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PREFACE

This dissertation consists of seven sections. The first section is a review of the
pertinent literature on which this thesis is based. At the end of the first section is a
Statement of Research Project which outlines the goals of the research described herein.
Each of the remaining Si;( sections represents research as it was submitted for journal
publication. Literature citations, tables, and figures pertain only to the section in which
they are included. Section II involved the reinvesiigation and continuation of a project
initiated by Dr. Colleen M. Duff, and as such, a brief description of her contribution is
included in the Acknowledgments portion of that section. Likewise, all other

contributions to the work presented herein are similarly acknowledged.



SECTIONI GENERAL INTRODUCTION



INTRODUCTION

Phosphines have constituted one of the most extensively investigated classes of
ligands in transition metal chemistry. Their use in a variety of homogeneous transition
metal catalyzed applications of industrial significance, such as hydroformylation,
hydrogenation, olefin isomerization, olefin oligomerization and olefin hydrocyanation (a
phosphite is used in the Du Pont adiponitrile process), attest to their importance in the
field of organometallic chemistry.l

Multidentate phosphines, in particular, have several distinct advantages which
account for their increasing use. Careful adjustments to steric, electronic, and structural
features in multidentate phosphines can be used to control the coordination num‘ber,
stereochemistry, and basicity at a metal center. In comparison to their monodentate
counterparts, chelation of multidentate phosphines has been found to add increaéed
stability to transition metal complexes. The chelate ring size is also of great irﬁportance
and may drastically alter the reactivity of a given complex. For example, the bidentate
ligand dppm prefers to bridge two metal centers rather than chelate to one metal. Hence
"A-frame" bimetallic complexes comprise a large portion of the chemistry of this ligand.
As a second example, the rates of rhodium-catalyzed hydrogenation and
hydroformylation have also been shown to be highly dependent on chelate ring size.2

Multidentate phosphines may also possess other donor atoms including N, As,
Sb, O, S, and Se. Incorporation of these donor atoms into phosphine ligands has been
achieved using a variety of functional groups such as amines,3 thioethers,3¢.f ethers,
esters, phosphine oxides, phosphine sulfides,- 6 and phosphine selenides.6 Mixed
donor ligands which contain phosphine groups, as well as weak donor atoms such as N, -

O, S, or Se, have been labeled "hemilabile".? The phosphine groups provide a strong



anchor to the metal complex but the weak donors are readily displaced by other
substrates, thus providing accessible coordination sites on the metal. Coordinative
unsaturation is a known prerequisite for a catalytic transition metal catalyzed system.8

Numerous review articles pertaining to phosphine transition metal complexes
have appeared in the literature over the past twenty years. Early reviews by McAuliffe
detailed the chemistry of bidentate and tetradentate phosphines including some mixed
donor ligands.? Meek published!0 a less extensive review of phosphine transition metal
chemistry in 1978. A legendary review addressing steric factors in phosphine complexes
was published!! by Tolman in 1977. The coverage in this review included cone angles,
chelate ring effects, 3IP NMR spectroscopy and some X-ray crystallographic data.
Garrou has presented two reviews recently; the first detailing P-C bond cleavage in
homogeneous systems!2 and the second discussing the utility of 3P NMR spectroscopy
in the study of transition metal phosphine complexes.!3 An extensive compilation of
relevant 31P NMR spectroscopic data and references has also been included in a recent
text edited by Quin and Verkade.l4 An excellent review of transition metal catalyzed
asymmetric synthesis, including a discussion of approximately thirty chiral bidentate
phosphines, has also been published.!> The most recent review was put forth by
McAuliffe in 1987.16 Included in his discussion are common synthetic routes used in the
preparation of phosphines as well as recent advances in the chemistry of macrocyclic
phosphine ligands.

Although the number of review articles relevant to this topic is large (above is
only a partial listing), several recent developments in the area of multidentate phosphines
have not been covered. Additionally, the topic of mixed donor ligands has received little
attention in review articles and the author is aware of no review articles concerning

phosphine ether ligands. This general survey will thus be divided into two parts. The



-« first will cover tertiary phosphines with a denticity of three or greater, concentrating on

important contributions over the past fifteen years. The works of McAuliffe and Kagan

together reference an incomplete list of approximately ninety different bidentate

phosphines. Hence, bidentate phosphines, as well as macrocyclic ligands, will not be

included in this discussion. The second part of this general survey will focus on the

important aspects of phosphine ether coordination to transition metals. Following this

general survey will be a brief statement addressing the purpose for the research presented

in the remainder of this thesis.

Table 1. Compilation of tritertiary phosphine ligands

Tritertiary Phosphines Substituents References
Typel
CH3C(CH2PR2)3 R=Me 17-20
Et 21
Ph 21-24
HC(PR2)3 R=Me 25
Ph 26-38
CH3Si(PR3)3 R =r-Bu 39, 40
Et 40
Pr 40
CH3Si(CHCH,PPh3)3 41



Table 1. Continued

Tritertiary Phosphines Substituents References
RP(CH;CH2PR'2)2 10 R =Ph,R'=Ph 42, 43
11 R =Ph,R'=Me 43, 44
12 R=Me,R'=Ph 44
13 R=Me,R'=Me 43, 44
14 R=R'=CHCMe3 45
RP(CH2CH2CH2PR2)2 15 R =Ph,R'=Ph 46, 47
16 R=Ph,R'=Cy 47
17 R=Me,R'=Me 48
18 R=Me,R'=Et 48
19 R=tBu,R'=Me 48
MesP(CH2)2P(Ph)(CH2)2PPhy 20 43, 49
PhoP(CH3)3P(Ph)(CH2),PPhy 21 50
PhP(0-CeHaPPh2)2 22 51
23 52,53

/_(_\ PPhy

PhP  PPh,




MULTITERTIARY PHOSPHINES

Tritertiary Phosphines

Tritertiary phosphines can readily be divided into two types as shown in Table 1.
Tritertiary phosphines of type I are based on the ligands CH3C(CHPR2)3 synthesized?!
by Hewertson and Watson in 1962. These tripodal ligands all possess essentially C3y
symmetry, but differ in the identity of the bridgehead atom (Si, C), the number of
methylene groups between the bridgehead atom and phosphorus (n =0, 1, 2), and the
identity of the alkyl or aryl substituent on phosphorus. These differences account for the

wide range of chemistry observed for these ligands.

(CH),—PR;
& 4(CHY,~PR,
—F /

\

(CHp),—PR;

Rl

Typel

Recently, Ellis has used CH3C(CH2PMe»)3 (1) to stabilize phosphine analogues
of the unknown compounds M(CO)7 where M = Zr, Ti, or Hf. The zirconium complex
(m3-1)Zr(CO)4 represents only the fourth example of a Z10 carbonyl complex and the

first to be characterized by X-ray crystallography.18 Its synthesis is shown in reaction 1.

The titanium analogue (3-1)Ti(CO)4 was synthesized19, 20 by the reaction of 1 with
(dmpe)Ti(CO)s. This complex is thermally stable up to 150 °C and represents one of the
most thermally siable Ti0 carbonyl phosphine complexes known. The stability of these

seven coordinate complexes is attributable to the chelating nature and the basicity of the



tritertiary phosphine ligand. The less basic phenyl substituted phosphines
CH3C(CH2PPhy)3 and PhP(CH2CH,PPh))», as well as the non-chelating but highly
basic PMe3, do not react with (dmpe)Ti(CO)4 to form complexes of this kind.

60°C
MCL+2 THF + 1 + 4KCjoHg + 4CO ——= (DM(CO), + 4KCl (1)

M =Ti, Zr, Hf + 4CoHg +2 THF
C,0Hg = naphthalene

The first tripodal tritertiary phosphine of type I where n = 0 was synthesized26 in
1970, but the transition metal chemistry of this group of ligands did not begin to ﬂoprish
until 1978 when de Boer et al. reported39 that CH3Si(Pr-Bup)3 (6) can face-cap a tetra-
hedral cluster of metals as verified by X-ray crystallography for Ru3(CO)g(113-13-6).

Other examples of face-capped clusters with these tripodal ligands quickly followed and
crystal structures were reported for (6-toluene)Cos(CO)s[it3-n3-{ PhoP)3CH}], 27

I4{CO)o[p3-n3-{ (Ph2P)3CH}1,28 and Cos(CO)glut3-M3-{(Ph2P)3CH}12% The tripodal

ligand HC(PPhy)3 was also found to act as a template30 with the sequential incorporation



of three equivalents of Ni(CO)4 to form the face-capped cluster Ni3(CO)g[pt3-n3-
{(PhaP)3CH]}] as shown in Scheme 1. These face-capped clusters exhibit much
improved thermal stability with a decreasing tendency for cluster fragmentation. This is
an important discovery since fragmentation has severely hindered attempts to use small
metal clusters in homogeneous metal-catalyzed applications. The tripodal ligands in
these cluster systems, however, are not completely inert to thermal decomposition.
Extended heating of the trinuclear nickel cluster in Scheme I results in P-C bond cleavage
with the formation of the bimetallic complex Nia(p-dppm)2(u-CO)(CO)2.33 Similarly,
extended heating of Ruz(CO)g[u3-13-{(PhoP)3CH]}] in THF results in the ortho-
metallation of one phenyl substituent by the phosphorus atom of a neighboring

phosphine group with concomitant loss of benzene.32

" Scheme I

thp/y PPhy

+Ni(CO)4 \ Ph,
HC(PPh,): 3 /
( 2)3 2C0 Ni

7 N\

PPh
+NiCO)s  PhoF\ - P,
==}/  Ni(CO)

oC” “co
1 lbﬁ(cou

C /%
PR
OC\ / N CcO RP™ o 2

oC Cco

N—N" A 111 /CJI)BI%I ‘
- & i B S 1T—|=N1
H £ oC— \ I/ \_co
Ph,P ,Pl% O\C/Nl\\CO
PhyP PPh, AN

CO
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The tripodal tritertiary phosphines where n = 0 exhibit other coordination modes
in addition to face-capping small clusters. Mague et al. have reported37 the preparation
of {HC(PPh3)3}Fe(CO)4 and {HC(PPh3)3}Mo(CO)4 where HC(PPh2)3 coordinates in
1! and 12 modes respectively. Selegue et al. reported3? the first example of HC(PPh)3

acting as a tridentate ligand to one metal atom as verified by X-ray crystallography for
[CpFem3-PhyP)3CH)]PFg. This coordination mode is expected to be unfavorable due

to the formation of highly strained four-membered chelate rings. The synthesis of this

complex is shown in reaction 2.

i, .
! \Y/ "
Fe PF, + HC(PPh,); %... thpy "PPh, | PR, (2)

&> Y%

Other interesting chemistry of the tripodal tritertiary phosphines of type I includes
the synthesis of the carbonyl bridged rhodium dimer (13-3)2(u2-CO)Rh while trying to
synthesize a face-capped tetranuclear cluster,23 the formation of a a novel "atrane”

structure, and the metal-promoted formation of the non-symmetrical tripodal ligand 23.

th (o) Ph2 0]
\ I

R PR
\ / Rh/ 1 RzP —Rh~ AN 2

OO/

A\, |
11;11 th <\/81§/>

] L
(M?-3),Rhy (u-CO), Si(CH,CH,PPh,); Rh(CO)
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The "atrane" complex was reported4! by Hendriksen et al. as part of an investigation of
the series of ligands MexSi(CH2CH2PPh2)4-x for the rhodium-catalyzed
hydroformylation of 1-butene to pentanal. For x = 1, the catalyst became deactivated
with the formation of a bright yellow solid. This complex was characterized as
Si(CH2CH2PPh)3Rh(CO) by X-ray crystallography, apparently resulting from Si-C
bond cleavage under the reaction conditions. Ligand 23 was formed>2 by the addition of
diphenylphosphine to bis(diphenylvinylphosphine)tetracarbonyl tungsten as shown in
reaction 3. Heating the complex (112-23)W(CO)4 results in the loss of CO and the
formation of (N3-23)W(C0)3.53

Ph, PPh,

P
/
7ans-(OC)yWPhoCH=CHp), + PhoPH ————= (00)W ?3)

P
Ph,

M2-23)W(CO),

The tritertiary phosphines of type II are all open-chain analogues of
PhP(CH2CH2PPh3), and PhP(0-CgHy4PPha)s. These ligands can triligate to a metal
atom in several geometries. However, P-M-P angles in five-membered chelate rings are
typically about 83°. In square planar or mer-octahedral complexes with ligands of type
IT and n = 2, the presence of two fused five-membered chelate rings introduces some
strain to the complex. Meek has shown?6 by X-ray crystallographic analysis of
PhP(CH2CH,PPh3)7RhCl that this ring strain can be removed'by incorporating

additional methylene groups into the ligand backbone such that n = 3.
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Pth' PPh,
PhP—Rh—Cl PhP—Rh—Cl
PPh, PPh,
Ph,P-Rh-PPh, = 166° Ph,P-Rh-PPh, = 171°

Tetratertiary Phosphines

As shown in Table 2, there are three types of tetratertiary phosphine ligands;
tetrapodic, tripodic, and open-chain. The tetrapodic ligands are exemplified by
Si(CHCHPPhy)4#! and C(CHpPPhy)4. 34 These ligands are incapable of coordinating
all four phosphine groups to a single metal atom and have not been extensively studied.

The tripodic tetratertiary phosphines are similar to the tritertiary phosphines of
type I where the bridgehead atom is phosphorus. This class of ligands can accommodate
metals of trigonal bipyramidal, square pyramidal, square planar, and octahedral
geometries. Which geometry is favored is dependent on the metal, the number of
methylene groups between the phosphorus donors, and the substituents on phosphorus.
For example, King et al.45 have shown that P(CHyCH,PR3)3 forms trigonal bipyramidal
five-coordinate nickel(Il) complexes for R= Me and Ph. For the bulky neopenty! group,
however, a square planar complex is formed and one terminal phosphine group remains
uncoordinated. The formation of a trigonal bipyramidal nickel complex is sterically
prevented by the six bulky neopentyl groups of the terminal phosphine groups.
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Table 2. Compilation of tetratertiary phosphine ligands

Tetratertiary Phosphines Substituents References
C(CH,PPh3)4 24 54
Si(CH2CH,PPhy)g. 25 41
P(o-CeH4PPhy)3 26 51
P(CH2CHPR))3 27 R=Ph 55-64

28 Me 44

29 CHC(CH3)3 45
P(CH2CH2CH,PR2)3 30 R=Me 48, 65 - 68

31 Et 48
{R2P(CH2)2P(R")}2(CH2)n 32 n=3,R=Ph,R'=Ph 50

33 n=2,R=Ph,R'=Ph 55,69-71

34 n=2,R=Me,R'=Ph 44

35 n=1,R=Ph,R'=Ph 73

36 n=1,R=E,R'=Ph 72-74
{RoP(CH2)3P(R) }2CH2 37 R=i-Pr 75
{R2PCH2P(R) }2(CH2)n 38 n=1,R=iPr 75

39 n=2,R=i-Pr 75

40 n=3,R=i-Pr 75

41 n=6,R=i-Pr 75

42 n=10,R =i-Pr 75
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X PR,
R.P l\II PR RZP\/\ I
2 |1 wa2> X P—l\lh——Cl Cr
P PR,
R=Me, Ph; X=Cl Br, I R = CH,C(CHs)3

The dependence of the metal geometry on the chelate ring size has been
demonstrated by Sacconi and Dahlenburg. Sacconi et al. have shown30 that the
geometry for [FeBr{(PhoPCH2CH2)3P}]1BPhy is a trigonal bipyramid. The adoption of
this geometry reflects the increased strain introduced by two or more fused five-
membered chelate rings if an octahedral geometry were adopted. This strain is
minimized in a trigonal bipyramidal geometry. In contrast, the longer chain phosphine
P(CH,CH,CH,PMe3); forms octahedral complexes with FeX3 (X = Cl, Br, ).65 This
ligand has a larger bite angle and can readily accommodate an octahedral geometry

without suffering from ring strain.

R)p—Fee pkb BPh,

Recently, this interconversion betwen trigonal bipyramidal and octahedral

geometries has allowed transition metal complexes of these tetratertiary tripodal ligands
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to contribute significantly to the area of C-H bond activation. The trigonal bipyramidal
rhodium and iridium monohydride complexes {P(CH2CH2PPh2)3}MH (M =Rh, I)
form highly reactive cationic complexes when the hydride is remove with CH3*. These
reactive cationic complexes oxidatively add acetylenes and arenes, including the phenyl
substituents on the phosphine ligand, to yield octahedral complexes as shown in reaction

4, 58-64 The ortho-metallation resulting from oxidative addition of a phosphine phenyl

H gz PR, gz PR,
|\“ P R2 CH3 N\ ""- R'H \| l"" .-“‘ R'

&/'@ (|

M =Rh, Ir; R=Ph '= -C=C-R"
-Ph

group is a reversible reaction in the presence of other donors such as carbon monoxide or
acetylenes.50 Similarly, photolysis of the octahedral ruthenium dihydride complex
{P(CH2CH,CH,PMe3)3}RuH3 results in elimination of Hp to form a highly reactive
intermediate which also oxidatively adds arenes (reaction 5).66.67 Crystal structures
have been reported® for several of these oxidative addition products. In addition to this
rich C-H bond activation chemistry, Bianchini has also reported®* the reversible reaction
between a cis-dihydride complex, which has been characterized by X-ray
crystallography, and an 1)2-Hz complex (reaction 6).
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The open-chain tetratertiary phosphines are all analogues of ligand 33 prepared

by King et al..35 These phosphines can coordinate to one or two metals as bi-, tri-, or

tetradentate ligands. These ligands are prepared as a mixture of meso and rac

diastereomers.69 The synthesis of metal complexes with this mixture leads to a mixture

H

Hu,,, I .PR2
R,P*™

| "PRb

A7

<+
.
~——g—

HH

R,P —Rh

|‘\‘ P RZ

~ PR2

S

©®

of diastereomeric products which can be differentiated spectroscopically in some cases.

In both crystal structures that have been reported for metal complexes of 33, the ligand is

in the meso form.70. 71

Stanley et al. have recently reported’? the synthesis of the new ligand

EtpPCH2CHoP(Ph)CH,P(Ph)CH2CH2PEt? (36) in which only one methylene group
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separates the two internal phosphorus donors. This design feature is commonly used to
favor a bridged coordination mode as is often found for dppm. Again, this takes
advantage of the ring strain that would be induced if dppm were to chelate to one metal.
Bimetallic complexes with M-M bonds should readily be obtainable with this ligand. As
for the other open-chain tetratertiary phosphines, ligand 36 is formed as a mixture of
meso and rac forms. For 36, however, these forms are readily separated. Reaction of
this mixture with NiCls yields two diastereomers of NizCl4(36) having different crystal
morphologies.”3 Both have been characterized by X-ray crystallography. These two
complexes can be separated by recrystallization or chromatography. The
diastereomerically pure ligand can be freed from the metal by displacement with cyanide.
~ Reaction of 36 with Coa(u-CO)2(CO)z(norbornadiene) forms a mixture of
diastereomeric Co2(C0O)4(36). Recrystallization yields crystals of the diastereomer
containing the meso form of the ligand. X-ray crystallography confirmed a ligand-
enforced "cradle” geometry with the two internal phosphorus denors spanning the Co-

Co bond.7* In bimetallic complexes containing two bridging dppm ligands, the

Opo
ocC /C‘ G co
NN

"cradle geometry" of
Co, (1-CO),(CO),(36)

phosphines are usually oriented trans to one another. Only a few bimetallic dppm

complexes which adopt a cisoid or "cradle” geometry have been reported.76-78



18

Bimetallic comlexes which adopt a "cradle” geometry may exhibit unusual reactivity due

to the steric accessibility of the two metal atoms.

Pentatertiary Phosphines

Only one pentatertiary phosphine ligand (43) has been synthesized (See Table
3).44 No transition metal chemistry has been reported for this ligand, however. A
second pentatertiary phosphine ligand (44) was obtained?® during the photolysis of a
hexatertiary phosphine metal complex as will be discussed in the next section. The

ligand 44 has not been prepared in its uncoordinated form.

Hexatertiary Phosphines

King et al. have synthesized two hexatertiary phosphine ligands, 4544 and
46. 80 The framework for these Hgancis was chosen to favor hexacoordination to one
metal making a phosphine analogue of EDTA (ethylenediaminetetraacetic acid). No
transition metal chemistry ;>f the methyl derivative 46 has been reported. The phenyl
derivative 45 reacts with a variety of metal precursors yielding mixtures of monometallic

and bimetallic complexes. These products suffered from poor solubility, hindering

(\ li,Rz
e

N\ | ZPR,
i
k/PRZ

attempts at purification. No monometallic hexacoordinated complexes were obtained.

The formation of such a complex is undoubtedly severely restricted by steric interactions
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of the eight phenyl substituents as well as the strain that would be inherent in the

formation of five fused five-membered chelate rings.

Table 3. Compilation of penta- and hexatertiary phosphines

Ligands Substituents References
Pentatertiary Phosphines
PMe, 43 44
Me,P PMe,
Ph
P, P.
b u
Et,P Et:zp PEt, 44 79
K/P \/P\)
Hexatertiary Phosphines
. 1;2P PR;R 45 R =Ph 80
2 L J 2 46 R=Me 44
K/P P\)
\—/
47 81-88
Et,P PEt,
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The major contribution to the transition metal chemistry of hexatertiary
phosphines has come from the group of G. G. Stanley. Stanley et al. have recently
synthesized®1 an analogue of 45 and 46 which incorporates a single methylene bridge
between the two internal phosphorus atoms. This feature allows 47 to favor bimetallic
complexation with M-M bonded systems. It is hoped that cooperative behavior might be
observed in bimetallic complexes with short metal-metal contacts, with potential
application in homogeneous transition metal catalyzed systems. Homobimetallic
complexes of NiCly,32. 83 PdCl,,33 PtCl,,83 84 CrCl3,85 FeCly,38 Cr(CO)3,36
Mo(CO0)3,86 and W(CO)3,36 as well as heterobimetallic complexes of Ni, Pd and

R [ M M..,
Et21>--——1‘|’I N ==rey, EpRY N\ P<>",P Ety
|\/p P<//| Et,PN\__/, \“_ PEt,
A B

| B A
wPEL n, | r\PEtz
¥ A l

" M.n\\‘ /\P"
VAR 1\i/["“'PEtz =1 ~wp e, l L

| M
EtzP%tz /P\/P\) EtZP\)\.z(l ~~
3 PEt2
C D
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Ni, Co, 87 which do not contain M-M bonds, have been synthesized. A novel chiral
complex of iron has also been prepared38 where 47 chelates to one iron atom as a
tetradentate ligand. In addition, spectroscopic data has been reported for Co2(CO)2(47)
which presumably has a structure of type A. The various coordination modes observed
for this ligand are illustrated on the previous page. In B and C, both octahedral and
square planar geometries have been observed.

Attempts were made to prepare M-M bonded systems from complexes of types B
and C thermally or photochemically.”? However, photolysis of W2(CO)g(47) in
CH2Cl, yielded the seven coordinate complex W2Cl4(CO)4(47). The thermal reaction of
47 and W(CO)g yielded the unusual complex W2(CO)7(44). The ligand 47 has lost an
Et2PCH2CH> group and a new P-C bond has been formed. |

No tertiary phosphine ligands with a denticity greater than six have been

reported.
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PHOSPHINE ETHERS

Interest in phosphine ether ligands emerged in 1969 with the report of the crystal
structure of {MepAs(o-CgH4OCH3) }2RhCl3, in which an ether oxygen of an arsine
ligand is coordinated to rhodium.89 Knowles et a1.90-92 at Monsanto quickly made use
of the related Z-ﬁlethoxyphenylphosphines PAMP (104), CAMP (105), and DiPAMP
(106) in the rhodium-catalyzed asymmetric hydrogenation of N-acylaminocinnamic
acids as shown in reaction 7. The synthesis of S-3,4-dihydroxyphenylalanine, or L-
DOPA, was achieved with an enantiomeric excess of up to 95%; an important find
considering L-DOPA is used in the treatment of Parkinson's disease. This was a major
breakthrough which aroused considerable interest in the area of transition metal catalyzed

asymmetric transformations as well as phosphine ether ligands.

/COR 1) Rh caalyst JNH,
N ,  2) hydrolysis %
NHR COH

R"O HO
S-3,4-dihydroxyphenylalanine (L-DOPA)

Although some debate continues, !5 many feel that a preferential arrangement of
aryl substituents of the ligand around the metal center, and the steric interactions between
these aryl groups and the substrate, mediate chiral recognition.92 For 104 - 106, weak
interactions between the metal and the ether oxygen of the ligand may aid in providing
the necessary arrangement of these aryl groups. In support of this proposal, the X-ray
structure of [(DiPAMP)Rh(COD)]+ shows that the methoxy oxygen atoms of DiPAMP
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are oriented towards the rhodium atom at nonbonding distances of about 3.7 A.
Furthermore, recent NMR spectroscopic data confirms®3 coordination of an ether group
of DIPAMP to the metal center of an iridium alkyl hydride complex.

Also in the early 1970's, Shaw et al. found®# 95 an increase in the rate of
oxidative addition of methy! iodide to rhodium(I) and iridium(I) complexes of 2-
methoxyphenylphosphines. For reaction 8, the rates of reaction for the ligands MesPPh,

CH;
OCy,, WPMeR — +CHI oCy, | wPMeR ®
RMe,PY™ (| RMe;P™ | ~C]
I

R = 0-C4H,OCH;, p-C¢H,OCH;, Ph

MeyP(p-CeHs OCH3), and MeaP(0-CsH4OCH3) (102) were measured to be
4.75 x 102, 6.75 x 102, and 530 x 10-2 mol-1s-1, respectively. The rate of reaction is
approximately 100 times greater for the complex containing ligand 102 than for that
containing the electronically very similar MeoP(p-CgH4OCH3). Shaw explained his
observations by proposing a weak coordination of the ether oxygen of ligand 102 to the
metal as illustrated below. This is the same kind of interaction proposed above in the
rhodium-catalyzed asymmetric hydrogenation reactions using ligands 104 - 106. This
additional donor ligand on the metal may increase the basicity at the metal and hence
increase the rate of oxidative addition. The rates of oxidative addition reactions are
known to increase with increasing electron density on the metal.

Stable Ru(II) complexes containing coordinated ether groups of ligands 102 and

103 were isolated?0 in 1975. The first X-ray structure for an oxygen coordinated
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phosphine ether complex was reported”” in 1976. Since then the investigation of
phosphine ethers has expanded rapidly. Table 4 contains a comprehensive list of
phosphine ethers reported in the literature. (This list and the present discussion exclude
macrocyclic crown ethers attached to phosphine ligands for the purpose of coordinating
alkali metal cations near transition metals. For recent information on this area see
reference 98.) Ether coordination for these mixed donor ligands has been observed in
complexes of Mo, W, Ru, Co, Rh, and Pt. Ether coordination has been confirmed by
X-ray crystallography for [{(PhoPCH2CH»)20 }Rh(CO)]PFg,97
(o-diphenylphosphinoanisole);RuClp,” (CH3OCH2CH,PPh2)2RuClp, %
(CH30CH2CH2PPh2)2,Ru(CO)Cl2,% {CH30CH2CH2P(i-Pr)2}2Rh(Cl,100
[Rh(TMPP),]BF4,10! (TMPP)Mo(CO)3,192 and Rh2(0>CCH3)3(TMPP)(MeOH)103
(TMPP = tris-(2,4,6-trimethoxyphenyl)phosphine, 112).

Ethers are usually poor ligands to low valent mid- to late-group transition metals
and should readily be displaced by other donor ligands. The lability of the ether portion
of these "hemilabile" phosphine ethers has been demonstrated by substitution with
ethylene (Rh),100 acetylenes (Rh),!00 phosphites (Mo, W), 104 nitriles (Mo,102 Ru7),
dimethylsulfide (Pt),3f pyridine (Pt),3f isocyanides (Ru),” and carbon monoxide (Mo,104

W,104, 105 Rh,100, 106 Ry, 7. 96,99 Pt3f), Some of these substitution reactions
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oC
o 0C, _~Co
C M/
H PR W==C0 4 .co H | ~PPh
‘N-—sl<N/ Phy | Al “N— i-<;}§’ N
8 +CO i
N'§/ NJ

M=Mo, W
are reversible. Two examples of reversible binding of CO under thermal or photolytic

conditions are given in reactions 9107 and 10.104

Ph, Ph,
/P /P
(OC)4M\ © (OC)4M\ (10)
0 hv, -CO o o)
M=Mo, W

Two groups have investigated the potential implications of reversible complex
formation with these ligands in transition metal catalyzed systems. Horner et al. have
examined!08 the effects of aryl substitution in the ligands 114 - 177 on the rhodium -
catalyzed hydrogenation of 1-hexene. Their interest was spurred by the results of
asymmetric hydrogenation studies of Knowles mentioned above. Homer concluded
from his study that ortho-methoxy substitution in the aryl substituents of the phosphine
ether ligands favors a brief coordinative interaction between the ether oxygen of the
ligand and rhodium. This brief interaction stabilizes the configuration of the catalytic
intermediate. The role of this rapidly reversing ether coordination has been called the

"Scheibenwischer-Effekt" or "Windshield-Wiper Effect".
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Recently, Lindner et al. have undertaken99: 104, 106, 109-121 3 major study of
cobalt- and rhodium-catalyzed carbonylations utilizing the ligands 109 - 111 and 178 -
198. Numerous reports in this series have dealt with the rhodium-catalyzed conversion
of methyl iodide to acetic acid, a phosphine ether model for the Monsanto acetic acid
synthesis. The Monsanto synthesis122 produces acetic acid from methanol and carbon
monoxide with the intermediate formation of methyl iodide generated from methanol and
HI, which is a cocatalyst in the system. A typical mechanistic scheme accounting for
Lindner's observations is shown in Scheme I'V. The five-coordinate complexes A have
been spectroscopically characterized in solution at low temperature, but reversibly form
square planar complexes of type B at higher temperatures. Complexes of type B have
been isolated and fully characterized. Intermediates of type C have been characterized
spectroscopically in some cases, but they readily form the isolable acyl complexes D. In
the presence of additional CO the acyl complexes reductively eliminate CH3C(O)I and
reform A. Subsequent hydrolysis of CH3C(O)I yields acetic acid. An interesting note in
the conversion of D to A is the dependence of this step on the ligand. Lindner
reports109; 115,119 that in the presence of CO reductive elimination of CH3C(O)I from
the acyl complex takes place at 100 °C for ligands 181 and 192, but takes place at 0 °C
for ligand 109. No rationale for this observed difference was given. Similar to
Horner's conclusions for rhodium-catalyzed hydrogenation, Lindner concludes that the
reversible phosphine ether coordination plays an important role in these rthodium
catalyzed carbonylations by occupying or providing vacant coordination sites on the
metal catalyst at various stages of the catalytic pathway. He distinguishes this important
contribution of the phosphine ether ligands as the "Auf- und Zuklapp-Mechanismus" or

an "Opening and Closing Mechanism".
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Scheme IV
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In addition to the early work of Shaw and Knowles, and the aforementioned
work by Lindner, Dunbar et al. have very recently reported some interesting chemistry of
the very bulky phosphine ether 112. For example, 112 reacts with
(né-cycloheptatriene)Mo(CO)3 to yield the complex (112)Mo(CO)3 in which two ether
oxygens of the ligand are coordinated to molybdenum.102 More interesting is the ability

of this ligand to form an air-stable monometallic complex of Rh(II). The complex
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[Rh(112),][BF4]2 is the first structurally characterized example of a monomeric cationic
rhodium(IT) complex.101

S0 o H;CO
/0 / R\ O\ 3
PE = R= OCH;

HsC oc—'Nf°~co 3 HaCO

C
o

(TMPP)Mo(CO);

Table 4. Compilation of phosphine ether ligands

Ligands Substituents References
R,P 101 R=Me 94, 95
102 R=Ph 7,94 - 96
CH;0
Ph 2P_Q 103 9
CH;0CH,

OCH; 104 90-92
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Table 4. Continued

Ligands Substituents References
. QCH 105 90-92
AP
CH;3
CAMP

OOW3 @
%, &
s /T N\
@P P@ 106 90-93

H;CO

DiPAMP
N/ \
mp N een, 107 97, 123
/~ N/ \
mf Y oo, 108 124, 125
=.—
RZP/ \OCH3 109 R=i-Pr 100, 109
110 Cy 99, 110, 111
111 Ph 3¢, 3f, 109,
99, 112-114
[CH;0
pl Q OCH, 112 101 - 103
| CH;0
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Ligands Substituents References
ko
_-PPhy 113 107
N _.wN__PPh,
N\/
Ph,P 114 R=Et 108
115 Pr 108
RO 116 i-Pr 108
117 +-Bu 108
pup Q 118 R=Me 108
119 Et 108
| RO ) 120 Pr 108
121 i-Pr 108
122 R=Me 108
P
RO
3
OR 123 R=Me 108
Phﬁ«@ 124 Et 108
125 Pr 108
RO 126 i-Pr 108
127 +Bu 108
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Ligands Substituents References
OR 128 R=Me 108
PhP Q 129 Et 108
130 Pr 108
RO 2 131 i-Pr 108
132 +-Bu 108
) OR 133 R=Me 108

=)
| RO 3

RO OR 134 R=Me 108
thp_d 135 Et 108
136 Pr 108
137 i-Pr 108
138 Bu 108
139 t-Bu 108
140 s-Bu 108
RO OR 141 R=Me 108
PP Q 142 Et 108
‘ 143 Pr 108
5 144 i-Pr 108
145 Bu 108
146 +-Bu 108
147 s-Bu 108



Table 4. Continued

Ligands Substituents References

RO OR 148 R=Me 108
P
3

RO, 149 R=Me 108
Ph 2P 150 Et 108
151 Pr 108
RO 152 i-Pr 108
153 Bu 108
154 t-Bu 108
155 s-Bu 108
RO i 156 R=Me 108
P Q 157 Et 108
/ 158 Pr 108
RO ) 159 i-Pr 108
160 Bu 108
161 t-Bu 108
162 s-Bu 108
RO, ] 163 R=Me 108
b 164 Et 108
165 Pr 108
RO 3 166 i-Pr 108
B B 167 Bu 108
168 t-Bu 108
169 s-Bu 108



Table 4. Continued

Ligands Substituents References
RO MR 170 R=Me 108
thp__@_ OR 171 Et 108
172 Pr 108
173 i-Pr 108
RO OR 174 R=Me 108
PhP oR 175 Et 108
176 Pr 108
RO OR 177 R=Me 108
P OR
3
R,PCH, (/ \5 178 R=Me 12
0 179 -Bu 12
180 Ph 12
R,PCH, ( 5 181 R=Me 115, 116
0 182 +-Bu 116
183 Cy 99, 106, 111
184 Ph 99, 104, 106
114, 116
0 -
R,PCH, ) 185 R=Cy 117
0 186 Ph 117, 118
187 Mes 117
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Ligands Substituents References
R-PCH _<°:> 188 R=Cy 117
7% 189 Ph 117
190 Mes 117
O -
R,PCH, _Q 191 R=Ph 114
o) _ )
R(Ph)PCH, _(‘ _) 192 R=(CHys3SiMe3 119
o)
193 116
w0
(O N )
[ 0
pwptcn, _)] 194 120
. o0/ 1>
[ 195 104, 116
PhP“CHz'O
| 0" |2
P P 196 R= _ Q 120, 121
_P P CH, _)
R R 0
197 R= ~CH, Z 5 120
(0}
198 R= CHyCH,OCH3 120
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STATEMENT OF RESEARCH PROJECT

Recently, the new tetratertiary phosphine 2,3-bis(diphenlyphosphinomethyl)-
1,4-bis(diphenylphosphino)-butane (199) was synthesized in our group.126 This ligand
is dissimilar from the previously reported phosphines compiled in Table 2 in that 199 is
not tripodic, as are 26 - 31, and it is not an open-chain ligand like 32 - 42. Ligand 199
is a tetrapodic ligand, but differs from 24 and 2§ since it may potentially tetracoordinate
to one metal as shown for D. Other coordination medes are also plausible and are
illustrated as A - E. For complexes of type D, the unique geometric constraints of the
ligand limit metals to square planar or square pyramidal geometries with the sixth
coordination site effectively blocked by the ligand backbone. Such a complex may
exhibit unusual reactivity since changes in steric and electronic factors can dramatically

alter the reactivity patterns of a metal complex as was discussed with numerous examples

L, NS
M . M
llzhz ghz Ph,P” “PPh, thp\“
o \ th PPh
LM /0 2,
P p
Ph, Ph,
A PPy FPh; .
PPh,
L,
th Ph,
P hZP ,,, "M .\\\P Phy P=0
thPF"| "'npphz
U =0
th th
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in the general survey of multidentate phosphines. No comparable phosphine ligands
have been reported, with the exception of ligand 200 which was previously proposed®2
by Chiswell as a ligand which may favor the formation of square planar or square
pyramidal complexes. The synthesis and chemistry of this ligand has not been reported

and merits consideration for future work.

Ph%Pm.,,, M P{’ ha

thpr ==y pph,
200

In a previous study of Group X metals,126 ligand 199 was shown to
form complexes of type A for MLy = PdCly and type E for ML = PdCl and Pdl>. No
complexes of types B or C were reported. Preliminary evidence was presented for
complexes of type D for Ni(II), Pd(IT), and Ag(I). There are discrepancies in the
spectral data presented for these complexes, however, and I have found the syntheses of
these complexes to be irreproducible.
The chemistry of this ligand has now been reinvestigated. The scope of this
study has been expanded to include transition metals from Groups VI, VIII, IX, and X,
and the emphasis of this study has been aimed at identifying all of the common
coordination modes of this ligand so that prior discrepancies can be addressed. Section
I of this thesis details these results, including the identification of complexes of types A,
C, and E, the possible formation of a complex of type B, and a rationale for the inability

of this ligand to form complexes of type D.
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In an attempt to prepare [Pd(dppp)2][BF4]2 as a model for complexes of type D,
an unprecedented fluoride-induced redox reaction was discovered. In this reaction
Pd(II) phosphine complexes are reduced to Pd(0) complexes with the concomitant
formation of one equivalent of a difluorophosphorane (R3PF2). The scope of this new
reaction was explored for several aryl phosphine complexes of Ni(II), Pd(II), and Pt(II).
The results of this study are presented here in Sections VI and VIL

From the overview of phosphine ether ligands presented earlier, and a brief
perusal of Table 4, it is apparent that new variations on this limited class of ligands may
be of interest. Of the ninety ligands listed in this table, seventy contain methoxyphenyl
substituents on phosphorus. Sixty three of these were utilized in Horner's thodium-
catalyzed hydrogenation study and have not been systematically investigated in other
systems. Few of these ligands are capable of ether coordination with the formation of
six-membered chelate rings (only ligand 102 has been demonstrated to coordinate with
the formation of six-membered chelate rings) and only five ligands (106, 107, 196 -
198) contain two phosphine groups. Furthermore, these ditertiary phosphine ether
ligands are not constrained to a particular geometry upon ether coordination and may
accommodate both fac and mer arrangements of ligands.

The new ditertiary phosphine ether 201 has been synthesized starting from
1,1,2,2-tetrakis(hydroxymethyl)cyclopentane and an investigation of its basic

coordination chemistry has been undertaken. (This tetraol framework was chosen since it

PPh,
Y § “PPhy

201
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was also being studied127 as a precursor for the synthesis of new tetratertiary phosphine
analogues to ligand 199 in connection with the chemistry in Section I). This ligand has
been found to coordinate to transition metals in either bidentate (P, P°) or tridentate

(P, P, O) coordination modes as reported in Section III of this dissertation. The lability
of the coordinated ether in the tridentate coordination mode of this ligand has been
investigated and has yielded interesting results in regard to the stereospecificity of

. substitution reactions in Group VI metal carbonyl complexes. These results are presented

in Sections IV and V.
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SECTION I1. COORDINATION CHEMISTRY OF A NEW
TETRATERTIARY PHOSPHINE LIGAND
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ABSTRACT

The synthesis and characterization of the new tetratertiary phosphine 2,3-
bis(diphenyl-phosphinomethyl)-1,4-bis(diphenylphosphino)butane (5) is reported.
Oxidation of 5§ with +-BuOOH or Sg yields the tetraphosphoryl and tetrathiophosphoryl
derivatives 6 and 7, respectively. The molecular structure of 6 was confirmed by X-ray
crystailography. Crystals of 6 are triclinic, space group P1, with unit cell dimensions a
=11.703) A, b =21.80(3) A, ¢ = 9.28(6) A, ¢ =94.0(3)°, B = 102.7(3)° and Y =
88.4(2)°. The structure was refined to R = 0.065 and Ry = 0.053 for 1207 unique
reflections with I > 26(I). The complexes [CH(CH2PPh2)2MLq]2 have been prepared
for MLy, = PdCly, PdBr, Pdlp, NiClp, PtClp, Cr(CO)4, Mo(CO)4, W(CO)4, Fe(CO)3,
Rh(COD)* and Rh(CO),+, in which 5 coordinates in a bis-bidentate manner to two
metals with the formation of six-membered chelate rings. This coordination mode was
confirmed by single crystal X-ray diffraction studies on the complexes
[CH(CH2PPh2)2MLq]2 for MLy = PdCls and NiClp. Crystals of
[CH(CH,PPh2)2PdCl5]; are monoclinic, space group P21/n, with unit cell dimensions a
=21.798(8) A, b = 13.927(5) A, ¢ = 22.802(9) A, and B = 115.81(4)°. The structure
was refined to R =0.13 and Ry, =0.11 for 1996 unique reflections with I > 2o(I).
Crystals of {CH(CH,PPhy)sNiClh]s are triclinic, space group P 1, with unit cell
dimensions a = 14.320(5) &, b = 14.601(2) A, ¢ = 19.448(15) A, o = 92.39(2)°, B =
99.83(4)°, y=99.00(1)° and Z = 4. The structure was refined to R = 0.096 and Ry, =
0.13 for 5341 unique reflections with F2 > 36(Fo2). The monometallic complex
(PhoP(O)CH2)2CHCH(CH;PPh32),PdCl, was also synthesized. Crystals of this
complex are orthorhombic, space group Pna2, No. 33, with unit cell dimensions a =
33.375(5) A, b=11.125(2) A, c = 14.886(3) A, and Z = 4. The structure was refined
to R = 0,048 and Ry, = 0.066 for 3031 unique reflections with Fg? > 36(Fg?). The
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monometallic complexes (5-P,P’,P",P=E)Mo(CO)3 were prepared for E = lone pair, O,
and S in which 5 exhibits a tridentate (P,P’,P") coordination mode. The monometallic
complex (5)RhCl was also prepared but 31P NMR spectroscopy indicates a complicated
solution behavior for this complex. Similarly, attempted syntheses of monometallic
complexes of Ni(I) and Pd(II) yielded mixtures which also exhibit complex behavior in
solution as shown by 31P NMR spectroscopy.
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INTRODUCTION
Recently, our group has been investigating the coordination chemistry of the main
group elements P, As, Si and Ge with the tetraol frameworks 1a-1d. These
investigations have focused on the synthesis and reactivity of the orthoesters of these
elements, such as phosphorus in 2a-2d,! as well as the attempted synthesis of novel
rectangular pyramidal five-coordinate species. Whereas five-coordinate phosphorus,

arsenic, silicon and germanium compounds typically favor a TBP geometry, the
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structural requirements of 1a-1d are such that five-coordinate tetra-alkoxide species of

these elements must exhibit a SP geometry. As a step toward this goal we have recently
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reported the results of deprotonation studies of the pendant alcohol group of 2a-2d12
and the structures of the two novel silicon isomers 3a an& 3b3

We have now undertaken an elaboration of this project to include the chemistry of
the transition metal elements with donor atoms other than oxygen in 1a-1d. Of interest
here is the introduction of phosphine groups into the tetradentate framework. A
tetradentate phosphine of this kind may exhibit any one of four possible coordination
modes, A-D (illustrated for n = 1). One interesting possibility for such a ligand is that it
can potentially act as a bis-bidentate chelating ligand to two metal centers to form homo-
or heterobimetallic complexes. Bimetallic complexes may be formed with either of the
two isomeric structures A and B since such a ligand could coordinate with the formation
of two six- or two seven-membered rings. Based on models, a tridentate coordination
mode C of fac geomeitry is also obtainable. A tetraphosphine based on ﬁ'gmeworks 1a-
1d may also f.orm mononuclear transition metal complexes of type D where fhe rﬁetal

must possess a square planar or square pyramidal geometry. Although the steric bulk

th
H
th Ph,

4 X=Cl
5 X =PPh, ML, ML,
6 X = P(O)Ph,
7 X =P(S)Ph, 8 PdCl, 14 Mo(CO),
9 PdBr, 15 W(CO),
10 Pdl, 16 Fe(CO)s
PhoP PPhy 11 NiCl, 17 Rh(COD)
LM ML, 12 PCl, 18 Rh(CO),
\ / 13 Cr(CO),
Ph,P PPh,
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and structural limitations of this framework may not be ideal for the formation of
complexes of type D, the possibility of forcing square planar geometries on tetrahedral
metals such as Ag*, Ni0, Pd? and Pt0 is an intriguing one.

Here we report the synthesis and characterization of the new tetradentate phosphine
2,3-bis(diphenylphosphinomethyl)-l,4-bis(diphen&lphosphino)butane (5) and its
phosphoryl and thiophosphory! derivatives 6 and 7. Some of the scope of the transition
metal coordination chemistry of 5 is reported here for Cr, Mo, W, Fe, Rh, Ni, Pd and
P, through the characterization of the new homobimetallic complexes 8-18 of structural
type A, the monometallic complexes 19-21 of structural type C, and the unexpected
monometallic complexes 22 and 23 of type E. The structures of 6, 8, 10 and 11, as
well as the partially oxidized product 23 have been confirmed by X-ray crystallography.
Attempts to synthesize mononuclear square planar complexes of type D for Rh(I), Ni(II)

and Pd(I1) are also presented herein.
L \\\L
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EXPERIMENTAL SECTION

General Procedures

All reactions were performed under an inert atmosphere of argon or nitrogen using
standard inert atmosphere techniques. Toluene, pentane, tetrahydrofuran and diethyl
ether were distilled from sodium benzophenone ketyl prior to use. Methylene chloride,
acetonitrile, and dimethylsulfoxide were distilled from calcium hydride. PhoPH,* (n®-
cycloheptatriene)Mo(CO)3,5 (NBD)Cr(CO)4.,5 (pip)2Mo(CO)s,” (COD)W(CO)4,8
(benzylideneacetone)Fe(CO)3,? (PhCN)2PdClp,10 (NBD)PdBr»,11 NiClp
(anhydrous), 12 RhaCla(COD)2,13 Ni(DMSO0)g(BF4)2,14 (COD)PtCl,15 and 2,3-
di(hydroxymethyl)-1,4-butanediol 16 were prepared as previously described.
Pd(BF4)2+4CH3CN and AgBF4 were purchased from Strem and Aldrich, respectively,
and used without further purification. Solution NMR spectra were recorded on Nicqlet
NT 300 (1H, 13C), Bruker WM200 (13C, 31P), Bruker WM300 (13C, 31P), Varian
Unity 500 (1H, 13C, 1H{31P}), or Varian VXR300 (1H, 13C, 31P) spectrometers using
a deuterated solvent as the internal lock. Chemical shifts are reported relative to TMS
(1H, 13C) or 85% H3PO4 (31P). Mass spectra were recorded on Kratos MS-50 (EI,
HRMS) or Finnigan 4000 (EI, CI) spectrometers. IR spectra were recorded using an
IBM 98 FT-IR spectrometer. Conductance measurements were made with a Markson
ElectroMark Analyzer. Microanalyses were carried out by Schwarzkopf Microanalytical
Laboratories, Woodside, NY.

Preparation of 2,3-di(chloromethyt)-1,4-dichlorobutane (4)

The title tetrachloride was prepared as previously reported.!6 mp 53-54 °C, lit. mp
52-53 °C; IH NMR (CDCl3) 8 3.90 (dd, 2Jgy = 11.5 Hz, 3Jyy = 2.8 Hz, 4H, CHp),
3.73 (dd, 2Jgy = 11.5 Hz, 3Jgg = 6.0 Hz, 4H, CHy), 2.29 (m, 2H, CH).
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Preparation of 2,3-bis(diphenylphosphinomethyl)-1,4-
bis(diphenylphosphino)butane (5)

A red-orange solution of PhoPNa was generated in situ by stirring PhoPH (10.05
g, 54.0 mmol) and sodium metal (1.28 g, 55.6 mmol) in 150 mL of THF overnight.
Excess sodium was removed by filtration. The phosphide solution was cooled to 0 °C
and was treated dropwise with a solution of 4 (3.00 g, 13.4 mmol) in 50 mL of THF.
The reaction mixture was allowed to warm to room temperature with stirring for three
hours and was then refluxed for 30 min. Excess phosphide was quenched by the slow
addition of water until the red color of the phosphide faded. The volume of the solvent
was reduced in vacuo to approximately 50 mL and diethyl ether and water were added.
The ether layer was separated and the aqueous layer was extracted twice more with 75
mL of diethyl ether. The organic extracts were combined, dried over anhydrous
Na3S04, and the solvent was removed in vacuo to yield a thick residue which partially
solidified on standing. Recrystallization of this residue from 3:1 MeOH/benzene or from
THF/EtOH yielded white needles. The product was isolated by filtration, rinsed with
EtOH, and dried in vacuo. Yield 8.0 grams (73%). An additional crop of product was
isolated upon cooling the filtrate, 1.20 g (10%). Further purification may be achieved by
flash chromatographic separation on Kieselgel 60 silica, eluting with benzene.
mp 91-93 °C; HRMS (EI) m/e calcd for C54Hs50P4 (M+) 821.769, found 821.817;
13C NMR (CDCl3, 75 MHz) & 138.8 (m, Ph-ipso), 133.0 (4, 2Jpc = 20.4 Hz, Ph-
ortho), 132.9 (d, 2Jpc = 19.9 Hz, Ph-ortho), 128.2 (m, Ph-meta), 35.1 (tt, CH), 32.0
(m, CHy); IH NMR (CDCl3, 500 MHz) 8 7.35-7.10 (m, Ph), 2.26 (dd, 2Jgyg = 13.0
Hz, 3Jgg = 7.0 Hz, 4H, CHy), 2.12 (m, CH, 2H), 2.03 (dd, 2Jgg = 13.0 Hz, 3Jgu =
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7.0 Hz, 4H, CHy); Anal. Calcd for Cs4HsoP4¢ 3C¢Hs: C, 79.62; H, 6.68; P, 13.69.
Found: C, 79.56; H, 6.31; P, 13.58.

Preparation of 2,3-bis(diphenyiphosphorylmethyl)-1,4-
bis(diphenylphosphoryl)butane (6)

Method A. Strong heating (100-130 °C) for 24 h or sonication for 16 h of 5
(0.321 g, 0.391 mmol) in DMSO in the presence of a catalytic amount of water
quantitatively yields 6. Sonication was carried out by immersion of the reaction flask
into a Branson 50-60 Hz ultrasonic cleaning bath. The solvent was removed in vacuo
and the product was recrystallized from CH3CN to yield 0.331 g of 6 (96%).

Method B. A solution of § (0.50 g, 0.61 mmol) in 15 mL of toluene was cooled
to0 ;’C and was treated with a solution of ~-BuOOH in toluene (0.8 mL, 3.6 M). The
solution was allowed to warm to room temperature while stirring for three hours.
Hexane (15 mL) was added and the resulting white solid was isolated by filtration,
rinsed with hexane, and dried in vacuo. The resulting product is spectroscopically pure,
but can be recrystallized from CH3CN. Yield 0.37 g (70%). mp 243-244 °C; IR(KBr)
vp=0 1178, 1117 cm-1; 13C NMR (CDCl3) & 133.5 (d, 1Ipc =98 Hz, Ph-ipso), 132.9
(d,Ypc = 97 Hz, Ph-ipso), 131.4 (d, 4Jpc = 2 Hz, Ph-para), 130.65 (d, 2Jpc = 8.5 Hz,
Ph-ortho), 130.60 (d, 2Jpc = 8.5 Hz, Ph-ortho), 128.6 (d, 3Jpc = 11.5 Hz, Ph-meta),
34.6 (m, CH), 32.1 (dd, LJpc = 69 Hz, 3Jpc =9 Hz, CH3); IH NMR (CDCl3, 500
MHz) § 7.69 (ddd, 3Jpg = 11.5 Hz, 3Jyg = 8.0 Hz, 4Jgy = 1.5 Hz, 8H, Ph-ortho),
7.58 (ddd, 3Jpy = 11.5 Hz, 3Jgg = 8.5 Hz, 4Tyg = 1.5 Hz, 8H, Ph-ortho), 7.46-7.30
(m, Ph-meta, para), 2.96 (ddd, 2Jgy = 15.0 Hz, 2Jpy = 12.5 Hz, 3Jgy = 6.5 Hz, 4H,
CHy), 2.70-2.55 (m, 6H, CH, CHy); Anal. Calcd for Cs4Hs50P404: C, 73.13; H, 5.68;
P, 13.97. Found: C, 72.53; H, 5.68; P, 13.67.



