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Calix[4]arene Ligands with Phosphorus-Containing Groups Tethered at the Upper Rim
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The preparation and coordinative properties of two upper-rim functionalized calixarenes, 5téit-bisgf!)-
11,23-bis(diethoxyphosphinomethoxy)-25,26,27,28-tetrakis(2-ethoxyethoxy)calix [4] d)esed(5,17-bigert-
butyl)-11,23-bis(diphenylphosphinomethyl)-25,26,27,28-tetrakis(2-ethoxyethoxy)calix[4]&eae (presented.
Diphosphine6 was oxidized by air to the corresponding di(phosphine oxilelhe molecular structure of
2CHCk was elucidated by X-ray crystallography:7g8g4010P»*2CHCL, a = 16.313 (5) Ab= 16.553(5) Ac
=17.068(6) Ao = 108.04(2), B = 93.13(2), y = 100.27(2}, Z = 2. The calixarene matrix displays a pinched
cone conformation, with the twiBu-phenoxy rings of the macrocycle lying almost perpendicular (interplanar
angle 84.7) and the other two phenoxy rings making an angle of 20R&action of6 with 2 equiv of [AuClI-
(SCGHg)] (SC4Hg = tetrahydrothiophene) in Ci€l, afforded the digold compleg-(AuCl), (8). Reaction of6
with [RuCly(p-cymene)j resulted in formation of the dinuclear comp@¥RuClh(p-cymene)} (9) while the rhodium
complex6-[RhCl(norbornadiene)](10) was formed by reaction & with [RhCl(norbornadiene)] Complex10
catalyzes hydroformylation of styrene (CQ/H 1, P = 40 bar, 70°C, styrene/Rh~ 585) in the presence of
NEts, from which linear and branched aldehydes were obtained in a 9:91 ratio. Diphodptite found to be
suitable for chelate formation; thus [Rd{MeCsHa)(thf)2]BF4 (thf = tetrahydrofuran) reacts witth to yield the
mononuclear complexf{ Pd(;3-MeCsH,)} |BF4 (11), where the metal is located at the mouth of the cavity. All
complexes were characterized by elemental analyses afld,ByC, and3!P NMR spectroscopy.

Introduction cently311-13 One potentiality of such systems is to provide
novel materials where the catalytic center operates inside a
spatially confined environme#t. This research is intended to
identify catalysts displaying shape-selectivity and/or high re-
gioselectivity.

Of particular interest in this area are the so-called phos-
phacalixarene® i.e. calixarenes that bear pendant P(lll) atoms
(notably phosphines, phosphites, phosphinites, etc.) able to form
complexes with most transition metals. A synthetic methodology
has already been developed that allows positioning of metallo
fragments near the mouth of phosphacalix[4]arene tunnels, a
feature that appears to be essential for achieving supramolecular
catalysist#16-19 To date, most studies have concerned calix[4]-

The calix[4]arene matrix is a versatile, cavity-containing
building block frequently used as a tool for the construction of
organized polytopic ligands2 Its extensive use in supramo-
lecular chemistry® started after Gutsche’s pioneering work on
synthetic methods for making this synthon readily acces§ible.
Many current studies focus on the functionalization of the
calixarene platform, the main aim being to identify applications
for the resultant circularly arranged binding urisThis strategy
has already led to the discovery of a number of highly selective
receptor molecules and of novel sensors for polyanionic spe-
cies®10The idea of combining calixarene cavities with catalytic
centers, notably transition metals, has emerged more re-
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arenes with P(lll) centers located at the lower rim of the
macrocyclel®20-24 although some upper-rim functionalized
P(Ill) compounds have been reported recefithf. We now

describe some new phosphorus-containing calix[4]arenes ob-

tained by upper-rim functionalization of calixareheand report
their coordinative behavior toward various platinum metals. The
X-ray structure of a di(phosphine oxide) in which the phos-
phorus atoms are separated from the upper rim-BH,O—
spacers is also described.

Results and Discussion

Phosphorylation of 1. The key compound for the present
study, diol3, was prepared in two steps from compoundts
preparation (Scheme 1) was significantly improved with respect
to the original procedur€. In the first step, formylation ol
was achieved with Sn@CI,CHOCH:.. We found that the
highest yield was obtained by operating-=lt8 °C and by using
a stoichiometry oft/SnCl/CI,CHOCH; of 1:10:4. Under these
conditions, dialdehyd®2 was obtained in 88% yield after workup
(original synthesis 60%). Reduction ®fwith LiAIH 4 in Et,O
gave 3 in quantitative yield. Reaction o8 with 2 equiv of
n-BuLi in THF at —78 °C and subsequent treatment with
diethylchlorophosphite afforded diphosphiten 93% yield. The
NMR data of4 are fully consistent with &,-symmetrical
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structure. The observed chemical shift of theCApAr carbon
atoms (31.3 ppm) indicate that the calixarene retains the original
cone conformatioR® To the best of our knowledge, only one
other calix[4]arene-derived phosphite has been reported tédate.
Compound4 can be handled in air. Note that no hydrolysis
was observed when the compound was dissolved in wet ¢DCI
this ligand stability contrasts with that of the calix[4]-phos-
phinites that have been reported previously by our gifSup.
Diphosphines was prepared via compousditself obtained
in high yield by reacting with thionyl chloride. The phosphi-
nylation of 5 was performed using 2 equiv of FBLi in THF
at —78 °C. Compoundb, after purification by column chroma-
tography is a viscous oil that is highly soluble in common
organic solvents. It is air stable in the solid state. ¥ eNMR
spectrum shows a solitary signal-a10.1 ppm, while the P8,
signal appears as a singlet at 2.76 ppm intth&MR spectrum.
Compound6 was readily oxidized in solution (see Experi-
mental Section), affording the corresponding di(phosphine
oxide) 7 for which molecular structure was established by an
X-ray diffraction study and is shown in Figure 1. The compound
obtained from a CHGlsolution crystallizes with two molecules
of trichloromethane. The calixarene matrix adopts a “pinched
cone” conformatioft for which two opposite phenoxy rings are
almost perpendicular (84) and the other two subtend a
dihedral angle of 209 The distance between the centroids of
the phosphorus-bearing phenoxy rings is 5.90 A while that
between the other two phenoxy rings is 7.28 A. The dihedral
angles between neighboring phenyls range from 81.2 ta>’84.7
while the distances between neighboring phenyl group centers
lie between 4.70 and 4.75 A. The P& bonds are oriented
toward the center of the bowl while the two PO vectors of the
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Figure 1. Molecular structure of showing the atom-labeling scheme.

