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Abstract

Porous zirconium phosphonates containing chiral dihydroxy functionalities have been synthesized via a building block approach. Enan-
tiopure atropisomeric bisphosphonic acids of various lengthsl.4, were first synthesized starting from tii-2-naphthol (BINOL) in
multi-step sequences. Amorphous chiral porous zirconium phosphonates were then obtained by refluxing BINOL-derived bisphosphonic
acids with Zr(O'Bu), in n-BuOH, and have been characterized by powder X-ray diffraction, solid-state CPSREMR, IR, TGA,
adsorption measurements, circular dichroism spectroscopy, and microanalyses. These zirconium phosphonates have empirical formulae of
(Zr-L1—)-xH,0 (x = 4 or 5), and exhibit BET surface areas ranging from 431 to 586 .nin combination with Ti(OPr),, these zirconium
phosphonates have been used to heterogeneously catalyze the additions of diethylzinc to a wide range of aromatic aldehydes with high
conversions and e.e. of up to 72%. This work represents a novel approach towards heterogeneous asymmetric catalysis. The tunability of such
a molecular building block approach promises to lead to practically useful heterogeneous asymmetric catalytic processes.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction possess chiral pockets or functionalities that are accessible to
prochiral substrates in the events of asymmetric catalyses or
The ability to predictably synthesize materials with de- racemic compounds in the events of chiral separations. Such
sired chemical and physical properties constitutes a cen-a molecular building block approach towards heterogeneous
tral theme of contemporary chemical research. Hybrid asymmetric catalysis and chiral separations will represent
organic-inorganic materials have recently attracted greata major advance in chirotechnology owing to both its tun-
attention from synthetic chemists because of the propensityability as well as re-usability of the resulting chiral porous
of engineering interesting properties via judicious combina- materials.
tions of a vast array of organic ligands and diverse metal co- While Aoyama et al. have extensively investigated the cat-
ordination geometriegl—4]. The synthesis of porous crys- alytic behaviors of hydrogen-bonded anthracene-bis(resor-
talline solids based on metal-organic coordination networks cinol) systems and zirconium complexes of anthracene-bis-
(MOCNSs) has been particularly successful; some of these (resorcinol)[7,8], Seo et al. provided the first example of
crystalline hybrid organic-inorganic solids have been shown asymmetric catalyses of transesterification reactions with a
to exhibit porosity exceeding that of inorganic counterparts modest enantio excess (e.e.) of 9. We have recently
[5,6]. Tunability of MOCNSs also allows the design of chiral reported the design of a series of chiral porous lamellar
pores and functionalities exploitable for enantioselective lanthanide phosphonates and their applications in heteroge-
processes. A straightforward strategy involves the incorpora-neous catalyses of cyanation of aldehydes, Diels—Alder re-
tion of chiral bridging ligands into the metal-organic frame- actions, and ring-opening of carboxylic anhydrid&g]. We
works, which will necessarily result in chiral solids that can wish to report in this paper the synthesis and characteri-
zation of a series of chiral porous zirconium phosphonates
* Corresponding author. Tekt1-919-962-6320: that possess chiral dihydroxy functio_nali_ties. We also pres_ent
fax: +1-919-962-2388. the preliminary results on the applications of these chiral
E-mail address: wlin@unc.edu (W. Lin). porous solids in asymmetric catalyses of the additions of
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diethylzinc to aromatic aldehydes to afford chiral secondary 2.3. 2,2'-Diacetyl-1,1’-binaphthyl-6,6 -bis(diethyl phos-
alcohols. phonate)

A mixture of 6,6-dibromo-2,2-diacetyl-1,1-binaphth-
alene (5.6 g, 10.6 mmol), diethylphosphite (3.4 ml, 24 mmol),
and Pd(PP$)4 (0.61 g, 0.53 mmol) in NEt(15 ml) and ben-
zene (120 ml) was refluxed for 3 days. Upon cooling to RT,
the organic volatiles were removed under reduced pressure,
and the residue was extracted with EtOAc and washed with
water three times. The organic layer was dried over MgSO
tions and manipulations were carried out undenith the and thg remo"a' of organic volatiles afforded the c;rude p_rod-

uct which is pure enough for subsequent reactions. Yield:

use of standard inert-atmosphere and Schlenk techniques .
Solvents used in the reactions were dried by standard proce—e'89 (100%). The crude product can be purified by column

dures. 2,2Dihydroxy-1,1-binaphthyl-6,6-bis(phosphonic chromatography (ChCl/acetone 1:1 (vv):H{*!P} NMR

: . . CDCl): 8 8.51 (s, 2H, H), 8.12 (d,3Jy— = 8.8Hz, 2H,
h h ( 3
zgllg?/v\./vas synthesized by an improved procedure as s owan), 7.56 (dd3n = 8.8 Hz, *Jys = 0.9 Hz, 2H. Hy),

