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Introduction

The chemical reactivity of trinuclear transition-metal complexes
that contain metal atoms in a triangular arrangement not con-
taining metal-metal bonds is a little studied area of chemistry.
These arrays are constructed in such a manner that the metal
atoms might be expected to undergo reaction chemistries at the
three centers in a rather independent fashion. However, there
is increasing evidence that various steric and electronic factors
may influence the reactivities of the metal atoms in these com-
pounds such that an independent reaction chemistry is not ob-
served. The trinngular complex of gold reported here, wherein
the metal atoms are not bonded to each other but are separated
by a relatively short nonbonding distance, turns out to be a rather
striking example of this statement.

We have recently discussed' the syntheses and X-ray crystal
structures of the metallocyclic pyrazolato complexes [M!(u-3,5-
Ph,pz)];,2 where M! = Cu, Ag, Au. We are now studying the
reaction chemistry of these metal trimers and report our work here
on the Au compound.

As Balch rcported,® the trimeric Au' complex [Au(u-
McOCNMe)]; can be oxidized by stoichiometric amounts of
halogens to form [Au(u-MeOCNMe)],X,, where X = Bror I,
which contain Aul,/Aul (n = 2), Aul/Aulll, (n = 4), or Aullly
(n = 6) metal cores. The similar Au! complex [Au(u-
EtOCNC,H,Me)]; has been studied? crystallographically; how-
ever, no structural data are available for the mixed-valence or Aul!
trimers. [n contrast to the aforementioned trigold system, the
Au' trimers [Au(u-3,5-R,pz)]s, where R = alkyl, can only be
oxidized®® by | equiv of 15, yielding the Auly/Au'! complex
[Au(u-3.5-R.p2)]51,. Bonati and Mingetti reported’ that further
oxidation could be achicved by reaction of [Au(u-3,5-Ph,pz)];,
with aqua regia, forming a dimeric [Au-(u-3,5-Ph,-4-Cl-pz)],Cl,
complex characterized by its elemental analysis IR and NMR
spectra, and molecular weight. Our reinvestigation of this work
gives a crystallographically characterized product that is a mix-
ed-valence Au';/Au!"! complex in which the pyrazolato rings have
been chlorinated. Here we present our efforts to synthesize
Au'!l-containing trinuclcar pyrazolato complexes along with the
XPS study of [Au(u-3.5-Ph,ypz)]; (1) and [Au(u-3,5-Ph,pz],Cl,
(2) and the results of the crystallographic characterization of
[Au(u-3,5-Ph,-4-Cl-52)],Cl, (3).

Experimental Section

All reactions were carried out under an argon atmosphere unless
otherwise stated. All solvents were distilled and stored over molecular
sieves prior to use. 3.5-Diphenylpyrazole was purchased from Lancaster
Ltd. and deprotonated with sodium hydride. Complexes 1 and AuCl,py
were prepared by literature!®® procedures.
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Figure 1. (a) XPS spectrum of the Au'; complex 1. (b) XPS spectrum
of the Au',/Au' complex 2. Due to the fact that the charging potential
is different for the two observations made, the absolute bonding energies
for spectra a and b are not comparable.

[Au(u-3,5-Ph,pz)];Cl, (2). To a solution of 50 mg (0.13 mmol) of
AuClypy in 10 mL of thf was added 33 mg (0.14 mmol) of Na[3,5-
Ph,pz], and the solution turned dark red immediately. 1t was allowed
to stir for 6 h and filtered. Slow diffusion of Et,O into this solution, in
the dark, afforded red crystalis of 2: mp 229-231 °C; yield 44 mg, 89%.
Complex 2 has been characterized® crystallographically.

[Au(u-3,5-Ph,-4-Cl-p2)];Cl, (3). To 30 mg (0.024 mmol) of 1 was
added 3 mL of aqua regia in an open reaction vessel. The white solid
of 1 turned red immediately, and the mixture was stirred for 6 h at room
temperature without any further color change. The red solid was allowed
to settle, the supernatant was decanted, and the solid product was washed
three times with H,O. The wet solid of 3 was dissolved in 3 mL of
CH,Cl,. Slow diffusion of Et,0 into this solution afforded red crystals
of 3 appropriate for an X-ray diffraction study. Yield: 19 mg, >50%.