Table 1. Crystallographic Data fov-2 CHCk

empirical formula: GoHgeCleO10P2 fw:1492.21
a=16.313(5) A space groupl
b=16.553(5) A T=-100°C
c=17.068(6) A 2=0.71073 A

o = 108.04(2) peaicd= 1.157 g/lcm?®
B =93.13(2) u, mmt=0.289

y =100.27(2) Rint=0.029

V= 4283(2) B WR(F?)? = 0.309
Z=2 R(F)® = 0.094

awWR(F?) = {3 [W(Fo? — FAA/ 3 [W(F?)3} Y2 (all reflections).’ R=
ol — IFcl/ZIFol [F > 4a(F)].

Table 2. Selected Atomic Distances (A) and Bond Angles (deg) for
Compound7-2CHCk

P(1)-0(3) 1.501(4) C(11HO(1) 1.387(7)
P(1)-C(121) 1.794(8) C(5H0(06) 1.389(6)
P(1)-C(111) 1.809(6) C(3BHO(4) 1.396(7)
P(1)-C(18) 1.813(5) C(7H0(9) 1.397(6)
P(2)-0(8) 1.484(4) O(1)-O(6) 5.162(5)
P(2)-C(131) 1.803(6) O(4)-0(9) 3.610(6)
P(2)-C(141) 1.814(6) C(14)-C(54) 6.450(8)
P(2)-C(58) 1.823(5) C(34)-C(74) 9.206(8)
P(1)-C(18)-C(14) 1125(4)  P(2C(58)-C(54) 114.3(4)
C(18-P(1-0(3) 113.7(3)  C(54)yP(2)-0(8) 113.3(2)

phosphoryl groups point to the exterior of the cavity, so as to
minimize steric repulsion between the,PO)- groups and the
adjacent Busubstituents. Other important structural data can
be drawn from Table 2.

Coordinative Properties. Reaction of6 with 2 equiv of
[AUCI(SC4Hg)] (SCsHg = tetrahydrothiophene) in Gi€l,
afforded the digold comple8. The FAB MS spectrum 08

Inorganic Chemistry, Vol. 38, No. 7, 1999587

data possesses@-symmetrical structure. The chemical shift
difference between the two nonequivalent Atprotons Aas
= 0p — 0 = 1.50) is comparable with those 6f(Aag = 1.32
ppm),7 (Aas = 1.33 ppm), an® (Aas = 1.44 ppm), indicating
that the flattening of the calix matrix is similar in each structure.
We note, however, that the signals of the Bz, ArCH,, and
m-ArH(ArBut) hydrogen atoms d are considerably highfield-
shifted with respect to the corresponding signal§,af, and8.
This is because the two bulky “Rub-cymene)” units force
the PPh groups to a position above the calixarene cavity so
that the above-mentioned H atoms now lie within the shielding
zone of the P-Ph aryl rings which close the calixarene cavity.
The dinuclear rhodium complebO was obtained by reacting
6 with 2 equiv of [RhCI(norbornadiene)in CH,Cl,. The NMR
data unambiguously establish tB8g symmetry of the molecule
but in contrast to the observations made 9qjsee above) the
IH NMR chemical shifts of the C(83);, ArCH,, and m-
ArH(ArBu') hydrogen atoms appear to be “normal”. Since the
RhCl(norbornadiene) fragments are sterically less demanding
than the “RuCJ(p-cymene)” units found i9, free rotation about
the P-CH, bonds can occur id0.
Complex10 catalyzes the hydroformylation of styrene (CO/
H, =1, P = 40 bar, 70°C, styrene/Rh~ 585) in the presence
of NEts. The catalytic species shows a high regioselectivity for
the branched aldehyde (n/ise 9:91) while the turnover
frequency was 31 mol of alkene/mol of Rh/h. These results are
not unusual, lying close to those reported for many Rh/P(lll)-
systems233Addition of 1 equiv of diphosphiné to the catalytic
system maintains the selectivity but the activity is increased by
ca. 60%. The added phosphine probably induces the formation
of species where two P(lll) atoms are bonded to each rhodium
center, thus increasing the electron density of the metal atoms
and hence favoring the aldehyde elimination step. It is note-
worthy that no decomposition of the catalytic species was
observed during these experiments. Hydroformylation experi-
ments with lower-rim functionalized phosphacalixarenes of type
A andB have recently been reported. These were found less
Bu! Bu'