3 — 3 -
Circular dichroism (CD) spectra were recorded on aJasco /21 (d:°Ju—n = 88, 2H, Hy), 7.20 (d,*Jn— = 8.8Hz,
: 2H, Hg), 4.14 (m, 8H, —-OCHCHj3), 1.87 (s 6H, CQCHjz),
J-720 spectropolarimeter. The IR spectra were recorded 3 iyt
: 1.32 (t, °Ju— = 7.1Hz, 12H, —-OCHCHjz). **P{*H}
from KBr pellets on a Nicolet Magna-560 FTIR spectrome- NMR (CDCR): 8 19 6 () 3011 NMR (CDCh): § 169
ter. NMR spectra were recorded on a Bruker NMR 400 DRX ( 3): -6 (5).C{"H} ( 3):

spectrometer and a Bruker NMR 360 MHz spectrometer. (181)’H148'163(§S%' 1341'23(210‘9 21227'75HZ)’ 1331'3 é{d’JCEpZ 6: 5
1H NMR spectra were recorded at 400 MHz and referenced 2), 7 (), -3 (), -5 (fhp = 2), :

to the proton resonance resulting from incomplete deutera- (5), 126.3 (dJop = 15H2), 123.9 (dJop = 175 Hz), 123

tion of deuterated chloroform or methan&tC{*H} NMR (d, Jep = 38Hz), 62.2 (d,Jop = 6.8Hz, POCHCHj),
spectra were recorded at 100 MHz, and all of the chemical 20.5 (s, CQCHg), 16.3 (d, Jo—p = 6.8Hz, POCH,CHg).
shifts are reported downfield in ppm relative to the carbon . ) o

resonance of chloroformer CD;OD. Solution3tP NMR 24 2:2-Dihydroxy-1,1'-binaphthyl-6,6'-bis(diethylpho-
spectra were recorded at 161 MHz, while CP-MAS sphonate)

NMR spectra were recorded at 121 MHz with a spinning
rate of 8 KHz. Thermogravimetric analysis was performed '
in air at a scan speed of@/min on a Shimadzu TGA-50  (diethylphosphonate) (6.8, 11 mmol) from the above reac-
analyzer. Microanalysis was performed by the School of fion and KOH (1.8g, 32mmol) in MeOH (95ml), THF
Chemical Sciences Microanalytical Laboratory at the Uni- (99 M), and water (95 ml) was stirred at RT for 24 h. The so-
versity of lllinois at Urbana-Champaign, while FAB HR-MS Ivents were rempved under reduced pregsure Qnd the residue
data spectra were obtained in UIUC mass spectrometryWas extracted with EtOAc and washed with copious amounts
laboratory. of water. The organic layer was dried over Mg&@nd the

Nitrogen adsorption experiments were performed on a organic volatiles were removed under reduced pressure. Col-

Quantachrome-1C surface area analyzer at liquid nitrogenUmn chromatography with S'E'C"?‘ gel using i,/acetone

temperature. All the surface areas were calculated based or§1+1 (V/V)) gave pure solid of2,21_|hydroxy—1,I—blnapgtlhyl—

multi-point BET plots, while the pore volumes were esti- 0:6-Pis(diethylphosphonate). Yield: 5.6g (952’/&)"'{ P}

mated based on BJH method. NMR (CDCl): § 8.36 (s, 2H, H), 7.92 (d,*Ju+ =
8.8Hz, 2H, H), 7.50 (d,3J4—H = 8.8Hz, 2H, Hy), 7.46
(dd, 3J4— = 8.8Hz, *Jy—y = 0.9Hz, 2H, H), 7.15

2.2. 6,6'-Dibromo-2,2'-diacetyl-1,1’-binaphthalene (d, 3J4— = 88, 2H, H), 4.11 (m, 8H, —OCHKCHz),
1.28 (m, 12H, —OCHICHj3). 3'P{1H} NMR (CDCl): &

To a mixture of acetic anhydride (9.5ml, 99 mmol) and 205 (s).13C{1H} NMR (CDCl): & 155.3 (s), 136.5 (d,

pyridine (8.0 ml, 99 mmol) was added a solution of’6,6 Jop = 2.8Hz), 134.1 (d,Jo—p = 11Hz), 131.1 (s), 127.7

dibromo-2,2-dihydroxy-1,1-binaphthalene  (8.89, 19.8 (q, Joe—p = 17Hz), 126.9 (dJ—p = 10Hz), 125 (dJe—p =

mmol) in 200 ml of distilled CHCIl,. The mixture was allo- 14 Hz), 121.1 (dJe—p = 191 Hz), 119.3 (s), 113.4 (s), 62.2

wed to stir at RT for 24 h, extracted with GBI, and (m), 16.5 (d,Je—p = 7.3Hz).

washed with water three times. The organic layer was dried

over MgSQ. The solvent was removed under reduced pres- 2.5, 2,2'-Dihydroxy-1,1'-binaphthyl-6,6'-bis(phosphonic

sure to afford the crude product which was washed with 1L acid)

of water to give pure 6/&dibromo-2,2-diacetyl-1,1-bin-

aphthalene. Yield: 10.5g (99%). Spectroscopic data are A solution of 2,2-dihydroxy-1,1-binaphthyl-6,6-bis(die-

identical to those reported in the literatyfe]. thylphosphonate) ((1.0g, 1.8mmol) and (§k5iBr

2. Experimental
2.1. Materials and general procedures

All of the chemicals were obtained from commercial
sources and used without further purification. All of the reac-

A mixture of crude 2,2diacetyl-1,1-binaphthyl-6,6-bis-
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(1.2ml, 9.1 mmol) in CHCI> (50ml) was stirred at RT.  2H, OH), 6.17 (d,3Jy—1 = 17 Hz, 2H, —CHCH,-),

After 12 h, the volatiles were removed under reduced pres-4.10 (m, 8H, OCHCHs), 1.32 (t,3Jy— = 7.0Hz, 12H,
sure and the residue was dissolved in 50ml of MeOH _OCH,CHj). 3P {1H} NMR(CDCl): § 20.5 (s).13C{ *H}

and stirred at room temperature for 0.5h. The solvent NMR (CDCl): § 154.2 (s), 148.9 (dlJep = 8.8Hz),

was removed under reduced pressure and pure prod-134.7 (s), 131.6 (s), 130.2 (dJc—p = 24 Hz), 129.9 (s),
uct of 2,2-dihydroxy-1,1-binaphthyl-6,6-bis(phosphonic 128.9 (s), 118.9 (s), 112.6 (aJw = 190 Hz), 112.4 (s),
acid) was obtained in quantitative yieldH{3'P} NMR 61.9 (M, OCHCHs), 16.3 (d,4Jo—p = 6.4 Hz, OCHCHg).

