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Reaction of the terminal electrophilic phosphinidene complexes [Cp*M{EFN(-Pr)}[AICI 4 (3,
M = Mo; 4, M = W) with PEg results in replacement of a metal carbonyl by the phosphine. The reactions
occur via initial nucleophilic attack by the phosphine at the phosphinidene phosphorus, followed by
carbonyl loss and migration of the phosphine to the metal. Reaction8 ahd 4 with bis-
(dimethylphosphino)methane (dmpm) lead to [Cp*M(G®)N(-Pr))P(Me)CHP(Me)-«2PL P4 [AIC 4]
(9, M = Mo; 10, M = W), in which one end of the diphosphine coordinates to phosphorus and the other
end coordinates to the metal. The reactions proceed by initial nucleophilic attack by one end of the
diphosphine at phosphorus, followed by carbonyl loss and coordination of the other end of the ligand to
the metal. Compound@ (M = Mo) reacts with bis(dimethylphosphino)ethane (dmpe) to give the analogous
product [Cp*Mo(CO} P(N(-Pr))P(Me)CH,CH,P(Me&)-«2P,PS}[AICI 4] (12), in which the two ends
of the dmpe ligand coordinate to phosphorus and molybdenum, respectively. Reaction of comipound
(M = W) with dmpe leads to two products, [Cp*W(CDP(N(-Pr))P(Me)CH,CH,P(Me&)-x?P*,P5} |-
[AICI 4] (13) and [ Cp*W(CO)(PN(-Prk)}2(u-dmpe)][AICLy], (14). Compoundl3 is analogous td.2.
In compoundl4, the two ends of the diphosphine ligand displace carbonyl ligands from two molecules
of 4, resulting in a novel bis-phosphinidene structure in which the diphosphine ligand bridges two metal
centers, each of which retains a terminal phosphinidene ligand. Loss of an additional carbonyl ligand
from 12, followed by migration of one end of the phosphine from phosphorus to the metal, results in
re-formation of a terminal phosphinidene ligand, leading to [Cp*Mo(CO){FMY)(dmpex?P)][AICI 4]
(17). The structural characterization of the phosphine adducts and carbonyl substitution products of the
terminal phosphinidene complex8sand 4 has provided valuable insights into metahosphinidene
bonding in these compounds.

Introduction phosphinidene complexes have been carried-®lit.particular,
the transient molecules [W(CEPR], generated via thermal
analogues of carbene complexes. It has thus been suggested thgjresence of trapping reagents, have been used to explore many
electrophilic classeks.# The first stable nucleophilic terminal trapping reactions, in conjunction with computational stud-

phosphinidene complexes were described by Lappert in 1987, ies1210.1form much of the basis for our understanding of the
and other nucleophilic phosphinidene complexes, analogous tOreactivity of electrophilic phosphinidenes.

Schrock type carbenes, have been described $ifiee isolation In 2001, we reported the synthesis of stable terminal

of glectrophilic phosphinidene complexes has proven to be MOr€ejectrophilic phosphinidene complexes of molybdenum, tung-
difficult.*#” However, extensive studies of transient electrophilic sten and rutheniuf®3These were the first examples of a new

_ class of cationic phosphinidene complexes formed by abstraction
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expanded greatly, with new examples of nucleopHliejec- Scheme 1

trophilic,1>6and intermediafé phosphinidene complexes being

reported. Several new synthetic applications of stable phos- \@/ \@/
phinidene complexes have also been describédl. lo PEL ®

As a part of our ongoing studies of the reactivity of terminal oc//MTCo —3 Et3p//M<co
phosphinidene complexes, the reactions of [Cp*Mo(§©IN- &£ \P -CO C \P
(i-Pr)}[AICI 4] (3) and [Cp*W(CO}{ PN(-Pr)}][AICI 4] (4) hIl &
with phosphines have been examined. Like Fischer carbenes, 7 Y Y
the phosphinidene ligands in these complexes have a heteroatom 3 M=Mo 5, M = Mo
substituent with a lone pair that acts as donor to phosphorus. 4M=w 6 M=W

The complexes are expected to be less electrophilic than the

transient phosphinidene complexes [W(GRR] because of the  to probe the Lewis acid acceptor ability of low-coordinate
donor properties of the Cp* ring; however, they are still best phosphorus compounds. For example, phosphine coordination
considered electrophilic phosphinidene complexes on the basisto the phosphorus atom of phosphenium cations has been
of their structural features: namely, long metphosphorus  describe#® and provides a synthetic methodology for P bond
bond lengths and short-fN bond lengthg2 Our primary goal formation. Phosphine coordination has also been used to form
was to use these reactions and the resulting products as a meansnd isolate stable P(l) reagefRfsThe transient electrophilic

of probing the Lewis acid acceptor properties of the amino- phosphinidene complexes [W(C$R] have been trapped with
phosphinidene ligand, butAP bond forming reactions may also  phosphines to form the phosphoranylidenephosphine complexes
have synthetic utility. Phosphines have been used previously[W(CO)sP(R=PR3].2! The P-P bond formed in these reactions
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is clearly a double bond, and the complexes act as “phospha-
Wittig” reagents, reacting with organic carbonyl compounds to
form phosphaalkenéd The stable rhenium phosphinidene [Re-
(CO%(PN{i-Pry}]™ reacts with triphenylphosphine to form a
phosphine adduct with a substantially longetrHP bond of
2.235(1) A, consistent with aFP single bond® Donor—
acceptor interactions with terminal phosphinidene complexes
have also been studied computationaH{Portions of this work
have been communicatéd.

