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Abstract

This review summarizes the recent progress in coordination and organometallic chemistry involving metal complexes of chelating diarylamido
phosphine ligands, including bidentate amido phosphine [NP]~, tridentate amido diphosphine [PNP]~, and tridentate diamido phosphine [NPN]>~.
Consistent with the anticipated hybrid characteristic of the ligands, diarylamido phosphine complexes that have been characterized thus far involve
both soft and hard main-group and transition metals. The inherent rigidity and robustness imposed by the o-phenylene backbone of the ligands
are beneficial to the development of reaction chemistry of these diarylamido phosphine complexes. Preparation of the ligand precursors and the
corresponding metal complexes and the subsequent reactivity studies are discussed.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The search for appropriate ligand sets that effectively con-
trol the stability and reactivity of metal complexes contin-
ues to play an essential role in inorganic and organometallic
chemistry. Hybrid chelating ligands that contain both soft and
hard donor atoms are currently receiving increasing attention
due to their potentials for generating metal complexes with
unusual reactivity [1]. One remarkable precedent in this aspect
is the chelating amido phosphine ligands that incorporate the
—SiMe, CH,— backbone (Fig. 1) [2-15]. These compounds have
shown widespread reactivity with metals across the periodic
table. Significant results have evolved extensively in the last 25
years. Of particular note is the successful hydrogenation of coor-
dinated dinitrogen molecules [1,16—18]. One notable drawback
in this ligand system, however, is perhaps the participation of
the —SiMe, CH,— backbone under certain circumstances [19].
In particular, cleavage of both N—Si [20,21] and C—H [22] bonds
has been observed.

Recent progress in the amido phosphine chemistry has
emerged considerably with the employment of ligands that con-
tain the o-phenylene-derived backbone. In particular, metal com-
plexes of diarylamido phosphine ligands are currently under
extensive investigation. It was reasoned [23] that ligands of
this type are relatively more rigid and robust than those of
the —SiMe,CHjy— derivatives, thus holding the promise to
diminish the possibility of undesired reactivity involving the
amido phosphine ligands. It should be noted that although o-
phosphinoaniline and its N-alkylated (usually small or primary
alkyls) compounds are popular ligands in the last 40 years
[24-271], the o-phosphine functionalized diarylamine derivatives
are notably unknown until 2003 [23,28,29]. This review attempts
to give a comprehensive coverage of the literature in this rapidly
expanding area. Any omissions are unintentional. Though devel-
oped only recently, there have been three types of diarylamido
phosphine ligands reported to date. Fig. 2 illustrates the bi- and
tridentate ligands of o-phenylene derivatives that are analogous
to those containing the —SiMe,CH>— backbone as shown in
Fig. 1.

The chelating diarylamido phosphine ligands depicted in
Fig. 2 are intriguing for several reasons. First, with the hybrid
characteristic, these compounds are suitable ancillary ligands
for both hard and soft metals on the basis of the hard and soft
acids and bases (HSAB) theory [30]. It has been shown in the
silyl-derived ligand system that the apparent mismatch of the
hard—soft donor—acceptor pairs in the amido phosphine com-
plexes facilitates the isolation of otherwise inaccessible reactive
species [1], although the activation of the hybrid ligand itself
may occasionally become problematic [20-22]. Utilization of
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Fig. 2. Representative diarylamido phosphine ligands.

the o-phenylene backbone in the chelating amido phosphine lig-
ands is beneficial in view of the relatively robust N—C» bonds
as compared to the N—Si bonds. The rigidity imposed by the
o-phenylene backbone simultaneously inhibits donor atom dis-
sociation from the metal center, at least to some degree, thus
possibly enhancing the thermal stability of the metal complexes
in comparison with those of the silyl derivatives. Second, these
diarylamido phosphine ligands are extremely versatile given
a number of parameters available for the constitution of this
ligand set, including variable hapticities, formal charges, and
substituents at the donor atoms, etc. The reactivity and stability
of the diarylamido phosphine complexes are thus finely tunable.
Third, in addition to the resemblance to those shown in Fig. 1,
the representative examples illustrated in Fig. 2 fall into the cat-
egory of several popular motifs of ligand design that effectively
controls the reactivity and structure of the metal complexes. As
a result, direct comparisons of chemistry derived from these
related but inherently different ligand systems are particularly
valuable. For instance, metal complexes of the monoanionic
[NP]™ and [PNP]™ ligands can be regarded as one of the varia-
tions of the popular phosphine metallacycles [31-33]. In particu-
lar, the meridional [PNP] ™ represents one of the [LXL]™ (L=P,
N, S, etc.; X=N, C, etc.) pincer ligands [34-39]. The dian-
ionic [NPN]>~ resembles other diamido/donor ligand systems
[3,40—46]. Furthermore, the incorporation of the phosphorus
donor(s) in the ligand design is beneficial due, at least in part,
to the facile accessibility of the 3lp (I=1/2, natural abundance
100%) NMR handle, which has been an extremely invaluable
tool for the development of the amido phosphine chemistry in
terms of reaction parameter determination, intermediate and/or
product characterization, and perhaps mechanistic possibility
elucidation. The multiplicity of the resonances and the mag-
nitude of the internuclear coupling constants "Jpg (E=metal,
donor atom, or atoms covalently bound to the donor atom; n=1,
2, 3) are of particular value, e.g., L ivp, 2Jpp, and 3JpHa, to deter-
mine the solution structures.

Other than solution NMR spectroscopy, X-ray crystallogra-
phy provides equally important evidence for the characterization
of isolated compounds. Table 1 summarizes the selected spec-
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Fig. 1. Chelating amido phosphine ligands that contain the —SiMe, CH,— backbone.
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Fig. 3. Abbreviations employed for diarylamido phosphine ligand precursors.

troscopic and crystallographic data for comparison purpose. For
instance, although the changes in 3!P chemical shifts arising
from different ligand backbones (e.g., phenylene versus toly-
lene) are negligible, those corresponding to the variations of
substituents at the donor atoms (e.g., alkyl versus aryl at P
and proton versus methyl at N) alter significantly. Table 1 also
serves as a quick reference guide to the literature. The abbre-
viations employed for ligands discussed are summarized in
Fig. 3.

2. Ligand precursors
2.1. Bidentate amido phosphine ligands

Scheme 1 summarizes the preparation of the ligand
precursors of this type. The synthesis is straightforward.
The strategy takes advantage of the fact that aryl fluo-
ride compounds are virtually inactive to the well-developed
palladium-catalyzed aryl amination reactions [47-49] but reac-
tive to the nucleophilic phosphanylation [50,51]. Both N-(2-
diphenylphosphinophenyl)-2,6-diisopropylaniline (H['Pr-NP])
[28] and N-(2-diphenylphosphinophenyl)-2,6-dimethylaniline

O-BrosH4F

Pd catalyst
NaO'Bu
toluene, reflux

Ar = 2,6-C6H3M92
2,6-C5H3IPFZ

ArNH,

©:NHAr
F

(H[Me-NP]) [52] were readily prepared from commercially
available starting materials. Consistent with the anticipated
steric size of the ortho-substituted aryls at the nitrogen atom, the
isopropyl derivatives require relatively harsh conditions for both
palladium-catalyzed cross-coupling reaction and nucleophilic
phosphanylation in order for high yield isolation of the desired
products as compared to their methyl analogues.

The solution and solid-state structures of both H['Pr-NP]
and H[Me-NP] were investigated by multi-nuclear NMR spec-
troscopy and X-ray crystallography, respectively. The solution
'H and '3C NMR data indicate that the ortho-alkyl groups
in these molecules are chemically equivalent. Diastereotopic
isopropylmethyl groups are found for H['Pr-NP] on the basis
of variable-temperature 'H NMR studies. This phenomenon
is ascribed to restricted rotation about the N-aryl bond due to
steric demand of the substituent at the nitrogen atom. Consis-
tent with these results, an X-ray study of H['Pr-NP] [53] revealed
that the diisopropylphenyl group is roughly perpendicular to the
o-phenylene backbone and the isopropylmethyl moieties are ori-
ented such that they are tilted away from the phosphorus atom.
The NH proton in both compounds was observed as one doublet
resonance with Jgp of ca. 8 Hz.

KPPh,
DME or 1,4-dioxane
reflux

@ENHAr
PPh,

H[Me-NP], Ar = 2,6-CgHsMe;

