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The synthesis as well as isolation and crystallographic analysis of two solid-state polymorphs of the tripodal ligand
tri{ 2,2',2"'-tris[(2,4,8,10-tetrakis(1,1-dimethylethyl)dibenzo[d,f][1,3,2]dioxaphosphepin-6-yl)oxy]ethyl} amine  (3) is
described. Form | crystallized from ethyl acetate in the space group P2;/n with the unit-cell parameters a = 20.070-
(10) A, b = 17.477(2) A, ¢ = 27.620(3) A, and 8 = 93.050(10)°, V = 9674.5(14) A3, and Z = 4. Form |l
crystallized from a mixture of acetone and toluene in the space group P1 with the unit-cell parameters a = 12.493-
M) A b =19.701(2) A, ¢ = 21.027(2) A, oo = 116.23(1)°, B = 100.15(1)°, and y = 91.07(1)°, V = 4542 A,
and Z = 2. Differences in the relative absolute stereochemistry of the stereoaxes in the seven-membered dibenzo-
[d,f][1,3,2]dioxaphosphepin ring are discussed. The synthesis and X-ray characterization of enantiomerically pure
(S,S,5)-tri{ 2,2",2""-tris[(2,4,8,10-tetrakis(1,1-dimethylethyl)dibenzo[d,f][1,3,2]dioxaphosphepin-6-yl)oxy]propyl} -
amine [(S,S,S)-7] are reported. Two crystallographically independent molecules exist in the unit cell that cannot be
superimposed with each other by either a translation or a symmetry operation. The two solid-state conformers in
the unit cell differed predominately by the absolute stereochemistry of the stereoaxes in the seven-membered
dibenzo[d,f][1,3,2]dioxaphosphepin ring. The Rh(l)-catalyzed hydrosilation of acetophenone with the chiral ligands
(R,R,S)-7 and (S,S,S)-7 showed significant differences in chiral induction. Chiral cooperativity between the stereoaxes
and stereocenters in (S,S,S)-7 is observed. The mechanism of the communication between the stereocenters and
stereoaxes leading to chiral cooperativity in the stereoselective transition state is suggested to be primarily steric
in nature.

Introduction high stereoselectivity in transition-metal-catalyzed reactions.
Relatively little attention, however, has been paid to the
synthesis of tripodal ligands with phosphite functionalfy?

Recently, we communicated the synthesis and utility of a
chiral tripodal ligand, £S9-TRISPHOS, an acronym for
(§59)-tri{ 2,2,2"-tris[(2,4,8,10-tetrakis(1,1-dimethylethyl)-
dibenzof,f][1,3,2]dioxaphosphepin-6-yl)oxy]propy!
amine [§S9-7], in the Rh(l)-catalyzed asymmetric hy-
* Authors to whom correspondence should be addressed. E-mail: drosilation of ketone¥ (SS9-7 is a sterically congested

sai.shum@cibasc.com (S.P.S.). _ _ tripodal phosphite in which the phosphorus atom is bound
(1) Presented in part at the 214th ACS National Meeting, Las Vegas, NV,

Sept 1117, 1997; Abstract INOR 234.

Phosphine ligands have played a ubiquitous role in
designing coordination spheres for transition-metal catalysts.
Recently, both achiral and chiral phosphite ligands have been
reported as viable alternatives to phosphine liganéls.
Rationally designed sterically hindered phosphite ligands
provide atool in the synthetic chemist’s arsenal for achieving

(2) (a) RajanBabu, T. V.; Casalnuovo, A. . Am. Chem. Sod 992 (4) (a) Cuny, G. D.; Buchwald, S. lJ. Am. Chem. S04993 115, 2066.
114, 6265. (b) Bendayan, A.; Masotti, H.; Peiffer, G.; Siv, C.; (b) Moasser, B.; Gross, C.; Gladfelther, W.J1..Organomet. Chem.
Archavlis, A.J. Organomet. Chenl993 444, 41. (b) Casalnuovo, 1994 471, 201. (c) Moasser, B.; Gladfelter, W. L.; Roe, D. C.
A. L.; RajanBabu, T. V.; Ayers, T. A;; Warren, T. H. Am. Chem. Organometallics1995 14, 3832.

So0c.1994 116, 9869. (5) (a) Billig, E.; Abatjoglou, A. G.; Bryant, D. R. U.S. Patent 4,748,-

(3) (a) Higashizima, T.; Sakai, N.; Nozaki, K.; Takaya, Fetrahedron 261, 1988, Chem. Abstr1987 107, 7392. See also: (b) Babin, J. E.;
Lett. 1994 35, 2023. (b) Sakai, N.; Nozaki, K.; Mashima, K.; Takaya, Whiteker, G. T. U.S. Patent 5,360,938, 19@4em. Abstr1995 122,
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Figure 1. Chemical Abstracts numbering system for the dibeth#f],3,2]-
dioxaphosphepin ring system.

in a seven-membered dibendd][1,3,2]dioxaphosphepin

ring (Figure 1). The presence of both a stereocenter and

stereoaxis ir¥ provides an interesting model to investigate
the concept of internal cooperativity of chirality, or simply
chiral cooperatbity. The concept of chiral cooperativity as
originally proposed by Pastor and Toghis defined as
cooperativity between the individual chirotopic elements
within a ligand that promotes the appropriate steric and

electronic interactions necessary to obtain high diastereo- or

enantioselectivity for a particular reactight® Additionally,

the presence of multiple stereocenters and stereoaxes in th
TRISPHOS ligand class suggests the existence of polymor-

phism in the solid state. We report herein a detailed
investigation of the (1) synthesis, (2) solution and solid-state
conformational analysis, (3) solid-state polymorphism, and
(4) formation of rhodium complexes of the tripodal phosphite

(6) (a) Buisman, G. J. H.; Kamer, P. C. J.; van Leeuwen P. W. N. M.
Tetrahedron: Asymmetrd993 4, 1625. (b) van Leeuwen, P. W. N.
M.; Buisman, G. J. H.; van Rooy, A.; Kamer, P. C.Recl. Tra.
Chim. Pays-Bas1994 113 61. See also (c) Jongsma, T.; Fossen,
M.; Challa, G.; van Leeuwen, P. W. N. M. Mol. Catal.1993 83,

17. (d) van Rooy, A.; Orij, E. N.; A.; Kamer, P. C. J.; van Leeuwen
P. W. N. M. Organometallics1995 14, 34. (e) Buisman, G. J. H,;
Martin, M. E.; Vos, E. J.; Klootwijk, A.; Kamer, P. C. J.; van Leeuwen
P. W. N. M. Tetrahedron: AsymmetriQ95 6, 719. (f) Buisman, G.

J. H.; van der Veen, L. A,; Klootwijk, A.; de Lange, W. G. J.; Kamer,
P. C. J.; van Leeuwen P. W. N. M.; Vogt, Drganometallicsl997,

16, 2929. (g) van der Veen, L. A.; Keeven, P. H.; Shoemaker, G. C.;
Reek, J. N. H.; Kamer, P. C. J.; van Leeuwen, P. W. N. M.; Lutz, M.;
Spek, A. L.Organometallic200Q 19, 872.

(7) (a) Baker, M. J.; Harrison, K. N.; Orpen, A. G.; Pringle, P. G.; Shaw,
G. J. Chem. Soc., Chem. Commu®91, 803. (b) Bedford, R. B.;
Castillon, Chaloner, P. A.; Claver, C.; Fernandez, E.; Hitchcock, R.
B.; Ruiz, A.OrganometallicsL996 15, 3990. (c) Kadyrov, R.; Heller,
D.; Selke, R.Tetrahedron: Asymmetr§998 9, 329. (d) Csengi-
Szics, S.; Toh, |.; Pakanyi, L.; Bakos, JTetrahedron: Asymmetry
1998 9, 3135. (e) Diguez, M.; Ruiz, A.; Claved. Org. Chem2002
67, 3796 and references therein.