Results and Compound Characterization

The reactions of the molybdenum phosphinidene complex
[Cp*Mo(CO)s{ PN(-Pr)}[AICI 4] (3) and the tungsten phos-
phinidene complex [Cp*W(CQ)PN(-Pri}[AICI 4] (4) with
triethylphosphine result in carbonyl substitution at the metal to
form the phosphine-substituted terminal phosphinidene com-
plexes [Cp*Mo(CO)(PEE)(PN(-Pr))][AICI 4] (5) and [Cp*W-
(COX(PEB)(PN(-PrR)I[AICI 4] (6), in which one metal carbonyl
has been replaced by REScheme 1). Carbonyl loss from the
molybdenum complex and formation &f is rapid at room
temperature. Carbonyl loss from the tungsten complex and
formation of6 require 2 days at room temperature but can be
accelerated by heating the solution to GD.

Both compounds have been structurally characterized. An
ORTEP diagram ob is shown in Figure 1. Crystals & are
isomorphous, and its structure is nearly identical with that of
5. Selected distances and angles for both compounds are given
in Table 1. The geometry at the metal is that of a square-based
pyramid with two carbonyl groups, the phosphine, and the
phosphinidene ligands forming the base and the center of the
Cp* ligand occupying the apical position. The phosphine and
the phosphinidene ligands are transoid, occupying opposite
corners of the square base. The #® and W-P distances to
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123 7947.
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satellites for the phosphinidene resonancé &78 could not

be resolved, due to the broadness of the peak. In addition to
the expected peaks for the Cp* methyl groups and the ethyl
groups of PR, the’H NMR spectra of the two complexes show
two sets of resonances for chemically inequivalent isopropyl
groups, consistent with restricted rotation about thé\Fbond.

Figure 1. ORTEP diagram of the cation of [Cp*Mo(C&PEL)-
(PN(@-Pry)JJAICI 4] (5). Hydrogen atoms have been omitted.

Table 1. Selected Distances (A) and Angles (deg) in This restricted rotation was also observed in the parent
[Cp*M(CO) »(PEt3)(PN(i-Pr))][AICI 4] compounds3 and 4 and is attributed to the NP z-donor
5 (M = Mo) 6(M=W) interactiont3

~ Phosphine substitution at the metal site was contrary to our
'\PA((ll))_NF;(ll)) 5_33718()4 ) 12 '2382(62()7) expectation of nucleophilic attack at the phosphinidene ligand.
N(1)—-C(3) 1.484(2) 1.490(4) The reaction of the molybdenum phosphinidene complex with
N(1)—C(6) 1.516(2) 1.518(4) PEg was therefore studied at low temperature. Addition of the
MEB:(P:(&)) f-ggg(sl()“) f-ggié(;) phosphine to dark red solutions 8fat —80 °C resulted in the
o(1)-C(1) 1:150(2) 1:154(4) formation of a yellow solution which upon warming to room
M(1)—C(2) 1.977(1) 1.964(3) temperature evolved gas and changed back to dark red. The
0(2-C(2) 1.151(2) 1.155(3) 31P NMR spectrum of the yellow product recorded-e80 °C
P(1)-M(1)—P(2) 133.16(1) 134.02(2) showed two resonances at78.9 and 32.3 with a common
C(1)-M(1)-P(1) 74.32(4) 76.10(9) coupling constant of 512 Hz. The large coupling constant is
C(2-M(1)—P(1) 74.18(4) 73.46(8) indicative of direct P-P bonding and compares with values of
C(2)-M(1)—P(2) 78.52(4) 76.27(8) 340455 Hz observed in phosphine-coordinated phosphenium
gg;:m&g:z((% 1(8)'7?85(%25) 1858.(71()1) ions'® and the 36%+444 Hz coupling constants observed in
N(1)—P(1-Mo(1) 121.50(5) 122.06(9) phosphoranylidenephosphine complexes formed via the trapping
C(3)-N(1)—C(6) 114.9(1) 114.8(2) of transient phosphinidene complexes with phosphthdhe
C(3)-N(1)—P(1) 129.2(1) 129.8(2) solution IR spectrum of the yellow intermediate -a80 °C
8(8:2(&)):&((11)) 117155-3((11)) 117165'3(%) shows threev(CO) bands at 2013, 1947, and 1917 ém
0(2)-C(2)-M(1) 176.2(1) 176.8(2) indicating that the three carbonyls of the starting material are