HI'Pr-NP], Ar = 2,6-CgH3'Pr,

Scheme 1.
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Table 1
Selected spectroscopic and crystallographic data for diarylamido phosphine complexes and the corresponding ligand precursors®
Compound Sp oM M—N distance (A) M—P distance (A) Reference
H[‘Pr-NP] —20.1 [28]
H[Me-NP] -19.3 [52]
H[Ph-PNP] —18.6 [23,29,54]
H[‘Pr-PNP] —13.3 [54]
H[Cy-PNP] —22.0 [54]
H[‘Bu-PNP] —54.5b [55]
H['Pr-PNPMe] —12.9 [56]
Me['Pr-PNPMe] —6.8 [57]
Me[Pr-PNPF] —6.3 [58]
Mel[Pr-PNPB'] -52 [58]
Me[Pr-PNP] —6.4 [58]
Me[Pr-PNPSiMe3 ] —6.1 [58]
Me[Pr-PNP?] —-8.8 [59]
H,[NPN] -30.9 [60]
H, [NPNMe) —31.4 [60]
Group 1
[‘Pr-NP]Li(THF), —12.0 38 [28]
[Me-NP]Li(THF), —12.7¢4 34¢.d 1.990(5) 2.620(5) [53]
[Ph-PNP]Li(THF), —13.6° 34¢ 2.039(5) 2.779(5) [23]
2.824(5)
[‘Pr-PNP]Li(THF) —4.0¢ 46¢ [54]
[‘Pr-PNP]Li(OEt,) —4.9 [54]
[Cy-PNP]Li(THF) —12.1 46 [54]
[Cy-PNP]Li(OEt,) —13.0 1.979(3) 2.578(3) [54]
2.502(3)
[‘Pr-PNPMe]Li —4.4 [61]
[‘Pr-PNPMe]Li(THF) —4.1 48 1.942(6) 2.556(5) [61]
2.531(5)
[{Bu-PNP]Li —49.4 61 [55]
[NPN]Li>(THF), —33.0 41 [60]
[NPNMe]Li, (dioxane) -352 40 [60]
[NPNMe]Li,(THF), 2.078(3) 2.510(3) [60]
2.046(4)
2.051(3)
2.076(3)
Group 4
[‘Pr-PNPMe]Ti(CH,CMe3), 2.068(2) 2.6779(9) [62]
2.6795(9)
[‘Pr-PNPMe]Ti(=CHCMe3)(OTf) 33.6 2.034(5) 2.603(2) [62]
242 2.6080(18)
[‘Pr-PNPMe|Ti(=NAr)(CH,CMe3) (Ar=2,6-CsH3'Pr») 242 2.125(9) 2.568(4) [62]
16.7 2.672(4)
[‘Pr-PNPMe]Ti(=PAr)(CH,CMe3) (Ar=2,4,6-CoH, Pr3) 37.2 2.1023(11) 2.5947(4) [62]
31.1 2.5681(4)
[‘Pr-NP]ZrCl3(THF) 2.0 2.085(7) 2.786(3) [661
[Me-NP],ZrCl, 12.3 2.132(5) 2.7993(16) [66]
2.140(5) 2.8017(18)
[‘Pr-PNPMe1ZrCl3 27.1¢ [61]
[‘Pr-PNPM¢]ZrMe; 13.0 2.223(4) 2.7549(17) [61]
2.7984(18)
[‘Pr-PNPM¢1Zr(CH,Ph); 12.9 [61]
[‘Pr-PNPMe]Zr(CH,R);3 (R = p-tolyl)® 122 [61]
[‘Pr-PNPM¢]Zr(=CHPh)(CH,Ph) 28.6 [61]

26.6
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Table 1 (Continued )

Compound Sp Ly M—N distance (A) M—P distance (A) Reference
[‘Pr-PNPMe]Zr(=CHR)(CH;,R) (R =p-tolyl) 28.4 [61]
27.3
[NPNMe]Zr(NMe;)» —11.5 [60]
[NPNMe1ZCl, -28 2.060(2) 2.7229(8) [60]
2.072(2)
[NPNMe1ZCl, (THF) 2.7 [60]
[NPNM¢]ZrMe, —14.1 [60]
[‘Pr-NP]HfCl3(THF) 4.1 [66]
[Me-NP],HfCl, 10.5 2.127(3) 2.7736(9) [66]
2.127(3) 2.7736(9)
Group 8
[‘Pr-PNPM¢|Ru(H)(H,) 70.8 [70]
[‘Pr-PNPMe]Ru(H)(CO) 67.9 2.070(3) 2.3069(11) [70]
2.3306(11)
[‘Pr-PNPM¢]Ru(Me)(CO) 56.1 [70]
Group 9
[Ph-PNP]Rh(H)(CI) 35.1F 109f [29]
[Ph-PNP]Rh(COE) 38.8 148 [29]
[Ph-PNP]Rh(CO) 418 135 2.074(9) 2.292(3) [29]
2.292(3)
{H[Ph-PNP]}Rh(-Cl)2(RhCl,) 37.1f 116 [29]
[‘Pr-PNPMeJRh(H)(CI) 48.5 105 [57]
{Me['Pr-PNPM¢]}RhCI1 325 154 2.134(10) 2.292(4) [57,59]
2.233(4)
{Me['Pr-PNPF]}RhCI 32.8 154 [59]
[‘Pr-PNPMe]Rh(Me)(Cl) 36.2 109 2.059(14) 2.332(5) [57,59]
2.305(5)
[‘Pr-PNPF]Rh(Me)(Cl) 36.5 110 [59]
[‘Pr-PNPC2]Rh(Me)(Cl) 42.6 [59]
36.7
{Me['Pr-PNP®2]}RhCI® 34.4 151 [59]
{['Pr-PNP®2]CH, }Rh(H)(CI)® 55.1 190 [59]
—-5.1 92
[‘Pr-PNPMe]Ir(H)(CI) 44.7 [57]
[‘Pr-PNPMe]Ir(Me)(Cl)® 25.2 [57,59]
[‘Pr-PNPF |Ir(Me)(C1)® 24.4¢2 [59]
{Me['Pr-PNPM¢1# 1 [r(H)(CI) major 32.7 [59]
—32.4
{Me['Pr-PNPM¢]#}Ir(H)(CI) minor 31.9 [59]
—40.3
{Me['Pr-PNPMe]#} Ir(H)(CI) 2.340(7) 2.288(3) [59]
2.214(3)
{Me['Pr-PNPF]*}Ir(H)(Cl) major 32.8 [59]
-31.6
{Me['Pr-PNPF]#}Ir(H)(CI) minor 32.0 [59]
—39.1
{Me['Pr-PNPM¢]}r(n*-COD)*h 12.8 [59]
{Me['Pr-PNPF]}Ir(n*-COD)*h 13.0f [59]
[‘Pr-PNPC2]Ir(Me)(Cl)® 2040 (br) [59]
{Me['Pr-PNP®2|*}Ir(H)(C1)® 38.3 [59]
-30.9

{["Pr-PNPC2|CH, }Ir(H)(C1)® 28.9 [59]
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Table 1 (Continued )
Compound Sp 1 Tom M—N distance (A) M—P distance (A) Reference
Group 10
{['Pr-NPINiCl}, 325 [53]
[‘Pr-NPINiCl(PMe3) 473 1.923(3) 2.1556(10) [53]
[‘Pr-NP]NiMe(PMe3) major 35.6 1.939(3) 2.2009(12) [53]
[‘Pr-NP]NiMe(PMe3) minor 39.0 [53]
[‘Pr-NP]NiPh(PMe3) 33.0 1.947(5) 2.149(2) [53]
[‘Pr-NP]Ni(n>-CH,Ph) 36.2 1.908(4) 2.1231(15) [53]
[Me-NP]Ni(n3-CH,Ph) 34.8 1.900(3) 2.1176(11) [53]
[Ph-PNP]NiCl 18.8 1.895(3) 2.1737(9) [23,54]
2.1879(8)
[Ph-PNP]NiBr 23.7 1.912(5) 2.1830(12) [54]
2.1830(12)
[Ph-PNP]Nil 33.1 [54]
[‘Pr-PNP]NiCl 34.7 1.9030(17) 2.1884(6) [54]
2.1913(6)
[Cy-PNP]NiCl 26.8 [54]
[‘Pr-PNPMeINiCl 34.2 [83]
[‘Pr-PNPFINiCl 33.6 [83]
[Ph-PNP]NiH® 332 [54]
[‘Pr-PNP]NiH 56.2 [54]
[Cy-PNP]NiH 47.0 [54]
[‘Pr-PNPM¢|NiH 56.2 [83]
[‘Pr-PNPFINiH 56.0 [83]
[Ph-PNP]NiMe 27.6 1.967(8) 2.1776(13) [23]
2.1776(13)
[Ph-PNP]NiEt 26.4 [23]
[Ph-PNP]Ni(n-Bu) 27.1 1.966(2) 2.1655(8) [23]
2.1811(8)
[Ph-PNP]Ni(;-Bu) 26.8 [23]
[Ph-PNP]Ni(CH,SiMe3) 23.9 1.966(5) 2.191(2) [23]
2.154(2)
[Ph-PNP]NiPh 24.5 [23]
[‘Pr-PNP]NiMe 35.5 1.945(3) 2.1557(12) [54]
2.1797(12)
[‘Pr-PNP]NiEt 32.1 [54]
[‘Pr-PNP]Ni(n-Bu) 32.5 1.953(3) 2.1576(9) [54]
2.1966(9)
[Cy-PNP]NiMe 28.2 1.947(5) 2.1677(10) [54]
2.1677(10)
[Cy-PNP]NiEt 24.6 [54]
[Cy-PNP]Ni(n-Bu) 25.1 [54]
[‘Pr-PNPM¢INiMe 35.4 [83]
[‘Pr-PNPFINiMe 354 [83]
{['Pr-NP]PdCl}, 57.8 [91]
[‘Pr-NP]PdCI(PCy3) 52.2b 2.079(2) 2.2532(8) [91]
[Ph-PNP]PdCI 29.8 2.056(11) 2.3010(18) [88]
2.3010(18)
[Ph-PNP]PdOAc 29.1 [88]
[‘Pr-PNP]PdCI 48.5 [58]
[‘Pr-PNP]PdOAc 482 [58]
[‘Pr-PNPMe1PdCl 482 2.026(2) 2.2913(9) [56,58,83]
2.2913(9)
[‘Pr-PNPM]PdOAC 48.4 [56,58]
[‘Pr-PNPY|PdCI1 47.4 [58,83]
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Table 1 (Continued )