(CD30D): é 8.25 (s, 2H, H) 8.0‘? (d,3Jy— = 8.7Hz, 2H,
?_33)2’3 zfggjficj’zj'g? szséﬁ'ffﬁ),@*_ag (d,;;l)iiz’: 22;:’{; 2. 2,2-Dihydroxy-1,1"-binaphthyi-6,6/-bis(vinylpho-
2H, Hg), 4.90 (s, 6H, OH). These spectroscopic data are sphonic acid)

identical to th ious| il
identical to those previously reportt2] A solution of 2,2-dihydroxy-1,1-binaphthyl-6,6-bis(die-

thylvinylphosphonate) (500 mg, 0.82 mmol) and (§}48iBr

(0.6 ml, 4.5 mmol) in CHCI, (50 ml) was stirred at RT. After
d 36 h, the solvent was removed under reduced pressure and
the residue was dissolved in 50 ml of MeOH and stirred at RT
for 0.5 h. The volatiles were removed under reduced pressure
and a pure product of 22lihydroxy-1,1-binaphthyl-6,6-
bis(vinylphosphonic acid) was obtained in quantitative
yield. 'H{31P} NMR (CD30D): 5 7.99 (s, 2H, H), 7.96
(d, 3J4— = 8.9Hz, 2H, H), 7.52 (d,3J4— = 18Hz,
2H, Hy), 7.49 (d,3Ju—y = 9.3Hz, 2H, Hy), 7.35 (d,
3Ju—H = 8.9Hz, 2H, Hy), 7.08 (d,3Jy— = 8.8Hz, 2H,
Hg), 6.46 (d,3J4— = 17Hz, 2H, K). 3P {IH} NMR
(CD30D): § 18.9 (s).*3C{*H} NMR (CDsOD): § 155.7
(s), 147.3 (d}Je—p = 6.0Hz), 136.7 (s), 131.5 (s), 131.2
(d,%Je—p = 23Hz), 130.7 (s), 130.1 (s), 126.6 (S), 124.6 (s),
120.1 (s), 116.4 (d®Je—p = 166Hz), 116.5 (s). HR-MS
FAB) m/z [M + H]t 499.0712 (Calcd m/z 499.0711).
a]? = +1048 (c 0.05 in MeOH) forS-enantiomer.

2.6. 2,2-Diacetyl-1,1"-binaphthyl-6,6'-dial dehyde

To a mixture of acetic anhydride (8.4 ml, 89 mmol) an
pyridine (7.2 ml, 89 mmol) was added a solution of’ ZJ2
hydroxy-1,1-binaphthyl-6,6-dialdehyde (6.08g, 18 mmol)
in 250 ml of CHCl» under N gas flow. The mixture was
allowed to stir at RT for 12 h, extracted with G@l,, and
washed with water three times. The organic layer was dried
with MgSOy, and the organic volatiles were removed under
reduced pressure. The crude product was washed with 2 L
of water to give pure 2;2diacetyl-1,1-binaphthyl-6,6-dial-
dehyde in quantitive yieldH NMR (CDCl): § 10.2 (s, 2H,
CHO), 8.47 (s, 2H, i), 8.21 (d,3Jy— = 9.1 Hz, 2H, H),

7.76 (dd,®Jy— = 8.9Hz,*Jy— = 1.1Hz, 2H, H;), 7.56
(d,3J4— = 8.9 Hz, 2H, Hy), 7.24 (d,3J4— = 9.0 Hz, 2H,
Hg), 1.89 (s, 6H, CGCHz). 13C NMR (CDCk): § 191.8
(s, CHO), 168.9 (s), 149.3 (s), 136.4 (s), 134.1 (s), 134 (s), (
1315 (s), 130.8 (), 127 (s), 124.2 (s), 123.3 (), 20.5 (s, |
CO,CHg).
2.9. (4-Diethylphosphonobenzyl)diethyl phosphonate
2.7. 2,2-Dihydroxy-1,1’-binaphthyl-6,6'-bis(diethylvinyl-
phosphonate) A mixture of diethyl 4-bromobenzyl phosphonate
(10g, 33mmol), diethylphosphite (6.3 ml, 49 mmol), and

A mixture of diacetyl-1,1:binaphthyl-6,6-dialdehyde Pd(PPh)4 (1.99, 1.7mmol) in NEf (15ml) and toluene
(6.59, 15mmol), tetraethylmethylenebisphosphonate (250 ml) was refluxed for 2 days. Upon cooling to RT, the
(7.8 ml, 31 mmol), and NaH (60% dispersion in mineral oil, organic volatiles were removed under reduced pressure, and
2.6 g, 65 mmol) in 200 ml of anhydrous THF was stirred at the residue was extracted with EtOAc and washed with wa-
RT for 4 h, and then quenched with 200 ml of water. Removal ter three times. The organic layer was dried over MgSO
of the volatiles afforded crude product of 2dlacetyl-1,1- The crude product obtained upon removal of the organic sol-
binaphthyl-6,6-bis(diethylvinylphosphonate). vent under reduced pressure was purified by column chro-