retained. The initial site of attack by the phosphine is therefore

the phosphinidene ligand are 2.3816(4) and 2.3846(7) A, at the phosphini(_:lene phosphorus, as expected, forming [Cp*Mo-
respectively, significantly shorter than the distances observed (COB{P(PEEN(-PrR}[AICI4] (7) (Scheme 2). When the
in the precursor complexes [Cp*Mo(CPN(-Pr);} J[AICI 4] temperature is raised, a carponyl is Io;t and the phosphine ligand
(3) (2.4506(4) A) and [Cp*W(CQYPN(-Pr)}J[AICI 4 (4) migrates .from the phosphlpldene ligand to thg metql. The
(2.4503(6) A). We will return to the reasons for the shorter coordlnatlon of the phosphine to the phosphinidene is thus
bonds in5 and6 later in this paper. Other than the metal, the eversible. _
phosphinidene phosphorus atom is bound to nitrogen witN P In the tungsten complex, carbonyl loss to form the final
bond distances of 1.637(1) and 1.634(2) A, which are somewhatProduct is much slower, suggesting that the intermediate
shorter than typical PN single bond® but slightly longer than ~ complex [Cp*W(COX P(PEgN(i-Pri}J[AICI 4] (8) has a longer
the P-N distances in3 and 4. The M—P—NC, unit is lifetime and therefore might be observed at room temperature.
completely planar within experimental error, and this plane is However, at room temperature only a single very broad peak
parallel to the metatCp* axis (perpendicular to the Cp*ring). @t 0 —15 is observed in thé'P NMR spectrum, because
The amine substituent is directed away from the Cp* ring. ~ coordination of the phosphine to the phosphinidene is rapidly

The 3P NMR spectrum of5 shows a broad low-field revers_lble qr}d .the phosphlne-coordlna.te.d phosphinideise
resonance ab 957 that corresponds to the terminal phosphin- I rapid equilibrium with the free phosphinidene compieand
idene ligand. In addition, the metal-bound triethylphosphine tri€thylphosphine (see Scheme 2). The observed peak is the
ligand results in a resonance®86. The P-P coupling constant ~ &verage _of resonances for free trleth_yl_phosphlne and trieth-
is 15 Hz but is only resolved in the sharper PEsonance.  Y/Phosphine coordinated to the phosphinidene. A resonance for
The spectrum of the W analogids similar, with peaks ad the phosphinidene phosphorus is not observed and is presumed
878 for the phosphinidene ligand and&®6.2 for the trieth- to be very broad at room temperature, as a result of the very
ylphosphine ligand, with a PP coupling constant of 21 Hz. large chemical shift difference. At I_ow temperatuBe_s rgadlly
The PE resonance at 6.2 also exhibits tungsten satellite peaks, OPServed and shows spectroscopic parameters similar to those
with a W—P coupling of 228 Hz. The expected tungsten of the molybdenum |ntermedlatZa Irreversible carbonyl loss

from 8 then leads to the final produét

(23) Orpen, A. G.; Brammer, L.; Allen, F. H.; Kennard, O.; Watson, D. Although the triethylphosphine-coordinated phosphinidene

G.; Taylor, R.J. Chem. Soc., Dalton Tran$989 S1. complexes have been spectroscopically characterized, crystal-
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lographically characterized examples were also of interest to
us. Compound8 and4 were thus reacted with the diphosphine
bis(dimethylphosphino)methane (dmpm), leading to the com-
plexes [Cp*Mo(COX P(N(-Pr))P(Me&)CH,P(Me)-«2Pt,P4 |-
[AICI4] (9) and [Cp*W(COX P(N(-Pr)y)P(Me,)CH:P(Me,)- , . .
«?PLP4]IAICI 4] (10), in which the two ends of the dmpm ligand ~ Figure 3. ORTEP diagram of the cation of [Cp*™Mo(C&P(N(-
coordinate to the phosphinidene phosphorus and the metal,PP2P(M&)CHP(Me,)-«*PtPE}][BPh] (9). Hydrogen atoms have

respectively (Scheme 3). TR&P NMR spectrum oD (Figure been omitted.

2) shows three resonancesat09.3 (P), 41.2 (), and 10.8 Table 2. Selected Distances (A) and Angles (deg) in
(P9). A very large one-bond coupling of 532 Hz is observed  [Cp*M(CO) o P(N(i-Pr)2)P(Mez)CHoP(Mey)-k 2P, P4 ][X]
between P and F, while P° and P share a two-bond PP 9(M = Mo, X =BPh) 10(M =W, X = AlCl4)
coupling of 98 Hz across the dmpm methylene group. Finally, —
a two-bond coupling of 13 Hz is observed between the two m&g_ﬁgg g:igggg; g:iiﬁgg;
metal-bound phosphorus atoms. The NMR spectrum of the M(1)—C(1) 1.951(3) 1.945(3)
tungsten comple%0is similar but additionally shows tungsten M(1)-C(2) 1.957(3) 1.963(3)
phosphorus coupling constants of 136, 249, and 27 Hz, 58)):28)) 2'62%‘(‘5(42()8) 12'(‘32%(2()9)
respectively, for P, P?, and . The'H NMR spectra of both o()-c() 1.159(3) 1.164(3)
compounds show two chemically equivalent isopropyl groups, o(2)-c(2) 1.147(3) 1.158(3)
as indicated by a single CH resonance, suggesting that there is
free rotation about the-PN bond. Although P is chiral, the Sﬁﬂ_m&%_gg)) ;113%1()7) 77(&53'.16(11()8)
IH NMR spectra shows no evidence for diastereotopic isopropyl c(2)-M(1)—P(3) 120.89(8) 121.22(8)
groups because of facile inversion at N. The dmpm methylene C(1)-M(1)—P(1) 129.55(8) 130.03(8)
hydrogens and the dmpm methyl groups are chemically in- g(?_,'\\/l"(ll)_g(ll) gé-%(g) gg-gé(g)
equivalent as a result of the lack of symmetry in the complex, N((lgipgl)yp((Z)) 10%3.0(3()8) 10'7.221))
regardless of chirality at’P N(1)—P(1)-Mo(1) 121.30(8) 125.04(9)
Characterization of the compouBeAICI 4] by X-ray crystal- P(2)-P(1)-Mo(1) 107.68(3) 109.81(3)
lography was attempted, but twinning problems could not be C(6)-N(1)-C(3) 116.1(2) 115.4(2)
satisfactorily resolved. Exchange of the AlClcounterion for gg;:mgg:ggg ﬁ?gg; ﬁ?gg;
BPh~ allowed high-quality single crystals of [Cp*Mo(C®) O(1)-C(1)-M(1) 177.8(2) 177.@(2)
{P(N(-Pr)y)P(M&)CH,P(Me)-«2P1,P4][BPhy] (9:[BPhy]) to 0(2)-C(2-M(1) 170.4(2) 171.7(2)