(8) Pastor, S. D.; Rogers, J. S.; Ali NabiRahni, M.; Stevens, En@rg.
Chem.1996 35, 2157.

(9) (a) Pastor, S. D.; Shum, S. P.; DeBellis, A. D.; Burke, L. P.;
Rodebaugh, R. K.; Clarke, F. H.; Rihs, Gworg. Chem 1996 35,
949, (b) Smith, A. R.; Bruno, J. W.; Pastor, S.Bhosphorus, Sulfur
Silicon Relat. Elem2002 177, 479.

(10) (a) Scherer, J.; Huttner, G.;"8uner, M.; Bakos, JJ. Organomet.
Chem.1996 520, 45. (b) Scherer, J.; Huttner, G.; 8uwner, M.Chem.
Ber.1996 129 697. (c) Scherer, J.; Huttner, G.; Walter, O.; Janssen,
B. C.; Zsolnai, L.Chem. Ber1996 129, 1603.

(11) Baker, M. J.; Pringle, P. Gl. Chem. Soc., Chem. Commu993
314.

(12) Pastor, S. D.; Shum, S. Petrahedron: Asymmetr§998 9, 543.

(13) (a) Pastor, S. D.; Togni, Al. Am. Chem. Sod.989 111, 2333. (b)
Togni, A.; Pastor, S. DJ. Org. Chem199Q 55, 1649. (c) Pastor, S.
D.; Togni, A. Helv. Chim. Actal991, 74, 907. (d) Togni, A.; Pastor,
S. D. Chirality 1991, 3, 331. (e) Pastor, S. DIrends Organomet.
Chem.1994 1, 63. (f) Ojima, |Catalytic Asymmetric Synthes&nd
ed.; Wiley-VCH: New York, 2000; pp 493502.
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ligands. The result of Rh(l)-catalyzed asymmetric hydrosi-
lations demonstrated chiral cooperativity between the ste-
reocenters and stereoaxes in the chiral liga®88,9-7 as

well as the lack thereof in the newly synthesiz&R9)-7.

In the case of$SS)-7, the conformational analysis suggests
that the communication between the stereocenters and
stereoaxes leading to chiral cooperativity is primarily steric
in nature.

Results and Discussion

Synthesis.The biphenyl-2,2diol 1 was prepared by the
oxidative coupling of 2,4-dtert-butylphenol with hydrogen
peroxide under alkaline conditions as previously described
by Shum et at® The phosphorochloridit2 was prepared in
situ by the reaction oflL with phosphorus(lll) chloride in
the presence of triethylamine as an acid acceptor (Scheme
1)1718 The reaction of 3 equiv o2 with 1 equiv of
triethanolamine in the presence of triethylamine gave the
tripodal phosphites.172

The enantiomerically pure tri-2-propandb§S)-6 was
prepared by the reaction of the chiral epoxi®e§ with a

ethanolic solution of4a as reported by Nugent and

arlow?® The reaction of 3 equiv 02 with (SS59-6 gave
the chiral tripodal ligand SS)-7, where the absolute
stereochemical descriptors refer to the three stereocenters at
carbon. In thé'P{*H} NMR spectrum of §59-7, a singlet
is observed ad 145.2, which is consistent with the presence
of a C; proper axis of symmetry within the molecule that
renders the three phosphorus atoms homotopic and isoch-
ronous. Three sterecaxes (the>spp® C—C single bond
connecting the aryl groups in each dioxaphosphepin ring)
are also present ir§(SS)-7, which in principle should lead
to observable atropisomers. However, the energy barrier to
ring inversion of the seven-membered diberizAgL,3,2]-
dioxaphosphepin ring (rapid rotation about the stereoaxis)

(14) For related work see: (a) Nagel, U.; Rieger, Ghem. Ber 1988
121, 1123. (b) Nagel, U.; Rieger, BOrganometallics1989 8, 1534.

(c) Togni, A.; Hausel, R.Synlett199Q 633. (d) Burgess, K.; Ohimeyer,
M. J.; Whitmire, K. H.Organometallics1992 11, 3588. (e) Nagel,
U.; Krink, T. Angew. Chem., Int. Ed. Endl993 32, 1052. (f) Nagel,

U.; Krink, T. Chem. Ber1993 126, 1091. (g) van Rooy, A.; Kamer,

P. C. J.; van Leeuwen P. W. N.; Goubitz, K.; Fraanje, J.; Veldman,
N.; Spek, A. L.Organometallics1996 15, 835. (h) Csengi-Szics,

S.; Huttner, G.; Zsolnai, L.; Stosy, A.; Hegads, C.; Bakos, Jnorg.
Chim. Actal1999 296, 222. (i) Hariharasarma, M.; Lake, C. H.;
Watkins, C. L.; Gray, G. M.Organometallics1999 18, 2593. (j)
Deerenberg, S.; Schrekker, H. S.; van Strijdonck, G. P. F.; Kamer, P.
C. J.; van Leeuwen, P. W. N. M.; Fraanje, J.; Goubitz,JKOrg.
Chem.200Q 65, 4810. (k) Faller, J. W.; Grimmond, B. J.; D’Alliessi,
D. G. D.J. Am. Chem. So@001, 123 2525.

(15) (a) The importance of matching appropriate chirotopic elements
intermolecularly (double stereodifferentiation) is well recognized;
see: Masamune, S.; Choy, W.; Peterson, J. S.; Sita, lArigew.
Chem., Int. Ed. Engl1995 24, 1. For earlier reports, see: (b) C. H.
Heathcock, C. H.; White, C. T1. Am. Chem. Sod 979 101, 7076.

(c) A. Horeau, A.; Kagan, H.-B.; Vigneron, J.-Bull. Soc. Chim. Fr.
1968 3795.

(16) Shum, S. P.; Pastor, S. D.; Rihs, IBorg. Chem 2002 41, 127.

(17) (a) Odorisio, P. A.; Pastor, S. D.; Spivack, J.Bhosphorus Sulfur
1984 19, 1. (b) Odorisio, P. A.; Pastor, S. D.; Spivack, J. D.; Bini,
D.; Rodebaugh, R. KPhosphorus Sulfut984 19, 285.

(18) For the isolation and characterization2psee: Pastor, S. D.; Shum,
S. P.; Rodebaugh, R. K.; DeBellis, A. D.; Clarke, F.Htlv. Chim.
Acta 1993 76, 900.

(19) Nugent, W. A.; Harlow, R. LJ. Am. Chem. S0d.994 116, 6142.
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Scheme 1 Scheme 2
RNH, + 102 ~R, Toluene
J C b
OH PCl, Q 4aR=H (S)-6 R, =H; R, =CH,
—_— P-CI (S)4bR = OH (R)-5 R, =CH,;R,=H
O OH  Et,N, Toluene O o
R z
1 2 Rins N S 2
[HO 2 ~"oH

. . Et;N, Toluene
Triethanolamine
—_—

Et;N, Toluene

(S,5,5)6 R,=CH;R,=H
(RR,S)-6 R, =H; R, = CH,

3 (S,5.5)7 R, =H; R, =CH,
(RR,S)-7 R,=CH; R, =H

is known to be lowt? and additional atropisomerism is not
observed at room temperatife.