Bu! Bu! Bu!

t
Bu' gt

active, probably because the rhodium center is partially encap-
sulated during the catalytic proce$s’ The conventional
selectivity and activity observed fd0 in styrene hydroformy-
lation suggests that the aromatic substrate is kept from entering
the cavity during catalysis by the bulkgu groups. In other
terms, the cavity is probably not able to entrap and hence
orientate the substrate so as to favor the formation of a specific

exhibits an intense signal at 1650.6 displaying the expected aldehyde, although this assumption remains somewhat specula-

isotopic profile of the corresponding [M CI]* cation. In the
1H NMR spectrum, the Ar8Ar bridges give rise to a single
AB spin system, while in thé&'P NMR spectrum the phosphorus
atoms appear as a singlet (at 33.4 ppm).

Treatment o6 with [RuCly(p-cymene)} in CH,CI, gave the
binuclear complexXd, which according to all available NMR

tive. Removal of the Bugroups could possibly also favor
synergetic action of the two metal centers, as recently found

(32) Gladiali, S.; Bayn, J. C.; Claver, CTetrahedron Asymmetr§Q95
6, 1453-1474.

(33) Bartik, T.; Ding, H.; Bartik, B.; Hanson, B. B. Mol. Catal. 1995
98, 117-122.
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Scheme 2. Dinuclear Complexes Obtained from Diphosphthe
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[RhCl(norbomadiene)],

by Engbersen et al. in the catalytic phosphate diester cleavageScheme 3. Views of the Bridging P-Pd—P Unit in 11 (a,
by dinuclear calix[4]arenes bearing two copper(ll) centers at P€rspective Viewb, Partial View from the Top)

the upper rimg4 /_&
Attempts to prepare well-defined chelate complexes of ligand - | +

6 were hampered by formation of polymeric species. Indeed eo Pd

examination of molecular models suggests that the; BRiups Eto jp*';stc;p—oa

are not well-suited to form stable chelates. In contrast, phosphite \ o/

4, having longer pendant arms, reacts with jffd¢le-allyl)- Bu' 1 Bu'

(thf)2]BF4 to afford the cationic chelate complés in high yield
(eq 1). The FAB mass spectrum exhibits an intense signal at

Me _lBF- \;ocln/.o
s ‘ (O( O}

I
N o\ °
o Sp—OEt r (
0~ w07
\ o_,0 a
/i THF Bu
Me—¢, Pd, BF,
© THF

4 —- D N/ (1)
oY

CH,Clp-THF o

i 1
1285.1, having the expected isotopic profile of thé - BF,)™ related to H atoms of a same aryl fing. Furthermor_e, i
cation. Theé¥lP NMR spectrum displays a solitary peak at 127.8 MR spectrum displays two RGH,CHj signals, indicating that
ppm, consistent with phosphite coordination. Interestingly, the 1€ molecule no longer haS;, symmetry. Examination of
1H NMR spectrum (300 MHz) shows that theArH atoms of molecular models shows t_hat the Ieast-_stralr}ed and s_tencally
the P-substituted aryl rings appear as two distinct broad signals.mOSt favorable conformation of the bridge is tha_t with t_he
A COSY experiment established that this nonequivalence is paliadium, phosphorus, qnd oxygen(P) atoms adopting a twisted
arrangement as shown in Scheme 3. Here phosphorus atoms

(34) Molenveld, P.; Engbersen, J. F. J.. Kooijman, H.; Spek, A. L; lie on either side of the plane constituted by two aGA

Reinhoudt, D. NJ. Am. Chem. S0d.998 120, 6726-6734. CH,OP atoms and the metal atom, thus leading to nonequivalent
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m-ArH atoms. However, the fact that the allyl unit generates overlapping q, 8H, O8,CHs, 3 = 7 Hz), 1.29 (s, 18H, B) 1.20

nonequivalence of the two palladium faces could also accountand 1.17 (2t, 6H each, OGEHs, ] = 7 Hz each).*C{*"H} NMR-

for the observed d|ssymmetry (5032 MHZ)é 191.5 (S, CHO), 160.5 and 154.8 (23, arOna:GD,
In conclusion, this work describes a new strategy for prep- 142-3 (S: GCHO), 135.3 and 134.8 (2s, aro@CH), 131.3 (s, arom.

_ it
aration of upper-rim functionalized calix[4]arenes bearing distal 603 EL('S)’ ifgé;gﬂ )12&05(226822 r;.(g:sHéj 5(’:8Ha)mg 472 g E:Z(sc(mﬁg
P-containing substituents. It therefore constitutes the starting 51 g (S' CCHa)3) ;11 (é ACHZ). 15.3 (s ZOC[;’CHa)'_ ' v

point for the synthesis of entire families of calixarenes having 5 17.gisgert-butyl)-11,23-bis(hydroxymethyl)-25,26,27,28-tetrakis-
metals across the upper rim. Two new P(lll) ligands have been (2-ethoxyethoxy)calix[4]arene (3)To a solution of2 (1.820 g, 2.07
presented. Ligand4, in which the phosphorus atoms are mmol)in EtO (80 mL) was added LiAlki(0.314 g, 8.28 mmol). After
separated from the cavity by CH,O— spacers, was found  stirring for 30 min, the mixture was quenched with 0.01 M HCI (100
suitable for formation of chelates having a palladium center mL). The organic layer was extracted with @ (300 mL), washed
located above the calix cavity. Diphosphifefacilitated the twice with water, and dried over MgSOThe solvent was removed
preparation of complexes containing two metal centers that areUnder vacuum to afford a colorless oil. Yield: 1.790 g, 98%NMR
maintained in close proximity and lie close to a cavity-shaped (200-13 MH2z):0 7.09 (s, 4Hm-ArH), 6.17 (s, 4HmArH), 4.50 and

