyl acetate), 0.01 mmol of Rh(CO);(acac) and 0.01—-0.05
mmol of ligand in 15 ml of THF was placed in a 40-ml autoclave
(Ernst Haage, Miihlheim, Germany), pressurized to the appropri-
ate initial pressure with syngas (CO/H, = 1:1) and heated to the
reaction temperature. During the course of the reaction, several
samples were withdrawn from the autoclave. Conversion, selectivity
and enantiomeric excess were determined by GC.

Crystal Structure Analyses 3a - MeOH: Crystal data: C;sHy30,P,
386.40, triclinic, space group P1, a = 1024.7(2), b = 1063.8(3), ¢ =
1148.9(3) pm, o = 111.96(1), B = 90.24(1), v = 115.78(1)°, V =
1.0248(4) nm?®, Z = 2, Dy = 1.252 Mg m‘f, wMo-K,) = 0.15
mm~ !, F000) = 408, AM{(Mo-K,,) = 0.71073 A, T = —130 °C. —
Datu collection and reduction: A colorless prism 0.5 X 0.5 X 0.3
mm was mounted in incrt oil and transferred to the cold gas stream
of the diffractometer (Stoe STADI-4). A total of 3669 intensities
were collected to 26, 50° using ©.20 scans, of which 3612 were
independent. — Structure solution and refinement. The structure
was solved by direct methods and refined anisotropically on F?
using the program SHELXL-9332; methyl and hydroxyl H-atoms
as rigid groups, other H' quotation mark, rights riding. The final
wR(F%) was 0.146 for all reflections, with conventional R(F) 0.056;
256 parameters; S(F?) 1.10; max. Ap 253 e nm >,

3d - MeOH: Crystal data: C,3H,,0,P, 366.42, triclinic, space
group P1, a = 980.7(3), b = 984.2(4), ¢ = 1118.7(4), o = 83.78(2),
B = 70.66(3), y = 81.03(2), ¥V = 1.0045(6) nm?, Z = 2, Dy =
1.211 Mg m~3, p(Mo-K,) = 0.15 mm~!, F000) = 392, T = —130
°C. Data collection and reduction. Colorless tablet 0.7 X 0.7 X 0.3
mm, 3556 intensities, 3546 independent. Struciure refinement:
wR(F2) 0,117, R(F) 0.044; 241 parameters; S(F?) 1.04; max. Ap 355
e nm ™2, All other details as above.
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X-ray structural data (excluding structure factors) have becen de-
posited at the Cambridge Crystallographic Data Centre under de-
position number 100448. Copies may be obtained free of charge
from: The Director, CCDC, 12 Union Road, Cambridge CB2 1EZ,
England [Fax (internat.): +44 (0)1223/336033; e-mail: deposit@-
chemcrys.cam.ac.uk].
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