Compound Sp U om M—N distance (A) M—P distance (A) Reference
[‘Pr-PNPF]IPdOAc 48.0 2.015(5) 2.2852(17) [58]
2.2739(17)
[‘Pr-PNPB"IPdCI1 48.7 [58]
[‘Pr-PNPB'IPdOAc 48.5 [58]
[‘Pr-PNPSIMe31p4 (] 493 [58]
[‘Pr-PNPSIMe31pdOAC 48.7 [58]
[‘Pr-PNPMePdH 59.8 [56,83]
[‘Pr-PNPFPdH 59.2 2.086(4) 2.2619(15) [83]
2.2658(15)
[‘Pr-PNPMe]PdMe 41.1 [83]
[‘Pr-PNP¥|PdMe 40.8 2.0938(15) 2.2914(3) [83]
2.2914(3)
[‘Pr-PNPC2]PdCI 49.4 2.068(4) 2.2643(13) [59]
2.2504(13)
[Ph-PNP]PtCI 25.4 2751 2.024(6) 2.284(2) [89]
2.270(2)
[Ph-PNP]PtMe 30.6 2983 2.09(2) 2.2737(18) [89]
2.2737(18)
[Ph-PNP]PtOTf 27.8 2809 [89]
{[Ph-PNP]Pt(py) }OTf 28.9P 2660° 2.025(5) 2.2941(17) [89]
2.2735(17)
{[Ph-PNP]Pt(NCMe) }OT{ 29,01 2555t [89]
[Ph-PNP]PtPh 27.9 2967 [89]
[‘Pr-PNPMe|P(C] 413 2666 [83]
[‘Pr-PNPFPtCl1 40.7 2669 [83]
[‘Pr-PNPMe|PtH 59.3 2781 [83]
[‘Pr-PNPF|PtH 58.8 2792 [83]
[‘Pr-PNPM¢|PtMe 41.0 2840 [83]
[‘Pr-PNPFIPtMe 40.9 2855 [83]
Group 11
{['Bu-PNP]Cu}, —33.9 2.127(4) 2.2173(13) [55]
2.191(4) 2.2339(13)
2.179(4) 2.2235(13)
2.219(4) 2.2241(13)
Group 12
[‘Pr-NP]ZnMe —273 [28]
[‘Pr-NP]ZnEt —27.2 1.911(4) 2.4450(14) [28]
[‘Pr-NP],Zn —229 1.971(5) 2.4545(19) [28]
1.974(5) 2.4387(19)
Group 13
[Me-NP]AICI, —36.1 [52]
[‘Pr-NP]AICI, —34.4 [52]
[Me-NPJAICI,(THF) —34.8 1.870(4) 2.5882(19) [52]
[‘Pr-NP]AICIl,(THF) —33.7 [52]
[Me-NPJAIMe, —24.1 [52]
[Me-NP]AIEt, —24.0 1.894(8) 2.456(4) [52]
[‘Pr-NP]AlMe, —21.6 1.894(6) 2.477(3) [52]
[‘Pr-NP]AIEt, —21.4 [52]
[Me-NP]AI(CH;,SiMes), —24.2 [52]

2 The data summarized correspond to the diarylamido phosphine ligands only. Unless otherwise noted, all NMR spectra were recorded in C¢Dg at room temperature,
chemical shifts in ppm, coupling constants in Hz.

b Spectra were recorded in CDCl3.

¢ Spectra were recorded in toluene-ds.

d Spectra were recorded at —20°C.

¢ Spectroscopically observed, not isolated.

f Spectra were recorded in CD,Cl,.

& Spectra were recorded in PhCFj3.

b The anions are a mixture of CI~ and [(COD)IrCl,] .

I Spectra were recorded in THF.



L.-C. Liang / Coordination Chemistry Reviews 250 (2006) 1152-1177

1159

Pd catalyst
NH, NH, Nao‘Buy QX |X=F I _ QPRZ
toluene, reflux 2x MPR,(M = Li, K}, heat
* or| + —_— NH NH
. @Br X 4. 3x BuLi, -35 °c PR
X = F. Br 2.2x RyPCI, -35°C HR-PNP]

3.H,0 o
R = Ph, 'Pr, Bu, Cy

Scheme 2.

2.2. Tridentate amido diphosphine ligands

2.2.1. Protonated precursors

Following the same strategy as that for the preparation
of H[NP], a number of diphosphino-diarylamine derivatives
(H[PNP]) are readily accessible. Scheme 2 summarizes two
attractive protocols for the preparation of H[N(o-CgH4PR»)7]
(H[R-PNP]; R=Ph, ‘Pr, ‘Bu, Cy). The desired compounds
are all available in two steps from commercially available
starting materials. Thus, both o-fluoro-substituted [23] and o-
bromo-substituted [54] biphenyl amines were prepared quan-
titatively from the palladium catalyzed aryl amination reac-
tions of either 2-fluoroaniline with 2-bromofluorobenzene or
2-bromoaniline with 2-bromoiodobenzene. Subsequent replace-
ment of the fluorine atoms in di(2-fluorophenyl)amine with

diphenyl- or diisobutylphosphide in ethereal solutions produced
H[Ph-PNP] [23] and H['Bu-PNP] [55], respectively. Sequential
addition of #n-BuLi and Ro,PCI1 (R = Ph, ‘Pr, Cy) to a diethyl ether
solution of di(2-bromophenyl)amine at —35 °C generated the
corresponding H[R-PNP] [54] after anaerobic aqueous workup.
It is interesting to note that [Cy-PNP]Li(OEt;) may be conve-
niently isolated as a crystalline solid prior to aqueous workup.
Compound (2-'PryP-4-MeCgH3)>NH (H['Pr-PNPM¢]) that con-
tains a tolylene backbone was prepared analogously [56].

Solution NMR spectroscopic data are indicative of C, sym-
metry for these molecules. The NH proton in these compounds
appears as one triplet resonance with Jyp of ca. 8 Hz due to
the internuclear coupling with the two chemically equivalent
phosphorus atoms. Compound H[Ph-PNP] was characterized
by X-ray crystallography [23].
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QBr 1. Base Br 1.2xBuli PPr,
2 Mel 2. 2x 'Pr,PCI
NH NMe NMe E =Me, F, Br .
ifE =Br
Br Br PP, 1. BuLi
_ 2. H,O or Me;SiCl
E =H, SiMe;
E E E
E =Me, F, Br Me[Pr-PNPF]
Br. Br. Br
. ] ]
O Br 4 NaH O Br 1.20xBuli Q PP 4 24xBuLi O PPr
2. Mel 2.2.1x PryPCI
NH ° NMe 2 NMe 2. MeOH NMe
O Br O Br O P'Pr, O PPr,
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Me[Pr-PNP?]
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2.2.2. Methylated precursors

N-Methylated diphosphino-diarylamine compounds were
also prepared. Most incorporate substituted aryl bridges to con-
nect the nitrogen and phosphorus donors. As shown in Scheme 3,
methylation at the diarylamine nitrogen atom was generally per-
formed prior to phosphanylation [57-59]. The N—Me protons
in these molecules were all observed as a singlet resonance
in the '"H NMR spectroscopy. The fluorinated compound (2-
iPr,P-4-FCgH3)>,NMe (Me['Pr-PNPF]) was characterized crys-
tallographically [59].

2.3. Tridentate diamido phosphine ligands

The reaction of 2,2’-diaminotriphenylphosphine oxide with
4-iodotoluene catalyzed by Cul(phen)(PPh3) produced [(4-
MeCgH4)NH(2-CgHy)],PhP=0, which was then reduced under
standard conditions to give the desired [(4-MeCeH4)NH(2-
CeHas)]oPPh (H2[NPN], Scheme 4) [60]. This protocol, how-

@ PPh2
3 nS
AN N— Liy
s

Ph
PPh2
R =Pr, Me
S=THF S =THF

S=THF

ever, is perhaps not favorable for a multigram scale reaction
due, at least in part, to the formation of a side product [(4-
MeCgHy),N(2-CeHy)][(4-MeCgH4)NH(2-CgHy)]JPhP=0 aris-
ing from arylation of [(4-MeCgH4)NH(2-CgH4)]oPhP=0 in
the copper catalyzed reaction. Extensive chromatography
was thus required for the purification of [(4-MeCgH4)NH(2-
CeH4)]oPhP=0 prior to reduction.

Scheme 5 summarizes an alternative route for the preparation
of the desired compounds. Sequential addition of n-BuLi and
PhPCl; to a diethyl ether solution of (2-Br-4-MeCgH3)(2,4,6-
Me3CeHy)NH produced the solvated lithium complex [(2,4,6-
Me;3CgHy)NLi-2-(5-MeCgH3)],PPh (Lio[NPNMe]) [60]. The
lithium compound has been structurally characterized as a
bis(tetrahydrofuran) adduct. Protonation of the lithium com-
pound with trimethylammonium chloride in THF gener-
ated [(2,4,6-Me3C¢Hy)NH-2-(5-MeC¢H3)]oPPh (Ho [NPNMe]),
Similar to that found for H['Pr-NP] [28,53], the N-mesityl bond
rotation is hindered for Hy[NPNM€] due to the steric size of the

N—Li
/ s /
PR, P'Bu,
E

E =H; R="Pr, Cy; S = THF, Et,0
E=Me;R="Pr;S=THF

S = dioxane

Fig. 4. Lithium complexes of diarylamido phosphine ligands.
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mesityl group. The rotation barrier AGZf)t about the N-mesityl
bond in this molecule was calculated to be 15.5 & 0.3 kcal mol !
[60].

3. Metal complexes
3.1. Group I: lithium

Lithium amides are convenient starting materials for meta-
thetical reactions with main-group and transition metal halides.
As aresult, the preparation of lithium complexes of these chelat-
ing amido phosphine ligands has become typical. Lithiation of
the protonated ligand precursors was generally performed with
the employment of n-BuLi, usually in ethereal solutions, to pro-
duce the corresponding lithium complexes as solvent adducts.
The number of coordinated solvent molecules varies (Fig. 4),
depending on the electronic and steric characteristics of the
amido phosphine ligands.

The coordination chemistry of these amido phosphine lig-
ands with respect to lithium has been assessed by 3!'P and
"Li (I=3/2, natural abundance 92.6%) NMR spectroscopy. The
number of coordinated solvent molecules could be readily deter-
mined by 'H NMR spectroscopy. As summarized in Table 1, the
phosphorus donors generally exhibit a downfield shift for the
monoanionic [NP]™ or [PNP]™ ligands upon lithiation, whereas
those in dianionic [NPN]?~ are shifted relatively upfield as com-
pared to the corresponding ligand precursors. The 'Jpr; values
of triaryl phosphine complexes (34—41Hz) [23,53,54,60] are
consistently lower than those of alkyl-substituted counterparts
(46-61 Hz) [54,61]. The distinct values of 'Jpr; is perhaps a
consequence of diverse electronic properties of the substituents
at the phosphorus donors or a result of different electrophilic-
ity of the lithium center due to various amount of coordi-
nate ethereal molecules. Interestingly, the phosphorus donor in
[NPNMe]Li,(dioxane) [60] appears as a quartet resonance at
—35.2ppm in the 3'P{'H} NMR spectroscopy and the lithium
atoms exhibit a doublet at —0.1 ppm and a singlet at —2.0 ppm,
consistent with one of the lithium atoms is not bound to the

Fig. 5. Molecular structure of [NPNM®]Li,(THF), established from an X-ray
study [60]. All carbon atoms in coordinated THF are omitted for clarity.

phosphorus donor. The X-ray structure of [NPNM®]Li,(THF),
is shown in Fig. 5.