be grown. An ORTEP diagram of the cation is shown in Figure

3, and selected distances and angles are shown in Table 2. The

geometry at the metal is again that of a square-based pyramid2.5430(7) A has lengthened considerably compared to the
with the phosphine and the phosphine-coordinated phosphin-Mo—P distance of 2.4506(4) A in the phosphinidene complex
idene ligands in a cisoid arrangement. The molybdenum, the 3, consistent with an MeP single bond. This distance is in
three phosphorus atoms, and the methylene carbon form afact longer than the Mephosphine distance in the same
puckered five-membered ring. The Mo{dP(1) distance of complex (Mo(1)}-P(3) = 2.4585(6) A).

J
® : AC 2]
~a ] 5 g
| B
0C—Mo—Co
\BP/ \PA 2J
c/ N BC
/LP\ A "—:] P
\ c
=2
1 ‘JAB
1. AC 'l
2
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Figure 2. 31P{*H} NMR spectrum of [Cp*Mo(COY P(N(i-Pr))P(Me&)CH,P(Mey)-«2PL,P4[AICI 4] (9).
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10a 10b

Figure 4. Isomers of [Cp*W(COY P(N(-Pry)P(M&)CH,P(Me,)-
K?PLP4[AICI 4] (10).

Scheme 4
<% ~=x° —= P
oc N!g) . dmpm l\/! . 25°C NI|
~MoSCo o oC~Mo=Co 53 oC-Mo~Co
\ - ’ CO
OC/ \Ff e & \P\ A R >P\N)\ Figure 5. ORTEP diagram of the cation of [Cp*Mo(C&P(N(-
N X \—r Pr),)P(Me&)CH,CH,P(Me,)-«?PLPS}H[AICI 4] (12). Hydrogen atoms
7 Y AN N A
\/P ! have been omitted.

3 1 9
the phosphinidene phosphorus atom, as well as a 34+2 P

The P(1)>-P(2) distance of 2.2664(8) A is within the typical coupling across the methylene group to the P atom at the other
range observed for-PP single bonds (for example#P bonds end of the dmpm ligand. The phosphorus resonance for the
in diphosphines fall in the range 2.205¢1.260(1) &3). The dangling end of dmpm appearséat-49.6, close to the chemical
P—P distance i is significantly longer than the-PP distance shift of free dmpm. The IR spectrum dfl contains three
of 2.156(2) A observed in BP=P(CO:Et)W(CO), which was carbonyl stretching bands at 2004, 1935, and 1919'cwery
formed by trapping the transient phosphinidene W({R} Q- similar to those of compound When the compound is warmed
Et) with PE§.2! In addition to P(2) and Mo, P(1) is bound toroom temperature, evolution of gas is observed and the color
to the diisopropyl amino group with a-f™ bond distance of  changes from yellow to orange with the formationSof
1.684(2) A, which is longer than the-fN distance of 1.631(1) The analogous reactions of the terminal phosphinidene
A'in the starting phosphinidene compl&and is now consistent ~ complexes were also carried out with bis(dimethylphosphino)-
with a P-N single bond?® The geometry at P(1) is pyramidal, ethane (dmpe), which differs from dmpm in having an additional

clearly indicating the presence of a stereoactive lone pair. methylene group in its backbone. While dmpm has a strong
High-quality crystals of the tungsten analodiavere grown tendency to bridge, the larger bite angle of dmpe favors
with the AICl;~ counterion. In the solid state, compout@ chelation, opening the possibility of different coordination modes