) . ; 3.11 (AB quartet, 8H, Ar@Ar, J(AB) = 13.5 Hz), 4.28 (t, 4H,
receptor. The dinuclear rhodium complé® displays useful ATOCH,3) = 7 Hz), 4.01 (s, 4H, B,0H), 3.92 and 3.89 (two

ca'FaIytic activity forth_e hydroformylation of olefins, its activi_ty overlapping t, 8H, ArOCKCHs), 3.78 (t, 4H, ArOGH,3) = 7 Hz),
being that of conventional Rh/PPsystems. Increased selectiv- 3 58 and 3.53 (two overlapping q, 8H, ®&CH3), 1.37 (s, 18H, BY,
ity is expected from debutylated analogues which could facilitate 1 25 and 1.18 (2t, 12H, OGIBHSs, 3J = 7 Hz). 3C{*H} NMR (50.32
access of aromatic substrates to the cavity. The reportedMHz): 6 155.3 and 154.2 (2s, aromq©), 144.7 (s, arom. £CH,-
complexes open the way to new and important shape-selectiveOH, tent. assignment), 135.6 (s, arony-BL1, tent. assignment), 134.5

catalysts. and 133.2 (2s, arom.8&CHy), 125.6 (s, arom. CH), 73.8 and 72.1 (2s,
ArOCH,), 69.5 (ArOCHCH,), 66.4 and 66.0 (2s, CH,CHs), 64.4 (s,

Experimental Section CH;0H), 34.1 (sC(CHa)s), 31.6 (s, CCHa)3), 31.0 (s, ACHAT), 15.2
(OCH2CHg).

General Procedure.All compounds were handled using Schlenk 5,17-Bisert-butyl)-11,23-bis(diethoxyphosphinomethoxy)-25,26,
techniques under a dry nitrogen atmosphere. The solvents were driedy7 28 tetrakis(2-ethoxyethoxy)calix[4]arene (4)To a solution of3
and distilled by standard methodsi NMR spectra were recorded in (2.000 g, 2.26 mmol) in THF (50 mL) at78 °C was addech-BuLi
CDCl; (293 K) either on a Bruker AC-200 spectrometer (200 MHz) or (1,49 M, 3.18 mL, 4.8 mmol). The solution was maintained¥ch at
on a Bruker AC-300 (300 MHz) instrument. AfiC{*H} spectra were —78 °C, and then a solution of PCI(OEtf0.740 g, 4.52 mmol) in

recorded in CDGI (293 K) at 50.32 MHz, using a Bruker AC-200
spectrometers’P spectra were recorded at 121.51 MHz on a Bruker
AC-300 spectrometer. ThiH NMR data are referenced to residual
CHClz (7.25 ppm),3.C NMR chemical shifts are reported relative to
CDCl; (77.0 ppm), and th&P NMR data are given relative to external
HsPQ,. Mass spectra were recorded on a ZAB HF VG analytical
spectrometer usingrnitrobenzyl alcohol as matrix. Column chroma-
tography was performed on silica gel 60 (particle size @um, 230

240 mesh). Calixaren&,? [AuCI(SCsHg)],%® [RuCly(p-cymene)},®’
[RhCl(norbornadiene)f® and [PdCI3-2-Me-allyl)]*® were synthesized

THF (5 mL) was added dropwise via a cannula. The solution was
brought to room temperature, stirred for 12 h, and evaporated to dryness.
The residue was taken up with toluene, and the resultant suspension
was filtered over Celite. Evaporation of the solvent gave an analytically
pure colorless oil. Yield: 2.360 g, 93%. FAB MS: 1132.3 [85, {M

Li)*]. Anal. Calcd for GoHgsO14P, (M, = 1125.38): C, 66.17; H, 8.42.
Found: C, 65.96; H, 8.372H NMR (300.17 MHz):6 6.94 (s, 4H,
m-ArH), 6.30 (s, 4H,m-ArH), 4.45 and 3.09 (AB spin system, 8H,
ArCH.Ar, 2J(AB) = 13 Hz), 4.23 (d, 4H, POCHAr, 3J(PH) = 7.7

Hz), 4.19 and 3.97 (2t, 4H each, Ar®ig %J = 7 Hz each), 3.87 {(t,

according to procedures reported in the literature. The preparations g, ArOCH,CH,, 3J = 7 Hz), 3.82 (m, 8H, POH,CHs), 3.56 and
reported below fo2,* 3 and5*’ correspond to improved methods, 351 (two overlapping g, 8H, O@:CHs, 3 = 7 Hz each), 1.25 (s,
and therefore only important spectroscopic data are given for these 1gH, Bu), 1.19 (several overlapping m, 24H, PO@#H; and
compounds. Microanalytical data have not been given for these cH,0CH,CH3). 31P{*H} NMR (121.51 MHz): 139.4.13C{H} NMR

compounds.
Hydroformylation of styrene with complek0 was performed in a

(50.32 MHz): 6 154.8 (s, arom. £0), 144.7 (s, arom. £CH,OP),
134.9 and 134.0 (2s, aromgCHAr), 131.7 (s, arom. EBuUY), 127.5