Several lithium complexes have been characterized by X-
ray crystallography. The solid-state structures are generally in
good agreement with the solution structures determined by NMR
spectroscopy. The Li—N and Li—P bond distances are summa-
rized in Table 1. Although these parameters are all well within
the expected values and consistent with each other, it is interest-
ing to note that the coordination modes of the chelating amido
phosphine ligands may depend on the substituents at the donor
atoms, such as those found in [Ph-PNP]Li(THF), (meridional)
[23] and [Cy-PNP]Li(OEt,) (facial) [54] as evidenced by the
dihedral angles of 174.6° and 143.1°, respectively, for the two
N—Li—P planes. Fig. 6 illustrates the molecular structures of
[Ph-PNP]Li(THF); and [Cy-PNP]Li(OEty).

Fig. 6. Molecular structures of [Ph-PNP]Li(THF), (left) and [Cy-PNP]Li(OEt,) (right) established from X-ray studies [23,54].
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3.2. Group 4

3.2.1. Titanium
The only report regarding titanium to date involves ['Pr-
PNPMe]~ [62]. An attractive entry into the titanium chemistry
appears to be the one-pot reaction of [‘Pr-PNPM®|Li [61] with
TiCI3(THF)3 in toluene at —35 °C followed by alkylation with
two equiv of neopentyllithium to give the dineopentyl com-
plex [Pr-PNPMe]Ti(CH,CMe3),. The use of Ti(III) precursors
instead of Ti(IV) avoids the facile reduction of Ti(IV) upon alky-
lation. One electron oxidation of [‘Pr-PNPMe]Ti(CH,CMe3),
with AgOTf in pentane at —35°C produced a termi-
nal neopentylidene complex [‘Pr-PNPM®]Ti(=CHCMe3)(OT¥)
(Scheme 6), presumably arising from o-abstraction [63] of
the putative ['Pr-PNPMe]Ti(CH,CMes)>(OTf). The 3'P{'H}
NMR spectrum of [‘Pr-PNPM|Ti(=CHCMe3)(OTY) displays
two doublet resonances centered at 33.6 and 24.2 ppm with
2Jpp of 55Hz. The Ti=CH, appears at 8.42ppm in the 'H
NMR spectrum and the diagnostic Ti=C, atom at 301 ppm in
the 13C NMR spectrum with a low 1Jey of 103 Hz, indica-
tive of an a-agostic interaction [41,64] being present in this
molecule. These results are further supported by an X-ray study
of ['Pr-PNPMe|Ti(=CHCMe3)(OT¥) (Fig. 7), which reveals a
short Ti=C distance (1.881(7) A), a wide Ti=C,—Cp angle
(157.6(6)°), and a short Ti—H,, distance (2.09(6) A) in a distorted
trigonal bipyramidal geometry, in which the two phosphorus
donors are virtually trans to each other.
Addition of one equiv of LiPHAr (Ar
or LiNHAr (Ar=
tion of [Pr-PNPMe|Ti(=CHCMe3)(OTY) at

= 2,4,6—C6H2iPr3)
2,6-C¢H3'Pry) to a diethyl ether solu-
—35°C produced

the corresponding phosphinidene and imide complexes [Pr-
PNPMeITi(=EAr)(CH,CMe3) (E =P, N). The formation of [‘Pr-
PNPMe|Ti(=EAr)(CH,CMe3) was proposed to proceed from
the presumed [‘Pr-PNPM®|Ti(=CHCMe3 )(EHAr) followed by
a-hydrogen migration from the phosphide or anilide donor to
the nucleophilic Ti=C, atom. The signal found at 237 ppm in the
3IP{TH} NMR spectrum is indicative of a linear phophinidene
structure. The Ti=P distance of 2.2066(4) A is significantly
short as compared to the dative Ti—P of ca. 2.60 A in [‘Pr-
PNPMe|Ti(=PAr)(CH,CMe3) (Fig. 7). In contrast to the tita-
nium phosphinidene complexes [Nacnac]Ti(=PAr)(CH,CMe3)
(Ar=Cy, 2,4,6-CcHy'Pr3, 2,4,6-C¢Hy'Bus) which undergo fur-
ther undesired reactions involving the [B-diketiminate lig-
and ([Nacnac] = ArNC(Me)CHC(Me)NAr; Ar=2,6-Co¢H3'Pr))
[65], [iPr-PNPMe]Ti(=PAr)(CH2CMeg) is kinetically and ther-
mally stable, a result that is ascribed to the robustness of the
diarylamido phosphine ligand.

3.2.2. Zirconium

Zirconium(IV) complexes of bidentate amido phosphine lig-
ands have been prepared [66]. Both mono- and bis-ligated com-
plexes could be isolated effectively, depending strictly on the
stoichiometry and steric size of the amido phosphine ligands
employed (Scheme 7). Thus, addition of one equiv of ['Pr-
NP]Li(THF); to ZrCl4(THF); in toluene at —35 °C led to the for-
mation of [{Pr-NP]ZrClz(THF) in 72% yield, whereas the reac-
tion of ZrCly (THF), with two equiv of sterically less demanding
[Me-NP]Li(THF), produced [Me-NP],ZrCl; in 92% yield.

The solid-state structures of both [{Pr-NP]ZrClz(THF) and
[Me-NP],ZrCl, were determined by X-ray crystallography,

Fig. 7. Molecular structures of [‘Pr-PNPMe]Ti(=CHCMe3 )(OTf) (left) and ['Pr-PNPMe]Ti(=PAr)(CH,CMe3) (right, Ar=2.,4,6-CsH,'Pr3) established from X-ray

studies [62].
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which reveals a distorted octahedral geometry for these
molecules and severe displacement of zirconium from the cor-
responding mean N—phenylene—P planes. The deviation of the
zirconium center is likely a consequence of either the relatively
large size of zirconium with respect to the rigid amido phosphine
ligands or the steric repulsion arising from the bulky substituents
at the nitrogen and phosphorus donor atoms. These results are in
accord with the solution NMR data. In particular, the isopropy-
Imethyl groups in [Pr-NP]ZrCl3(THF) are diastereotopic, due
to restricted rotation of the N-aryl bond. The phosphorus donors
n [/Pr-NP]ZrCl3(THF) and [Me-NP],ZrCl, are observed as a
singlet resonance at 1.95 and 12.28 ppm, respectively, which is
shifted relatively downfield from those of H['Pr-NP] and [‘Pr-
NP]Li(THF),, consistent with phosphorus coordination to the
electron-deficient group 4 metals in solution.

The preparation of zirconium(IV) complexes containing
a tridentate amido diphosphine ligand was also reported
[61]. Treatment of [[Pr-PNPMC]Li(THF) with ZrCl4(OEt;),
in toluene at —35°C produced [‘Pr-PNPM]ZrCl3 in 85%
yield. Alkylation of the chloride complex with Grignard
reagents generated the corresponding ['Pr-PNPM®)Zr(CH,R)3
(R=H, Ph, p-tolyl). The trimethyl complex was characterized
crystallographically. Interestingly, a-abstraction occurs for the
tribenzyl derivatives at ambient temperature to give benzylidene
complexes [‘Pr-PNPM®|Zr(=CHR)(CH,R) (Scheme 8). The
diagnostic Zr=C, signal appears at ca. 230ppm with 'Jcy
of 92Hz, consistent with an o-agostic interaction [64]. The
Zr=CH,, displays a signal at ca. 7.3 ppm and the two phosphorus
donors resonate at ca. 28 and 27 ppm with 2Jpp of 59Hz. A
kinetic study revealed a first-order rate law for the a-abstraction
reaction shown in Scheme 8. The activation parameters for this
process at temperatures from 20 to 53 °C were determined:
AH? =19+ 1kcalmol™!,  AS#=-14+3calmol™' K7/,
and AGZZ8 =23+ 2kcalmol™!. These results, particu-
lar the AS* value, likely reflect the significance of the

rigidity imposed by the diarylamido diphosphine lig-
and as compared to the corresponding parameters (e.g.,
AS# =224 5calmol~! K™1) calculated from that producing
the first zirconium alkylidene complex [P,Cp]Zr(=CHPh)CI
([P2Cp] =n-CsH3-1,3-(SiMe,CHyP'Pry),) [67-69] by ther-
molysis of [P>Cp]Zr(CH,Ph),Cl, which contains only one
rather than two coordinated phosphine arms in the ground state.
No crystallographic data is available to date for zirconium alkyli-
dene complexes supported by diarylamido phosphine ligands.
Unlike those of monoanionic [NP]~ and [PNP]~, an
effective entry for the preparation of zirconium(IV) com-
plexes of dianionic [NPN]?>~ appears to involve the pro-
tonated ligand precursors [60]. Protonolysis of Zr(NMe,)4
with Hy[NPNM€] in toluene at room temperature produced
[NPNMe1Zr(NMes), in 90% yield (Scheme 9). Subsequent
reaction of [NPNM€]Zr(NMe,), with an excess amount of
trimethylsilylchloride generated [NPNM¢]ZrCl,, which was
reacted with MeMgCl in diethyl ether at —35°C to give
[NPNMe1ZrMe,. The solution NMR spectroscopic data of these
complexes and the X-ray structure of [NPNM¢]ZrCl, are all con-
sistent with a trigonal bipyramidal geometry for zirconium with
the diamido phosphine ligand being in a facial coordination
mode. The ortho-methyl groups in the N-mesityl substituents
are chemically inequivalent at room temperature, indicating a

Pr2
. 22°C
[Pr-PNPY®]Zr(CH,R); ———~ & <CHR
CH,R
PPr2
R = Ph, p-tolyl

Scheme 8.
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slow rotation about the N—Ar bonds for these molecules on the
NMR time scale, due possibly to the steric reason.