A mixture of this crude product (10.5g, 15mmol) and matography using C¢Clo/acetone (1:1 (v/v)) to give a pure
KOH (2.5 g, 45 mmol) in THF (200 ml), water (200 ml), and liquid of (p-diethylphosphono)benzyldiethylphosphonate.
MeOH (200 ml) was sitrred at RT for 24 h. The solvents were Yield: 6.4g (54%).'H {3'P} NMR (CDCl): § 7.75 (d,
removed under reduced pressure, and the residue was ex2Jy— = 8.1Hz, 2H, H), 7.4 (d,3J4—n = 8.1Hz, 2H,
tracted with EtOAc and washed with water three times. The Hp), 4.06 (m, 8H, —OCHCHj3), 3.18 (s, 2H, PCh), 1.31
organic layer was dried over MgGOColumn chromatog-  (t, 3J4— = 7.1Hz, 6H, —OCHCHz), 1.24 (t,3J4— =
raphy with silica gel using CpClo/acetone (3:1 (v/v)) gave 6.9 Hz, 6 H, -OCHCHy). 3!P{*H} NMR (CDCl): & 26.2
pure solid of 2,2dihydroxy-1,1-binaphthyl-6,6-bis(die- (d, Yep = 2HZ) & 19.6 (d,%Jcp = 3Hz). 13C{1H}
thylvinylphosphonate). Yield: 6.5g (70%3)H{3P} NMR NMR (CDCl3): & 136.2 (m), 131.4 (m), 129.3 (m), 126.4
(CDCh): 8 7.91 (d,3J4— = 9.2Hz, 2H, H), 7.81 (s, (d, YJe—p = 190 Hz), 61.6 (M, OCKCH3), 33.4 (d,2Je—p =
2H, Hs), 7.54 (d,3Jy— = 17Hz, 2H, —-CHCH,_), 7.45 137 Hz, —CH), 15.8 (m, OCHCHj3). The spectroscopic
(d, 3Jy— = 8.8Hz, 2H, Hy), 7.36 (d,3Jy— = 8.6 Hz, data for the product from this improved procedure are
2H, Hy), 7.08 (d,%Jy— = 8.8Hz, 2H, H), 6.71 (s, identical to those reported in the literatyfe3,14]
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2.10. 2,2'-Dihydroxy-1,1’-binaphthyl-6,6'-bis(diethyl styryl- 3Jy—n = 8.3Hz, 4H, Hy), 7.7 (d,3J4— = 8.3Hz, 4H,
phosphonate) Hy), 7.59 (d,3J4—+ = 9.1Hz & *Ju— = 15Hz, 2H,
H7), 7.48 (d,3Jy— = 16 Hz, 2H, H), 7.34 (d,3Jh— =

To a mixture of 2,2diacetyl-1,1-binaphthalene-6,&li- 8.7Hz, 2H, Hy), 7.26 (d,3Jy— = 16Hz, 2H, H), 7.10

aldehyde (3.0g, 7.0 mmol),p{diethylphosphono)benzyl-  (d, 3Jy—_ = 8.9Hz, 2H, H), 4.90 (m, 6H, OH)3P{1H}
diethylphosphonate (5.1 g, 14 mmol) in 200 ml of anhydrous NMR (CDsOD): 17.1 (s).'3C{!H} NMR (CDsOD): §
THF at 3°C was added 35 ml of 0.9 M K®u (32 mmol) 154.9 (s), 142.7 (diJe—p = 4Hz), 135.8 (s), 133.0 (s),
in THF. The mixture was allowed to warm to RT and stirred  132.4 (d,2Je—p = 11 Hz), 131.5 (d3J.—, = 186 Hz), 131.0
for 45min, and then quenched with water. The solvents (s), 128.9 (s), 127.6 (s), 127.2 (/e = 18Hz), 126.5
were removed under reduced pressure, and the residue wags), 124.8 (s), 119.8 (s), 116.6 (s). HR-MS (FARJz [M
extracted with EtOAc and washed with water three times. + H]* 651.1338 (Calcdn/z 651.1339). ]2 = +247.2 (c

The organic layer was dried over MgeQ he volatiles were

0.05 in MeOH) forS-enantiomer.

removed under reduced pressure to afford a crude product

of 2,2-diacetyl-1,1-binaphthyl-6,6-bis(diethylstyrylpho-
sphonate).

A mixture of the crude product from above (6.2g,
7.3mmol) and KOH (1.3g, 23 mmol) of MeOH (150 ml),
THF (150ml), and water (150ml) was stirred at RT for

2.12. 2,2-Diethoxy-1,1’-binaphthyl-6,6'-bis(styryl pho-
sphonic acid)