Other Reactions. To an aqueous solution of 38 mg (0.10 mmol) of
KAuCl, was added a stoichiometric amount of 3,5-Ph;pzH in an open
beaker, and AuCly(3,5-Ph,pzH) was precipitated quantitatively as an
orange solid soluble in organic solvents (a modification of the synthesis®

(1) (a) Raptis, R. G.; Fackler, J. P, Jr. Inorg. Chem. 1988, 27, 4179. (b)
Murray, H. H.; Raptis, R. G.; Fackler, J. P., Jr. Inorg. Chem. 1988,
27, 26.

(2) Abbreviations used: 3,5-Phypz = 3,5-diphenylpyrazolato anion; 3,5-
Ph,pzH = 3,5-diphenylpyrazole; 3,5-R,pz = 3,5-dialkylpyrazolato anion;

py = pyridine; thf = tetrahydrofuran.

(3) Balch, A. L.; Doonan, D. J. J. Organomet. Chem. 1977, 131, 137.

(4) Tiripicchio, A Tiripicchio-Camelini, M.; Minghetti, G. J. Organomet.
Chem. 1979, I7I, 399.

(5) Minghetti, G.; Banditelli, G.; Bonati, F. Inorg. Chem. 1979, 18, 658.

(6) Katada, M.; Sato, K.; Uchida, Y.; lijima, S.; Sano, H.; Wei, H. H.;
Sakai, H.; Maeda, Y. Bull. Chem. Soc. Jpn. 1983, 56, 945.

(7) Bandini, A. L.; Banditelli, G.; Bonati, F.; Minghetti, G.; Pinillos, M.
T. Inorg. Chim. Acta 1985, 99, 165.

(8) Gibson, G. S.; Colies, W. M. J. Chem. Soc. 1931, 2407.

(9) Raptis, R. G.; Murray, H. H.; Fackler, J. P., Jr. Acta Crystallogr. 1988,
C44, 970.

0020-1669/90/1329-5003802.50/0 © 1990 American Chemical Society



5004 [norganic Chemistry, Vol. 29, No. 24, 1990

Table I. Crystallographic Data for 3

formula CasHaAu;CIsNO
fw 1497.07
spacc group P2,/n (No. 14)
a, 20.798 (5)
b, A 9.772 (3)
e, A 24,224 (6)
A, deg 50.43 (2)
V. A3 4923 (2)
Z 4
dcalm g/cm’ 2.02
u(Mo Kea), em™! 92.19
radiation (monochromated in Mo Ka
(A, = 0.71069 A) incident beam)
temp. °C 22
trans factors: max: min 1.000; 0.274
Re 0.058
R, 0.059

PR = SNl = IFdl/ZIFd. * Ry = [ZVWF - |FD)/ZVWIF):
wl = [dH(|Fl) + glFof).

of AuCl,py using pyrazole instead of pyridine). The product was filtered,
washed with water, and air-dried. To a 2-mL CH,Cl, solution of this
material was added stoichiometric amount of tris(n-butyl)amine. The
solution turned dark red immediately and then changed slowly to orange.
It was stirred for 3 h and was diluted with 2 mL of CH,Cl,, and Et,0
was allowed to slowly diffuse into it at =5 °C. This afforded approxi-
mately equal amounts of physically separated crystals of 1 (light yellow)
and 2 (red), identified by unit cell determination and low-angle X-ray
diffraction data collection, respectively. The crystals of 1 prepared by
this method had the 4-position of the pyrazolato rings partially (<20%)
chlorinated. When a 10-fold excess of amine was used, the reaction
mixture turned red immediately and then slowly decolorized. Only I was
detected in the solid product.