3.2.3. Hafnium

The only isolated hafnium complexes reported to date are
[[Pr-NPJHfCIl3(THF) and [Me-NP],HfCl, [66], prepared from
the reactions analogous to those illustrated in Scheme 7. These
hafnium(IV) complexes are isostructural with the correspond-
ing zirconium counterparts, given the comparable parameters
obtained for these compounds from solution NMR spectroscopy
and X-ray crystallography.

3.3. Group 8: ruthenium

Decarbonylation of acetone and carbonate was found to pro-
ceed at a ruthenium center supported by a diarylamido diphos-

Me,CO, FCgHs, 75 °C

phine ligand [70]. Thermolysis of [[Pr-PNPM¢]Ru(H)(H;), pre-
pared from the reaction of H[Pr-PNPM¢] with [(COD)RuCl,],
followed by reduction with NaBHy, in the presence of acetone
led to the formation of [Pr-PNPMeJRu(H)(CO) (Scheme 10),
a result that was proposed to arise from sequential cleavage of
the acetone C—C bond and decarbonylation of the presumed
acyl intermediate complex. Alternatively, the reaction of H['Pr-
PNPMe] with [(COD)RuCl,], in the presence of K,'3COj3 in
isopropanol at 80 °C generated '3C-enriched (75%) decarbony-
lation product. Controlled experiments confirmed that both car-
bonate and secondary alcohols, e.g., isopropanol, can be decar-
bonylated. An X-ray study of [Pr-PNPM®]Ru(H)(CO) revealed
a roughly square pyramidal geometry for the ruthenium atom
with the hydride ligand occupying the apical position (Fig. 8).
The geometry of [Pr-PNPMe|Ru(H)(H,) was assessed by DFT
optimization [70,71].

H
e

N—RU—H,

H
Z_ Vi
/
/

K,'3C0s, 'ProH, 80 °C

N—Ru—CO

/
P’Pr2

[Pr-PNPM|Ru(H)(CO)

HIPr-PNPM®] + [(COD)RUC,],

[Pr-PNPMJRu(H)(“CO)

* 75% '3C-enriched

Scheme 10.
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Fig. 8. Molecular structure of ['Pr-PNPM®]Ru(H)(CO) established from an X-
ray study [70].

3.4. Group 9

3.4.1. Rhodium

The reaction of H[Ph-PNP] with [(COE),RhCl], (COE=
cyclooctene) in THF produced a five-coordinate rhodium(III)
hydride complex [Ph-PNP]Rh(H)(Cl) (Scheme 11) [29]. The
formation of [Ph-PNP]Rh(H)(CI) represents the first example
of N—H bond oxidative addition to a metal supported by a diary-
lamido phosphine ligand. The diagnostic upfield chemical shift
of —21.8 ppm observed for Rh—H (' Jrpy =30 Hz, 2Jpy = 11 Hz)
in the '"H NMR spectrum is typical for d® metals that adopt a

square pyramidal geometry in which the hydride ligand occupies
the apical position [72-75]. The preference of the hydride ligand
for the apical position is consistent with its high trans influence.
Analogous reactions involving H[Pr-PNPM¢] were also reported
to produce ['Pr-PNPMEIM(H)(Cl) (M =Rh, Ir) [57], accompa-
nied by the isomerization of 1,5-COD (COD = cyclooctadiene)
to 1,3-COD.

In situ lithiation of H[Ph-PNP] followed by reaction
with [(COE);RhCl], in toluene at room temperature gener-
ated a square-planar nz-COE adduct [Ph-PNP]Rh(COE) [29].
The COE ligand was readily replaced by CO to give [Ph-
PNP]Rh(CO). Alternative, [Ph-PNP]Rh(CO) could be pre-
pared from the reaction of H[Ph-PNP] with RhCl3; hydrate to
give {H[Ph-PNP]}Rh(j.-Cl),(RhCl;), which was subsequently
reduced with sodium amalgam in the presence of CO. The struc-
tural parameters of [Ph-PNP]Rh(CO) obtained from an X-ray
study were found to be generally in line with those predicted by
density functional calculations [29]. The theoretical calculations
also suggested that both amido nitrogen and Rh are negatively
charged and no interaction between the amido p orbital and the
Rhdm orbital (or dy, if the y axis is parallel to the Rh—N bond and
the z axis perpendicular to the coordination plane of the amido
diphosphine ligand). As a result,  back-bonding from Rh to
CO is significant as evidenced by the CO stretching frequency
of 1960 cm~! [29].

Bond activation of the NMe group in N-methylated diary-
lamido diphosphine ligands was investigated. It was found
that both N—C and C—H bonds in NMe can be activated
by Rh(I) [57,59], depending on the ligands employed, to

0.5x [(COE),RhCI], @_ SPPhe
H[Ph-PNP] N—Rh—ClI
-
PPh,
1. n-BuLi [Ph-PNPIRh(H)(CI)

2. 0.5x [(COE),RhClI],

@—Pph2
CO /
h

[Ph-PNP]Rh(1%-COE)

H[Pr-PNPMe]

0.5x [(COD)MCI],

N—Rh—CO

(T

[Ph-PNP]Rh(CO)

)

I~
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[Pr-PNPMeIM(H)(CI)

Scheme 11.
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generate rhodium(IIl) complexes containing an either amido
diphosphine (['Pr-PNPE]~ or ['Pr-PNP®2]~; E = Me, F) or alkyl
diphosphine ({['Pr-PNP“2]CH,}~) ligand (Scheme 12). The
reactions of Me['Pr-PNPE] (E=Me, F) with [(COD)RICI];
in diethyl ether at room temperature produced {Me['Pr-
PNPE]IRhCI, a product arising from the substitution of
COD with the N-methylated diarylamido diphosphine lig-
and. These Rh(I) complexes subsequently transformed into
[‘Pr-PNPE]Rh(Me)(Cl) intramolecularly either in solution

or in the solid state at temperatures ranging from 22 to
70°C. The thermal transformation in the solid state (from
crystal to crystal) is phenomenal. The activation param-
eters for the transformation of {Me['Pr-PNPM®]}RhCI in
CeDg at temperatures from 25 to 62°C were determined:
AH7 =23.5+09kcalmol™!, AS?=-2=+3kcalmol~! K71,
and AGZ;S =24.0 + 1.8 kcalmol ™! [57]. The AS7 value
obtained implies little change in order in the transition
state, consistent with a direct 1,2-migration of Me from

Fig. 9. Molecular structures of {Me[iPr-PNPMe]}RhCl (left) and ['Pr-PNPM¢]Rh(Me)(Cl) (right) established from X-ray studies [57].
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N to Rh. This result is in contrast to that derived from a
monoanionic PCP ligand system. The reaction of 1,3-bis[(di-
tert-butylphosphino)methyl]-2.4,6-trimethylbenzene with
[(C2H4)>RhCI], in benzene at room temperature undergoes
a selective C—C bond activation of aryl-methyl to produce
[n3—C6H(Me)2(CH2P’Bu2)2]Rh(Me)(Cl) accompanied by
a competitive C—H activation of ArCH,-H to give [n’-
CcH(Me),(CH,P'Buy),CH, JRh(H)(CI) [76], in which the
latter ultimately isomerizes to become the former as the only
thermodynamic product. The solid-state structures of both
{Me['Pr-PNPM*]1RhCl and ['Pr-PNPM¢]Rh(Me)(Cl) were
determined by X-ray crystallography [57], which revealed a
distorted square-planar geometry for Rh in the former and
square pyramidal for the latter (Fig. 9). Consistent with the
trans influence, the methyl ligand in [[Pr-PNPMe]Rh(Me)(Cl)
occupies the apical position.

With an ethylene tether incorporated in the ligand backbone,
the neutral Me['Pr-PNP?] and monoanionic [‘Pr-PNPC2]~
ligands were anticipated to be more rigidly prearranged for
meridional coordination to a metal. The reaction of Me['Pr-
PNPC?] with [(COD)RhCI], in aromatic solvents led ultimately
to the formation of [Pr-PNPC2]Rh(Me)(Cl) [59]. The over-
all reaction proceeded much faster than that of Me[!Pr-PNPE]
under similar conditions, indicating that the ethylene-tethered
ligand accelerates the N—C bond cleavage. Both {Me['Pr-
PNP®?]}RhCl and {[Pr-PNP®?]CH, }Rh(H)(CI) were observed
as intermediates spectroscopically. The observation of {['Pr-
PNP2]CH, }Rh(H)(Cl) intermediate is reminiscent of that
of [m3-C¢H(Me)>(CH,P'Bus)>CH, ]Rh(H)(Cl) in the monoan-
ionic PCP system [76]. Their conformations were supported
by the experiments employing the N!'3CHj-labeled Me['Pr-
PNP®?] compound, from which {Me['Pr-PNP“?]}RhCl, {['Pr-
PNPC?]CH, }Rh(H)(Cl), and [‘Pr-PNP“?]Rh(Me)(Cl) were
observed concurrently. Thus, the activation rates of C—H and
C—N bonds in NMe of this ethylene-tethered ligand are likely
comparable, in contrast to those found for the Me['Pr-PNPE]
ligands where the C—H activation was not observed.

3.4.2. Iridium

The preparation of ['Pr-PNPMe]Ir(H)(CI) [57] was described
as shown in Scheme 11. Thermolysis of an arene solution of
Me['Pr-PNPE] (E=Me, F) and [(COD)IrCl], at ca. 80°C pro-
duced a mixture of products that contain [!Pr-PNPE]Ir(Me)(Cl)
and two isomers of {Me[iPr-PNPE]*}Ir(H)(Cl) [59] as illus-
trated in Scheme 13. Attempts to observe the presumed
{Me[‘Pr-PNPE]}rCl intermediates (analogous to those shown
in Scheme 12) were not successful. Instead, spectroscopic data
of the reaction mixture at room temperature are indicative of
the formation of an ionic compound that contains the {Me['Pr-
PNPE]}r(m*-COD)* cation, a consequence that is ascribed to
the replacement of Cl~, rather than COD, in [(COD)IrCl],
with the N-methylated diarylamido diphosphine ligand. Com-
plexes [‘Pr-PNPE]Ir(Me)(Cl) were not isolated. Their identity
anticipated from the N—C bond cleavage of the N—Me group
was proposed by spectroscopic analogy with the corresponding
rhodium counterparts. Recrystallization of the reaction mix-
ture after thermolysis afforded one of the isomeric {Me['Pr-
PNPE]*}Ir(H)(Cl) suitable for X-ray analysis. The formation
of {Me['Pr-PNPE]*}Ir(H)(Cl) is apparently a result of C—H
bond activation (or cyclometallation) of one of the isopropy-
Imethyl groups, presumably from the unobserved {Me['Pr-
PNPE]MICI intermediates. The four-membered iridacycle is
severely strained and thus the coordination geometry about Ir is
distorted from ideal octahedron. Nevertheless, the cyclometal-
lated {Me['Pr-PNPE]#}Ir(H)(Cl) complexes are air stable, con-
sistent with the 18-electron count for these molecules.