100 mL glass-lined steel autoclave containing a Teflon-coated magneticand 125.5 (2s, arom. CH), 73.6 and 72.6 (2s, BHD), 69.6 (s,

stirrer bar.
5,17-Diformyl-11,23-bistert-butyl)-25,26,27,28-tetrakis(2-
ethoxyethoxy)calix[4]arene (2).To a solution ofl (1.940 g, 2.35
mmol) in cold CHC} (70 mL, —15 °C) was added Sn¢k6.183 g,
2.78 mL, 23.50 mmol), followed by @CHOCH; (1.103 g, 0.87 mL,

ArOCH,CH,), 66.4 and 66.2 (2s, CH,CH), 63.8 (d, P@H,Ar, 2J(PC)
= 9 Hz), 58.1 (d, P@H,CHjs, 2J(PC) = 12 Hz), 34.0 (S, C(CHz)),
31.5 (s, CCH3)s, 31.3 (s, ACHATr), 16.9 (s, POCHCH3), 15.3 (s,
OCH,CHj).
5,17-Bisfert-butyl)-11,23-bis(chloromethyl)-25,26,27,28-tetrakis-

9.40 mmol). The mixture was stirred vigorously at room temperature (2-ethoxyethoxy)calix[4]arene (5)To a solution of3 (3.500 g, 3.95
for 1 h before being quenched with water (100 mL). The organic layer mmol) in CHCE (40 mL) was added SO€(1.199 g, ca. 0.74 mL,
was separated, washed twice with water, and evaporated under vacuun®.88 mmol). After stirring for 45 min at room temperature, the solvent

to afford a yellow oil. Compoun@ was purified by column chroma-
tography using hexane/ethyl acetate (1:1, v/v) as eluant. Compgdund
elutes first R = 0.50; hexane/ethyl acetate, 2:1, v/v). Yield: 1.820 g,
88%.H NMR (200.13 MHz): 6 9.22 (s, 2H, CHO), 7.02 and 6.70
(2s, 4H eachm-ArH), 4.49 and 3.15 (AB quartet, 8H, ArGHI(AB)

= 13.5 Hz), 4.17 and 4.05 (2t, 4H each, ArB¢ %] = 7 Hz), 3.82
and 3.77 (two overlapping t, 8H, ArOGHH,), 3.53 and 3.49 (two

(35) Gutsche, C. D.; Igbal, MOrg. Synth.1989 68, 234—237.

(36) Uson, R.; Laguna, A.; Laguna, Nhorg. Synth.1989 26, 85—87.

(37) Bennett, M. A.; Huang, T.-N.; Matheson, T. W.; Smith, A. Klhorg.
Synthesisfackler, J. P., Jr., Ed.; John Wiley & Sons: New York,
1982; Vol. 21, p 75.

(38) Abel, E. W.; Bennett, M. A.; Wilkinson, G. Chem. Sod 959 3178~
3182.

(39) Powell, J.; Shaw, B. LJ. Chem. Soc. (A}967, 1839-1851.

and residual SOGlwere evaporated under vacuum. The oily residue
did not require further purification. Yield: 3.567 g, 98%4 NMR
(200.13 MHz): ¢ 7.01 (s, 4HmM-ArH), 6.28 (s, 4Hm-ArH), 4.46 and
3.10 (AB quartet, 8H, Ar€l,Ar, 2J = 13 Hz), 4.22 (t, 4H, ArOEl,, 3]
= 7 Hz), 4.00 (s, 4H, CECI), 3.98 and 3.88 (two triplets, 4H each,
ArOCH,CH,), 3.80 (t, 4H, ArOG,), 3.58 and 3.50 (two overlapping
g, 8H, OCH.CHg), 1.31 (s, 18H, BY, 1.24 and 1.17 (2t, 12H,
OCH,CHjs, 3J = 7 Hz).
5,17-Bistert-butyl)-11,23-bis(diphenylphosphinomethyl)-25,26,-
27,28-tetrakis(2-ethoxyethoxy)calix[4]arene (6)To a solution of
PhPH (1.210 g, 6.50 mmol) in cold THF (10 mk;78 °C) was added
n-BulLi (1.49 M, 4.36 mL, 6.5 mmol). The resultant red solution was
transferred via a cannula to a stirred solutiorb@8.000 g, 3.25 mmol)
in THF (50 mL, —78 °C). The mixture was stirred overnight at room
temperature. Evaporation of the solvent yielded a pale yellow oil which
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was dissolved in toluene so that precipitated LiCl could be removed ArOCH,, 3J = 7 Hz), 4.00 and 2.50 (AB spin system, 8H, AtgAr,

by filtration over a bed of Celite. The yellow filtrate was evaporated

2J(AB) = 13 Hz), 3.88 (t, 4H, ArOCKCH,, 3] = 7 Hz), 3.87 (d, 4H,

to dryness and purified by column chromatography (hexane/ethyl acetatePCH,, 2J(PH) = 7.5 Hz), 3.73 (t, 4H, ArO€l,, 3] = 7 Hz), 3.64 (t,