X-ray Photoelectron Spectroscopy. The XP spectra of complexes 1
and 2 were obtained at 22 °C by using a Hewlett-Packard 5950A ESCA
spectrometer with Al Ko radiation and a resolution of 0.8 eV. The
powder samples were placed on gold stubs covered with double-stick
Scotch tape. The sample of the mixed-valence complex 2 became
charged during the experiment, necessitating the use of a flood gun and
rendering the measured binding energies for 1 and 2 not comparable.
Complex 1 shows a symmetric peak for the Au(4f;,,) electrons with
width-at-half height of 1.41 eV (Figure 1a), while the Au(4f/,) peak of
2 is asymmetric with a shoulder at the high-energy side, corresponding
to the Au'" electrons binding energy, with a width at half-height of 2.01
¢V (Figure 1b). The Au(4fs,,) peaks behave similarly.

Crystallography. The X-ray analysis of 3 was carried out with a
Nicolet R3Im/E automated diffractometer and SHELXTL (Version 5.1)
software implemented on a Eclipse S140 minicomputer. A single crystal
of 3 appropriate for X-ray study was mounted atop a glass fiber for data
collection. Initial cell parameters were determined by using orientation
reflections obtained from photographic data and were confirmed by axial
photographs and a Delaunay reduction. Accurate unit cell dimensions
were calculated from the setting angles of 25 reflections with 25° < 26
< 30°. Intensity data were collected for 6424 unique reflections,
*htk £/ with 0 < 26 < 45°, by using the w-scanning technique in
bisecting geometry. No symmetry-equivalent reflections were measured.
The intensity data were corrected for Lorentz and polarization effects
and standard decay (ca. 12%). An empirical absorption correction based
on azimuthal scans of medium-intensity reflections was applied. Initial
positional parameters for the three gold atoms were obtained from the
direct-methods program solution. The remaining non-hydrogen atoms
were located in difference Fourier maps. An interstitial molecule of
diethyl ether was found to occupy a position of no chemical importance.
The gold, chlorine, oxygen, and carbon atoms of the pyrazolato rings were
refined anisotropicaily. Hydrogen atoms were placed in calculated
positions (C-H = 0.960 A) and phenyl groups were treated as idealized
rigid hexagons (C-C = 1.395 A; C-C-C = 120°) to minimize parame-
trization. Structure refinement using all 6424 unique reflections gave
a R value of 0.107. Refinement of 275 parameters using 3618 reflections
with F,2 > 3a(F,2) converged to a conventional R value of 0.0579 with
a goodness-of-fit indicator of 1.165. The highest peak of residual electron
density, 1.81 ¢ A, appears at a distance of 1.14 A from Au(2). Pa-
rameters pertaining to data collection and structure refinement are listed
in Table I.  Atomic coordinates and equivalent isotropic thermal pa-
rameters for 3 are given in Table II. Tables of observed and calculated
structure factors with their esd’s, listings of atomic positional and an-
isotropic thermal parameters, and complete lists of bond lengths and
angles for 3 have been deposited as supplementary materials.

Notes

Table IN. Atomic Coordinates (X10%) and Isotropic Thermal
Parameters (A% X 10%) for [Au(u-3,5-Ph;-4-Cl-pz)],Cl,Et,0 (3)

atom X ¥ z Ujso?