57

Preparation of 2,3-bis(diphenylthiophosphorylmethy!)-1,4-
bis(diphenylthiophosphoryl)-butane (7)

A solution of § (0.500 g, 0.607 mmol) and Sg (0.083 g, 0.32 mmol) in 15 mL of
toluene was refluxed for one hour to yield a white mixture. The solid was isolated by
filtration and was then eluted on a silica gel column with CH2Cly. The pure product-
containing fractions were combined and the solvent was removed in vacuo. The product
was recrystallized from CH>Cla/hexane to yield white crystals. Yield 0.56 g (96%). mp
275-276 °C; HRMS (EI) m/e calcd for Cs4Hs50P4S4 (M) 950.17461, found 950.17659;
13C NMR (CDCl3) § 133.7 (d, 1Ipc = 82 Hz, Ph-ipso), 131.8 (d, Jpc = 78 Hz, Ph-
ipso), 131.7 (d, 2¥pc = 10.5 Hz, Ph-ortho), 131.3 (d, “Jpc = 2.6 Hz, Ph-para), 131.0 |
(d, 4Tpc = 2.7 Hz, Ph-para), 130.7 (d, ZJpc = 10.5 Hz, Ph-ortho), 128.5 (d, 3Jpc =
12.2 Hz, Ph-meta), 36.9 (m, CH), 35.8 (dd, 1Jpc = 53.4 Hz, 3Jpc = 7.3 Hz, CHp);
1H NMR (CD;Clp) 8 7.86 (ddd, 3Jpy = 13.0 Hz, 3Jyy = 7.5 Hz, 4Jyy = 1.5 Hz, 8H,
Ph-ortho), 7.59 (ddd, 3Jpg = 13.0 Hz, 3Jyy = 7.5 Hz, 4Jgy = 1.5 Hz, 8H, Ph-ortho),
7.46-7.33 (m, Ph-meta, para), 3.22 (m, 4H, CHj), 2.81 (m, 2H, CH), 2.62 (m, 4H,
CHy); IH{31P}NMR(CD,Cl, 500 MHz) & 3.22 (dd, 2Jyy = 15.0 Hz, 3Jyyg = 6.0 Hz,
4H, CHy), 2.81 (pentet, 3Jgy = 6.0 Hz, 2H, CHp), 2.62 (m, 4H, CHp); Anal. Calcd
for Cs4Hs50P4S4: C, 68.19; H, 5.30; P, 13.03. Found: C, 67.53; H, 5.12; P, 12.61.

Preparation of Cl;Pd(PPh2CH32)2CHCH(CH,Ph,P)2PdCl; (8)

A solution of § (0.240 g, 0.292 mmol) in 20 mL of toluene was added dropwise to
a solution of (PhCN)»PdCl» (0.240 g, 0.626 mmol) in 50 mL of toluene. The resulting
mixture was stirred for five hours to insure complete reaction. The pale yellow solid was

isolated by filtration, rinsed with 10 mL of toluene followed by 10 mL of diethyl ether,
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and was dried in vacuo. Yield 0.30 g (87%). Recrystallization can be achieved by slow
evaporation of a DMSO solution of 8 in air. 13C NMR (dg-DMSO) § 134.4 (d, ZJpc =
10 Hz, Ph-ortho), 132.4 (d, 2Jpc = 8 Hz, Ph-ortho), 131.9 (s, Ph-para), 131.4 (d, lJpc
= 61 Hz, Ph-ipso), 130.7 (s, Ph-para), 128.6 (d, 3Jpc = 10 Hz, Ph-meta), 128.1 (d,
3Jpc = 11 Hz, Ph-meta), 127.5 (d, 1pc = 57 Hz, Ph-ipso), 38.2 (m, CH), 28.1 (4,
1Jpc =35 Hz, CH2); IH NMR (dg-DMSO) 8 7.70 (m, Ph-orthb), 7.5-7.3 (m, Ph-meta,
para), 2.18-2.09 (m, CH, CH»).

Preparation of BraPd(PPhaCH2)2CHCH(CH2Ph2P)PdBr3 (9)

A solution of § (0.33 g, 0.40 mmol) in 5 mL of CH2Cl, was slowly added to a
solution of (NBD)PdBr> (0.32 g, 0.89 mmol) in 15 mL of CH2Cl and the resulting
mixture was.stirred overnight. Filtration yielded a light yellow solid which was washed
with CH,Clp and dried in vacuo. Yield 0.40 g (74%). 13C NMR (dg-DMSO) 6 134.6
(d, 2Jpc =7 Hz, Ph-ortho), 132.5 (d, Hpc = 57 Hz, Ph-ipso), 132.2 (d, 2Jpc = 8 Hz,
Ph-ortho), 131.9 (s, Ph-para), 130.6 (s, Ph-para), 128.5 (d, 3¥pc = 11 Hz, Ph-meta),
128.0 (d, 3Jpc = 11 Hz, Ph-meta), 127.7 (d, 1Ipc = 52 Hz, Ph-ipso), 28.5 (m, CHy).

Preparation of I;Pd(PPh,CH3);CHCH(CH»Ph2P)>2PdI; (10)

To a solution of PA(BF4)2¢4CH3CN (0.340 g, 0.766 mmol) in 10 mL of CH3CN
was added a solution of 5 (0.310 g, 0.377 mmol) in S mL of CH2Cl. The 31P NMR
spectrum of this solution showed a complex mixture to be present, with sharp singlets at
24.0 and 22.5 ppm and broad resonances at 11.0, 7.9, 7.1, and 6.4 ppm: No
resonances attributable to free phosphine or phosphine oxide were observed. To this

complex solution was added Et4NI, yielding a deep red solution, the 31P NMR spectrum
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of which showed only two singlets at 11.4 and 11.7 ppm in a ratio of approximately

10:1.

Preparation of CIzNi(PPh,CH32)>2CHCH(CH2Ph;P);NiCl (11)

To a suspension of anhydrous NiClp (0.095 g, 0.73 mmol) in 30 mL of CH3CN
was added a solution of § (0.30 g, 0.36 mmol) in 15 mL of CH2Cl; to give a deep
orange-red mixture. This mixture was refluxed for 30 min in which time all solids
dissolved to give a deep red solution which was cooled and reduced to a volume of 10
mL in vacuo. Diethyl ether (5 mL) was added to initiate precipitation and the mixture
was cooled overnight. The deep red product was isolated by filtration, washed with two
10 mL portions of diethyl ether, and dried in vacuo. Yield 0.31 g (80%).
Recrystallization from CH3CN yields red crystals which crumble to a powder upon

removal from their mother liquor.

Preparation of Cl;Pt(PPh2CH>)CHCH(CHPh2P),PtCl; (12)

A solution of 5 (0.300 g, 0.365 mmol) in 5 mL of CH>Cl was added to a solution
of (COD)PtCl3 (0.270 g, 0.722 mmol) in 15 mL of CH2Cl and the resulting mixture
was stirred overnight. The white product was isolated by filtration, washed with 5 mL
of diethyl ether, and dried in vacuo. Yield 0.34 g, 71%.

Preparation of (0C)4Cr(PPh2CH3)2CHCH(CH2Ph2P)2Cr(CO)4 (13)
(Norbornadiene)tetracarbonylchromium (0.191 g, 0.729 mmol) and § (0.300 g,
0.365 mmol) were refluxed in 30 mL of tetrahydrofuran for 30 min to yield a yellow

soluticn. The solvent was removed in vacuo to yield a yellow solid which was washed

with methanol and dried in vacuo. Yield 0.30 g (71%). 13C NMR (CD2Clp) §226.1



(at,17 separation 19 Hz, COgq), 221.5 (1, 2Jpc = 14 Hz, COx), 221.4 (t, 2Jpc = 14 Hz,
COax), 139.0 (m, separation 44 Hz, Ph-ipso), 136.5 (m, separation 29 Hz, Ph-ipso),
132.7 (at, separation 11 Hz, Ph-ortho), 131.2 (at, separation 10 Hz, Ph-ortho), 130.5
(s, Ph-para), 129.7 (s, Ph-para), 128.7 (m, Ph-meta), 38.5 (it, 3Jpc = 11 Hz, 2Jpc =5
Hz, CH), 34.9 (at, separation 19 Hz, CH»).

Preparation of (OC)sMo(PPhCH2)2CHCH(CH2Ph2P)Mo(CO)4 (14)

Bis(piperidine)tetracarbonylmolybdenum (0.240 g, 0.610 mmol) and 5§ (0.261 g,
0.304 mmol) were refluxed in 25 mL of CH2Cl; for 30 min to yield a bright yellow
solution. Volatiles were removed in vacuo to yield a pale yellow solid which was rinsed
with methanol and dried in vacuo. Yield 0.27 g (71%). 13C NMR (CD2Clp) §214.8
(m, separation 16 Hz, COeg), 210.6 (t, 2Jpc = 9.5 Hz, COax), 210.3 (t, 2Jpc = 8.0 Hz,
COa2x), 138.9 (m, separation 41 Hz, Ph-ipso), 136.1 (m, separation 30 Hz, Ph-ipso0),
132.8 (at, separation 13 Hz, Ph-ortho), 131.3 (at, separation 11 Hz, Ph-ortho), 130.6
(s, Ph-para), 129.6 (s, Ph-para), 128.7 (at, separation 10 Hz, Ph-meta), 128.6 (at,
separation 10 Hz, Ph-meta), 38.77 (it, 3Jpc = 10 Hz, 2Jpc = 5 Hz, CH), 35.7 (at,
separation 18 Hz, CHj).

Preparation of (OC)4W(PPh2CH ), CHCH(CH2Ph,P)2W(CO)4 (15)
(Cyclooctadiene)tetracarbonyltungsten (0.200 g, 0.495 mmol) and § (0.205 g,
0.248 mmol) were refluxed in 30 mL of tetrahydrofuran for 30 min to yield a pale yellow
solution. The solvent was removed in vacuo and the resulting yellow solid was washed
with methanol and dried in vacuo. Yield 0.25 g (71%). 13C NMR (CD2Cly) § 205.4
(m, separation 17 Hz, COeq), 203.2 (t, 2Jpc = 8 Hz, COqx), 202.6 (t, 2Jpc = 6 Hz,
COzx), 138.5 (m, separation 47 Hz, Ph-ipso), 135.7 (m, separation 35 Hz, Ph-ipso),
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132.9 (at, separation 12 Hz, Ph-ortho), 131.4 (at, separation 11 Hz, Ph-ortho), 130.8
(s, Ph-para), 129.9 (s, Ph-para), 128.4 (m, Ph-meta), 39.1 (tt, 3Jpc = 10 Hz, 2Jpc = 4
Hz, CH), 35.8 (at, separation 30 Hz, CH3).

Preparation of (OC)3Fe(PPhy;CH32),CHCH(CH2Ph,P),Fe(CO)3 (16)

(Benzylideneacetone)tricarbonyliron (0.450 g, 1.57 mmol) and § (0.600 g, 0.729
mmol) were stirred in 20 mL of toluene for four hours at room temperature. The solvent
was removed in vacuo to yield a red-orange residue. This residue was dissolved in
toluene and eluted on a silica gel column to yield a yellow solution. Removal of the
solvent in vacuo gave the product as a bright yellow solid. 13C NMR (CD2Cl», 20 °C) &
220.2 (t, 211;c = 9 Hz, CO), 140.2 (at, separation 51 Hz, Ph-ipso), 134.9 (at, separation
38 Hz, Ph-ipso), 133.3 (at, separation 12 Hz, Ph-ortho), 131.0 (at, separation 9 Hz,
Ph-ortho), '130.5 (s, Ph-para), 129.9 (s, Ph-para), 128.7 (m, Ph-meta), 38.9 (m, CH),
34.1 (at, éeparation 27 Hz, CHj); IH NMR (CDClp) § 7.4-7.1 (m, Ph), 2.13 (m, 4H,
CHy), 1.92 (m, 4H, CHy), 1.13 (m, 2H, CH).

Preparation of (5)Mo(CO)3 (19)

A solution of 5 (0.400 g, 0.486 mmol) and (6-cycloheptatriene)Mo(CO)3 (0.134
g, 0.486 mmol) in 25 mL of toluene was stirred for 30 min at room temperature and was
then refluxed for 1.5 hours. The resulting yellow-brown solution was cooled and the
solvent was removed in vacuo. The remaining residue was dissolved in CH>Cl» and
eluted on a silica gel column. A Iight yellow fraction was collected and the solvent

removed ir vacuo to yield a pale yellow solid.




62

Preparation of CloPd(PPhaCH3)2CHCH(CH2P(O)Pha)2 (23)

A solution of the ligand 5 (0.235 g, 0.286 mmol) in 5 mL of toluene was added to
a yellow solution of 8 (0.298 g, 0.253 mmol) in 25 mL of DMSO. This mixture was
stirred for three days during which time 31P NMR spectra showed two new resonances
at 21.4 and -20.9 ppm assigned to the presence of CloPd(PPh2CH2)>CHCH(CH,PPh2)2
(22). This solution remained unchanged over the next three weeks as indicated by 31p
NMR spectra. The solution was then exposed to air and stirred for five days. DMSO
was removed from the solution at 40 °C in vacuo to yield a yellow solid. This yellow
solid was redissolved in 5 mL of CH2Cl3 and the resulting yellow solution was treated
with 15 mL of MeOH to precipitate S0 mg of unreacted 8 which was isolated by
filtration. The solvent was removed from the filtrate to yield a light yellow solid.
Remaining traces of 8 were removed by eluting this material on a silica gel column with
acetone. Removal of the solvent from the product-containing fractions in vacuo yielded
0.260 g of 23 as a creamy white solid, a 60% yield based on the quantity of 8 not
recovered. (This is a minimum value for the % yield since the unknown quantity of
unreacted 8 not precipitated in the methanol addition step was subsequently removed by
chromatography.) A pale yellow crystalline sample of 23 was obtained by layering
methanol onto a DMSO solution. IR(KBr) vp-o 1184, 1119 cm-1; 13C NMR (CD»Clp)
0 134.8 (at, separation 11.2 Hz, PPhy-ortho), 133.5 (at, separation 10.7 Hz, PPhj-
ortho), 133.1 (d, Jpc = 98.9 Hz, P(O)Phz-ipso), 132.7 (d,1Jpc = 98.9 Hz, P(O)Phs-
ipso), 132.2 (4, 4Tpc = 2.7 Hz, P(O)Phy-para), 132.1 (s, P(O)Phz-para), 132.0 (s,
PPhy-para), 131.4 (s, PPhy-para), 131.2 (d, 2Jpc = 9.7 Hz, P(O)Phz-ortho), 130.8 (d,
2Jpc =9.1 Hz, P(O)Phz-ortho), 129.0 (d, 3Jpc = 11.8 Hz, P(O)Phz-meta), 129.04 (at,
separation 10.7 Hz, PPhy-meta), 128.9 (d, 3Tpc = 11.8 Hz, P(O)Phy-meta), 128.7 (at,
separation 11.8 Hz, PPho-meta), 37.4 (tt, 3Jpc = 12.0 Hz, 2Jpc = 2.5 Hz,
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CH(CH2PPhy)2), 36.0 (bs, CH(CH2P(O)Phz),), 32.0 (dd, 1Jpc = 69.3 Hz, 3Jpc = 8.0
Hz, CH2P(O)Phy), 30.9 (m, separation 37.1 Hz, CHoPPhy); 1H NMR (CD2Cl2) & 7.85
(ddd, 3Jpy = 11.7 Hz, 3Jgy = 7.8 Hz, 4Jyy = 1.2 Hz, 4H, P(O)Ph2-ortho), 7.70-7.59
(m, 8H, P(O)Phz-ortho, PPha-ortho), 7.56-7.26 (m, Ph), 2.75-2.56 (m, CH2P(O)Ph3),
2.22 (m, CH), 2.10-1.54 (m, CH»).

Reaction of § with [Ni(CH3CN)gl[BF4]2

A solution of [Ni(CH3CN)g][BF4)2 was generated by treating [Ni(H20)6][BF4]2
(0.083 g, 0.243 mmol) in 10 mL of CH3CN with 0.5 mL of the dehydrating reagent
dimethoxypropane. The resulting blue solution was stirred for fifteen minutes. Addition
of a solution of 5 (0.200 g, 0.243 mmol) in 5 mL of CH>Cl5 resulted in the formation of
a deep brown solution. A 31P NMR spectrum of this solution showed only a very broad
resonance centered at 5 ppm. No change in this solution was observed by 31P NMR
spectroscopy over a period of two weeks. Exposure of this solution to oxygen results in
a change of color to pale yellow within ten minutes. A 31P NMR spectrum of this
solution showed only a singlet at 30.9 ppm, indicative of phosphine oxidation.
Colorless crystals of 6 were obtained within two days as the solution slowly evaporated.
Similar results were also obtained starting from [Ni(DMSO)g][BF4]2 or
[Ni(CH3CN)g][ClO4]2 without the addition of dimethoxypropane.

Preparation of (5)RhCl (24)

A solution of § {0.830 g, 1.01 mmol) in 1.5 mL of THF was added to a stirred
solution of RhaCla(COD)3 (0.250 g, 0.507 mmol) in 15 mL of THF. Within a few
minutes a golden-yellow solid began to precipitate. The mixture was stirred an additional

30 min, and 24 was isolated by filtration, rinsed with THF and dried in vacuo. MS



(FAB) m/e (relative intensity) 957.1 (M* + 20, 6), 925.1 (M+, 3), 887.2 (6, 15),
553(28), 286.9(79), 201.0(100). Am (EtOH) =8.6 ohm-lcm2mol-1; Ap (CH3NOR) =
37 ohm-lcm2mol-1.

Crystal and Molecular Structure Solution for
(PhaP(0)CH2)2CHCH(CH2P(O)Ph3): (6)

A suitable crystal for data collection, approximately 0.10-0.12 mm on a side was
selected, placed in a glass capillary and mounted on a standard goniometer. All intensity
data were collected at room temperature. The unit cell parameters were initially calculated
using an automatic indexing procedure!® and subsequently verified by oscillation
photographs. Final lattice constants were determined by a least-squares fit to the +2 6
values of 14 higher angle reflections. The intensity data were corrected for Lorentz and
polarization effects. Table 1 contains a tabulation of the pertinent information relevant to
data collection and reduction.

The majority of the non-hydrogen atom positions were identified using direct-
methods routines.!9 The remaining non-hydrogen atoms were located via alternate
cycles of least-squares calculations20 and electron density difference density
calculations.2! The atomic scattering factors used were those found in the International
Tables.22 Positions of the hydrogen atoms were calculated using an assumed C-H bond
distance of 1.0 A and a C-H bond angle of 109°.

Analysis of residual electron density on an electron density difference map

(maximum = 0.4 ¢/A3) indicated all atoms were accounted for by the model.
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Crystal and Molecular Structure Solution for
Ci2Pd(PPh2CH3)2CHCH(CH2Ph2P)2PdClI2 (8)

A crystal suitable for data collection, approximately 0.08-0.15 mm on a side was
selected, attached to a glass fiber and mounted on a standard goniometer. All intensity
data were collected at room temperature. The unit cell dimensions and Bravais lattice
type were initially calculated using an automatic indexing procedure!8 and subsequently
verified by oscillation photographs. The observed systematic absences of 0k0, k =2n +
1 and h01,h + 1 = 2n + 1 indicated the space group P21/. Final lattice constants were
determined by a least squares fit to the +2 0 values of 12 higher angle reflections. The
intensity data were corrected for Lorentz and polarization effects. Table 1 contains a
tabplation of the pertinent information relevant to data collection and reduction.

Analysis of palladium-paliadium vectors from the three-dimensional Patterson map
revealed the appropriate positions for the palladium atoms in the unit cell. The remaining
non-hydrogen atoms were located via alternate cycles of least-squares calculations20 and
electron density difference density calculation.21 The atomic scattering factors used were
those found in the International Tables.?22 Positions of the hydrogen atoms were
calculated using an assumed C-H bond distance of 1.0 A. Thermal parameters for the
phenyl rings and the DMSO atoms were refined isotropically. The data were reweighted
prior to the final least squares cycle so that (IFol-/Fl)2 was approximately constant as a
function of sin6.

Restraints?2b were imposed upon the C-C bond distances in the phenyl rings due to
the relatively smalil contribution to the total scattering made by the individual carbon
atoms when compared to the scattering power of the molecule and possible disorder in
the ring positions. Analytical scattering factors were used, and the targets for the

restrained phenyl distances were set to 1.40 A. Residual electron density found on an



electron density difference map indicated the possible presence of one or more highly
disordered DMSO groups and some disorder in the phenyl ring orientations. These
artifacts were not modeled due to the small occupancies of these disordered sites
(<0.16). Since estimated standard deviations are not obtained from RESLSQ,22b the
parameters were used without restraints in a full-matrix least-squares procedure. The
esd's were obtained from the inverse of the normal equations matrix and therefore

represent maxima for these values.

Crystal and Molecular Structure Solution for
CI2Ni(PPhaCH3)2CHCH(CH2Ph3P)2NiCl3 (11)

An orange-colored crystal of the title compound was set on the tip of a glass fiber
and mounted on the diffractometer for data colection at -50%1 °C. The cell constants for
data collection were determined from a list of reflections found by an automated search
routine. Several crystals were used initially to determine cell constants and none were
better than the one chosen for data collection. The error for the c cell parameter is
noticeably high at 0.015 A. Pertinent data collection and reduction information are given
in Table 2.

Lorentz and polarization corrections, a correction based on a decay in the standard
reflections of 0.8%, and an absorption correction based on a series of psi-scans were
applied to the data. The agreement factor for the averaging of observed reflections was
4.2% (based on F). Generally this is twice the average merging agreement factor for
CAD4 data collections.

The centric space group P1 was indicated initially by intensity statistics,23 and later
confirmed by successful refinement of the structure. About 2/3 of the nonhydrogen

atoms were placed directly from the E-map. The remaining nonhydrogen atoms were
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found in successive difference Fourier maps. Two cyclohexane and two cyclohexanone
solvent molecules were placed in the asymmetric unit . It is suspected that solvent loss
and/or disorder is the probable cause of the poor crystal quality discussed above. Only
the nonhydrogen atoms of the nickel complex were allowed to refine anisotropically. All
hydrogen atoms were placed at calculated positions 0.95 A from the attached atom with
isotropic temperature factors set equal to 1.3 times the isotropic equivalent of that atom.
The hydrogen atom positions and isotropic temperature factors were not refined. The
thermal ellipsoids for the phenyl rings of the complex visually indicate a high degree of
thermal (vibrational) motion. Rigid-body modeling of the eight phenyl rings is in
progress. Refinement calculations were performed on a Digital Equipment Corp. Micro
VAX I computer using the CAD4-SDP programs. 2

Crystal and Molecular Structure Solution for
C12Pd(PPh2CH2)2CHCH(CH2P(0)Ph); (23)

A pale yellow pinacoidal crystal of approximate dimensions 0.20 x 0.20 x 0.60
mm was mounted on a glass fiber in a random orientation. Cell constants and an
orientation matrix for data collection were obtained from least-squares refinement, using
the setting angles of 25 reflections in the range 22 < 20 < 34. The data were collected
using the 0 - 20 technique.

A total of 7783 reflections were collected, of which 3896 were unique and not
systematically absent. As a check on crystal and electron stability, three representative
reflections were measured every 60 minutes. No significant loss of intensity was
observed throughout the data collection, so no decay correction was applied. Lorentz
and polarization corrections and an empirical absorption correction, based on a series of

psi-séans, were applied to the data. Relative transmission coefficients ranged form
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0.965 to 0.999 with an average value of 0.987. Intensities of equivalent reflections were
averaged. The agreement factors for the averaging of the 3896 observed and accepted
reflections was 2.0% based on intensity and 1.7% based on Fq. Table 2 contains a
tabulation of the pertinent information relevant to data collection and reduction.

The position of the Pd atom was given by a Patterson interpretation method.23 The
remainder of the non-hydrogen atoms were located from subsequent difference-Fourier
and least-squares refinement cycles. Following least-squares refinement of all the non-
hydrogen atoms in the Pd complex, the oxygen atom of a water molecule and a partially
disordered molecule of DMSO were located in the lattice. The DMSO molecule was
disordered such that the oxygen atom and the two methyl groups defined a plane, on
either side of which were located half-occupancy atoms. The total occupancy of the
solvent molecule refined to a value of 0.88.

The parameters thus defined were refined in full-matrix least-squares calculations.
Scattering factors were taken from Cromer and Waber.24 Anomalous dispersion effects
were included in F; the values of f and f were those of Cromer.24 Only those
reflections having intensities greater than 3.0 times their standard deviation were used in
the refinements. Refinement calculations were performed on a Digital Equipment Corp.
Micro VAX II computer using the CAD4-SDP programs.?

Analysis of residual electron density on an electron density difference map
(maximum = 2.2¢/A3, located 0.23 A from Pd) indicated all atoms were accounted for by
the model.
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Table 1. Crystallographic data for 6 and 8

6 8
Formula Cs4Hs5004P4 Cs4Hs50Cl4P4Pd2+C2HgSO
Formula weight 886.83 1255.6
Space Group P1 P2i/n
a, A 11.70(3) 21.798(8)
b, A 21.80(3) 13.927(5)
c,A 9.28(6) 22.802(9)
a, deg 94.0(3)
B, deg 102.7(3) 115.81(4)
v, deg 88.4(2)
V,A3 2302 6231(4)
deale, glem3 1.28 1.34
Crystal size, mm 0.10 x 0.10 x 0.12 0.08 x 0.10 x 0.15
H(MoKq), cm! 2.04 8.56
Data collection instrument DATEX DATEX
Radiation %ﬁg"ﬁeﬁ MoKg(h =0.71034 &)  MoKg(h = 0.71034 A)

Orientation refiections, number

Temperature, °C

Scan type

aR = ZlIFyl-IFlI/ZlFol

14
17

@-scan

bRy, = [6(Fo-IF)2/ZwFo2]112; w = 1/62(IFy)

12
17

@-scan
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6 8

Data col. range, 20, deg 3.5-40.0 3.5-50.0
No. of total reflections collected 3116 6287
No. of unique reflections

with I>26(]) 1207 1996
Number of parameters refined 319 353
Ra2 0.065 0.13
RyP 0.053 0.11
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Table 2. Crystallographic data for 11 and 23

i1 23
Formula Cs4Hs54Cl4NigPy4 Cs4Hs0Cl203P4Pd
2CeH12+2CeH100  ~CoHsSO
Formula weight 1090.47 (1455.08) 11263
Space Group P1 Pna2, No. 33
a, A 14.320(5) 33.375(5)
b, A 14.601(2) 11.125(2)
c,A 19.448(15) 14.886(3)
o, deg 92.39(2) .
B, deg 99.83(4)
v, deg 99.00(1)
V, A3 3947.6(31) 5527(3)
y4 4 4
dalc, glem3 1.47 1.35
Crystal size, mm 0.60 x 0.50 x 0.45 0.20 x 0.20 x 0.60
HMoKg), cm! 9.07 6.2
Data collection instrument Enraf-Nonius CAD4 Enraf-Nonius CAD4
aR = ZF-FI/ZIF,

bRw = [EW(Fo-F)%/Z Fo2]1/2; w = 1/62(IF,)
cQuality-of-fit = [Ew(IFl-Fcl)/ (Nobs-Nparameters)] 12
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11

23

Radiation (monochromated
in incident beam)

Orientation reflections,
number, range (26)

Temperature, °C

Scan method

Data col. range, 20, deg

Number of unique data, total:
with Fg2 > 36(Fy2):

Number of parameters refined

Trans. factors, max.,
min. (psi-scans)

R2
R,P

Quality-of-fit indicator®
Largest shift/esd, final cycle
Largest peak, /A3

MoKg(A =0.71073 A)

25,17.8 <26 <319

-50(1)
0-20

4.0-45.0
6554
5341

681
0.999, 0.699

0.096
0.131
2.9
0.01
1.82(4)

MoKg(A =0.71073 A)

25, 22-34

21
6-20

0-50.0
3896
3031

592

0.999, 0.965

0.048
0.066
2.07
0.03
2.2
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RESULTS AND DISCUSSION

Ligand Synthesis and Characterization

Previous work by Weinges and Spanig!6 provided a straight-forward synthetic
route to the tetrachloride 4 as outlined in Scheme L. Typical yields obtained by us are
also given in this scheme. Diphenylphosphido groups are conveniently introduced into
this framework by the reaction of 4 with NaPPhj in THF. Workup of the reaction
mixture, followed by recrystallization of the resulting residue from THF/EtOH gives S in
yields ranging from 70-83% as an air stable, crystalline white solid readily soluble in
diethyl ether, toluene, and methylene chloride. Its constitution was confirmed by both

analytical and high-resolution mass spectral data.

Scheme 1
1) Ma/EtOH
2) Brp
2CH,(CO,Et)y  ——————» (Et0,C),CHCH(CO,E),
80%
THFLLiAlH.;
SOCI ofpyridine
(CICH2)2CHCH(CH2C1)2 A ————— (HOCHz)zCHCH(CHzOH)z
65%
60% NaPPh; ?
: Y\
(Ph,PCH, ), CHCH(CH, PPh,),
75%

5
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A 31P NMR spectrum of 5 reveals a singlet resonance at -22.0 ppm affirming the
equivalence of all four phosphorus nuclei. The phenyl region of the 1H NMR spectrum
exhibits only uninformative multiplets from 7.35-7.10 ppm. The methylene protons are
diastereotopic and their \H NMR resonances appear at 2.26 and 2.03 ppm as part of an
ABX spin system (X = CH; 2Jgy = 13 Hz, 3Jgu = 7.0 Hz). The two methine protons
appear as a multiplet at 2.12 ppm. The phosphorus coupling to the methylene protons
was small and unresolved as confirmed by a 500 MHz IH{31P} NMR spectrum.

Typical of tertiary phosphines, § is readily oxidized by +-BuOCH or Sg in toluene
to yield the white, crystalline phosphoryl and thiophosphoryl derivatives 6 and 7,
respectively. It was also found that partial oxidation of DMSO solutions of S occurs
over a period of weeks to months. The oxidation of phosphines by DMSO with the
ﬁberation of dimethylsulfide is well documented.2> The reaction is typically quite slow
for aryl phosphines but it is subject to acid catalysis. We have found that the rate of
DMSO oxidation of 5 can be increased thermally or by sonication. -

31P NMR spectra of 6 and 7 exhibit singlet resonances at 30.6 and 40.1 ppm,
respectively. In their TH NMR spectra the diastereotopic methylene protons exhibit an
ABX pattern (X = CH). Unlike 5, however, these resonances are complicated by strong
coupling to the phosphorus nuclei with 2Jpy, evaluated with the aid of 1H{31P} spectra,
of 12.5 Hz for one of the two diastereotopic methylene protons in 6. This complication
precludes complete assignment of these resonances. Similar difficulties also limit the
utility of TH NMR spectroscopy in the characterization of the transition metal complexes
of 5. The IHNMR spectra of 6 and 7 each exhibit two doublet of doublet of doublets in
the phenyl region in addition to other phenyl proton multiplets. In the 500 MHz !H
NMR spectrum of 7, for example, these two unique resonances occur at 7.86 and 7.59

ppm each with the coupling constants 3Jgy = 7.5 Hz, 4Jgg = 1.5 Hz, and 3Jpy = 13.0
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Hz. These resonances are assigned to ortho phenyl protons based on integration and on
the collapse of these resonances to doublet of doublets in the IH{31P} NMR spectra.
Just as the methylene protons of §-7 are diastereotopic, the two phenyl substituents on
each phosphorus atom are stereochemically nonequivalent and hence give rise to the
appearance of two Ph-ortho resonances in the IH NMR spectra of these compounds.
This inequivalence is further demonstrated in the 13C NMR spectra of 6 and 7 which
exhibit two phenyl ipso and ortho carbon resonances as doublets. For 7, two phenyl
para resonances are also resolved. As expected for P(V), the Ph-ipso carbon resonances
each exhibit large one-bond coupling to phosphorus26 with 1Jpc values of 98 and 97 Hz
for those in 6, and 82 and 78 Hz for those in 7. The methylene carbon resonances
appear as doublets of doublets resulting from one bond coupling to phosphorus of 69
and 53 Hz for 6 and 7, respectively.

The identity of 6 was further confirmed by X-ray crystallography. Selected bond
distances and angles are given in Table 3. The unit cell is comprised of two unique
molecules of 6 which differ by the orientation of the phenyl rings with respect to the
remainder of each molecule. The greatest deviation lies between the pairs of phenyl rings
C, D and E, F which are rotated by almost 60° relative to one another. Half of each
molecule is related to the second half by an inversion center at the midpoint of the HC-
CH vector. The phosphoryl groups are oriented in a paddle wheel fashion around both
molecules with P=0 distances of 1.468(1), 1.511(1), 1.547(2), 1.515(1) A at P(1),
P(2), P(3), and P(4), respectively. These distances do not differ significantly from the
previously observed range of 1.47-1.50 A for P=0 bond distances.2? For example, the
distances reported for bis(diphenylphosphoryl)methane, which also crystallizes with two
unique molecules in the unit cell, range from 1.484(5) to 1.500(5) A.272 The paddle

wheel orientation of the phosphoryl groups in 6 is presumably the result of crystal
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packing forces. It is interesting to note, however, that the phosphoryl oxygen atoms are
each directed in the vicinity of a methylene proton of a neighboring "arm". Although the
O ----Cdistances between each phosphoryl oxygen atom and a neighboring methylene
carbon atom, which range from 3.16(1) to 3.20(1) A, may potentially be in the range
allowable for a weak C-H - - - - O hydrogen bonding interaction,28 we do not believe it to

be significant in 6. (The positions of the hydrogen atoms were not located.)

Table 3. Selected bond distances (A) and angles (deg) in [(PhaP(C)CH2)2HC]» (6)

Bond Distances
P(1)-0(1) 1.468(1) P(2)-0(2) 1.511(1)
P(1)-C(1A) 1.814(2) P(2)-C(1D) 1.819(2)
P(1)-C(1B) | . 1.816(2) P(2)-C(1C) 1.825(2)
P(1)-C(11) 1.817(2) P(2)-C(21) 1.833(2)
P(3)-0(3) 1.547(2) P(4)-0(4) 1.515(1)
P(3)-C(1E) 1.801(2) P(4)-C(1G) 1.822(2)
P(3)-C(1F) 1.832(2) P(4)-C(1H) 1.803(2)
P(3)-C(31) 1.815(2) P(4)-C(41) 1.771(2)
C(11)-C(12) 1.526(3) C(31)-C(34) 1.573(3)
C(12)-C(21) 1.558(3) C(34)-C41) 1.581(3)

C(12)-C(12) 1.572(3) C(34)-C(34) 1.573(3)
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Bond Angles

O(1)-P(1)-C(11)
O(1)-P(1)-C(1A)
O1)-P(1)-C(1B)
C(11)-P(1)-C(1A)
C(11)-P(1)-C(1B)
C(1A)-P(1)-C(1B)
O(3)-P(3)-C(31)
0O(3)-P(3)-C(1E)
O3)-P(3)-C(1F)
C(31)-P(3)-C(1E)
C(31)-P(3)-C(1F)
C(1E)-P(3)-C(1F)
P(1)-C(11)-C(12)
P(3)-C(31)-C(34)
C(11)-C(12)-C(12)
C(11)-C(12)-C(12)
C(12)-C(12)-C(21)

114.2(8)
113.5(9)
109.0(8)
103.5(9)
107.7(9)
108.6(9)
116.3(8)
111.6(9)
111.5(9)
103.(1)
106.6(9)
107.(1)
117.(1)
128.(1)
110.(2)
107.(1)
112.(2)

0O(2)-P(2)-C(21)
0(2)-P(2)-C(1C)
0O(2)-P(2)-C(1C)
C(21)-P(2)-C(1D)
C(21)-P(2)-C(1D)
C(1C)-P(2)-C(1D)
0O(4)-P(4)-C(41)
0(4)-P(4)-C(1G)
O(4)-P(4)-C(1H)
C(41)-P(4)-C(1G)
C(41)-P(4)-C(1H)
C(1G)-P(4)-C(1H)
P(2)-C(21)-C(12)
P(4)-C(41)-C(34)
C(31)-C(34)-C(34)
C(31)-C(34)-C(41)
C(34)-C(34)-C(41)

114.8(8)
113.2(9)
113.2(9)
105.3(9)
104.0(9)
105.5(9)
115.4(8)
110.8(8)
112.8(9)
107.2(9)
104.2(9)
105.8(9)
123.(1)

116.(1)

110.(1)

108.(1)

112.(2)




Figure 1a. ORTEP drawing of the first of two independent molecules of 6. The thermal ellipsoids are drawn
at the 50% probability level.

8L



Figure 1b. ORTEP drawing of the second independent molecule of 6. The thermal ellipsoids are drawn
at the 50% probability level.
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Bimetzallic Complexes

In the initial investigations of the transition metal chemistry of S it quickly
became apparent that this ligand favors bis-bidentate coordination to two metals to form
homobimetallic complexes. The addition of § to a toluene solution of (PhCN),PdCl2
results in the precipitation of an air stable, pale yellow solid, 8, regardless of the
stoichiometry of the reactants. This product, soluble only in DMSO or pyridine, exhibits
a singlet in its 31P NMR spectrum at 21.7 ppm. Analytical data for 8 indicate the

Table 4. Selected bond distances (&) and angles (deg) in [CloPd(Ph2PCH>2)2CH]32 (8)

Bond Distances
Pd(1)-P(7) 2.26(1) | Pd(2)-P(9) 2.23(1)
Pd(1)-P(8) 2.24(1) Pd(2)-P(10) 2.25(1)
Pd(1)-C1(3) 2.32(1) Pd(2)-CI(5) 2.34(1)
Pd(1)-Cl4) 2.34(1) Pd(2)-CI(6) 2.36(1)
P(7)-C(11) 1.90(4) P(8)-C(12) 1.82(4)
P(7)-C(1A) 1.84(5) P(8)-C(10) 1.87(4)
P(7)-C(1B) 1.83(5) P(8)-C(1D) 1.81(5)
P(9)-C(14) 1.78(5) P(10)-C(15) 1.80(4)
P(9)-C(1E) 1.84(5) P(10)-C(1G) 1.78(4)
P(9)-C(1F) 1.81(5) P(10)-C(1H) 1.82(5)
C(11)-C(13) 1.50(6) C(12)-C(13) 1.54(6)
C(13)-C(16) 1.62(6) C(14)-C(16) 1.61(6)

C(15)-C(16) 1.47(5)
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Table 4. Continued

Bond Angles
Cl1(3)-Pd(1)-C1(4) 89.6(4) Cl1(5)-Pd(2)-C1(6) 90.6(6)
CI(3)-Pd(1)-P(7) 88.0(5) CI(5)-Pd(2)-P(9) 86.8(5)
Cl1(3)-Pd(1)-P(8) 174.0(4) CI(5)-Pd(2)-P(10) 173.5(5)
Cl(4)-Pd(1)-P(7) 176.0(4) Cl(6)-Pd(2)-P(9) 176.5(6)
Cl(4)-Pd(1)-P(8) 88.4(4) C1(6)-Pd(2)-P(10) 87.8(6)
P(7)-Pd(1)-P(8) 93.7(4) P(9)-Pd(2)-P(10) 94.5(5)
Pd(1)-P(7)-C(11) 118.(1) Pd(1)-P(8)-C(12) 118.(1)
Pd(1)-P(7)-C(1A) 114.(1) Pd(1)-P(8)-C(1C) 107.(1)
Pd(1)-P(7)-C(1B) 111.(2) Pd(1)-P(8)-C(1D) 118.(1)
C(11)-P(7)-C(1A) 98.(2) C(12)-P(8)-C(1C) 103.(2)
C(11)-P(7)-C(1B) 102.(2) C(12)-P(8)-C(1D) 103.(2)
C(1A)-P(7)-C(1B) 113.(2) C(10)-P(8)-C(1D) 106.(2)
Pd(2)-P(9)-C(14) 119.(2) Pd(2)-P(10)-C(15) 119.(1)
Pd(2)-P(9)-C(1E) 114.(1) Pd(2)-P(10)-C(1G) 108.(2)
Pd(2)-P(9)-C(1F) 110.(1) Pd(2)-P(10)-C(1H) 115.(2)
C(14)-P(9)-C(1E) 100.(2) C(15)-P(10)-C(1G) 105.(2)
C(14)-P(9)-C(1F) 103.(2) C(15)-P(10)-C(1H) 96.(2)
C(1E)-P(9)-C(1F) 109.(2) - C(1G)-P(10)-C(1H) 113.(2)
P(7)-C(11)-C(13) 114.(2) P(9)-C(14)-C(16) 114.(3)
P(8)-C(12)-C(13) 114.(2) P(10)-C(15)-C(16) 112.(3)

C(11)-C(13)-C(12) 112.(4) C(13)-C(16)-C(14) 106.(3)
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presence of two PdCl2 units per ligand 5, suggesting that the ligand coordinates to the
PdCl, fragments in a bis-bidentate manner. The 13C NMR spectrum of 8 is consistent
with a structure of either type A or B.

* Slow evaporation of a concentrated DMSO solution of 8 yielded crystals suitable
for X-ray analysis. The structural solution suffers from highly disordered DMSO
molecules and some disorder in the phenyl ring orientations leading to R and Ry, values
of 0.11 and 0.13, respectively. Despite the disorder present in the structure, the location
of the heavy atom positions confirms the presence of two palladium atoms, each in an
essentially square planar environment comprised of two chloride ligands and two
phosphorus donors from §. The Pd-P distances of 2.23(1) to 2.26(1) A are in the range
reported previously for (dppm)PdCly, (dppe)PdCl, and (dppp)PdCly,29 but the P-Pd-P
angles of 93.7(4) and 94.5(5)° are significantly larger than those found for (dppp)PdCl2
and (dppp)Pd(NCS)230 of 90.58(5) and 89.32°, respectively. Figure 2 shows that §
chelates to the two PdClj fragments with the formation of six-membered rings, rather
than the isomeric product containing seven-membered chelate rings.

In addition to forming complexes with PACly, the bromide and iodide analogues
(1-5)(PdBr2)2 (9) and (u-5)(PdIz); (10) have been prepared. The physical and
spectroscopic characteristics of 9 are similar to those of 8, but the 31P NMR spectrum of
10 reveals resonances at 11.7 and 11.4 ppm in a ratio of 1:10. The solubility of 10 in
acetonitrile and methylene chloride allows the separation of these two components by
fractional crystallization yielding 10a (8 11.7 ppm) as dark red needles and 10b (8 11.4
ppm) as orange hexagonal plates. X-ray crystallography reveals that the molecular
structure of 10b is analogous to that for 8 where § coordinates to two palladium atoms

with the formation of six-membered rings.31 It is tempting to speculate that the minor
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Figure 2. ORTEP drawing of 8 with thermal ellipsoids drawn at the 50% probability level. All phenyl carbons have been
omitted for clarity, except for the Ph-ipso carbons which are drawn at an arbitrary size.
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component 10a may be of type B, where 5 coordinates to two palladium atoms with the
formation of seven-membered chelate rings.

Reaction of § with two equivalents of NiCl, yields a deep red solid, 11, whose
31P NMR spectrum exhibits a paramagnetically broadened, almost unobservable
resonance at 5 ppm, consistent with a tetrahedral geometry at nickel. Complex 11
dissolves in pyridine to form a bright yellow solution, but the 3IP NMR spectrum of this
solution indicates dissociation of the ligand has occurred to yield uncoordinated 5. The
nickel-containing material in this solution is presumably Ni(py)4Clp.32 We are unaware
of previous reports concerning the dissociation of nickel phosphine complexes in
pyridine, but this observation is consistent with the trend for first row transition metals to
prefer "hard" donors such as nitrogen whereas the second and third row transition metals
display a preference for "soft" donors such as phosphines. In accord with these trends
complex 8 does not' dissociate detectably in pyridine. Complex 11 is stable to
dissociation in otfler solvents in which it is soluble (e.g., CH3CN, DMSO, acetone) and
forms red crystals upon concentration of an acetonitrilé solution of the complex. Upon
removal of these crystals from their mother liquor they immediately lose solvent to form
ared powder. Crystals of 11 obtained from acetone were also plagued by rapid solvent
loss. However, layering cyclohexane onto a cyclohexanone solution of 11 afforded red
crystals stable enough with respect to solvent loss to allow for the structure of this
complex to be determined by X-ray crystallography. The molecular structure of 11 is
illustrated in Figure 3. Selected bond distances and angles are tabulated in Table 5.
Ligand 5 coordinates to two NiCl, fragments with the formation of six-membered chelate
rings. The nickel atoms adopt a slightly distorted square planar geometry with the sum
of the angles around each nickel atom totaling 358°. The P-Ni-P angles are 96.79(9)°
and 94.52(9)°. The Ni-P distances of 2.189(3), 2.170(3), 2.181(3), and



Figure 3a. ORTEP drawing of 11. Thermal ellipsoids are drawn at the 50% probability level.
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Figure 3b. ORTEP drawing of 11 with all phenyl carbons, except for Ph-ipso carbons, omitted for clarity.
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2.178(3) A for P(1), P(2), P(3), and P(4), respectively, fall in the range of 2.145(2) A -
2.321(3) A reported previously for (dppe)NiClp,33a

{PhP(CH2)20(CH2)2PPha }NiCl, 330 and (Ph3P);NiClp.33¢ The square planar
geometry around nickel in the solid state and the paramagnetism exhibited in solution are
reminiscent of (dppp)NiCl; which undergoes a SP 2 tetrahedral isomerization in
solution, but is square planar in the solid state on the basis of spectroscopic data.34 Also

of interest in this structure are the large number of solvent molecules incorporated into

Table 5. Selected bond distances (A) and angles (deg) in 11

Bond Distances (A)
Ni(1)-P(3) 2.181(3) Ni(2)-P(1) 2.189(3)
Ni(1)-P(4) 2.178(3) Ni(2)-P(2) 2.170(3)
Ni(1)-CI(3) 2.176(3) Ni(2)-CI(1) 2.196(3)
Ni(1)-Cl(4) 2.195(3) Ni(2)-Ci(2) 2.193(3)
Bond Angles (deg)
P(3)-Ni(1)-P(4) 96.79(9) P(1)-Ni(2)-P(2) 94.52(9)
P(3)-Ni(1)-CI(3) 176.0(1) P(1)-Ni(2)-Cl(1) 176.7(1)
P(3)-Ni(1)-Cl(4) 84.8(1) P(1)-Ni(2)-Cl(2) 84.7(1)
P(4)-Ni(1)-ClI(3) 86.2(1) P(2)-Ni(2)-CI(1) - 88.4(1)
P(4)-Ni(1)-Cl4) 169.7(1) P(2)-Ni(2)-Cl1(2) 170.8(1)

CI(3)-Ni(1)-Cl(4) 92.7(1) CI1(1)-Ni(2)-C1(2) 92.1(1)
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the crystalline lattice, two each of cyclohexane and cyclohexanone. This explains why
crystals obtained from more common, lower boiling solvents rapidly lose solvent to yield
powders.

The platinum chemistry of § generally yielded insoluble white precipitates believed
to be dimeric or oligomeric in nature when starting from (PhCN)2PtCl, (PhCN)2Ptl2 or
(Me2S)2PtCla. The reaction of 5 with two equivalents of (COD)PtCl, vields a white
solid (12) which does, however, exhibit slight solubility in CH2Cl2 and DMSO. The
31p NMR spectrum of 12 exhibits a singlet at 2.9 ppm flanked by platinum satellites.
The 195Pt-31P coupling constant of 3456 Hz is typical for a cis arrangement of
phosphorus donors around platinum.35 As for 8-10, this data is consistent with a
bimetallic complex wherein § coordinates to two square planar PtCly units.

Ligand § was also found to form bimetallic complexes when Group VI metal
carbonyl precursors were employed. Reaction of § with two equivalents of LoM(CO)4
where M = Cr, Mo, W and Ly = NBD, 2 piperidine and COD, respectively, yields the
creamy white complexes [CH(CH2PPh2),M(CO)4]2, M = Cr (13), Mo (14) and W
(15). The 31P NMR spectra of these complexes exhibit singlets with the tungsten
analogue displaying satellites with 1Jpw = 227 Hz (see Table 6 ). The carbonyl stretches
in the infrared spectra of 13-15 are consistent with those previously reported for cis
phosphine substituted tetracarbonyl complexes36 and are tabulated in Table 7. The 13C
NMR spectra of 13-15 are consistent with a bis-bidentate coordination mode of either
type A or B. Complex 15, for example, exhibits triplet resonances at 203.2 ppm (2Jpc
= 8 Hz) and 202.6 ppm (%Jpc = 6 Hz) assigned to the two nonequivalent axial
carbonyls. The expected five line multiplet of an AXX' (A = 13C; X,X' = 31P) spin
system is observed at 205.4 ppm for the two equivalent equatorial carbonyls. In

octahedral metal complexes where 5 coordinates in a bidentate manner, the two axial



sites on each metal are stereochemically nonequivalent owing to the presence of two

different exocyclic substituents on the methine carbons. The triplet multiplicities of these

resonances as well as their small 2Jpc coupling constants37 confirm the orientation of

these two carbonyl ligands as cis to two phosphorus donors. The appearance of a five-

line multiplet37 for the two equivalent equatorial carbonyls and the dependence of the

Table 6. 3P NMR Spectroscopic data?

3 (ppm)
5 -22.0
6, (5)04 30.6
7, (5)S4 40.1
8, (u-5){PdCl2}2 21.7b
9, (u-5){PdBrp}2 19.1b"
10a, (u-5){PdIz}> 11.4
10b, (u-5){PdI2}2 11.7
11, (u-5){NiClp}2 5(broad)c
12, (-5){PtCly}2 2.9, Upyp = 3456 Hz
13, (0-5){Cr(CO)4}2 49.0
14, (u-5){Mo(CO)4}2 28.4
15, (u-5){W(C0)4)2 8.2, Upw =227 Hz
16, (u-5){Fe(CO)3}2 54.7d
17, (u-5){Rh(COD)} 2+ 36.7(d), LJrn-p = 165 Hz
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Table 6. Continued

18, (u-5){Rh(CO)2}22+ 17.3(d), Urnp =122 Hz

19, (5)Mo(CO)3 17.7(t)¢ 15.8(1), 14.2(1), -17.9(s)f
20, (5-P,P',P", P=0)Mo(CO)3 20.1(1)8, 18.4(t), 16.1(t), 32.7(s)h
21, (5-P,P',P", P=S)Mo(CO)3 17.1(t),i 15.7(t), 15.6(0, 40.5(s)i
22, (5-P,P")PdCl; 21.4, -20.7¢

23, (5.p,P', P=0, P'=0)PdCl, 31.4,1 20.4

aSpectra taken in CH2Cl» unless indicated otherwise. P/DMSO. ¢CH3CN. 4Toluene.
¢2Jpp ='19.6 Hz. fCorresponds to uncoordinated PPhy group. £2Jpp = 19.1 Hz.

hp(O)Ph; resonance. 2Jpp = 19.3 Hz. JP(S)Ph, resonance.