The tri-2-propanolamineRR,S)-6 was prepared by the
reaction of the 2-propanolamin&){4b with 2 equiv of R)-
5. The tripodal phosphiteRR,S)-7 was prepared by the
reaction of R R,S-6 with 3 equiv of the phosphorochloridite
2 using triethylamine as an acid acceptor. In #ig{H} absolute configuration af¥,aR*,aR*) using the Cahr-
NMR spectrum of RR,S)-7, two singlets are observed &t  Ingold—Prelog system o*, M*,M*) if the stereoaxes are
145.2 and 144.9 in a 2:1 ratio, respectively, by integration alternately viewed as a heliz}. The dihedral angles about
of the peak area%. the stereoaxes (the %psp? o bond connecting the two aryl

Solid-State Conformation. The presence of three stere- rings) in the three dibenzdf][1,3,2]dioxaphosphepin rings
oaxes in3 suggested that several crystal forms could exist [C(16)—C(17)-C(30)-C(31), C(46)-C(47)-C(60)-C(61),
in the solid state. In accord with this expectation, two and C(76)-C(77)-C(90)-C(91)] are essentially the same
polymorphs of3 were isolatablé? Form | crystallized from ~ [49.0°, 49.6", and 51.8, respectively] (Table 1). The
ethyl acetate in the space gro#2;/n with the unit-cell
parameters = 20.070(10) Ab = 17.477(2) Ac = 27.620-
(3) A, andB = 93.050(10), V = 9674.5(14) &, andZ = 4
(Figure 2). Form Il crystallized from a mixture of acetone
and toluene in the space groupl with the unit-cell

parameters = 12.493(1) Ab = 19.701(2) A,c = 21.027-
(2) A; o= 116.23(1}, B = 100.15(1}, andy = 91.07(1},
V = 4542 B, andZ = 2 (Figure 3).
In the solid state of3 (form 1), the relative absolute
configurations of all three stereoaxes are the same [relative

(22) Two other crystal forms were also observed. Form Ill was obtained
by recrystallization from a mixture of toluene and acetonitrile, mp
128-138°C, in the space group2:/n with the unit-cell parameters
a=20.308(2) Ab=17.615(3) Ac = 27.918(5) A, ang = 93.730-
(10)°, V = 9966 (3) B, andZ = 4. Form Il contained half a molecule

of toluene in the crystal cell (see the Supporting Information). Form
IV was obtained by recrystallization from 1-butanol, mp 182
Crystals suitable for X-ray crystallography could not be obtained. The

(20) For a discussion of averaged symmetry, residual stereoisomers, and

the NMR of conformationally mobile systems, see: Eliel, E. L.; Wilen,
S. H.; Mander, L. NStereochemistry of Organic Compoundéley-
Interscience: New York, 1994; pp 548.

(21) Although the three phosphorus atoms RRS)-4 are inherently

nonequivalent, two of the phosphorus atoms are interchanged by a
pseudoc, axis of rotation and are accidently equivalent. For a
discussion on topicity and NMR spectra, see: Eliel. E. L.; Wilen, S.

H.; Mander, L. N.Stereochemistry of Organic Compounifgiley-
Interscience: New York, 1994; pp 46508.

X-ray diffraction pattern obtained using Cw{206) is different from
those of forms +I11l. An amorphous form V was obtained by heating
3 at 210°C until a clear melt was obtained followed by rapid cooling
to ambient temperaturély = 105-110 °C. The X-ray diffraction
pattern obtained using Cud<(20) is featureless.

(23) For a discussion on the assignment of stereochemical descriptors to

molecules containing a stereoaxis, see: Eliel, E. L.; Wilen, S. H.;
Mander, L. N. Stereochemistry of Organic Compound&/iley-
Interscience: New York, 1994; pp 11139155.
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Table 1. Selected Bond Lengths (A), Bond Angles (deg), and Dihedral Angles (deg) for Forr8 | of

Bond Lengths

P(1)-0(4) 1.599(5) P(2)0O(7) 1.604(4) P(3)0(10) 1.597(5)
P(1)-0(5) 1.619(5) P(2)0(8) 1.620(4) P(3)0(11) 1.625(4)
P(1)-0O(6) 1.642(5) P(2y0O(9) 1.646(4) P(3Y0(12) 1.652(5)
Bond Angles
O(4)-P(1-0O (5) 101.1(3) O(7¥P(2-0(8) 100.5(2) O(10yP(3)-0(11) 101.2(2)
O(4)-P(1)-0O (6) 96.0(3) O(7yP(2)-0(9) 96.2(2) O(10yP(3)-0(12) 96.5(2)
O(5)—P(1)-0 (6) 101.4(3) O(8)yP(2-0(9) 101.6(2) O(11LyP(3y-0(12) 101.3(2)
Dihedral Angles

C(16)-C(17)-C(30)-C(31) +49.0 N(13)-C(14)-C(15)-0(4) —59.6 P(1)-O(4)—C(15)-C(14) —103.6
C(46)-C(47)-C(60)-C(61) +49.6 N(13)-C(44)—C(45)-0O(7) —59.3 P(2)-O(7)—C(45)-C(44) —103.3
C(76)-C(77)—C(90)-C(91) +51.8 N(13)-C(74)—-C(75)-0(10) —59.5 P(3)-0O(10)-C(75)—C(74) —104.0

appropriate bond angles about phosphorus is nedr, #7®
three phosphorus atoms in form | ®fare midway between
pyramidal (270 for “pure” p character) and tetrahedral
(328.53 for sp® hybridization) geometry.

Interestingly, the three exocyclic-fO bond lengths in
form | [P(1)—0O(4), P(2-0O(7), and P(3}>0O(10)] are shorter
than the endocyclic PO bond lengths. Furthermore, the
longest endocyclic PO bond forms with the exocyclicPO
the smallest @45~ P—0Oexo bond angle in every case [O(4)
P(1)-0(6) = 96.C%, O(7)—-P(2-0(9) = 96.2, O(10)-
P(3-0(12)= 96.5’]. The other G-P—0 bond angles about
phosphorus all range between 100.&nd 101.8. This
difference has been observed before in substituted dibenzo-
[d,f][1,3,2]dioxaphosphepin ring§:>* A reasonable explana-
tion for this observation is that steric interactions between
the substituted oxygen on the exocyclic bond to phosphorus
and the adjacentert-butyl substituent on the dioxaphos-
phepin ring cause the observed reduction of thePRoO
bond angle and endocyclic bond length variafidn.

In the solid state of form Il of compoun8 the relative
absolute configuration of one of the three stereoaxes is
different [relative absolute configuratioaR,aR*,aS) using
the Cahn-Ingold—Prelog system or M*,M* ,P*) if the
stereoaxes are alternately viewed as a héfitlhe dihedral
angles about the stereoaxes (thé-s ¢ bond connect-
ing the two aryl rings) in the three dibenzif][1,3,2]-
dioxaphosphepin rings [C(16)C(17)-C(30)-C(31), C(46)-
C(47)-C(60)-C(61), and C(76)C(77)-C(90)-C(91)] are
—50.7, 51.#&, and 49.4, respectively (Table 2). The three
phosphorus atoms in form Il 08 are midway between
pyramidal and tetrahedral geometry. A relationship similar
to that observed in form | a3 in regard to the bond lengths
and bond angles about phosphorus is seen in form I, vide
infra. One G-P—0 bond angle in form Il is found, however,
to be greater than the corresponding angle in form I; e.g.,
O(4)—-P(1)-(5) is 107.4 in form Il and 101.2 in form I.
Unlike form I, the three NC—C—0O and P-O—C-C
dihedral angles in form Il 08 show significant differences.

Figure 2. Molecular structure of crystal form | o8 with tert-butyl
substituents omitted for clarity (numbering of atoms arbitrary).