To a mixture of 6,6dialdehyde-2,2diethoxy-1,1-bina-

24 h. The solvents were removed under reduced pressuregphthalene (3.0g, 7.5mmol), (4-diethylphosphonobenzyl)
and the residue was extracted with EtOAc and washed with diethylphosphonate (6.0g, 16.5mmol) in 150 ml of anhy-
water three times. The organic layer was dried over MgSO drous THF at 3C was added 23ml of 0.97M K®u

and the organic volatiles were removed under reduced (23 mmol) in THF. The mixture was allowed to warm up to
pressure. Column chromatography with silica gel using room temperature and stirred for 1/2 h, and then quenched
CHyCly/acetone (2:1 (v/v)) gave 45-50% yield of pure solid with water. The solvent was removed under reduced pres-

of 2,2-dihydroxy-1,1-binaphthyl-6,6-bis(diethylstyrylpho-
sphonate)*H{3P} NMR (CDCl): § 7.97 (d,3Ju—H =
8.6 Hz, 2H, H), 7.94 (s, 2H, H), 7.76 (d,2J—n = 8.0 Hz,
4H, Hy), 7.57 (d,%J4— = 7.8Hz, 4H, H;), 7.54 (d,
3Ji— = 9.3Hz, 2H, Hy), 7.43 (d,%Jy— = 9.2Hz, 2H,
H7), 7.33 (d,3Jh—n = 17Hz, 2H, H), 7.17 (d,3/4—p =
8.6 Hz, 2H, H), 7.12 (d,3J4— = 17 Hz, 2H, H,), 5.90 (s,
2H, OH), 4.10 (m, 8H, OCKICHg), 1.32 (1,3 Jy—y = 7.4 Hz
& 6.7Hz, 12H, OCHCHa). 3P{*H} NMR (CDCl): 5
17.4 (s).*3C{*H} NMR (CDCl): & 153.5 (s), 141.5 (d,
1Jep = 3Hz), 133.9 (s), 132.1 (FJe—p = 10Hz), 131.6
(s), 131.3 (s), 130.7 (FJep = 9Hz), 130.3 (s), 129.0
(s), 128.5 (d*Jo—p = 11Hz), 127.5 (s), 126.3 (G Jop =
189 Hz), 126.5 (s), 126.1 (FJe—p = 17Hz), 125.2 (s),
124.1 (s), 118.7 (s), 113.4 (s), 62.1 (m, OfHH3), 16.1
(d, "Je—p = 6.0 Hz, OCHCHg).

2.11. 2,2’-Dihydroxy-1,1’-binaphthyl-6,6'-bis(styryl-
phosphonic acid)

A solution of 2,2-dihydroxy-1,1-binaphthyl-6,6-bis(die-
thylstyrylphosphonate) (710 mg, 0.93 mmol) and J45iBr
(0.74ml, 5.6 mmol) in anhydrous Gigl, (100ml) was

sure, and the residue was extracted with EtOAc and washed
with water three times. The organic layer was dried over
MgSOy. The solvent was removed under reduced pressure
to afford a crude product 2;2liethoxy-1,1-binaphthyl-6,6
bis(diethylstyrylphosphonate). Column chromatography
with silica gel using CHCly/acetone (4:1 (v/v)) gave 60%
yield of pure solid of 2,2diethoxy-1,1-binaphthyl-6,6-bis
(diethylstyrylphosphonate)*H {3P} NMR (CDCl): &
7.95 (d,3Jh—+ = 9.2Hz, 4H, H;, 7.91 (d*Jy—+ = L4 Hz,
2H, Hs), 7.79 (m), 7.60 (m), 7.47 (FJ4-n = 82Hz &
44 = 1.2Hz, Hy), 7.43 (d,3J4—+ = 9.6 Hz, H;), 7.34
(d, 3Jh—n = 16 Hz, Hy), 7.15 (s), 7.11 (d®JH—n = 16 Hz,
Hp), 4.11 (m, -OCHCHjz), 1.33 (t,%/y— = 6.8Hz &
7.6Hz, OCHCHs), 1.08 (t,3J4—y = 7.6Hz & 6.4Hz,
OCH,CHj). 3P {*H} NMR (CDCl): § 20.1 (s). HR-MS
(MALDI) m/z[M + H]* 651.2 (Calcdn/z 651.1).

A solution of 2,2-diethoxy-1,1-binaphthyl-6,6-bis(die-
thylstyrylphosphonate) (3.8g, 4.7mmol) and (§45iBr
(2.6 ml, 19 mmol) in anhydrous GI€l, (100 ml) was stirred
at RT for 12h. The organic volatiles were removed under
reduced pressure and the residue was dissolved in 100 ml
of MeOH and stirred at RT for an additional 0.5 h. The sol-
vent was removed under reduced pressure and pure product
of 2,2-diethoxy-1,1-binaphthyl-6,6-bis(styrylphosphonic

stirred at RT for 12 h. The organic volatiles were removed acid) was obtained in quantitative yieldH {3'P} NMR
under reduced pressure and the residue was dissolved i{CD3OD): § 8.73 (m, 4H, K & Hs), 8.61 (d,3Jy—H =
100 ml of MeOH and stirred at RT for an additional 0.5h. 7.2Hz, 4H, H;), 8.41 (d, SJy— = 7.6Hz, 4H, Hy),
The solvent was removed under reduced pressure and pur®.26 (m, 4H), 8.18 (d3Jy—y = 16 Hz, 2H, H), 7.93 (d,
product of 2,2-dihydroxy-1,1-binaphthyl-6,6-bis(styryl- 8J4—+ = 16.8Hz, 4H, H,), 7.86 (d,3Ju— = 8.8Hz, 2H,
phosphonic acid) was obtained in quantitative yield. Hg), 4.85 (m, 4H, OCHCHz), 1.85 (t,3J/y— = 6.4Hz
H{3'P} NMR (CDsOD): § 7.98 (d,*J4— = 1.4Hz, & 6.4Hz, 6H, OCHCHy). 3P {*H} NMR (CD3OD): §
2H, Hs), 7.95 (d,3J4y— = 8.8Hz, 2H, H), 7.80 (d, 16.0 (s).13C {1H} NMR (CD30D): § 156.2 (s), 142.5 (S),
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135.3 (s), 133.5 (s), 132.4 (s), 132.3 (s), 132.1 (s), 130.81279.0), (s, 1138.6), (s, 1030.6), (s, 1006.6), (w, 864.5), (m,
(s), 127.9 (s), 127.3 (s), 127.2 (s), 126.8 (s), 124.6 (s), 825.1), (m, 683.4), (w, 652.4), (m, 557.3).