Table 7. Infrared spectroscopic data

veo (cm'l)
13, -5){Cr(CO)4}2 2004 1919 1879
14, (u-5){Mo(CO)4}2 2017 1927 1909
15, (U-5){W(CO)4}2 2014 1917 1880
16, (1-5){Fe(CO)3}2 1981 1909 1886 1875

19, (5-P,P',P")Mo(CO)3 1934 1830
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appearance of these multiplets on the variation of 2Jpp in analogous complexes of
chromium, molybdenum and tungsten has been previously discussed for the series
(PhaP(CH>3),PPh2)M(CO)4 where n = 1-4 and M = Cr, Mo and W.39 As was discussed
for the phosphoryl and thiophosphoryl derivatives of 5, the complexes 13-15 exhibit
two resonances in their 13C NMR spectra for the phenyl ipso, ortho, meta and para
carbons of the two stereochemically nonequivalent phenyl substituents on phosphorus.
These phenyl resonances for 13-15 appear as "apparent" triplets resulting from
phosphorus coupling of the AXX' spin system.37 In contrast, the phenyl resonances for
the palladium complexes 8 and 9 appear as slightly broadened doublets, which requires
that 2Jpp and "Jpc be small. Other complexes of the type (R3P)2PdX3 have also been
reported to exhibit doublet resonances in their 13C NMR spectra.40

The complexes [CH(CH,PPh2)2Fe(CO)3]2 16 and
[CH(CH2PPh2)Rh(COD)J2[BF4]2 17 were also prepared and characterized by infrared
and 1H, 13C, and 13P NMR spectroscopies. Their spectral features are similar to the
complexes discussed previously. It is worthy to note that the carbonyl ligands in 16 are
fluxional on the 13C NMR time scale and exhibit only one triplet resonance down to
-60 °C where some broadening of the resonance occurs. Similar behavior has been
previously reported for complexes of the type (R3P)2Fe(C0)3.4! Also worthy of note is
the reaction of 17 with CO to yield a complex we assign as
[CH(CH,PPh)2Rh(CO)2]2(BF4)2 18. This complex, which was not isolated, exhibits
a doublet resonance in the 3IP NMR spectrum at 17.3 ppm with gp.p = 122 Hz.

Based on the structural results obtained for 8, 10b and 11 as well as the infrared
and 1H, 13C and 31P NMR spectroscopic data presented, compounds 8-18 are all

assigned structure type A where 5 chelates to two metal fragments with the formation of
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six-membered chelate rings. The possible exception to this assignment may be the minor
component 10a, although we have no strong evidence to support this claim. Thus, we
were interested in finding a spectroscopic tool which could distinguish compounds of
type A from those of type B without having to rely on X-ray crystallography. With this
aim we pursued the differentiation of chelate ring size by measuring the phosphorus
coordination chemical shift of the complexes, A(831P), which is defined as the difference
in the 31P NMR chemical shifts of the complex and the free ligand.42 As discussed by
Grim et al.,*2b 31P NMR chemical shifts for phosphine transition metal complexes vary
considerably with chelate size. Five-membered chelate rings exhibit large downfield
shifts, four-membered chelate rings are shifted upfield, and six-membered chelate rings
display normal chemical shifts behavior in comparison to monodentate phosphine
analogues. Literature data for a series of Group VI metal carbony] chelate complexes as

well as data for complexes 13-1S are given in Table 8. This data shows that the

Table 8. Phosphorus coordination chemical shifts2 (A(831P))

ML  dppmP  dppeb  dppp®  dppbP 5¢  PhoPCHyCMesCHoPPhy

Cr 49.6 91.9 58.3 63.0 71.0 -
Mo 25.1 67.2 37.3 44.2 50.4 44.0¢
W 0.1 52.6 17.2 26.3 30.2 25.3d

aA(S31P) = 33 1Pcomplex - 83 !Pligand; see reference 42.
bValues taken from reference 39.

CThis work.

dValue determined from data in reference 36¢.
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differences in A(83!P) values for six- vs. seven-membered rings ranges from only 5-9
ppm with the larger A(8>1P) values associated with the seven-membered rings. These
differences are much smaller than those observed between four-, five- and six-membered
rings. Unfortunately, the phosphorus coordination chemical shifts for 13-15 are
considerably larger than either those for the six- or seven-membered chelate ring model
complexes. Even more unsatisfying are the coordination chemical shifts of 25.3 ppm
calculated for (PhoPCH2CMe2CH2PPh)W(CO)4 based on data reported by Kraihanzel
et al.36¢ and the value of 44.0 ppm which we have obtained for its molybdenum
analogue. Using these A(331P) values in the usual way would erroneously suggest the
presence of seven-membered chelate rings in these two complexes, obviously leading us
to discard this metilod for the differentiation of structural types A and B in our
complexes. Unfortunately, we have found no other suitable spectroscopic tool to

distinguish these two structural types.

Moenometallic Complexes: Tridentate Coordihation Mode

Several attempts were made to synthesize complexes of type C utilizing Group VI
metal carbonyl precursors. Reactions of § with Mo(CO)g led to the formation of 14.
The bidentate coordination mode also prevailed when 5 was reacted with one equivalent
of Mo(CO)3(NCEt)3,%2 yielding a partially characterized complex of type A (e.g., {fac-
(EtCN)(OC)3Mo}2(u-5)) based on the symmetry implied by its spectroscopic features.
Ligand 5§ was found, however, to slowly replace cycloheptatriene from
(n8-cycloheptatriene)Mo(CO)3 at 60 °C to yield the new complex 19 as a creamy white
solid. The 31P NMR spectrum of 19 is most informative about its structure, exhibiting
what appear to be triplets at 17.7, 15.8 and 14.2 ppm and a singlet at -17.9 ppm
indicative of an uncoordinated phosphine group, but shifted 4.4 ppm downfield from
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uncoordinated 5. This spectrum is consistent with a complex of type C where ligand 5
adopts a tridentate coordination mode. Each of the four phosphine groups are
inequivalent, accounting for the appearance of three triplets for the coordinated
phosphine groups. The 13C NMR spectrum is very complicated since all eight phenyl
rings are inequivalent. An attempt to grow crystals of this complex by layering hexane
onto a CH3Cl» solution yielded thin colorless needles of a new complex 20 within three
weeks. The 31P NMR spectrum of this new complex shows three triplets, similar to 19,
but the free phosphine group has apparently been oxidized as indicated by a singlet at
32.7 ppm. Presumably this oxidation occurs because of the presence of adventitious
oxygen. Darensbourg has similarly reported that upon prolonged standing at room
temperature, solutions of W(CO)3(dppm)(n!-dppm) yield the new complex
W(CO)3(dppm)(PhoPCHoP(O)Phy), presumably due to the presence of adventitious
oxygen.#* Oxidation of the uncoordinated phosphine group in 19 with Sg in toluene

gives the new complex 21.

Monometallic Complexes: Tetradentate Coordination Mode

Divalent nickel, palladium, and platinum, as well as monovalent thodium, are
known to favor a square planar geometry for phosphine complexes. The square planar
complexes [M(dppe)2]2* are well known for M = Ni, Pd and Pt and the palladium and
platinum complexes have been characterized by X-ray crystallography.45 Similarly, the
series of square planar complexes [{ PhoP(CH2),PPh2}2Rh]* where n = 2,3,4 have been
synthesized and characterized spectroscopically and structurally.46 Thus, these metals
were chosen to explore the tendency of 5 to form square planar complexes of type D.

In our first attempt, complex 8 was reacted with one equivalent of § in DMSO in

hopes of achieving ligand redistribution. The 31P NMR spectrum of this reaction
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solution indicates the presence of a small quantity of unreacted 8 as well as new
resonances at 21.4 and -20.7 ppm assigned to the new complex 22. Occasionally
additional resonances in the regions of 32-30, 23-20 and -18 to -23 ppm were observed.
The 32-30 ppm region is indicative of phosphine oxidation and most likely arises from
the presence of adventitious oxygen. Samples of this reaction solution are stable under
argon for up to a month with no evidence of further reaction or oxidation. Exposure of
this solution to air results in oxidation within several days to cleanly yield complex 23
exhibiting 31P NMR chemical shifts of 31.4 and 20.4 ppm. This complex was isolated
as a pale yellow solid which exhibits good solubility in CH2Clp. The 31P NMR chemical
shift of 31.4 ppm indicates the presence of phosphoryl groups, which are further
substantiated by a split phosphoryl stretch in the infrared spectrum at 1184 and
1119 cm-l. For comparison, the phosphoryl compound 6 exhibits a split phosphoryl
stretch at 1178 and 1117 cm!. Such splitting of phosphoryl and thiophosphoryl
stretches in infrared spectra is apparently relatively common.47

The 13C NMR spectrum of 23 exhibits resonances for four distinct phenyl groups.
Two of these obviously belong to a phosphoryl group based on the doublet nature of
their resonances and on the large coupling to phosphorus of 99 Hz observed for the two
Ph-ipso carbons. The two remaining nonequivalent phenyl groups belong to two
equivalent phosphine groups coordinated to a single palladium atom. This assignment is
based on the "apparent” triplet multiplicity of these resonances indicative of an AXX'
spin system. The presence of two phosphine and two phosphoryl groups is also
confirmed by the observation of two methylene carbon resonances with the resonance for
the methylene carbons adjacent to a phosphoryl group appearing as a doublet of doublets
with 1Jpc = 69 Hz. Based on the spectroscopic data presented above, 23 is assigned a
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structure of type E. The presence of two methine carbon resonances in the 13C NMR
spectrum of 23 clearly indicates the structure must contain a six-membered chelate ring.
Crystals of 23 were obtained as a DMSO solvate by slow evaporation of a DMSO
solution in air and their structure was confirmed by X-ray crystallography. The ORTEP
diagram shown in Figure 4 shows that 23 is comprised of half each of compounds 6 and

Table 9. Selected bond distances (A) and angles (deg) in
CloPd(PhoPCH»)2CHCH(CH,P(O)Pha)2 (23)

Bond Distances
Pd-CI(1) 2.415(2) Pd-Cl1(2) 2.386(3)
Pd-P(1) 2.243(3) Pd-P(2) 2.229(3)
P(1)-C(3) 1.84(1) P(1)-C(7) 1.82(1)
P(1)-C(19) 1.80(1) P(2)-C(1) 1.81(1)
P(2)-C(13) 1.79(1) P(2)-C(25) 1.78(1)
P(3)-0(2) 1.480(9) P(3)-C(S) 1.80(1)
P(3)-C(31) 1.80(1) P(3)-C(43) 1.78(1)
P(4)-0(1) 1.485(9) P(4)-C(6) 1.81(1)
P(4)-C(37) 1.81(1) P(4)-C(49) 1.80(1)
C(1)-P(2) 1.81(1) C(1)-C 1.54(1)
C(2)-C(3) 1.54(1) C(2)-C4) : 1.55-(1)

C(3)-P(1) 1.84(1) C(3)-C(2) 1.54(1)
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Table 9. Continued

Bond Angles
CI(1)-Pd-Cl1(2) 92.21(9) Pd-P(1)-C(3) 120.4(3)
CI(1)-Pd-P(1) 87.91(9) Pd-P(1)-C(7) 107.4(4)
CI(1)-Pd-P(2) 177.3(1) Pd-P(1)-C(19) 115.7(4)
Cl1(2)-Pd-P(1) 174.9(1) C(3)-P(1)-C(7) 106.3(6)
CI(2)-Pd-P(2) 85.3(1) C(3)-P(1)-C(19) 98.9(5)
P(1)-Pd-P(2) 94.6(1) C(7)-P(1)-C(19) 107.2(6)
Pd-P(2)-C(1) 116.8(3) 0Q2)-P(3)-C(5) 114.5(5)
Pd-P(2)-C(13) 112.6(4) 0(2)-P(3)-C(31) 110.2(6)
Pd-P(2)-C(25) 112.3(4) OR)-P(3)-C(5) 112.7(5)
C(1)-P(2)-C(25) 106.6(5) C(5)-P(3)-C(31) 103.8(5)
C(1)-P(2)-C(25) 99.3(6) C(5)-P(3)-C(43) - 106.8(5)
C(13)-P(2)-C(25) 108.0(5) C(31)-P(3)-C(43) 108.3(6)
0O(1)-P(4)-C(6) 113.7(5) P(2)-C(1)-C(2) 116.2(8)
O(1)-P(4)-C(37) 113.9(6) C(1)-C(2)-C(3) 110.8(8)
O(1)-P(4)-C(49) 112.3(5) C(1)-C(2)-C4) 108.9¢8)
C(6)-P(4)-C(37) 105.1(5) C(3)-C(2)-C4) 112.7(8)
C(6)-P(4)-C(49) 104.6(5) P(1)-C(3)-C(2) 118.8(7)
C(37)-P(4)-C(49) 106.4(6) C(2)-C(4)-C(5) 111.1(8)
C(2)-C(4)-C(6) 111.2(8) C(5)-C(4)-C(6) 111.6(8)

P(3)-C(5)-C4) 116.4(7) P(4)-C(6)-C(4) 113.1(7)
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Figure 4. ORTEP drawing of 23 with thermal ellipsoids drawn at the 50% probability level. All phenyl carbons, except
for Ph-ipso carbons, have been omitted for clarity.
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8. Figure 4 also reveals that § coordinates to palladium with the formation of a six-
membered chelate ting as suggested by 13C NMR spectroscopic data. The palladium
atom is square planar and lies 0.034 A out of the PoCl; plane. The Pd-P distances of
2.243(3) and 2.229(3) A as well as the P-Pd-P angle of 94.6(1)° are quite similar to the
analogous values found for 8. The P-O distances of 1.480(9) and 1.485(9) A lie in the
normal range discussed earlier. Unlike the molecular structure of 6, 23 has no close
intramolecular contacts between phosphoryl oxygen atoms and neighboring methylene
groups. Selected bond distances and angles are given in Table 9.

The formation of 23 upon exposure of the reaction solution of 5 and 8 to air is
consistent with a metal-catalyzed oxidation of the uncoordinated phosphine groups. This
oxidation does not appear to be the result of reaction with DMSQ since solutions of 5 in
DMSO exposed to air and the reaction solution of 5 and 8 in DMSO under argon show
no oxidation according their 3P NMR spectra. Several other examples of metal-
catalyzed oxidation of phosphipes have been reported.#3 The precursor to 23, formed in
the reaction solution of § and 8 prior to exposure to air, is presumably
CloPd(PhoPCH2)2CHCH(CH,PPhy)7, 22. This assignment is based on the two 31p
NMR chemical shifts of 21.4 and -20.7 ppm observed in this solution as well as the fact
that exposure of solutions of 22 to air yields 23. Although we have not yet attempted to
isolate this complex, it could provide a convenient entry into heterobimetallic complexes
of this ligand.

To avoid the formation of complexes 22 and 23, we chose a palladium starting
material with a non-coordinating anion. Reaction of § with one equivalent of
Pd(BF4)2+4CH3CN in CH2Clp/CH3CN yields a yellow solution whose 31P NMR
spectrum consists mainly of a singlet at 6.7 ppm. A shoulder on the upfield side of this

resonance as well as a broad peak centered at ~11 ppm were also present. Raising the
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temperature of this solution to 325 K results in a sharpening of the resonance at 11 ppm
and splitting of the shoulder on the 6.7 ppm resonance into two additional resonances.
These additional resonances suggest the presence of more than one species in solution.
We have been unable to identify the complex giving rise to the resonance at 6.7 ppm and
have been unable to isolate a complex which appears by 31P NMR spectra to consist of
only one species in solution.

The addition of one equivalent of § to a light blue solution of
[Ni(INCCH3)][C104]2 or. [Ni(DMSO)s][BF4]2 in acetonitrile results in the formation of
an immediate deep brown solution. The 3!P NMR spectrum of this solution exhibits
only one small singlet at -22.0 ppm assigned to uncoordinated 5. The lack of resonances
for a nickel complex of 5 indicates the nickel complex may be tetrahedral and
paramagnetic, inconsistent with a complex of type D. A nickel complex of type D would
have to be square planar and as such should be diamagnetic. This brown solution is
stable indefinitely under argon, but similarly to 22, this solution undergoes a metal-
catalyzed oxidation within ten minutes in the presence of air to yield a light yellow
solution. Oxidation is indicated by a 3!P NMR chemical shift of 30.9 ppm and the
formation of clear crystals of 6 upon allowing this solution to stand for several days.

Reaction of § with half an equivalent of RhpCl(COD); in THF yields a pale
yellow powder (24) which does not contain cyclooctadiene. A FAB mass spectrum of
24 shows a small molecular ion peak for (S)Rh* at m/e 925.1 and peaks at m/e 957.1
and 973.1 corresponding to the molecular ion plus two and three oxygen atoms,
respectively, arising from oxidation of the complex while in the glycerol matrix.
Additionally, numerous smaller peaks corresponding to higher mass fragments were
observed above m/e 1000. Conductivity measurements on CH3NO» solutions of 24

provide a molar conductance of only 37 ohm-lcm?mol-1 based on a mononuclear species
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of composition [(S)Rh]Cl. This is considerably lower than the commonly accepted
range?9 of 75-95 ohm-lcm2mol-! for 1:1 electrolytes in CH3NO; and may indicate partial
coordination of chloride to thodium or the presence of dimeric species.

The 31P NMR spectrum of 24 in acetonitrile shows a broadened resonance
consisting of two doublets of unequal intensity at 18.3 and 15.9 ppm with coupling to
thodium of 130 and 135 Hz, respectively. In DMSO, 24 exhibits only one very broad
resonance centered at 12.7 ppm. Removal of the chloride anion using AgBF4 had no
affect on the 31P NMR spectrum of 24 in either solvent, indicating that chloride is not
coordinated to rhodium in solution. Variable temperature 31P NMR spectra taken in
CH3CN/CH3Cl between 225 K and 325 K shows complicated, unassigned resonances
at both extremes. Based on this 31P NMR data as well as the conductivity and mass
spectral results, it is clear that 24 is not a mononuclear species of type D, and may well
be dimeric or oligomeric in solution. We have no information concerning its structure in
the solid state.

Based on the results of nickel, palladium and rhodium reactions with an equimolar
quantity of 5, we believe that complex mixtures, which may contain interconverting
dimeric or oligomeric complexes as well as solvated species, are present in these reaction
solutions. Since we have shown that this ligand is capable of acting as a bidentate ligand
to two metals, the formation of oligomeric materials seems quite plausible.

Work by Pignolet and Shaw offers some support for this proposal as well as a
rationale for these results. Pignolet#62 has published an informative paper concerning the
series of complexes [Rh(PhoP(CH2),PPh2)2]BF4 (n =2-4). These complexes are all
reported to exhibit doublet resonances in their 31P NMR spectra with couplings to
rhodium of 132-137 Hz. In the low temperature spectra for these complexes, however,

only the n = 2 complex continued to exhibit a doublet resonance. The n =3 complex
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exhibited an A»B>X pattern consistent with a five-coordinate solvated complex and for
the n = 4 complex the low temperature spectrum was complex and unassignable,
presumably due to the presence of solvated and dinuclear species. The authors
concluded that this temperature dependent behavior was the result of increasing steric
interactions with increasing chelate size throughout the series n = 2-4. Consistent with
this argument was the appearance of the same trend in the molecular structures of these
complexes. Furthermore, in the reaction of CO with the complex in which n =4, a dppb
ligand readily dissociates to form the dimeric species [Rha(dppb)3(CO)4]2+, the structure
of which has been confirmed by X-ray crystallography.50 In solution this complex
exhibits two broad 3P NMR resonances at 20 and 23 ppm and its low temperature
spectrum becomes complex. These spectra indicate that this complex does not retain its
solid state structure in solution. This is of direct relevance to our system since a complex
of type D wopld contain both six-membered and seven-membered chelate rings. The
results described by Pignolet for the complexes n = 3,4 suggest the presence of steric
repulsions in our system and they support our propbsal for a complex solution chemistry
with the potential formation of solvated and oligomeric species. Models indicate that
four severe Ph-Ph interactions occur in complexes of type D. Unlike the bidentate
ligands dppp and dppb, S offers litde structural flexibility to allow for minimization of
these steric interactions when all four phosphine groups are coordinated to a single metal
atom. Figure 5 illustrates these potential phenyl interactions.

Work by Shaw, McAuliffe, and others has shown that chelating phosphines of the
type RoP(CH2)pPR2 require a minimum of five methylene units (n = 5) between the
donor atoms in order to span trans positions on the same metal.3! In fact, several
structural studies on complexes of the type trans-CloPd(RoP(CH2)pPR3) where n > 5

have shown many of these complexes to be cyclic dimers or trimers forming rings as
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large as 45 atoms.51h:i] In our system, a complex of structural type D has two trans
pairs of phosphorus donors labeled as P1-P3 and P2-P4 in Figure S. It is apparent from
this illustration that there are only four backbone carbon atoms between either trans pair
of phosphorus donors in 5, thereby not fulfilling the minimum requirement proposed by
Shaw. This argument is also supported by attempts to build space-filling models of type

(@)

Figure 5. Model of [(5)Pd]?+ (a) viewed from above to illustrate the steric interactions
of the eight phenyl rings, and (b) viewed from the side with two phenyl
rings omitted for clarity.
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D. Thus is it apparent that attempts to form complexes of type D are hindered i) by steric
repulsions ofthe eight phenyl substituents in §; ii) by a ligand backbone structurally
incapable of spanning two traas sites in a metal complex, and iii) by the ease of
formation of dinuclear complexes wherein § readily acts as a bis-bidentate ligand as in

complexes 8-18.

Conclusions

We have synthesized the new tetratertiary phosphine 5§ which readily forms
homobimetallic complexes with a variety of transition metals. The formation of 22 in
solution may provide a convenient route to the synthesis of heterobimetallic complexes.
Ligand § also coordinates to molybdenum tricarbonyl fragments as a tridentate ligand
with one phosphine group remaining uncoordinated. Steric hindrance and structural _
limitations were found, however, to preclude the formation of monometallic compexes
of Ni(Il), Pd(II), and Rh(I) wherein 5 coordinates as a tetradentate ligand. Removal of
these steric and structural limitations in derivatives of § may yield a novel class of new

tetradentate phosphine ligands.
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SUPPLEMENTARY MATERIAL
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Table 10. Positional parameters and their estimated standard deviations for 11

Atom X y z B(A%)
Ni(1) -0.0078(1) 0.2395(1) 0.0817(1) 3.334)
Ni(2) 0.5654(1) 0.3243(1) 0.3692(1) 3.44(5)
PQ1) 0.4945(3) 0.4226(3) 0.3056(2) 2.97(9)
P(2) 0.4681(3) 0.2023(3) 0.3177(2) 3.08(9)
P(3) 0.1313(3) 0.2989(3) 0.0574(2) 3.23(9)
P4) 0.0408(3) 0.2313(3) 0.1933(2) 3.03(9)
CI(1) 0.6445(3) 0.2313(3) 0.4335(2) 4.4(1)
C1(2) 0.6765(3) 0.4452(3) 0.4073(3) 5.4Q)
CI(3) -0.1511(3) 0.1866(4) 0.1009(2) 5.8(1)
Cl(4) -0.0545(3) 0.2212(3) -0.0324(2) 4.7(1)
C) 0.3373(9) 0.296(1) 0.2322(7) 2.7(3)
C2) 0.235009) 0.284(1) 0.1882(7) 2.8(3)
C(3) 0.3459(9) 0.217(1) 0.2798(7) 3.003)
c@® 0.3658(9) 0.389(1) 0.2731(7) 3.13)
C®) 0.1576(9) 0.296(1) 0.2327(7) 3.03)
C(®©) 0.2273(9) 0.348(1) 0.1295(7) 2.903)
Ca1y 0.543(1) 0.440(1) 0.2269(7) . 3.5(4)

Starred atoms were refined isotropically. Anisotropically refined atoms are

given in the form of the isotropic equivalent displacement parameter defined as:
(4/3) * [a2*B(1,1) + b2*B(2,2) + c2¥B(3,3) + ab(cos ¥)*B(1,2) +

ac(cos B)*B(1,3) + be(cos a)*B(2,3)]



Table 10. Continued

115

Atom X y z B(A2)
C(112) 0.502(1) 0.482(1) 0.1720(8) 4.8(4)
C(113) 0.537(1) 0.489(1) 0.1109(8) 6.2(5)
C(114) 0.619(1) 0.449(2) 0.104(1) 7.8(6)
C(115) 0.658(1) 0.404(1) 0.157(1) 7.0(5)
C(116) 0.625(1) 0.402(1) 0.2188(8) 4.5(4)
C(121) 0.4953(9) 0.535(1) 0.3499(7) 3.3(4)
C(122) 0.460(1) 0.536(1) 0.4101(8) 4.2(4)
C(123) 0.451(1) 0.618(1) 0.4445(8) 6.1(5)
C(124) 0.484(1) 0.702(1) 0.4149(9) 6.0(5)
C(125) 0.518(1) 0.701(1) 0.3570(9) 5.9(5)
C(126) 0.525(1) 0.619(1) 0.3224(8) 4.5(4)
C(131) 0.519(1) 0.163(1) 0.2463(7) 3.34)
C(132) 0.620(1) 0.170(1) 0.2544(8) 4.1(4)
C(133) 0.663(1) 0.146(1) 0.2008(8) 4.8(4)
C(1349) 0.609(1) 0.117(1) 0.1354(8) 5.2(5)
C(135) 0.509(1) 0.111(1) 0.1242(8) 4.8(4)
C(136) 0.466(1) 0.132(1) 0.1811(8) 4.2(4)
C(141) 0.438(1) 0.104(1) 0.3676(7) 3.84)
C(142) 0.442(1) 0.014(1) 0.3414(9) 6.4(5)
C(143) 0.414(2) -0.064(1) 0.375(1) 9.1(7)
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Atom X y z B(A2)
C(144) 0.378(2) -0.053(1) 0.436(1) 9.0(7)
C(145) 0.374(1) 0.042(2) 0.4646(9) 8.0(6)
C(146) 0.405(1) 0.117(1) 0.4280(8) 5.3(5)
C(211) 0.1297(9) 0.395(1) 0.0008(7) 3.0(3)
C(212) 0.123(1) 0.481(1) 0.0280(8) 4.5(4)
C(213) 0.122(1) 0.556(1) © -0.0140(9) 4.8(4)
C(214) 0.124(1) 0.545(1) -0.081(1) 5.7(5)
CQ15) 0.126(1) 0.462(1) -0.1118(9) 6.8(5)
C(216) 0.129(1) 0.384(1) -0.0693(9) 5.1(5)
C(221) 0.189(1) 0.210(1) 0.0184(8) 4.2(4)
C(222) 0.276(1) 0.236(1) -0.0009(9) 5.8(5)
C(223) 0.329(2) 0.173(1) -0.023(1) 8.6(6)
C(224) 0.292(1) 0.086(2) -0.026(1) 8.8(6)
C(225) 0.204(1) 0.052(1) -0.008(1) 7.1(5)
C(226) 0.150(1) 0.119(1) 0.0168(9) 5.6(5)
C(231) -0.034(1) 0.268(1) 0.2527(7) 3.4(4)
C(232) -0.079(1) 0.208(1) 0.2945(8) 4.4(4)
C(233) -0.134(1) 0.240(1) 0.3406(8) 5.2(5)
C(234) -0.145(1) 0.329(1) 0.3408(9) 5.7(5)
C(235) -0.100(1) 0.389(1) 0.2993(9) 5.7(5)
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Atom e y z B(A2)
C(236) -0.046(1) 0.360(1) 0.2558(8) 4.2(4)
C(241) 0.0554(9) 0.112(1) 0.2065(8) 3.54)
C(242) 0.110(1) 0.090(1) 0.2679(9) 4.9(4)
C(243) 0.134(1) 0.002(1) 0.277Q1) . 7.8(6)
C(244) 0.103(2) -0.061(1) 0.225(1) 11.1(7)
C(245) 0.043(2) -0.042(2) 0.162(1) 11.1(8)
C(246) 0.022(2) 0.047(1) 0.1543(9) 6.7(6)
o) 0.152(1) 0.527(1) 0.2213(7) 8.8(4)*
C(11) 0.159(1) 0.591(2) 0.265(1) 7.8(6)*
C(12) 0.230(2) 0.616(2) 0.330(1) 8.8(6)*
C(13) 0.184(2) 0.644(2) 0.388(1) 11.2(8)*
C(14) 0.139(2) 0.728(2) 0.369(1) 12.509)*
C(15) 0.065(2) 0.703(2) 0.309(1) 10.9(8)*
C(16) 0.102(2) 0.670(2) 0.243(1) 10.3(7)*
02 0.234(1) 0.274(1) 0.4116(9) 12.2(5)*
C21) 0.209(1) 0.323(2) 0.457(1) 7.6(5)*
C(22) 0.150(2) 0.399(2) 0.437(2) 13(1)*
C(23) 0.076(2) 0.392(2) 0.475(2) 14(1)*
C(24) 0.095(2) 0.390(2) 0.542(1) 11.0(8)*
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Atom X y z BA2)
C(25) 0.145(2) 0.309(3) 0.567(2) 16(1)*
C(26) 0.238(2) 0.304(2) 0.529(1) 10.9(8)*
C@31) 0.369(2) 0.681(2) 0.085(1) 8.6(6)*
C(32) 0.314(2) 0.705(2) 0.142(1) 9.9(7)*
C(33) 0.335(2) 0.803(2) 0.175(1) 9.8(7)*
C(334) 0.333(2) 0.868(2) 0.113(1) 9.8(7)*
C(35) 0.397(2) 0.855(2) 0.058(1) 9.3(7)*
C(36) 0.362(2) 0.752(2) 0.032(1) 8.3(6)*
C@41) 0.152(2) 0.112(2) 0.728(2) 13.009)*
C{42) 0.180(2) 0.190(2) 0.786(2) 15(1)*
C43) 0.277(2) 0.249(2) 0.786(2) 16(1)*
C(44) 0.359(2) 0.200(2) 0.792(2) 15(1)*
C@4s) 0.327(3) 0.108(3) 0.736(2) 17(1)*
C46) 0.214(2) 0.052(3) 0.722(2) 16(1)*
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Table 11. Bond distances (A) in ClpNi(PPhaCH2)2CHCH(CH,Ph,P),NiClp, 11

Atom]-Atom2 Distance Atom 1-Atom 2 Distance
Ni(1)-P(3) 2.180(0) C(111)-C(112) 1.370(0)
Ni(2)-P(4) 2.175(0) C(111)-C(116) 1.390(0)
Ni(1)CI(3) 2.176(0) C(112)-C(113) 1.352(0)
Ni(1)-Cl(4) 2.198(0) C(113)-C(114) 1.442(0)
Ni(2)-P(1) 2.185(0) C(114)-C(115) 1.310(0)
Ni(2)-P(2) 2.169(0) C(115)-C(116) 1.374(0)
Ni(2)-CI(1) 2.198(0) C(121)-C(122) 1.354(0)
Ni(2)-ClI(2) 2.195(0) C(121)-C(126) 1.378(0)
P(1)-C(4) 1.822(0) C(122)-C(123) 1.412(0)
P(1)-C(111) 1.804(0) C(123)-C(124) 1.411(0)
P(1)-C(121) 1.812¢0) C(124)-C(125) 1.301(0)
P(2)-C(3) 1.823(0) C(125)-C(126) 1.390(0)
P(2)-C(131) 1.801(0) C(131)-C(132) 1.400(0)
P(2)-C(141) 1.804(0) C(131)-C(136) 1.357(0)
P(3)-C(6) 1.819(0) C(132)-C(133) 1.359(0)
P(3)-C(211) 1.811(0) C(133)-C(134) 1.372(0)
P(3)-C(221) 1.846(0) C(134)-C(135) 1.404(0)
P(4)-C(5) ~ 1.816(0) C(135)-C(136) 1.414(0)
P(4)-C(231) 1.822(0) C(141)-C(142) 1.399(0)

Numbers in parentheses are estimated standard deviations in the least significant digits
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Table 11. Continued

Atom]-Atom2 Distance Atom]-Atom2 Distance
P(4)-C(241) 1.801(0) C(141)-C(146) 1.369(0)
C(1)-C(2) 1.550(0) C(142)-C(143) 1.362(0)
C(1)-C(3) 1.512(0) C(143)-C(144) 1.356(0)
C(1)-C4) 1.504(0) C(144)-C(145) 1.484(0)
C(2)-C(5) 1.537(0) C(145)-C(146) 1.378(0)
C2)-C6) 1.519(0) CR11)-C(212) 1.363(0)
C(211)-C(216) 1.358(0) C(11)-C(16) 1.512(0)
C(212)-C(2.13) 1.418(0) C(12)-C(13) 1.486(0)
C(213)-C(214) 1.337(0) C(13)-C(14) 1.512(0)
C(214)-C(215) 1.316(0) C(14)-C(15) 1.452(0)
C(215)-C(216) 1.422(0) | C(15)-C(16) 1.576(0)
C(221)-C(222) 1.381(0) 0(2)-C(21) 1.219(0)
C(221)-C(226) 1.363(0) C(21)-C(22) 1.499(0)
C(222)-C(223) 1.374(0) C(21)-C(26) 1.486(0)
C(223)-C(224) 1.296(0) . C(22)-C(23) 1.439(0)
C(224)-C(225) 1.379(0) - C(23)-C(24) 1.285(0)
C(225)-C(226) 1.440(0) C(24)-C(25) 1.499(0)
C(231)-C(232) 1.382(0) C(25)-C(26) 1.639(0)

C(231)-C(236) 1.373(0) C(31)-C(32) 1.518(0)
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Table 11. Continued

Atoml-Atom2 Distance Atom1-Atom2 Distance
C(232)-C(233) 1.422(0) C(31)-C(36) 1.513(0)
C(233)-C(234) 1.319(0) . C(32)-C(33) 1.495(0)
C(234)-C(235) 1.387(0) C(33)-C(34) 1.586(0)
C(235)-C(236) 1.321(0) C(34)-C(35) 1.539(0)
C(241)-C(242) 1.368(0) C(35)-C(36) 1.507(0)
C(241)-C(246) 1.348(0) C@41)-C42) 1.536(0)
C(242)-C(243) 1.388(0) . C(41)-C(46) 1.385(0)
C(243)-C(244) 1.340(0) : C(42)-C(43) 1.617(0)
C(244)-C(245) 1.418(0) C(43)-C(44) - 1.463(0)
C(245)-C(246) 1.357(0) C(44)-C(45) 1.632(0)
0(1)-C(11) 1.222(0) C(45)-C(46) 1.716(0)

C(11)-C(12) 1.444(0)
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Table 12. Bond angles (deg) for CloNi(PPhaCH2)2CHCH(CH2PhoP),NiClp, 11

Atoml-Atom2-Atom3  Angle Atom1-Atom2-Atom3 Angle

P(3)-Ni(1)-P(4) 96.(0) Ni(1)-P(3)-C(211) 115.(0)
P(3)-Ni(1)-Ci(3) 176.(0) Ni(1)-P(3)-C(221) 111.(0)
P(3)-Ni(1)-Cl(4) 84.(0) C(6)-P(3)-C(211) 100.(0)
P(4)-Ni(1)-C1(3) 86.(0) C(6)-P(3)-C(221) 100.(0)
P(4)-Ni(1)-Cl4) 169.(0) C(211)-P(3)-C(221) 107.(0)
C1(3)-Ni(1)-Cl(4) 92.(0) Ni(1)-P(4)-C(5) 118.(0)
P(1)-Ni(2)-P(2) 94.(0) Ni(1)-P(4)-C(231) 117.(0)
P(1)-Ni(2)-C1(1) 176.(0) Ni(1)-P(4)-C(241) 107.(0)
P(1)-Ni(2)-C1(2) 84.(0) C(5)-P(4)-C(231) 100.(0)
P(2)-Ni(2)-CI(1) 88.(0) C(5)-P(4)-C(241) 102.(0)
P(2)-Ni(2)-Cl1(2) 170.(0) C(231)-P(4)-C(241) 109.(0)
CI(1)-Ni(2)-C1(2) 92.(0) C(2)-C(1)-C(3) 110.(0)
Ni(2)-P(1)-C(4) 117.(0) C(2)-C(1)-C@) 112.(0)
Ni(2)-P(1)-C(111) 110.(0) C(3)-C(1)-C@4) 112.(0)
Ni(2)-P(1)-C(121) 116.(0) C(1)-C(2)-C(5) 112.(0)
C(4)-P(1)-C(111) 103.(0) C(1)-C(2)-C(6) 113.(0)
C(4)-P(1)-C(121) 99.(0) - C(5)-C(2)-C(6) 109.(0)
C(111)-P(1)-C(121) 109.(0) P(2)-C(3)-C(1) 115.(0)

Numbers in parentheses are estimated standard deviations in the least significant digits.
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Atom1-Atom2-Atom3 __ Angle Atom]-Atom2-Atom3 __ Angle

Ni(2)-P(2)-C(3) 117.(0) P(1)-C(4)-C(1) 114.(0)
Ni(2)-P(2)-C(131) 106.(0) P(4)-C(5)-C2) 111.(0)
Ni(2)-P(2)-C(141) 119.(0) P(3)-C(6)-C(2) 110.(0)
C(3)-P(2)-C(131) 105.(0) P(1)-C111-C(112)  122.(0)
C(3)-P(2)-C(141) 97.(0) P(1)-C(111)-C(116)  119.(0)
C(131)-P(2)-C(141)  107.(0) C(112)-C(111)-C(116)  117.(0)
Ni(1)-P(3)-C(6) 118.(0) C(111)-C(112)-C(113)  122.(0)
C(112)-C(113)-C(114)  118.(0) C(143)-C(144)-C(145)  119.(0)
C(113)-C(114)-C(115)  119.(0) C(144)-C(145)-C(146)  118.(0)
C(114)}-C(115)-C(116)  121.(0) C(141)-C(146)-C(145)  119.(0)
C(111)-C(116)-C(115)  121.(0) P(3)}-C(211)}-C(212)  119.(0)
P(1)-C(121)-C(122)  116.(0) P(3)}-C(211)}-C(216)  123.(0)
P(1)-C(121)-C(126)  123.(0) C(212)-C(211)-C(216)  116.(0)
C(122)-C(121)-C(126)  119.(0) C(211)-C(212)-C213)  121.(0)
C(121)-C(122)-C(123)  120.(0) C(212)-C(213)-C(214)  118.(0)
C(122)-C(123)-C(124)  117.(0) C(213)-C(214)-C(215)  122.(0)
C(123)-C(124)-C(125)  121.(0) C(214)-C(215)-C(216) 118.(0)
C(124)-C(125)-C(126)  121.(0) C(211)-C(216)-C(215)  122.(0)
C(121)-C(126)-C(125)  119.(0) P(3)-C(221)-C(222)  119.(0)
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Atom]-Atom2-Atom3

Angle

Atoml-Atom2-Atom3

Angle

P(2)-C(131)-C(132)
P(2)-C(131)-C(136)
C(132)-C(131)-C(136)
C(131)-C(132)-C(133)
C(132)-C(133)-C(i34)
C(133)-C(134)-C(135)
C(134)-C(135)-C(136)
C(131)-C(136)-C(135)
P(2)-C(141)-C(142)
P(2)-C(141)-C(146)
C(142)-C(141)-C(146)
C(141)-C(142)-C(143)
C(142)-C(143)-C(144)
C(234)-C(235)-C(236)
C(231)-C(236)-C(235)
P(4)-C(241)-C(242)
P(4)-C(241)-C(246)
C(242)-C(241)-C(246)
C(241)-C(242)-C(243)

118.(0)
122.(0)
118.(0)
121.(0)
120.(0)
120.(0)
117.(0)
121.(0)
119.(0)
118.(0)
121.(0)
121.(0)
120.(0)
123.(0)
118.(0)
120.(0)
119.(0)
119.(0)
122.(0)

P(3)-C(221)-C(226)
C(222)-C(221)-C(226)
C(221)-C(222)-C(223)
C(222)-C(223)-C(224)
C(223)-C(224)-C(225)
C(224)-C(225)-C(226)
C(221)-C(226)-C(225)
P(4)-C(231)-C(232)
P(4)-C(231)-C(236)
C(232)-C(231)-C(236)
C(231)-C(232)-C(233)
C(232)-C(233)-C(234)
C(233)-C(234)-C(235)
0(2)-C(21)-C(26)
C(22)-C(21)-C(26)
C(21)-C(22)-C(23)
C(22)-C(23)-C(24)
C(23)-C(24)-C(25)
C(24)-C(25)-C(26)

120.(0)
120.(0)
123.(0)
115.(0)
126.(0)
117.(0)
116.(0)
121.(0)
119.(0)
119.(0)
120.(0)
118.(0)
120.(0)
120.(0)
115.(0)
115.(0)
116.(0)
113.(0)
109.(0)
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Table 12. Continued

Atoml-Atom2-Atom3 __ Angle Atoml-Atom2-Atom3  Angle

C(242)-C(243)-C(244) 118.(0) C(21)-C(26)-C(25) 109.(0)
C(243)-C(244)-C(245) 120.(0) C(32)-C(31)-C(36) 107.(0)
C(244)-C(245)-C(246) 119.(0) C(31)-C(32)-C(33) 119.(0)
C(241)-C(246)-C(245) 120.(0) C(32)-C(33)-C(34) 103.(0)
0(1)-C(11)-C(12) 128.(0) C(33)-C(34)-C(35) 117.(0)
0(1)-C(11)-C(16) 114.(0) C(34)-C(35)-C(36) 102.(0)
C(12)-C(11)-C(16) 115.(0) Cc@3 1)-C(36)-C(35) 117.(0)
C(11)-C(12)-C(13) 111.(0) C(42)-C(41)-C(46) 113.(0)
C(12)-C(13)-C(14) 108.(0) C(41)-C(42)-C43) 111.(0)
C(13)-C(14)-C(15) 107.(0) C(42)-C(43)-C(44) 105.(0)
C(14)-C(15)-C(16) 113.(0) C(43)-C(44)-C(45) 118.(0)
C(11)-C(16)-C(15) 104.(0) C(44)-C(45)-C46) 107.(0)

0(2)-C(21)-C(22) 123.(0) C(41)-C(46)-C(45) 113.(0)
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Table 13. General anisotropic displacement parameter expressions for 11

Name U(l,1) U(2,2) U(3,3) U(1,2) U(1,3) U(2,3)

Ni(1) 0.0298(9) 0.040(1) 0.050(1) -0.0009(9) -0.0047(9) -0.002(1)
Ni(2) 0.0271(9) 0.040(1) 0.056(1)  0.0005(9) -0.0063(9) -0.000(1)

P(1) 0.029(2) 0.036(2) 0.043(2) -0.001(2) 0.000(2) 0.001(2)
P(2) 0.023(2) 0.036(2) 0.054(2) 0.005(2) -0.006(2) 0.004(2)
P@3) 0.038(2) 0.037(2) 0.044(2) 0.003(2) -0.003(2) 0.002(2)
P@4) 0.025(2) 0.0352) 0.0502) -0.001(2) -0.001(2) 0.004(2)

CI(1) 0.050(2) 0.053(3) 0.061(2) 0.012(2) -0.000(2) 0.017(2)
Cl(2 0.040(2) 0.053(3) 0.098(3) -0.004(2) -0.013(2) -0.007(3)
CI(3) 0.034(2) 0.0954) 0.076(3) -0.018(3) 0.001(2) -0.007(3)
Ci(4) 0.054(2) 0.061(3) 0.054(2) 0.005(2) -0.015(2) -0.010(2)

c(1) 0.021(7) 0.032(8) 0.045(8) -0.007(7) 0.005(6) -0.004(7)
C) 0.030(7) 0.036(8) 0.037(8) 0.001(7) -0.004(6) 0.003(7)
C(3) 0.018(7) 0.040(9) 0.050(8) -0.002(7) -0.007(6) 0.019(7)
C4) 0.028(7) 0.034(8) 0.047(8) 0.007(7) -0.011(7) -0.011(7)
C(S) 0.026(7) 0.0298) 0.051(9) -0.009(7) -0.007(7) 0.006(7)
C(6) 0.018(7) 0.034(8) 0.051(8) -0.009(7) -0.004(6) 0.014(7)

C(111) 0.038(8) 0.041(9) 0.049(9) 0.003(8) -0.005(7) 0.008(8)

The form of the anisotropic displacement parameter is: exp[-272{h2a2U(1,1) +
k2b2U(2,2) + 12¢2U(3,3) + 2hkabU(1,2) + 2hlacU(1,3) + 2klbcU(2,3)}] where a,b, and

¢ are reciprocal lattice constants.



Table 13. Continued

127

Atom Ul  UR2  UB3)  Ul2  UWl3) U3
C(112)  0.054(9) 0.06(1) 0.07(1)  0.006(9) 0.016(8) 0.010(9)
C(113)  0.12(1)  0.08(1)  0.046(9) 0.01(1)  0.0239) 0.021(9)
C(114)  0.12(1)  0.102)  0.09(1)  0031)  0.05(1)  0.01(1)
C(115)  0.10¢1)  0.09(1)  0.10(1)  0.04(1)  0.05(1)  0.05(1)
C(116)  0.054(9) 0.06(1)  0.07(1)  -0.000(9 0.028(7)  0.025(8)
C(121)  0.020(7) 0.06(1)  0.036(8) 0.004(7) -0.004(6) -0.007(3)
C(122)  0.06(1)  0.039(9 0.050(9 0.001(9) -0.0098) -0.004(3)
C(123)  0.07(1) 0.11(1)  0.05(1)  0.03(1)  -0.002(9) -0.02(1)
C(124)  0.08(1) 0.06(1) 0.08(1)  001¢1) -6.01(1) -0.01(1)
C(125  0.10(1)  0.03(1)  0.09(1)  -0.00(1) 0.02(1)  0.01(1)
C(126)  0.06(1)  0.04(1)  0.07(1)  -0.010(9) 0.014(8) -0.001(9)
C(131)  0:038(8) 0.026(8) 0.055(9) -0.001(7) -0.002(7) 0.004(7)
C(132)  0.035%) 0.05(1)  0.07(1) 0.012(8) 0.003(8) 0.009(9)
C(133)  0.034(8) 0.00(1) 0.07(1) 00189 0.0207) 0.01(1)
C(134)  0.08(1) 0.05(1) 0.07(1) 0.00(1)  0.018(9) -0.005(9)
C(135)  0.048(9) 0.06(1) 0.07(1)  0.003(9) -0.000(8) -0.016(9)
C(136)  0.042(9) 0.06(1) 0.06(1)  -0.001(9) 0.005(8) -0.005(9)
C(141)  0.033(8) 0.06(1)  0.043(8) 0.009(8) -0.017(7) 0.015(8)
C(142)  0.10(1)  0.06(1)  0.09(1)  0.01(1)  0.03(1)  0.04(1)
C(143)  0.18(2)  0.08(1)  0.10(1)  0.05(1)  0.04(1)  0.03(1)
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Atom U(,1) U(2,2) U(3,3) U(1,2) U(1,3) U(2,3)
C(144) 0.11(2) 0.05(1) 0.15(2) -0.02(1)  -0.03(1)  0.04(1)
C(145) 0.05(1) 0.19(2) 0.07(1) 0.01(1) 0.005(9) 0.07(1)
C(146) 0.06(1) 0.07(1) 0.06(1) -0.00(1)  0.000(9) 0.043(9)
C(211) 0.024(7) 0.050(9) 0.035(8) 0.001(7) -0.005(6) 0.002(7)
C(212) 0.038(5) 0.07(1) 0.06(1) 0.016(8) -0.010(8) -0.005(%9)
C(213) 0.042(9) 0.05(1) 0.08(1) 0.008(9) -0.010(9) 0.01509)
C(214) 0.05(1) 0.05(1) 0.10(1) 0.007(9) -0.02(1) 0.00(1)
C(215) 0.08(1) 0.12(2) 0.06(1) 0.01(1) -0.00(1)  0.04(1)
C(216) 0.045(9) 0.07(1) 0.08(1) 0.000(9) 0.001(9) 0.00(1)
C(221) 0.050(9) 0.06(1) 0.050(9) 0.010(9) " 0.002(8) 0.003(9)
C(222) 0.06(1) 0.08(1) 0.08(1) 0.01(1) 0.020(9) 0.02(1)
C(223) 0.12(2) 0.10(1) 0.11(2) 0.06(1) -0.00(1)  -0.02(1)
C(224) 0.09(1) 0.18(2) 0.08(1) 0.09(1) -0.01(1)  -0.02(1)
C(225) 0.13(1) 0.05(1) 0.08(1) 0.05(1) -0.02(1)  -0.02(1)
C(226). 0.07(1) 0.05(1) 0.08(1) 0.02(1) -0.02(1)  0.01(1)
C(231) 0.028(7) 0.040(9) 0.055(9) -0.005(7) -0.003(7) 0.004(8)
C(232) 0.038(8)  0.05(1) 0.07(1) -0.000(8) 0.001(8) 0.010(9)
C(233) 0.022(7)  0.11(1) 0.07(1) -0.005(9) 0.016(7) -0.01(1)
C(234) 0.045(9)  0.09(1) 0.07(1) 0.02(1) -0.003(8) -0.03(1)
C(235) 0.07(1) 0.06(1) 0.09(1) 0.028(9) -0.00(1)  0.00(1)
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U(l,1)

Atom U(2.2) U(@3.3) U(1,2) U(1,3) U(2.3)
C(236) 0.035(8) 0.04(1) 0.08(1) 0.001(8) 0.003(8) -0.005(9)
C(241) 0.033(7) 0.038(9) 0.065(9) 0.003(7) 0.019(7) 0.015(8)
C(242) 0.039(9) 0.04(1) 0.11(1) -0.002(8) 0.016(9) 0.034(9)
C(243) 0.08(1) 0.06(1) 0.16(2) 0.03(1) 0.02(1) 0.03(1)
C(244) 0.21(2) 0.05(1) 0.22(2) 0.08(1) 0.13(1) 0.05(1)
C(245) 0.24(3) 0.09(2) 0.10(2) 0.03(2) 0.06(2) -0.02(1)
C(246) 0.16(2) 0.021(9) 0.07(1) 0.00(1) 0.02(1) -0.002(9)
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SECTION III. BIDENTATE AND TRIDENTATE COORDINATION MODES
OF A NOVEL BICYCLIC DITERTIARY PHOSPHINE ETHER
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ABSTRACT

The synthesis and characterization of the new ligand cis-1,5-bis(diphenyl-
phosphinomethyl)-3-oxabicyclo[3.3.0]octane (6) is reported. Oxidation of 6 with
t~-BuOOH or Sg yields the phosphoryl and thiophosphoryl derivatives 10a and 10b,
respectively. The complexes (6-P,PYM(CO)4 (M = Cr, Mo, W), (6-P,P")PdClp, and
two diastereomers of fac-(6-P,P)Mn(CO)3Br have been prepared in which 6 |
coordinates in a bidentate (P,P’) fashion. !H NMR spectra suggest a ligand
conformational preference in these complexes. A tridentate (P,P’,0) coordination mode
has been established for (6-P,P’,0)M(CO)3 (M = Mo, W) and
[(6-P,P’,0)Mn(CO)3]BF; on the basis of IH, 13C, 31P and IR spectroscopic data.
Single-crystal X-ray diffraction studies on (6-P,P)Mo(CO)4 and (6-P,P’,0)W(CO)3
verify the bidentate and tridentate coordination modgs of 6, respectively. Crystals of
(6-P,P)Mo(CO)4 are triclinic, space group P1, with unit cell dimensions a = 15.321(3)
A, b=2237113) A, c = 11.376(2) A, & = 90.52(1)°, B = 91.80(1)°, y = 72.07(1)°, and
Z =4. Crystals of (6-P,P’,0)W(CO); are monoclinic, space group P21/c (#14), with
unit cell dimensions a = 12.262(5) A, b =17.38(1) A, ¢ = 16.285(7) A, B = 92.08(4)°,
and Z = 4. The structures were refined to R = 0.059 and Ry = 0.079 for 6702
reflections with I > 3.06(I) for (6-P,P)Mo(CO)4 and R = 0.076 and Ry, = 0.093 for
4068 reflections with I 2 3.06(1) for (6-P,P',0)W(CO)3.
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INTRODUCTION

Because phosphines play an important role in homogeneous transition metal
catalyzed reactions of both academic and industrial importance, the synthesis of new
phosphine ligands continues to be an area of significant activity. Of particular relevance
here are phosphines possessing poientially coordinating ether groups. o-Anisole-
phosphines (and arsines)! were the first such ligands shown to coordinate transition
metals via the phosphorus and oxygen atoms. Early on, the weak interactions of the
ether oxygen of 1 with the metal centers of square planar rhodium and iridium

complexes were shown to increase significantly the rates of oxidative

OCH;

C[PM% O/;' ’ @
4"
OCHj; CH;

addition of methyl iodide.2 Knowles3 studied the related ligands PAMP (2), CAMP
(3), and DiPAMP (4) in the rhodium catalyzed asymmetric hydrogenation of

ooy
s &%

CH; H,CO
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N-acylaminocinnamic acids as part of the L-DOPA synthesis in the 1970's. A weak
interaction of the ether oxygen with Rh has been proposed to play an important role in
similar reactions.# Coordination of the ether oxygen has now been demonstrated in a
variety of metal-ligand systems> and such linkages have been substantiated by X-ray
crystallography for (o-diphenylphosphinoanisole);RuClp,6
(CH30CH2CH2PPh2)2RuCly,” (CH3OCH2CH2PPh2)2Ru(CO)Cla,’
[Rh(TMPP)2)]BF4,8 (TMPP)Mo(CO)3,? Rh2(02CCH3)3(TMPP)(MeOH),10 (TMPP =
2,4,6-trimethoxyphenylphosphine) and [{(PhoPCH2CH2)20}Rh(CO)]PFg.11

The oxygen ligands in such complexes are sufficiently labile to be displaced by
molecules such as phosphines, phosphites,38 nitriles, >’ dialkyl sulfides® and
CO.5b.c.87 This property renders ether functional groups in phosphines well suited to
stabilizing reactive catalytic intermediates having accessible coordination sites. Recently,
Lindner!2 utilized a variety of phosphine ethers in rhodium and cobalt-catalyzed methanol
carbonylations.