2:1) under N. PhPH elutes first R = 0.78, hexane/ethyl acetate 2:1,
v/v), then6 (R = 0.63). Yield: 3.360 g, 85%. Mp: 164166 °C. FAB
MS: 1253.4 [72, (M+ 20+ H)*], 1237.4 [85, (M+ O + H)*], 1221.4
[100, (M + H)*]. Anal. Calcd for GgHg4OsP, (M; = 1221.56): C, 76.69;
H, 7.76. Found: C, 76.32; H, 7.544 NMR (300.17 MHz):6 7.35-
7.28 (20H, PP¥), 6.78 (s, 4HmM-ArH), 5.97 (d, 4Hm-ArH, 4J(PH) 1
Hz), 4.24 and 2.92 (AB spin system, 4H each, MgBr, 2J = 13 Hz),
4.13 (t, 4H, ArOH,, 3) = 6.7 Hz), 3.97 (t, 4H, ArOEi,, 3] = 7 Hz),
3.87 (t, 4H, ArOCHCH,, 3J = 7 Hz), 3.82 (t, 4H, ArOCHCH,, 3] =
7 Hz), 3.54 and 3.52 (two overlapping q, 8H, BCHz, 3] = 7 Hz
each), 2.76 (s, 4H, A), 1.22 (t, 6H, OCHCHs, 3J = 7 Hz), 1.19 (s,
18H, Bu), 1.17 (t, 6H, OCHCHs, 3J = 7 Hz). 3P{*H} NMR (121.51
MHz): 6 —10.1.33C{*H} NMR (50.32 MHz):9 154.8 and153.7 (arom.
C4-0), 144.4-125.3 (arom. C), 73.4 and 72.5 (2s, A2B),), 69.6 (s,
ArOCH,CH,), 66.5 and 66.2 (2s, CH,CHs), 35.3 (d, EH,, J(PC)=
15 Hz), 34.0 (sC(CHza)s), 31.7 (s, CCH3)s), 31.1 (s, ACHAr), 15.4
(OCH,CHs3).
5,17-Bistert-butyl)-11,23-bis(diphenylphosphinoylmethyl)-25,26,-
27,28-tetrakis(2-ethoxyethoxy)calix[4]arene (7).A solution of 6
(0.800 g, 0.62 mmol) in CkCl, was stirred fo 2 h under air. The

4H, ArOCH,CH,, 3] = 7 Hz), 3.52 and 3.50 (two overlapping q, 8H,
OCH,CHs, 3J = 7 Hz each), 2.49 (septet, 2HHICHj), 3J = 7 Hz),
1.84 (s, 6H,p-Me-CgHa—Pr), 1.24 and 1.14 (2t, 6H each, OGEHs,
3J =7 Hz), 0.90 (d, CH(®l3)z, 12H,%J = 7 Hz), 0.68 (s, 18H, Bl
31P{1H} NMR (121.51 MHz): & 30.1.13C{H} NMR (50.32 MHz):d
156.0 and 151.7 (arom. ), 144.8-124.6 (arom. C), 108.0 and
94.3 (2s, G of p-cymene), 90.0 and 85.7 (2s, arom. CHpefymene),
73.7 and 72.3 (2s, ArOCH} 69.8 and 69.6 (2s, ArOGIEH,), 66.3 (s,
OCH,CHj), 33.5 (s,C(CHs)3), 31.2 (CCHa)3), 30.5 (s, ArCHA), 30.0
(s,CH(CHg)y), 21.6 (s, CHCH3),), 17.3 (s,p-CH3-CsH4-Pr), 15.5 and
15.2 (2s, OCHCHj3). The RCH; signal was not detected.
Bischlorobis(norbornadiene)-[5,17-bisfert-butyl)-11,23-bis(di-
phenylphosphinomethyl-25,26,27,28-tetrakis(2-ethoxyethoxy)calix-
[4]arene]dirhodium(l) (10). To a solution o6 (0.100 g, 0.082 mmol)
in CH,Cl, (100 mL) was added a solution of [Rh(norbornadiene)Cl]
(0.038 g, 0.082 mmol) in CkCl, (20 mL). After stirring fa 2 h at
room temperature, the yellow solution was concentrated and hexane
was added, yielding a pale yellow powder. Yield: 0.082 g, 60%. Mp:
145-147 °C. FAB MS: 1646.4 [100, (M— CI)*]. Anal. Calcd for
CooH11Cl1,0sP.RM, (M, = 1682.56): C, 65.69; H, 6.60. Found: C, 65.66;

solution was concentrated, and hexane was added to give a whiteH,6.52.*"H NMR (300.17 MHz):6 7.40-7.27 (20H, PP}), 6.64 (s,