Figure 3. Molecular structure of crystal form Il o8 with tert-butyl - -
substituents omitted for clarity (numbering of atoms arbitrary). (24) (a) Malen, A. H.; NabiRahni, M. A.; Pastor, S. D.; Stevens, E. D;
Snyder, J. APhosphorus, Sulfur Silicon Relat. Eled®93 82, 1. (b)
magnitude of these dihedral angles is in the range previously geﬁglgr éhgazggtlozos-ﬁ%'?'hsv G.; Rodebaugh, R. K.; Smith, A.
observed for substituted dibenzi][1,3,2]dioxaphosphepin  (25) Holmes, R. R.; Prakasha, T. K.; Pastor, S. DPhosphorus-31 NMR
rings182425Gimilarly, the three N-C—C—0O and P-O—C—-C Spectral Properties in Compound Characterization and Structural

. . : Analysis Quin, L. D., Verkade, J. G., Eds.; VCH: Weinheim,
dihedral angles are nearly the same. Given the posit that Germany, 1994: pp 2739.

pyramidal geometry is achieved when the sum of the (26) Suggested by examination of a Dreiding molecular model.
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Table 2. Selected Bond Lengths (A), Bond Angles (deg), and Dihedral Angles (deg) for Forn8Il of

Bond Lengths

P(1y-0(4) 1.597 P(2y0(7) 1.582 P(3)0(10) 1.575
P(1)-0O(5) 1.628 P(2)0(8) 1.638 P(3)0(11) 1.667
P(1)-0O(6) 1.657 P(2)0(9) 1.654 P(3)0(12) 1.618
Bond Angles
O(4)-P(1)y-0O(5) 107.4(6) O(7yP(2-0(8) 107.1(8) O(10yP(3y-0(11) 97.7(0)
O(4)—-P(1y-0(6) 96.9(0) O(7¥P(2)-0(9) 96.8(5) O(10yP(3)-0(12) 105.6(1)
O(5)-P(1y-0(6) 101.6(2) O(8yP(2)-0(9) 100.6(6) O(11yP(3-0(12) 100.6(2)
Dihedral Angles
C(16)-C(17)-C(30)-C(31) —50.7 C(76)-C(77)-C(90)-C(91) +49.4 P(1)-O(4)—-C(15)-C(14) —150.4
C(46)-C(47-C(60)—C(61) +51.4 N(13)-C(14)-C(15-0(4) +77.6 P(2y-O(7)—C(45)-C(44) +105.3
C(76)-C(77y-C(90)-C(91) +49.4 N(13)-C(44)-C(45-0(7) +63.1 P(3)-0O(10)-C(75)-C(74) +116.9

Figure 4. Molecular structure of crystalSS9)-7 viewed down theCs
axis with tert-butyl substituents omitted for clarity.

. . - Figure 5. Molecular structure of conformer A o§(S,S)-7 with tert-butyl
(SS9-7 crystallized from a mixture of acetonitrile and g pstituents omitted for clarity (numbering of atoms arbitrary).

tetrahydrofuran in the space groBB (hexagonal axis) with
the unit-cell parametems= b = 25.991(3) A.c = 24.649(3)
A, andy = 12¢°, V = 14420(3) &, andZ = 6. In the solid
state of §S9-7, two crystallographically independent
molecules exist in the unit cell that cannot be superimposed
with each other by either a translation or a symmetry
operation. All the molecules in the unit cell lie on a 3-fold
axis and therefore hav€; symmetry (Figure 4). Both
molecules of §S9-7 adopt a different conformation,
designated conformers A and B, respectively (Figures 5 and
6). As found in forms | and Il of compoungi the exocyclic
P—O bond lengths in both conformers A and B &39)-7
are shorter than the endocyclic-P bond lengths. The
observed bond lengths (Table 3) agree within the limits of
accuracy with the expected values. The magnitude of the
final R factor values that range from 0.08 to 0.10 for the
molecules of this study is due to disorder in tieet-butyl
substituents.
In the solid state, conformer A of corresponds to the
(aSaSaSSS$-7 [Or (P,P,P,SS$-7] diastereoisomer, whereas Figure 6. Molecular structure of conformer B 0§S,S)-7 with tert-butyl
conformer B corresponds to thaRaRaRSSS)-7 [or substituents omitted for clarity (numbering of atoms arbitrary).
(M,M,M,SSS)-7] diastereoisomer. The dihedral angles about
the stereoaxes (the 3psp? o bond connecting the two aryl ~ respectively (Table 3). TheFO—C—C and particularly the
rings) in the three dibenzdff][1,3,2]dioxaphosphepin rings N—C—C—0O dihedral angles in conformers A and B of
of conformer A [C(6)-C(11)-C(12)-C(17)] and conformer  show significant differences (see Table 3). Although the
B [C(46)—C(51)-C(52)-C(57)] are —48.5 and 48.0, geometry about phosphorus is midway between pyramidal
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Table 3. Selected Bond Lengths (A), Bond Angles (deg), and Dihedral Angles (deg) for the Independent Conformers A and B in the Unit Cell of
(8S9-7

bond lengths bond angles dihedral angles
Conformer A
P(1)-0(4) 1.586(5) O(4rP(1)-0(2) 97.9(3) C(6Y-C(11)-C(12)-C(17) —48.5
P(1)-0(3) 1.641(5) O(4yP(1)-0(3) 108.9(4) P(1)O(4)—C(34)-C(35) —82.9
P(1)-0(2) 1.650(5) O(2)P(1)-0(3) 99.4(1) O(4)-C(34)-C(35)-N(5) +169.2
Conformer B
P(41)-0(44) 1.556(5) O(44yP(41)- O(43) 103.4(2) C(46)C(51)-C(52)—-C(57) +48.0
P(41)-0(42) 1.592(5) O(44YP(41)-0(42) 99.9(2) P(410(44)-C(74)-C(75) -92.9
P(41)-0(43) 1.573(5) O(43yP(41)-0(42) 104.9(7) O(44yC(74)-C(75)-N(45) —-79.5
PH, PH, PH, dihedral angles in§S9-7. This is not the case @, which
H H RHC H H CHR is devoid of a stereocenter. The absolute value of th@P
3 C—C dihedral angles for conformers A and B &%95-7,
p PP P P P —82.@ and —92.9, respectively, are smaller than those
found in form 1 (103.6-104.C) and form Il (105.3-150.4)
CHR H . of 3. Smaller differences are found for the absolute values
) ik . e . fre of the O-C—C—N dihedral angles in the compounds of this
or T meo R study. This would be the case on the basis of steric arguments
7 (smaller covalent radii of oxygen and nitrogen). Significantly
LP LP LP Lp LP Lp larger steric effects are expected for the phosphorus atom
CH,R CH, H constrained within the seven-membered dibedf}pL,3,2]-

Figure 7. Newman projections looking down the<@ bond in compounds dioxaphosphepin ring with the methyl substituent bonded to
3and7. the stereocenter.

i In the solid state of either conformer A or conformer B
and tetrahedral in conformers A and B, the sums of the (SS9)-7, the molecule adopts @ symmetric structure
O—P—0 bond angles about phosphorus, 30@2d 308.2, with nitrogen at the apex. All of the methyl substituents

respectively, are somewhat larger than those found for eithery ) yad to a stereocenter are pointing down (away from the
form | (298.3-299.0) or form Il (303.9-305.9). apex) and in the same direction (see Figure$)} A similar
Caution must be exercised in the comparison of conforma- ir\,cture was observed by Nugent and Harlow for early-
tions obtained from X-ray structural data with those i 5nsition-metal complexes bearing homochiral 2-propano-
solution. Anetand Yavari warned that the lattice energy and | mine Jigands? In the solid state of either conformer A or
the resultant c_rystal—packmg effe_cts in the solid state can conformer B of 6S9-7, the methyl substituents bonded to
render the solid-state conformation different from that in the C(34) stereocenter point away from the phosphorus atom.