Recently we reported!3 reversible silyl-ether coordination in Group VI metal

OoC
0] OC\\ /CO
M

7 PPh
N—Si<NN _———— N— i<;}3/ 2 W

’ 8 +CO ?
NJ NJ

52 M=Mo, W 5b
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carbonyl complexes of N,N'-bis(diphenylphosphino)azasilatrane, Sa, Sb (reaction
1). Stimulated by this observation, we synthesized the new chelating ligand cis-1,5-
bis(diphenylphosphinomethyl)-3-oxabicyclo[3.3.0Joctane (6) which exhibits much

PPh,
0 5 PPh,

improved stability in solution in comparison to our N,N'-
bis(diphenylphosphino)-azasilatrane system. Unlike the vast majority of previously
reported phosphine ethers, 6 is a bisphosphine capable of adopting only a fac geometry
when coordinated to an octahedral metal in a tridentate fashion. Furthermore, 6 forms
six-membered chelate rings upon ether coordination in contrast to the previously reported
ether phosphines, including our azasilatrane system, which coordinate their ether
functional groups with the formation of five-membered chelate rings.1-1229 The
presence and ring size of chelating ligands, as well as the geometry they impose around a
metal center, are important factors in determining the chemistry of metal complexes.
Here we report the synthesis of 6 and its ability to coordinate in either a bi- or tridentate
mode in octahedral transition metal carbonyl complexes.
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EXPERIMENTAL SECTION

General Procedures

All reactions were performed under an inert atmosphere of argon or nitrogen using
standard inert atmosphere techniques. Toluene, pentane, tetrahydrofuran and diethyl
ether were distilled from sodium benzophenone ketyl prior to use. Methylene chloride
was distilled from calcium hydride and stored over 4A molecular sieves. PhyPH, 14
Mn(CO)5Br,15 (mb-cycloheptatriene)Mo(CO)3,16 (nb-cycloheptatriene) W(CO)3,17
(piperidine);Mo(COM,18 (COD)W(CO)4,1? (NBD)Cr(CO)4,20 (PhCN)2PdClp2! and
1,1,2,2-tetrakis(hydroxymethyl)cyclopentane22 were synthesized as described in the
literature. (n6-cycloheptatriene)Cr(C0)3 was purchased from Aldrich and used without
further purification. Solution NMR spectra were recorded on Nicolet NT 300 (1H),
Bruker WM 200 (31P), Varian VXR 300 (1H, 13C, 31P) or Varian Uﬁity 500 (1H,
1H{31P}) spectrometers using a deuterated solvent as the internal lock. Chemical shifts
are reported relative to TMS (1H, 13C) or 85% H3PO4 (31P). Mass spectra were
recorded on Kratos MS-50 (EI, HRMS) or Finnigan 4000 (EI, CI) instruments. The
masses of metal-containing fragments are reported for the most abundant isotope present,
viz. 98Mo and 184W, unless otherwise noted. IR spectra were recorded using an IBM
98 FT-IR spectrometer. Microanalyses were carried out by Schwarzkopf Microanalytical
Laboratories, Woodside, NY.

Preparation of cis-1,5-di-methanesuifonyloxymethyl-3-oxabicyclo-
[3.3.0]octane (92)

Trimethylorthoacetate (4.35 mL, 34.1 mmol), 1,1,2,2-
tetrakis(thydroxymethyl)cyclopentane (5.02 g, 26.4 mmol), and 2 mL of methanol were
added to 30 mL of CHCI3. A few crystals of p-toluenesulfonic acid were added as a
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catalyst and the reaction mixture was stirred for 30 minutes to give a clear solution.
K>CO3 (0.500 g) was added and the mixture was stirred overnight. This mixture was
filtered and the volatiles removed in vacuo to leave a thick residue. This residue was
dissolved twice in 5 mL of methanol which was subsequently removed in vacuo. A 1H
NMR spectrum identified the residue so obtained as cis-1,5-di-hydroxymethyl-3-
oxabicyclo[3.3.0]octane (8b). This was used in the next step of this synthesis without
further purification. 1H NMR (CDCl3) § 4.19 (br s, 2H, OH), 3.87 (d, 2H, 2Jgx = 9.0
Hz, OCHp), 3.53 (d, 2H, 2Jgy = 9.0 Hz, OCHy), 3.63 (s, 4H, CH20H), 1.7-1.5 (m,
6H, CH»).

Crude 8b in 30 mL of pyridine was added dropwise to a cooled (0 °C) solution of
methanesulfonylchloride (6.5 mL, 79 mmol) in 59 mL of pyridine. After the addition
was complete, the solution was stirred for one hour at 0 °C and 4 h at room temperature.
The solution was then poured onto a slurry of 600 g ice/150 mL H20/75 mL HCl with
stirring. After 30 minutes the pale white solid was isolated by filtration, washed with
water, and dried in vacuo. Recrystallization from EtOH/CH3CN (3:1) yielded 5.4 g
(62% yield, mp 105 °C) of 9a. MS (EI) m/e (relative intensity) 327 (M*, 0.3), 136
(100), 123 (9.1), 106 (48), 93 (61), 79 (57); HRMS (EI) calcd for C11H1907S2 (M¥)
327.05722, found 327.05640; 13C NMR (CDCl3) & 77.8 (CH20), 71.2
(CH20802CH3), 56.0 (s, C), 37.4 (OSO2CH3), 36.2 (CH2CH2CH)), 23.4
(CH2CH>CH3); TH NMR (CDCl3) 8 4.25 (s, 4H, CH,0SO>CH3), 3.88 (d, 2H, 2y
=9.6 Hz, OCHy), 3.61(d, 2H, 2y = 9.6 Hz, OCH2), 3.06 (s, 6H, OSO2CH3), 1.9-
1.6 (m, 6H, CHp).
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Preparation of cis-1,5-bis(diphenylphosphinomethyl)-3-oxabicyclo-
[3.3.0]Joctane (6)

A deep red solution of lithium diphenylphosphide was generated by the addition
of n-BuLi (6.5 mL, 13 mmol) to a solution of diphenylphosphine (2.25 mL, 12.9 mmol)
in 125 mL of THF. This was cooled to 0 °C and treated dropwise with a solution of 9a
(2.11 g, 6.42 mmol) in 45 mL of THF. After the addition was complete, the resulting
mixture was stirred for 2 h at room temperature followed by refluxing overnight. After
cooling to room temperature, excess phosphide was quenched with the addition of 1 mL
of a saturated NH4Cl(aq) solution. The mixture was filtered and the solvent was
" removed from the filtrate in vacuo to leave a thick residue. This residue was
chromatographed on silica gel with 10% ethyl acetate in toluene to yield a thick oil which
readily crystallized at room temperature. These crystals were rinsed with n-pentane and
dried in vacuo. Yield 2.48 g (76%, mp 110-111 °C). MS (EI) m/e (relative intensity) 508
(M+, 3.6), 431 (100), 323 (23), 183 (31), 108 (19); HRMS (EI) calcd for C33H340P2
(M) 508.20849, found 508.20833; IR (KBr) v(COC) = 1082 cm-1; 31P NMR (toluene)
5 -19.8 (s); 13C NMR (CDCls) & 139. 5 (4, Upc = 13.1 Hz, Ph-ipso), 139.4 (4, pc =
13.1 Hz, Ph-ipso), 133.1 (d, Z2Jpc = 19.6 Hz, Ph-ortho), 133.0 (d, 2Jpc = 19.7 Hz,
Ph;ortho), 128.7 (s, Ph-para), 128.5 (d, 3Jpc = 7.1 Hz, Ph-meta), 81.6 (d, 3Jpc = 12.6
Hz, CH20), 56.0 (dd, 2Jpc = 6.0 Hz, 3Jpc =12.1 Hz, CCy), 40.8 (d, 3Jpc = 10.6 Hz,
CH;CH,CHy), 36.7 (d, UJpc = 16.6 Hz, CHaPPhy), 24.3 (s, CH2CH2CHp); 1H NMR
(CDCl3) 8 7.50 - 7.38 (m, Ph), 7.31 (m, Ph), 3.66 (d, 2Jyy = 9.2 Hz, CH20), 3.48 (d,
2Jgy = 9.2 Hz, CH20), 2.34 (dd, 2Jgg = 13.6 Hz, 2Jpg = 2.9 Hz, CH,PPhy), 2.28
(dd, 2Jgy = 13.6 Hz, 2Jpy = 3.0 Hz, CHyPPhy), 1.77 (m,CH>), 1.6 - 1.4 (m, CHp);
Anal. Calcd for C33H340P2: C, 77.94; H, 6.74; P, 12.18. Found: C, 77.90; H, 6.74;
P, 12.08.
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Preparation of cis-1,5-bis(diphenylphosphorylmethyl)-3-oxabicyclo-
[3.3.0]octane (10a)

A solution of 6 (0.402 g, 0.791 mmol) in 15 mL of toluene was treated with a
solution of -BuOOH in toluene (3.6 M, 0.50 mL) at 0 °C. After stirring at room
temperature for two hours, the volume of the solution was reduced to 5 mL ir vacuo.
Addition of 5 mL of MeOH followed by the slow addition of 15 mL of hexane yielded
the product as a white solid. The product was isolated by filtration, rinsed with 10 mL
of pentane and dried in vacuo. Recrystallization from hot MeOH (15 mL) yielded 0.38 g
(89%, mp 210 °C) of clear colorless crystals. MS (EI) m/e (relative intensity) 540 (M,
15), 339 (87), 201 (100); HRMS (EI) calcd for C33H3403P2 (M+) 540.19832, found
540.19883; IR(KBr) 1177 cm-! (P=0); 31P NMR (CHCl3) 8 29.6 (s); 13C NMR}
(CDCl3) 8 134.5 (d, Ypc = 98.2 Hz, Ph-ipso), 134.2 (d, pc = 97.7 Hz, Ph-ipso),
131.8 (d, 4Jpc = 3.0 Hz, Ph-para), 131.7 (d, 4Jpc = 3.0 Hz, Ph-para), 130.8 (d, ZJpc
= 9.6 Hz, Ph-ortho), 130.6 (d, 2Jpc = 9.1 Hz, Ph-ortho), 128.8 (d, 3Jpc = 11.6 Hz,
Ph-meta), 128.7 (d, 3Jpc = 12.1 Hz, Ph-meta), 80.7 (d, 3Jpc = 4.0 Hz, CH20), 55.5
(dd, 2Jpc = 10.1 Hz, 3Jpc = 4.5 Hz, CCy), 39.4 (d, 3Jpc = 3.0 Hz, CHyCH,CHp),
36.8 (d, Upc = 70 Hz, CHoP(O)Phy), 24.7 (s, CHoCH,CH3); 1H NMR (CDCl3) &
7.79 (m, Ph), 7.49 (m, Ph), 3.69 (d, 2Jgy = 9.9 Hz, CH20), 3.60 (d, 2Jgg = 9.9 Hz,
CH,0), 2.60 (dd, 2Jgg = 15.0 Hz, 2Jpy = 10.5 Hz, CH2P(O)Phy), 2.49 (dd, XJgu =
15.0 Hz, 2Jpy = 12.5 Hz, CH2P(O)Phy), 1.84 (m, CHp), 1.7-1.5 (m, CH3); Anal.
Calcd for C33H3403P2+2CH30H: C, 69.52; H, 7.00; P, 10.24. Found: C, 69.74; ®
H, 7.15; P, 10.18.
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Preparation of cis-1,5-bis(diphenylthiophosphorylmethyl)-3-cxabicyclo-
[3.3.0Joctane (10b)

A solution of 6 (0.400 g, 0.786 mmol) in 15 mL of toluene was stirred with Sg
(0.0582 g, 0.227 mmol) for 4 h at room temperature. The resulting white precipitate
was isolated by filtration, rinsed with 10 mL of hexane and dried ir vacuo. '
Recrystallizatioﬁ from CH7Cly/ethanol yielded 0.29 g (64%, mp > 250 °C) of fine white
needles. MS (EI) m/e (relative intensity) 572 (M*, 17), 539 (80), 507 (43), 431 (32),
355 (57), 323 (45), 217 (100), 185 (52), 139 (50), 108 (57); HRMS (EI) calcd for
C33H340P2S; (M*) 572.15264, found 572.15105; 31P NMR (CD2Clp) 8 38.3 (s);
13C NMR (CD3Cly) 8 134.9 (d, Upc = 80.1 Hz, Ph-ipso), 134.1 (d, pc = 79.0 Hz,
Ph-ipso), 131.7 (s, Ph-para), 131.7 (d, ZJpc = 12.1 Hz, Ph-ortho), 131.3 (d, 2Jpc =
10.1 Hz, Ph-ortho), 129.0 (d, 3Jpc = 12.1 Hz, Ph-meta), 128.9 (d, 3Jpc = 11.6 Hz,
Ph-meta), 80.5 (d, 3Jpc = 4.0 Hz, CH20), 56.8 (dd, 3Jpc = 4.0 Hz, ZJpc = 10.1 He,
CCy), 39.6 (d, 1Ipc = 55.4 Hz, CHoP(S)Phy), 39.2 (d, 3Jpc = 3.5 Hz, CH,CH2CHy),
25.2 (s, CH2CH,CHy3); IH NMR (CD2Cl)) 6 8.02 - 7.86 (m, Ph), 7.51 (m, Ph), 3.80
(d, yy = 9.9 Hz, CH20), 3.68 (d, 2Jyu = 9.9 Hz, CH20), 3.07 (dd, 2Jgy = 14.1
Hz, 2Jpy = 12.0 Hz, CH2P(S)Phy), 2.78 (dd, 2Jyy = 14.1 Hz, 2Jpy = 13.0 Hz,
CH>P(S)Phy), 1.65-1.40 (m, CHp).

Preparation of cis-(cis-1,5-bis(diphenylphosphinomethyl)-3-oxabicyclo-
[3.3.0]Joctane-P P')dichloropaliadium (11)

A solution of 6 (0.403 g, 0.792 mmol) in 10 mL of toluene was slowly added to a
solution of (PhCN)»2PdCl3 (0.303 g, 0.790 mmol) in 20 mL of toluene and the resulting
mixture was stirred overnight. The creamy white solid was isolated by filtration, washed

with 5 mL of toluene then 10 mL of hexane, and was then dried in vacuo. Yield 0.53 g
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(98%). 31P NMR (dg-DMSO) & 22.8 (s); 13C NMR (dg-DMSO) 3 134.9 (at,23
separation 9.5 Hz, Ph-ortho), 133.6 (at, separation 8.5 Hz, Ph-ortho), 131.0 (s, Ph-
para), 128.0 (m, Ph-meta), 127.9 (m, Ph-meta), 80.7 (m, CH20), 53.7 (s, CCs), 34.7
(at, separation 29.7 Hz, CH2PPh)), 23.6 (s, CH2CH2CH3); 1H NMR (dg-DMSO) &
8.07 (m, 4H, Ph-ortho), 7.95 (m, 4H, Ph-ortho), 7.53 (m, Ph-meta, para), 3.34 (m,
CH20), 3.18 (m, CH,PPh3), 1.40 - 0.90 (m, 6H, CHy).

Preparation of cis-(cis-1,5-bis(diphenylphosphinomethyl)-3-oxabicycle-
[3.3.0]octane-P,P’)tetracarbonylchromium (12)

A solution of (norbornadiene)tetracarbonylchromium (0.229 g, 0.894 mmol) and
6 (0.455 g, 0.895 mmol) in 20 mL of toluene was refluxed for 3 hours during which
time the deep yellow color of the solution almost Qissipated. The solvent was removed -
in vacuo and the residue was chromatographed on silica gel with CH2Cla. Solvent was
removed from the product-containing fractions in vacuo to yield a light yellow solid.
Yield 0.49 g (82%). MS (desorption CI; NH3) m/e (relative intensity) 690 (M + NHy™*,
12), 673 (MH?, 31), 645 (MH* - CO, 6.5), 578 (6.4), 560 (7.1), 541 (6.0), 509 (100),
431 (11), 323 (6.3); MS (EI) m/e (zelative intensity) 588 ( M* -3 CO, 0.3), 560 (M* -4
CO, 7.3), 508 (16), 431 (100), 323 (44); HRMS (EI) calcd for C34H34CrO2P2 (M* - 3
CO) 588.14406, found 588.14470, calcd for C33H34CrOP; (M* - 4 CO) 560 .14915,
found 560.15028; 31P NMR (toluene) § 44.2 (s); :33C NMR (CD2Cly) 8 227.2 (at,
separation 20.4 Hz, COeq) 223.8 (1, 23pc = 13.9 Hz, CO4x) 217. 5 (t, 2Jpc = 12.1 Hz,
COax), 142.4 (m, separation 37.3 Hz, Ph-ipso), 138.7 (m, separation 37.3 Hz, Ph-
ipso), 133.7 (at, separation 10.8 Hz, Ph-ortho), 130.9 (at, separation 8.8 Hz, Ph-
ortho), 130.2 (s, Ph-para), 129.1 (s, Ph-para), 128.9 (at, separation 8.8 Hz, Ph-meza),
128.7 (at, separation 8.4 Hz, Ph-meta), 86.2 (at, separation 12.7 Hz, CH20), 53.7 (s,
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CCy4), 42.4 (at, separation 8 Hz, CHoCH2CH)), 38.4 (at, separation 12.8 Hz,
CH3PPhy), 24.7 (s, CH2CH2CHj); 1TH NMR (CD2Clp) & 7.86 (m, Ph), 7.50-7.30 (m,
Ph), 3.62 (dd, 2Jgg = 9.0 Hz, 4Jgg = 1.2 Hz, CH20), 3.57 (d, 2Jgg = 9.0 Hz,
CH70), 3.02 (dd, 2Jgy = 15.6 Hz, 2Jpy = 10.5 Hz, CH2PPhy), 2.98 (dd, 2Jgy = 15.6
Hz, 2Jpy = 2.0 Hz, CH,PPhy), 1.77 (m, 2H, Hp), 1.51 (m, 1H, Hc), 1.42 (m, 1H,
Hp), 1.13 (dd, 2JAB = 12.6 Hz, 3Jpc = 5.2 Hz, 2H, Ha); Anal. Calcd for
C37H34CrOsP2: C, 66.07; H, 5.10; P, 9.21; Found: C, 66.37; H, 5.19; P, 9.13.

Preparation of cis-(cis-1,5-bis(diphenylphosphinomethyl)-3-oxabicyclo-
[3.3.0]octane-P,P")tetracarbonylmolybdenum (13)
Bis(piperidine)tetracarbonylmolybdenum (0.374 g, 0.983 mmol) and 6 (0.506 g,
0.983 mmol) were refluxed in 25 mL of CH2Cl, for 30 minutes. The reaction mixture
was cooled to room temperature and the volatiles were removed in vacuo. The resulting
white solid was purified by elution on a silica gel column with CH2Clp. The solvent was
removed from the product-containing fractions to yield a pure white solid ( mp 185 °C,
dec). MS (desorption CI, NH3) m/e (relative intensity) 719 (MH*, 64), 691 (MH* -CO,
64), 509 (29), 262 (31), 187 (100); MS (EI) 650 M* -CO, 0.4), 662 M+ - 2 CO, 0.6),
634 (Mt -3 CO, 1.0), 606 M* -4 CO, 5.9), 508 (5.1), 431 (100), 323 (29), 183 (52),
108 (41); HRMS (EI) calcd for C3H3492MoO4P (M* - CO) 684.09953, found
684.09961; 31P NMR (CD,Clp) 622.0 (s); 13C NMR (CD,Clp) & 215.9 (m, separation
15.1 Hz, COgq), 212.2 (t, ZJpc = 9.5 Hz, COax), 206.0 (t, 2Jpc = 7.5 Hz, COu),
142.3 (m, separation 35.7 Hz, Ph-ipso), 138.4 (m, separation 35.3 Hz, Ph-ipso), 134.0
(at, separation 12.3 Hz, Ph-ortho), 130.9 (at, separaticn 10.3 Hz, Ph-ortho), 130.3 (s,
Ph-para), 129.1 (s, Ph-para), 128.9 (at, separation 9.1 Hz, Ph-meta), 128.7 (at,
separation 8.3 Hz, Ph—meta),'86.3 (at, separation 12.3 Hz, CH0), 53.5 (brs, CC4),
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42.8 (br s, CHyCH2CHy), 37.1 (at, separation 14.7 Hz, CH,PPhy), 24.9 (s,
CH>CHCH>); 1H NMR (CD2Cly) & 7.84 (m, Ph), 7.50-7.30 (m, Ph), 3.60 (dd, 2Jyn
= 9.0 Hz, 4Jgy = 2.0 Hz, CH20), 3.57 (d, 2Jgn = 9.0 Hz, CH20), 2.99 (d, 2Jpy =
5.7 Hz, CH2PPhy), 1.81 (m, 2H, Hp), 1.52 (m, 1H, Hc), 1.41 (m, 1H, Hp), 1.12
(dd, 235 = 12.3 Hz, 3Joc = 5.4 Hz, 2H, Hp).

Preparation of cis-(cis-1,5-bis(diphenylphosphinomethy!)-3-oxabicyclo-
[3.3.0]octane-P,P')tetracarbonyltungsten (14)

A solution of (cyclooctadiene)tetracarbonyltungsten (0.374 g, 0.926 mmol) and
6 (0.466 g, 0.916 mmol) in 25 mL of THF was refluxed for 30 minutes. The solvent
was removed in vacuo and the residue was chromatographed on silica gel with CH2Clp.
Solvent was removed from the product-containing fractions to yield a creamy white
solid. Yield 0.70 g (95%). MS (desorption CI, NH3) m/e (relative intensity) 806 (MH,
100), 778 ( MHY* - CO, 8.5), 541 (6:5), 525 (6.9), 509 (12), 317 (26), 263 (19); MS
(EI) 804 (M, 2.4), 776 (M* - CO, 13), 748 (M* -2 CO, 3.0), 720 (M* -3 CO, 9.4),
692 (M* -4 CO, 6.6), 508 (6.7), 431 (100), 323 (23); HRMS (EI) calcd for
C37H3405P2184W (M+) 804.13911, found 804.13910, calcd for C36Hz404P2184W
(M - CO) 776.14433, found 776.14622; 31P NMR (THF) & 4.5 (s), LIpw =232 Hz;
13C NMR (CD2Clp) 8 206.4 (m, separation 16.2 Hz, COeq), 204.9 (t, ZJpc = 7.1 Hz,
COax), 198.9(t, 2Jpc = 5.4 Hz, COjy), 142.1 (m, separation 42.8 Hz, Ph-ipso), 138.0
(m, separation 41.3 Hz, Ph-ipso), 134.2 (at, separation 12.0 Hz, Ph-ortho), 130.9 (at,
separation 9.4 Hz, Ph-ortho), 130.5 (s, Ph-para), 129.3 (s, Ph-para), 129.0 (at,
separation 10.0 Hz, Ph-mera), 128.7 (at, separation 8.4 Hz, Ph-meta), 86.3 (at,
separation 12.8 Hz, CH20), 53.4 (s, CCy), 42.7 (at, separation 8.0 Hz, CH2CH2CHy),
37.4 (m, separation 18.6 Hz, CH2PPhy), 24.9 (s, CHoCH2CHj); TH NMR (CD2Clp) &
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7.81 (m, Ph), 7.50-7.30 (m, Ph), 3.60 (dd, 2Jgg = 9.0 Hz, 4Jgn = 1.5 Hz, CH20),
3.57 (d, 2Jgy = 9.0 Hz, CH20), 3.16 (dd, 2Jyg = 15.6 Hz, 2Jpy = 11.5 Hz,
CH2PPhy), 3.06 (dd, 2Jgg = 15.6 Hz, 2Jpy = 2.5 Hz, CH,PPh2), 1.80 (m, 2H, Hp),
1.52 (m, 1H, Hp), 1.43 (m, 1H, Hp), 1.13 (dd, 2Jop = 12.6 Hz, 3Jaoc = 5.3 Hz, 2H,
Hp).

Reaction of 6 with (n6-cycloheptatriene)Cr(CO)3

A solution of 6 (0.406 g, 0.798 mmol) in 5 mL of toluene was added to a deep
red solution of (n6-cycloheptatriene)tricarbonylchromium (0.185 g, 0.811 mmol) in 20
mL of toluene. After heating at 70 °C for 12 hours no reaction had occurred as indicated
by 31P NMR spectroscopy. The solution was then reﬂﬁxed for 8 hours during which |
time 31P nmr spectra indicated the presence of a small quantity of 12 (5 44.2) and
unreacted 6. Similarly, refluxing the two starting materials in xylene for 12 hours led - .
only to an increase in the quantity of 12 produced. There was no evidence for the |

formation of a chromium tricarbonyl complex of 6.

Preparation of fac-(cis-1,5-bis(diphenyiphosphinomethyl)-3-oxabicyclo-
[3.3.0]loctane-P,P',O)tricarbonylmolybdenum (15)

A solution of 6 (0.410 g, 0.806 mmol) in 5 mL of toluene was added to a red
solution of (NS-cycloheptatriene)tricarbonylmolybdenum (0.222 g, 0.815 mmol) in 20
mL of toluene. Stirring at 50 °C for 1 h yielded a yellow precipitate which was isolated
by filtration, washed with 5§ mL of toluene and dried in vacuo. Yield 0.43 g (78%). MS
(desorption CI, NH3) m/e (relative intensity) 691 (MH, 7.5), 509 (29), 323 (37), 263
(75), 247 (92), 202 (47), 187 (100); MS (EI) m/e (relative intensity) 690 (M*+, 0.2), 662
(M*- CQ, 0.3), 634 (M* - 2 CO, 0.7), 606 M+ -3 CO, 4.6), 508 (8.1), 431 (100), 323
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(41), 183 (54), 108 (39); HRMS (EI) calcd for C36H3492Mo04P2 (M+) 684.09954,
found 684.10099; 31P NMR (CD2Clp) 8 12.9 (s); 13C NMR (CD2Clp) & 229.0 (t, 2Jpc
= 6.7 Hz, COax), 219.9 (m, separation 47 Hz, COeq), 140.9 (m, separation 34 Hz, Ph-
ipso), 137.0 (m, separation 35 Hz, Ph-ipso), 132.1 (m, separation 12.3 Hz, Ph-ortho),
131.5 (m, separation 12.7 H;, Ph-ortho), 129.4 (s, Ph-para), 129.3 (s, Ph-para), 128.9
(m, separation 9.1 Hz, Ph-meta), 128.6 (m, separation 9.1 Hz, Ph-meta), 85.4 (m,
separation 15.5 Hz, CH20), 55.9 (m, separation 6.4 Hz, CC4), 41.7 (m, separation 8.7
Hz, CHyCH2CH»), 36.9 (m, separation 12.7 Hz, CH2PPhj), 22.5 (s, CH2CHCHby);
IH NMR (CD2Clp) 8 7.72 (m, Ph), 7.40-7.30 (m, Ph), 6.97(m, Ph), 4.09 (d, 2Jyyg =
10.5 Hz, CH20), 3.32 (dd, 2Jgg = 16.0 Hz, 2Jpy = 9.5 Hz, CH2PPhj), 3.29 (br d,
2Jyy = 10.5 Hz, CH20), 2.88 (br dd, 2JgH = 16.0 Hz, 4Tgy = 1.3 Hz, CH2PPhy),
1.90 (dd, 214 = 13.2 Hz, 3Jpp = 5.1 Hz, 2H, Hp), 1.71 (dt, Zicp = 12.2 Hz, 3Jac =
6.3 Hz, 1H, H), 1.59 (m, 2H, Hp), 1.48 (m, 1H, Hp).

Preparation of fac-(cis-1,5-bis(diphenylphosphinomethyl)-3-oxabicyclo-
[3.3.0]cctane-P,P’,O)tricarbonyltungsten (16)

A solution of 6 (0.413 g, 0.812 mmol) in 5 mL of toluene was added to a
solution of (nS-cycloheptatriene)tricarbonyltungsten (0.294 g, 0.818 mmol) in 15 mL of
toluene. The solution was stirred at room temperature for 2 h and at 60 °C for 6 h to
yield a bright yellow precipitate. This was isolated by filtration, washed twice with 10
mL of toluene and dried in vacuo. Recrystallization could be achieved from CH,Cl at
-78 °C. Yield 0.40 g (64%). MS (desorption CI, NH3) m/e (relative intensity) 805
(MH + NHyt, 11), 777 (MH*, 100), 509 (44); MS (EI) 776 (M*, 1.1), 748 (M*+ - CO,
0.5),720 (M*-2CO, 2.2), 692 (M* - 3 CO, 1.6), 431 (26), 221 (59), 108 (100); 31P
NMR (CDCl2) 8 8.4 (s), Upw = 228 Hz; 13C NMR (CD2Clp) 8 218.5 (t, 2Jpc = 3.9
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Hz, COax), 216.0 (dd, 2J;is = 7.3 Hz, 2Jyrans = 35.7 Hz, COgq), 140.4 (dd, 3Jpc =7.5
Hz, 1Jpc = 33.0 Hz, Ph-ipso), 136.8 (d, 1Jpc = 39.3 Hz, Ph-ipso), 132.0 (d,
separation 11.9 Hz, Ph-ortho), 131.5 (d, separation 11.9 Hz, Ph-ortho), 129.4 (s, Ph-
para), 128.9 (d, separation 9.5 Hz, Ph-meta), 128.6 (d, scparation 9.5 Hz, Ph-meta),
86.6 (d, separation 15.5 Hz, CH20), 55.8 (d, separation 5.9 Hz, CC4), 41.7 (d,
separation 9.1 Hz, CH2CH2CHb>), 37.8 (d, separation 15.8 Hz, CH2PPhj), 22.4 (s,
CH2CH2CH2); 1H NMR (CD2Cl2) & 7.71 (m, Ph), 7.35 (m, Ph), 6.97 (m, Ph), 4.22
(d, 2¥gm = 10.5 Hz, CH20), 3.65 (dd, Uyg = 16.2 Hz, 2Jgp = 10.5 Hz, CH2PPhy),
3.46 (br d, 2Jgy = 10.5 Hz, CH20), 2.95 (br d, 2Jyy = 16.2 Hz, CHPPhy), 1.93 (dd,
2JaB = 13.0 Hz, 3Igp = 5.4 Hz, 2H, Hp), 1.75 (dt, 2Jcp = 12.5 Hz, 3Jpoc = 5.5 Hz,
1H, Hp), 1.59 (m, 2H, Ha), 1.47 (m, 1H, Hp); Anal. Calcd for C36H3404P2W: C,
55.69; H, 4.41; W, 23.68. Found: C, 55.49; H, 4.63; W, 23.17;

Preparation of fac-(cis-1,5-bis{(diphenylphosphinomethyl)-3-oxabicycio-
[3.3.0]Joctane-P,P')bromotricarbonylmanganese (isomers 17a, 17b)

A solution of 6 (0.520 g, 1.02 mmol) in 10 mL of toluene was added to a
suspension of Mn(CO)sBr (0.268 g, 0.975 mmol) in 5 mL of toluene. This mixture was
refluxed for 20 minutes to yield a yellow precipitate. The mixture was cooled and stirred
at room temperature for 30 minutes. Precipitation was completed with the addition of 20
mL of pentane. The product was isolated by filtration, washed twice with 5 mL of
pentane, and dried in vacuo. Yield 0.56 g (79%). H, 13C, and 31P NMR showed the
presence of two facial isomers (4/1 ratio) which were not separated.

Major isomer (17a). 31P NMR (CH2Clp) 8 26.9 (s); 13C NMR (CD,Clp) & 139.4
(m, separation 39.7 Hz, Ph-ipso), 137.7 (m, separation 38.5 Hz, Ph-ipso), 134.0 (at,
separation 9.1 Hz, Ph-ortho), 132.0 (at, separation 8.7 Hz, Ph-ortho), 130.6 (s, Ph-
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para), 130.3 (s, Ph-para), 128.9 (at, separation 8.4 Hz, Ph-mera), 128.6 (at, separation
9.1 Hz, Ph-meta), 55.4 (s, CCy), 39.6 (at, separation 9.4 Hz, CHoCH2CH)>), 38.2 (at,
separation 14.6 Hz, CHoPPhy), 22.5 (s, CH2CH2CH3); IH NMR (CD>Cly) & 8.02 (br,
Ph), 3.45 (br m, CH20), 3.05 (br m, CH2PPh3), 1.8-1.0 (m, CHp).

Minor isomer (17b). 31P NMR (CH2Cl) 8 28.7 (s); 13C NMR (CD2Clp) & 133.4
(at, separation 8.3 Hz, Ph-ortho), 132.9 (at, separation 9.1 Hz, Ph-ortho), 130.6 (s, Ph-
para), 130.3 (s, Ph-para), 128.9 (at, Ph-meta), 128.4 (at, separation 8.7 Hz, Ph-meta),
55.6 (s, ©), 41.2 (m, CH2CH2CH3), 37.2 (m, CH2PPhp), 22.5 (s, CH2CH2CH)).

Preparation of fac-(cis-1,5-bis(diphenylphosphinomethyl)-3-oxabicyclo-
[3.3.0]octane-P,P’,O)tricarbonylmanganese tetrafluoroborate (18)

The isomeric mixture 17a, 17b (0.296 g, 0.407 mmol) and AgBF4 (0.090 g,
0.462 mmol) were stirred in 15 mL of CH2Cl; for 1.5 hours. The resulting mixture was
filtered through celite to leave a bright yellow filtrate. The volume was reduced to 10 mL
in vacuo and the product was precipitated by the addition of 20 mL of pentane. The
product was isolated by filtration, washed twice with 10 mL of diethyl ether and dried in
vacuo. Yield 0.25 g (85%). MS (FAB) m/e (relative intensity) 647 (M*, 71 ), 591 (M+ -
2 CO, 20), 563 (M* - 3 CO. 47); 31P NMR (CH2Clp) 3 20.0 (s); 13C NMR (CDClp) 3
223.2 (t, COax), 214.7 (m, COeq), 137.0 (d, separation 22.6 Hz, Ph-ipso), 136.7 (4,
separation 21.8 Hz, Ph-ipso), 131.4 (at, separation 9.1 Hz, Ph-ortho), 131.1 (s, Ph-
para), 131.0 (s, Ph-para), 130.8 (at, separation 9.5 Hz, Ph-ortho), 130.0 (at, separation
9.5 Hz, Ph-meta), 129.6 (at, separation 9.9 Hz, Ph-metza), 86.0 (at, separation 14.6 Hz,
CH20), 54.8 (s, CCy), 39.6 (at, separation 10.3 Hz, CH,CH2CH3?), 32.7 (at,
separation 18.6 Hz, CH2PPh»), 22.5 (s, CH2CH>CH3); 1H NMR (CD2Clz, 500 MHz),
8 7.70 (m, Ph-ortho), 7.53 (m, Ph-mera), 7.48 (m, Ph-para), 7.35 (m, Ph-ortho), 7.18
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(m, Ph-para), 7.04 (m, Ph-meta), 3.84 (d, 2Jyu = 10.5 Hz, 2H, CH»0), 3.64 ("filled
in" dd, 2Jgy = 16.5 Hz, separation 13.5 Hz, 2H, CH2PPhy), 3.42 (bd, 2Jgyg = 16.5
Hz, 2H, CH2PPhy), 3.39 (d, 2Jgg = 10.5 Hz, 2H, CH;0), 2.06 (m, 2H, Hp), 1.95
(m, 3H, Hp ¢), 1.55 (m, 1H, Hp); AMm (CH2Clp) =27.0 ohm-1cm2mol-! at 2.29 mM.

Crystal and Molecular Structure Solution of (6)Mo(CO)4 (13)

A colorless crystal of the title compound was attached to the tip of a glass fiber,
moved into the cold stream of the low-temperature device on the diffractometer, and
cooled tc -10 °C. The cell constants for data collection were determined from a list of
reflections found by an automated search routine. The final cell constants were
determined after data collection using 25 well-centered high-angle reflections. Pertinent
data collection and reduction information is given in Table 1.

A total of 10,108 reflections were collected in the +h, &, £/ hemisphere. Lorentz
and polarization corrections, and an absorption correction based on a series of psi-scans
were appﬁed. The agreement factor for the averaging of 642 observed reflections was
1.7% (based on I).

The centric space group P1 was initially chosen, as suggested by intensity
statistics; this choice was verified by the successful solution and refinement of the
structure. The positions of the two independent Mo atoms were taken from a Patterson
. map. The remaining non-hydrogen atoms were then found through subsequent sets of
difference Fourier maps and least-squares refinement. Two molecules of CH2Clp were
also located in the lattice. The occupancies of the two solvent molecules were included in
the refinement; the final occupancy values were 0.80(2) and 0.88(2). In the final stages
of refinement, all of the non-hydrogen atoms except for the phenyl carbon atoms and the

solvent carbon atoms were refined with anisotropic temperature factors. Hydrogen
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atoms were added in idealized positions with isotropic temperature factors set equal to
1.3 times the isotropic equivalent of the attached carbon atom. An analysis of the
environment around each complex verified the independence of the two molecules.
There was a potential ambiguity in the identity of the two unique atoms (one carbon
and one oxygen) of the two fused five-membered rings in each complex. The initial
identification was made by observation of the refined values of the isotropic thermal
parameters. This assignment was later confirmed by using carbon scattering factors for
both atoms, fixing isotropic B values at 4.0 for each atom, and refining the positions and
occupancy of each atom. For each of the two molecules, the occupancy of the atom
previously assigned as oxygen refined to approximately 0.8 and the other occupancy to
about 1.2, confirming the initial assignment. Refinement calculations were performed on
a Digital Equipment Corp. Micro VAXII computer using the CAD4-SDP programs.24

Crystal and Molecular Structure Solution of (6)W(CO)3 (16)

A yellow crystal of 16 was mounted on a glass fiber and centered on a Rigaku
AFC6R diffractometer with graphite monochromated MoK, radiation and a 12KW
rotating anode generator. Cell dimensions and the orientation matrix were obtained from
least-squares refinement using setting angles of 25 carefully centered reflections in the
range 12.52 <20 < 15.17°. Since the intensities of three representative reflections
measured after every 150 reflections remained constant throughout data collection, no
decay correction was applied. Lorentz and polarization corrections were applied to the
data. Refinement of the structure was performed using the TEXSAN crystallographic
software package.25 Scattering factors were obtained from Cromer and Waber.26
The space group P2;/c (#14) was initially chosen and subsequently verified by the

successful solution and refinement of the structure. The non-hydrogen atoms were
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refined anisotropically. The final cycle of full-matrix least-squares refinement, which

was based on 4068 observed reflections with I > 36(I) and 460 variable parameters,

converged with unweighted and weighted agreement factors of 0.076 and 0.093,

respectively.

Table 1. Crystallographic Data for (6)Mo(CO)4, 13 and (6)W(CO)3, 16

13 16

Formula C37H3405P2Mo C36Hz404P2W

«CH2Ch «CH2Cl
Formula weight 801.50 861.39
Space Group P1 P2i/c (#14)
a,A 15.321(3) 12.262(5)
b, A 22.371(3) 17.38(1)
c,A 11.376(2) 16.285(7)
o, deg 90.52(1)
B, deg 91.80(1) 92.08(4)
v, deg 72.07(1)
Vv, A3 3708(1) 3468(3)
aR = TR -IFII/ZiFl

bRy, = [EW(F-Fc)2/E Fo2]12; w = 1/62(IFy)
¢Quality-of-fit = [Zw(Fol-Fcl)2/ (Nobs-Nparameters)) 12
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13 16
Z 4 4
dzaic, glemd 1.436 1.650
Crystal size, mm 048 x 0.24 x 0.18 0.30 x 0.45 x 0.50
pMoKg), cmrl 6.15 36.85
Data collection instrument Enraf-Nonius CAD4  Rigaku AFC6R
Radiation ég%?al;nr‘;mﬂed MoKq(A=0.71073 A) MoKq(* = 0.71069 A)
Orientation reflections, 25, 21-34 25,12.5-15.2
number, range (26)

Temperature, °C -10(1) -15
Scan method 6-20 -20
Data col. range, 26, deg 4.0-45.0 0-55.2
No. unique data, total: 9667 8290

with F2 > 36(F2): 6702 4068
Number of parameters refined 615 460
Trans. factors, max., min. 0.999, 0.947
(psi-scans)
Ra 0.059 0.076
Ry P 0.079 0.093
Quality-of-fit indicator® 2.10 2.53
Largest shift/esd, final cycle 0.03 0.36
Largest peak, e/A3 1.2(1) 6.09
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RESULTS AND DISCUSSION

Synthesis of Ligand 6

Previous work from our group2? showed that reaction of the tetrol 7a with
trimethylorthoacetate in chloroform unexpectedly yielded the diol-ether 8a in the
presence of an acid catalyst. A similar procedure starting with 7b, followed by reaction
with methanesulfonyl chloride in pyridine yielded the dimesylate-ether 9a. The tosylate
derivative 9b has previously been synthesized?® directly from 7b, but in our hands the

yield was low.
Scheme 1
HO OH
HO OH O
CH, C(OCH.
3 C( 3)3> HO OH
CHp - CHCh (CHp):
7a n=2 8a n=2
7b n=3 8b n=3
TsCl
pyridine
pyridine | MsCl
O. 0)
LiPPh,
i ferm————————
Ph,P PPh; THE X X
6 9a X =0Ms

9b X =0OTs
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Substitution of the mesylate groups in 9a by PPha moieties was achieved using
LiPPhy in THF. The residué obtained after workup was chromatographed on silica gel
with 10% EtOAc/toluene to give pure 6. This new diphosphine ether is a crystalline air
stable white solid which is soluble in toluene, tetrahydrofuran, diethyl ether and CH2Cl.
Typical of tertiary phosphines, 6 is readily oxidized with ¢-BuOOH or Sg in toluene
giving 10a or 10b, respectively (reaction 2). These compounds were isolated as stable

white solids and their constitutions were confirmed by NMR and HRM spectroscopies.

)
6 -BuOOH or Sg
toluene > Phy(E)P P(E)Ph, @)
10a E=0
10b E=S

Coordination Chemistry of 6

Addition of 6 to (PhCN)»PdCl» in toluene resulted in the precipitation of 11 in
Scheme II as a creamy white solid in almost quantitative yield. This compound is
insoluble in most organic solvents but exhibits moderate solubility in DMSO. Solutions
of 11 in DMSO exhibit a singlet in the 31P NMR spectrum at 22.8 ppm and resonances
in the 1H and 13C NMR spectra consistent with the formulation of 11 as a cis-square
planar complex wherein 6 is coordinated through the two phosphorus atoms.

Addition of 6 to CH2Cl» solutions of cis-LoMo{(CO)4 (L2 = NBD, (piperidine)z,
COD; M = Cr, Mo, W) yields the complexes 12-14 in Scheme II as pale white to lightly
yellow solids. In contrast to 11, these complexes exhibit high solubility in CH2Cl3 and

THF, allowing purification by column chromatography and easy spectroscopic
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Scheme II
Cl
(PhCN)PdCl =
—
-PhCN 0 ) P
Ph,
6 11
OC\ = %8
LM(CO),, - 2L o2 M=
- o 7\
L,=NBD,M=Cr ) P CO
L =pip, M =Mo Ph,
L,=COD,M=W
12 M=Cr
13 M=Mo
14 M=W

identification. These complexes exhibit singlets in their 31P NMR spectra

except for 14 which also shows satellites for 31P - 183W coupling with a value of 232
Hz. The four strong carbonyl stretches in the infrared spectra of 12-14 (Table 2) are in
a range consistent with cis phosphine-substituted tetracarbonyls. An X-ray
crystallographic study of 13 confirms this assignment. 1H and 13C NMR spectral
evidence for these complexes will be discussed later.

In addition to a bidentate phosphine coordination mede (P,P) for 6 as in
complexes 11-14, a tridentate coordination mode (P,P,Q) is also accessible via
coordination of the ether oxygen. Heating solutions of 6 and
(nb-cycloheptatriene)Mo{CO)3 or (nS-cycloheptatriene) W(CO)3 in toluene at 40-60 °C

results in the precipitation of 15 or 16 as bright yellow solids in 70-80% yield (reaction
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3). These complexes are moderately air stable as solids but their CH2Cl, solutions
rapidly decompose upon exposure to air.

The constitutions of 15 and 16 were confirmed by their mass spectra as well as
their IR and NMR spectroscopic properties. Both 15 and 16 show strong molecular ion
peaks (MH?*) in their desorption CI mass spectra at m/e 690 and 777, respectively. In
addition, 15 shows a molecular ion peak (M) in its EI mass spectrum and its molecular
formula was confirmed by high resolution measurement. The appearance of three strong
carbonyl stretches in the IR spectra of 15 and 16 supports a facial tricarbonyl species

(Table 2). Strong evidence for coordination of the ether functionality is also provided by

Table 2. Infrared spectroscopic data?

vco (cmr))
12, (6)Cr(CO)4 2014 1925 1877 1863
13, (6)Mo(CO)4 2027 1934 1886 1869
14, (6)W(CO)4 2021 1917 1892 1863
15, (6)Mo(CO)3 1921 1826 1763
16, (6)W(CO)3 1913 1819 1757
17a,b fac-(6)Mn(CO)3Br 2023 1956 1911
18.¢ [(6)Mn(CO)3]BF4 2044 1981 1931

a Samples prepared as Nujol mulls except where indicated.
b IR bands for the minor isomer 17b were not observed in this mixture of isomers.
¢ CH2Clj solution. '
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the large shift of carbonyl stretching frequencies to as low as 1763 cm! for 15 and
1757 cm! for 16. Such a shift to lower frequency is expected based on the lack of ©
acceptor capability of ether donors, resulting in an increase in the strength of M-C
backbonding, especially for the carbonyl #ans to the ether oxygen. An attempt was also
made to assign the asymmetric vc_o_¢ mode for the coordinated ether. Lindner’-29 has
reported that upon ether coordination in metal complexes of ether-substituted
phosphines, vc-0-c shifts to lower frequency by 30-40 cm-l. Although 6 exhibits a
weak asymmetric §c_o_c band at 1082 cm-1, the low intensity of this stretch did not
allow for a reliable assignment to be made in the spectra of 15 and 16.

Attempts to prepare the chromium analogue of 15 and 16 were unsuccessful. No
reaction was observed when solutions of (n6-cycloheptatriene)Cr(CO)3 and 6 were
heated in toluene at temperatures up to 100 °C for 12 h. Lower temperatures and longer
reaction times also yielded no reaction. Refluxing the two starting materials in xylene
yielded only decomposition and disproportionation products. Analysis of this solution
by 31P NMR spectroscopy revealed the two major products to be unreacted ligand 6 and

the tetracarbonyl derivative 12.
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Mn(CO)sBr was found to react with 6 in refluxing toluene to give (6)Mn(CO)3Br
as a mixture of two fac isomers 17a and 17b which was confirmed by 31P and 13C
NMR spectroscopy. Here the isomerism arises from the inequivalency of the two axial
sites due to the lack of symmetry of the ligand 6.

Removal of bromide from a mixture of 17a and 17b was achieved by reaction
with a slight excess of AgBF4 in CH2Cl3 (Scheme IIT). Following filtration,
precipitation with pentane yielded 18 as a bright yellow solid which was highly soluble
in CHClp. FAB MS revealed a large molecular ion peak (excluding BFz-) at m/e 647.
The ionic nature of 18 is shown by its conductivity in CHCly Ap = 27 ohm-lcm?
mol-1. Although this conductance seems low, it is in the range of 20-30 ohm-lcm2mol-1
observed previously for other 1:1 electrolytes in CH2Cl,.30 This conductivity, as well as
IH and 13C NMR data confirms the coordination of the ether oxygen to manganese.
Infrared data are also consistent with a facial tricarbonyl species. Whereas coordination
of the ether oxygen in 15 and 16 significantly lowers the carbony! stretching frequencies
to as low as ~1760 cmr-l, they remain in the region of 2044-1931 cm! in the case of 18.
Presumably this arises from the formation of a positive charge on manganese which
offsets the expected increase in M-CO backbonding anticipated for the axial carbonyl

upon ether coordination.
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Scheme IIX
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Crystallographic Studies
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Slow evaporation of a CH2Cl; solution of 13 yielded clear colorless crystals

suitable for X-ray analysis. In addition to two solvent molecules, the unit cell contains

two independent molecules of the complex each with the same overall geometry but

differing by small variations in bond distances and angles (Figure 1). The distorted

octahedral geometry around Mo is comprised of two cis phosphorus atoms from 6 and

four carbonyl ligands. The average Mo-P distance of 2.543(2) A is in the range reported

previously for other phosphine complexes of molybdenum carbonyls.3! The Mo-C

distances for the carbonyls zrans to phosphorus average 1.977(9) A. This is shorter than



Figure 1a. ORTEP diagram of the first of two independent molecules of 13 with
ellipsoids drawn at the 50% probability level.



159

Figure 1b. ORTEP drawing of the second independent molecule of 13 with ellipsoids
drawn at the 50% probability level.
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the Mo—C distances for the mutually trans axial carbonyls, as is expected for the poorer &
acceptor ability of P compared with CO. Furthermore, the mutually zrans carbonyls
occupy stereochemically nonequivalent axial sites which is reflected in the Mo-C bond
distances. The Mo-C distances of 2.061(9) and 2.048(8) A for C-1 and C-5, which
occupy the axial positions nearest two phenyl rings, are significantly elongated compared
with 2.021(8) and 2.011(7) A for C-4 and C-8 which are nearest the cyclopentane ring
of ligand 6 (See Tables 3 and 4)

The geometry around Mo reveals a distortion of the carbonyls away from the
phosphine ligand presumably due to steric hindrance. The average P-Mo-P angle has
been opened up to93.5°. Most P-Mo-C angles also slightly exceed 90°, with the largest
deviatlons being 96.8(2)° and 96.9(2)° for P(4)-Mo(2)-C(8) and P(2)-Mo(1)-C(4),
respectively. However, P(2)-Mo(1)-C(3) exhibits a much smaller angle of 84.8°(2). To
offset the slightly larger-than-ideal P-Mo-C angles, the C-Mo-C angles are slightly less
than 90° with an average value of 87.9°. The distortion from an idealized octahedral
geometry is also readily apparent by noting that the trans C-Mo-C and P-Mo-C angles

Table 3. Selected bond distances (A) for 13-CH,Cly

Mo(1)-P(1) 2.544(2) Mo(1)-C(3) 1.981(9)
Mo(1)-P(2) 2.546(2) Mo(1)-C(4) 2.021(8)
Mo(2)-P(3) 2.543(2) Mo(2)-C(5) 2.048(8)
Mo(2)-P(4) 2.539(2) Mo(2)-C(6) 1.980(9)
Mo(1)-C(1) 2.061(9) Mo(2)-C(7) 1.965(8)

Mo(1)-C(2) 1.983(8) Mo(2)-C(8) 2.011(7)
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Table 4. Bond angles (deg)? for 13-CH2Cl2

P(1)-Mo(1)-P(2)
P(1)-Mo(1)-C(1)
P(1)-Mo(1)-C(2)
P(1)-Mo(1)-C(3)
P(1)-Mo(1)-C(4)
P(2)-Mo(1)-C(1)
P(2)-Mo(1)-C(2)
P(2)-Mo(1)-C(3)
P(2)-Mo(1)-C(4)
C(1)-Mo(1)-C(2)
C(1)-Mo(1)-C(3)
C(1)-Mo(1)-C(4)
C(2)-Mo(1)-C(3)
C(2)-Mo(1)-C(4)
C(3)-Mo(1)-C(4)

aNumbers in parentheses are estimated standard deviations in the least significant

digits.