Au(l) 10031 (1) 1079 (1) 2696 (1) 37 (OH*
Au(2) L1561 (1) 1200 (1) 3159 (1) 38 (*
Au(3) 10372 (1) 1891 (1) 4032 (1) 42 (1)*
CI(l) 10048 (3) 3362(7) 2543 (3) 68 (3)*
Ci(2)  10025(3)  -1216(7) 2871 (3) 71 (3)*
Cl(3) 11683 (4) 737 (8) 784 (3) 69 (3)*
Cl(4) 12763 (4) 2477 (10) 5256 (3) 88 (4)*
CI(5) 7607 (4) [114 (11) 3833 (4) 104 (4)*
N(I3 10757 (8) 858 (16) 2156 (7) 31 (5)
N(2) 11374 (8) 914 (17) 2353 (7) 34 (5)
N(3) 11762 (9) 1565 (18) 3946 (7) 41 (5)
N(4) 11291 (8) 2082 (18) 4309 (7) 41 (5)
N(S) 9440 (8) 1595 (17) 3780 (7) 35 (5)
N(6) 9313 (9) 1299 (18) 3238 (8) 45 (5)
C(l) 10767 (10) 723 (23) 1601 (8) 35 (8)*
C(2) 11380 (11) 780 (20) 1431 (8) 37 (8)*
C(3) 11776 (9) 893 (20) 1906 (8) 28 (8)*
C(4) 12328 (12)  1592(26) 4230 (11)  S7 (1D*
C(5) 12229 (12) 2173 (30) 4737 (9) 57 (11)*
C(6)  11552(13) 2461 (23) 4794 (8) 56 (10)*
c(7) 8917 (11) 1496 (29) 4074 (12) 67 (12)*
C(8) 8412 (11)  1232(28) 3687 (11) 65 (11)*
C(9) 8678 (10) 1109 (26) 3182 (10) 53 (10)*
C(I11) 10082 (8) 1503 (15) 817 (7) 63 (8)
C(12) 9548 (8) 1319 (15) 473 (7) 83 (10)
C(I3) 9112 (8) 270 (15) 580 (7) 88 (10)
C(14) 9209 (8) -596 (15) 1031 (7) 79 (9)
C(15) 9743 (8) —412(15) 1375 (7) 59 (7)
C(16) 10179 (8) 638 (15) 1268 (7) 47 (7)
C(31) 12750 (6) 2034 (13) 2306 (6) 41 (6)
C(32) 13415 (6) 2093 (13) 2377 (6) 48 (7)
C(33) 13805 (6) 1092 (13) 2141 (6) 65 (8)
C(34) 13529 (6) 34 (13) 1834 (6) 53 (7)
C(35) 12863 (6) -25(13) 1763 (6) 36 (6)
C(36) 12474 (6) 975 (13) 1999 (6) 36 (6)
C(41) 12967 (6) -65 (15) 3684 (6) 44 (6)
C(42) 13549 (6) -514 (15) 3466 (6) 53 (7)
C(43) 14105 (6) 265 (15) 3541 (6) 64 (8)
C(44) 14079 (6) 1494 (15) 3833 (6) 64 (8)
C(45) 13497 (6) 1944 (15) 4050 (6) 68 (8)
C(46) 12941 (6) 1164 (15) 3976 (6) 46 (6)
C(61) 10802 (10) 4136 (21) S176 (7) 120 (14)
C(62) 10509 (10) 4746 (21) 5630 (7) 156 (17)
C(71)  8352(10) 2516 (23) 4884 (10) 143 (16)
C(72) 8299 (10) 2716 (23) 5452 (10) 164 (19)
C(73) 8774 (10) 2218 (23) 5808 (10) 136 (15)
C(74) 9303 (10)  1520(23) 5597 (10) 116 (13)
C(75)  9356(10)  1319(23) 5029 (10) 95 (L)
C(76) 8881 (10) 1817 (23) 4672 (10) 73 (9)
C(OI) 8429 (8) 1780 (15) 2218 (7) 58 (7)
C(92) 8085 (§) 1608 (15) 1727 (7) 88 (10)
C(93) 7697 (8) 457 (15) 1652 (7) 94 (11)
C(94) 7654 (8) -322 (15) 2069 (7) 80 (9)
C(95) 7998 (8) =350 (15) 2561 (7) 87 (10)
C(96) 8386 (8) 801 (15) 2635 (7) 56 (7)
o* 8922 (13) 3973 (21) 1141 (10) 121 (12)*
C(1*)  8843(19) 6116 (38) 2099 (15) 132 (15)
C(2*) 8942 (18) 5284 (37) 1638 (14) 115 (13)
C(3*) 9049 (18) 5290 (37) 641 (14) 117 (13)
C(4*) 8938 (26)  6215(56) 204 (22) 246 (31)
C(63) 10592 (10) 4187 (21) 6156 (7) Sl (11)
C(64) 10968 (10) 3017 (21) 6227 (7) 126 (14)
C(65) 11261 (10) 2406 (21) 5773 (7) 99 (11)
C(66) 11178 (10) 2966 (21) 5248 (7) 54.(7)

“An asterisk denotes the equivalent isotropic U defined as one-third
of the trace of the orthogonalized Uy, tensor.