121.6 (s), 116.9 (s), 66.0 (s), 15.4 (s). IR (KBr, Tthr (s,

3444.1), (m, 2975.4), (w, 2338.4), (s, 1597.6), (s, 1467.3), 2.17. Zirconium(lV) 2,2’ -diethoxy-1,1'-binaphthyl-6,6'-

(w, 1385.1), (w, 1336.1), (s, 1233.5), (s, 1136.7), (s, 925.9), bis(styrylphosphonate) Zr-L3-Et;

(m, 823.7), (m, 684.1), (s, 535.4), (w, 450.6). MS (MALDI)

m'z [M + H]* 706.6 (Calcdnz 706.7).

2.13. Atypical procedure for the synthesis of zirconium(1V)
phosphonates

To a solution of 2,2dihydroxy-1,1-binaphthyl-6,6-bis-

IR (KBr): (s, 2974.2, OH), (w, 1654.1), (s, 1597.2), (s,
1467.1), (w, 1400.3), (m, 1339.4), (s, 1233.8), (s, 1138.5),
(s, 1035.3), (s, 1006.5), (w, 864.7), (m, 824.2), (m, 691.2),
(w. 624.8), (m, 555.8).

2.18. Atypical procedure for the catalytic reactions

(phosphonic acid) (1.959g, 4.4 mmol) in 15 ml oBuOH ) )

was added a solution of Zr(@u)s (1.93g, 4.4mmol) in (18.5mg, 0.025 mmol) of the zirconium(IV) phosphonate
100 ml ofn-BuOH at RT. The reaction mixture was heated to Was vacuum dried at 8. After 24 h, the solid was allowed
reflux overnight. The reaction mixture was cooled to room {0 cool down to RT and (0.518 ml, 0.18 mmol) of Ti{er),
temperature, centrifuged, and washed with methanol three@nd 1 ml of toluene was added. The reaction mixture was

times to afford a white solid of zirconium(IV) phosphonate. allowed to stir at for an additional 1h at RT (0.068ml,
The yields range from 90—95%. 0.5mmol) and then 1-naphthaldehyde (6.3 microlitre,

0.046 mmol) and (0.2ml, 0.22mmol) of 1.1 M ZnEin
toluene were added. The reaction mixture was allowed
to stir at RT for 24 h. The crude product was purified by
prep-scale silica gel chromatography using diethyl ether as
the eluent, and then analyzed by chiral gas chromatography.

2.14. Zirconium(lV) 2,2’-dihydroxy-1,1"-binaphthyl-6,6'-
bis(phosphonate)

Zr-L1. Anal. Calcd for GoH20012P2Zr, Zr-L1-4H20: C,
39.7; H, 3.33. Found: C, 39.2; H, 3.34. IR (KBr, cH:
(s, 3365.6, OH), (s, 2978.6), (s, 2931.2), (W, 2361.5), (s,

1653.3) (s, 1617.3), (s, 1559.8), (, 1495.6), (s, 1390.6), (s, > ~eults and discussion
1323.7), (w, 1261.5), (s, 1228.9), (s, 1110.9), (s, 1089.7),
(s, 1057.9), (s, 1042.2), (m, 894.3). (m, 797.7), (M. 761.6). 3.1. Synthesis of BINOL-derived bisphosphonic acids

(s, 699.3), (w, 668.5), (, 629.6), (W, 516.7), (W, 423.4). 2,2-Dihydroxy-1,1-binaphthyl-6,6-bis(phosphonic

acid), Li-H4, was synthesized according techeme 1
Palladium-catalyzed phosphonation of &léoromo-2,2-di-
acetyl-1,1-binaphthalene gave 2Z;8iacetyl-1,1-binapht-
hyl-6,6-bis(diethylphosphonate), which was directly dep-

2.15. Zirconium(lV) 2,2’-dihydroxy-1,1'-binaphthyl-6,6'-
bis(vinyl phosphonate)

Zr-Lo. Anal. Calcd for G4H26013P2Zr, Zr-L2-5H,0: C,
42.7; H, 3.88. Found: C, 41.2; H, 3.52. IR (KBr, ch):

(s, 3400.0, OH), (w, 2959.9), (s, 1608.4), (m, 1515.8), (m,
1477.7), (m 1346.9), (s, 1149.2), (s, 1050), (m, 829.5), (m,

508.9).

2.16. Zirconium(lV) 2,2’-dihydroxy-1,1"-binaphthyl-6,6'-
bis(styrylphosphonate) Zr-L3

Anal. Calcd for GgH32012P2Zr, Zr-L3-4H,0: C, 53.4; H,

3.98. Found: C, 52.1; H, 3.80. IR (KBr, cth): (s, 3359.9,
OH), (s, 1597.8), (w, 1506.8), (m, 1473.8), (M, 1347.8), (W,

2,00
_HPOEY,

\H/O Pd(PPha
OO NE13 Benzene

\\ OEt

O o
* OO =

rotected with KOH to afford 2,2dihydroxy-1,1-binaphthyl-
6,8-bis(diethylphosphonate) in95% overall yield. Treat-
ment of 2,2-dihydroxy-1,1-binaphthyl-6,6-bis(diethylpho-
sphonate) with (Ch)3SiBr followed by MeOH afforded the
desired product {-H4 in quantitative yield. This sequence
afforded L3-H4 in a much higher yield than the literature
procedurg12].
2,2-Diethoxy-1,1-binaphthalene-6;&lialdehyde  was
obtained by treating 6,&libromo-2,2-diethoxy-1,1-bina-
phthalene withn-BuLi at —78°C in THF, and followed by
the addition of dimethylformamide (DMF) and quenching of
the mixture with water$cheme 2 The ethoxy groups were