93.05(6)
90.0(3)
92.8(3)
176.0(2)
93.2(2)
89.4(2)

| 173.0(3)

84.8(2)
96.9(2)
86.7(3)
86.6(4)
172.7(3)
89.1(4)
86.6(3)
90.3(3)

P(3)-Mo(2)-P(4)
P(3)-Mo(2)-C(5)

- P(3)-Mo(2)-C(6)

P(3)-Mo(2)-C(7)
P(3)-Mo(2)-C(8)
P(4)-Mo(2)-C(5)
P(4)-Mo(2)-C(6)
P(4)-Mo(2)-C(7)
P(4)-Mo(2)-C(8)
C(S)fl\;lo(Z)-C(6)
C(5)-Mo(2)-C(7)
C(5)-Mo(2)-C(8)
C(6)-Mo(2)-C(7)
C(6)-Mo(2)-C(8)
C(7)-Mo(2)-C(8)

94.00(7)
89.9(2)
91.4(3)
177.4Q2)
92.3(2)
88.5(3)
173.5(3)
87.0(3)
96.8(2)
88.0(4)
87.7(3)
174.1(4)
87.4(4)
86.5(3)
90.0(3)
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vary from 172.7(3) to 177.4(2)°. An important feature to note in this structure is the
orientation of one methylene proton towards the face of a phenyl ring on each of carbons
14, 16 and 23, 25 in the cyclopentane ring. The implications of such a conformation and
its effect on 1H and 13C NMR spectra of these complexes will be discussed later. Also,
of the two five-membered rings in 6, it should be noted that the ether-containing ring is
pointed away from the metal center.

Slow evaporation of a CH2Cl» solution of 16 yielded yellow crystals of X-ray
quality as a CH2Cl» solvate (Figure 2). The distorted octahedral coordination sphere
around tungsten is comprised of three carbonyls in a fac arrangement as well as an
oxygen and two phosphorus donors verifying the tridentate coordination mode for 6 in
16. The P(1)-W(1)-P(2) angle has decreased upon ether coordination to 83.2°, an angle
considerably less than the 93.5° angle observed in 13. All C-W-C angles between
carbonyls as well as P-W-O angles of 6 are less than 90° whereas all P-W-C and O-W-C
angles exceed 90°, indicating the expected distortion of the carbonyls away from the
steric bulk of 6. The largest deviations from an ideal octahedron are observed for P(2)-
W(1)-0(4), P(2)-W(1)-C(1) and P(2)-W(1)-C(2) with angles of 83.2(3), 98.7(6) and
98.8(6)°, respectively (See Table 5).

Two W-C distances are observed for the two types of non-equivalent carbonyls in
16. The two carbonyls trans to phosphorus atoms exhibit a W-C distance of 1.98(2) A
in agreement with the analogous Mo-C distances in 13.32 The W-C distance of 1.91(2)
A observed for the carbonyl t7ans to the coordinated ether represents a considerable bond
shortening when compared to the Mo-C distances for the mutually ¢rans carbonyls in 13
which range from 2.011(7) to 2.061(9) A. This decrease in W-C bond distance in 16 is
consistent with an increase in W-C n bonding for the carbonyl #rans to the poor ©

accepting ether oxygen, as is further substantiated by the low vco value of 1757 cm! in
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the infrared spectrum. The W-O distance of 2.33(1) A is considerably longer than the
sum of the covalent radii (2.19 A) as is expected for a weak ether-metal interaction. This
distance is in agreement with Mo-O distances of 2.363(6) and 2.337(7) A reported for
(TMPP)Mo(CO)3.2 The W-P distances of 2.558(5) and 2.550(5) A are quite normal.

Table 5. Selected bond distances (A) and angles (deg) for 16+CH,Cly

Bond Distances
W(1)-P(1) 2.558(5) W(1)-C(3) 1.98(2)
W(Q1)-PQ2) 2.550(5) . O(1)-C(1) 1.19(2)
W(1)-0(4) 2.33(1) 0(2)-C(2) 1.15(3)
W(1)-C(1) 1.91(2) 0(3)-C(3) 1.12(3)
W(1)-C(2) 1.98(2)
Bond Angles

P(1)-W(1)-P(2) 83.2(2) P(2)-W(1)-C(3) 170.5(6)
P(1)-W(1)-0(4) 88.6(4) 0@4)-W(1)-C(1) 178.0(7)
P(1)-W(1)-C(1) 92.1(7) 04)-W(1)-C(2) 91.5(7)
P(1)-W(1)-C(2) 178.1(6) 0(4)-W(1)-C(3) 88.9(7)
P(1)-W(1)-C(3) 91.4(6) C()-W(1)-C@2) 87.7(9)
P(2)-W(1)-0(4) 83.2(3) C(1)-W(1)-C(3) 89.3(9)
P(2)-W(1)-C(1) 98.7(6) C(2)-W(1)-C(3) 86.7(9)

P(2)-W(1)-C(2) 98.8(6)




164

Figure 2a. ORTEP drawing of 16 with ellipscids drawn at the 50% probability level.
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Figure 2b. ORTEP drawing of 16 with ellipsoids drawn at the S0% probability level.
All phenyl carbons, except for Ph-ipso carbons, have been omitted for
clarity.
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iH NMR Spectroscopic Characterization

Compound 6 exhibits resonances in three distinct regions of its 1H NMR spectrum
that are useful in the characterization of the metal complexes of this ligand. These
regions are comprised of the phenyl protons, the CH20O and CHoPPh; methylene
protons, and the methylene protons of the cyclopentane ring. Assignments discussed
below were aided by the use of II-i {31P} spectra obtained on a 500 MHz spectrometer to
assure correct assignment of couplings due to phosphorus nuclei.

The phenyl region in 6 shows two multiplets, one centered at 7.46 ppm assigned to
the ortho protons and the other at 7.31 ppm assigned to the mera and para protons. The
multiplet at 7.46 ppm actually corresponds to two sets of inequivalent ortho protons
owing to the presence of two sets of stereochemically non-equivalent phenyls, one each
per phosphorus atom. In fact, the 500 MHz !H NMR spectrum of 10a shows two well
resolved multiplets at 7.82 and 7.76 ppm for these two types of ortho protons. These
multiplets are assigned to the phenyl ortho protons based on integrations and on the
collapse of these multiplets to doublets (with fine structure) upon phosphorus irradiation
in the 1H {31P} NMR spectrum.

Compound 6 also exhibits an AB quartet centered at 3.57 ppm and an ABX pattern
(X =P) centered at 2.31 ppm for the diastereotopic methylene protons adjacent to the
ether-oxygen and the PPh2 groups respectively. The region from 1.4-1.8 ppm is marked
by complex multiplets due to the A2B2CD spin system for the six cyclopentane ring
protons. The derivatives 10a and 10b display the same basic features discussed above
for their parent compound 6.

Upon coordination of 6 to an octahedral metal fragment in 12-14, the
cyclopentane portion of the spectrum features well separated resonances. In 13 for

example, a doublet of doublets at 1.12 ppm and a multiplet at 1.81 ppm are assigned to
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the geminal protons Ha and Hg as shown in Figure 3. The resonance at 1.12 ppm for
Ha appears as a doublet of doublets due to a strong geminal coupling to Hp of 12.3 Hz
and a vicinal cis coupling to Hc of 5.4 Hz. A vicinal zrans coupling of Hp to Hp is not
observed as is sometimes the case for cyclopentane rings.33 These assignments agree
with the results of a COSY-experiment for 12, and !H {31P} spectra for 12-14 which
show that none of the couplings in this region arise from P-H coupling.

13 15

In Figure 3 it is noted that the position of Hp in 13 has been shifted significantly
upfield compared with the chemical shift of Hg and compared with the corresponding
resonances for 6, 10a and 10b. Presumably this upfield shift has been induced by a
neighboring phenyl ring. The crystal structure of 13 indeed shows that Hj is oriented
towards the face of a phenyl ring on phosphorus in the solid state. In solution one might

expect fluxionality between conformations wherein the two five-membered rings switch
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Figure 3. The cyclopentane region of the IH NMR (500 MHz, CD2Cly) spectra of
(6)Mo(CQ)4, 13, (above) and (6)Mo(CO)3, 15, (below). The asterisks
indicate resonances due to pentane present as an impurity.
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positions as in equation 4. If such a conformational equilibrium exists, noticeable
shielding should also be observed for two of the four diastereotopic CH20 protons.
However, the 'H NMR spectrum of 13 shows an AB system centered at 3.59 ppm
(ASaB = 0.03 ppm) for the CH20 protons and a partially collapsed ABX pattern at 2.99
ppm for the CH>PPh» protons. Thus no significant shielding in this region is observed,
prompting us to speculate that in solution the conformations of 12-14 closely resemble
that found in the solid state for 13 where the ether oxygen in 6 is removed as far as
possible from the metal center. Variable temperature IH NMR spectra of 14 in ds-
pyridine lend further support to this argument. With increasing temperature, the doublet
of doublets resonance at 1.24 ppm assigned to Ha at 20 °C gradually shifts downfield to
1.38 ppm at 110 °C. Similarly the difference in chemical shifts for the CH20 proton
resonances steadily increases from 0.07 ppm at 20 °C to 0.20 ppm at 110 °C. This can

- be explained by a shift in equilibrium toward conformation B with increasing

temperature, allowing for decreased shielding at Ha and an increase in shielding for two

of the four CH20 protons.
CcO
CO O co
Ph, Méco Ph,
P—= P /
(0) \ —~— S~
y P o P—M=—co
12 M=Cr co
13 M=Mo
A 14 M=W B

Upon coordination of the ether-oxygen in 15, a doublet of doublets
resonance appears in the IH NMR spectrum at 1.90 ppm (2Jag = 13.2 Hz, 3Jgp = 5.1
Hz) assigned to Hg. Ha has shifted downfield to 1.58 ppm, a change of 0.46 ppm from
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assigned to Hg. Ha has shifted downfield to 1.58 ppm, a change of 0.46 ppm from the
resonance for Hp in 13. This is consistent with structural data for 16 which show that
upon ether coordination, none of the phenyl rings on phosphorus are oriented in a
manner conducive to shielding any of the cyclopentane protons. Resonances for the
diastereotopic CH»O protons of 15 are observed as doublets ((Jug = 10.5 Hz) at 4.09
ppm and 3.29 ppm, a separation of 0.8 ppm compared with a separation of only 0.03
ppm in 13. Similarly a much larger separation of the CH2PPh) methylene protons is
also observed for 15, 16 and 18 compared with 12-14. For example, a separation of
0.44 ppm is observed for the diastereotopic CH2PPhp methylene protons of 15, whereas
in 13 the CH>PPhy methylene resonance appears as a doublet with coupling only to
phosphoraus. | |

Coordination of the ether to a metal also increases the resolution of the phenyl
protons. 1H {31P} spectra of 15, 16 and 18 clearly show well-resolved resonances for
each of the two nonequivalent ortho, meta and para frotons in a window spanning, for
example from 6.98 to 7.72 ppm for 16. Overlap of some of these resonances occurs for

the non-ether coordinated complexes 12-14.

I3C NMR Spectroscopic Characterization

In the free ligand 6, inequivalence of the two phenyl rings is indicated by the
observance of two doublets for the ipso carbons and two doublets for the ortho carbons.
The difference between the chemical shifts of the phenyl carbons increases upon
oxidation as two doublets each are observed for the ipso, ortho, meta and para carbons in
10a and 10b. Also, the oxidation of phosphorus in 10a and 10b is supported by the
large 1Jpc.ipso values34 of 98 and 80 Hz, respectively.
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In the 13C NMR spectra of 12-14, resonances are also observed for two
nonequivalent phenyl rings. The multiplicities of these resonances vary, however. The
ortho and meta resonances are "apparent” triplets with two much smaller, but observable,
satellites. The couplings in these virtually coupled triplets are reported here as the
separation between lines 2 and 4 (counting the smaller 2 satellites-as 1 and 5) and these
separations represent the sum of two coupling constants, I"Jpc + ™+2Jpcl. Phenyl ipso
carbon resonances appear as five-line multiplets33 for 12 and 13 but as doublets with a
small center line for 14. These multiplicities follow the trend expected for a decreasing
value of Jp.p' for the heavier metals in Group VI for an AXX' spin system.36 This spin
system and its relevance to Group VI metal carbonyl complexes37 has been fully detailed
previously. All of the methylene carbons of ligand 6 exhibit similar five-line patterns,
usually as "apparent” triplets, except for the central methylene in the cyclopentane ring
which appears as a singlet in all metal complexes reported here.

The symmetry of 6 imposes an inequivalency upon the axial positions of octahedral
metal complexes of this ligand. This asymmetry is revealed in the 13C NMR spectra of
12-14. In the spectrum of 13 for instance, three carbonyl resonances are observed.
Two triplets of equal intensity at 212.0 and 206.0 ppm are assigned to two nonequivalent
axial carbonyls. For the two equatorial carbonyls a five-line multiplet of the virtual type
is observed at 215.9 ppm with twice the intensity of an axial carbonyl resonance.

As expected, the phenyl resonances for 15, 16 and 18 show the presence of two
nonequivalent phenyl rings, with multiplicities similar to those described for 12-14.
Also, the carbonyl regions of these spectra show only two resonances. In the 13C NMR
spectrum of 15 a five-line multiplet is observed at 219.9 ppm for the two equatorial
carbonyls and a triplet with only half the intensity of the first resonance is observed at

229.0 for the axial carbonyl. This represents a considerable downfield shift of this
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resonance upon coordination of the ether oxygen compared with the axial carbonyl
chemical shifts for 13. The lack of resonances corresponding to an additional axial
carbonyl (or some other additional ligand) supports the assignment of a structure wherein
6 binds in a tridentate (P,P,0) manner. The changes observed in the CH20 chemical
shift upon coordination of the ether oxygen in 12-14 to the metal in 15, 16 and 18 were
small. Thus no diagnostic trend is apparent in these particular resonances for

differentiating the bidentate (P,P) from tridentate (P,P,0) coordination modes.

Conclusions

We have synthesized a new diphosphine ether, 6, capable of coordinating to metal
carbonyl complexes in either a bidentate (P,P) or a tridentate (P,P,0) coordination mode
as shown from the analysis of spectroscopic and structural data. The !H NMR spectra
for the (P,P)-coordinated octahedral metal complexes of 6 studied here are consistent
with the presence of a ligand whose conformational preference in solution is similar to
that observed in the crystal structure of 13.

The weak metal-O(ether) interactions in complexes such as 15, 16 and 18 are
expected to be quite labile. Results of substitution reactions of these complexes will be
reported shortly. Further studies concerning the chemistry of 6 and its potential in

catalytic systems are in progress.
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ce4

Figure 1. ORTEP drawing and complete labeling scheme of the first of two independent

molecules of 13
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Figure 2. ORTEP drawing and complete labeling scheme of the second independent
molecule of 13.
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Table 1. Bond distances (&) for (6)Mo(CO)4, 13

Mo(1)-P(1) 2.544(2) P(4)-C(26) 1.851(8)
Mo(1)-P(2) 2.546(2) P(4)-C(91) 1.832(7)
Mo(1)-C(1) 2.061(9) P(4)-C(101) 1.866(6)
Mo(1)-C(2) 1.983(8) 0(9)-C(11) 1.41(1)
Mo(1)-C(3) 1.981(9) 0(9)-C(12) 1.41(1)
Mo(1)-C4) 2.021(8) 0(10)-C(20) 1.41(1)
Mo(2)-P(3) 2.543(2) 0(10)-C(21) 1.44(1)
Mo(2)-P(4) 2.539(2) C(9)-C(10) 1.55(1)
Mo(2)-C(5) 2.048(8). C(10)-C(11) 1.54(1)
Mo(2)-C(6) 1.980(9) C(10)-C(13) 1.59(1)
Mo(2)-C(7) 1.965(8) C(10)-C(16) 1.55(1)
Mo(2)-C(8) 2.011(7) C(12)-C(13) 1.55(1)
P(1)-C©9) 1.840(7) C(13)-C(14) 1.55(1)
P(1)-C(31) 1.842(8) C(13)-C(17) 1.52(1)
P(1)-C(41) 1.838(8) C(14)-C(15) 1.54(1)
P(2)-C(17) 1.853(7) C(15)-C(16) 1.52(1)
P(2)-C(51) 1.843(7) C(18)-C(19) 1.55(1)
P(2)-C(61) 1.839(8) C(19)-C(20) 1.53(1)
P(3)-C(18) 1.845(8) C(19)-C(22) 1.58(1)
P(3)-C(71) 1.837(7) C(19)-C(25) 1.55(1)

P(3)-C(81) 1.840(7) C(21)-C(22) 1.57(1)
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Table 1. Continued

C(22)-C(26) 1.54(1) C(61)-C(62) 1.38(1)
C(23)-C(24) 1.49(1) C(61)-C(66) 1.40(1)
C(24)-C(25) 1.50(1) - C(62)-C(63) 1.37(1)
C(31)-C(32) 1.38(1) C(63)-C(64) 1.38(1)
C(31)-C(36) 1.39(1) C(64)-C(65) 1.40(1)
C(32)-C(33) 1.40(1) C(65)-C(66) 1.36(1)
C(33)-C(34) 1.35(1) C(T1)-C(72) 1.38(1)
C(34)-C(35) 1.36(1) C(71)-C(76) 1.39(1)
C(35)-C(36) 1.39(1) C(72)-C(73) 1.40(1)
C(41)-C(42) 1.37(1) C(73)-C(74) 1.35(1)
C(41)-C(46) 1.38(1) C(74)-C(75) 1.35(1)
C(42)-C(43) 1:43(1) C(75)-C(76) 1.38(1)
C(43)-C(44) 1.33(2) C(81)-C(82) 1.38(1)
C(44)-C(45) 1.35(1) C(81)-C(86) 1.37(1)
C(45)-C(46) 1.43(1) C(82)-C(83) 1.42(1)
C(51)-C(52) 1.36(1) C(83)-C(34) 1.38(1)
C(51)-C(56) 1.38(1) C(84)-C(85) 1.37(1)
C(52)-C(53) 1.40(1) C(85)-C(86) 1.42(1)
C(53)-C(54) 1.37(1) CON-C92) 1.37(1)
C(54)-C(55) 1.37(1) C(91)-C(96) 1.38(1)

C(55)-C(56) 1.40(1) C(92)-C(93) 1.40(1)
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Table 1. Continued

C(93)-C(94) 1.33(1) C(104)-C(105) 1.37(1)
C(94)-C(95) 1.39(1) C(105)-C(106) 1.40(1)
C(95)-C(96) 1.41(1) C(S1)-CK(1) 1.78(2)
C(101)-C(102) 1.37(1) C(S1)-CI(2) 1.61(2)
C(101)-C(106) 1.37(1) C(S2)-CI3) 1.44(3)
C(102)-C(103) 1.39(1) C(52)-Cl(d) 1.53(4)

C(103)-C(104) 1.37(1)
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Table 2. Bond angles (deg) for (6)Mo(CO)4, 13

P(1)-Mo(1)-P(2) 93.05(6) C(5)-Mo(2)-C(7) 87.7(3)

P(1)-Mo(1)-C(1) 90.0(3) C(5)-Mo(2)-C(8) 174.1(4)
P(1)-Mo(1)-C(2) 92.8(3) C(6)-Mo(2)-C(7) 87.4(4)

P(1)-Mo(1)-C(3) 176.0(2) C(6)-Mo(2)-C(8) 86.5(3)

P(1)-Mo(1)-C(4) 93.2(2) C(7)-Mo(2)-C(8) 90.0(3)

P(2)-Mo(1)-C(1) 89.4(2) Mo(1)-P(1)-C(9) 119.7(3)
P(2)-Mo(1)-C(2) 173.0(3) Mo(1)-P(1)-C(31) 119.6(3)
P(2)-Mo(1)-C(3) 84.8(2) Mo(1)-P(1)-C(41) 109.93

P(2)-Mo(1)-C(4) 96.9(2) C(9)-P(1)-C(31) 102.3(3)
C(1)-Mo(1)-C(2) 86.7(3) - C(9)-P(1)-C(41) 101.6(4)
C(1)-Mo(1)-C(3) 86.6(4) C(31)-P(1)-C(41) 100.8(4)
C(1)-Mo(1)-C4) 172.7(3) Mo(1)-P(2)-C(17) 125.1(3)
C(2)-Mo(1)-C(3) 89.14) Mo(1)-P(2)-C(51) 107.8(2)
C(2)-Mo(1)-C4) 86.6(3) Mo(1)-P(2)-C(61) 117.8(2)
C(3)-Mo(1)-C(4) 90.3(3) C(17)-P(2)-C(51) 100.3(3)
P(3)-Mo(2)-P(4) 94.00(7) CA7-P(2)-C(61) 100.3(3)
P(3)-Mo(2)-C(5) 89.9(2) C(51)-P(2)-C(61) 102.1(3)
P(3)-Mo(2)-C(6) 91.4(3) . Mo(2)-P(3)-C(18) 120.2(2)
P(3)-Mo(2)-C(7) 177.4(2) Mo(2)-P(3)-C(71) 118.3(2)
P(3)-Mo(2)-C(8) 92.3(2) Mo(2)-P(3)-C(81) 111.93)
P(4)-Mo(2)-C(5) 88.5(3) C(18)-P(3)-C(71) 103.5(4)
P(4)-Mo(2)-C(6) 173.5(3) C(18)-P(3)-C(81) 99.1(3)

P(4)-Mo(2)-C(7) 87.0(3) C(71)-P(3)-C(81) 100.5(3)
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P(4)-Mo(2)-C(8)
C(5)-Mo(2)-C(6)
Mo(2)-P(4)-C(101)
C(26)-P(4)-C(91)
C(26)-P(4--C(101)
C(91)-P(4)-C(101)
C(11)-0(9)-C(12)
C(20)-0(10)-C(21)
P(1)-C(9)-C(10)
C(9)-C(10)-C(11)
C(9)-C(10)-C(13)
C(9)-C(10)-C(16)
C(11)-C(10)-C(13)
C(11)-C(10)-C(16)
C(13)-C(10)-C(16)
0(9)-C(11)-C(10)
0(9)-C(12)-C(13)
C(10)-C(13)-C(12)
C(10)-C(13)-C(14)
C(10)-C(13)-C(17)
C(12)-C(13)-C(14)
C(12)-C(13)-C(17)

96.8(2)

88.0(4)

117.3(3)
100.6(3)
101.9(3)
99.2(3)

104.4(6)
103.8(7)
121.5(6)
106.0(7)
117.8(6)
114.3(6)
102.0(6)
111.1(7)
105.1(7)
107:.1(7)
107.9(6)
101.9(6)
104.6(6)
119.0(6)
109.9(6)
106.7(6)

Mo(2)-P(4)-C(26)

Mo(2)-P(4)-C(91)

P(3)-C(18)-C(19)

C(18)-C(19)-C(20)
C(18)-C(19)-C(22)
C(18)-C(19)-C(25)
C(20)-C(19)-C(22)
C(20)-C(19)-C(25)
C(22)-C(19)-C(25)
0(10)-C(20)-C(19)
0(10)-C(21)-C(22)
C(19)-C(22)-C21)
C(19)-C(22)-C(23)
C(19)-C(22)-C(26)
C(21)-C(22)-C(23)
C(21)-C(22)-C(26)
C(23)-C(22)-C26)
C(22)-C(23)-C(24)
C(23)-C(24)-C(25)
C(19)-C(25)-C(24)
P(4)-C(26)-C(22)

P(1)-C(31)-C(32)

124.6(2)
109.3(2)
123.1(5)
106.9(6)
118.7(6)
112.7(6)
103.1(6)
110.8(7)
104.1(5)
107.8(6)
107.3(6)
101.4(6)
104.1(6)
118.7(6)
109.3(6)
106.6(6)
115.8(6)
106.1(6)
103.0(6)
105.9(6)
119.2(5)
121.1(6)



186

Table 2. Continued

C(14)-C(13)-C(17) 114.0(7) P(1)-C(31)-C(36) 120.7(6)
C(13)-C(14)-C(15) 104.4(7) C(32)-C(31)-C(36) 118.3(7)
C(14)-C(15)-C(16) 102.6(6) C(31)-C(32)-C(33) 120.7(8)
C(10)-C(16)-C(15) 105.6(6) C(32)-C(33)-C(34) 119.7(9)
P(2)-C(17)-C(13) 120.1(5) C(33)-C(34)-C(35) 120.9(9)
C(34)-C(35)-C(36) 120(1) C(61)-C(66)-C(65) 122.6(8)
C(31)-C(36)-C(35) 119.9(8) P(3)-C(71)-C(72) 121.4(6)
- P(1)-C(41)-C(42) 117.5(7) \ P(3)-C(71)-C(76) 120.9(6)
P(1)-C(41)-C(46) 123.7(5) C(72)-C(71)-C(76) 117.6(7)
C(42)—C(41)-é(46) 118.6(8) C(71)-C(72)-C(73) 121.2(7)
C(41)-C(42)-C(43) 121.1(8) C(72)-C(73)-C(74) 119.9(8)
C(42)-C(43)-C(44) 118.1(8) C(73)-C(74)-C(75) 119.6(8)
C(43)-C(44)-C(45) 124.(1) C(74)-C(75)-C(76) 121.6(9)
C(44)-C(45)-C(46) 118(1) C(71)-C(76)-C(75) 120.0(9)
C(41)-C(46)-C(45) 120.1(7) P(3)-C(81)-C(82) 120.1(6)
P(2)-C(51)-C(52) 121.3(6) P(3)-C(81)-C(86) 119.7(6)
P(2)-C(51)-C(56) 119.4(6) C(82)-C(81)-C(86) 120.0(7)
C(52)-C(51)-C(56) 118.9(7) C(81)-C(82)-C(83) 119.5(8)
- C(51)-C(52)-C(53) 120.7(8) C(82)-C(83)-C(84) 120.3(9)
C(52)-C(53)-C(54) 119.4(9) ) C(83)-C(84)-C(85) 120.0(8)
C(53)-C(54)-C(55) 121.2(9) C(84)-C(85)-C(86) 119.6(9)

C(54)-C(55)-C(56) 118.6(9) C(81)-C(86)-C(85) 120.4(8)
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_Table 2. Continued

C(51)-C(56)-C(55) 121.3(8) P(4)-C(91)-C(92) 119.2(5)
P(2)-C(61)-C(62) 121.2(5) P(4)-C(91)-C(96) 123.0(6)
P(2)-C(61)-C(66) 122.1(6) C(92)-C(91)-C(96) 117.8(7)
C(62)-C(61)-C(66) 116.7(7) C(91)-C(92)-C(93) 121.5(7)
C(61)-C(62)-C(63) 121.7(7) C(92)-C(93)-C(94) 120.0(8)
C(62)-C(63)-C(64) 120.7(9) C(93)-C(94)-C(95) 121.7(9)
C(63)-C(64)-C(65) 118.5(9) C(94)-C(95)-C(96) 117.4(8)
- C(64)-C(65)-C(66) 119.8(8) - C(91)-C(96)-C(95) 121.7(8)
P(4)-C(101)-C(102) 121.1(5) C(103)-C(104)-C(105)  120.2(7)
P(4)-C(101)-C(106) 119.2(5) C(104)-C(105)-C(106)  120.1(8)
C(102)-C(101)-C(106)  119.7(6) C(101)-C(106)-C(105)  119.7(7)
"C(101)-C(102)-C(103)  121.0(7) CI(1)-C(S1)-Cl(2) 114.(1)

C(102)-C(103)-C(104)  119.2(8) C1(3)-C(52)-Cl(4) 135.(2)
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Table 3. Positional parameters and thermal parameters for (6)Mo(CO)4, 13

Atom x y z B.b(A2)
Mo(1) 0.14772(4) 0.27904(3) 0.08485(6) 2.75(1)
Mo(2) 0.67550(4) 0.25534(3) -0.35070(5) 2.54(1)
P(1) 0.2753(1) 0.32355(9) 0.1514(2) 2.784)
PQ2) 0.2589(1) 0.18276(9) -0.0085(2) 2.644)
P(3) 0.8379(1) 0.21541(8) -0.4259(2) 2.594)
P@4) 0.7019(1) 0.34917(8) -0.2456(2) 2.494)
o) 10.1215(5) 0.3550(3) -0.1559(6) 7.4(2)
0®2) -0.0106(5) 0.3947(3) 0.1704(7) 7.2Q2)
o3 -0.0056(4) 0.2262(3)m ' -0.0152(6) 6.1(2)
0@ 0.13314) 0.2205(3) 0.3322(5) 4.9(1)
o®) 0.7361(5) 0.1747(3) -0.1163(6) 7.2Q2) -
O(6) 0.6212(5) 0.1419(3) -0.4588(7) 8.02)
0¢)) 0.4780(4) 0.2962(3) -0.2510(6) 6.7(2)
0/¢)] 0.5930(4) 0.3216(3) -0.5912(5) 4.7(2)
0 0.5767(4) 0.1316(3) 0.2240(6) 5.92)
0@10) 0.9646(4) 0.4110(3) -0.4608(6) 5.9(2)

2 Atoms with an asterisk were refined isotropically.

b Anisotropically refined atoms are given in the form of the isotropic equivalent

displacement parameter defined as: 4/3[a2B(1,1) + b2B(2,2) + c2B(3,3) + ab(cos
YB(1,2) + ac(cos B)B(1,3) + be(cos )B(2,3)].
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Atom X y z B,b(A2)
C(1) 0.1349(6) 0.3260(4) -0.0729(8) 4.4(2)
C2) 0.0503(6) 0.35344) 0.1419(7) 4.5(2)
C(3 0.0514(5) 0.2443(4) 0.0218(7) 4.0(2)
C@a 0.1437(5) 0.2399(4) 0.2432(7) 3.3(2)
C(5) 0.7182(6) 0.2043(4) -0.1996(7) 4.1(2)
C(6) 0.6454(6) 0.1820(4) -0.4183(8) 4.9(2)
C(? 0.5514(5) 0.2828(4) -0.2879(7) | 4.1(2)
C(8) 0.6262(5) 0.2994(3) -0.5033(7) 3.02)
C©O) 0.3959(5) 0.2747(3) 0.1422(7) 3.2(2)
C(10) 0.4330(5) 0.2115(3) 0.2086(7) 3.2(2)
C(11) 0.5376(6) 0.1976(4) 0.2191(9) 5.2(2)
C@12) 0.5260(5) 0.1090(4) 0.1392(8) 4.5(2)
C@13) 0.4241(5) 0.1503(3) 0.1444(7) 3.002)
C(14) 0.3727(5) 0.1213(4) 0.2322(7) 3.8(2)
C(15) 0.3974(6) 0.1433(4) 0.3535(7) 4.0(2)
C(16) 0.3914(6) 0.2112(4) 0.3308(7) 4.3(2)
C(17) 0.3848(5) 0.1556(3) 0.0191(7) 3.1(2)
C(18) 0.9159(5) 0.2636(3) -0.4084(7) 2.9(2)
C(19) 0.8936(5) 0.3306(3) -0.4597(7) 3.0(2)
C(20) 0.9843(6) 0.3452(4) -0.4654(9) 4.9(2)
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Atom X y z B,b(A2)
C(21) 0.8959(6) 0.4302(4) -0.3724(8) 4.3(2)
C(22) 0.8312(5) 0.3879(3) -0.3874(7) 2.8(2)
C(23) 0.7517(5) 0.4197(3) -0.4733(7) 3.7(2)
C(24) 0.7882(6) 0.4046(3) -0.5932(7) 3.8(2)
C(25) 0.8453(6) 0.3372(4) -0.5825(7) 4.3(2)
C(26) 0.8038(5) 0.3757(3) -0.2632(6) 2.9(2)
C@31) 0.2728(5) 0.3586(3) 0.2989(7) 3.1(1)*
C(32) 0.1988(5) - 0.3664(4) 0.3698(7) 3.7(2)*
C(33) 0.1985(6) 0.39134) 0.4828(9) 5.1(2)*
C(34) 0.2721(6) 0.4067(4) 0.5239(8) 5.0(2)*
C(@35) 0.3451(6) 0.4007(4) 0.4554(9) 5.3(2)*
C(36) 0.3461(6) 0.3772(4) 0.3419(8) 4.3(2)*
C@1) 0.2729(5) 0.3909(3) 0.0585(7) 3.4(2)*
C@42) 0.2023(6) 0.4454(4) 0.0728(8) 4.6(2)*
C(43) 0.1909(7) 0.4981(5) - -0.0023(9) 5.9(2)*
C44 0.2509(7) 0.4930(5) -0.086(1) 6.2(2)*
C(45) 0.3221(7) 0.4408(5) -0.104(1) 6.1(2)*
C(46) 0.3336(6) 0.3881(4) -0.0294(8) 4.8(2)*
C(1) 0.2539(5) 0.1959(3) -0.1686(6) 2.8(1)*
C(52) 0.1917(5) 0.1796(4) -0.2398(7) 3.8(2)*
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Atom X y z B,b(A2)
C(53) 0.1835(6) 0.1945(4) -0.3602(8) 4.6(2)*
C(54) 0.2372(6) 0.2270(%) -0.4054(8) 4.9(2)*
C(55) 0.2985(6) 0.2455(4) -0.3352(8) 5.0(2)*
C(56) 0.3064(6) 0.2296(4) -0.2157(8) 4.2(2)*
C(61) 0.2338(5) 0.1077(3) 0.0013(6) 2.7(1)*
C(62) 0.1761(5) 0.0981(3) 0.0847(7) 3.5(2)*
C(63) 0.1611(6) 0.0412(4) 0.0971(8) 4.6(2)*
C(64) 0.2006(6) -0.0081(4) 0.0222(8) 4.72)*
C(65) 0.2573(6) 0.0011(4) -0.0650(8) 4.6(2)*
C(66) 0.2728(6) 0.0574(4) -0.0739(7) 4.002)*
C(71) 0.8535(5) 0.1878(3) -0.5786(6) 2.6(1)*
C(72) 0.7829(5) 0.1770(3) -0.6443(7) 3.3(2)*
C(73) 0.7959(6) 0.1540(4) -0.7595(8) 4.2(2)*
C(74) 0.8789(6) 0.1428(4) -0.8085(8) 4.2(2)*
C(75) 0.9489(6) 0.1530(4) -0.7449(9) 5.4(2)*
C(76) 0.9386(6) 0.1740(4) -0.6298(8) 4.8(2)*
C(81) 0.9074(5) 0.1445(3) -0.3468(7) 3.0(1)*
C(82) 0.9173(6) 0.0860(4) -0.3939(8) 4.5(2)*
C(83) 0.9683(7) 0.0317(5) -0.3302(9) 5.9(2)*
C(84) 1.0065(6) 0.0374(4) -0.2208(9) 5.2(2)*
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Atom X y z B,b(A2)
C(85) 0.9940(6) 0.0955(4) -0.1725(9) 5.3(2)*
C(86) 0.9429(6) 0.1500(4) -0.2366(8) 4.5(2)*
C(91) 0.7079(5) 0.3357(3) -0.0865(6) 2.5(1)*
C(92) 0.6300(5) 0.3364(4) -0.0304(7) 3.6(2)*
C(93) 0.6315(6) 0.3243(4) 0.0899(7) 4.1(2)*
C(%94) 0.7101(6) 0.3111(49) 0.1523(8) 4.7(2)*
C(95) 0.7918(6) 0.3101(9) 0.1011(8) 5.02)*
C(96) 0.7887(6) 0.3226(4) -0.0203(8) 4.02)*
C(101) 0.6066(5) 0.4249(3) -0.2526(6) 2.8()*
C(102) 0.5385(5) 0.4354(3) -0.3375(7) 3.3(2)*
C(103) 0.4672(5) 0.4917(4) -0.3422(7) 3.9(2)*
C(104) 0.4633(6) 0.5359(4) -0.2572(7) 4.02)*
C(105) 0.5303(6) 0.5252(4) -0.1693(8) 4.4(2)*
C(106) 0.6038(5) 0.4698(4) -0.1690(7) 3.8(2)*
C(S1) 0.510(1) 0.9135@8) 0.330(2) 11.3(5)*
Cl(1) 0.4330(4) 0.9274(3) 0.2061(4) 12.4(2)
Cl(2) 0.5631(4) 0.9652(2) 0.3480(5) 12.4(2)
C(S2) 0.249(2) 0.015(1) 0.490(3) 20(1)*
Ci(3) 0.2030(4) 0.0640(3) 0.4069(4) 13.5(2)
Ci(4) 0.2240(5) -0.0075(3) 0.6068(5) 17.8(2)
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Figure 3. ORTEP drawing and complete labeling scheme for 16.
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Table 4. Bond distances (A)2 for (§)W(CO)3, 16

W(1)-P(1) 2.558(5) C(6)-H4) 0.950
W(1)-P2) 2.550(5) C(N)-C(8) 1.55(3)
W(1)-04) 2.33(1) C(7-H(S) 0.950
W(1)-C(1) 1.91(2) C(7)-H(6) 0.950
W(1)-C(2) 1.98(2) C(8)-C(9) 1.54(3)
W(1)-C(3) 1.98(2) C(8)-C(12) 1.55(3)
Cl1(1)-C(37) 1.72(4) C(9®)-H(7) 0.950
Cl1(2)-C(37) 1.62(4) C(9)-H(®) 0.950
P(1)-C(6) 1.86(2) C(10)-C(11) 1.50(3)
P(1)-C(13) 1.83(2) - C(10)-H(9) 0.950
P(1)-C(19) 1.85(2) C(10)-H(10) 0.950
P(2)-C(9) 1.84(2) C(11)-C(12) - 1.54(3)
P(2)-C(25) 1.84(2) C(11)-H(11) 0.950
P(2)-C(31) 1.82(2) C(11)-H(12) 0.950
O(1)-C(1) 1.19(2) C(12)-H(13) 0.950
0(2)-C(2) 1.15(3) C(12)-H(14) 0.950
0(3)-C(3) 1.12(3) C(13)-C(14) 1.45(3)
04)-C4) 1.46(2) C(13)-C(1 8) 1.41(3)
O@)-C(7) 1.45(2) C(14)-C(15) 1.4003)

a Numbers in parentheses are estimated standard deviations in the least significant

digits.
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Table 4. Continued

C4)-C(5) 1.55(3) C(14)-H(15) 0.950
C4)-H(1) 0.950 C(15)-C(16) 1.34(3)
C4)-H(2) 0.950 C(15)-H(16) 0.950
C(5)-C(6) 1.52(3) C(16)-C(17) 1.41(3)
C(5)-C(8) 1.62(3) C(16)-H(17) 0.950
C(5)-C(10) 1.56(3) C(17)-C(18) 1.35(3)
C(6)-H(3) 0.950 C(17)-H(18) 0.950
C(18)-H(19) 0.950 C(28)-C(29) 1.42(3)
C(19)-C(20) 1.38(3) C(28)-H(27) - 0.950
C(19)-C(24) 1.373) C(29)-C(30) -1.35(3)
C(20)-C(21) 1.37(3) C(29)-H(28) 0.950
C(20)-H(20) 0.949 C(30)-H(29) 0.950
C(21)-C(22) 1.35(4) C(31-C(32) 1.38(3)
C(21)-H(21) 0.950 C(31)-C(36) 1.36(4)
C(22)-C(23) 1.38(4) C(32)-C(33) 1.43(3)
C(22)-H(22) 0.950 C(32)-H(30) 0.949
C(23)-C(24) 1.37(3) C(33)-C(34) 1.40(4)
C(23)-H(23) 0.950 C(33)-H(31) 0.950
C(24)-H(24) 0.950 C(34)-C(35) 1.30(4)
C(25)-C(26) 1.41(3) C(34)-H(32) 0.950

C(25)-C(30) 1.41(3) C(35)-C(36) 1.41(4)
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C(26)-C(27)
C(26)-H(25)
C(27)-C(28)
C(27)-H(26)

1.37(3)
0.951
1.39(3)
0.951

C(35)-H(33)
C(36)-H(34)
C(37)-H(35)
C(37)-H(36)

0.950
0.950
0.952
0.946
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Table 5. Bond angles (deg)? for (6)W(CO)3, 16

P(1)-W(1)-P(2) 83.2(2) C(25)-P(2)-C(31) 99.8(9)
P(1)-W(1)-0(4) 88.6(4) W(1)-0(4)-C4) 114(1)
P(1)-W(1)-C(1) 92.1(7) W(1)-04)-C(7) 119(1)
P(1)-W(1)-C(2) 178.1(6) C4)-04)-C(7) 101(1)
P(1)-W(1)-C(3) 91.4(6) W(1)-C(1)-0(1) 176(2)
P(2)-W(1)-O(4) 83.2(3) W(1)-C(2)-0(2) 175(2)
P(2)-W(1)-C(1) 98.7(6) W(1)-C(3)-0(3) 176(2)
P(2)-W(1)-C(2) 98.8(6) 0@)-C4-C(5) 105(1)
P2)-W(1)C(3) 170.5(6) 04)-C(4)-H(1) 110.65
O@4)-w(1)-C(1) 178.0(7) 0(4)-C(4)-H(2) 110.54
04)-W(1)-C(2) - 9L5(D) C(5)-C(4)-H(1) 110.58
O04)-W(1)-C(3) 88.9(7) C(5)-C(4)-H(2) 110.55
C(1)-wW(1)-C(2) 87.7(9) H(1)-C(4)-H(2) 109.47
C(1)-W(1)-C(3) 89.309) C(4)-C(5)-C(6) - 112(1)
C(2)-W(1)-C(3) 86.7(9) C(4)-C(5)-C(8) 103(1)
W(1)-P(1)-C(6) 113.7(6) C(4)-C(5)-C(10) 110(1)
W(1)-P(1)-C(13) 118.9(7) C(6)-C(5)-C(8) 119(2)
W(1)-P(1)-C(19) 116.0(7) C(6)-C(5)-C(10) 109(2)
C(6)-P(1)-C(13) 105.5(9) C(8)-C(5)-C(10) 104(1)

2 Numbers in parentheses are estimated standard deviations in the least significant

digits.
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C(6)-P(1)-C(19)
C1(3)-P(1)-C(19)
W(1)-P(2)-C(9)
W(1)-P(2)-C(25)
W(1)-P(2)-C(31)
C(9)-P(2)-C(25)
C(9)-P(2)-C(31)
0(4)-C(7)-H(5)
0@)-C(7)-H(6)
C(8)-C(7T)-H(5)
C(8)-C(7)-H(6)
H(5)-C(7)-H(6)
C(5)-C(8)-C(7)
C(5)-C(R)-C(9)
C(5)-C(8)-C(12)
C(7)-C(B)-C(9)
C(7)-C(8)-C(12)
C(9)-C(8)-C(12)
P(2)-C(9)-C(8)
P(2)-C(9)-H(7)
P(2)-C(9)-H(8)

104.0(9)
96.3(9)
107.9(6)
118.9(6)
121.2(7)
104.3(9)
102(1)
110.62
110.65
110.64
110.60
109.44
101(1)
116(2)
105(1)
113(1)
109(2)
112(2)
116(1)
107.77

 107.76

P(1)-C(6)-C(5)
P(1)-C(6)-H(3)
P(1)-C(6)-H(4)
C(5)-C(6)-H(3)
C(5)-C(6)>-H4)
H(3)-C(6)-H(4)
0@4)-C(7)-C(8)
C(12)-C(11)-H(11)
C(12)-C(11)-H(12)
H(11)-C(11)-H(12)
C(8)-C(12)-C(11)
C(8)-C(12)-H(13)
C(8)-C(12)-H(14)
C(11)-C(12)-H(13)
C(11)-C(12)-H(14)
H(13)-C(12)-H(14)
P(1)-C(13)-C(14)
P(1)-C(13)-C(18)
C(14)-C(13)-C(18)
C(13)-C(14)-C(15)
C(13)-C(14)-H(15)

117(1)
107.62
107.62
107.63
107.61
109.48
105(1)

1110.94

110.95

109.44

105(2)
110.66
110.70
110.70
110.73
109.46
124(2)
119(2)
117(2)
118(2)
120.97
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C(8)-C(9)-H(7)
C(8)-C(9)-H(8)
H(7)-C(9)-H(®)
C(5)-C(10)-C(11)
C(5)-C(10)-H(9)
C(5)-C(10)-H(10)
C(11)-C(10)-H(9)
C(11)-C(10)-H(10)
H(9)-C(10)-H(10)
C(10)-C(11)-C(12)
C(10)-C(11)-H(11)
C(10)-C(11)-H(12)
C(17)-C(18)-H(19)
P(1)-C(19)-C(20)
P(1)-C(19)-C(24)
C(20)-C(19)-C(24)
C(19)-C(20)-C(21)
C(19)-C(20)-H(20)
C(21)-C(20)-H(20)
C(20)-C(21)-C(22)
C(20)-C(21)-H(21)

107.75
107.74
109.48
106(2)
110.30
110.31
110.29
110.29
109.44
1042)
110.94
110.94
119.07
1212)
1192)
1202)
120(2)
119.75
119.76
1202)
120.26

C(15)-C(14)-H(15)
C(14)-C(15)-C(16)
C(14)-C(15)-H(16)
C(16)-C(15)-H(16)
C(15)-C(16)-C(17)
C(15)-C(16)-H(17)
C(17)-C(16)-H(17)
C(16)-C(17)-C(18)
C(16)-C(17)-H(18)
C(18)-C(17)-H(18)
C(13)-C(18)-C(17)
C(13)-C(18)-H(19)
C(26)-C(27)-H(26)
C(28)-C(27)-H(26)
C(27)-C(28)-C(29)
C(27)-C(28)-H(27)
C(29)-C(28)-H(27)
C(28)-C(29)-C(30)
C(28)-C(29)-H(28)
C(30)-C(29)-H(28)
C(25)-C(30)-C(29)

120.87
122(2)
118.95
118.95
120(2)
119.93
119.89
120(2)
119.88
119.98
122(2)
119.07
119.82
119.84
121(2)
119.53
119.50
119(2)
120.54
120.57
120(2)
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C(22)-C(21)-H(21)
C(21)-C(22)-C(23)
C(21)-C(22)-H(22)
C(23)-C(22)-H(22)
C(22)-C(23)-C(24)
C(22)-C(23)-H(23)
C(24)-C(23)-H(23)
C(19)-C(24)-C(23)
C(19)-C(24)-H(24)
C(23)-C(24)-H(24)
P(2)-C(25)-C(26)
P(2)-C(25)-C(30)
C(26)-C(25)-C(30)
C(25)-C(26)-C(27)
C(25)-C(26)-H(25)
C(27)-C(26)-H(25)
C(26)-C(27)-C(28)
C(31)-C(36)-C(35)
C(31)-C(36)-H(34)
C(35)-C(36)-H(34)
CI(1)-C(37)-CI(2)
CK1)-C(37)-H(35)

119.98
120(2)
120.03
119.95
121(2)
119.56
119.53
119(2)
120.51
120.54
117(1)
123(1)
120(2)
119(2)
120.57
120.58
1202)
122(2)
119.20
119.14
114(3)
107.84

C(25)-C(30)-H(29)
C(29)-C(30)-H(29)
P(2)-C(31)-C(32)
P(2)-C(31)-C(36)
C(32)-C(31)-C36)
C(31)-C(32)-C(33)
C(31)-C(32)-H(30)
C(33)-C(32)-H(30)
C(32)-C(33)-C(34)
C(32)-C(33)-H(31)
C(34)-C(33)-H(31)
C(33)-C(34)-C(35)
C(33)-C(34)-H(32)
C(35)-C(34)-H(32)
C(34)-C(35)-C(36)
C(34)-C(35)-H(33)
C(36)-C(35)-H(33)
CI(1)-C(37)-H(36)
CI(2)-C(37)-H(35)
CI(2)-C(37)-H(36)
H(35)-C(37)-H(36)

119.82
119.75
123(2)
122(2)
115(2)
123(2)
118.51
118.49
119(2)
120.65
120.62
118(2)
121.28
121.17
124(3)
118.01
118.04
108.17
108.40
108.77
109.58
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Atom X y z B.3(A2)
W(1) 0.13538(7) 0.32882(5) 0.07148(4) 1.68(3)
CI(1) 0.674(1) 0.1708(9) 0.2691(8) 13(1)
Cl(2) 0.478(1) 0.102(1) 0.2138(6) 12.99)
P(1) 0.2949(4) 0.3235(3) -0.0253(3) 1.8(2)
P(2) 0.0471(4) 0.2368(3) -0.0332(3) 1.9(2)
o(1) 0.241(1) 0.2108(9) 0.1928(8) 3.6(8)
o) -0.051(1) 0.341(1) 0.1979(9) 4.2(8)
0®3) 0.242(2) 0.460(1) 0.177(1) 5(1)
0@) 0.055(1) 0.4225(7) -0.0134(8) 2.2(6)
C() 0.202(2) 0.255(1) 0.144(1) 2(1)
CQ) 0.015(2) 0.335(1) 0.149(1) 2.8(9)
C@3) 0.207(2) 0.412(1) 0.137(1) 3(1)
C@) 0.133(2) 0.467(1) -0.059(1) 2.1(9)
C(5) 0.160(2) 0.416(1) -0.134(1) 1.6(8)
C(6) 0.270(2) 0.377(1) -0.123(1) 2.2(9)
C(7) -0.021(2) 0.399(1) -0.079(1) 1.9(8)

2 Anisotropically refined atoms are given in the form of the isotropic equivalent.

displacement parameter defined as 4/3[a2B(1,1) + b2B(2,2) + ¢2B(3,3) + ab(cos
YB(1,2) + ac(cos B)B(1,3) + bec(cos a)B(2,3)].