Discussion

We have attempted to synthesize trimeric Aull'-pyrazolato
complexes by two procedures; by oxidation of a Au'-pyrazolato
trimer and by trimerization of Au'Y' monomeric complexes.
Surprisingly, both procedures have a common type of product,
the mixed-valence Au',/AuM-pyrazolato complexes. This ob-
servation suggests an unusual stability for the d'°d'%d?® configu-
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Table I1I. Sclected Distances (A) and Angles (deg) for
[Au(u-3,5-Phy-4-Cl-pz2)],Cl, (3)

Distances
Au(D)e-+Au(2)  3.3677 (6) N(2)-C(3) 1.37 (3)
Au(l)-«-Au(3)  3.4011(7) N(3)-C(4) 1.36 (3)
Au(2)---Au(3)  3.3352(7) N(4)-C(6) 1.34 (3)
Au(1)-CI(1) 2.262 (7) N(5)-C(7) 1.31 (3)
Au(1)-CI(2) 2.282(7) N(6)-C(9) 1.34 (3)
Au{1)=-N(1) 2.02 (2) C(1)-C(2) 1.34 (3)
Au(1)-N(6) 2.01 (2) C(2)-C(3) 1.42 (3)
Au(2)-N(2) 2.01 (2) C(4)-C(5) 1.37 (4)
Au(2)-N(3) 1.98 (2) C(5)-C(6) 1.44 (4)
Au(3)-N(4) 2.03 (2) C(7)»-C(8) 1.43 (4)
Au(3)-N(5) 2.05(2) C(8)-C(9) 1.35 (4)
N(1)-N(2) 1.37 (2) C(2)-CI(3) 1.69 (2)
N(3)-N(4) 1.42 (3) C(5)-Cl(4) 1.70 (2)
N(5)-N(6) 1.37 (3) C(8)-Cl(5) 1.72 (3)
N(D-C(1) 1.35 (3)

Angles

N(D-Au(1)-N(6) 1797 (7) CI(2)-Au(1)-N(6) 88.8 (5)

N(2)-Au(2)-N(3)
N(4)-Au(3)~-N(5)

177.4 (7)
176.6 (7)

Au(1)-N(1)-N(2) 118 (1)
Au(2)-N(2)-N(1) 121 (1)

Ci(1)-Au(1)~-Ci(2) 178.7 (3) Au(2)-N(3)-N(4) 121 (1)
CI(D)=-Au(1)-N(1) 893 (5)  Au(3)-N(4)-N(3) 115(1)
Cl(1)-Au(1)-N(6) 908 (5)  Au(3)-N(5)-N(6) 120 (1)
CI(2)-Au(1)=-N(1)  91.2(5) Au(1)-N(6)-N(5) 121 (1)

ration of the pyrazolato metallocycle.

The reactions of AuCl;py with Na[3,5-Ph,pz] and of AuCl;-
(3,5-Ph,pzH) with (n-Bu);N yield trimeric metallocycles. This
was expected in view of the known tendency of the pyrazolato
ligands to be bidentate. Transition-metal complexes containing
monodentate pyrazolato groups are rare. Two such complexes!'®!!
arc known, (PPh;),(CO)Ir(3,5-Me,pz) and (PPh,),CIPt(3,5-
Ph,pz). and they both act as metalloligands toward other metals,
forming'? Ir(u-3.5-Me,pz)Au and a series'! of Pt(u-3,5-Ph,pz)M,
M = Cu, Ag. or Au, heterobimetallic complexes, respectively. The
reduction of two-thirds of the Au'" atoms in both reactions is not
well understood. Obviously, the coordination of a pyrazolato
ligand, 3,5-Ph,p7™, is required for the reduction process; AuCl,py
is stable in solution until it is reacted with Na[3,5-Ph,pz] and so
is AuCl4(3.5-Ph,pzH) until it is deprotonated by (n-Bu);N. In
both cascs, thc amines can be the reducing agents; however, the
prescnce of stoichiometric amounts of either pyridine or tris(n-
butyl)amine fail to reduce all three Au' centers. It is not known
whether Au'™ — Au! reduction precedes trimerization or vice
versa.