=0T

Li-Hy ¢

OEt 1) (CH3)3SiBr,
CHZCIZ
MeOH

OEt - 00%;

Scheme 1.
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\\ OEt
OEt
(CH3)3SIBI'
~ MeoH
1) /—ol7
P \\O OFt
70% P\OE'[ (L-Hg) P\
NaH > 99% d
CHO 2) KOH
OO 1)n BulLi OO
EtO __DMF__ Aco
EtO OO " 2)BBr,  AO
3) Ac,O: P OO
Br ) Ac2O Py CHO o
I/\ \}, ~OEt \,~OH
N\
Osp OEt OH
1)
/
JF-0 HO (CHg)3SiBr HO
o HO MeoH ~ HO
KOBu
OEt (Ls-Hy) PH
P > 99% P~
O// “OEt ° O// OH
Scheme 2.

deprotected with BByin CH,Cl, [15] and then reacted with
acetic anhydride to give Z:2liacetyl-1,1-binaphthalene-
6,6-dialdehyde. 2,2Dihydroxy-1,1-binaphthyl-6,6-bis-
(vinyldiethylphosphonate) was synthesized in 70% yield by
a Wittig—Horner coupling between 2s8iacetyl-1,1-bina-
phthalene-6,6dialdehyde and tetraethylmethylenediphos-
phonate in the presence of NaH, followed by treatment with
KOH to remove the acetyl protecting groups.

Treatment of 2,2dihydroxy-1,1-binaphthyl-6,6-bis(vin-
yldiethylphosphonate) with M&iBr followed by MeOH led
to 2,2-dihydroxy-1,1-binaphthyl-6,6-bis(vinylphosphonic
acid), Lp-Hy, in quantitative yield. 2,2Dihydroxy-1,1-bin-
aphthyl-6,6-bis(styryldiethylphosphonate) was similarly
obtained by a Wittig—-Horner reaction between’zjce-
tyl-1,1'-binaphthalene-6,&ialdehyde and (4-diethylphos-
phonobenzyl)-diethylphosphonate in the presence dBKO
in THF, followed by treatment with KOH to remove the
acetyl protecting groups. Z;Dihydroxy-1,1-binaphthyl-
6,68-bis(styrylphosphonic acid),3-H,4, was obtained quanti-
tatively by treating 2,2dihydroxy-1,1-binaphthyl-6,6-bis-
(styryldiethylphosphonate) with M&iBr and then MeOH.
All the intermediates and phosphonic acid products were
characterized byH, 13C{*H}, and 3'P{*H} NMR spec-
troscopies. k-Hy and Lg-Hs were also characterized by
HR-MS.

2,2-Diethoxy-1,1-binaphthyl-6,6-bis(styrylphosphonic
acid), Ls-Etx-Hg, was similarly prepared via a Wittig-Horner
coupling between 6;&ialdehyde-2,2diethoxy-1,1-bina-

phthalene and diethylphosphonobenzyl)diethylphosphonate,
followed by deprotection of the phosphonate esters with
Me3SiBr (Scheme R Lz-Et,-H4 was characterized byH,
13c{1H}, and3P{*H} NMR spectroscopies.

3.2. Yynthesis and characterization of chiral porous
Zirconium bis(phosphonates)

Chiral porous zirconium bis(phosphonates), Zr-to
Zr-L3, were obtained by refluxing BINOL-derived bis(pho-
sphonic acids) with Zr(OBu)s in n-BuOH (Scheme %

In a typical synthesis, a mixture of bis(phosphonic acid)

Scheme 3.
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A
(Zr-L;3)exH,0 <«———— Zr(O"Bu), + (L;;-Hy)
(x=4or?)

n-BuOH

(Zr-L; to Zr-Ly) (Zr-L,-Ti to Zr-L;-Ti)
Scheme 4.
and Zr(O'Bu)s in n-BuOH in a 1:1 molar ratio was re- 140
fluxed overnight. The resulting colorless suspension was ~=Zr-L1
centrifuged and the clear solution was siphoned away. The ~ZrL2
resulting solid was washed with three fractions of MeOH 120 7 —7r13

and centrifuged. Regardless the bis(phosphonic acid) used _
amorphous solids based on zirconium-bis(phosphonates)go 100 4
were obtained in higher than 95% vyield. These solids have =
been characterized by powder X-ray diffraction, solid-state

Percent

CP-MAS31P NMR, IR, TGA, BET, and circular dichroism 80 1
spectroscopy.
Powder X-ray diffraction studies indicated that these 60

solids based on zirconium bis(phosphonates) are amor-
phous. CP-MAS3!P NMR spectra show one broad peak
between 0-20ppm (which can be deconvoluted to two 40 , , v v .
peaks at-9 ppm and~17 ppm with a half-width of 7 ppm). 20 120 220 320 420 520
The breadth of these peaks is consistent with the pres- Temp (°C)

ence of many possible microenvironments of the zirconium Fig. 1. TGA curves for Zr-k to Zr-Ls. For clarity, the pink and green
bis(phosphonate) moieties. TGA results show the 10Ss 0f cynes have been shifted up by 20 and 40%, respectively.