Table 6. Continued

202

Atom x y z BAA2)
C(8) 0.051(2) 0.364(1) -0.146(1) 1.8(8)
C) 0.067(2) 0.276(1) -0.136(1) 2.08)
CcQ0) 0.159(2) 0.467(1) -0.214Q1) 3D
C(11) 0.043(2) 0.468(1) -0.246(1) 3D
C(12) 0.002(2) 0.386(1) -0.232(1) 3(1)
C(13) 0.348(2) 0.230(1) -0.055(1) 2.19)
C(14) 0.374(2) 0.210(1) -0.139(1) 30D
CQ15) 0.416(2) 0.137(1) -0.154(1) - 40D
c@1e6) 0.431(2) 0.085(1) -0.094(1) 4(1)
can 0.406(2) 0.103(1) -0.012(1) 3(1)
C(18) 0.362(2) 0.172(1) 0.005(1) 2.909)
Cc(19) 0.426(2) 0.363(1) 0.016(1) 2.409)
C(20) 0.505(2) 0.388(1) -0.037(1) 3(1)
C(21) 0.605(2) 0.411(2) -0.006(1) 4(1)
C(22) 0.628(2) 0.408(1) 0.076(2) 51
C(23) 0.551(2) 0.381(2) 0.128(1) 4(1)
C(24) 0.451(2) 0.358(1) 0.099(1) 3D
C@25) 0.099(2) 0.138(1) -0.039(1) 2.0(8)
C(26) 0.109(2) 0.097(1) 0.036(1) 4(1)
C@27) 0.143(2) 0.022(1) 0.034(2) 4(1)
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Atom X y z B2(A2)
C(28) 0.169(2) -0.013(1) -0.039(1) 4Q1)
C9) 0.162(2) 0.029(1) -0.114(1) 3(1)
C30) 0.126(2) 0.102(1) -0.114(1) 3(1)
C@31) -0.099(2) 0.218(1) -0.035(1) 3(1)
C(32) -0.153(2) 0.183(2) -0.100(1) 4Q1)
C(33) -0.268(2) 0.169(2) -0.103(2) 5(1)
C(34) -0.328(2) 0.190(2) -0.035(2) 6(2)
C(35) -0.276(2) 0.223(2) 0.026(2) 6(2)
C(36) -0.162(2) 0.236(2) 0.029(2) 5(1)
C(37) 0.610(3) 0.094(2) 0.222(2) 11(3)
H(1) 0.1024 © 0.5146 -0.0772 2.6
HQ2) 0.1976 0.4767 -0.0266 2.6
H(3) 0.3242 0.4155 -0.1260 2.7
H(4) 0.2766 0.3415 -0.1667 2.7
H(5) -0.0708 03613 -0.0595 22
H(6) -0.0614 0.4417 -0.1000 22
H(T) 0.1390 0.2646 -0.1510 2.4
H(3) 0.0163 0.2517 -0.1732 2.4
H(9) 0.1838 0.5172 -0.2010 3.1
H(10) 0.2050 0.4443 -0.2531 3.1
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Table 6. Continued

Atom X y z B,2(A2)
H(11) 0.0012 0.5045 -0.2170 3.4
H(12) 0.0394 0.4809 -0.3032 3.4
H(13) 0.0286 0.3520 -02728 3.7
H(14) -0.0750 0.3842 -0.2329 3.7
H(15) 0.3623 0.2459 -0.1823 3.5
H(16) 04338 0.1233 -0.2081 4.6
H(17) 0.4602 0.0354 -0.1060 4.3
H(18) 0.4187 0.0665 0.0302 3.8
H(19) 0.3409 . 0.1823 0.0593 - 35
H(20) 0.4893 0.3895 -0.0941 4.0
HQR1) 0.6589 0.4293 -0.0423 4.9
HQ2) 0.6976 0.4245 0.0971 6.1
H(23) 0.5681 0.3786 0.1856 5.0
H(24) 0.3983 0.3380 0.1350 4.1
H(25) 0.0924 0.1209 0.0863 5.2
H(26) 0.1482 -0.0068 0.0841 5.1
H27) 0.1921 -0.0650 -0.0395 4.2
H(28) 0.1813 0.0052 -0.1644 3.1
H(29) 0.1195 0.1305 -0.1635 3.2

H(30) - -0.1127 0.1671 -0.1461 5.0
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Atom X y z B&A2)
H(1) -0.3030 0.1450 -0.1494 6.2
H(32) -0.4048 0.1820 -0.0346 6.7
H(33) -0.3160 0.2380 0.0723 6.9
H(34) -0.1293 0.2585 0.0773 5.6
H(35) 0.6367 0.0895 0.1678 13.0
H(36) 0.6270 0.0491 0.2521 13.0
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Atom U(1,1) U(2,2) U(3,3) U(1,2) U(1,3) U(2,3)
Ww(1) 0.0344(4) 0.0190(3) 0.0107(3) -0.0002(6) 0.0052(2) -0.0004(1)
CI(1) 0.20(1) 0.12(1) 0.17(1) -0.01(1)  0.00(1) -0.03(1)
C1(2) 0.12009) 0.30(2) 0.071(7) 0.08(1) -0.004(6) -0.07(1)
P(1) 0.031(3) 0.024(2) 0.013(2) 0.001(3) 0.003(2) -0.003(1)
P2) 0.032(3) 0.019(3) 0.021(2) -0.002(2) 0.006(2) -0.002(1)
O(1) 0.07(1) 0.04(1)  0.023(8) 0.007(9) -0.004(7) 0.012(1)
0(2) 0.08(1) 0.05(1) 0.035(8) 0.01(1) 0.039(8) -0.000(1)
0@3) 0.08(1) 0.05(1)  0.04(1) -0.01¢1) -0.00(1) -0.020(1)
0/C)) 0.038(9) 0.018(7) 6.026(7) 0.002(7) 0.001(6) 0.002(1)
C(1) 0.04(1)  0.02(1) 0.03(1) 0.00(1) 0.00(1) -0.006(1)
C2) 0.06(1) 0.02(1) 0.03(1) -0.00(1) 0.006(9) 0.00(1)
C(3) 0.04(1) 0.04(1) 0.02(1) -0.01(1) -0.01(1) 0.01(1)
C4 0.04(1) 0.02(1) 0.02(1) -0.01(1) 0.003(9) 0.003(1)
C(5) 0.03(1) 0.01(1) 0.016(9) 0.001(8) 0.008(8) -0.004(1)
C(6) 0.03(1) 0.04(1)  0.02(1) 0.00(1) 0.005(8) 0.002(1)
C 0.03(1) 0.03(1)  0.02(1) 0.008(9) 0.001(8) 0.001(1)
C(®) 0.03(1) 0.02(1) 0.013(9) 0.001(9) -0.003(8) 0.003(1)

The form of the anisotropic displacement parameter is: exp[-2x2{h2a2U(1,1) +

k2b2U(2,2) + 12c2U(3,3) + 2hkabU(1,2) + 2hlacU(1,3) + 2klbcU(2,3)}] where a, b,

and c are reciprocal lattice parameters.
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Atom U(1,1) U2,2) U(3,3) U(1,2) U(l,3) U(2,3)
C©) 0.04(1) 0.03(1) 0.02(1) 0.00(1) 0.007(8) -0.002(1)
C(10) 0.04(1) 0.03(1) 0.02(1) -0.00(1) 0.01(1) -0.000(1)
C(11) 0.06(2) 0.03(1) 0.02(1) 0.01(1) 0.02(1) 0.008(1)
C(12) 0.05(1) 0.05(1) 0.02(1) 0.01(1) 0.01(1) 0.01(1)
C(13) 0.02(1) 0.02(1) 0.04(1) -0.002(9) 0.008(9) -0.002(1)
C(14) 0.05(1) 0.05(2) 0.01(1) 0.01(1) 0.01(1)  -0.00(1)
C(15) 0.06(2) 0.06(2) 0.03(1) 0.01(1) 0.01(1)  -0.02(1)
C(16) 0.05(2) 0.04(2) 0.05(1) 0.02(1) -0.01(1) -0.02(1)
C(17) 0.04(1) 0.04(1) 0.04(1) 0.01(1) 0.00(1)  0.00(1)
C(18) 0.03(1) 0.05(1) 0.03(1) 0.02(1) 0.005(8) 0.01(1)
C(19) 0.03(1) 0.02(1) 0.04(1) 0.00(1) -0.00(1) -0.00(1)
C(20) 0.04(1) 0.05(2) 0.03(1) -0.01(1) -0.00(1) 0.01(1)
C(21) 0.04(2) 0.07(2) 0.04(1) -0.03(1) -0.01(1) 0.01(1)
C(22) 0.03(1) 0.05(2) 0.11(2)  -0.04(1) -0.01(1) -0.00(2) |
C(23) 0.05(2) 0.08(2) 0.03(1) -0.01(1) 0.001) -0.01(1)
C(24) 0.04(1) 0.07(2) 0.02(1) -0.0111) -0.01(1) 0.02(1)
C(25) 0.03(1) 0.01(1) 0.03(1) -0.002(9) 0.005(9) -0.005(1)
C(26) 0.12(2) 0.02(1) 0.03(1) -0.00(1) 0.03(1) 0.01(1)
C27) 0.07(2) 0.02(1) 0.07(2) 0.00(1) 0.05(1) 0.01(1)
C(28) 0.05(2) 0.03(1) 0.05(2) 0.01(1) ;0.00(1) 0.00(1)
C(29) 0.04(1) 0.02(1) 0.03(1) 0.00(1) -0.00(1) -0.011(1)
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Aom  U@LD U2  UB3)  UW2)  UW3)  UER3)
C(30) 0.06(2) 0.02(1) 0.02(1) -0.00(1) 0.00(1) -0.007(1)
cG1) 0.04(1) 0.02(1) 0.062) 0.00(1) 001(1) -0.01(1)
C(32) 0.072) 0.052) 0.04(1) -003(1) -0.01(1) 0.01(1)
C33) 0.052) 0.06(2) 0.082) -0022) -001(1) 0.03Q2)
C(34) 0.03(1) 0062) 0.12(3) -0.01(1) 000Q2) 0.01(2)
C@35) 0.03(1) 0.06(2) 0.133) -0.02(1) 004(2) -0.04(2)
C(36) 0.062) 0052 0.072) -0031) 003(1) -0.04(1)
cG37) 0.154)  0.15@) 0.103) 0.113) -0.043) -0.09(3)
H(1) 0.0326
H2) 0.0326
H(3) 0.0340
H(4) 0.0340
H(5) 0.0282
H(6) 0.0282
H(7) 0.0310
H(8) 0.0310
H(9) 0.0387
H(10)  0.0387
H(11)  0.0430
H(12)  0.0430
H(13)  0.0467
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Atom U(1,1) U(2,2) U(3,3) U(1,2) U(1,3) U(2,3)
H(14) 0.0467
H(15) 0.0448
H(16) 0.0582
H(17) 0.0539
H(18) 0.0476
H(19) 0.0448
H(20) 0.0510
H(21) 0.0619
H(22) 0.0771
H(23) 0.0628
H(24) 0.0513
H(25) 0.0662
H(26) 0.0644
H(27) 0.0535
H(28) 0.0390
H(29%) 0.0400
H(30) 0.0634
H@31) 0.0779
H@32) 0.0852
H(33) 0.0872
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Atom U(l,1) U(2,2) U(3,3) U(1,2)) U{1,3) U(2,3)
H34) 0.0714
H(35) 0.1649
H(36) 0.1649
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SECTIONIV. UNAMBIGUOUS DEMONSTRATION OF VACANT SITE
INVERSION IN A cis-P;M(CO)3 INTERMEDIATE
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ABSTRACT

Reaction of fac-(1-P,P’,0)Mo(CO)3 (1 = cis-1,5-bis(diphenylphosphinomethyl)-
3-oxa-bicyclo[3.3.0]octane) with 13CO was found to proceed via substitution of the
coordinated ether oxygen. 13C NMR spectroscopy revealed that the 13CO was

| incorporated into nonequivalent axial sites yielding two diastereomers of
fac-(1-P,P)Mo(C0)3(13CO). No mer product could be detected. The formation of the
two fac products is discussed in terms of isomerization of the initially formed square

pyramidal intermediate generated by dissociation of the ether oxygen.
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COMMUNICATION

Ligand substitution reactions of octahedral metal carbonyl complexes have been

intensely studied over the past 25 years. A wealth of evidence suggests the formation of
.reactive five-coordinate intermediates in these reactions.! Matrix isolation studies and
elegant kinetic and flash photolysis studies by Dobson indicate rapid solvolysis of these
species even in poorly coordinating solvents such as toluene.2 Collapse of the non-
solvated five-coordinate intermediates to fluxional TBP species is often proposed to
account for isotopic scrambling of 13CO observed in these substitution reactions.! It has
also been noted that many ligand substitution reactions of octahedral metal carbonyl
complexes are stereospecific with a strong preference for the formation of fac products
from fac reactants.3 Despite this observed stereospecificity, it has not been demonstrated
whether the incoming ligand coordinates to the axial site vacated by the departing ligand
and/or to the one trans to this site, since these axial sites have been equivalent in all |
previously studied cases. For example, studies by Dobson?2 and Angelici4 have shown
that reactions of fac-(py)(diphos)Mo(CO)3 with phosphites and the reaction of
[(PhoPCH2CH2)2NEt]Mo(CO)3 with 13CO, respectively, yield only fac products upon
displacement of the coordinated py and nitrogen in the corresponding starting materials. .
Even though the site frans to the departing nitrogen ligand presumably also became
available in both cases via fluxionality of the five-coordinate intermediate, the mirror

~ symmetry of the chelating ligand with respect to the PoM plane precluded confirmation of
the hypothesis that both axial sites are involved. We report here that by utilizing ligand
1, diastereomeric fac products are obtained in which one diastereomer contains the
attacking ligand in the site vacated by the departing ligand, whereas in the other the new

ligand occupies the site trans to the departing ligand.
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PPh,
PPh,

We recently synthesized the new ligand 1 which reacts with
(m6-cycloheptatriene)Mo(CO)3 to yield fac-(1-P,P’,0)Mo(CO)3 (2) in which all three
donor atoms are coordinated.5 Solutions of complex 2 in CH2Clp react with CO to yield
cis-(1-P,PYMo(CO)4 (3) via displacement of the coordinated ether (eq. 1). A 13CNMR
spectrumd of 3 clearly shows two non-equivalent axial? carbonyls due to the symmetry
of 1. The ratio of intensities of the equatorial to axial carbonyl resonances is
approximately 2:1:1. In the presence of 13CO, 2 forms two diastereomers of

fac-(1-P,PYMo(CO)3(13CO) with no 13C NMR evidence for the formation of a mer

ocC
oC CcO

\ < o

o
PN Ph, py2—CO
0 PPhy o P—>
PPh + CO, CH, Cl. P
2 22 . ) Ph, Cco 1)
20°C
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Figure 1. 13C NMR Spectra (CD2Clp): (a) (1-P,P)Mo(CO)4, natural abundance
spectrum; (b) fac-(1-P,P’,0)Mo(CO)3 + 13CO;
(©) fac-(1-P,P’,0)Mo(CO)3 + 13CO after 17 days
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complex in which 13CO has been incorporated into an equatorial site.8 As shown in
Figure 1, the initial fac diastereomer ratio of 4:1 remained stable over a period of 17
days, indicating that no isomerization process was occurring.

The rationale we offer to account for the formation of two diastereomeric fac
products is illustrated in Scheme I. Dissociation of the ether donor of 1 from 2 yields
the five-coordinate intermediate B of approximately square pyramidal geometry.9
Unsaturated five-coordinate intermediates, such as [Cr(CQO)s], have been shown to be
solvated within picoseconds after their formation.2e,f Based on calculations by Davy and
Hall, 10 this process is too rapid to allow isomerization of B to provide an equatorial
vacancy. Thus, no mer products should be formed in accord with the observed
stereospecificity in this type of substitution reaction. Lichtenberger anci Brown!! have
proposed a mechanism whereby, in a five-coordinate intermediate, the vacant site may be
interchanged between two sites cis to a noncarbonyl ligand, but trans t6 each other,
without the intermediate formation of a vacant site trans to the noncafbonyl ligand. In
Scheme I, inversion of the vacant site to the position trans to itself would involve the
migration of the axial carbonyl, zrans to the vacant site, to an equatorial site with the
simultaneous migration of the equatorial carbonyl to the initially vacant axial site.
Calculations by Davy and Halll0 show that such a rearrangement has an activation barrier
of less than i kcal/mol for Cr(CO)4PH3 and can occur within the timeframe of solvation.
In our case, this rearrangement would isomerize the two five-coordinate intermediates B
and B'. These two intermediates are diastereomeric and should not be degenerate in
energy. Thus, the rate of interconversion of B and B' relative to their rates of reaction
with 13CO may account for the 4:1 ratio of diastereomeric products observed.

Our observation of two diastereomers of fac-(1-P,P)Mo(CO)3(13CO) constitutes

the first direct evidence that in substitution reactions of fac complexes, the incoming
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ligand may occupy the site initially zrans to the departing ligand as well as the same site
vacated by the departing ligand. The stereochemical course of the reactions of 2 with

other ligands is presently under investigation.

Scheme I
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quantity of decomposition product precipitated initially, but 'H and 13C NMR
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SECTION V. LIGAND SUBSTITUTION REACTIONS IN GROUP VI METAL
CARBONYL COMPLEXES OF A NOVEL BICYCLIC
DITERTIARY PHOSPHINE ETHER
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ABSTRACT

The complexes fac-(1-P,P’,0)M(CO)3, where M = Mo, W and 1 is cis-1,5-
bis(diphenylphosphinomethyl)-3-oxabicyclo[3.3.0]octane, were found to react with the
ligands (L) acetonitrile, piperidine, pyridine and P(OCH2)3CCH3 to yield two
diastereomers of fac-(1)-P,P’)M(CO)3(L) in each case. 1H and 13C NMR
spectroscopic data suggest that the major isomer in each product is that in which the
added ligand occupies the site originally occupied by the ether oxygen of 1 and that the
minor isomer contains the new ligand in the position trans to this site. Carbon
monoxice reacts with the complexes fac-(1-P,P°0)M(CO)3 (M = Mo, W) to yield (1-
P,P’)M(CO)4. Using 13CO these reactions stereospecifically yield two diastereomers
of fac-(1-P,P ’)M(CO)3(13CO)' in ratios of approximately 5:1 and 7:1 for M = Mo and
W, respectively. A scheme involving the isomerization of diastereomeric five-
coordinate square pyramidal intermediates is discussed. The N-donor complexes fac—
(A-P,P)M(CO)3L, where M = Mo, W and L = acetonitrile, pyridine and piperidine,
were observed by infrared, !H and 31P NMR spectroscopies to partially dissociate in
solution, equilibrating with free L and fac-(1-P,P’'O)M(CO)3. This equilibrium was
further substantiated by monitoring the exchange reaction between free and
coordinated CD3CN in the presence of fac-(1-P,P’)Mo(CO)3(NCCHz) using 2H NMR

Spectroscopy.
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INTRODUCTION

There has recently emerged considerable interest in phosphines possessing ether
functional groups capable of coordinating to transition metals.1-14 This interest is
based on the lability of the metal-ether interaction which can provide metal center sites
for binding additional ligands. This lability has been demonstrated in several metal
systems for a variety of ether-containing phosphines by substitution of the coordinated
ether with ethylene (Rh),2 acetylenes (Rh),2 phosphites (Mo, W),3 nitriles (Mo,4 Ru5),
dimethylsulfide (Pt),6 pyridine (Pt),6 isocyanides (Ru),? and carbon monoxide (Mo,3
w,3,7 Rh,2’8 Ru,5’9 Pt5).

We are presently investigating the new ditertiary phosphine ether cis-1,5-
bis(diphenylphosphinomethyl)-3-oxabicyclo[3.3.0]octane, 1. This ligand was shown to
coordinate to transition metals in either a tridentate (P,P’,0) or bidentate (P,P") manner
as shown by spectroscopic and structural data for 2 and 3, and for 4-6,

respectively.l0 Ligand 1 differs

oC
oC Cco

N\

M
7N\ .
e PPh, (P, P’, O) Coordination Mode of 1
PPh, 2M=Mo
IM=W

from previously reported ether-containing phosphines in that it is a chelating bidentate

phosphine capable of forming only fac complexes upon coordination of the ether.
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Most of the ligands in this class are monotertiary phosphines with the exception of
(PhoPCH2CH32)20,11 DIPAMP,!2 and a few analogues of DIPAMP studied by

Lindner.13 These few exceptions are bidentate phosphines which contain one or more
ether donors each and are not restricted to fac complex formation upon coordination of
the ether. Additionally, ligand 1 is unique in that it forms six-membered chelate rings
upon ether coordination, in contrast to the vast majority of previously reported ligands
which form five-membered chelate rings (often achieved by making use of 2-
methoxyphenyl substituents on phosphorus). Furthermore, the low symmetry of 1
allows differentiation of the two axiall3 sites in its octahedral transition metal

complexes when the (P,P’) coordination mode is utilized. These factors may play

L L
CcO CO
Ph, \}v[;co Ph, \Méco
P7 p—==
0 p \co >\
) - ph, >, €O
o)
A B
(P,P,") Coordination Mode of1
M L M L
4 Cr CO 7b Mo P(OCH,);CCH,
5 Mo CO 8b W P(OCH,);CCH;
6 W CO 9 Mo py
7a Mo P(OCH,);CCH; 1I0b W py
8a W P(OCH,);CCH;y 11b Mo NCMe
9a Mo py 12b W NCMe
10a W py 13b W pip
1la Mo NCMe
12a W NCMe
13a W pip
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significant roles in the chemistry of transition metal complexes of 1.

Based on the literature cited above, it was anticipated that the metal-ether
interaction in complexes wherein 1 adopts a (P,P’,0) coordination mode would be
quite weak, thus permitting facile ligand substitution reactions. Here we report the
results of ligand substitution reactions of 2 and 3 leading to diastereomeric products 7a,
7b to 13a, 13b having a fac geometry. A preliminary communication described a

portion of this work.14
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EXPERIMENTAL SECTION

General Procedures

All reactions were performed under an inert atmosphere of argon using standard
inert atmpsphere techniques. Toluene, tetrahydrofuran, pentane and diethyl ether were
distilled from sodium benzophenone ketyl. Methylene chloride, acetonitrile and
pyridine were distilled from calcium hydride prior to use. Compounds 2, 3, 5 and 6,10
and P(OCH2)3CCH316 were prepared as previously described. 13CO (99%) was
purchased from Cambridge Isotope Laboratories. Solution NMR spectra were recorded
on Bruker WM200 (31P), Varian VXR 300 (1H, 2H, 13C, 31P) or Varian Unity 500 (1H,
1H {31P}) spectrometers using a deuterated solvent as the internal lock. 2H NMR
spectra were obtained by locking on the IH resonance of CHClp. The natural
abundance resonance for CHDCI; (5.3 ppm, 2Jgp = 0.9 Hz) was used as the reference
and internal standard for the 2H NMR experiment. All chemical shifts are reported
relative to TMS (1H, 2H, 13C) or 85% H3PO4 (31P). Mass spectra were recorded on a
Finnegan 4000 instrument using chemical ionization and ammonia as the carrier gas.
The masses of metal-containing fragments are reported for the most abundant isotope
present, viz. 98Mo and 134W, unless otherwise noted. IR spectra were recorded using
an IBM 98 FT-IR spectrometer and CaF3 cells. Microanalyses were carried out by
Schwarzkopf Microanalytical Laboratories, Woodside, NY.
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Preparation of fac-(cis-l,S-bis(diphenylphosphinomethyl)-3-oxabicyclo-
[3.3.0]octane-P,P’)-tricarbonyl-(1-methyl-4-phospha-3,5,8-trioxabicyclo-
[2.2.2]octane-P)molybdenum (7a, 7b)

The ligand P(OCH2)3CCH3 (0.0421 g, 0.284 mmol) in 5 mL of CH2Cly was
added to a solution of 2 (0.183 g, 0.266 mmol) in 10 mL of CH2Cl,. The reaction
mixture was stirred for 20 min during which time the yellow solution became coloriess.
The solution was filtered through celite to remove traces of insoluble material. The
solvent was removed in vacuo from the clear filtrate to leave a white solid. Spectral
data clearly showed the presence of two facial isomers in a 4/1 ratio by integration of
CH3 and CH2OP resonances in the 1H NMR spectrum. Recrystallization from CH2Clp
yielded fine white needles of the product as an isomeric mixture. Anal. Calcd for
C41H4307P3Mo: C, 58.86; H, 5.18; Mo, 11.47. Found: C, 59.18; H, 5.23; Mo, 11.54.

Major isomer (7a). MS (desorption CI, NH3) m/e (relative intensity) 811
(MH*- CO, 4.9), 719 (6.4), 691 (66), 509 (100); 31P NMR (CD,Cly) 5 86.9 (t, 2Jpp
32 Hz, POCH3), 20.2 (d, Z2Jpp= 32 Hz, PPhj); 13C NMR (CD7Cly) & 220.5 (dt, 2Jpc
trans =49 Hz, 2Jpceis= 9.5 Hz, COax), 218.3 (m, COeq), 144.3 (m, Ph-ipso), 139.6 (m,
Ph-ipso), 134.3 (at,17 separation 12.3 Hz, Ph-ortho), 132.1 (at, separation 9.6 Hz, Ph-
ortho), 129.7 (s, Ph-para), 128.6 (at, separation 9.1 Hz, Ph-meta), 127.8 (s, Ph-para),
127.3 (at, separation 7.9 Hz, Ph-meta), 87.6 (at, separation 12.3 Hz, CH2OCH3), 73.3
(d, 2Jpc= 6.0 Hz, POCH)), 41.7 (at, separation 8.4 Hz, CHoCH2CHj), 35.8 (at,
separation 12.7 Hz, CH2PPhy), 31.6 (d, 3Jpe= 32.1 Hz, POCH2(), 24.6 (s,
CH2CH2CHp), 15.6 (s, CH3); 1H NMR (CD2Cl2) 8 7.90 (m, Ph), 7.44-7.15 (m, Ph),
3.69 (d, 2Jyg = 9.0 Hz, CH20CHb), 3.63 (dd, 27y = 9.0 Hz, 4Jgr = 1.5 Hz,
CH20CH3y), 3.15 (d, 3Jpy = 3.9 Hz, CH20P), 2.9 (m, CH2PPh)), 1.64 (CH2), 1.35 (m,
CHy), 0.81 (dd, 2Jyy = 12.9 Hz, 3Jgy.c5 5.4 Hz ,( CHp), 0.31 (s, CH3).
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Minor isomer (7b). 31P NMR (CD2Cl) 8 85.9 (t, 2Jpp 31.8 Hz, POCH)), 18.9
(d, 2Jpp= 31.8 Hz, PPhy); 13C NMR (CD2Clp) 8 133.7 (at, separation 12.3 Hz, Ph-
ortho), 132.0 (at, separation 9.5 Hz, Ph-ortho), 129.9 (s, Ph-para), 128.8 (at, separation
9.1 Hz, Ph-meta), 127.9 (s, Ph-para), 127.4 (at, separation 7.8 Hz, Ph-meta), 81.4 (at,
separation 10.3 Hz, CH20), 73.6 (d, 2Jpc= 5.6 Hz, POCH)?), 49.3 (at, separation 8.3
Hz, CH,CH2CH>), 36.8 (at, separation 11.1 Hz, CH2PPh)), 26.2 (s, CH2CH2CH)),
15.4 (s, CHz); IH NMR!8 (CD2Clp) & 3.25 (d, 3JpH = 3.9 Hz, CH20P), 0.36 (s, CH3).

Preparation of fac-(cis-1,5-bis(diphenylphosphinomethy!)-3-oxabicyclo-
[3.3.0]octane-P,P")-tricarbonyl-(1-methyi-4-phospha-3,5,8-trioxabicyclo[2.2.2]-
octane-P)tungsten (8a, 8b)

A solution of P(OCH2)3CCH3 (0.0622 g, 0.420 mmol) in 5 mL of CH2Cl, was
added to a solution of 3 (0.257 g, 0.331 mrmol) in 10 mL of CH2Cl; resulting in a loss
of color within ten minutes. After one hour the volume was reduced to 5 mL in vacuo
and pentane (10 mL) was added to complete the precipitation. The white solid was
isolated by filtration, washed with 5 mL of pentane, and dried in vacuo (yield 0.24 g,
78%). Spectral data showed the presence of two fac isomers in a ratio of 6:1.
Recrystallization from CH>Cl; yielded fine white needles of the product as an isomeric
mixture. Anal. Calcd for C41H4307P3W: C, 53.26; H, 4.69; W, 19.88. Found: C,
52.95; H, 4.67; W, 19.69.

Major isomer (8a). 31P.NMR (CD2Clp) 8 111.8 (t, 2Jpp 25 Hz, Lpw = 382
Hz, POCH2), 1.4 (d, 2Jpp= 25 Hz, 1Jpw = 225 Hz, PPhy); 13C NMR (CD2C125 5
212.2(m, COzx), 209.2 (m, COe¢q), 144.4 (m, Ph-ipso), 139.3 (m, Ph-ipso), 134.6 (at,
separation 10.7 Hz, Ph-ortho), 132.1 (at, separation 9.1 Hz, Ph-ortho), 129.9 (s, Ph-
para), 128.6 (at, separation 9.5 Hz, Ph-meta), 127.9 (s, Ph-para), 127.2 (at, separation
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8.4 Hz, Ph-meta), 87.6 (at, separation 12.7 Hz, CH2OCHy2), 73.6 (d, 2Jpc = 6.0 Hz,
POCH)y), 53.3 (s, CCy), 41.5 (at, separation 7.5 Hz, CH,CH2CH>), 36.2 (at, separation
17.1 Hz, CHoPPhy), 31.5 (d, 3Jpc = 33.0 Hz, POCHC), 24.6 (s, CHoCH2CHp), 15.7
(s, CH3); 1H NMR (CD,Cly) 8 7.89 (m, Ph), 7.41 (m, Ph), 7.32-7.15 (m, Ph), 3.69 (d,
2Jan = 9.0 Hz, 2H, CH20CH?y), 3.63 (dd, 2Jgx = 9.0 Hz, 4Jgn = 2.0 Hz, 2H,
CH20CHpy), 3.15 (4, 3Jpy = 4.2 Hz, 6H, POCH2), 3.13 (dd, 2Jgi = 15.0 Hz, 2Jpgg =
12.5 Hz, CH9PPhy), 2.96 (d, 2JuH = 15.0 Hz, CH2PPhy), 1.6 (m, 2H, CHy), 1.4-1.2 (m,
2H, CHy), 0.82 (dd, 2Jyy = 12.6 Hz, 3JyH.ci s = 5.4 Hz, 2H, CHy), 0.31 (s, 3H, CH3).

Minor isomer (8b). 31P NMR (CD;Clp) 8 113.0 (t, 2Jpp =24 Hz, POCH)), 0.1
(d, 2Jpp= 24 Hz, PPhy); 13C NMR (CD2Clp) 8 134.1 (at, Ph-ortho), 131.9 (at,
separation 9.1 Hz, Ph-ortho), 130.1 (s, Ph-para), 128.8 (at, separation 9.6 Hz, Ph-
meta), 128.0 (s, Ph-para), 127.3 (Ph-meta), 81.1 (at, separation 9.6 Hz, Ph-meta),
73.8(d, 2Jpc= 6.0 Hz, POCH3), 53.5 (s, CC4), 49.7 (at, separation 9.5 Hz,
CH7CHCH3y), 37.1 (at, separation 13.5 Hz, CH2PPhy), 26.6 (s, CH2CH2CHp), 15.7 (s,
CH3); 1H NMR!8 (CD,Cly) & 3.48 (d, 2Jgy = 9.0 Hz, CH,OCHy), 3.28 (dd, 2Iyy =
15.5 Hz, 3Jpy = 12.5 Hz, CH2PPh)), 3.22 (4, 3Jpy = 3.9 Hz, POCHy), 3.09 (d, 2Juy =
15.5 Hz, CH»PPhy), 2.90 (d, 2Ty = 9.0 Hz, CHOCH>), 0.34 (s, CH3).

Preparation of fac-(cis-1,5-bis(diphenylphosphinomethyl)-3-oxabicycio-
[3.3.0]octane-P,P")-tricarbonyl(n1-N-pyridine)molybdenum (9a, 9b)

This product was prepared as described below for the tungsten analogues 10a
and 10b.

Major isomer (9a). 3P NMR (CD>Clp) 8 20.7(s); 13C NMR (CD2Clp) § 226.3
(t, 2Tpc= 8 Hz, COx), 219.9 (m, separation 24 Hz, COeq), 154.9 (1, 3Jpc=3 Hz,
pyridine-C1), 139.2 (m, separation 35 Hz, Ph-ipso), 138.1 (m, separation 26 Hz, Ph-



230

ipso), 134.9 (s, pyridine-C3), 134.7 (at, separation 12 Hz, Ph-ortho), 13i.6 (at,
separation 10 Hz, Ph-ortho), 129.6 (s, Ph-para), 128.5 (at, separation 9.1 Hz, Ph-meta),
128.2 (s, Ph-para), 128.1 (at, separation 7 Hz, Ph-meta), 122.5 (s, pyridine-C2), 87.8
(at, separation 12 Hz, CHoOCH)»), 41.5 (at, separation 8 Hz, CHCH2CH>) 35.8 (at,
separation 13 Hz, CH,PPhy), 24.8 (s, CH2CH2CI{2); 1H NMR (CD2Cly) 6 8.02 (m,
Ph-ortho), 7.6-7.2 (m, Ph), 6.90 (m, Ph), 6.15 (m, pyridine - C2), 3.74 (d, 2Jgir = 9.3
Hz, CH,0CHy), 3.69 (dd, 2Jug = 9.3 Hz, 4Juy = 1.8 Hz, CH2OCH2), 3.00 (dd, 2Jgy =
15.3 Hz, CH2PPh)) 2.80 (d, 2y = 15.3 Hz, CH,PPhy), 2.13 (m, CHy), 0.90 (dd, ZJux
=12.0 Hz, 3JgH.¢is = 5.4 Hz, CHp).

Minor isomer (9b). 31P NMR (CD2Cly) & 19.4(s); 13C NMR (CD2Clp) § 134.4
(at, separation 12 Hz, Ph-ortho), 131.4 (at, Ph-ortho), 122.6 (s, pyridine-C2), 81.1 (m,
CH20CH3), 50.4 (at, CHyCH2CHp), 26.2 (s, CH;CH2CH»); IH NMR18 (CDClp) 8
4.05 (d, 2Igg = 9.0 Hz, CH20CHy), 3.17 (dd, 2Jgg = 15.3 Hz, 2Jpg = 11.3 Hg,
CH,PPhy), 2.91 (d, 2Jgy = 15.3 Hz, CH>PPhy).

Preparation of fac-(cis-1,5-bis(diphenylphosphinomethyl)-3-¢xabicyclo-
[3.3.0]octane-P,P’)-tricarbonyl(n1-N-pyridine)tungsten (10a, 10b)

To a solution of 3 (0.305g, 0.393 mmol) in 10 mL of CH>Cly was added 0.5 mL
of pyridine. The addition resulted in an immediate color change to a pale lemon
yellow. A 31P NMR spectrum of this solution showed only the presence of 10a and
10b. After 20 minutes at room temperature, stirring was discontinued. Diethyl ether
(30 mL) was slowly added on top of the CH2Clp, and the reaction flask was cooled in
the freezer overnight to yield light yellow crystals which were collected by filtration
and dried in vacuo (yield 0.22 g 65%). Anal. Calcd for C41H39NO4P2W: C, 57.56; H,
4.59; W, 21.49. Found: C, 57.12; H, 4.55; W, 21.50.
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Major isomer (10a). 3P NMR (CD2Clp) & 12.9¢s), Upw =232 Hz; 13C NMR
(CD2Clp) 3217.2 (t, 2pc =9.9 Hz, COax), 214.1 (dd, Wpgrans =37 Hz, 2IpC-cis =
10.0 Hz, COeq), 156.1 (1, 3¥pc=7.1 Hz, pyridine-C1 ), 139.1 (m, separation 42.0 Hz,
Ph-ipso), 137.6 (m, separation 34.2 Hz, Ph-ipso), 135.1 (at, separation 11.9 Hz, Ph-
ortho), 134.8 (s, pyridine-C3), 131.6 (br, Ph-ortho), 129.8 (s, Ph-para), 128.7 (at,
separation 9.5 Hz, Ph-meta), 128.5 (s, Ph-para), 128.3 (at, separation 7.5 Hz, Ph-meta),
123.2 (s, pyridine-C2), 87.8 (at, separation 12.7 Hz, CH,OCHy), 53.3 (at, separation
3.2 Hz, CC4), 41.3 (at, separation 7.5 Hz, CH2CH2CH3), 36.i (m, separation 17.4 Hz,
CHPPhy), 24.8 (s, CH2CH>CH>); 1H NMR (CD2Clz, 500 MHz) § 7.99 (m, 4H, Ph-
ortho), 7.68 (m, 2H, pyridine-HC1), 7.42-7.28 (m, Ph), 6.91 (m, Ph), 6.10 (m, 2H,
pyridine%i-(?), 3.74 (d, 2y = 9.0 Hz, 2H, CH,OCH3), 3.69 (dd, 2Jyn = 9.0 Hz, 4Jux

=2.0 Hz, 2H; CH20CH>), 3.18 (dd, 2Jgg = 15.0 Hz, 2Jpy = 12.6 Hz, 2H, CH,PPhy),
| 2.83 (d, 2yl = 15.0 Hz, 2H, CH,PPhy), 2.11 (m, 2H, CHy), 1.50 (m, 1H, CHy), 1.45
(m, 1H, CHp), 0.91 (dd, 2Jy = 12.5 Hz, 3JHH.cis = 5.5 Hz, 2H, CHp).

Minor isomer (10b). 31P NMR (CD>Cly) & 11.6(s), Upw = 232 Hz; 13C NMR
(CD2Cly) 6 123.2 (s, pyridine-C2), 81.0 (at, separation 9.5 Hz, CH,OCHpy), 50.4 (at,
separation 9.1 Hz, CH2CH2CH»), 37.5 (m, CH2PPhy); 'H NMRI18 (CD,Clp, 500 MHz)
8 4.04 (dd, 2y = 9.5 Hz, 4Jgy = 1.5 Hz, CH,OCH)), 3.35 (dd, 2Jyy = 15.5 Hz, 2Tpy
= 12.5 Hz, CH2PPh)), 2.99 (d, 2Jgy = 9.5 Hz, CH20CHy), 2.93 (d, 2Jgg = 15.5 Hz,
CH7PPhy).

Preparation of fac-acetonitrile(cis-1,5-bis(diphenylphcsphinomethyl)-3-
oxabicyclo[3.3.0]octane-P,P")tricarbonylmolybdenum (11a, 11b)

This product was prepared as described below for the tungsten analogues 12a and
12b.
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Major isomer (11a). 31P NMR (CH2Cly) § 27.1(s); 13C NMR (CD,Clp) 223.2
(t, 2Jpc= 8.4 Hz, COax), 219.8 (m, separation 23.0 Hz, COeq), 139.8 (m, separation
27.4 Hz, Ph-ipso), 138.8 (m, separation 35.7 Hz, Ph-ipso), 135.4 (at, separation 12.7
Hz, Ph-ortho). 131.4 (at, separation 9.1 Hz, Ph-ortho), 130.0 (s, Ph-para), 128.6 (at,
separation 9.5 Hz, Ph-mera), 128.2 (at, separation 7.1 Hz, Ph-meta), 127.9 (s, Ph-para),
120.8 (s, CH3CN), 87.4 (at, separétion 12.3 Hz, CH20CH3), 53.4 (s,CCy), 41.3 (at
separation 8.7 Hz, CH,CH2CH)3), 36.8 (at, separation 13.9 Hz, CH2PPhp), 24.8 (s,
CH2CH,>CHp), 1.5 (s, CH3CN); 1H NMR (CD2Clp) 8 8.01 (m, Ph-ortho), 7.40 (m, Ph),
7.35-7.15 (m, Ph), 3.64 (d, 2Juy = 9.0 Hz, CH2OCHy), 3.56 (dd, 2Jyn = 9.0 Hz, 4JHH
= 1.8 Hz, CH,OCHy), 2.87 (d, 3Jpy = 5.4 Hz, CH2PPh3), 2.06 (m, CHp), 1.44 (m,
CHy), 0.91 (dd, 2Jug = 13.1 Hz, 3Jyp.cis = 4.5 Hz, CH), 0.80 (s, CH3CN).

Minor isomer (11b). 31P NMR (CD2Clp) § 25.4(s); 13C NMR (CD,Cly) & 134.8
(at, Ph-ortho), 130.2 (s, Ph-para), 128.7 (at, Ph-meta), 81.5 (m, CH20CH3), 49.3 (m,
CH,;CH2CH3), 37.9 (at, separation 11.1 Hz, CH>PPh»), 26.0 (s, CH2CH2CH)), 1.7 (s,
CH3CN); 1H NMR!8 (CD,Clp) & 3.96 (d, 2Jgy = 9.3 Hz, CH20CHy), 3.02 (d, 2Jgg =
| 9.3 Hz, CH20CHy), 2.98 (br s, CH2PPh3), 0.93 (s, CH3CN).

Preparation of fac-acetonitrile(cis-1,5-bis(diphenylphosphinomethyl)-3-
oxabicyclo[3.3.0]octane-P,P’)tricarbonyltungsten (12a, 12b)

To a solution of 3 (0.227 g, 0.292 mmol) in 5 mL of CH2Clp was added 0.5 mL
of CH3CN which resulted in a decrease in color to yield a very pale yellow solution.
31p NMR spectroscopy showed only the presence of 12a and 12b in this solution.
After stirring the reaction mixture at room temperature for 10 minutes, pentane (10
mL) was slowly added. Within 10 minutes a creamy white precipitate had formed and

an additional 10 mL of pentane was added to complete the precipitation. The solid was
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isolated by filtration, washed with 5 mL of pentane and dried in vacuo, (yield 0.23 g,
96%). The product was obtained as pale yellow crystals by layering diethyl ether onto
a CH2Cl, solution of the complex and cooling overnight.

Major isomer (12a). 31P NMR (CH2Cly) 8 14.8(s), Upw = 231 Hz; 13C NMR
(CD2Clp) 8213.9 (t, 2Jpc = 5.9 Hz, CO4x), 212.5 (m, separation 24.9 Hz, COeq), 139.0
(m, separation 32.9 Hz, Ph-ipso), 138.3 (m, sepération 38.8 Hz, Ph-ipso), 135.7 (at,
separation 12.2 Hz, Ph-ortho), 131.3 (at, separation 8.7 Hz, Ph-ortho), 130.1 (s, Ph-
para), 128.6 (at, separation 9.9 Hz, Ph-meta), 128.3 (at, separation 7.5 Hz, Ph-meta),
128.1 (s, Ph-para), 119.0 (s, CH3CN), 87.4(at, separation 13.0 Hz, CH2OCH3), 41.1
(at, separation 8.3 Hz, CHoCH2CH3), 37.3 (m, separation 17.8 Hz, CH2PPh3), 24.8 (s,
CH2CH2CHjy), 1.5 (s, CH3CN); IH NMR (CD;Cly) & 8.00 (m, Ph), 7.45 (m, Ph), 7.31
(m, Ph), 7.20 (m, Ph), 3.64 (d, 2Jgg = 8.7 Hz, CH,0CHj), 3.57 (dd, 2Jgg = 8.7 Hz,
4Jgy = 1.2 Hz, CH;0CH)), 3.08 (dd, 2Jyy = 15.6 Hz, 3Jpy = 13.3 ﬁz, CH,PPhy), 2.92
(d, 2Jgy = 15.6 Hz, CH2PPhy), 2.09 (m, CHp), 1.47 (m, CHp), 0.94 (m, CHp), 0.83 (t,
5Ipy = 1.5 Hz, CH3CN).

Minor isomer (12b). 31P NMR (CH;Cly) § 13.4(s), 1Jpw =229 Hz; 13C NMR
(CD2Clp) d 135.3 (at, Ph-ortho), 131.2 (m, Ph-ortho), 130.2 (s, Ph-para), 125.6(s,
CH3CN), 81.1 (at, CHyOCH)3), 49.7 (m, CH,CH>CH)»), 38.4 (m, CH2PPh)), 26.4 (s, -
CH2CH2CH), 1.7 (s, CH3CN); 1H NMR18 (CD2Clp) 8 4.00 (d, 2Ty = 9.3 Hz,
CH20CHp), 3.22 (dd, 2Jgy = 15.6 Hz, 3Jpy = 12.3 Hz, CH2PPhy), 3.06 (d, 2Jgy =
15.6 Hz, CH2PPh3), 2.99 (d, 2JHH = 9.3 Hz, CH20CHp3), 0.92 (s, CH3CN).
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Preparation of fac-(cis-1,5-bis(diphenylphosphinomethyl)-3-oxabicyclo[3.3.0]-
octane-P,P’)tricarbonyl(nl-N-piperidine)tungsten (13a, 13b).

To a deep yellow solution of 3 (0.214 g, 0.275 mmol) in S mL of CH2Cl; was
added 0.15 mL of piperidine which resulted in an immediate change of color to a light
lemon yellow. This solution was stirred for 10 minutes and then treated with 10 mL of
pentane. Within 10 minutes a pale yellow precipitate began to appear and an additional
15 mL of pentane was added to complete the precipitation. The solid was isolated by
filtration, rinsed with 5 mL of pentane and dried in vacuo (yield 0.22 g, 98%).

Major isomer (13a). 31P NMR (CDClp) 8 10.9(s), 1Jpw = 230 Hz; 13C NMR
(CD2Clp) 8 215.3 (t, 2Jpc = 5.1 Hz, CO4x), 214.4 (m, separation 26.6 Hz, COeq), 141.5
(m, separation 27.8 Hz, Ph-ipso), 138.7 (d, separation 42.4 Hz, Ph-ipso), 135.1 (at,
separation 9.9 Hz, Ph-ortho), 131.2 (at, separation 8.4 Hz, Ph-ortho), 129.8 (s, Ph-
para), 129.3 (at, separation 7.1 Hz, Ph-meta), 129.1 (s, Ph-para), 128.6 (at, separation
9.5 Hz, Ph-meta), 87.6 (at, separation 12.7 Hz, CHOCH3), 56.1 (t, 3Jpc= 2.0 Hz, pip-
C1), 41.3 (at, separation 7.2 Hz, CH2CH2CH3»), 37.0 (at, separation 16.3 Hz,
CH2PPhy), 28.6 (s, pip-C2), 24.7 (s, CH2CH2CH3), 22.9 (s, pip-C3); 'H NMR
(CD2Clp) & 8.01 (m, Ph-ortho), 7.53 (m, Ph-ortho), 7.50-7.25 (m, Ph), 3.70 (d, 2Jyy =
9.0 Hz, 2H, CH2QCHy), 3.63 (dd, ZJgx = 9.0 Hz, 4Jyg = 1.5 Hz, 2H, CH20CH?y), 3.24
(dd, 2Jgm = 15.0 Hz, 2Jpy = 12.6 Hz, 2H, CH2PPhy), 2.83 (d, 2y = 15.0 Hz, 2H,
CH7PPhy), 2.75 (m, uncoordinated pip NCHj), 2.0-1.0 (m, CHp, pip), 0.80 (dd, 2JHy =
12.9 Hz, 3Jyg = 5.4 Hz, 2H, CHy).

Miﬁor isomer (13b). 31P NMR (CD2Clp) 8 9.4 (s), 1Jpw = 230 Hz; 13C NMR
(CD2Cly) & 134.7 (at, Ph-ortho), 13.1 (at, Ph-ortho), 130.0 (s, Ph-para), 128.9 (at,
separation 9.1 Hz, Ph-meta), 80.9 (at, separation 8.7 Hz, CH,0CHp), 50.2 (at,
separation 9.1 Hz, CHoCH2CH»), 37.9 (at, sepération 13.8 Hz, CH7PPh»), 26.6 (s,
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CH,2CH,CHy); TH NMR18 (CD2Clp) 8 3.72 (d, 2JuH =9.0 Hz, CH20CH2), 2.87 (d,
2Jyy = 9.0 Hz, CH20), 3.40 (m, CH2PPhy), 2.92 (d, 2JgH = 15.3 Hz, CH2PPhy).

Thermolysis of (1)W(CO)4, (6)

Complex 6 (0.206 g, 0.256 mmol) was dissolved in 15 mL of toluene and the
solution was refluxed for 16 hours during which time no precipitate had formed. A 31P
NMR spectrum of this reaction solution showed only the presence of the starting

complex, 6 (5 4.5(s), pw = 232 Hz).

Photolysis of (1)Mo(CO)y4, (5) and (1)W(CO)4, (6)

Complex 5 (0.050 g, 0.070 mmol) was dissolved in 2 mL of THF and the
solution was irradiated at 254 nm for 4 hours. A very faint yellowing of the solution
occurred, but 31P NMR spectroscopy showed only the presence of the starting
complex, 5 (3 22.0(s)). Similarly, a solution of complex 6 (0.218 g, 0.272 mmol) in 15
mL of toluene was irradiated with a 275 W UV lamp for 3 hours during which time the
solution became brown and a brown decomposition product had precipitated. A 31P
NMR spectrum of the supernatant showed the presence of unreacted starting material

as the only phosphorus-containing species in solution.

Exchange reaction between fac-(1)W(C0)3(NCCH3) and CD3CN

Approximately 25 mg of fac-(1)W(CO)3(NCCH3) (12a, 12b) was dissolved in
0.5 mL of CH>Cl, in 2 5 mm NMR tube. CD3CN was theini added and the tube
immediately placed in the spectrometer. The exchange reaction was monitored by 2H

NMR spectroscopy over the course of two hours.
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Reaction of 13CO with fac-(1)M{(CO)3 where M = Mo (2) and W (3)

Compounds 2 and 3 (~ 20-30 mg) were dissolved in CD2Cl; in separate 5 mm
NMR tubes under argon. 13CO was bubbled through the yellow solutions for 10 min
resulting in near colorless solutions. A small quantity of decomposition product
precipitated initially for the reaction involving 2, but !H and 13C NMR spectra showed
only the presence of fac-(1)Mo(CO)3(13CO). The NMR tubes were then sealed and the

reactions were monitored by 13C NMR spectroscopy.
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RESULTS AND DISCUSSION

Substitution by Phosphorus and Nitrogen Donors

Reaction of 2 or 3 with P(OCH32)3CCH3 proceeds cleanly in CH>Cl at room
temperature by displacement of thé coordinated ether yielding products of the
stoichiometry (1)M(CO)3[P(OCH2)3CCH3] where M = Mo (7a, 7b) and W (8a, 8b) as
shown by mass spectral and analytical data. In both cases two isomeric products were
obtained. Starting from complex 2, the two products 7a and 7b were isolated as a
mixture in approximately a 4:1 ratio as shown by 1H NMR spectroscopy. Attempts to
separate these two products by column chromatography and fractional recrystallization
were unsuccessful. In the 31P NMR spectrum of this product mixture, a triplet at 86.9
ppm (2Jpp= 32 Hz) for the phosphite resonance and a doublet at 20.2 ppm (2Jpp= 32
Hz) for the phosphine resonance of the major isomer and similar resonances for the
minor prbc!uct suggest a fac geometry for both. A fac geometry for 7a is also
substantiated in the 13C NMR spectrum by a doublet of triplets resonance at 220.5 ppm
IPC-trans = 49 Hz, 2pc.¢is = 9.5 Hz) for the axial carbonyl and a complex multiplet
at 218.3 ppm for the two equivalent equatorial carbonyls. The signal-to-noise ratio of
the spectrum was insufficient to assign the carbonyl resonances of the minor isomer 7b.
Remaining 13C NMR resonances for both isomers indicate the presence of a plane of
symmetry consistent with a fac, but not a mer, arrangement of ligands. On this basis
the compounds 7a and 7b are assigned as a pair of fac diastereomers.

Two diastereomers of fac geometry may arise because of the inequivalence of the
two axial sites in octahedral metal complexes of ligand 1. The axial sites above and
below the P2M plane are differentiated by the symmetry of 1. This has been
demonstrated previously!0 for the complexes (1)M(CO)4 where M = Cr (4), Mo (5), W
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(6), by the presence of two axial carbonyl resonances in the 13C NMR spectra of these
complexes. Analysis of the 3IP and 13C NMR spectra for the tungsten analogues 8a
and 8b reveals the same features noted above and hence they are assigned as two fac
diastereomers of (1)W(CO)3[P(OCH2)3CCH3].

The reactions of 2 and 3 with acetonitrile, pyridine and piperidine also yield two
fac diastereomers in each case (9a,b-132,b). Piperidine was included in this study in
hopes that intramolecular hydrogen bonding between the N-H of piperidine and the
ether of ligand 1 would be favorable in one of the two fac diastereomers 13a, 13b thus
aiding in their separation. Darensbourg has previously noted hydrogen bonding
between the N-H of piperidine and the oxygen of P(OMe)3 in the X-ray structure!? of
cis-Mo(CO)4(pip)[P(OMe)3] as well as hydrogen bonding to THF in solution.20
Unfortunately complexes 13a and 13b are labile to piperidine dissociation as will be
discussed shortly, thus precluding separation.

The products Sa,b-13a,b exhibit singlets in their 3P NMR spectra, ruling out
substitution in an equatorial site to yield mer complexes for which an AB pattern would
be expected for the phosphorus nuclei. The 31P NMR resonances of the tungsten
complexes exhibit satellites due to 1J31p.183y in the range 229-232 Hz. The 13C
NMR spectra of 9a,b-13a,b indicate the presence of a plane of symmetry in these
molecules as discussed above for 7a,b and 8a,b. The major isomers 9a-13a also each
exhibit a triplet resonance and a five-line multiplet for the single axial carbonyl and the
two equivalent equatorial carbonyls, respectively, as expected for an AXX' spin
system.21

The major substitution products 7a-13a all exhibit three strong carbonyl
stretches in their infrared spectra, consistent with their assignment as fac tricarbonyl

complexes (see Table 1). Unfortunately, the carbonyl stretches for the minor
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diastereomers could not be resolved from those of the major products in these spectra.
Thus, based on infrared, 31P and 13C NMR spectroscopic data, all of the substitution
products discussed above are assigned a fac geometry.