The result of the reaction of 1 with aqua regia is most surprising.
Aqua regia a reagent which dissolves metallic gold and is used
as the ultimate cleaning solution for laboratory glassware, fails
to oxidize 1 beyond the Au',/Au™ oxidation state of 3. It can
be argued that the oxidation of the first gold atom improves the
m-acceptor ability of the two pyrazolato groups coordinated to
it, so that they remove sufficient electron density from the re-
maining two Au' atoms to prevent their oxidation. However,
changes in the Au-N bond lengths of 3, compared with those of
1, which would have been consistent with this argument, were not
obscrved in the structure of 3 (vide infra). A similar deactivation
of one metal atom toward oxidation upon oxidation of another
has been reported’ for some dirhodium and diiridium complexes
containing bridging pyrazolato ligands. Halogens also fail to
oxidize’ [Au(u-3,5-R,pz)]; complexes beyond the Auly/Au'" state.
Although there appears to be no steric reason that three planar
Au'"' units cannot coexist in these structures, the presence of the
one oxidized center clearly impedes oxidation at the other two
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1988, 24, 2338.
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Figure 2. ORTEP drawing of [Au(u-3.5-Phy-4-Cl-pz)];Cl, (3) with the
crystallographic numbering scheme. Thermal ellipsoids are drawn at the
50% probability level. Carbon and nitrogen atoms are of arbitrary radii
for clarity. Solvent molecule is not shown.

centers in the molecule. Electronic communication through the
pyrazolato ligands may be the origin of this effect. The halo-
genation of the 4-position of the pyrazolato rings of 3 is a com-
monly observed feature” in the chemistry of pyrazoles and py-
razolates.

The XPS examination of 2 shows that the Au(4f;,) ionization
of the Au' and Au!'l centers does not result in two resolved peaks.
Instead, a broadening of the Au'! peak with a shoulder at the
high-energy side is observed. The asymmetry of the spectrum
of 2 represents the 1:2 ratio of Au'':Au' in this complex. There
is only one other XPS study'# of a mixed-valence gold complex,
Au![u-(CH,);PPh,],AuMBr,, and its results are in agreement with
the ones presented here. In that study, a broadening of the peak,
with a width at half-height of 3.15 eV, was observed when its
spectrum was compared with those of its Au!, and Au'", ana-
logues, which showed widths at half-height of 1.62 and 1.93 eV,
respectively. The Aul/Aul!! XPS peak study was symmetric due
to the 1:1 ratio of Aul:Au'! centers.