solution?’ Cognizant of the fact that solid-state and solution o P(1)-O(4)—C(34)-C(36) and P(41yO(44)—C(74)
conformations can be different, the effect of the stereocenterC(76) dihedral angles are 15and 140, respectively, for

at carbon on the geometry about the phosphorus atom
provides insight into the nature of chiral cooperativity in
transition-metal-catalyzed reactions with a chiral ligand.
Although the bonding for the observed diastereomeric ) ; i
conformers A and B in the solid state may not directly relate Slluel to conformational averaging, Vo'de ante. In the VT
to the conformation in solution, it does provide insight into P{*H} NMR spectrum o83 below —55°C, the coalescence

the effect of the stereocenter and stereoaxis upon thetémperature, two broad. smgle’Fs are observed in an ap-
geometry at phosphorus. In conformer AS6SaSSS9- proximate 2.5:1'rat|o by integration of the appropriate peak
7, and conformer B,gdRaRaRSS9-7, significant differ- areas. We prewously sugge_zsted th_at the observeélvT
ences are observed for the-B—O bond angles about {1!-|} NMR spectrum is consistent with the observatl'on of a
phosphorus (Table 3). These observed differences in theMixture of the @R",aR,as") and (@R',aR’,aR’) atropiso-
geometry about phosphorus suggest that the chiral environ-M€rS of3. A reaspnable explanation of this obsgrvanon is
ment about the metal would be necessarily different if ligand that belowTc rotation about the three stereoaxeS e slow
(SSS)-7 with the geometry found in either conformer A or 0N the NMR time scalé® Although additional !lnes would
conformer B was coordinated to a metal in the enantiose- P& expected in th&®{*H} NMR spectrum of3 if both the
lective transition state, vide infra. The examination of (aR,aR‘,a)and @R,aR",aR) atropisomers were present
Newman projections about the-®—C—C and O-C—C—N below the coalescence temperature, accidental equivalence
dihedral angles suggests the effect of the stereocenter iscould not be ruled out because the signals were broad. An
predominantly steric in nature (see Figure 7). At least one alternate explanation that thaR‘,aR",aS’) atropisomer is
gauche (or eclipsed) interaction exists for each conformation Selectively formed, which was found in the solid state of

conformers A and B of.

VT NMR Spectra. In the 3P{H} NMR (CD.Cl,)
spectrum of3 at 26°C, a single signal is observed@i40.6

upon rotation about the FO—C—C and O-C—C—N form Il of compound3, cannot be completely ruled out,
although the integration of the appropriate peak areas is not
(27) Anet, F. A. L.; Yavari, I.J. Am. Chem. S0d.977, 99, 6986. that expected for a single atropisomer. High diastereoselec-
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tivity has been observed in the synthesis of similar sterically example, in thé'P{*H} NMR (CsDs) spectrum of complex
congested moleculégin the @R*,aR*,as) atropisomer of 8b formed by the reaction of§S9-7 with chloro(1,5-
3,as in RR,9-7, the phosphorus atoms are not interchanged cyclooctadiene)rhodium(l) dimer, a singlet and a doublet are
by either aC, or an S, operation and are diastereotopic. observed ad 146.6 and 125.5\)prn= 323 Hz), whose peak
Caution must be exercised in the interpretation of the areas integrated in a 1:2 ratio, respectively. The observation
accuracy of ratios determined by integrating peak areas ofof 1Jprncoupling in the’’P{*H} NMR spectrum of complexes
3P resonances, however, because the relaxation times oBab precludes rapid exchange of phosphorus at rhodium on
nonequivalent P atoms are often significantly differént. the NMR time scale. This must be the case because rapid
Metal Complexation. Previously we reported Rh(l) exchange would result in a loss of the observed coupling.
complexes of bott8 and §S9-7, and their use as ligands  Specifically, coupling is lost in an exchanging system when
for the hydrosilation of ketoné$.For both3 and §S,9-7, Te 1 > J, whereT, is the lifetime at a particular site antl
the NMR spectral data are consistent with a metal complex is the coupling constant in her{2.The assignment of a
in which two phosphorus atoms are bonded to Rh(l) and dimeric structure for these complexes was further supported
one phosphorus atom is noncoordinatédhe metal com- by the formation of the monomeric complex@ab
plexes8ab

t-Bu t-Bu
t-Bu t-Bu
t-Bu a
O 0.0 B
t-Bu t-Bu P
0<p-0 S
| Rz,,"
Ri R1
R, R, N
t-Bu Re. ) ° / t-Bu
R N " i -
t-Bu Rg J 5/ t-Bu t-Bu O o R, 0 O t-Bu
t-Bu O o R, 0 -Bu Q/ R: \ 0
O\ / R3 \ ,O O /P P\
: 3 O o \Rh/ o Q
0 \ e o) t-Bu \ t-Bu
i Rh Q tBu t-Bu
t-Bu t-Bu Cl N=
tu \CI B ()
t-Bu \ /" t-Bu
t-Bu Rh O t-Bu 9 R,=H;R,=H;R,=H; R,=H; R;=H; Ry = H
O o / \,0 9b R, =CHg; R, =H; R, =CH,; R, =H; R; = CH,; R;=H
P p 9c R, =CH; R,=H; R,=H; R,=CH;; Ry=H; R;=CH,
o\ R, /o Q . . . .
t-Bu 0GR, 0 t-Bu by the reaction oBa,b with pyridine, respectively? If the
t-Bu \[ = R’E'BU structure of the complexe8ab is that illustrated, further
N Ry s

addition of chloro(1,5-cyclooctadiene)rhodium(l) dimer to
N complexes3ab would be expected to lead to the disappear-
ance of the signal for the uncomplexed phosphorus atom in
the 31P{*H} NMR spectra. This was found to be the case.
ey © O By For example, addition of chloro(1,5-cyclooctadiene)rhod-
ium(l) dimer to8a [3'P{*H} NMR(C¢D¢): 6 138.5(s), 123.4
H (d, WJprn = 324 Hz)] led to the disappearance of the signal
at 0 138.5 with the formation of a new complex with all
phosphorus atoms coupled to Rh@#)122.9 (d,*Jprn= 328
Hz), 125.8 (d,}Jprn = 268 Hz)].
8a Ri=Hi R, =Hi R 2Hi R 2Hi Ry = Hi R, =M However, if the same structure is obtained in the case of
8b R, =CHj; R,=H;R;=CHy R,=H;R;=CHy; Ry =H '
8¢ R,=CH,; R, =H;R,=H; R, = CHy; R, = H; R, = CH, the reaction of RR,S-7 with chloro(1,5-cyclooctadiene)-
rhodium(l) dimer, at least two different complexes would
be anticipated. This would be the case because Rh(l) could
be bonded to two phosphorus atoms wherein the absolute
configurations of the stereocenters in the 2-propyloxy sub-
stituents bonded to phosphorus could be either the same (both

with the suggested dimeric structures illustrated were
obtained by the reaction of chloro(1,5-cyclooctadiene)-
rhodium(l) dimer with eitheB or (SS,S)-7, respectively. For

(28) Pastor, S. D.; Hyun, J. L.; Odorisio, P. A.; Rodebaugh, R].Kam. R) or different ® and S). In the *P{*H} NMR (CqDe)
Chem. Soc1988 110, 6547.