The reaction of Me['Pr-PNP¢?] with [(COD)IrCl], in
CsDg at ambient temperature produced a mixture of ['Pr-
PNP?]Ir(Me)(Cl), {Me['Pr-PNPC?]*}Ir(H)(CI), and {['Pr-
PNP2]CH, }r(H)(Cl) [59]. None of the products was iso-
lated. Employing the N'3CHj3-labeled Me['Pr-PNP®?] com-
pound for this reaction assisted the characterization of these
molecules. The formation of {Me['Pr-PNPE]*}Ir(H)(Cl) and
{Me['Pr-PNP®2]#}Ir(H)(Cl) appears to suggest a higher pref-
erence for Ir than for Rh in a cyclometallation reaction.
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3.5. Group 10

3.5.1. Nickel

A series of diamagnetic nickel(Il) complexes supported
by bidentate diarylamido phosphine ligands, [‘Pr-NP]~ and
[Me-NP]™, have been prepared [53]. The chloride complex,
{['Pr-NPINiCl},, is accessible from the reaction of either
NiClp(DME) with [‘Pr-NP]Li(THF), in THF at —35°C or
NiCl,(DME) with H['Pr-NP] in THF at room temperature
in the presence of triethylamine (Scheme 14). Analogous
reactions employing sterically less demanding [Me-NP]™ led
likely to the concomitant formation of [Me-NP],Ni and the
desired chloride complex, from which purification proved rather
ineffective. Addition of PMe3 to {['Pr-NPINiCl}, afforded
[[Pr-NP]NiCl(PMe3), from which ['Pr-NP]NiMe(PMe3), [Pr-
NPINiPh(PMe3), and [‘Pr-NP]Ni(n3-CH,Ph) could be pre-
pared from the metathetical reactions with appropriate Grig-
nard reagents. In contrast, attempts to prepare well-defined m!-
alkyl or -aryl complexes from the reactions of {['Pr-NPINiCl},
with a variety of Grignard reagents were not successful. Solu-
tion NMR data of ['Pr-NP]NiMe(PMe3) reveal two geometric
isomers at room temperature with the major species carry-
ing PMes cis to the phosphorus donor of the amido phos-

phine ligand (2Jpp =30Hz). Interestingly, only one of the pos-
sible isomers was observed for ['Pr-NP]NiCl(PMe3) and ['Pr-
NP]NiPh(PMe3), in which the two phosphorus donors in the
former are exclusively cis (2Jpp =88 Hz) whereas those in the
latter are trans (21pp =288 Hz). Similar to those found in H[Pr-
NP] and ['Pr-NP]Li(THF),, the isopropylmethyl groups in these
nickel complexes are diastereotopic as evidenced by 'H and 13C
NMR spectroscopy, implying restricted rotation about the N—Ar
bond. These spectroscopic data are all consistent with the solid-
state structures determined by X-ray crystallography.

Other than those illustrated in Scheme 14, the preparation
of ['Pr-NP]Ni(n3-CH,Ph) may also be accessible in 89% yield
from the reaction of Ni(COD), with PhCH,Cl in the presence of
[Pr-NP]Li(THF), (Scheme 15). This strategy takes advantage
of facile oxidative addition of benzyl halides to zerovalent nickel
[77] and avoids the prerequisite preparation of the chloride pre-
cursors, thereby providing a valuable entry to the sterically less
bulky [Me-NP]~ derivatives. The n3 feature [78] of the benzyl
ligand in these molecules maintained in solution was unambigu-
ously elucidated by ' Jcy of ca. 152 Hz observed for the benzylic
methylene group in the NMR spectroscopy. The increased cou-
pling constant, as compared to a typical value of 122 Hz for
a normal sp> carbon atom, parallels a decreased Ni—C,—Ph
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angle that leads to an increase in the amount of sp? charac-
ter of the C, atom [78,79]. The benzylic methylene group is
exclusively cis to the phosphorus donor as indicated by the
3 Jup value of 4 Hz and 2Jcp of 9Hz [80]. A rapid suprafacial
rearrangement [81,82] of the m>-benzyl ligand was proposed in
solution on the basis of variable-temperature 'H NMR studies.
Both [Pr-NP]Ni(n*-CH,Ph) and [Me-NP]Ni(n3-CH,Ph) were
characterized crystallographically [53].

Diamagnetic, square-planar nickel(Il) complexes supported
by tridentate amido diphosphine ligands were also prepared.
The reactions of [R-PNPF]Li(solv),, with NiCl,(DME) in THF
at —35°C or those of H[R-PNPE] with NiCl,(DME), (n=0, 1)
in the presence of triethylamine generated the corresponding [R-
PNPEINICI (Scheme 16) [23,54,83]. These chloride complexes
are all air and water stable in both solution and solid state. Com-
plexes ['Pr-PNPEINiCl could also be prepared by heating a C¢Dg

solution of Me['Pr-PNPE] (E=Me, F) and NiCl; at 90 °C [83],
which involves cleavage of the N—Me bond in Me[‘Pr-PNPE].

The chloride complexes [R-PNPEINiCl were found to react
with NaBHy or a variety of Grignard reagents to afford [R-
PNPEINiH and [R-PNPEINiR’, respectively [23,54,83]. The
preparation of the nickel hydride complexes [R-PNPEINiH may
be conveniently accessible by oxidative addition reactions of
H[R-PNPE] with Ni(COD), [54,83]. Attempts to prepare [‘Pr-
PNPE|NiMe (E=Me, F) by the oxidative addition route of
Me[‘Pr-PNPE] with Ni(COD); or Ni(PPh3)4 were not successful
[83].

Of particular interest among the alkyl complexes iso-
lated are those bearing B-hydrogen atoms [23,54] as anal-
ogous compounds were not reported in the closely related
[N(SiMe;CH,PR»)2]™ [84] and bidentate [NP]™ [53] systems.
Remarkably, these 3-hydrogen-containing alkyl complexes are

PR,
\
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Fig. 10. Molecular structures of [Ph-PNP]Ni(n-Bu) (left) and ['Pr-PNP]Ni(n-Bu) (right) established from X-ray studies [54].

thermally stable in benzene at 80 °C for >3 days, a result that
is ascribed to the rigidity and robustness of the diarylamido
diphosphine ligands, in which the dissociation of the phos-
phine arm(s), if any, cannot be significant. Fig. 10 depicts the
X-ray structures of [Ph-PNP]Ni(n-Bu) and [[Pr-PNP]Ni(n-Bu),
which represent the rare examples of crystallographically char-
acterized, mononuclear nickel complexes of acyclic alkyls that
contain 3-hydrogen atoms.[54] Interestingly, olefin insertion
into the Ni—H bond of [Ph-PNP]NiH occurs readily, even at
room temperature, to produce corresponding nickel hydrocar-
byl complexes that contain 3-hydrogen atoms. On the basis of
these results and the principle of microscopic reversibility of
B elimination and olefin insertion, it was proposed that the 3
elimination of [R-PNP]NiCH,CHR'R” species is likely uphill
thermodynamically, at least for [Ph-PNP]™ derivatives. These
hydrocarbyl complexes were found to react with halogenated
hydrocarbons such as dichloromethane, benzyl bromide, and
phenyliodide to generate the corresponding nickel halide deriva-
tives, e.g., [Ph-PNPINiX (X=Cl, Br, I) [54]. As a result, the
chloride complexes [Ph-PNP]NiCl, [{Pr-PNP]NICl, and [Cy-
PNP]NiCl were all active catalyst precursors for Kumada cou-
pling reactions (Scheme 17), including those of alkyls containing
B-hydrogen atoms [54], although the catalytic reaction conver-
sion and selectivity were relatively unsatisfied. It should be noted
that transition metal catalyzed cross-coupling reactions are usu-
ally incompatible with alkyl substrates that contain 3-hydrogen
atoms [85-87], which often suffer, at least in part, from facile
B-hydrogen elimination. The electronic and steric modifications
imposed by various substituents at the phosphorus donors in

o ) )

1 mol% [R-PNP]NiCI
R = Ph, Pr, Cy

R' = 4-tolyl, Et, n-Bu
X =Br, |

Scheme 17.

[Ph-PNP]NiCI, ['Pr-PNP]NiCl, and [Cy-PNP]NiCl seem to have
little impact on the catalytic activity.

Solution NMR data of these nickel complexes are all sug-
gestive of a square-planar geometry for these molecules, with
the amido diphosphine ligands being in a meridional coordi-
nation mode. The diagnostic evidence is the presence of vir-
tual triplet resonances observed for the o-phenylene carbon
atoms in the '3C{'"H} NMR spectra. The H, and C, atoms
in the hydrocarbyl complexes [R-PNPEINiR” and the hydride
ligand in [R-PNPEINiH were all observed as a triplet reso-
nance in the 'Hand '>C{"H} NMR spectra. These spectroscopic
data are consistent with the solid-state structures determined
by X-ray crystallography where available. Consistent with the
ionic sizes of divalent group 10 metals, the P-M—P angle
decreases on going from [Ph-PNP]NiCl (171.72(4)°) [54] to [Ph-
PNP]PACI (165.27(11)°) [88] and [Ph-PNP]PtCl1 (167.30(8)°)
[89].