powder. Yield: 0.656 g, 80%. Mp: 26810°C. FAB MS: 1253.5 [100,
(M + H)*]. Anal. Calcd for GgHg4O10P2 (M; = 1252.63): C, 74.72;
H, 7.56. Found: C, 74.85; H, 7.381 NMR (200.13 MHz): 6 7.55~
7.29 (20H, PPJ, 6.73 (s, 4HM-ArH), 5.87 (d, 4H,m-ArH, 4J(PH) =
2.2 Hz), 4.31 and 2.98 (AB spin system, 8H, Aig¢Ar, J(AB) = 13.7
Hz), 4.11 and 3.93 (2t, 4H each, ArOgHJ = 7 Hz each), 3.81 and
3.76 (2t, 4H each, ArOCKCH,, 3J = 7 Hz each), 3.53 and 3.48 (2q,
4H each, O®,CHs, 3] = 7 Hz each), 2.87 (d, 4H, PGHJ = 11 Hz),
1.22 (t, 6H, OCHCHs, 3] = 7 Hz), 1.21 (s, 18H, B, 1.15 (t, 6H,
OCH,CHgs, 3J = 7 Hz).3'P{*H} NMR (121.51 MHz):6 29.5.13C{H}
NMR (50.32 MHz):6 154.8 and 154.0 (2s, aromq©), 144.4-123.4
(arom. C), 73.4 and 72.5 (2s, A@bi,), 69.5 (s, ArOCHCH,), 66.4
and 66.2 (2s, GH,CH;), 38.2 (d, H,, J(PC) = 66.3 Hz), 34.0 (s,
C(CH3)3), 31.6 (S, CCH3)3), 31.0 (S, ACHzAr), 15.3 (S, OCHCH3)
Bischloro-[5,17-bisfert-butyl)-11,23-bis(diphenylphosphinomethyl)-
25,26,27,28-tetrakis(2-ethoxyethoxy)calix[4]arene]digold(l) (8)A
mixture of6 (0.180 g, 0.147 mmol) and [AuCI(S8s)] (0.095 g, 0.296
mmol) in CHCl, was stirred fo 1 h and then filtered over a bed of

4H, m-ArH), 6.12 (s, 4H,m-ArH), 4.29 and 2.83 (AB spin system,
8H, ArCHAr, 2J(AB) = 13 Hz,), 4.03 and 4.00 (two overlapping t,
8H, ArOCH,, 3] = 7 Hz each), 3.85 and 3.80 (2t, 4H each,
ArOCH,CH, %J = 6.4 Hz), 3.68 (s br, 4H, B, NBD), 3.59 and 3.56
(two overlapping g, 8H, OB,CHs, 3] = 7 Hz each), 3.37 (d, 4H, PGH
2J=8Hz,), 1.33 (s, 4H, Cklof NBD), 1.20 and 1.18 (two overlapping
t, 12H, OCHCHjs, 3 = 7 Hz each), 1.15 (s, 18H, BuThe olefinic
CH signals have not been detecté®{*H} NMR (121.51 MHz): 6
31.1 (d,J(RhP)= 168 Hz).13C{H} NMR (50.32 MHz):6 154.2 and
153.8 (2s, arom. £0), 145.6-125.3 (arom. C), 83.9 and 84.9 (2s,
HC=CH of NBD, tent. assignment), 7452.0 (several overlapping
signals, ArGCH; and PCH), 69.6 (s, ArOCHCH,), 66.4 and 66.3 (2s,
OCH,CHg), 64.0 (s, CH of NBD), 50.8 (s, CH of NBD), 34.0
(C(CH3)3), 31.7 (S, CCH3)3), 31.0 (S, ACHzAr), 15.3 (S, OCHCH3)
n3-Methylallyl-[5,17-bis(tert-butyl)-11,23-bis(diethoxyphosphi-
nomethoxy)-25,26,27,28-tetrakis(2-ethoxyethoxy)calix[4]arene]-
palladium Tetrafluoroborate (11). To 6 mL of a CHCI,/THF solution
(5:1 viv) of [Pd3-MeCsH4)Cl], (0.022 g, 0.059 mmol) was added

Celite. The solution was evaporated to dryness under vacuum. The AgBF, (0.024 g, 0.12 mmol). After stirring for 5 min, the suspension

residue was dissolved in GBI,; addition of hexane precipitate8ias
a white powder. Yield: 0.182 g, 73%. Mp: 12Q (decomp) FAB MS:
1650.6 [100, (M_ C|)+] Anal. Calcd for GgHg4AU20|208P2'CH2C|2
(M, = 1686.40): C, 53.61; H, 5.47. Found: C, 53.22; H, 5550NMR
(200.13 MHz):0 7.57-7.30 (20H, PP}, 6.84 (s, 4Hm-ArH), 5.90
(d, 4H,m-ArH, 4J(PH) = 2.5 Hz), 4.36 and 2.92 (AB spin system, 4H
each, ArGHzAr, 2] = 13 Hz), 4.15 and 3.97 (2t, 4H each, ArBig %J
=7 Hz each), 3.83 and 3.76 (two overlapping t, 4H each, ArgH),
3.58 and 3.55 (two overlapping q, 4H each, ICHjs), 3.10 (d, 4H,
PCHy, 2J = 10 Hz), 1.29 (s, 18H, BYy 1.26 and 1.18 (2t, 6H each,
OCH,CHs, 3] = 7 Hz).31P{*H} NMR (121.51 MHz):0 33.4.23C{1H}
NMR (50.32 MHz):6 154.9 (arom. GO), 144.7~124.0 (arom. C),
73.7 and 72.4 (2s, ArCH,), 69.5 (s, ArOCHCH,), 66.5 and 66.2 (2s,
OCH,CHs), 35.5 (d, RZH,, J(PC) = 30 Hz), 34.1 (sC(CHs)s), 31.8
(s, C(CH3)3), 31.1 (s, ACH,Ar), 15.4 (s, OCHCHb).
Tetrachlorobis(y%-1-isopropyl-4-methylbenzene)-[5,17-bisért-bu-
tyl)-11,23-bis(diphenylphosphinomethyl)-25,26,27,28-tetrakis(2-
ethoxyethoxy)calix[4]arene]diruthenium(ll) (9). To a solution of6
(0.200 g, 0.163 mmol) in C¥Cl, (100 mL) was added a solution of
[RuCly(n®-p-cymene)} (0.100 g, 0.163 mmol) in C¥Tl, (20 mL). The
solution was stirred overnight at 50C. The red solution was