(29) Shortt, A. B.; Burham, L. J.; Mosher, H. $. Org. Chem1983 48, (30) Abragam, AThe Principles of Nuclear Magnetisi@larendon Press:
3125. London, 1961; p 308.
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spectrum of the reaction ofR(R,S-7 with chloro(1,5- stereocenter and stereoaxis in the stereoselective transition
cyclooctadiene)rhodium(l) dimer, a major component is state is that required to achieve high stereoselectivity.
observed exhibiting a singlet and a doublepat48.8 and Although the elegant work of Halpethhas shown that

126.0 {Jprn= 322 Hz), respectively. Additional signals are the predominant species observed in solution is not neces-
apparent in thé'P{*H} NMR spectrum including starting  sarily that involved in the stereoselective transition state, both

(RR,S)-7 along with several other minor components. the solid-state and NMR spectral data obtained in this study
The major component observed in tB#{H} NMR suggest that a significant difference in reaction stereoselec-
(CsDg) spectrum of the reaction oR(R,S-7 with chloro- tivity would be expected usindRR,S)-7 as a chiral ligand.

(1,5-cyclooctadiene)rhodium(l) dimer is assigned to complex Consistent with these expectations, the hydrosilation of
8c illustrated. The observation of isochronous phosphorus acetophenone using a catalyst prepared friR/R,§)-7 with
atoms bonded to Rh(l) in th&P{'H} NMR spectrum oBc chloro(1,5-cyclooctadiene)rhodium(l) dimer gave)-6ec
suggests that a single diastereomeric complex is dominantphenethyl alcohol in only 5% ee. The absolute stereochem-
in solution in which Rh(l) is bonded to two phosphorus atoms istries of the stereocenter and stereoaxis in the enantiose-
wherein the absolute configurations of the stereocenters inlective transition state usindj(R,S)-7 as a ligand are clearly
the 2-propyloxy substituents bonded to phosphorus are bothnoncooperative (mismatched).

R. This suggestion is supported by the observation of

isochronous phosphorus atoms bonded to Rh(l) inftRe ~ Conclusions

{*H} NMR spectrum of comple8b, where in all cases the
absolute configuration of the 2-propyloxy substitutents
bonded to phosphorus must & In the 3P{'H} NMR
spectrum of one minor species, a doublet of doublets is

obsgr.ved aw 116'.3 prn = 275 Hz; 2Jpp = 45 H2). exocyclic linking groups and in atropisomerism in the seven-
Additional broad signals are observed <§at13.4..0, 126.2, membered dibenzdffl[1,3,2]dioxaphosphepin rings. Two
125.6,124.0, and 122.9, which suggests additional exchangjiy_state conformers were observed for the chiral ligand
ing components are present. This suggestion is further(SSS_7_ In conformer A, 65aSaSSS9-7, and conformer

supporte_d by the fact that integration of the s_ignals due t_o B, (aRaRaRSS9-7, significant differences are observed
these minor components changes upon standing. The variazy, the O-P—0O bond angles about phosphorus, which are

tion of the molar ratio of RR.S)-7 to chloro(1,5-cyclooc- g yqested to be the result of steric interactions with the

tadiene)rhodium(l) dimer from 3:1 to 1:1 shows the appear- giareqgenic and chirotopic carbon atom two bonds removed.
ance and disappearance of both signals due to uncoordinategaqe observed differences in the geometry about phosphorus
phosphorus atoms as well as other minor components present, o qost that the chiral environment about the metal would
In the *!P{*H} NMR (CeDg) spectrum of the complex  pe necessarily different if liganG.S)-7 with the geometry
formed by addition of pyridine td8c, a major species o nd in either conformer A or conformer B was coordinated
exhibiting a singlet and two AB quartets@l47.0and 125.1 4 5 metal in the enantioselective transition state. Further-

(l‘JF_’F;h = 531 Hz;2Jpp = 72 Hz) andd 134.6 (Jprn = 285 more, the imposed geometries about phosphorus due to the
Hz; “Jpp = 72 Hz), respectively, whose peak areas integrated giereqcenter would interact in either a cooperative or a

in a 1:1:1 ratio, is observed. TR&X*H} NMR spectrum of noncooperative manner with the influence of the stereoaxis
the major component obtained was consistent with structure;, ihe dibenzad,f][1,3,2]dioxaphosphepin ring. These sug-

9cillustrated. In addition, signals due to minor components yestions are supported by the stereoselectivity observed using
are observed with coupling of phosphorus to rhodium, and e chiral ligands RR.9-7 and §S9-7 in asymmetric

in several casesP coupling of nonequivalent phosphorus hydrosilation reactions. In the case &%9)-7, the confor-
atoms.

Asymmetric Hydrosilations. The availability of both (31) For an example of an asymmetric hydrosilation reaction using a chiral

(8§S9-7 and R R,9)-7 that possess both a stereocenter and gh3065(§lgg% @r?nd' seel (%ngablig'ZJ-l ggggghitgkeﬂ G. Tf U-Skpate“t
. , , ) em. Str. . FOr recent work on
stereoaxes afforded the opportunity to assess the concept of catalytic hydrosilation reactions, see: (b) Dinh, L. V.; Gladysz, J. A.

The achiral and chiral tripodal phosphorus ligargls
and 7 were fully characterized by X-ray crystallography.
Both ligands were shown to exhibit solid-state polymor-
phism, which differed both in the conformation of the

cooperativity in asymmetric hydrosilation reacticgh®revi- Tetrahedron Lett1999 40, 8995. (c) Heldmann, D. K.; Seebach, D.
; ilati _ Hely. Chim. Actal999 82, 1096. (d) Moreau, C.; Frost, C. G.; Murrer,
ously we communicated that the hydrosilation of acetophe B. Tetrahedron Lett1999 40, 5617. (e) Bideau, F. L.; Henique, J.:
none with diphenylsilane using the catalyst formed from Samuel, E.; Elschenbroich, ©hem. Commun. (Cambridgép99
(SS9-7 with chloro(1,5-cyclooctadiene)rhodium(l) dimer 1397. (f) Yun, J.; Buchwald, S. L1. Am. Chem. S0999 121 5640.
. 0 . (g) Tsuruta, H.; Imamoto, TTetrahedron: Asymmetrd999 10, 877.
gave R)-seephenethyl alcohol in 81% €e. As n_Oted previ- (h) Kuwano, R.; Uemura, T.; Saitoh, M.; Ito, Yetrahedron Lett.
ously by van Leeuwehfor hydroformylation reactions using 1999 40, 1327. (i) Nagashima, H.; Suzuki, A.; lura, T.; Ryu, K;

: . o ; : Matsubara, KOrganometallic200Q 19, 3579. (j) Son, S. U.; Paik,
chiral seven-membered phosphite ligands, the high reaction S. J.: Chung, Y. KJ. Mol. Catal. A200Q 151, 87. (K) Kuwano, R.:

stereoselectivity observed suggests that there is a cooperative  Sawamura, M.; Shirai, J.; Takahashi, M.; Ito, Bull. Chem. Soc.
effect in the stereoselective transition state between the  JPn-2000 73 485. () Smith, A. R, Bruno, J. W.; Pastor, S. D.

. . . Phosphorus, Sulfur Silicon Relat. EleB202 177, 479. (m) Castanet,
stere_ocent_ers and stereoaxes in t.he coordma?ed ligand, a  A-s:: Colobert, F.; Broutin, P.-E.; Obringer, Mietrahedron: Asym-
manifestation of the concept of chiral cooperativityThe metjryéooz Clr? 652%0(3[1)6%62222, J. F.; Sgrensen, H. O.; Johannsen,

. . . . . - . J. Org. Chem , .
h'gh enantloselect|V|ty obtained usm§’$’5)'_7 as a chiral (32) For an excellent review of this work, see: HalpernAdymmetric
ligand suggests that the absolute configuration of the SynthesisAcademic Press: New York, 1985; Vol. 5, Chapter 2.