exists as two isomers, which were separated by selecting singlefor the diphosphine. The molybdenum phosphinidene complex
crystals from the mixture. The isomers differ in the conformation [Cp*Mo(CO)s{ PN(-Pr)}][AICI 4] (3) reacts cleanly with
of the five-membered ring formed by the metal, the dmpm, and dmpe to form [Cp*Mo(COXP(N(-Prk)P(Me&)CH,CH,P-
the phosphinidene phosphorus atom (see Figure 4). Isb@eer  (Mey)-«2PL,P5}][AICI 4] (12), which is analogous t6, with the
shows the same conformation @slsomer10b differs from diphosphine ligand bridging between the phosphinidene phos-
10a by a 120 rotation about the metalphosphine bond, phorus and the metal. The ORTEP diagram of the cation is
resulting in the methylene bridge being oriented away from the shown in Figure 5, and selected distances and angles are given
Cp* ring and the diisopropylamino group on the phosphinidene in Table 3. The geometry at the metal is again that of a square-
phosphorus being directed toward the Cp* ring. Both isomers based pyramid, with the phosphine and the coordinated phos-
have been structurally characterized, but the datd @rwere phinidene in a cisoid arrangement. The molybdenum, the three
of poorer quality. Reported distances therefore refer to isomer phosphorus atoms, and two methylene carbons form a six-
10a Variable-temperature NMR spectroscopy shows no evi- membered ring with a roughly chair-shaped conformation. The
dence of multiple isomers df0in solution, suggesting that this ~ P(1)-P(2) distance of 2.2149(9) A is slightly shorter than that
isomerization occurs upon crystallizationidi. A second isomer  observed foB (2.2664(8) A) but is still consistent with a single
of the Mo analogué® was not observed; however, we cannot bond. The Me-P(1) distance of 2.5835(6) A is slightly longer
rule out the possibility that it does form in the solid state. than that in9 (2.5430(7) A). These bond length differences are
As with the triethylphosphine reaction described above, the likely due to steric factors resulting from the different ring sizes
reaction of [Cp*Mo(COY PN(-Pri}][AICI 4] (3) with dmpm and are not chemically significant. The P{IY(1) distance of
was examined at low temperature. The initial site of attack is 1.688(2) A is very close to that observed fr
again at the phosphinidene phosphorus, and the phosphine The 3P NMR spectrum ofl2 shows broad resonances for
adduct [Cp*Mo(COY P(N(-Pr)P(Me)CHP(Me)-«P JAICI 4] three unique phosphorus atomsoab6.8, 2.3, and-2.7. The
(12) was observed at low temperature as the initial product in high- and low-field peaks have a common coupling constant of
the reaction (Scheme 4). TR&# NMR spectrum ofL1 shows 614 Hz, indicative of a one-bond-HP coupling and a direct
three resonances. The phosphinidene resonance appears at P—P bond. In addition, a three-bond coupling of 39 Hz is
97.2 and with a large PP coupling constant of 506 Hz, observed between the two highest field peaks, which is due to
indicative of a direct PP bond. The end of the diphosphine coupling across the GI€H, backbone of the dmpe ligand. The
that coordinates to the phosphinidene phosphorus atom appearsoupling constants allow assignment of the peak &6.8 as
ato 17.1 as a doublet of doublets with the 506 Hz coupling to the phosphinidene phosphorus, thad at2.7 as the phosphine
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Table 3. Selected Distances (A) and Angles (deg) in
[CP*M(CO) A P(N(i-Pr),)P(Me,)CH,CH,P(Me,)-k2PL,P3} |-
[AICI 4]

12 (M = Mo) 13(M = W)

7,
Mo—P(1) 2.5835(6) 2.573(2) Z7 77
Mo—P(3) 2.5167(7) 2.509(2) _
Mo—C(2) 1.953(3) 1.958(7) 12a (boat) 12b (chair)
Mo—C(1) 1.956(3) 1.966(7) Figure 6. Optimized boat and chair conformations of [Cp*Mo-
i he) 5 ) e (COX{ P(NG-Pr))P(Mes) CH,CH,P(Mes)-«2PL P} J[AICI ] (12). Hy-
o(1)-C(1) 1:157(3) 1.'147(9) drogen atoms and isopropyl groups have been omitted for clarity.
0(2)-C(2) 1.152(3) 1.154(9)
C(2)-Mo—C(1) 74.95(11) 74.8(3)
C(2-Mo—P(3) 74.00(9) 73.5(2)
C(1)-Mo—P(3) 117.24(8) 117.6(2)
C(2)-Mo—P(2) 133.98(8) 133.4(2)
C(1)-Mo—P(1) 76.32(7) 76.6(2)
P(3-M—P(1) 88.47(2) 88.45(6)
N—P(1)-P(2) 106.09(9) 106.0(2)
N—P(1)-Mo 118.41(8) 118.2(2)
P(2)-P(1)-Mo 111.21(3) 111.66(9) Figure 7. ORTEP diagram of the cation of Cp*W(CO)(PN(-
Scheme 5 Pr))} 2(u-dmpe)][AICL], (14). Hydrogen atoms have been omitted.
Table 4. Selected Distances (A) and Angles (deg) in
@/ [{Cp*W(CO) 2(PN(i-Pr)2)} 2(u-dmpe)][AICI 4] (14)
® dmpe W(1)—P(1) 2.386(1) P(2)C(10) 1.818(4)
oc//W\Co — W(1)—P(2) 2.498(1) P(2¥C(11) 1.834(4)
<\ W(1)—-C(1) 1.991(4) o(1¥C(1) 1.138(5)
o Fl’ W(1)-C(2) 1.985(5) o(3-C(2) 1.138(6)
N P(1)-N(1) 1.635(4) C(11)>C(11A) 1.546(8)
Y P(2)-C(9) 1.810(4)

C(2-W(1)-C(1) 109.4(2) P(BW(I)-P(2)  133.13(4)