was filtered over Celite and the filtrate was added to a solution of
calixarene4 (0.133 g, 0.119 mmol) in C¥l, (5 mL). After 15 h, the
solution was concentrated and pentane was added. CoolingasC
afforded11 as a yellow powder. Yield: 0.082 g, 70%. FAB MS: 1285.1
[100, M+] Anal. Calcd for GgH101BF4O14P-Pd (Mr = 137368) C,
57.71; H, 7.41. Found: C, 58.00; H, 7.7H NMR (300.17 MHz):0
7.07 (s br, 4AHM-ArH of BU'ArO ring), 6.03 and 5.94 (two s br, 4H,
m-ArH of P-linked ArO ring,5J(PH) < 1 Hz, 4J(HH) ~ 1 Hz), 4.49
and 3.09 (AB spin system, 8H, AKGAr, 2J(AB) = 13 Hz), 4.21 {(t,
2H, Hyyrallyl), 4.27 (t, 4H, ArOGH,, 3 = 7 Hz), 4.15-3.90 (m,
POCH,), 3.90 (t, 4H, ArOCH,, 3] = 7 Hz), 3.86 (t, 4H, ArOCHCH,
3 =7 Hz), 3.76 (t, 4H, ArOCHCH,, ] = 7 Hz), 3.57 and 3.47 (two
g, 4H each, OB,CHjs, 3] = 7 Hz each), 3.48 (t, 2H, firallyl), 1.82
(s, 3H, Me of allyl), 1.35 (s, 18H, By 1.32 and 1.31 (two t, 12H,
POCHCHs3), 1.24 and 1.14 (two t, 12H, GB®CH,CHj3, 3] = 7 Hz).
31P{1H} NMR (121.51 MHz):6 127.8.33C{*H} NMR (50.32 MHz):
0 155.0 (s, arom. ¢0O), 144.2 (s, arom. £CH,OP), 135.2-125.7
(arom. C’s), 74.1 and 72.1 (2s, A@Hi,), 69.6 (s, ArOCHCHy,), 66.7
(s, PCCH,Ar), 66.6 and 66.2 (2s, C¥DCH,CHs), 62.5 (s, P@H,-
CHg), 61.6 (s, P@H,CH), 34.1 (s,C(CHg)3), 31.8 (s, CCH3)s, 31.3
(s, ArCH-Ar), 23.6 (s, Me of allyl), 16.3 (s, POCiEHz3), 15.3 (s,

concentrated to ca. 2 mL and hexane was added, yielding a brown CH;OCH,CHj).

powder. Yield: 0.211 g, 71%. Mp: 168L.72°C. FAB MS: 1798.6 [8%,
(M — CI)*]. Anal. Calcd for GgHi12:Cl.OsP.RW, (M, = 1832.54): C,
64.17; H, 6.71. Found: C, 64.07; H, 6.6H NMR (300.17 MHz):6
7.75-7.66 and 7.387.30 (20H, PPJ), 6.08 (s, 4AHmM-ArH of ArBu?),
6.04 (d, 4H,m-ArH, 4J(PH) = 1.9 Hz), 5.26 and 5.12 (2d, ABB'
spin system, 8H, arom. CH @ftcymene 2J(AB) = 6 Hz), 4.07 (t, 4H,

Hydroformylation Experiments with 10. Experiment without
Added Phosphine.ln a typical experiment, 10 mL of a solution b0
(0.012 g, 0.0071 mmol) in toluene/GEl, (9:1 v/v) was introduced
under argon into the steel autoclave followed by addition of;NE&tL
mL, ca. 0.7 mmol) also under argon. The autoclave was pressurized
with a 1:1 mixture of CO-H, (40 bar) and the temperature was raised
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to 70°C. After 2 h, the autoclave was cooled to room temperature and data are summarized in Table 1. Data were collected with Mo K
slowly depressurized. Styrene was introduced (0.5 mL, 0.453 g, 4.33 radiation ¢ = 0.71073 A) at low temperature on a Siemens P4
mmol). The autoclave was then pressurized with-GQ (1:1, 40 bar) diffractometer. The structure was solved by direct methods and refined
and heated to 78C. After 9 h the autoclave was cooled and the contents anisotropically or?, using the program SHELXL-9%.H atoms were
analyzed by GC. At this stage, the extent of styrene conversion was included using a riding model or rigid methyl groups. The weighting
90%. The linear/branched aldehyde ratio was 9:91. The calculated TOF scheme was of the forw! = ¢%F?) + (aP)?> + bP, where P =

was 30.5 mol of styrene/mol of Rh/h. No ethylbenzene was detected (2F? + F¢?) anda and b are constants optimized by the program.

in this experiment. Various regions of poorly resolved electron density indicate the presence
Experiment with Added Phosphine.In a typical experiment, 20 of further disordered solvent molecules, but no appropriate model could
mL of a solution 0f10 (0.025 g, 0.0148 mmol) in toluene/GEl, (19: be refined.

1) were introduced under argon into the steel autoclave followed by . . -
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Structural Determination. Single crystals of7-2 CHCk were (40) Sheldrick, G. MSHELXL-97: Program for Crystal Structure Refine-
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tjn CIF format, for7-2 CHCk is available free of charge via the Internet
at http://pubs.acs.org.