5104 Inorganic Chemistry, Vol. 42, No. 17, 2003



Sterically Congested Tripodal Phosphites

mational analysis of the solid-state conformations observed, (form 1), 202—203 °C (form II); 3%P{*H} NMR (CDCls) (202.36
(aSaSaSSS9-7 and (RaRaRSSYS)-7, respectively, sup- MHZz) 6 134.9;'"H NMR (CDCl;) (499.85 MHz)6 1.32 (s, 54 H),
ports the suggestion that the communication between thel-42 (s, 54 H), 2.62 (8Juccn = 6.4 Hz, 6H), 3.71 (dt?Jnccn =
stereocenters and stereoaxes leading to chiral cooperativity?-4 H2z, *Jeocn = 6.9 Hz, 6 H), 7.14 (d!Jnccen = 2.5 Hz, 3 H),

in the stereoselective transition state is primarily steric in
nature.

Experimental Section

All melting points were determined in open capillary tubes with
a Thomas-Hoover melting point apparatus and are uncorrétted.

NMR (300.08 and 499.84 MHz) spectra were obtained on a Varian

model Gemini-300, Unity-500, or Unity-INOVA 500 spectrometer.
13C NMR (125.70 MHz) spectra were obtained on a Varian model
Unity-INOVA 500. 3P NMR (202.33 and 121.47 MHz) spectra
were obtained on a Varian model Unity-500, Unity-INOVA 500,
or Gemini-300 spectrometer. AHP and3'P{'H} chemical shift

7.40 (d,4JHCCCH =25Hz, 3 H);lSC{ lH} NMR (CDCL3) (12569
MHz) 6 31.1 (d, GCHj3, °Jpc = 2.7 Hz), 31.5 (s, CH3), 34.6 (s,
CCHj), 35.3 (s,CCHy), 54.8 (d,3Jpc = 2.9 Hz, NCH), 62.4 (s,
POCH), 124.1 (s), 126.5 (s), 132.6 (Bilpc = 3.6 Hz), 139.8 (s),
146.1 (d 2Jpc = 5.8 Hz), 146.3 (s); MS (MALDI TOFjwz 1570.80
(caled 1570.82) (Mt Ag). Anal. Calcd for GoH13NOgP: C, 73.79;
H, 9.08; N, 0.96. Found: C, 73.89; H, 8.78; N, 1.06.

Form | Crystallographic Data. Suitable crystals for X-ray
analysis were grown from ethyl acetate. Crystal datasHG-
NOgP;; fw = 1464.96; crystal size (mm) 0.8 0.3 x 0.6; crystal
system monoclinic; cell parametets= 20.070(10) Ab = 17.477-
(2) A, c=27.620(3) A, angB = 93.050(109; V = 9674.5(14) &;
space groufP2,/n; deacq = 1.006 Mgm=3; Z = 4; data collection

values (proton coupled and decoupled, respectively) are reportedon a Siemens R3m/V diffractometer; CuuK(A = 1.54178 A)
in parts per million relative to that of 85% phosphoric acid radiation; highly oriented graphite crystal monochromator; scan type
(external), where a positive sign is downfield from the standard. 20—0; 20 range 3.15-115.0'; number of observed reflections 9094
Significant’H NMR spectral data are tabulated in the following (I > 3.00(1)); number of parameters 878;= 0.115,R, = 0.169;
order: multiplicity (m, multiplet; s, singlet; d, doublet; t, triplet; ~ refinement method full-matrix least-squares; hydrogen atoms riding
dd, doublet of doublets; dg, doublet of quartets; dt, doublet of model, fixed isotropidJ; maximum density in final difference map
triplets; ddt, doublet of doublets of triplets), atom assignments, (€ A=) 1.02; Siemens SHELXTL PLUS (VMS).
coupling constant in hertz, and number of protons. IR spectrawere Form Il Crystallographic Data. Suitable crystals for X-ray
obtained on a Bruker model Vector 22. Merck silica gel 60 200  analysis were grown from acetone/toluene. Crystal dataH &>
400 mesh) was used for column chromatography. MS spectra wereNOgPs; fw = 1464.96; crystal size (mm) 0.5 0.3 x 0.2; crystal
obtained on a Perspective Biosystems Voyager DE-STR matrix- system triclinic; cell parametems= 12.493(1) A,b = 19.701(2)
assisted laser desorption ionization mass spectrometer (MALDI A, c=21.027(2) Ao = 116.23(13; f# = 100.15(1}, andy =
TOF) equipped with a 337 nmaNaser and a time-of-flight analyzer.  91.07(1); V = 4542 A3; space groufPl; deaica= 1.072 Mgm~3,
The instrument was operated in the positive ion reflector mode with Z = 2; data collection on a NONIUS CAD4 automatic diffracto-
an accelerating voltage of 24 900 V. The samples were preparedmeter; Cu K (A = 1.5418 A) radiation; graphite monochromator;
by depositing a methylene chloride solution of the substrate onto a scan type B—0; 20 range 3-50°; number of observed reflections
gold-metal-coated sample plate. 2-Benzotriazol-2-yl-4-methylphenol 9672 ( > 3.00(1)); number of parameters 928, = 0.083,R, =
was deposited as a matrix, and silver trifluoroacetate (14mhg* 0.090; refinement method full-matrix least-squares with anisotropic
acetonitrile) was used as a catonization agent. Merck precoated (0.23lisplacement parameters; hydrogen atom positions were calculated
mm) silica gel F-254 plates were used for TLC. Reagents were assuming normal geometry and not refined; maximum density in
purchased from commercial laboratory supply houses. Toluene andfinal difference map (e A3) 0.91; Siemens SHELXS.
triethanolamine were dried ové A molecular sieves prior to use. (S,S,9-Tri {2,2,2"-tris[(2,4,8,10-tetrakis(1,1-dimethylethyl)-
Reactions were carried out in a flame-dried apparatus under a drydibenzo[d,f][1,3,2]dioxaphosphepin-6-yl)oxy]propy}amine
inert atmosphere of nitrogen. Elemental analyses were performed[(S,S,S)-7]. To a solution of §S9)-tri-2-propanolamine (1.5 g, 9.1
by the Analytical Research Department, Ciba Specialty Chemicals. mmol) and triethylamine (2.7 g, 27 mmol) in 20 mL of toluene
Calculations were performed using MacroModel version 7.0 and was added dropwise a solution®{13.0 g, 27 mmol) in 50 mL of
Spartan version 5.1 on an SGI Octane or DEC Alphaserver 4000toluene. The reaction mixture was stirred for 16 h at room
workstation. temperature and then the resultant precipitate removed by filtration.
Tri{2,2,2'-Tris[(2,4,8,10-tetrakis(1,1-dimethylethyl)dibenzo- The volatiles were removed in vacuo, and the residue was purified
[d,f][1,3,2]dioxaphosphepin-6-yl)oxy]ethy} amine (3).To a solu- by trituration with acetonitrile (100 mL) followed by crystallization
tion of phosphorus(l1l) chloride (6.87 g, 50 mmol) and triethylamine from an 8:2 mixture of acetonitrile/toluene to give 7.0 g (51%) as
(15.18 g, 150 mmol) in 100 mL of toluene maintained &C5was a white crystalline solid: mp 187188 °C; [a]?® —72.49 ¢ 1.0,
added dropwise over 20 min a solution§20.53 g, 50 mmol) in ~ CHCL); 3*P{*H} NMR (CDCl) (202.36 MHz)d 145.2;'"H NMR
80 mL of toluene (warmed to effect solution). The reaction mixture (CDCls) (499.85 MHz)d 1.16 (d, 9 H), 1.33 (s, 27 H), 1.34 (s, 27
was allowed to warm to room temperature, and the resultant mixture H), 1.45 (s, 27 H), 1.46 (s, 27 H), 2.30 (ddyicn = 12.8 Hz, 3 H),
was stirred overnight at room temperature. The reaction mixture 2.64 (dd,2Jucy = 12.8 Hz, 3 H), 4.28 (dd®J = 10.1 Hz,3J = 3.8
was heated to 48C for 4 h, and then to the resultant reaction Hz, 3 H), 7.14 (d, 3 H), 7.15 (d, 3 H), 7.41 (d, 6 H). Anal. Calcd
mixture cooled to 5°C was added triethanolamine (2.49 g, 17 for CogHi3dNOoPs: C, 74.12; H, 9.23; N, 0.93. Found: C, 73.90;
mmol). The reaction mixture was stirred overnight at room H, 9.29; N, 0.86.
temperature, and then the resultant suspension of triethylamine Suitable crystals for X-ray analysis were grown from THF/
hydrochloride was removed by filtration. The volatiles were acetonitrile. Crystal data: dgH;3gNOgPs; fw = 1506.96; crystal
removed in vacuo, and the residue was recrystallized from a mixture size (mm) 0.62x 0.32 x 0.03; crystal system rhombohedral; cell
of acetonitrile (800 mL) and toluene (50 mL) to give 9.04 g (37%) parameters = b = 25.991(3) A,c = 24.649(3) A, angy = 120°;
of a white solid. Form | was obtained by recrystallization from V = 14420(3) &; space groufR3 (hexagonal axesaca= 1.041
ethyl acetate, and form Il was obtained by recrystallization from a g-m=3; Z = 6; data collection on a NONIUS CAD4 automatic
mixture of acetone and toluene in a ratio of 8:2: mp-1663°C diffractometer; Cu K (1 = 1.54178 A) radiation; graphite
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monochromator; scan typef26; 20 range 3-70°; number of (dd, *Jnceen= 2.3 Hz,5Jpy = 0.9 Hz, 4 H). Anal. Calcd for Hizg
observed reflections 9871 ¢ 3.00(1)); number of parameters 637; NOoPs: C, 74.12; H, 9.23; N, 0.93. Found: C, 73.91; H, 9.29; N,
R = 0.091; refinement method full-matrix least-squares (SHELXL); 0.72