\@ﬂ@ \@/ PPN C(2-W(1)—P(1) 752(1)  NOPL-W(L)  121.6(1)
|

C(1)-W(1)-P(1) 782(1)  C(3YN(1)-C(6)  115.4(3)
ol \, o0 P CA7T-W(1)-P(1)  85.3(1) CEYN(1)-P(1)  129.3(3)
0C—W—r_ /T, oc W XN 7 C(18-W(1)-P(1)  119.9(1) C(6}N(1)-P(1)  115.2(3)
ool N\ - 7 e A—wo—e C(16-W(1)-P(1)  79.7(1)  O(LFC(1-W(L)  175.6(4)
\/p P 1 o C2)W(1)—P(2) 755(1)  O(2}C()W(L)  176.2(4)
C(L)-W(1)—P(2 78.1(1
P I'ﬁ (D-W()-PE) )
13 14 isomerl2aexhibits a smaller PP coupling of 15 Hz. The more
coordinated to it, and the third peak at2.3 as the metal-  19id five-membered ring of the analogous dmpm compfex

coordinated phosphine. The two-bond coupling constant betweend©€S Not show any isomerization. _
the metal-bound P atoms is masked by the broadness of the R€action of the tungsten phosphinidene complex with

peaks. mpe led to a mixture of products (Scheme 5). The major
Because of the broadness of the peaks at room temperature?zrogugt’ [CP*W(COH P(N(-Pr))P(Me;)CHCHP(Me,)-
the spectrum was examined at low temperature—A0 °C, «“P,P[AICI 4] (13) is analogous to the product of the Mo

each resonance is resolved into two, suggesting the presenc&€action, containing a dmpe ligand that bridges the metal and
of two rapidly interconverting isomers. The spectrum is still 1€ Phosphinidene phosphorus. Compodschas been com-
broad at—90 °C, indicating that the low-temperature limiting pletely characterlzed,_lncludmg the X-ray crystal structure (see
spectrum has not been reached and that the interconversionTabl‘_a 3 for selected distances and angles and the Experimental
process is very facile. One isomdga shows three peaks at ~ Section for spectroscopy).

50.8, 2.9, and 2.1 with PP coupling constants of 617 and 15 A Seécond product was isolated and was shown to be the
Hz. The second isomet2b, shows three peaks at44.8,—1.2, binuclear complex{[Cp*W(COR(PN(-Pr))} 2(«-dmpe)][AICL]

and —6.8 with couplings of 623 and 77 Hz. Clearly, the two (14), which consists of two tungsten terminal phosphlnldene
isomers have similar structures and the isomerization processcom|°|'3><efS bridged by a dmpe ligand that has substituted a
does not involve dissociation of the—<P bond, since the  carbonyl ligand on each of the metals. Compod#das been
coupling constant is maintained in the high-temperature SI:)ec__structurall_y ch_aracterlzed, and an_ORTEP diagram of the ca'glon
trum. Metaphosphine dissociation cannot be entirely ruled 'S Shown in Figure 7. Selected distances and angles are given
out, since no coupling is observed between the metal-bound " Table 4. The molecule lies on a crystallographic center of
phosphorus atoms; however, it is unlikely to be so facile. The SYmmetry, and both tungsten centers are crystallographically
significant difference between the coupling constants across theequwglent. The geometry at tungsten Is very similar to that in
dmpe ligand in the two isomers suggests that the isomerizationth triéthylphosphine complexésand6, with the two phos-
simply involves rearrangement of the &FH, linkage, as shown phorus ligands occupying opposite corners of the four-legged
in Figure 6: effectively chair versus boat rearrangement of the g\la_no stool. The tungsterphosphinidene distance 0‘:&2'386(1)
six-membered ring. The solid-state structure, which shows the~* 1S nearly identical with that in6 (2.3846(7) A) and
chair configuration, can be assigned to isorh2i on the basis (24) Jameson, C. J. IRhosphorus-31 NMR Spectroscopy in Stereo-

of t.he larger P-P coupling across the dmpe backbone .(77 H2), chemical Analysisverkade, J. G., Quin, L. D., Eds.; VCH: Deerfield Beach,
which results from a “w” coupling? The boat conformation of ~ FL, 1987.




Phosphinidene Complexes of Mo and W Organometallics, Vol. 26, No. 4, ZB17

Scheme 6

| ® \
—W —W— N
oC N0+ OCC/W\CO >_ oCC’/W‘Co AN -
(e) () P—N [e) P/P CO
N / / /\ OC\W//CO
7Y X \ |
A =
4 15 16

l-co J-co
\@_@Y e g_kN’L

_—w—co \/

P// \ P. /
/ Cc R \ I P
oC e N o /\ oc—w=
\F|[ \/\\Fl,/ W/ >_ ®
13 14
Scheme 7 Table 5. Selected Distances (A) and Angles (deg) in
[Cp*Mo(CO)(PN(i-Pr),)(dmpe+?P)][AICI 4] (17)
\@/—l ® *@/ Mo(1)—P(1) 2.3568(4) oBC() 1.167(2)
| B Mo(1)—P(2) 2.4871(4) P(2)C(10) 1.858(2)
0C—Mo——p_ )~ €O_ SP—Mo—cq Mo(1)—P(3) 2.4856(4) P(3)C(11) 1.829(2)
~ ~N — <//\/ N\ Mo(1)—C(1) 1.939(2) C(10yC(11) 1.526(3)
o) \l/\/P/ /F’ Fl’ P(1)-N(1) 1.651(1)
/ YNY C(1)-Mo(1)-P(2) 74.98(5) C(16)P(2-Mo(1)  111.60(6)
12 C(1)-Mo(1)-C(15) 124.80(6) C(1BHP(3)-Mo(1) 108.26(6)
17 C(1)-Mo(1)—P(3) 75.84(5) CGYN(L)-C(2) 114.4(1)
P(1)-Mo(1)—P(3) 128.70(1) C(GYN(L)-P(1) 128.9(1)
substantially shorter than the We distance in the starting g((ig:l\'\/’llo((ll))*;’((zz)) 1;2-%((3 O(Cl_(}Zg(l\i()l)'\*AP((ll)) l171233?((11))
Fi ; o(1)— . —Mo .
phosphinidene comple# (2.4503 A). The PN distance of P(3)-Mo(1)—P(2) 7377(1)  C(IHC{0P(2) 112.8(1)