The mixed-valence complex 3 crystallizes in the monoclinic
space group P2,/c with a whole molecule of the gold trimer and
an interstitial molecule of diethyl ether in the asymmetric unit.
Some important bond lengths and angles for 3 are listed in Table
11, The molecule consists of three gold atoms bridged by three
pyrazolato ligands, forming a (Au~N~N), nine-membered, planar
(within 0.15 A) metallocycle (Figure 2). The carbon atoms of
the pyrazolato rings deviate as much as 0.38 A from the best-fit
plane of the metallocycle, while the phenyl rings rotate freely out
of this plane. Two of the metal atoms are two-coordinate linear
Au' centers and the third one is a square-planar trans Au'". There
is no statistically significant difference between the Au'-N and
the Au'"-N bond lengths of 3, 1.98 (3)-2.05 (2) A, just as it had
been seen in the structure? of 2. The geometry of the pyrazolato
rings of 3 is comparable to the geometries of the corresponding
rings®® of 1 and 2, with N-N, N—C, and C—C bond lengths ranging
from 1.37 (3) to 1.42 (3) A, 1.31 (3) t0 1.37 (3) A and 1.35 (4)
to 1.41 (3) A, respectively. Therefore, the chlorination of the
4-position of the pyrazolato rings has no observable influence of
the rest of the structure. The small deviations from the ideal
coordination geometries for the gold atoms and from perfect
planarity for the nine-membered metallocycle cause the intra-
molecular Au--Au distances to be unequal, 3.3352 (7), 3.3677
(6), and 3.4011 (7) A.
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Supplementary Material Available: Tables SI-SV, listing crystallo-
graphic data, bond lengths, bond angles, anisotropic thermal parameters,
and hydrogen coordinates and isotropic thermal parameters for 3 (8
pages): Table SVI. listing observed and calculated structure factors for
3 (38 pages). Ordering information is given on any current masthead
page.
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The development of novel mono- and diphosphorus compounds,
either for their inherent physical properties' or for application to
catalysis? (in particular, asymmetric catalysis®) continues as an
important arca of synthetic phosphorus research. Most of the
compounds that have been developed for catalytic applications
arc derivatives of aryl- or alkylphosphines; suprisingly little work
has been done with less electron-rich ligands, such as phosphites
or related species. These are a very tempting group of compounds
for catalysis, since oxygenated phosphorus ligands may cause
dramatic changes in the reactivity or selectivity of a catalyst by
making the metal more clectrophilic. In addition, appropriately
functionalized chiral alcohols, particularly chiral diols, constitute
a synthetically diverse means of quickly. (in some cases) without
the need for a discrete resolution, synthesizing new chiral auxi-
laries.* Finally, the absence of a P-C bond in a ligand may permit
the synthesis of catalysts that are not degraded by oxidative P-C
bond cleavage. a significant problem in hydroformylation.

These advantages are balanced somewhat by certain important
problems. A less electron-rich metal center may not undergo the
oxidative-addition reactions that are the key to small molecule
activation. Also, while the P-O bond may be more stable to simple
oxidative-insertion reactions, it is still quite susceptible to hy-
drolysis, alcoholysis, or Arbuzov-type side reactions. In this paper,
we report how we have successfully addressed this synthetic
challenge in the moderate-scale synthesis of one group of com-
pounds, bis(dioxaphospholane) ligands (1) derived from a chiral

R = COzEt, COzPri, Ph

—
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1

(1) (a) Pastor, S. D.; Togni, A. Inorg. Chim. Acta 1989, 159, 3. (b) Pastor,
S. D.; Hyun, J. L.; Odorisio, P. A.; Rodebaugh, R. K. J. 4m. Chem.
Soc. 1988, 110, 6547.

(2) Pignolet, L. H. Homogeneous Catalysis with Metal Phosphine Com-
plexes, Plenum: New York, 1983.

(3) These include the following methods. Hydrogenation: (a) Knowles, W.
S. Acc. Chem. Res. 1983, 16, 106. (b) Halpern, J. Science 1982, 217,
401. (c) Ohta, T.: Takaya. H.: Noyori, R. Inorg. Chem. 1988, 27, 566.
Palladium-catalyzed allylation: (d) Auburn, P. R.; Mackenzie, P. B.;
Bosnich, B. J. Am. Chem. Soc. 1988, 107, 2033. (e) Mackenzie, P. B.;
Whelan, J.; Bosnich, B. J. Am. Chem. Soc. 1988, 107, 2046. (f) Trost,
B. M.; Murphy, D. J. Organometallics 1988, 4, 1143. (g) Hayashi, T.;
Yamamoto, A.. Hagihara, T.; Ito, Y. Tetrahedron Let:. 1986, 27, 191.
Hydroformylation: (h) Parrinello, G.; Stille, J. K. J. Am. Chem. Soc.
1987, 109, 7122. (i) Hobbs, C. F.; Knowles, W. S. J. Org. Chem. 1981,
44, 22. Decarboxylation: (j) Consiglio, G.; Scalone, M.; Rama, F. J.
Mol. Catal. 1989, 50, L11. Aldol condensations: (k) Pastor, S. D;
Togni, A. J. Am. Chem. Soc. 1989, 111, 2333.