hydrogen atom positions calculated assuming normal geometry and General Procedure for Hydrosilation with Catalyst Prepared

not refined; Siemens SHELXS. from a Rhodium Dimer and TRISPHOS. A solution of §S9)-7
(R,R,9-Tri{2,2,2"-tris[(2,4,8,10-tetrakis(1,1-dimethylethyl)- (602 mg, 0.40 mmol) and chloro(1,5-cyclooctadiene)rhodium(l)

dibenzo[d,f][1,3,2]dioxaphosphpin-6-yl)oxy]propy} amine [(R,R,S)- dimer (49 mg, 0.20 mmol) in 10 mL of toluene was added to a

7]. Synthesis of the Alkanolamine Intermediate R,R,S)-Tri-2- solution of acetophenone (1.2 mL, 10 mmol) and diphenylsilane

propanolamine [(R,RS)-6]. To a solution of 1.41 g (24 mmol) of (1.9 mL,10 mmol) in 11 mL of toluene. After the reaction mixture
(R)-(+)-propylene oxide in 4 mL of toluene was added 0.83 g (12 was stirred fo 6 h atroom temperature (complete disappearance
mmol) of (§-(—)-2-propanolamine at ambient temperature. After of acetophenone), a mixture of 5 mL of 2.5 N aqueous sodium
16 h, the toluene was removed in vacuo to give 1.9 g (82.6% yield) hydroxide and 7 mL of methanol was added. After being stirred
of a white solid: mp 184186°C; [a]?>+3.68 (€ 1.0, CHC}); H for 10 min, the reaction mixture was extracted with diethyl ether
NMR (CDCls) (499.85 MHz)6 1.12 (d,3J4cch = 6.19 Hz, 3 H), (3 x 3 mL), and the combined organic extracts were dried over
1.13 (d,2J4ccH = 6.2 Hz, 6 H), 2.46 (ddRJycH = 13.6 HZ,3Jhcch anhydrous sodium sulfate. The volatiles were removed in vacuo,
= 10.3 Hz, 2 H), 2.53 (dBJycn = 13.7 Hz,3Jycch = 9.2 Hz, 1 and the ee of the resultaseécphenethyl alcohol was determined
H), 2.61 (dd,2Juch = 13.7 Hz,3J4ccH = 3.8 Hz, 1 H), 2.62 (dd, both by!H NMR spectroscopy using the chiral solvating agéR)t (
2Jnucn = 13.6 Hz,%Jyccn = 2.7 Hz, 2 H), 3.69 (br s, 3 H), 3.83 (m,  (—)-2,2,2-trifluoro-1-(9-anthryl)ethanol and by GLC using a Chiral-
3 H). dex B-PM chiral column (30 mx 0.25 mm). The crude alcohol
Synthesis of R,R,S)-7. By the procedure used to prepa&sS)- was purified by dissolution in 3 mL of hexane and filtration of any
7, (RRS-7 was prepared from 1.85 g (9.7 mmol) &R 9-6, 4 precipitate formed followed by flash chromatography (silica gel,
mL (29.1 mmol) of triethylamine, and 13.8 g (29.1 mmaol)2in hexane eluent) to give 0.46 g (38%) &){secphenethyl alcohol
60 mL of toluene (24 h at ambient temperature). The product was (81% ee).
purified by trituration with 150 mL of acetonitrile followed by . . .
crystallization from a 9:1 mixture of acetonitrile/toluene to give Acknowledgment. We tha}nk. Ciba Spe?'alty .Chem'cals
11.0 g (75.2%) as a white crystalline solid: mp 8486 °C; 31p- Corp. for support and permission to publish this work and
{1H} NMR (CgDs) (202.36 MHz)d 145.2 (s), 144.9 (s}tH NMR Mr. M. Nirsberger for obtaining the IR spectra.
(CDClg) (499.85 MHz)6 1.08 (d,2JuccH = 6.2 Hz, 3 H), 1.27 (s,
18 H), 1.28 (s, 36 H), 1.29 (dJ4ccH = 6.3 Hz, 6 H); 1.58 (s, 18
H), 1.60 (s, 36 H), 2.51 (ddJuccn = 4.2 Hz,2Jucn = 14.0 Hz, 1
H), 2.58 (dd,SJHCCH =79 HZ,ZJHCH = 13.4 Hz, 2 H), 2.67 (dd,
3JHCCH =6.4 HZ,ZJHCH =140Hz 1 H), 2.81 (dd?,’JHCCH =47
Hz, 2Jucn = 13.2 Hz, 2 H), 4.62 (m, 1 H), 4.56 (m, 2 H), 7.34 (dd,
“Jncecn = 2.0 Hz,5Jpy = 2.0 Hz, 2 H), 7.36 (dd%Jyccen = 2.5
Hz, 53Jpny = 4.2 Hz, 4 H), 7.58 (d*Juccch = 2.5 Hz, 2 H), 7.59 1C030099L

Supporting Information Available: X-ray crystallographic
files, in PDB format 8, form I) and CIF format3, form II; (SS9-
7], of the crystal forms of the dibenzaf][1,3,2]dioxaphosphepins
3 and §S9-7 including crystal data, bond angles, bond lengths,
and atomic parameters. This material is available free of charge
via the Internet at http:/pubs.acs.org.
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