Table 1. Infrared spectroscopic data?

vco (cml)
2,5 fac-(1)Mo(CO)3 1921 1826 1763
3.b fac-(1yW(CO)3 1913 1819 1757
5,0 (1)Mo(CO)4 2027 1934 1886 1869
6.0 (1)W(CO)4 2021 1917 1892 1863
7a, fac-(1)Mo(CO)3[P(OCH2)3CCH3] 1942 1850
8a, fac-(1)W(CO3[P(OCH2)3CCH3) 1942 1846 1828
9a, fac-(1)Mo(CO)3(py) 1929 1830 1801
10a, fac-(L)W(CO)3(py) 1921 1825 1796
113, fac-(1)Mo(CO)3(NCCH3) -
12a, fac-(1)W(CO)3(NCCH3) 1929 1836 1805
13a, fac-(1)W(CO)3(pip) 1923 1825 1790

aSpectra were obtained on CH2Cl» solutions.

bSpectra were obtained on Nujol mulls.
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Stereochemical Assignment of the fac Diastereomeric Products

Although spectroscopic data confirm a fac geometry for all diastereomeric
products 7a,b-13a,b there are important spectroscopic distinctions that differentiate the
class of major diastercomers 7a-13a from the minor diastereomers 7b-13b (Table 2).
Previously, our X-ray structural analysis of (1)Mo(CO)4, 5, revealed a conformation as
illustrated for A (L = CO) wherein the ether oxygen of 1 is oriented away from the
metal center.10 In addition, a strong ring current effect was observed in the IH NMR
spectrum of § for two methylene protons adjacent to the bridgehead carbons of the
cyclopentane ring, which strongly argued for a similar conformation in solution.

Analogously, the TH NMR spectra for each of the major diastereomers

L
Cco Cco
Ph \ éCO Ph \ 4C0
2-M 2-M
o P \ P / \
y P Co y P Co
Ph, Phy
0
A B

contain a doublet of doublets in the vicinity of 1.0 ppm, also consistent with
shielding of two cyclopentane methylene protons by neighboring phenyl substituents
on phosphorus. Furthermore, the CH2OCH3 region in the 1H NMR spectra of the
major diastereomers exhibit resonances analogous to those found for § and 6 with no
indication of a ring current effect.

In the 13C NMR spectra of 7a,b-13a,b differences between the groups of major
and minor products are observed only in the CH20 and CH2CH2CHj resonances. All

the other 13C NMR resonances of these complexes are quite similar. The CH0 and
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Table 2. Selected 1H and 13C NMR spectroscopic datab

8 3 3 Ad
O(CHp), CHy(CHp)» O(CH2)» O(CHa)

major isomers

S, (1)Mo(CO)4 - 86.3 42.8 3.60, 3.57 0.03
7, (HW(CO)4 86.3 427 3.60, 3.57 0.03
6a, fac-(1)Mo(CO)3[P(OCH2)3CCH3]  87.6 417 3.69, 3.63 0.06
8a, fac-(1)W(CO)3[P(OCH2)3CCH3s] 87.6 41.5 3.69, 3.63 0.06
9a, fac-(1)Mo(CO)3(py) 87.8 41.5 3.74,3.69 0.05
10a, fac-(1)W(CO)3(py) : 87.8 41.3 3.74,3.69 0.05
11a, fac-(1)Mo(CO)3(NCCH3) 874 413 3.64,3.56 0.08
12a, fac-(1)W(CO)3(NCCH3z) 87.4 41.1 3.64, 3.57 0.08
13a, fac-(1)W(CO)3(pip) 87.6 41.3 3.70, 3.63 0.07
minor isomers

b, fac(1)Mo(CO)3[P(OCH2)3CCH3] 814 49.3

8b, fac-(1)W(CO)3[P(OCH2)3CCH3] 81.1 49.7 3.48,2.90 0.58
9b, fac-(1)Mo(CO)3(py)2 81.1 504

10b, fac-(1)W(CO)3(py) 81.0 50.4 4.04,2.99 1.05
11b, fac-(1)Mo(CO)3(NCCH3) 81.5 493 3.96, 3.02 0.94
12b, fac-(1)W(CO)3(NCCH3) 81.1 49.7 4.00,2.99 1.01
13b, fac-(1) W(CO)3(pip) 80.9 50.2 3.72,2.87 0.85

aDue to the overlap of some resonances, definite assignments could not be made for 7b

and 9b. ®CD»Cl; solvent; 20 °C.
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CH,CH2CH3j resonances of the major diastereomers are analogous to those found in
the 13C NMR spectra of 5 and 6. On the basis of the similarity of 1H and 13C NMR
spectral data for 7a-13a to those for 5 and 6, the major diastereomers are assigned
structure A wherein the new ligand occupies the axial site previously occupied by the
ether oxygen of 1 in the starting materials 2 and 3. In contrast to the major
diastereomers, the minor diastereomers 7a-13b differ significantly in their 1H and 13C
NMR spectra from those of § and 6. These compounds experience a downfield shift of
7.6-9.1 ppm for their CHoCH2CH7 13C NMR resonances, and an upfield shift of 6.0-
6.5 ppm for their CH2OCH2 resonances in comparison to the major isomers. Again, no
significant differences are found for the other carbon resonances. Based on molecular
models, these two types of carbons are closest to neighboring phenyl rings and may -
experience ring current effects depending on the conformation of the ligand.. These
spectroscopic differences suggest a change in configuration from A to B where the new
ligand now occupies an axial site trans to that previously occupied by the ether oxygen
in the starting complexes 2 and 3. Of the two five-membered rings in 1, the ether-
containing ring is now the closest to the metal center. Shielding is thus experienced at
the CHO sites and not at the CHoCH2CHj positions. TH NMR spectroscopy provides
some additional evidence for this conclusion. 1H and IH{31P} NMR spectra (500
MHz) have allowed accurate assignment of the CH2OCH? protons for the minor
isomers 8b, 10b, 11b, and 12b. For 10b two doublet resonances are observed at 4.04
and 2.99 ppm, a separation of 1.05 ppm. Similarly for 8b, 11b and 12b, these
resonances are separated by 0.58, 0.94, and 1.01 ppm, respectively, with the upfield
resonances occurring between 2.90 and 3.02 ppm in all cases. In contrast, the major
diastereomers 7a-13a exhibit AB quartets with resonances separated by only 0.06 to

0.08 ppm. This large chemical shift separation for the minor isomers as well as the
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upfield shift of one of the two CH20CH> resonances strongly argues for a shielding
effect at this position caused by a neighboring phenyl ring. Such shielding for two of
the four CH2OCH2 protons is plausible only for structure B.

Reactions with carbon monoxide
We have reported?2 earlier that our N,N'-bis(diphenylphosphino)azasilatrane
complexes 14a and 14b react with carbon monoxide to form the tetracarbonyl species
OC
o 0C O
—~N m, | NN

M-—-——' 4
H I / p- ——co H, | /' PPh

Cl s D

14da M =Mo 152 M =Mo
14b M=W 15b M=W

PPh,

15a and 15b (reaction 1). This reaction was found to be reversible under photolytic as

well as thermal conditions. Similarly, Rauchfuss® reported reversible CO binding

Ph2 P hZ
P P
/ +CO /
(OC)4M\ —h o (OC)4M\ ()
v, - :
. 0 CcO O

M=Mo, W
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for ruthenium complexes of o-(diphenylphosphino)anisole under both thermal and
photolytic conditions, and Lindner3 reported reaction 2 to be reversible under
photolytic conditions. When carbon monoxide was bubbled through a CH2Cl; solution
of 2 or 3, substitution of the coordinated ether was completed within ten minutes as
indicated by loss of the yellow color of the solution (reaction 3). 31P NMR and IR
spectroscopic data allowed identification of the products as the previously

characterized complexes 5 and 6.10 In contrast to the above cited examples,

CcO
fac-M(CO) =< X =~  (1)M(CO) 3)
A, hy
2 M=Mo 5§ M=Mo
3IM=W 6 M=W

however, this reaction is not reversible. Refluxing 5 or 6 in toluene for as long as 16
hours or photolysis of 5§ in THF for four hours yielded no observable reaction.
Photolysis of 6 in toluene resulted in the precipitation of some decomposition material,
but only starting material was identified in the supernatant by 31P NMR spectroscopy.
We recently reported!4 the results of a 13CO labeling study which probed the
stereospecificity of reaction 3. Reaction of 2 with 13CO was found to proceed with
stereospecific incorporation of 13CO into axial sites yielding two diastereomers of fac-
()Mo(CO)3(13CO) as the sole products. Monitoring the reaction by 13C NMR
spectroscopy revealed no 13CO incorporation into an equatorial site with the
approximately 4:1 ratio of diastereomers remaining ;mble over a period of 17 days.
Darensbourg has reported23 that reaction of (dppm)W(CO)3(NCCH3) with 13CO
stereospecifically yields fac-(dppm)W(CO)3(13CO) by incorporation of the 13CO into

an axial site. Over the course of two weeks, however, a subsequent intramolecular
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rearrangement process led to scrambling of the 13CO between equatorial and axial
sites. Thus, it was of interest to extend our 13CO labeling study to include the tungsten
analogue, 3.

13CO was bubbled through a solution of 3 in CD2Cl; for 10 minutes during
which time the characteristic yellow color of 3 had dissipated. The 13C NMR spectrum
of this solution showed two intense carbonyl resonances at 204.7 and 198.8 ppm with
an intensity ratio of 0.16:1.00. The triplet resonance at 198.8 ppm showed well
resolved tungsten satellites with 1J183w.13c = 124 Hz.2* The natural abundance
spectrum of (1)W(CQ)4 (6) exhibits carbonyl resonances at 206.4, 204.9 and 198.9
ppm with the latter two assigned to the two nonequivalent axial carbonyls. The relative
intensities of these resonances are 1.0:0.47:0.52, respectively. Asin oﬁr molybdenum
case, this result demonstrates stereospecific introduction of 13CO exclusively into
either of the two axial sites yielding two diastereomers of fac-(1)W(CO)3(13CO). Over
the course of two weeks, 13C NMR spectroscopy revealed a slow equilibration of 13CO
between axial and equatorial sites. After 27 days, however, the relative intensities of
the equatorial and axial carbonyl resonances had only attained a ratio of 1:1.2:3.4, far
from the ratio observed in the natural abundance 13C NMR spectrum of (1)W(CO)4 as
illustrated in Figure 1. As in Darensbourg's case, our system apparently undergoes a
slow fac to mer intramolecular rearrangment process, but at a rate much slower than
that observed for fac-(dppm)W(CO)3(13CO). This large difference in rates for the two
systems is most likely related to the presence of a seven- vs. four-membered chelate
ring. This isomerization may proceed via a slow dissociation of a chelating PPh2
group, followed by subsequent isomerization and rechelation, in which case the

stability of the chelate will determine the rate of equilibration.
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Figure 1. Carbonyl regions of the 13C NMR (CD>Cly) spectra of (a) (1)W(CO)a,
natural abundance spectrum; (b) fac-(1)W(CO)3 + 13CO;
(©) fac-(H)W(CO0)3 + 13CO after 27 days.
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Previous 13CO labeling studies on ligand substitution reactions of metal carbonyl
complexes have also demonstrated stereospecificity in such reactions.25 In addition to
the work by Darensbourg cited above, Angelici reported20 that the reaction of
[(PhaPCH2CH2)>NEt]Mo(CO)3 with 13CO stereospecifically yielded fac-
[(PhoPCH,CH2)2NEt]Mo(CO)3(13CO). Our study differs from these previous
examples in that for metal complexes wherein 1 coordinates as a bidentate (P,P’)
ligand, a plane of symmetry does not exist in the PoM plane, thus differentiating the
two axial sites. Our results demonstrate that the incoming 13CO not only has access to
the axial site vacated by the dissociated ether group of 1, but also has access to the
other nonequivalent axial site thus accounting for the minor diastereomeric products
fac-(1)Mo(CO)3(13CO) (ca. 20%) and fac-(L)W(CO)3(13CO) (~14%).

The mechanism we propose to account for this result is outlined in Scheme I.
Dissociation of the ether donor of 1 from 2 or 3 yields the five-coordinate intermediate
B of approximately square pyramidal geometry. Unsaturated five-coordinate
intermediates, such as [Cr(CO)s], have been shown to be solvated within picoseconds
after their formation.27-28 Based on calculations by Davy and Hall,2? this process is
too rapid to allow isomerization of B to provide an equatoriai vacancy. Thus, no mer
products should be formed in accord with the observed stereospecificity in this type of
substitution reaction. Lichtenberger and Brown30 have proposed a mechanism
whereby, in a five-coordinate intermediate, the vacant site may be interchanged
between two sites cis to a noncarbonyl ligand, but trans to each other, without the
intermediate formation of a vacant site trans to the noncarbonyl ligand. In Scheme I,

inversion of the vacant site to the position trans to itself would involve the
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migration of the axial carbonyl, rans to the vacant site, to an equatorial site with the
simultaneous migration of the equatorial carbonyl to the initially vacant axial site.
Calculations by Davy and Hall?® show thatsuch a rearrangement has an activation
barrier of less than 1 kcal/mol for Cr(CO)4PH3 and can occur within the timeframe of

solvation. In our case, this rearrangement would isomerize the two five-coordinate
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intermediates B and B'. These two intermediates are diastereomeric and should not be
degenerate in energy. Thus, the rate of interconversion of B and B' relative to their
rates of reaction with additional ligands may account for the unequal ratio of
diastereomeric products observed.

The results of the reactions of 2 and 3 with acetonitrile, pyridine, piperidine and
P(OCH3)3CCH3 also indicate stereospecific incorporation of these ligands into axial
sites to yield two fac diasteromers in each case. Thus the proposed scheme seems to be

general for the ligands we have investigated.

Lability of the N-donor complexes

As discussed earlier, reaction of 2 or 3 with P(OCH32)3CCH3 cleanly yields the
fac diastereomeric products 7a-8b. The results obtained when using pyridine,
piperidine and acetonitrile were analogous with one notable distinction. The products
obtained when using these N-donor ligands partially dissociate in solution unless
excess N-donor ligand is présent. For example, 3 reacts with excess pyridine yielding
only the two fac diastereomers 10a and 10b which are isolated as an analytically pure,
yellow solid. However, 31P NMR and IR spectroscopies show not only the presence of
10a and 10b, but also the presence of the starting complex 3 when this solid sample is
redissolved in methylene chloride. Additionally, a !H NMR spectrum of a solution of
this redissolved material shows not only resonances due to a small quantity of 3, but
also resonances assigned to an equimolar amount of uncoordinated pyridine. 31P NMR
spectra of redissolved samples of 9a,b and 11a,b-13a,b also show the presence of the
ether-coordinated complexes 2 or 3 unless excess N-donor ligand is present. For the
complex fac-(1)W(CO)3(pip), 13a,b, piperidine dissociation occurs to such an extent

that 3 accounts for approximately 40% of the mixture in solution as shown by 31P
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NMR spectroscopy. These results suggest an equilibrium as shown in equation 4
wherein the ether of 1, obviously aided by chelation, effectively competes with the N-

donor ligands for coordination sites on the metal.

5“271“
o/\/y)(\ - \, § o
. _ CH,Cl, / \th . @
Ph,
* L
Co
%51”7\“‘4(:0 %ﬁ
y P \co
o

M=Mo, W
L =py, pip, CH3CN, CD3CN

This equilibrium is supported by the results of an exchange reaction involving
12a,b and CD3CN monitored by 2H NMR spectroscopy. A solution of fac-
(1)W(CO)3(NCCH3) in CH,Clp was treated with an excess of CD3CN. As can be seen
in Figure 2, 2H NMR of the reaction solution after five minutes showed, in addition to
free CD3CN at 1.93 ppm, two singlets at 0.88 and 0.78 ppm in approximately a 1:4
ratio assigned to coordinated CD3CN. The proton resonances for coordinated CH3CN
in the IH NMR spectrum of 12a,b experience an upfield shift due to neighboring
phenyl rings and appear at 0.83 and 0.92 ppm, respectively. This assignment is

verified by noting that for 12a the resonance is split into a well resolved triplet with
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Figure 2. 2H NMR spectra monitoring the exchange reaction between CD3CN and fac-(1)W(CO)3.
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5Jpg = 1.5 Hz. Monitoring this exchange reaction over the period of two hours by

2H NMR spectroscopy shows a steady increase in the intensity of the coordinated
CD3CN resonances as compared to the intensity of the CHDCI3 resonance. Although
the reaction was monitored for two hours, it appears to reach completion within
approximately 50 minutes. This confirms that an exchange process does occur
between coordinated and non-coordinated acetonitrile and that analogous exchange
processes presumably occur for our piperidine and pyridine complexes according to the
31P and 1H NMR spectroscopic data presented above.

Regarding equilibrium 4, it should be noted that neither 2 nor 3 react with PPh3 at
ambient temperatures, in contrast to results obtained by Darensbourg?3 and Dobson2>¢
for the reactions of PPh3 with fac-(dppm)W(CO)3(NCCH3) and
Jac-(dppe)Mo(CO)3(pip), respectively. Thus, in addition to steric crowding at the axial
site hindering our reaction of 2 or 3 with PPh3, the ether of ligand 1 may also
effectively compete with PPh3 for coordination to the metal. We also note that neither

2 nor 3 react with ethylene or THF.

Conclusions

We have demonstrated that the metal-ether interactions of 2 and 3 are indeed
labile to displacement by a variety of ligands. However, this coordinated ether is not as
labile as might initiaily be expected for a coordinated ether, presumably because of a
favo;able chelation effect. Evidence for this conclusion is the presence of an
equilibrium for the N-donor ligands wherein the ether of 1 effectively competes for
coordination sites on the metal. We have also shown that all of the substitution
reactions studied are stereospecific yielding two fac diastereomers in each case with the

major substitution product arising from coordination of the new ligand to the site
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vacated by the ether of 1. Now that we have achieved a better understanding of the
basic coordination modes and substitution reactions of these Group VI metal
complexes, we shall be exploring the chemistry of 1 in metal systems that are

potentially more significant catalytically.
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SECTION VI. FLUORIDE-ASSISTED REDUCTION OF PALLADIUM(I)
PHOSPHINE COMPLEXES
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ABSTRACT

In the presence of 2.5 equivalents of n-BugNF<3H20, PdCl; reacts with five
equivalents of PPh3 or three equivalents of a chelating diphosphine (PhoPCH2)2,
(PhoPCH2)>CH,, (PHoPCH2CH))2, (PhaP)2CH2 and (PhoPCH2)2CMe)) to give 70-90
% yields of the corresponding Pd(0) complexes and O=PPh3 or diphosphine monoxide,
respectively. Difluorophosphorane (FoPPh3 or PhoPF2(CH2)xPPh)) is detected as an
intermediate prior to hydrolysis, suggesting that fluoride attacks a coordinated

phosphorus, followed by electron transfer from phosphorus to palladium.
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COMMUNICATION

Zerovalent palladium phosphine complexes have been extensively studied since
their synthesis was first reported by Maletesta in 1957.1 These compounds are
commonly made via the reduction of palladium(II) complexes using NaBH4, hydrazine
or KOH/phosphine (for representative examples, see references 1-5). Although
numerous other synthetic routes have been reported, there have been to the best of our
knowledge no reports of the reduction of palladium(II) phosphine complexes involving
fluoride ion. In this communication we report that palladium(II) in the presence of aryl
phosphines and fluoride yields zerovalent palladium phosphine complexes via a novel
fluoride-assisted redox reaction.

Addition of n-BugNF3H20 (1.41 mmol) to a solution of (PhoPCHj)2CH> (1.69
mmol) and PdCl» (0.564 mmol) in DMSO at 130 °C resulted in the formation of an

orange-red solution which rapidly changed to yellow (reaction 1). Upon cooling to room

PACI, + 3 PhyP(CH;);PPh, + 2.5 n-Bu,NFe3H,0 30w Pd(Ph,P(CH);PPhy}, (1)

temperature, a yellow precipitate formed which was isolated by filtration. The product,
obtained in 91 % yield, was identified as Pd[(PhoPCHj3)2CH»]2 by comparison of its
31p and 13C NMR spectra to those of an authentic sample prepared as described
preyiously.2-3 This assignment was further confirmed crystallographically.6 Other aryl
phosphine ligands employed in this reaction gave the known complexes Pd(PPh3)a,%7
Pd[(PhoPCH2)2]2,58 PA[(PhoPCH2CH2)212° and Pda[(PhoP)CHyl3,8:10 as well as the
new complex Pd[(PhoPCH)2CMe3]z.11 These complexes, ranging in yield from
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70-90 %, were characterized by 3!P , 13C and 1H NMR spectroscopy. In all cases the
NMR data corresponded with published data.

The nature of the reducing agent is of interest since reduction does not occur in
the absence of fluoride, whether or not water is present. For example, reaction of excess
(PhoPCHy); with PdCly gave {Pd[(PhoPCH2)2]2}C1p8:12 in 96% yield. Similarly
(Ph3P)2PdCl, was isolated in 90 %yield when excess PPh3 was reacted with PdClo.
Moreover, reduction failed to take place when water was added to a mixture of PPh3 and
PdCl, but did occur when fluoride ion was added. The addition of less than a
stoichiometric amount of fluoride results in only partial reaction, presumably owing to
the formation of the exceedingly stable HF>" ion from the protons liberated in the reaction
(Scheme I). Analysis of the filtrate of reaction 1 by 31P NMR spectroscopy gave
evidence for the formation of the phosphine monoxide PhyP(CH2)3P(O)Ph2 (3 31P 31.0,
-17.2) as one of two observable oxidation products. The other bidentate phosphines
employed also yielded the phosphine monoxides (and not the dioxides) as the final
oxidation products. This assignment is unambiguous since PhoP(O)CH2CH2P(O)Phz
and PhyP(O)CH,P(O)Ph; exhibit singlet 31P NMR resonances whereas the monoxides
PhyPCH,P(O)Phy and PhyPCH,CH2P(O)Phs each exhibit two doublets.1® The filtrates
of reactions of the type exemplified by reaction 1 also contained a diflucrophosphorane
product. For (PhoPCHj)2, PhoPCH2CH2PF2Ph) was identified by comparison of its
31p and 19F NMR spectroscopic parameters!4 to those previously reported.!5 The
difluorophosphorane products for the other ligands employed were similarly
identified.16:17

A plausible reaction pathway is proposed in Scheme I. Nucleophilic attack of
fluoride on phosphorus followed by transfer of two electrons from phosphorus to

palladium yields the palladium(0) complex and a fluorophosphonium salt. Although we
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did not observe fluorophosphonium cations in this reaction, [Ph3PF]* has been reported
in the literature and is known to react readily with fluoride in solution to give Ph3PF>18
which we have identified in our reation solution. Hydrolysis of the difluorophosphorane
to the phosphine oxide completes the scheme. Other pathiways, such as prior
coordination of fluoride to palladium followed by migration of the fluoride to
phosphorus, cannot be ruled out.

Scheme I

F
]
RsP-Pd(PR3)Cl,

PR

RsP -
RgPLPACl,  ———>  [R;P);PACI]" —F o RP-PAPR:),CI
2PR; | -Cr
H,0
/\ Pd(PR3)4
+
H0 F
2 HF + R3P=O B R3PF2 - R3PF+
lF'
HFy

We are presently investigating the scope of this reaction using other phosphorus

ligands and additional metals, as well as the potential for making it catalytic in fluoride.
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SECTION VII. A NEW REDOX REACTION INVOLVING FLUORIDE AND
PHOSPHINE COMPLEXES OF GROUP X METALS. CRYSTAL
AND MOLECULAR STRUCTURE OF Pd(dppp)2
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ABSTRACT

A new redox reaction involving phosphine complexes of palladium(II) and
fluoride is reported. The scope of this reaction has been investigated using the ligands
PPh3, PhoP(CH3),PPh3 (n = 1-4), PhoPCH2C(CH3)2CH2PPhg, PhoPCH3, and
'P(CH2CHzCN)3; several solvents including DMSO, pyridine, acetonitrile, and THF; and
either n-BugNF+3H20 or KF/18-crown-6 as the fluoride source. The reduction products
are palladium(0) phosphine complexes. 3!P and 19F NMR spectra permitted
identification of the initial oxidation products as difluorophosphcranes (R3PF2), which
subsequently hydrolyze forming phosphine oxides if a hydrated fluoride source is used.
Substantial quantities of the difluorophosphorane products are observed when anhydrous
KF is utilized. This redox reaction was initially discovered as a side reaction between
dppp and Pd(BF4)2+4CH3CN implicating BF4" as a fluoride source for the reaction.
Results implicating this fluoride-induced redox reaction in the thermal decomposition of
[(PhzP)3PdCl]BF;4 to yield [Pd3Cl(PPh2)2(PPh3)3]1BF4 are also presented. Preliminary
results indicate that platinum complexes also undergo this reaction, but nickel complexes
yield NiFp. Crystals of Pd(dppp)2 were obtained, space group C2/c (No.15), with unit
cell dimensions a = 18.396(2) A, b = 13.290(1) A, ¢ = 20.186(2) A, B = 109.383(5)°,
and Z = 4. The structure was refined to R = 0.0225 and Ry = 0.0341 for 4431 unique

reflections with Fg2 > 36(Fy2).
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INTRODUCTION

Recently, we reported! the synthesis and some of the coordination chemistry of
the new tetratertiary phosphine 1, including unsuccessfull attempts to synthesize the
monopalladium complex 2. Presumably the formation of 2 is precluded by steric factors
and an unsuitable ligand backbone, incapable of chelating two trans positions. The
complexes [{PhoP(CH2)nPPh2}2Pd]2+ (n = 2-4) are potential models for 2 and we thus
sought information concerning the steric interactions of the eight phenyl substituents in

2+
Ph2?"ll..Pd.|\\‘?Ph2

Ph,P PPh,
PhyP = pPh,
L
Ph,P PPh, '
1 ' 2

these complexes. Although numerous references were found concerning
the chemistry of [Pd(dppe)2]2* (n = 2),2 only a brief reference to [Pd(dppp)2IClz (n =3)
has appeared3 and [Pd(dppb)2]2* (n = 4) has not been reported previously. Since we
were most interested in the model complexes containing six- and seven-membered
chelate rings, we attempted to prepare [Pd(dppp)2][BF4]2 by reacting
Pd(BF4)2°4CH3CN and dppp. As discussed herein, this synthetic approach
unexpectedly yielded, as a minor product, the reduced complex Pd(dppp)2 formed via a

fluoride-induced redox reaction:
3dppp + Pd** + 2F ———> Pd(dppp), + Ph,P(CH,);PF,Ph, (1)

Preliminary observations concerning this reaction have been previously communicated.4

Here we present these and additional results in detail, including the relevance of reaction
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1 to the synthesis of the triangular cluster [Pd3Cl(PPh2)2(PPh3)3][BF4] reported by
Dixon et al..> The molecular structure of Pd(dppp)2 and preliminary results concerning
attempts to reduce Ni(II) and Pt(II) by this method are also discussed.
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EXPERIMENTAL SECTION

General Procedures

All reactions were performed under an argon atmosphere using standard inert
atmosphere techniques. Tetrahydrofuran, benzene, and diethyl ether were distilled from
sodium benzophenone ketyl prior to use. Pyridine, dimethylsulfoxide, methylene
chloride, and acetonitrile were distilled from calcium hydride. The following were
prepared as described in the literature; (Ph3P)PdCly,8 (dppp)PdCly,” (dppe)PdCla,’
(PhCN)2PdCl,8 [(dppe)2Pd]Cl2,22 [(Ph3P)3PACIIBEs and
PhoPCH2C(CH3),CH2PPh2.10 Pd(BF4)2°4CH3CN was purchased from Strem. All
other reagents were purchased from Strem or Aldrich and were used without further
purification, except for 18-crown-6, which was purified by a previously reported
method!! and was as a THF solution over 4A molecular sieves. NMR spectra were
recorded on Nicolet NT-300 (1H, 13C), Bruker WM200 (13C, 31P), and Bruker WM300
(13C, 19F, 31P) spectrometers using a deuterated solvent as the internal lock. Chemical
shifts are reported relative to TMS (1H, 13C), CgFg (19F), or 85% H3PO4 (31P).
Elemental analyses were performed by Schwarzkopf Microanalytical Laboratories,
Woodside, NY.

Reaction of (dppp)PdCl; with dppp

A mixture of (dppp)PdCl2 (0.20 g, 0.34 mmol) and dppp (0.14 g, 0.34 mmol) in
5 mL of pyridine and 30 mL of acetonitrile was refluxed for four hours to yield a yellow
solution. The 31P NMR spectrum of this solution showed only broadened resonances

for the two starting materials at 11.9 and -16.9 ppm.2¢
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Reaction of dppp with Pd(BF4)2°4CH3CN

A solution of dppp (0.35 g, 0.86 mmol) in 2 mL of CH2Cl» was added to a
yellow solution of Pd(BF4)24CH3CN (0.19 g, 0.43 mmol) in 20 mL of acetonitrile.
Within ten minutes a cream-colored precipitate began to appear. After stirring the
mixture overnight the product was isolated by filtration and dried in vacuo. Yield 0.27
g, 57% based on [Pd(dppp)2]1[BFsl2. The product is poorly soluble in THF, CH2Cl3,
DMSO, and CH3CN. Upon standing overnight, the filtrate yielded yellow crystals of
Pd(dppp)2 in approximately 5% yield. A suitable crystal was analyzed by X-ray
diffraction.

Preparation of (PhoPCHC(CH3)2CH;PPh;)PdCl;

A solution of PhoPCH>C(CH3)2CH2PPh2 (0.34 g, 0.78 mmol) in 15 mL of
benzene was added dropwise to a solution of (PhCN)2PdCl3 (0.30 g, 6.78 mmol) in 40
mL of benzene. The resulting mixture was stirred overnight. The Héht tan precipitate
was isolated by filtration, rinsed with 10 mL of benzene followed by 10 mL of diethyl
ether, and dried in vacuo. Yield 0.45 g, 95%. 31P NMR (DMSO) & 19.1 (s).

Preparation of Pd(PPhs)y4

Method A. A mixture of PdCl> (0.11 g, 0.62 mmol) and PPh3 (0.77g, 2.9
mmol) was heated to 140 °C in 15 mL of DMSO to give a yellow solution. Heating was
discontinued and a solution of 7z-BusNF+3H20 (0.47 g, 1.7 mmol) in 10 mL of DMSO
was added to give a dark orange-red solution which rapidly turned bright yellow. The
solution was cooled to room temperature with stirring during which time a yellow solid
precipitated. Ethanol (20 mL) was added to complete precipitation and the mixture was
stirred for an additional 30 min. The product was isolated by filtration, rinsed with two
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10 mL portions of ethanol and one of diethyl ether, and was dried ir vacuo. Yield 0.57
g, 80%. mp 190 - 194 °C (dec); 3P NMR (CH2Clp) & 15.5 (br); lit 8 15.0 (toluene, 90
°C).12 Analysis of the filtrate by 31P NMR spectroscopy revealed the presence of the
following: Ph3P=0 & 29.5 (s), trans-(Ph3P)2Pd(Ph)Cl & 25.1 (s), and [PhgP]Cl 3 23.7
(s), the assignments of which were confirmed by the addition of authentic samples.

Method B. A solution of PdCl3 (0.10 g, 0.56 mmol) and PPh3 (0.74 g, 2.82
mmol) in 15 mL of DMSO was heated to 140 °C. Anhydrous KF (0.080 g, 1.4 mmol)
was added and the resulting yellow solution was heated at 120 °C for ten minutes to
dissolve most of the remaining undissolved KF. The solution was cooled to room
temperature yielding a precipitate identified as Pd(PPh3)4. The product was isolated by
filtration, washed with diethyl ether and dried in vacuo. Yield 0.35 g, 54%. The 31P
NMR spectrum of the filtrate revealed the presence of Ph3P=0, [Ph4P]Cl, PPh3 and a
much larger quantity of trans-(Ph3P)2Pd(Ph)Cl than was observed using method A.
Clear crystals of trans-(Ph3P)2Pd(Ph)Cl were obtained from the filtrate upon standing
several days. mp 210 °C; 31P NMR (CH;Clp) 8 24.4 (s); IH NMR (CDCl3) 8 7.6 - 7.2
(m, PPh3), 6.71 (d, 3Juy = 7 Hz, 2H, Ph-ortho), 6.35 (¢, 3Jgx = 7 Hz, 1H, Ph-para),
6.22 (t, 3Jgy = 7 Hz, 2H, Ph-meta).

Preparation of Pdz(dppm)3

PdCI5 (0.10 g, 0.56 mmol), dppm (0.65 g, 1.7 mmol), and n-BugNF+3H20
(0.47 g, 1.5 mmol) were reacted using method A given above to yield an orange-red
solid. Yield 0.33 g, 86%. mp 195-215 °C (dec); 31P NMR (CgHg) & 14.4 (s).13

Analysis of the filtrate by 31P NMR spectroscopy revealed the presence of the following:

PhyPCH,P(0)Ph; & 28.8 (d, 2Jpp = 50.5 Hz, P(O)Phy), -27.0 (d, 2Jpp = 50.5 Hz,
PPhy);14 dppm 8 -22.3 (s); PhoPCH,PF,Phy & -23.9 (dt, 2Jpp = 63.9 Hz, 3Jpp = 22.5
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Hz, PPhy), -41.9 (td, 1Jpf = 643 Hz, 2Jpp = 63.9 Hz, PFoPhj).15 19F NMR § 136.1
(ddt, 1Jpr = 644 Hz, 3Jpr = 22 Hz, 3JgF = 15 Hz, PhyPCH2PF,Phy).

Preparation of Pd(dppe)z

Pd4Cl> (0.10 g, 0.56 mmol), dppe (0.67 g, 1.7 mmol), and #-BugNF*3H20
(0.47 g, 1.5 mmol) were reacted using method A given above to yield the title product.
Yield 0.51 g, 91%. 31P NMR (CH2Clp) 8 30.6. Analysis of the filtrate by 31P NMR
spectroscopy revealed the presence of the following: [Pd(dppe)2]2*, & 58.0 (s);2¢
PhaP(O)CH2CH2PPhy, § 32.4 (d, 3Tpp = 47.3 Hz, P(O)Phy), -12.4 (d, 3Jpp = 47.3
Hz, PPhy);16 PhoPCH>CH,PF,Phs, & -12.4 (m, PPhy), -40.5 (td, 1Jpr = 644 Hz,
3Jpp = 69 Hz, PFoPhy).15

Alternatively, (dppe)PdCl (0.15 g, 2.6 mmol), dppe (0.21 g, 5.2 mmol),
anhydrous KF (0.10 g, 1.7 mmol), and 18-crown-6 (0.100 g) were suspended in a
solution of 10 mL of pyridine and 5 mL of THF. This mixture was heated at 100 °C for
two hours. A 3P NMR spectrum of this reaction solution showed only the presence of
Pd(dppe)2, PhoPCH2CH,P(O)Pha, PhoPCH2CH2PF2Ph), and a trace of unreacted
dppe. The difluorophosphorane product accounted for approximately 65% of the total

oxidation products.

Preparation of Pd(dppp)2

PdCl3 (0.10 g, 0.56 mmol), dppp (0.70 g, 1.7 mmol), and n-BugNF+3H20
(0.47 g, 1.5 mmol) were reacted using method A given above to yield 0.48 g (91%) of
the yellow product. 3IP NMR (THF) & 4.2 (s); 13C NMR (CD2Cly) & 143.0 (m, Ph-
ipso), 132.8 (m, Ph-ortho), 127.8 (bs, Ph-meta), 127.6 (s, Ph-para), 31.9
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(m, CHoPPhy), 19.0 (bs, CHoCH2CH»). Analysis of the filtrate by 3P NMR
spectroscopy revealed the presence of the following: PhoP(O)CH2CH2CH2PPhy & 31.0
(s, P(O)Phy), -17.2 (s, PPhy); PhoPCH2CH2CH2PF2Ph2 § -17.3 (s, PPhy), -42.4 (t,
1Jpr = 644 Hz, PF2Phy).15 19F NMR § 125.8 (d, 1ipF = 643 Hz).

Preparation of Pd{Ph,PCH,C(CH3)2CH,PPh3}>

PdCl», (0.10 g, 0.56 mmol), PhoPCH>C(CH3)2CH>PPhs (0.75 g, 1.7 mmol),
and n-BuyNF+3H>0 (0.47 g, 1.5 mmol) were reacted using method A above to yield
0.51 g (91%) of the yellow product. An analytical sample was obtained by
recrystallization from 2:1 THF:EtOH. 31P NMR (CHCl2) 8 1.2 (s); 13CNMR
(CD7Cly) & 144.6 (apparent pentet, separation 6 Hz, Ph-ipso), 132.8 (m, Ph-orzho),
127.8 (s, Ph-meta), 127.4 (s, Ph-para), 41.9 (m, CHp), 36.0 (m, CCy), 34.6 (m, CH3);
Anal. Calcd for CsgH3gP4Pd«2 CH3CH20H: C, 68.98; H, 6.72; Pd, 9.86. Found: C,
68.95; H, 6.43; Pd, 9.65. Analysis of the filtrate by 3IP NMR spectroscopy revealed
the presence of the following: PhoP(O)CH2C(CH3)2CHPPhy 6 26.1 (s, P(O)Phy),
-23.3 (s, PPhy).

Alternatively, {PhoPCH2C(CH3)2CH,PPh2} PdCl5 (0.20 g, 0.32 mmol),
PhyPCH,yC(CH3)2CHoPPh2 (0.19 g, 0.65 mmol), anhydrous KF (0.12 g, 2.1 mmol),
and 18-crown-6 (0.10 g) were suspended in 10 mL of pyridine/ S mL of THF and the
mixture was refluxed for two hours to yield a bright yellow solution with some
undissolved KF. The 3_1P NMR spectrum of this solution revealed the presence of
Pd{PhoPCH2C(CH3)2CH2PPh3 } 2, PhoPCH2C(CH3)2CH2P(0)Phy, a trace of
PhoP(C)CHC(CH3)2CH2P(0)Ph; and unreacted dppe. A singlet at -23.6 ppm (PPhp)
and triplet at -44.4 ppm with 1Jpr = 658 Hz (PF2Phy) indicate the presence of the
difluorophosphorane PhoPCHoC(CH3),CH,PF2Pha which acc;)unted for approximately
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75% of the oxidation products. Addition of 20 mL of ethanol to this solution resulted in
the precipitation of Pd{PhoyPCH2C(CH3)2CHPPh2}2 which was isolated by filtration,
washed twice with 5 mL of water followed by 10 mL of ethanol, and dried in vacuo.
Yield 0.23 g, 75%.

Preparation of Pd(dppb);

PdCI; (0.10 g, 0.56 mmol), dppb (0.72 g, 1.7 mmol), and n-BugNF*3H20
(0.47 g, 1.5 mmol) were reacted using method A to yield 0.35 g (65%) of the yellow
product. 31P NMR (CH,Clp) 8 12 (broad). Analysis of the filtrate by 3P NMR
spectroscopy revealed the presence of the following: PhoP(O)(CH3)4PPhy & 33.7 (s,
P(O)Ph2), -15.6 (s, PPh); PhoPF2(CH2)4PPhy 3 -15.6 (s, PPhy), -40.8 (t, LJpr = 639
Hz, PFoPhp).15

Preparation of Pd(PPhaMe)y

PdCl (0.10 g, 0.56 mmol), PhoPMe (0.57 g, 2.8 mmol), and n-BugNF*3H0
(0.47 g, 1.5 mmol) were reacted using method A, however, no precipitate formed upon
cooling. The 31P NMR spectrum of this solution showed a singlet at 28.7 ppm for
PhoP(O)Me, unidentified resonances at 62.1 and 49.9 ppm, and a large broad resonance
centered at -10.4 ppm, assigned to the presence of Pd(PPhoMe)x and free PhoPMe.
Addition of 100 mL of methanol followed by cooling overnight yielded yellow crystals
of Pd(PPhoMe)s, 31P NMR (THF) § -4.2 (s).
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Preparation of Pd{P(CH2CH,CN)3}x

PdCl3 (0.10 g, 0.56 mmol), P(CH2CH2CN)3 (0.55 g, 2.8 mmol), and
n-ByyNF+3H50 (0.47 g, 1.5 mmol) were reacted using the general procedure given in
method A to yield a yellow solution. The 31P NMR spectrum of this solution showed a
sharp singlet at 44.7 ppm assigned to (NCCH2CH32)3P=0, and broadened singlets at 9.7
and - 23.9 ppm assigned to Pd{P(CH2CH2CN)3}x and uncoordinated ligand,
respectively. The palladium(0) complex was not isolated. Reaction of PdCl3 and
P(CH,CH2CN)3 under these conditions without the addition of fluoride yields a
product, presumably {(NCCH2CH»)3P}2PdClp, which exhibits a sharp singlet at 16.2
ppm. Phosphine oxide is not produced in the absence of fluoride.

Reaction of PPh3 with PdCl; in DMSO

A mixture of PdClz (0.10 g, 0.56 mmol), PPh3 (0.74 g, 2.8 mmol) and water
(0.50 g, 27 mmol) in 15 mL of DMSO was heated to 140 °C to give a yellow -orange
solution. Upon cooling to room temperature (Ph3P);PdCl2 precipitated as a poorly
soluble yellow solid. The solid was isolated by fiitration, washed with diethyl ether, and
dried in vacuo. Yield 0.35 g, 90%. A 31P NMR spectrum of the filtrate showed only
the presence of unreacted Ph3P.

" Reaction of dppe with PdCl; in DMSO

A mixture of PdCl» (0.10 g, 0.56 mmol) and dppe (0.67 g, 1.7 mmol) in 20 mL
of DMSO was heated to 140 °C to give a white mixture. This mixture was cooled to
room temperature and stirred for three hours. [Pd(dppe)2]Cla, 0.53 g, 96%, was
isolated by filtration, washed with 15 mL of diethyl ether, and dried in vacuo. 31P NMR
(CH3CN) 8 58.1 (s).
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Competition Experiment Between PPh3 and dppe

A mixture of PdCl, (0.10 g, 0.56 mmol), dppe (0.67 g, 1.7 mmol), and PPh3
(0.75 g, 2.9 mmol) in 15 mL of DMSO was heated to 130 °C. A solution of #-
BuwNF+3H20 (0.47 g, 1.5 mmol) in 5 mL of DMSO was added to give a yellow
solution. After cooling to room temperature, 15 mL of ethanol was added to complete
the precipitation. Pd(dppe)2 (0.37 g, 73%) was isolated by filtration, washed with
ethanol, and dried in vacuo. A 31P NMR spectrum of the supernatant before the addition
of ethanol identified the presence of Pd(dppe)2, PhoP(O)CH2CH2PPhy,
PhoPCH>CH,PF,Ph3 and PPh3. There was no evidence for the formation of Ph3P=0O
or Ph3PF,.

Reaction -of (dppp)NiBr; with n-BugNF<3H,0

A mixture of NiBreglyme (0.15 g, 0.49 mmol) and dppp ( 0.60 g, 1.5 mmol) in
15 mL of acetonitrile was heated to 80 °C to give a red-violet solution containing
(dppp)NiBr2. Addition of a solution of n-BugNF+3H20 (0.38 g, 1.2 mmol) in 5 mL of
acetonitrile resulted in the immediate formation of a yellow solution. Heat was removed

and upon cooling a small quantity of yellow solid precipitated.

Preparation of Pt(dppe)2

A mixture of PtCl3 (0.15 g, 0.56 mmol) and dppe (0.67 g, 1.7 mmol) in 15 mL
of DMSO was heated to 130 °C to yield a milky white mixture, presumabley due to the
formation of [Pt(dppe)2]Cla. A solution of #7-BugNFe3H20 (0.47 g, 1.5 mmol ) in 5 mL
of DMSO was added to this hot mixture to form a bright yellow solution which still
contained some white precipitate. The heat was removed and this mixture was stixred for

two hours. A 31P NMR spectrum of the supernatant exhibited resonances of
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approximately equal intensity at 49.1 ppm with 1Jp.p = 2338 Hz and 30.3 ppm with
13p.p = 3733 Hz assigned to [Pt(dppe)2]Cl217 and Pt(dppe)z, respectively. A large
quantity of unreacted dppe as well as a small quantity of PhoPCH2CH>P(O)Phy were
also identified. Numerous smaller unidentified resonances were also present between 55

and 42 ppm.

Preparation of Pt(PPh3)4

PPh3 (0.32 g, 1.2 mmol) and (Ph3P)2PtCl> (0.48 g, 0.61 mmol) were
suspended in 5 mL of THF. To this mixture was added n-BusyNF+3H>0 (0.48 g, 1.5
mmol) in 5 mL of THF to yield a yellow solution in which some unreacted (Ph3P)2PtClp
remained. This mixture was stirred for 30 min. The 3!P NMR spectrum of the
supernatant showed the presence of Ph3P=0 and a broad resonance at 45 ppm for
Pt(PPh3)x. Two 2 mL aliquots of this supernatant were removed and reacted with
methyl iodide in the first case and dppe in the second. The 31P NMR spectrum of the
methyl iodide reaction sample exhibited resonances at 28.3 ppm (1Jp.p = 3077 Hz),
25.4 and 22.8 ppm assigned to trans-(Ph3P)2Pt(Me)I, Ph3P=0 and {Ph3PMe]l,
respectively. The 31P NMR spectrum of the dppe reaction solution exhibited resonances
at 30.9 (Jpe.p = 3731 Hz), 25.3, -4.8, and -12.2 ppm assigned to Pt(dppe), Ph3P=0,

Ph3P, and dppe, respectively. 18

Reduction of [(Ph3P)3PdCI]BF4

To a suspension of [(Ph3P)3PdCI]BF4 (0.20 g, 0.19 mmol) in 10 mL of THF
was added a solution of n-BugNF+3H20 (0.16 g, 0.49 mmol) in § mL of THF to yield a
bright yellow solution within 15 seconds. The 3!P NMR spectrum of this solution
exhibited a singlet at 24.5 ppm assigned to Ph3P=0 and a broadened singlet at 22.5 ppm



280

assigned to Pd(PPh3);. Three aliquots of 2 mL each were removed and treated with
PPh3, maleic anhydride and iodobenzene, respectively. The PPh3 reaction sample
exhibited a broad resonance which shifted upfield with increasing concentration of PPh3
as expected for the palladium(0) complex Pd(PPh3)x.12 The 31P NMR spectrum of the
maleic anhydride reaction sample exhibited a sharp singlet at 27.5 ppm assigned to
(Ph3P)2Pd(C4H203) and the iodobenzene reaction sample exhibited a sharp singlet at
24.5 ppm assigned to trans-(Ph3P);Pd(Ph)L.19

Alternatively, [(Ph3P)3PdCI]BF4 (0.285 g, 0.281 mmol) and KF (0.090 g, 1.6
mmol) were suspended in S mL of THF. A solution of 18-crown-6 in THF (5.5 mL,
0.20 M) was added and the mnixture was stirred for one hour to give a yellow solution
which contained some unreacted starting material. This mixture was heated at 60 °C for
15 min to further the reaction. The 3!P NMR spectrum of the resulting solution
exhibited singlets at 24.2 and 21.7 ppm and a triplet at -56.2 ppm (1Jpr = 669 Hz)
assigned to Ph3P=0, Pd(PPh3)3, and Ph3PF»,20 respectively.

Reaction of [(Ph3P)3PdCl]BF4 with KHF»

A mixture of [(Ph3P)3PdCl]BF3 (0.30 g, 0.29 mmol), KHF3 (0.54 g, 0.69
mmol) and 18-crown-6 (5.5 mL, 0.20 M) in 15 mL of THF was stirred at room
temperature to yield a light tan colored suspension. A 31P NMR spectrum of the
supernatant exhibited a singlet at 24.2 ppm and a broad resonance at 16.2 ppm assigned
to Ph3P=0 and Pd(PPh3)yx, respectively. A small triplet assigned to Ph3PF2 was present
at - 56.0 ppm . There were additional unassigned resonances at 29.1 and 24.7 ppm.
Prolonged stirring resulted in a deep brown decomposition mixture. Analogous results
were obtained if dimethylaminopyridine (DMAP) was added to complex the HF present.
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Synthesis of [Pd3C1(PPh3)2(PPh3)3][BF4]

As described by Dixon et al.,3 [(Ph3P)3PdCI]BF4 (0.500 g, mmol) was
suspended in 10 mL of THF in a thick-walled pyrex tube equipped with a small stir bar
and the tube was then sealed in vacuo. This tube was then placed in an oil bath and
heated at 125 °C for five days to yield a deep red solution which contained a yellow
precipitate. After allowing the reaction mixture to ¢o0l several hours at room temperature
the reaction tube was opened under nitrogen and the mixture was filtered. The pale
yellow solid obtained was identified as (Ph3P)PdClp. A 31P NMR spectrum of the
filtrate exhibited resonances consistent with the presence of
[Pd3Cl(PPh2)2(PPh3)3][BF4], [Ph4P]*, and Ph3P=0 as described by Dixon, as well as
a broad resonance at 6 ppm. The resonance at 6 ppm was identified as Pd(PPh3)x by the
addition of iodobenzene to yield PPh3 (-4.7 ppm) and trans-(Ph3P)y2Pd(Ph)I (25.2 ppm).
No Ph3PF.2 was observed in the filtrate. The filtrate was cooled overnight in the freezer
to yield .a small quantity of red-orange crystals of [Pd3Cl(PPh3)>(PPh3)3][BF4].

Preparation of [(Ph3P)3PdCII[0OSO2CF3]

(Ph3P)2PdCl> (0.500 g, 0.712 mmol) and AgOSO,CF3 (0.183 g, 0.712 mmol)
were stirred in 50 mL of nitromethane for two hours. The AgCl which precipitated was
removed by filtration through Celite. The yellow filirate was added to diethyl ether to
precipitate a pale yellow solid, presumably [(Ph3P)4Pda(1-ClI)2][0SO2CF3)2. A 31P
NMR spectrum of a CH3NO» solution of this solid exhibits a singlet at 23.9 ppm as the
major resonance and two much smaller, slighlty broadened resonances at 35 and 34.5
ppm.

This yellow solid was redissolved in 25 mL of nitromethane and Ph3P (0.500 g,

191 mmdl) was added. The volume of the resuiting yellow solution was reduced to 10
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mL in vacuo and the pale yellow solid was isolated by filtration. Yield 0.54 g, 77%. 31P
NMR (CH3NO2) § 34.2 (t, 2Jpp = 16 Hz), 30.8 (d, 2Jpp = 16 Hz).

Attempted Synthesis of [Pd3Cl1(PPh2)2(PPh3)3][0SO2CF3]

As described for the cluster synthesis above, [(Ph3P)3PdClJ[OSO2CF3] (0.450
g, 0.418 mmol) in 10 mL of THF was sealed in a thick-walled pyrex tube and heated at
125 °C for seven days. The mixture remained yellow throughout this period and the
supernatant became only lightly brown in color. The reaction mixture was filtered to
yield 0.33 g (97%) of a pale yellow solid which was rinsed with 10 mL of THF and
dried in vacuo. This solid was identified as [(Ph3P)4Pd(i-C1)]2[OSO2CF3]3 by a sharp
singlet at 23.1 ppm and two smaller broadened resonances at 34.8 and 33.0 ppm in the
31p NMR spectrum of a CH2Clp/CH3CN solution of this compound. Addition of PPh3
to this solution yielded a clean conversion to [(Ph3P)3PdClJ[OSO,CF3]. - The 31p NMR
spectrum of the reaction filtrate exhibited resonances for [(Ph3P)3PdClJ[OSO,CF3],
PPh3, a trace of Ph3P=0, and small unidentified resonances at 25.0 and 24.’.% ppm.

Crystal and Molecular Structure of Pd(dppp)2

A yellow crystal of the title compound was mounted on a glass fiber in a random
orientation. The cell constants were determined from a list of reflections found by an
automated search routine. Pertinent data collection and reduction information is given in
Table 1.

A total of 10317 reflections were collected in the +h, +k, 31 hemisphere, of
which 5337 were unique and not systematically absent. The agreement factor for the
averaging of 8526 observed reflections was 1.6% based on intensity and 1.2% based on

Fons. The intensities of three standards, checked hourly over the course of the data



283

collection, indicated only random variations within the errors of the measurement.
Lorentz and polarization corrections were applied. An absorption correction based on a
series of psi-scans was made.