(4) (a) Brunner, H. J. Organomet. Chem. 1986, 300, 39. (b) Kagan, H.
B. In Asymmetric Synthesis; Morrison, J. S., Ed., Academic: New
York, 1985; Vol. 5, p 1.

(5) Dubois, R. A.: Garrou. P. E. Organometallics 1986, 5, 466.
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diol side group and an achiral backbone.® Moreover, cationic
rhodium complexes of these ligands are indeed competent for the
generation of both hydrogenation and hydroformylation catalysts.

Results and Discussion

Simple chiral diols—we have worked with diisopropy! tartrate,
diethyl tartrate, and (R,R)-dihydrobenzoin’—react readily with
PCl, in the presence of base to give a chlorodioxaphospholanes?
as a single stereoisomer (eq 1). In the case of the tartrate esters,

Et;0 or THF
PCl, + HOCHRCHROH + 2py ———

r
2py-HCIl + CIP(OCHRCHRO) (1)

the product is purified by distillation in vacuo while the diphenyl
derivative is obtained pure after crystallization from ether. All
three compounds are obtained in analytically pure form in fair
to good (46-93%) yield. They are sensitive to protic solvents but
are indefinitely stable at ambient temperatures under dry nitrogen.

The formation of a bis(dioxaphospholane) could conceivably
be performed with any other diol. However, reactions with ali-
phatic 1,2-diols such as ethylene glycol and pinacol are complicated
by the decomposition reactions, presumably involving an equi-
librium mixture of heterocyclic rings. Much better results are
obtained with 1,3-propanediol, which affords good (71-90%) yields
of the desired diphosphorus products as oils (eq 2) that can be

1
CIP(OCHRCHRO) + HOCH,CH,CH,OH +
Et;0 or THF
2py —— 2PyHCI + 1 (2)

purified to spectroscopic and analytical purity from ether. The
NMR spectra of these complexes are essentially the same as their
acyclic analogues (shifts in the *'P NMR spectrum occur at ca.
145 ppm). They are thermally sensitive, but can be stored at low
temperature and handled for short periods at ambient tempera-
tures.

Our primary interest in these compounds is as auxiliaries for
asymmetric catalysis, and indeed they easily form cationic rhodium
precatalysts. Reaction with bis(1,5-cyclooctadiene)rhodium
tetrafluoroborate gives good yields of analytically and spectro-
scopically pure complex salts (eq 3).° These exhibit a charac-

RO O { O R
I P 4 I + Rh(1,5-COD);
R0 O0R
N
0 Q
e TS
RN
Chcl, | R7-07 RN OR

teristic resonance in the 3'P NMR spectrum at ca. 150 ppm with
a coupling to rhodium of ca. 240 Hz, indicative of a phosphite-like
ligand bound to Rh(I)."0

The rhodium complexes are precatalysts for the hydrogenation
of enamides. Reactions in acetone at atmospheric pressure and

(6) Similar strategies, to somewhat different ends, have been employed by
others: (a) Szaltonai, G.; Bakos, J.; Toth, I.; Heil, B. Magn. Reson.
Chem. 1987, 25, 761. (b) Szaltonai, G.; Bakos, J.; Toth, I.; Pelczer, ..
Soharir, P. Phosphorus Sulfur 1987, 30, 734.
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T.. Wai, J. S. M.; Sharpless, K. B. Tetrahedron Lett. 1989, 30, 2041.
(b) Jacobsen, E. N. Mark®, I.; Mungall, W. S.; Schrader, G.; Sharpless,
K. B. J. Am. Chem. Soc. 1988, 170, 1968.
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72, 5491. (b) Edmundson, R. S. Chem. Ind. (London) 1965, 1220.
Other terms that have been for these compounds are used are phos-
phochloridites, dioxaphospholes, and cyclic phosphites.

(9) The phosphorus ligand, once coordinated to rhodium, seems quite stable
thermally.

(10) Schrock, R. R.; Osborn, J. A. J. Am. Chem. Soc. 1971, 93, 2397.
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