3.5.2. Palladium

Palladium complexes of bi- and tridentate diarylamido
phosphine ligands can be regarded as one of the elec-
tronic modifications of the popular phosphine palladacycles
(Fig. 11) [31-33,36,90] that are active catalyst precursors for
cross-coupling reactions. The metathetical reactions of ['Pr-
NP]Li(THF); with PdCI,(PhCN), in THF at —35 °C produced
{['Pr-NP]PdCl}, [91] in quantitative yield. Addition of PCy;
to an ethereal solution of {['Pr-NP]PdCl}, generated quanti-
tatively ["Pr-NP]PdCI(PCy3). Similar to that described in the
nickel chemistry (Scheme 14) [53], the two phosphorous donors
in ['Pr-NP]PdCI(PCy3) are mutually cis as indicated by the 2Jpp
value of 15 Hz. This result is consistent with that obtained from
an X-ray diffraction study (Fig. 12) [91]. The isopropylmethyl
groups in both {['Pr-NP]PdCl}, and ['Pr-NP]PdCI(PCys) are
diastereotopic, implying restricted rotation about the N—Ar bond
for steric reason.
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Fig. 11. Representative examples of phosphine palladacycles.

The reactions of [Ph-PNP]Li(THF), with PdCl,(PhCN),
or Pd(OAc), in THF at —35°C produced [Ph-PNP]PdX
(X=Cl, OAc) [88] quantitatively (Scheme 18). Alternatively,
the analogous chloride and acetate complexes of ['Pr-PNPE]~
(E=H, Me, F, Br, SiMe3) may be prepared from the reactions of
Me['Pr-PNPE] or H['Pr-PNPM¢] with (COD)PdCl, or Pd(OAc),
[56,58.,83]. Complex ['Pr-PNPC?|PdCI was prepared by heating
a toluene solution of Me[‘Pr-PNP®2] and (COD)PdCl, [59].
Mechanistic investigation was attempted for those involving
N—Me bond cleavage by Pd(II) [58]. Though rather incon-
clusive, the mechanism may include either oxidative addition
of the N-Me bond in the presumed {Me['Pr-PNPE]}PdX,
(X =Cl, OAc) intermediates or nucleophilic attack of X on the
NMe group. Nevertheless, an intramolecular transformation of
the presumed {Me['Pr-PNPB]}Pd(OAc), intermediate to ['Pr-
PNPB'IPd(OAc) was determined at temperatures from 9 to41 °C
with activation parameters of AH* =23.54 1.5kcalmol™!,
AS*=3+5eu, and AGly =22.5+3.0kcalmol™!. In
contrast to these results that involve the selective cleavage
of N—Me rather than NCH,—H bond, only the ArCH,—H

Fig. 12. Molecular structure of [iPr—NP]PdCl(PCy3) established from an X-ray
study [91].

activation product was reported for the thermolysis reaction
of 1,3-bis[(dialkylphosphino)methyl]-2,4,6-trimethylbenzene
(alkyl = Pr, 'Bu) with Pd(TFA), (TFA = OCOCFj3) in THF at
80°C [90]. Similar to those described in the nickel chemistry
(Scheme 16), the palladium hydride and methyl complexes
could also be prepared [83]. Solution NMR spectroscopic
and X-ray crystallographic (where available) studies of these
palladium complexes are all indicative of a square-planar
geometry for these molecules. The crystallographic data are
all suggestive of a weaker trans influence donor for amide in
[PNP]~ than for aryl carbanion in [PCP]~. For instance, the
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Pd—Cl distance of 2.313(5)A in [Ph-PNP]PdCI [88] is sim-
ilar to that of [(PhoPCH,SiMe;),N]PdCI (2.3143(6) A) [84]
but notably shorter than that of ['q?’-2,6-(Ph2PCH2)2C6H3]PdCl
(2.367(3) A) [92].

The palladium complexes {['Pr-NP]PdCl},, ['Pr-
NP]PdCI(PCy3), and [Ph-PNP]PdX (X=Cl, OAc) are all
extremely thermostable at elevated temperatures (up to 200 °C)
and not sensitive to air or water [88,91]. Of particular interest
is perhaps their catalytic activity with respect to cross-coupling
reactions.

In particular, catalytic Suzuki coupling reactions can be
mediated by either {['Pr-NP]PdCl}, or [‘Pr-NP]PdCI(PCys3)
(Scheme 19) for a wide array of electronically activated, unacti-
vated, and deactivated aryl iodides, bromides, and chlorides [91].
A number of functional groups (e.g., nitro, ketone, aldehyde,
halide, alkyl, alkoxy, etc.) are compatible with this catalytic con-
dition. Consistent with the phenomenal stability of these palla-
dium compounds, the coupling reactions can be conducted under
aerobic conditions in the presence of water. Extremely high
turnover numbers of up to 6.8 x 107 and turnover frequencies
of up to 3.1 x 10° (per hour) were realized for the coupling of
electronically deactivated 4-bromoanisole with phenylboronic
acid. This catalytic condition also allows for the coupling of
heterocyclic (e.g., 2-bromothiophene, 100% yield) and 2,6-
disubstituted substrates. Of particular interest is the formation of
tri-ortho-substituted biaryls (e.g., 2,2’ ,4,6-tetramethylbiphenyl,
82% yield) at efficient turnover rates. Kinetic studies on com-
petitive experiments involving p-substituted aryl bromides led
to Hammett plots with reaction constants p of 0.48 for {[iPr—
NP]PdCl}; and 0.66 for [‘Pr-NP]PdCI(PCys3), implying that aryl
halide oxidative addition is not the rate-determining step in this
process. The low p values are similar to those reported for other
catalytic Suzuki coupling reactions, in which transmetallation
was suggested to be slow [93,94].

Palladium complexes of tridentate amido diphosphine lig-
ands [Ph-PNP]~ and [‘Pr-PNPM¢]~ are active catalyst precur-
sors for Heck olefination [56,88] of a variety of aryl iodides,
bromides, and chlorides. Scheme 20 illustrates the catalytic reac-
tions of aryl halides with styrene mediated by [Ph-PNP]PdX
(X =Cl, OAc) [88]. A number of functional groups (e.g., nitro,
ketone, aldehyde, halide, alkoxy, etc.) are compatible with this
catalytic condition. Extraordinarily high turnover numbers of
up to 4.5 x 107 and turnover frequencies of up to 1.1 x 10°
(per hour) were achieved for the coupling of iodobenzene
with styrene. Not surprisingly, the reactivity follows the order
of iodide > bromide > chloride. Analogous to those found for

the catalytic Suzuki coupling reactions [91], mechanistic stud-
ies on the Heck reactions outlined in Scheme 20 revealed a
low reaction constant p of 0.60 [88], likely indicating that
the rate-determining step is not the oxidative addition of the
aryl—halide bond to the metal center of the active species. Similar
observations were also reported for systems involving [1>-2,6-
(‘Pr,PCH,),CeH3]PdX (X = trifluoroacetate, p = 1.39) [90] and
related compounds [95], in which slow olefin coordination or
insertion was suggested. The Heck coupling of aryl iodides
and bromides with ethyl acrylate catalyzed by [Pr-PNPM¢]PdX
(X=Cl, OAc, H) was also reported [56].

3.5.3. Platinum

Platinum complexes of tridentate [Ph-PNP] ™ have been pre-
pared and applied to promote intermolecular benzene C—H
bond activation [89]. The reaction of [Ph-PNP]Li(THF), with
PtCl>(SMe,), in THF at —35 °C produced [Ph-PNP]PtCI quan-
titatively. Subsequent reactions of [Ph-PNP]PtCI with MeMgCl,
PhMgCl, or AgOTf afforded [Ph-PNP]PtMe, [Ph-PNP]PtPh,
and [Ph-PNP]PtOTT, respectively. The methyl and phenyl com-
plexes may be alternatively prepared by addition of H[Ph-PNP]
at —35°C to an ethereal solution of [PtMe;(p-SMe»)]» or
cis-PtPhy(SMe» ),, respectively. Protonolysis of [Ph-PNP]PtMe
with HOTY also produced [Ph-PNP]JPtOTf. The lability of the
triflate ligand in [Ph-PNP]PtOTf was demonstrated by its facile
displacement by pyridine and acetonitrile. Nevertheless, these
platinum complexes are all thermally stable at elevated tempera-
tures (150 °C), reminiscent of their nickel [23,54] and palladium
[88] analogues. The solution NMR spectroscopic and X-ray
crystallographic data are indicative of a square-planar geometry
for these molecules.

Interestingly, treatment of a benzene solution of [Ph-
PNP]PtMe with a stoichiometric amount of B(CgF5)3 at room
temperature led to the formation of [Ph-PNP]PtPh in quan-
titative yield (Scheme 21), a consequence that arises from
the cleavage of a benzene C—H bond. Controlled experi-
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catalyst = [Ph-PNP]PdCI or [Ph-PNP]PdOAc
X=1,Br,Cl
TONupto4.5x 107 for iodobenzene

catalyst

MeNCys,, NMP
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Scheme 20.
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ments revealed that the conversion of [Ph-PNP]PtMe to [Ph-
PNP]PtPh is proportional to the substoichiometry of B(C¢F5)3
employed, indicating a non-catalytic process for this reaction.
Heating a benzene solution of [Ph-PNP]PtOTf to 110°C or
above in the presence of a variety of aliphatic amines (e.g.,
triethylamine, N-methyldicyclohexylamine (MeNCys), or 1,4-
diazabicyclo[2.2.2]octane (DABCO)) yielded [Ph-PNP]PtPh
quantitatively. In comparison, no reaction was found for [Ph-
PNP]PtCl under similar conditions, suggesting that prior dis-
sociation or displacement of the labile triflate ligand in [Ph-
PNP]PtOTf is essential for the intermolecular benzene C—H
bond activation in this process. A similar result was also reported
for platinum triflate complexes supported by a monoanionic
bis(8-quinolinyl)amide ligand [96].

Platinum complexes of [‘Pr-PNPE]~ (E=Me, F) were also
attempted. Similar to those illustrated in Schemes 16 and 18, the
reactions of Me['Pr-PNPE] (E=Me, F) or H['Pr-PNPM¢] with
(COD)PtCl, led to ['Pr-PNPE]PtCI, from which [‘Pr-PNPE|PtH
and [Pr-PNPE|PtMe were prepared [83].