1.635(4) A is slightly longer than that of the unsubstituted N(1)-P(1-Mo(l)  125.09(5) C(10¥C(11)-P(3) 112.0(1)
phosphinidene complex (1.629(2) A). This complex shés
NMR parameters similar to those of the triethylphosphine- conditions does not lead to a Mo analogueldfbut simply
substituted comple® with doublets at) 890 and—7, corre- leads to a mixture 012 and3.
sponding to the phosphinidene phosphorus and the phosphine, Although the molybdenum dmpm compléxis stable, the
respectively. The coupling constant of 10 Hz and the low-field dmpe complex12 shows a tendency to decompose. One
shift of the phosphinidene phosphorus clearly indicate that the decomposition product was isolated that results from CO loss
phosphine is coordinated to the metal and not to the phosphin-and migration of the other end of the dmpe ligand to the metal,
idene phosphorus. regenerating a free phosphinidene ligand (see Scheme 7). The
We suggest thal4 arises from initial coordination of the ~ eaction can also be induced by photolysis. )
phosphine to the phosphinidene phosphorus, followed by _1he complex: [Cp*Mo(CO)(PN¢Pr))(dmpexP)][AICI 4]
coordination of the other end of the phosphine to a second (17) has been structurally characterized, and an ORTEP diagram
equivalent of the phosphinidene complex (Scheme 6). This of thg catlpn is shown in Figure 8. Se[ected distances and angles
second coordination occurs in the tungsten complexes and no2'€ 9iven in Table 5. The compound is analogous to the starting
the molybdenum complexes, because carbony! loss to form thePNosphinidene [Cp*Mo(C@)PN(-Pri}JAICI 4] (3), except that
chelate is much slower for tungsten. Since both ends of the
phosphine are coordinated in the intermediate, carbonyl loss
from the metal leads to migration of the phosphine from the
phosphinidene to the metal, rather than chelate formation. The
intermediatel6 can be readily detected at low temperature by
reaction of [Cp*W(COY PN(-Pr)}[AICI 4] (4) with less than
0.5 equiv of dmpe at-80 °C. The3!P NMR spectrum ofl6
shows two resonances@b8 and 17.9, with a common coupling
constant of 523 Hz, resulting from the direct-P bond. At
—80 °C, 16 is in rapid equilibrium with [Cp*W(COX PN(-
Pri}H[AICI 4] (4) and [Cp*W(COY P(N(-Pr))P(Me)CH,-
CH.P(Me)-«P][AICI 4] (15) (see Scheme 6). At temperatures
above—80°C, the left-hand side of this equilibrium is favored,
meaning that warming solutions &6 to room temperature does
not lead primarily tal4 but to 13. CompoundL4 can be isolated
in 20% yield if [Cp*W(COX{ PN(i-Pr):} JJAICI 4] (4) is reacted
with less than 0.5 equiv of dmpe at very high concentration. Figure 8. ORTEP diagram of the cation of [Cp*Mo(CO)

Reaction of the molybdenum analogue [Cp*Mo(G{®N(- (PNG@~Pr))(dmpe«?P)][AICI 4] (17). Hydrogen atoms have been
Pr[AICI 4] (3) with dmpe under the same experimental omitted.
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O @ o Table 6. Structural and Spectroscopic Parameters for

P—N"“\\\ Phosphine-Coordinated Phosphinidene Complexas

0 O\R compd dM—P) dP-N)  dP-P) oCWP) 1pp(H2)
3 2.4506(4) 1.631(1) 1007.5

free singlet phosphinidene
4 2.4503(6) 1.629(2) 939.4

9 2.5430(7) 1.684(2) 2.2664(8)  109.3 532
Q 10 2.5448(6) 1.681(2) 2.2236(9) 91.4 570
M-——p% -l 12 2.5835(6) 1.688(2)  2.2149(9) 56.8 614
O\N O O\N 13 2.573(2) 1.687(6) 2.216(3) 34.7 607
0 aFor comparison, the base-free phosphinidene compl@xesl 4 are
metal to P included.
n back donation
Figure 9. Bonding in free triplet phosphinidene and electrophilic
phosphinidene complexes.