The systematic absences indicated the space group to be either C2/c (no. 15) or
Cc (no. 9), so direct methods were used to give solutions in both choices.21 Only the
centric group (C2/c) gave a reasonable solution, and this choice was verified by the final
successful refinement of the structure. The position of all 30 unique non-hydrogen
atoms were taken from the direct methods E-map. In the final stages of refinement, all
non-hydrogen atoms were given anisotropic temperature factors, and all expected
hydrogen atoms were placed in calculated positions and used for the calculation of
structure factors only. The final cycle of refinement22 included 268 variable parameters
and converged with unweighted and weighted agreement factors of 0.0225 and 9.0341.
The standard deviation of an observation of unit weight was 1.11. The largest positive
peak in the final difference Fourier had a height of 0.162 /A3, All calculations were
performed on a Digital Equipment Corp. MicroVAX 1I computer using the CAD4/SDP
package.23
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Table 1. Crystallographic data for Pd(dppp)2

Formula

Formula weight

Space Group

a, A

b, A

c,A

B, deg

v, A3

zZ

dcalc, g/cm3

Crystal size, mm
pMoKy), cm-l

Data collection instrument
Radiation (monochromated in incident beam)

Orientation reflections, number, range (20)

Temperature, °C

aR = TR, - [F/ZIF,|

bR, = IZw(IF,l - F)2/EmFo2112; w = 1/02(IF,))
€ Quality-of-fit = Zw(|Fol - Fc)%/(Nobs - Nparameters)] 1/2

PdP4C54Hsp

931.31

C2/c (No. 15)
18.396(2)

13.290(1)
20.186(2)
109.383(5)

4655(1)

4

1.329

0.35 x 0.30 x 0.48
5.621

Enraf-Nonius CAD4
MoKa(A =0.71073 A)
25,20.5-35.3

22+1
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Table 1. Continued

Scan method

Data col. range, 20, deg
No. unique data, total:

with F2 > 36(F2):

Number of parameters refined
Ra

R,P

Quality-of-fit indicator®
Largest shift/esd, final cycle
Largest peak, e/A3

0-20

4-55
5337

4431
268
0.0225
0.0341
1.11
0.01

0.162
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RESULTS AND DISCUSSION

As stated in the introduction, we were initially interested in preparing the cation
[Pd(dppp)2]2*. Westland22 previously reported that the dppe analogue [Pd(dppe)2]Cls is
conveniently prepared by reaction of (dppe)PdCl; and dppe in hot DMF. Gray et al.
have no@d3 the formation of [Pd(dppp)2]Cl2 during the photolysis of Pd(dppp)2 in 5%
CH,Cly/THF, but no data was reported to support this assignment. We attempted to
prepare this complex by refluxing solutions of (dppp)PdCl2 and dppp in
pyridine/acetonitrile. This route, however, does not result in chloride displacement to
yield [Pd(dppp)2]Clz. The 3!P NMR spectrum of this reaction solution exhibited
resonances for the two starting materials only, although these resonances were someWhat
broadened. A non-coordinating anion was thus employed. Reaction of two equivalents
of dppp with Pd(BF4)2°4CH3CN yields a creamy white solid which is insouble in
diethyl ether, toluene and methylene chloride, but is soluble in warm DMSO, DMF,

methanol and acetonitrile. The complex is presumably [Pd(dppp)2][BF4la.

Pd(BF,;),*4CH;CN + 2 dppp [Pd(dppp), 1IBF,], + yellow crystals (2)
The Palladium Reduction Product

The filtrate of reaction 2 deposited yellow crystals upon standing overnight.
These crystals were highly soluble in THF and benzene, and its solutions exhibit a single
31p NMR resonance at 4.2 ppm. The presence of at least one dppp ligand was
confirmed by 1H NMR spectroscopy. To our surprise, these physical and spectroscopic
characteristics matched those for the zerovalent complex Pd(dppp)2. This assignment

was confirmed by X-ray crystallography. Selected bond distances and angles are given
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in Table 2. The ORTEP drawing of the molecule is given in Figure 1. The Pd(dppp)2
molecule is centrosymmetric and its metrics closely resemble those recently reported for
the platinum analogue Pt(dppp)2. The distortion from tetrahedral geometry around the
palladium is due to the two chelating phosphine ligands. The P(1)-Pd-P(2) angle is
97.60(1)° while the other P-Pd-P angles range from 106.92(2)° to 121.54(2)°. The P-Pd
distances of 2.3299(4) and 2.3314(4) A fall in the range of 2.27-2.32A previously
established by the molecular structures of Pd[P(C=CPh)3]4,24 Pd(PPh3)3,25
Pd(PPhBuy)2,26 and Pd(PCy3)2.27 Longer P-Pd distances28 of 2.43-2.46 A for
Pd(PPh3)4 presumably arise from the steric bulk of the four phosphine ligands.

The formation of Pd(dppp); as a side-product in the reaction of dppp and
- Pd(BF4)2°4CH3CN was quite puzzling since typical routes to zerovalent palladium
phosphine complexes involve the reduction of Pd(II) phosphine complexes with
NaBH3,29:30 hydrazine,31:32 or KOH/phosphine.33 No reported chemistry was found

which explained ouf result. The only component of this system which we envisioned as

Table 2. Selected Bond Distances (A) and Angles (deg) in Pd(dppp)2

Distances

Pd-P(1) 2.3299(4) Pd-P(2) 2.3314(4)
Angles

P(1)-Pd-P(1)' 121.54(2) P(1)-Pd-P(2)' 116.69(1)

P(1)-Pd-P(2) 97.60(1) P(2)-Pd-P(2)' 106.92(2)
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Figure 1. ORTEP drawing of Pd(dppp)2. Thermal ellipsoids are drawn at the S0%
probability level.
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potentially noninnocent was tetrafluoroborate, which has previously been shown to be a
suitable fluoride source for transition metal complexes.3435 A survey of the literature
revealed that the role fluoride might play in the chemistry of palladium(II) phosphine
complexes has been scantily investigated. Only three palladium(II) phosphine complexes
have been reported to contain a Pd-F bond. Of these, both [Pda(p-F)2(PPh3)4]2+ and
(Ph3P);Pd(H)(F) were characterized by elemental analysis only.36-37 No spectroscopic
data was offered to verify these assignments. Dixon et al. provided 19F NMR
spectroscopic evidence for the formation of [(Et3P)3PdF]BF4 via reaction 3, but this
complex was evidently not stable enough to allow isolation.38 Amazingly no further
evidence has been presented to substantiate the existence of a stable Pd-F bond in
palladium(II) phosphine complexes even though complexes of the type (R3P)2PdX> have
been well studied for X = Cl, Br, and L.

[Et;P);PACI][BF,] + AgF —%—‘2‘1‘-’——» [(EtsP); PAF][BE,] 3)

Noting this lack of a stable Pd-F bond in palladium(II) phosphine complexes, the
high P-F bond strength,3% and the unexpected formation of Pd(dppp); in reaction 2, we
added fluoride to solutions of palladium(II) phosphine complexes anticipating that a
redox reaction may occur. Addition of 2.5 equivalents of n-BusNF¢3H>O to a hot (130
°C) DMSO soluticn of PdCl5 and five equivalents of a monodentate or three equivalents
of a bidentate phosphine results in an immediate red-orange solution which rapidly turns
yellow. Upon cooling, the zerovalent palladium complexes precipitate as yellow solids
in yields of 70 to 90%. This method has been applied to the synthesis of the known
complexes Pd(PPh3)4,31 Pd(PPhyMe)4,40 Pda(dppm)3,32 Pd(dppe)s, 29
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Pd(dppp)2,30-33 and Pd(dppb)2#! and the new complex
Pd{PhyPCH,C(CH3)2CH,PPh;}2. The conditions employed were based on those
described for the synthesis of Pd(PPh3)4 with the exception that n-BugNF+3H20 was
substituted for hydrazine.31 The high temperature is required to initially dissolve the
PdCl5 and then to keep the resulting palladium(II) complex in solution. DMSO is a
convenient solvent since the palladium(0) complexes generally precipitate upon cooling.
When P(CH,CH>CN)3 was employed in this reaction, reduction of palladium(Il) to
palladium(0) was indicated by 31P NMR spectroscopy which revealed the presence of
phosphine oxide at 44.7 ppm and a broad resonance at 9.7 ppm consistent with a PdLyx
species. Complexes of the type PdL4 are known to exhibit broad resonances in their 31P
NMR spectra for monodentate ligands L because of facile ligand dissociation in solution
yielding PdL3 and PdLy complexes and free phosphine 42 The palladium(Il) complex
Clde{P(CHzCHzCN)3 }2 exhibits a sharp resonance at 16.2 ppm in the presence of
excess phosphine. This palladium(0) complex as not isolated.

Most of these reactions are remarkébly clean as indicated by 31P NMR
spectroscopy. The reduction of PdCl, in the presence of PPh3, however, leads to the
formation of a small quantity of trans-(Ph3P)2Pd(Ph)Cl. When the less soluble KF is
utilized as the fluoride source for this reaction, the yield of Pd(PPh3)4 drops from 80% to
54% as the amount of trans-(Ph3aP);Pd(Ph)Cl identified in the filtrate increases.
Allowing the filtrate to stand at room temperature resulted in the crystallization of trans-
(Ph3P),Pd(Ph)Cl which was characterized by comparison of its 31P and IH NMR
spectral data to that of an authentic sample.4344 A 31P NMR spectrum of the reaction

filtrate also indicated the presence of [Ph4P]*+ by comparison to a known sample, as well
as other resonances. The decrease in yield using KF and the increasing formation of

trans-(Ph3P),Pd(Ph)Cl is readily explained by a side reaction between the palladium(II)
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starting material and the Pd(PPh3)4 product as shown in reaction 4. This reaction was
reported by Coulson?’ to occur under conditions very similar to the ones employed here,
‘wherein the high temperature is necessary to induce P-C bond cleavage and form the
diphenylphosphido bridges of the trinuclear cluster. When the less soluble KF is
utilized, the starting palladium(II) is consumed at a slower rate than with n-

BuyNF+3H70, thus allowing this side reactidn to become more important.

6 Pd(PPhy), + TPACl, oOQ. 3 (PhyP),PdCL, + 4 trans-PhyP),PAPH)CL (4)

130°C
+ 2 [Pd; CI(PPh,), (PPhs3 );]CI

The Phosphorus Oxidation Product

Analysis of the filtrates of reactions x by 31P NMR spectroscopy yielded
evidence for the formation of phosphine oxides and difluorophosphoranes in these
reactions. For dppm for example, doublets at 28.8 and -27.1 ppm with 2Jpp = 50.5 Hz
indicate the presence of PhoPCH2P(O)Phy by comparison to the known literature
values.14 The presence of the phosphine monoxides and not the dioxides was observed
in the reactions of all the bidentate ligands employed. The difluorophosphorane
products were readily recognizable in the 31P NMR spectra of these filtrates by their large
1Jp values of 639-657 Hz. Again using dppm as an example, PhoPCH2PF2Phy was
identified by a doublet of triplets at -23.9 ppm with 2Jpp = 63.9 Hz and 3Jpr = 22.5 Hz
and a triplet of doublets at -41.9 ppm with 1Jpg = 643 Hz and 2Jpp = 63.9 Hz. The 19F
NMR of this filtrate showed a doublet of doublet of triplets at 136.1 ppm with 1Jpr =
643 Hz, 3Jpg = 22.5 Hz and 3Jgr = 15 Hz. These values are consistent with those
previously reported for PhyPCHPF2PPhj.15 In some cases the resonances of the

initially formed difluorophosphorane products were of low intensity, presumably due to
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hydrolysis. Hydrolysis results from water introduced with the hydrated fluoride source
yielding phosphine oxide products. If this redox reaction is carried out using an
anhydrous fluoride source, the difluorophosphorane becomes the major oxidation
product at the expense of the phosphine oxide product. Addition of water to such a
filtrate results in hydrolysis of the difluorophosphorane to give clean conversion to the
phosphine oxide. For example, using anhydrous KF as the fluoride source with 18-
crown-6 to increase its solubility, the reaction of {PhoPCH2C(CH3),CH2PPh2}PdCly
with two equivalents of PhoyPCH2C(CH3)>,CH2PPh3 in THF/pyridine at 100 °C yields a
yellow solution with some undissolved KF. 31P NMR spectroscopy indicated a clean
reaction with only Pd{PhsPCH2C(CH3)2CH2PPh}2, PhoPCH2C(CH3)2CH,PFoPh)
and a trace of PhyPCHyC(CH3)2CH2P(O)Ph; present. Addition of ethanol resulted in
the precipitation of Pd{PhoPCH>C(CH3),CH2PPh2}2 which was isolated in 75% yield.

Reaction Pathways for the Pailadium Reduction

Plausible reaction pathways are illustrated in Scheme I. Nucleophilic attack of
fluoride on a coordinated phosphine, path (a), or prior coordination of fluoride to
palladium followed by a rapid migration to phosphorus, path (b), could generate an
intermediate A. Although we have no direct evidence for the formation of A, Ebsworth
et al. have reported?6 the synthesis and molecular structure of (Et3P)2IrClo(CO)(PFa)
which contains a pentacoordinate phosphorus bound to iridium. This complex reacts
with two equivalents of fluoride to cleave the Ir-P bond generating PF¢" and presumably
(EtsP)2Ir(CO)CL. Similarly, A may react with a second equivalent of fluoride, again
either by nucleophilic attack on phosphorus or by prior coordination to palladium
followed by fluoride migration to phosphorus, with the transfer of two electrons from

phosphorus to palladium to yield a difluorophosphorane and a palladium(0) complex.
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Alternatively, A may undergo a two electron transfer to yield a fluorophosphonium
cation and the palladium(0) complex. We have no evidence for the formation of a
fluorophosphonium cation but the synthesis of the fluorophosphonium cation [Ph3PF]*
via fluoride abstractior frqm Ph3PF; has been reported previously.47 A
fluorophosphonium cation produced in our system would rapidly react with fluoride or

water to yield a difluorophosphorane or phosphine oxide, respectively.

Scheme I

(R3P),PdCl,
F F
/é) @
]l_2 -
R,P-Pd(PR;)Cl,
RsP RsP
F

R;P-Pd(PR3),Cl

F A
- R4PF, - R4PF"
50 2PR3 2PR; | F
' Pd(PR;),

R;P=0 + 2 HF R3PF,

F
R,P-PA(PR3)Cl,
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Which paths in Scheme I are operative is uncertain, however, several conclusions
concerning the mechanism of this reaction can be formulated from our results. First,
reduction of palladium(Il) phosphine complexes under the conditions employed here
does not occur in the absence of fluoride. Reactions of PdCly and PPh3 or dppe in the
presence of added water, but in the absence of fluoride, yield only (Ph3P)2PdCl3 and
[Pd(dppe)2]Cla, respectively. The necessity of adventitious water has been reported for
the reduction of Pd(acac) in the presence of excess PPh3.48 The successful use of
anhydrous fluoride sources here seems to rule out the necessity of water in our reaction
system, although we always observed some phosphine oxide formation and cannot yet
claim to have achieved rigorously anhydrous conditions. The necessity of fluoride has

| also been demonstrated by the spectroscopic identification of difluorophosphorane
products. The quantity of the difluorophosphorane product observed in each reaction
increases sharply at the expense of the phosphine oxide when anhydrous conditions are
employed. Thus, the first oxidation product formed must be the difluorophosphorane,
with formation of the phosphine oxide product resulting from hydrolysis. Second, the
reducing agent in this redox reaction is a coordinated phosphine which provides two
electrons to the palladium. The necessity of oxidizing only one coordinated phosphine
per palladium explains why only one of the two phosphine groups in one equivalent of
bidentate ligand becomes oxidized to give mono-difluorophosphorane and phosphine
monoxide products when a slight excess of a chelating ligand is used. A competition
experiment has demonstrated that the phosphine which becomes oxidized must be
coordinated to the palladium. A heated solution of PdCl and five equivalents of PPh3
and three equivalents of dppe in DMSO yielded a white mixture containing
[Pd(dppe)2]Cl; as expected. Addition of n-BugNF+3H>0 resulted in the usual redox
reaction with Pd(dppe); being the isolated reduction product. Analysis of the filtrate by
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31p NMR spectroscopy revealed the oxidation products to be PhyPCH2CH,P(O)Phy and
PhyPCH2CHPF>Ph) only. No Ph3P=0 or Ph3PF3 were observed , confirming, as one
might expect, that a coordinated phosphine becomes oxidized. Third, in some cases
where the starting palladium complex is not soluble in the solvent employed, 2.5
equivalents of fluoride has not been sufficient to achieve complete conversion to the
palladium(0) complex. For example, when a mixture of (Ph3P)2PdCl or
[Pd(dppe)2]Cly suspended in THF was treated with the appropriate phosphine and 2.5
equivalents of #n-BugNFe3H20 at room temperature, only approximately 50-75% of the
starting material reacted. The reaction proceeded to completion, however, when
additional fluoride was subsequently added.

According to Scheme I, fluoride could theoretically act as a catalyst for this fedox
reaction since, in the presence of water, the difluorophosphorane product hydrolyzes to
give two equivalents of HE. However, HF is known to react with free fluoride to form
HF>" and other stable polyhydrogen fluorides.4® Attempts to reduce palladium(II)
phosphine complexes with KHF> at room temperature, even in the presence of a base
such as dimethylaminopyridine, yielded very little reduction and a considerable
decomposition. Presumably the incomplete reduction observed in the examples
mentioned above arises from the slower rates of the redox reaction due to the insolubility
of the starting complex, allowing the HF produced via hydrolysis to scavenge remaining
fluoride to form HF5-, thus shutting down the reaction.

The fluoride-induced reaction described herein has not been previously reported.
The only report of a similar reaction involved the preparation of difluorophosphoranes by
reacting phosphines with the strong fluorinating reagent MoFg.?0 The somewhat related

redox reactions involving the formation of platinum(0) phosphine complexes and
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dichlorotrifluorophosphorane at high temperatures and pressures, as shown in reaction

5, have also been reported.5! The driving force in our redox reaction, in addition to

200 atm
100°C, 22h

PdCi, + S PF; = Pd(PF3), + PF;Cl, 4)

 facile accessibility to both the +2 and 0 oxidation states of palladium and the proposed
weak affinity of palladium for fluoride,32 is undoubtedly the formation of two strong
P-F bonds in the difluorophosphorane product. Comparison of bond enthalpy terms for
P-X bonds for the halogens X reveals a decrease down the periodic table.39 For trivalent
phosphorus, PX3 bond enthalpy values of 490, 319, 264 and 184 kJ/mol have been
reported for X =F, Cl, Br, and I, respectively. For pentavalent phosphorus, the bond
enthalpy terms for PX5 are approximately 465 and 257 kJ/mol for X =F and Cl,
respectively. This large difference in P-X bond enthalpies for fluorine compared to the
other halogens may explain why this redox reaction occurs only for fluoride. This redox
reaction may also explain why so little data has been reported for a stable Pd-F bond in
pallaﬂium(H) phosphine complexes.

. Extension of the Redox Reaction to Platinum

In contrast to palladium(II) complexes, the coordinaton of fluoride to platinum(IT)
phosphine complexes has been well established. In 1965, McAvoy, Moss, and Sharp
reported3 the preparation of LoPtF3 (L = PPh3, P(OPh)3) by reaction of HF with the

appropriate zerovalent platinum complex as shown in reaction 6. Both of these

Pdy; + 2HF L,PtF, + H + 2L (6)

L = PPh;, P(OPh),
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complexes reportedly react with carbon monoxide to yield LaPt(CO)2F2. In contrast to
the results of McAvoy et al., Kemmit, Peacock, and Stocks reported=0 that the product of
reaction 6 should actually be formulated as [(Ph3P)3PtF][HF>-]. The results of these
early works were based mainly on elemental analysis and no spectroscopic evidence was
offered to verify a Pt-F bond. Since then, the complexes trans-(Et3P)2Pt(R)(F) R =
Me,% Ph53), [L3PtF]* (L = PEt3, PPh3,and PMePhy),56 and
trans-[(Et3P)2Pt(L)(F)][C104] (L = PPh3, P(OPh)3)36 have been prepared as stable
solids, fully characterized by 19F, 31P, and 13C NMR spectroscopies as well as
elemental analyses. Additionally, the molecular structures of [(Et3P)3PtFI[BF4] 57 and
cis-(Ph3P)oPt{ CH(CF3);} (F)8 have been determined by X-ray crystallography. The
mixed halogen complexes (Ph3P)PtX(F) (X = Cl, Br)36 and (Et3P)2PtCI(F)61 have also
been reported.

Platinum(II) phosphine complexes also undergo this fluoride-induced redox
reaction, although not as cleanly as for palladium. Addition of 2.5 equivalents of n-
BugNF*3H;0 to a suspension of (Ph3P)oPtCl and PPh3 in THF results in only partial
conversion to Pt(PPh3)x and Ph3P=0. The presence of Pt(PPh3)x was confirmed by a
broad resonance at 45 ppm in the 31P NMR spectrum of the supernatant. Furthermore,
aliquots of this supernatant were treated with methyl icdide and dppe to form trans-
(Ph3P)2Pt(Me)I (28.3 ppm, 1Jp.p = 3077 Hz) and Pt(dppe)2 (30.9 ppm, Jpyp = 3731
Hz), respectively.18 Similarly, reaction of PtCly and three equivalents of dppe with 2.5
equivalents of #n-BugNF+3H20 in DMSQ yielded only partial conversion to Pt(dppe)2.
In addition to numerous unidentified resonances between 55 and 42 ppm, the 31P NMR
spectrum of the supernatant revealed the presence of [Pt(dppe)2]Clz (49.1 ppm, pp=
2338 Hz),17 Pt(dppe)2 (30.9 ppm, 1Jp.p = 3733 Hz), and PhoPCH2CH2P(O)Pha.
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Reactions of platinum(Il) and fluoride with additional phosphines have not yet been

carried out.

Attempted Extension of the Redox Reaction to Nickel

Nickel(II) phosphine complexes do not participate in this new redox reaction.
Addition of 2.5 equivalents of #n-BugNF¢3H20 to a deep red solution of (dppp)NiBr2 in
acetonitrile results in the formation of a yellow solution. Cooling to room temperature
results in the precipitation of a yellow solid, tentatively identified as NiF2. This result
agrees with those previously reported by McAvoy et al. who noted that the reaction of
(Pr3P)2NiCl, with fluoride also yields only NiF.53

BF4 as a Fluoride Source

The formation of Pd(dppp)2 as a side product in the reaction of dppp with
Pd(BF4)2°4CH3CN suggests that BF4~ may provide fluoride for the redox reaction. In -
support of such a proposition, Theopold has recently reported3# fluoride abstraction from
PF¢" by [Cp*Cr(THF)2Me]* to yield [Cp*4Crq(1-F)5CI2]PFg, although no change in
oxidation state accompanies this reaction. Similarly CpyZr(Me)Cl reacts with AgPFg to
give [Cp2Zr(CHz3)(CH3CN)I* which also rapidly abstracts fluoride from PF¢" to give
Cp2Zr(CH3)F.35 More interesting is the possible participation of this fluoride-induced
redox reaction in the thermal decomposition of [(Ph3P)3PdCI][BF4] to yield the trinuclear
cluster [Pd3C1(PPhy)2(PPh3)3][BF4]° as outlined in reaction 7. Such a
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PPh3 1+
dCl]BE  120°C / PPh, BF )
e r— -
[(PhsP);PACIIBE, — o / \ .
PhsP” \ PPh3

transformation requires a net two electron reduction per cluster since the average
oxidation state per palladium is + 4/3. The only oxidation product identified in this
reaction was Ph3P=0, formed by an unkown mechanism. A referee of the original
report suggestedsP that cluster formation may have proceeded with the concomitant
formation of Ph3PCl, as the oxidation product, which subsequently hydrolyzed with

adventitious water to give Ph3P=0. We suggest, however, that thermal decomposition

3[PhsP)sPAClT ——— [Pa;CIFPh),(PPhs)s]" + 2[PPH,IT  (®)
+ PPh3 + Ph3PC12

of some of the BF4 to yield fluoride ion occurs under the reaction conditions employed .
The thermal decomposition of tetrafluoroborate salts of transition metals complexes to
yield metal fluorides is well known and has been reviewed.90 A fluoride-induced redox
reaction could then ensue to form Pd(PPh3); and PhsPF>. From the aforementioned
work by Coulson, the final step would involve reaction of Pd(PPh3); with a
palladium(II) phosphine complex under thermal conditions to form the triangular cluster.
We have briefly reinvestigated this reaction to support our suggestion. To a
suspension of [(Ph3P)3PdCl}{BF4] in THF at room temperature was added 2.5
equivalents of n-BugNF<3H2O to yield an immediate yellow solution containing only
Ph3P=0 and Pd(PPh3); as indicated by 3!P NMR spectroscopy. Complexation of
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Scheme I

[(Ph3P)3PdCl]BF4 + 2.5 Il'Bll4NF‘3H20

THF,25°C

o l'

(PhsP)Pd-l| © e Pd(PPhs), — 2 s trans-(PhsP),Pd(Ph)I

: /\

Pd(PPhs), Pd(dppe),

Pd(PPh3); with additional PPh3 or maleic anhydride and reaction with iodobenzene as
shown in Scheme II confirmed this assignment.!® This observation- supports our
proposed route to cluster formation, provided that thermal decomposition of BF4- indeed
occurs under Dixon's reaction conditions. Following the reported procedure,5b
[(Ph3P)3PdCI][BF4] was heated at 125 °C in THF for five days to yield a small quantity
of the triangular cluster. Analysis of the filtrate by 3IP NMR spectroscopy confirmed
Dixon's reported product distribution, including the presence of Ph3P=0 and
Pd(PPh3)x. The presence of the palladium(0) complex was confirmed by the addition of
iodobenzene, maleic anhydride, and additional PPh3 as described above. However,
there was no evidence to suggest the presence of Ph3PF; which may have been
hydrolyzed by adventitious water. In a different approach to the problem, we removed
the BF4- from the starting material and replaced it with the non-fluoride donating anion
-OSO,CF3. Heating [(Ph3P)3PdCI[OSO,CF3] at 125 °C for seven days resulted in no

visually detectable reaction. The yellow solid, isolated in 97% yield from this reaction
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mixture was identified as [Pda(t-C1)2(PPh3)4][OSO2CF3] by 31P NMR spectroscopy as
well as by its clean conversion to [(Ph3P)3PdCI][OSO2CF3] upon the addition of PPh3
in CH3NO;. A 31P NMR spectrum of the reaction filtrate showed no evidence for the
formation of Pd(0) complexes, no evidence for P-C bond cleavage (bridging PPha
groups usually resonate around 200-270 ppm for palladium complexes),> and no
formation of Ph3P=0. This result supports our contention that the thermal
decomposition of BF4- followed by a fluoride-induced redox reaction is required for the
formation of [Pd3Cl(PPh2)>(PPh3)3][BF4] from the thermal decomposition of
[(Ph3P)3PdCI][BF4].

Conclusions

We have shown that fluoride induces a novel redox reaction among a variety of
palladium(IT) and several platinum(II) phosphine complexes to yield zerovalent metal
phosphine complexes and difluorophosphoranes. We have also presented evidence that
this redox reaction contributes to the formation of [Pd3Cl(PPh2)2(PPh3)3][BF4] from
[(Ph3P)3PdCI][BF4], with the fluoride required for the redox reaction arising from
thermal decomposition of the tetrafluoroborate anion. Considering the increasing use of
BF4 in transition metal chemistry, including its coordination via fluoride bridges to
palladium(Il) in (Ph3P);Pd(BF4)2,5! (dppe)Pd(BF4)2,5! and
{2-(6-chloropyridyl) } Pd(PPh3)(py)(BF3),62 this fluoride-induced redox reaction may
begin to take on increasing significance. The reactivity of fluoride in palladium(Il)
phosphine complexes, as well as the potential synthesis of compounds containing stable

Pd-F bonds, merits further investigation.
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SUPPLEMENTARY MATERIAL
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Figure 2. ORTEP diagram and complete labeling scheme for Pd(dppp)2
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Table 3. Bond distances (A) for Pd(dppp)2

Atoml-Atom 2 Distance Atom1-Atom2 Distance
Pd-P(1) 2.3299(4) C(10)-C(15) 1.402(3)
Pd-P(2) 2.3314(4) C(11)-C(12) 1.396(3)
P(1)-C(1) 1.848(2) C(12)-C(13) 1.369(4)
P(1)-C@4) 1.832(2) C(13)-C(14) 1.376(4)
P(1)-C(10) 1.852(2) C(14)-C(15) 1.391(4)
P(2)-C(3) 1.845(2) C(16)-C(17) 1.386(2)
P(2)-C(16) 1.834(2) C(16)-C(21) 1.392(2)
P(2)-C(22) 1.840(2) C(17)-C(18) | 1.394(3)
C(1)-C(2) 1.535(2) ' C(18)-C(19) 1.370(3) |
C(22)-C(3) 1.527(2) C(19)-C(20) 1.369(3)
C(4)-C(5) 1.393(3) - CQROo-C21) 1.394(3)
C4)-C(9) 1.398(3) C(22)-C(23) 1.383(3)
C(5)-C(6) 1.386(3) C(22)-C(27) 1.389(2)
C(6)-C(7) 1.383(4) C(23)-C(24) 1.384(3)
C(7)-C(8) 1.356(4) C(24)-C(25) 1.366(3)
C(8)-C(9 1.402(3) C(25)-C(26) 1.385(3)

C(10)-C(11) 1.376(3) C(26)-C(27) 1.390(3)
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Table 4. Bond angles (deg) in Pd(dppp)2

Angle Angle
P(1)-Pd-P(1) 121.54(2) C(4)-C(5)-C(6) 121.4(2)
P(1)-Pd-P(2) 97.60(1) C(5)-C(6)-C(7) 120.2(2)
P(1)-Pd-P(2) 116.69(1) C(6)-C(7)-C(8) 119.7(2)
P(2)-Pd-P(2) 106.92(2) C(7)-C(8)-C(9) 120.8(2)
Pd-P(1)-C(1) 110.87(5) C(4)-C(9)-C(8) 120.6(2)
Pd-P(1)-C(4) 121.00(5) P(1)-C(10)-C(11) 118.5(1)
Pd-P(1)-C(10) 119.85(6) P(1)-C(10)-C(15) 122.3(2)
C(1)-P(1)-C@4) 100.39(8) C(11)-C(10)-C(15) 119.1(2)
C(1)-P(1)-C(10) 99.43(8) C(10)-C(11)-C(12) 120.5(2)
C(4)-P(1)-C(10) 101.66(8) C(11)-C(12)-C(13) 120.0(3)
Pd-P(2)-C(3) 114.23(5) C(12)-C(13)-C(14) 120.4(2)
Pd-P(2)-C(16) 117.52(5) C(13)-C(14)-C(15) 120.1(3)
Pd-P(2)-C(22) 119.15(5) C(10)-C(15)-C(14) 119.8(2)
C(3)-P(2)-C(16) 102.26(8) P(2)-C(16)-C(17) 117.0(1)
C(3)-P(2)-C(22) 100.22(7) P(2)-C(16)-C(21) 125.0(1)
C(16)-P(2)-C(22) 100.64(7) C(17)-C(16)-C(21) 117.9(2)
P(1)-C(1)-C(2) 113.3(1) C(16)-C(17)-C(18) 121.2(2)
C(1)-C(2)-C(3) 114.6(1) C(17)-C(18)-C(9) 119.9(2)

Numbers in parentheses are estimated standard deviations in the least significant digits.
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Table 4. Continued

Angle Angle
P(2)-C(3)-C(2) 114.1(1) C(18)-C(19)-C(20) 119.9(2)
P(1)-C(4)-C(5) 120.4(1) C(19)-C(20)-C(21) 120.5(2)
P(1)-C(4)-C(9) 122.1(2) C(16)-C(21)-C(20) 120.5(2)
C(5)-C(4)-C(9) 117.3(2) P(2)-C(22)-C(23) 118.2(1)
P(2)-C(22)-C(27) 123.4(1) C(24)-C(25)-C(26) 119.92)
C(23)-C(22)-C2T)  118.4(2) C(25)-C(26)-C(27) 119.5(2)
C(22)-C(23)-C(24) 120.7(2) C(22)-C(27)-C(26) 120.9(2)

C(23)-C(24)-C(25) 120.6(2)
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Table 5. Positional parameters for Pd(dppp)2

Atom X y z B(A?)

Pd 0.000 0.00503(1) 0.250 2.097(3)
P(1) -0.09279(2) 0.09063(3) 0.28344(2) 2.573(7)
PQ2) 0.04489(2) -0.09942(3) 0.34797(2) 2.403(7)
C) -0.13019(9) 0.0108(1) 0.33981(9) 3.09(3)
C(2) -0.06694(9) -0.0288(2) 0.40529(8) 3.34(3)
C(3) -0.02584(9) -0.1231(1) 0.39300(8) 3.15(3)
C@) -0.18330(9) 0.1318(1) 0.21803(8) 3.24(3)
C(5) -0.2389(1) 0.0615(2) 0.1827(1) 4.19(4)
C(6) -0.3057(1) 0.0904(2) 0.1301(1) 5.31(5)
C() -0.3177(1) 0.1903(2) 0.1102(1) 5.70(5)
C(8) -0.2641(1) 0.2601(2) 0.1430(1) 5.49(5)
CcO -0.1967(1) 0.2323(2) 0.1970(1) 4.22(4)
C(10) -0.0652(1) 0.2032(1) 0.3403409) 3.52(4)
C@11) 0.0061(1) 0.2454(1) 0.3511(1) 4.32(5)
C(12) 0.0319(2) 0.3254(2) 0.3978(2) 6.77(7)
C(13) -0.0139(2) 0.3622(2) 0.4337(2) 7.68(8)
C(14) -0.0859(2) 0.3222(2) 0.4228(1) 7.48(7)

Anisotropically refined atoms are given in the form of the isotropic equivalent displacement
parameter defined as: (4/3) * [a2*B(1,1) + b2*B(2,2) + ¢2*B(3,3) + ab(cos Y)*B(1,2) +

ac(cos )*B(1,3) + be(cos a)*B(2,3)]
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Atom X y z B(A%)

C(15) -0.1 125(1) - 0.2434(2) 0.3756(1) 5.37(5)
C(16) 0.07473(9) -0.2272(1) 0.33417(8) 2.78(3)
can 0.1306(1) -0.2360(2) 0.3023(1) 3.75(4)
C(18) 0.1541(1) -0.3299(2) 0.2863(1) 4.73(5)
C(19) 0.1207(1) -0.4155(2) 0.3008(1) 4.82(5)
C(20) 0.0653(1) -0.4087(2) 0.3321(1) 4.86(5)
C21 0.0424(1) -0.3151(2) 0.3493(1) 3.83(4)
C(22) 0.12826(8) -0.0591(1) 0.42280(8) 2.81(3)
C(23) 0.1437(1) 0.0428(2) 0.43192(9) 3.43(4)
C(24) 0.2055(1) 0.0774(2) 0.4875(1) 4.34(4)
C(25) 0.2533(1) 0.0115(2) 0.5337(1) 4.64(5)
C(26) 0.2389(1) -0.0909(2) 0.5260(1) 5.09(5)
c27) 0.1763(1) -0.1256(2) 0.4707(1) 4.22(4)
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Table 6. Torsion angles (deg) in Pd(dppp)2

Atoml] Atom 2 Atom 3 Atom 4 Angle

P(2) Pd P(1) cQ) -28.75 (0.06)
PQ2) Pd P(1) C4) -145.77 (0.07)
P(2) Pd P(1) C(10) 86.15 (0.07)
P(1) Pd P(2) C(3) 25.19 (0.06)
P(1) Pd P(2) C(16) 144.98 (0.06)
P(1) Pd P(2) C(22) -93.09 (0.06)
Pd P@) CQ) C(2) : 56.16 (0.13)
C4) P(1) C1) C2) -174.77 (0.12)
C(10) P(1) C1) C(2) -70.95 (0.14)
Pd P(1) C@4) C(5) 70.05 (0.16)
Pd P(1) C@) C9) -104.17 (0.15)
C1) P(1) C@) C(5) -52.14 (0.16)
C(1) P(1) C4 C©O 133.64 (0.15)
C(10) P(1) C4) sy -154.14 (0.15)
C(10) P(1) C@4) C©) 31.63 (0.17)
Pd P(1) C(10) Cc(11) 12.04 (0.17)
Pd P(1) C(10) C(15) -164.44 (0.14)
C1) P(1) C(10) C(11) 132.82 (0.15)

C(1) P(1) C(10) C(15) -43.66 (0.17)
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Atoml Atom2 Atom3 Atom4 Angle

C@ P(1) C(19) CQ5) 59.11 (0.17)
Pd P(2) C@3) C2) -46.43 (0.13)
C(16) P(2) C@3) Cc2) -174.47 (0.11)
C(22) P(2) C@3) C(2) 82.17 (0.12)
Pd P(2) C(16) c(17) 55.75 (0.14)
Pd P(2) C(16) C(21) -120.18 (0.14)
C(3) P(2) C(16) ca7 -178.33 (0.13)
C(3) P(2) C(16) C(21) 5.74 (0.16)
C(22) P(2) c@e) c(17) -75.29 (0.14)
C(22) P(2) C(16) C21) 108.77 (0.15)
Pd P(2) C22) C(23) 24.32 (0.15)
Pd P(2) C(22) C27) -155.88 (0.14)
C(3) P(2) C(22) C(23) -100.99 (0.14)
C3) P(2) C22) C@27) 78.81 0.16)
C(16) P(2) C22) C(23) 154.33 (0.14)
C(16) P(2) C(22) C27) -25.86 (0.17)
P(1) C(1) C(2 C(3) -83.22 (0.16)
C(1) C(2) C@3) P(2) 76.39 (0.17)
P(1) C@) C(5) C(6) -176.09 (0.16)
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Atoml Atom2 Atom3 Atom4 Angle

CO® C@) C(5) C(6) -1.60 (0.28)
P(1) C@ C©) C(®) 175.09 (0.16)
C(S) C@4) C©) C(®) 0.70 0.28)
C@4) C(5) C6) C(™) 1.56 (0.32)
CoS) C6) Cc C(8) -0.55 (0.34)
C(6) C( C(@®) C©) -0.34 (0.34)
C™ C® CO C4) 0.26 (0.31)
P(1) C(10) C(11) C(12) -174.97 (0.18)
C(15) CQ10) Cc@11) C(12) 1.63 (0.30)
P(1) CQ0) C(@15) C(14) 173.97 (0.17)
can | C(10) C(15) C(14) -2.49 (0.31)
C(10) Ca11) C(12) C(13) 0.30 (0.37)
C(1) CQ12) C(@13) C(14) -1.38 (0.41)
C(12) C(13) C(14) C(@15) 0.49 (0.40)
C(13) C(14) CQ15) C(10) 1.45 (0.36)
P(2) C(16) can C(18) -176.64 (0.15)
C(21) CQe) camn C(18) -0.41 (0.26)
P(2) C(1e6) C(21) C(20) 175.21 (0.15)
ca7 C(16) C21) C(20) -0.70 (0.26)
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Table 6. Continued

Atoml Atom2 Atom3 Atomd Angle

C(16) ca7 C(@18) C(19) 1.32 (0.30)
c(am | C(18) CcQ9) C(20) -1.10 (0.33)
C(18) C(@19) C(20) C(1) 0.00 (0.34)
Cc(19 C(20) C(21) C(16) 0.91 (0.32)
P2) C(22) C(23) C(24) 179.72 (0.14)
C@27) C2) C(@23) C(24) -0.09 (0.26)
P(2) C(22) C27) C(26) 179.49 (0.16)
C(23) C22) C27) C(26) -0.71 (0.29)
C(22) C(23) C(24) C(25) 1.18 (0.31)
C(23) C(24) C(25) C(26) -1.45 (0.34)
C(24) C(25) C(26) C@27) 0.64 (0.35)

C(25) C(26) C27) C(22) 0.45 (0.33)
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Table 7. General displacement parameter expressions for Pd(dppp)2

Atom B(1,1) B(2,2) B(3.,3) B(1,2) B(1,3) B(2,3)
Pd 2.063(S) 2.343(6) 1.949(5) O 0.753(4) 0

P(1) 2.50(1) 2.74(1) 2.69(1) 0.28(1) 1.134(9) -0.08(1)
P(2) 2.34(1) 2.73(1) 2.11(1) 0.05(1) 0.696(9) 0.22(1)
c1) 2.80(5) 3.65(7) 3.29(6) 0.26(5) 1.63(4) 0.26(5)
C(2) 3.50(6) 4.27(7) 2.71(5) 0.27(6) 1.66(4) 0.22(6)
C(3) 3.01(5) 3.66(7) 3.01(5) 0.16(5) 1.30(4) 0.76(5)
C4) 2.95(5) 4.03(7) 3.02(6) 0.89(5) 1.36(4) 0.06(5)
C(5) 3.56(7) 4.77(8) 3.99(7) 0.89(6) 0.92(6) -0.80(7)
C(6) 3.82(8) 7.3(1) 4.24(8) 1.07(8) 0.49(7) -1.08(9)
Cc@) 4.51(8) 8.2(1) 3.84(8) 2.71(8) 0.68(7) 0.1009)
C(®) 6.03(9) 6.3(1) 4.50(8) 3.22(7) 2.27(6) 1.94(8)
C©) 4.46(7) 4.28(8) 4.25(7) 1.27(6) 1.91(5) 1.05(7)
C(10) 4.39(7) 2.89(6) 3.32(6) 0.29(6) 1.32(5) -0.29(5)
C(11) 4.40(8) 3.01(7) 5.2009) -0.13(6)  1.12(7) -0.28(7)
C(12) 7.3(1) 3.80(9) 7.7(1) -1.25(9)  0.6(1) -1.4(1)
C(13) 11.2(2) 4.2(1) 6.8(1) -0.5(1) 1.8(1) -2.33(9)
C(14) 12.2(2) 4.7(1) 7.1(1) 0.2(1) 5.2909) -1.97(8)

The form of the anisotropic displacement parameter is: exp[-0.25{h2a2B(1,1) +
k2b2B(2,2) + 12¢2B(3,3) + 2hkabB(1,2) + 2hlacB(1,3) + 2klbcB(2,3)}] where a,b,

andc are reciprocal lattice constants.
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Atom B(1,1) B(2,2) B(3,3) B(1,2) B(1,3) B(2,3)

C(Q15) 7.0909) 4.35(9) 5.78(8) 0.23(8) 3.62(6) -1.24(7)
CQ16) 2.77(5) 2.96(6) 2.27(5) 0.25(5) 0.39(4) 0.18(5)
C(17) 3.81(6) 3.87(7) 3.77(6) 0.53(6) 1.54(5) 0.01(6)
C(13) 4.74(8) 5.2009) 4.14(8) 1.67(7) 1.29(6) -0.41(7)
C(19) 5.26(9) 3.86(8) 4.34(9) 1.49(7) 0.27(7) -0.54(7)
C(20) 5.14(9) 3.00(7) 5.3(1) 0.04(7) 0.24(8) 0.22(7)
C(21) 3.90(7) 3.16(7) 4.16(7) -0.03(6)  0.99(6) 0.50(6)
C(22) 2.70(5) 3.52(6) 2.16(5) -0.02(5) 0.734) 0.01(5)
C(23) 3.81(6) 3.62(7) 2.74(6) -0.37(6)  0.92(5) 0.06(6)
C(24) 4.98(8) 4.49(8) 3.42(7) -1.38(7)  1.23(6) -0.46(7)
C(25) 3.65(8) 6.3(1) 3.29(8) -0.73(7)  0.25(7) -0.87(7)
C(26) 4.6009) 5.6(1) 3.64(8) 1.19(8) -0.61(7)  -0.19(8)
C(27) 4.42(8) 3.75(8) 3.37(7) 0.58(7) -0.23(7)  0.08(7)
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Table 8. General displacement parameter expressions for Pd(dppp)2

Name U((,1) U(2,2) U(3,3) U(1,2) U(1,3) U2,3)
Pd 0.02613(6) 0.02968(7) 0.02468(6) O 0.00954(5) O

P(1) 0.0316(2) 0.0347(2) 0.0341(2) 0.0035(1) 0.0144(1) -0.0011(2)
P(2) 0.0297(2) 0.0345(2) 0.0267(2) 0.0006(1) 0.0088(1) 0.0028(1)
C1) 0.0354(6) 0.0462(9) 0.0417(7) 0.0033(6) 0.0207(5) 0.0034(6)
CQ2) 0.0444(7) 0.0541(9) 0.0343(7) 0.0034(7) 0.0210(5) 0.0028(7)
C@3) 0.0382(7) 0.0464(8) '0.0381(7) 0.0020(6) 0.0165(5)  0.0097(7)
C@4) 0.0373(6) 0.0511(9) 0.0383(7) 0.0112(7) 0.0172(5) 0.0007(7)
C(5) 0.0450(8) 0.060(1) 0.0506(9) 0.0113(8) 0.0117(7) -0.0102(9)
C(6) 0.048(1) 0.092(2) 0.054(1) 0.014(1) 0.0062(8) -0.014(1)
Cc 0.057(1) 0.104(2) 0.049(1) 0.034(1) 0.0086(9) 0.001(1)
C®) 0.076(1) 0.080(1) 0.057(1) 0.0407(9) 0.0288(8) 0.025(1)
C(%) 0.0565(9) 0.054(1) 0.0538(9) 0.0160(8) 0.0241(7) 0.0132(8)
C(10) 0.0556(9) 0.0365(8) 0.0421(8) 0.0036(7) 0.0168(6) -0.0036(7)
C(11) 0.056(1) 0.0382(9) 0.066(1) -0.0017(8) 0.0142(9) -0.0036(9)
C(12) 0.093(2) 0.048(1) 0.098(2) -0.016(1) 0.007(2) -0.017(1)
C(13) 0.142(2) 0.053(1) 0.086(2) -0.006(2) 0.022(2) -0.029(1)
C(14) 0.154(2) 0.060(1) 0.090(1) 0.003(1) 0.067(1) -0.025(1)

The form of the anisotropic displacement parameter is: expl-2n2{h2a2U(1,1) +
k2b2U(2,2) + 12c2U(3,3) + 2hkabU(1,2) + 2hlacU(1,3) + 2klbcU(2,3)} 1 where a,b,
and c are reciprocal lattice constants.
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Atom U(1,1) U@2,2) U(3,3) U(1,2) U(1,3) U(2,3)
C(15) 0.090(1) 0.055(1) 0.073(1) 0.003(1) 0.0458(8) -0.0157(9)
C(16) 0.0350(7) 0.0375(7) 0.0288(6) 0.0032(6) 0.0049(5) 0.0023(6)
c(17) 0.0483(8) 0.0490(9) 0.0477(8) 0.0067(7) 0.0195(6) 0.0001(8)
C(18) 0.060(1) 0.066(1) 0.052(1) 0.0211(9) 0.0164(8) -0.0052(9)
C(19) 0.067(1) 0.049(1) 6.055(1) 0.0189(9) 0.0034(9) -0.0069(9)
C(20) 0.065(1)  0.0379(9) 0.067(1)  0.0005(9) 0.003(1)  0.0028(9)
Cc@21) 0.0493(9) 0.0400(9) 0.053(1) | -0.0004(7) 0.0125(7) 0.0064(8)
C(22) 0.0342(6) 0.0446(8) 0.0273(6) -0.0003(6) 0.0092(5) 0.0001(6)
C(23) 0.0483(8) 0.0458(9) 0.0347(7) -0.0046(8) 0.0117(6) 0.0608 )
C(24) 0.063(1) 0.057(1) 0.0434(9) 0.0175(9) 0.0156(7) -O-.0058(9)
C(25) 0.046(1)  0.080(1) 0.042(1) 0.0093(9) 0.0032(8) -0.0111(9)
C(26) 0.058(1) 0.071(1) 0.046(1) 0.015(1) -0.008(1) -0.002(1)
C(27) 0.056(1)  0.047(1) 0.0426(9) 0.0074(9) -0.0030(8) 0.0011(8)
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Atom x y z B(A2)
H(1) -0.1561 -0.0451 0.3129 4
HQ) -0.1655 0.0493 0.3545 4
H@3) -0.0898 -0.0437 0.4399 4
H@&) -0.0295 0.0227 0.4220 4
H(5) 0.0003 -0.1529 0.4372 4
H(6) -0.0635 -0.1685 0.3652 4
H(7) -0.2307 -0.0075 0.1949 5
H(8) -0.3433 0.0413 0.1075 6
H®9) -0.3633 0.2098 0.0738 7
H(10) -0.2723 0.3286 0.1292 7
H(11) -0.1598 0.2821 0.2195 5
H(12) 0.0381 0.2197 0.3264 5
H(13) 0.0810 0.3543 0.4047 8
H(14) 0.0042 0.4157 0.4662 9
H(15) -0.1174 0.3485 0.4476 9
H(16) -0.1627 0.2168 0.3673 6
H(17) 0.1531 -0.1769 0.2911 4
H(@18) 0.1932 -0.3345 0.2653 6
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Atom X y z B(A2)
H(19) 0.1360 -0.4795 0.2891 6
H(20) 0.0422 -0.4682 0.3420 6
H(21) 0.0043 -0.3114 0.3716 4
H(22) 0.1116 0.0894 0.3996 4
H(23) 0.2148 0.1477 0.4935 5
H(24) 0.2962 0.0358 0.5710 6
H(25) 0.2716 -0.1370 0.5582 6
H(26) 0.1661 -0.1958 0.4655 5
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GENERAL SUMMARY

The research described in this dissertation shows that 2,3-bis(diphenylphosphino-
methyl)-1,4-bis(diphenylphosphino)butane (1) coordinates to transition metals in three
ways. Most importantly, 1 behaves as a bis-bidentate ligand coordinating to two
transition metal fragments with the formation of six-membered chelate rings. This
coordination mode has been observed for all of the transition metals employed in this
study. Ligand 1 also displays a tridentate coordination mode as shown for complexes in
which 1 coordinates to molybdenum tricarbonyl. This ligand does not form monometallic
complexes wherein it coordinates as a tetradentate ligand. The formation of such a
complex was precluded by the steric bulk of the eight phenyl substituents in this ligand as
well as structural limitations which do not allow 1 to bridge two trans sites in a square
planar or square pyramidal complex. Attempts to prepare such a complex for Rh(I),
Ni(II), and Pd(II) led to mixtures which exhibited complex solution chemistry. For
palladium, attempts to prepare a monometallic complex led to the formation of
CloPd(PhoPCH2), CHCH(CH2P(O)Phy); in which 1 coordinates as a bidentate ligand to
PdCl, and the remaining two phosphine groups have been oxidized.

It is also demonstrated that the new ditertiary phosphine ether
cis-1,5-bis(diphenylphosphinomethy!)-3-oxa-bicyclo[3.3.0]octane (2) coordinates to
transition metals in either a bidentate (P, P’) or tridentate (P, P’, O) manner. Ligand 2
exhibits a conformational preference in its octahedral metal carbonyl complexes wherein 2
coordinates as a bidenate ligand. The coordinated ether in metal carbonyl complexes
wherein 2 exhibits a tridentate coordination mode are readily substituted by pyridine,
piperidine, acetonitrile and P(OCH2)3CCH3 to yield two fac diastereomers in each case.
For the products of the N-donor ligands, an equilibrium between free and coordinated

ligand is established. Carbon monoxide also reacts stereospecifically to yield two fac
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diastereomers as shown by the reactions of (2-P, P’, O)M(CO)3, M= Mo, W, with
13CO. This is an important observation since previous studies of the stereospecificity of
ligand substitution reactions of metal carbonyl complexes have been unable to differentiate
the two axial sites and thus have been unable to determine if the incoming ligand ocupied
the site vacated by the leaving group or the site ¢rans to this position. The results
presented in this thesis demonstrate that both sites become avalilable by isomerization of
diastereomeric five-coordinate intermediates.

Finally, this thesis also demonstrates the generality of a new fluoride-assisted
reduction of palladium(II) and platinum(HI) phosphine complexes which yields a
zerovalent metal phosphine complex and a difluorophosphorane. This reaction was not,
however, found to occur for phosphine complexes of nickel(II). Results described in this
dissertation also suggest that this new redox reaction may participate in the formation of
[Pd3Cl(PPh2)2(PPh3)31[BF4] from [(Ph3P)3PdCl}[BF4] with fluoride necessary for the

redox reaction arising from the thermal decomposition of tetrafluoroborate.
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