3.6. Group 11: copper

A dinuclear copper complex of [‘Bu-PNP]~, {['Bu-
PNP]Cu}, (Scheme 22), has been found to be an exception-
ally efficient luminophore that exhibits both an exceptionally
high quantum yield and a long lifetime [55]. This neutral, dia-
magnetic, luminescent yellow compound was prepared in 92%
yield from either the metathetical reaction of [(Bu-PNP]Li with
CuBr(SMe,) in diethyl ether or protonolysis of H['Bu-PNP] with
Cu(mesityl) (mesityl =2,4,6-C¢HyMes3). The solid-state struc-

PBu,
Bu!
) i_—R

PBu,

N—Li

S

{Bu-PNP]Cu},

ture of {[iBu-PNP]Cu}z was characterized by X-ray crystallog-
raphy, which revealed a short distance of 2.6245(8) A for the
two tetrahedral copper atoms in a Cu;N, diamond core. When
irradiated by visible light, {[/Bu-PNP]Cu}, emits strongly in
both solid state and solution. The quantum yield of this dicopper
species at 298 K was determined: ¢ =0.68 £ 0.02 in cyclohex-
ane and 0.67 £0.04 in THEF, and the lifetime of its excited
state: T =10.2 + 0.2 psincyclohexane and 10.9 & 0.4 s in THE.
The unusual emission properties of {['Bu-PNP]Cu}, could be
attributed to: (1) the relatively little structural reorganization [97]
or ligand dissociation upon irradiation, and (2) the steric protec-
tion provided by the bulky amido diphosphine ligand for the
two copper sites from solvent-induced exciplex formation [98].
Given the identification of two reversible redox couples at —550
and 300 mV in CH,Cl; (referenced externally to the Fc*/Fc cou-
ple) found for {[iBu—PNP]Cu}z, this and related compounds
may possibly lead to a photochemically driven multi-electron
reaction process [99].

3.7. Group 12: zinc

The preparation of three-coordinate zinc complexes has been
facilitated by the employment of a bidentate diarylamido phos-
phine ligand. The reaction of H['Pr-NP] with ZnR, (R=Me,
Et) in an ethereal solution at —35 °C produced [‘Pr-NP]ZnR
(Scheme 23) [28]. The isolation of monomeric, coordinatively
unsaturated ['Pr-NP]ZnR is remarkable, particularly for small
alkyl derivatives, as these reactions were conducted in strong
coordinating solvents. Three-coordinate zinc complexes that are
not associated with coordinating solvents are extremely rare

All hydrogen atoms and iso-propyl
groups are omitted for clarity.

Scheme 22.
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Fig. 13. Molecular structure of ['Pr-NP]ZnEt established from an X-ray study
[28].

[100]. Fig. 13 illustrates the X-ray structure of ['Pr-NP]ZnEt.
The isopropylmethyl groups in both [‘Pr-NP]ZnMe and [‘Pr-
NP]ZnEt are diastereotopic as evidenced by solution NMR
spectroscopic data, implying restricted rotation about the N—Ar
bond due to the steric demand of the amido substituent. Complex
[‘Pr-NP]ZnEt was characterized crystallographically.

The metathetical reaction of ['Pr-NP]Li(THF), with ZnCl, in
diethyl ether at —35°C generated the homoleptic [‘Pr-NP]>Zn

@ENHAr
PPh,

regardless of the stoichiometry employed. The bis-ligand com-
plex [‘Pr-NP]»Zn could also be prepared by heating a toluene
solution of [Pr-NP]ZnR and H['Pr-NP] at 100 °C. No product
formation was observed, however, when this reaction was per-
formed at room temperature even after a prolonged period of
time, due presumably to the significant steric repulsion between
the two starting materials. Both X-ray crystallographic and solu-
tion NMR spectroscopic data of ['Pr-NP],Zn are indicative of a
tetrahedral geometry for the zinc center.

3.8. Group 13: aluminum

Aluminum complexes of bidentate diarylamido phosphine
ligands were prepared. Alkane elimination reactions of H[Me-
NP] with trialkylaluminum in toluene at 110 °C produced [Me-
NP]AIR; (R=Me, Et) quantitatively (Scheme 24) [52]. High
yields of ['Pr-NP]AIMe; and ['Pr-NP]AIEt, were obtained in a
similar manner. Alternatively, the aluminum complexes could
be accessible by metathetical reactions. Addition of one equiv
of [Me-NP]Li(THF);, or [iPr—NP]Li(THF)z (either generated
in situ or isolated) to AlICI3 suspended in toluene at —35°C
cleanly produced ['Pr-NP]AICI; and ['Pr-NP]AICI,. Subsequent
alkylation of [Me-NP]JAICIl, with two equiv of trimethylsilyl-
methyllithium in toluene at room temperature generated [Me-
NPJAI(CH,SiMe3),. In contrast, attempted reaction of [‘Pr-
NP]AICI; with trimethylsilylmethyllithium (either one or two
equiv) did not proceed at all under similar conditions, suggesting
significant steric repulsion between ['Pr-NP]~ and trimethylsi-
lylmethyl ligands. These aluminum complexes are extremely
sensitive to air and moisture but stable, even at elevated tem-
peratures, under an inert atmosphere for a prolonged period of
time.

The solution structures of these four-coordinate aluminum
dichloride and dialkyl derivatives were all determined by multi-
nuclear NMR spectroscopy. The isopropylmethyl groups in
the ['Pr-NP]~ derivatives are diastereotopic, again implying
restricted N—Ar bond rotation in these molecules due to sig-
nificant steric demand of the amido substituents. The 'H NMR
studies of [Me-NP]AIEt,, [Me-NP]JAI(CH,SiMe3),, and [‘Pr-
NP]JAIEt, are indicative of diastereotopic a-hydrogen atoms
in these molecules. The chemical non-equivalence of the Hy
atoms in Al-CH,R fragments can be ascribable to the lack

Ar

AlMejz or AlEt; N\ wR
/AI.'\R
P [Me-NPJAIR;, R = Me, Et, CH,SiMe3

Ph; [Pr-NPJAIR,, R = Me, Et
n-BuLi Ar = 2,6-CBH3M92
THF 2,6-CgH5Pr, 2 LiCH,SiMeg
Ar Ar
N
N\L_ W THF AICl3 \AI wCl
1
P/ TNTHF 5 /. Cl
Ph, Ph, Me-NPJAICI
[Pr-NPJAICI,

Scheme 24.
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of symmetry of these molecules with respect to internal rota-
tion involving the a-methylene groups [101]. Heteronuclear
COSY and NOE experiments suggested that the phospho-
rus donor in [Me-NPJAI(CH,SiMes), and [‘Pr-NP]AIEt, is
coupled to only one of the diastereotopic a-hydrogen atoms
that is virtually antiperiplanar [102] with respect to the phos-
phorus atom. Conformations other than that found in [Me-
NP]AI(CH,SiMe3), and [‘Pr-NP]AIEt, may be accessible with
sterically less demanding amido phosphine and/or alkyl ligands.
Though sterically demanding, the phosphorus donor of [Me-
NPJAIEt;, [Me-NP]JAI(CH,SiMe3),, and [Pr-NP]AIEt, does
not dissociate readily even at high temperatures, as internuclear
H,—P coupling was found for these molecules at temperatures as
high as 100 °C. This phenomenon highlights the rigidity of the
o-phenylene backbone of the diarylamido phosphine ligands, in
spite of the inherent mismatch of the hard aluminum and soft
phosphorus atoms. The X-ray structures of [Me-NP]AIEt, and
[‘Pr-NP]AlMe, were reported.

It has been well documented that the coordination number of
neutral aluminum complexes correlates well with the chemical
shifts of 27 Al (I=5/2, natural abundance 100%) NMR spec-
troscopy [103]. All dialkyl complexes isolated in this study
are not associated with coordinating solvents such as THF and
diethyl ether, while the dichloride derivatives adopt THF readily,
providing five-coordinate THF adducts [Me-NP]AICl,(THF)
and ['Pr-NP]AICI,(THF) as suggested by the 27 Al NMR spec-
troscopy and X-ray crystallography. Fig. 14 depicts the X-ray
structure of [Me-NP]AICI,(THF) in which the aluminum cen-
ter adopts a distorted trigonal bipyramidal geometry with the
phosphorus donor and the coordinated THF molecule occupy-

Fig. 14. Molecular structure of [Me-NP]AICl,(THF) established from an X-ray
study [52].

ing axial positions. This result is in good agreement with a more
electrophilic aluminum center of the four-coordinate dichloride
complexes than that of their dialkyl counterparts (electronega-
tivity: Cl, 3.16; C, 2.55) [104].

4. Conclusions and perspectives

Though relatively young, chemistry involving metal com-
plexes of chelating diarylamido phosphine ligands has become
prosperous and versatile. With the incorporation of the o-
phenylene backbone, the diarylamido phosphine ligands are
significantly rigid and robust as has been demonstrated in the
established coordination and organometallic chemistry. Given
the versatility of the entire ligand set in view of variable haptic-
ity (bi- and tridentate) and formal charge (mono- and dianionic),
in combination with the availability of various substituents (alkyl
and aryl) at the amido nitrogen and phosphorus donor atoms, the
stability and reactivity of the diarylamido phosphine complexes
may be finely tunable. Remarkably, catalytically active metal
complexes that resist thermal decomposition at temperatures as
high as 200 °C have been discovered [88]. A number of soft and
hard main-group and transition metals have proven to be com-
patible, reflecting the hybrid characteristic of the diarylamido
phosphine ligands. The chemistry developed thus far highlights
the unusual reactivity (e.g., activation of inert chemical bonds
[57,89], catalytic formation of carbon—carbon bonds [88,91],
etc.) and stability (e.g., titanium phosphinidene [62], dinuclear
copper luminophore [55], low coordinate zinc [28], etc.) of these
molecules. On the basis of the results obtained to date, it is clear
to foresee the possibility of a wide array of new diarylamido
phosphine complexes and related compounds [105] that promise
to engender exciting chemistry broadly and productively.
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