4-5 water molecules upon heating the Zrib Zr-L3 solid

to 200°C in air (Fig. 1). The frameworks of these solids are ) o i ]

stable up to 300C. IR spectra of these solids exhibit strong -3~ Heterogeneous catalys's for addition of diethylzinc to
peaks at 915-1050 crh owing to the P—O stretches, which ~Penzaldenyde with enantioselectivity

have shifted to lower wave numbers after the formation

of Zr phosphonates. The very broad peaks-8000 cnr? With high surface areas and accessible chiral dihy-
correspond to OH stretches. SEM results show that thesedrOXy groups, we have tested chiral porous zirconium
materials are featureless and are submicron in $iie 9). bis(phosphonates) Zrilto Zr-Ls for applications in hetero-

Adsorption isotherms of these solids performed using ni-
trogen gas as the adsorbate at liquid nitrogen temperature
have been very informativad-{g. 3). Detailed BET analy-

' - ‘ Surface areas and pore volumes
ses show that these materials are highly porous with total

surface areas ranging from 431 to 58%/gand pore vol- olid Aol (°/9) '(B‘r;“;j“’)p"'e Fccérs/v)("“me
umes ranging from 0.63 to 1.23éfg (by BJH method). - 431 1349 0639
They contain both micropores and mesoporésble J. Zr_,_: 438 04 092
CD spectra of the zirconium bis(phosphonates) made from z.| , 586 239 1.23
opposite enantiomers of the bisphosphonic acids exhibit zr-Ls-Et, 467 165 1.12

opposite cotton eﬁ_eCtS.’ and thus indicate the enam'omencSurface areas were determined using multi point BET method, while pore
nature of these solid$-(g. 4). volumes were determined based on BJH method.
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X000 16KV 24mm Spots 13

ISKY  Lhmm Spot 12

Fig. 2. SEM micrographs of Zr-, Zr-Ly, and Zr-L3 (from top to bottom).

geneous asymmetric catalysis. After drying at'80under
vacuum, Zr-ly to Zr-Lz was treated with excess Ti{®r),

Table 2
Diethylzinc additions to aromatic aldehydes
o OH

)J\ + zng, Rysolid Ar‘—g,,

Ar H Ti(O'Pr), ,//Et
H
(R)-enriched

Solid Ar Time (h) Conversion (%) e.e. (%)
Zr-Ly 1-Naphthyl 17 80 55
Zr-Lq 1-Naphthyl 20 >95 59
Zr-Lg 1-Naphthyl 15 >95 59
Zr-Ly 1-Naphthyl 15 70 61
Zr-L3 1-Naphthyl 15 >95 72
Zr-L3 Ph 16 >05 59
Zr-L3 4-Cl-Ph 20 98 43
Zr-La 4-Me-Ph 20 9% 450
Zr-L 4-F-Ph 20 98 48
Zr-L3 4-CFs-Ph 20 >98 29
Zr-L3 3-Br-Ph 20 >98 46°
Zr-L3-OEt  1-Naphthyl 20 68 o°

The e.e. values were determined by GC on a Supelbex 120 column,
while the conversions were determined by the integrationdHIMR
spectra and GC traces. All the reactions were carried out with 20 mol%
solid loading in toluene at RT.

2 The reaction is carried in DCM.

b The reactions were carried out with 50 mol% solid loading at RT.

out in toluene. The heterogeneous nature of the present
systems was supported by the fact that the supernatant
from the above was not capable of activating Ti®) for
catalyzing ZnEt additions.

A comparison among the solid catalysts showed that the
highest e.e. value was obtained for the ZnE&tdition to
1-naphthaldehyde catalyzed by the Z~Ti(IV) combina-
tion, presumably a result of its higher surface areas and larger
pores. We have thus focused mostly on the ZTi(IV)
catalyst system. As shown Table 2 the Zr-L3-Ti(IV) sys-
tem catalyzed the addition of ZnFEto a wide range of aro-
matic aldehydes with high conversions in e.e. values up to
72% (with the same stereochemistry as that obtained by
the parent homogeneous Ti-BINOL catalytic systef.
NMR and GC studies show that reduced primary alcohols
are the major byproducts in these heterogeneously catalyzed
diethylzinc addition reactions. This level of enantioselec-
tivity exceeds that of other heterogeneous asymmetric cat-
alysts made by immobilization of homogeneous catalysts
on mesoporous inorganic suppoftb], but is still infe-
rior to those of homogeneous Ti-BINOL catalytic systems
[17,18]

In an effort to understand the different performance of

to generate active catalysts for the additions of diethylzinc our solid catalysts vs. those of homogeneous systems, we
to aromatic aldehydes to afford chiral secondary alcohols. have carried out control experiments using the solid derived

While the Zr-L3-Ti(IV) combination catalyzed the addition

from 2,2-ethoxy-1,1-binaphthyl-6,6-bis(styrylphosphonic

of ZnEt to 1-naphthaldehyde in toluene in >95% vyield acid), L3-Ety-Hg. Interestingly, although there are not chiral
and 59% e.e., the same reaction in dichloromethane onlydihydroxy groups in the Zr-4-Et, solid, its combination
gave a-(1-naphthyl)propanol in 80% vyield and 55% e.e. with Ti(O'Pr), is active catalyst for the addition of ZnEt
(Table 2. All the subsequent reactions were thus carried to 1-naphthaldehyde to result in racemig1-naphthyl)pro-
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