N to P ©t donation
Coordination of a phosphine to the phosphinidene results in

occupation of the empty phosphinidene p orbital and has

profound effects on the structural and spectroscopic parameters

two carbonyls have been replaced by two ends of the chelating®f the phosphinidene ligand. These changes are summarized in
dmpe ligand. The geometry at the metal is again that of a four- Table 6, for stable chelated phosphlne'-coordlna.ted .phosphln-
legged piano stool. The dmpe ligand occupies two adjacent Iegs,'de“e c_omplexes. Strt_lcturally, phqsphlne Coc_)rdlnat|on at the
while the phosphinidene and carbony! ligands occupy the other Phosphinidene results in a subst_annal lengthening of the _m_etal
two. The Mo-P distance to the phosphinidene ligand is 2.3568- Phosphorus bond from 2.45 A in the base-free phosphinidene
(4) A, significantly shorter than that i8 (2.4506(4) A). The ~ complexes to 2.542.58 A in the phosphine-coordinated
P—N distance in the phosphinidene ligand of 1.651(1) A is complexes. This indicates that the base-free phosphinidene

longer than that in compleX (1.631(1) A). In contrast to those ligand has significantr-acceptor capabiliies and accepts
in 3—6 and 14, the aminophosphinidene ligand 17 deviates m-back-donation from the metal. Phosphine coordination to the
slightly from planarity in that the N¢Pr), unit has rotated about ~ Phosphinidene eliminates the possibility-oback-donation by
the P-N bond by 4.0(19. The entire phosphinidene unit has ©ccupying the empty phosphorus prbital, resulting in a
also rotated about the McP bond relative to the metaCp* Iengtheplr)g of the bond. Thg_occupat!on of this empty orbital
axis by 15.61(6), such that the PN vector does not point also el|m|nate§ the po§5|b|llty of nitrogen  to phosphorus
directly away from the Cp* ring as it does in all of the other n_—donanon. This c_hange is reflected in an increase of thBlP_
terminal phosphinidene complexes. These deviations are likely distance of approximately 0.05 A. Spectroscopically, phosphine
a result of steric interactions with the methyl groups on the coordination results in a large change in the chemical shift to
adjacent end of the dmpe ligand. In the other complexes, the l0Wer frequency by about 85650 ppm.
terminal phosphinidene ligand is adjacent only to carbonyls. Phosphine coordination to the phosphinidene phosphorus also
The resonance for the phosphinidene ligandrappears at results in labilization of a metal-bound carbonyl, as indicated

6 1058 in the’lP NMR spectrum, the highe®P chemical shift by the re{:\dy loss pf a carbonyl ligand belowlroom temperature
of any of the complexes reported here. The two ends of the flom the intermediate [Cp*Mo(CQ)P(PEEN(i-Pri}J[AICI 4]

dmpe ligand are chemically inequivalent and couple to each (7)- Carbonyl loss from the analogous tungsten intermediate
other with a coupling constant of 37 Hz. Each also shows a IS Slower but still favorable. A comparison of thgCO)
small P-P coupling (11 and 13 Hz, respectively) to the frequenue.s of the PEtoordinated intermediate [Cp*Mo(C;Q)
phosphinidene phosphorus. These small couplings are masked P(PEONG-PrRHIAICI 4] (7) (2013, 1947, and 1917 crf) with

by the broadness of the phosphinidene peak. The infraredtNose of the starting phosphinidene complex [Cp*Mo(GON-
spectrum shows a peak at 1883 Gnfor the single carbonyl ~ (-PTR}HIAICI4] (3) (2041, 1986, and 1959 cm) shows a
ligand. In theH NMR, the two isopropyl groups of the S|gn|f|c§1nt shift to lower fre;quency L'Jpon.coordlnatlon of the
aminophosphinidene ligand are chemically inequivalent, as wasPhosphine to the phosphinidene. This shift to lower frequency

observed for all the other terminal aminophosphinidene com- 1S consistent with a reduction in the-back-bonding to the
plexes. phosphinidene from the metal as the empty phosphorus p orbital

is occupied by the incoming electron pair and subsequently
results in an increase m-back-bonding to the carbonyl ligands
from the metal. However, it does not explain the lability of the
In all cases, the reaction of the terminal phosphinidene carbonyl ligand in7, as the increased-back-bonding to the
complexes with a phosphine results in initial attack by the carbonyls would be expected to increase the metatbon bond
phosphine nucleophile at the phosphinidene phosphorus atomstrength. The lability of the carbonyl inis attributed rather to
This reactivity is consistent with the formulation of the terminal a stabilization of the 16-electron intermedi&eformed upon
phosphinidenes as electrophilic phosphinidenes. Computationalcarbony! loss by the lone pair of the phosphine-coordinated
studies have shown that the LUMO of a terminal electrophilic phosphinidene ligand (Scheme 8). The lone pair of the base-
phosphinidene complex is primarily phosphorus-based, consis-free phosphinidene ligand, given its electrophilic nature, is too
tent with nucleophilic attack at phosphorus, as is observed low in energy to provide the same stabilization to intermediate
experimentally in our systems. The bonding in electrophilic A and facilitate carbonyl loss fro This proposed mechanism
phosphinidenes is best conceptualized by considering the ligandshas been supported with computational studies. Energies were
to be derived from the singlet state of free phosphinidene, which calculated for [Cp*Mo(CO¥XPN(-Pr)}]* (3) and [Cp*Mo-
contains two lone pairs and an emptygpbital. One lone pair (COX{P(PEg)N(i-Pr)} 1T (7) and for the proposed intermediates
forms ao-donor interaction to the transition metal while the that result from carbonyl loss frof® and 7, [Cp*Mo(CO).-
second lone pair remains stereoactive, leading to the bent{PN(-Pr)}]* (A) and [Cp*Mo(CO} P(PE§)N(i-Pri}]™ (B).
geometry at phosphorus. The emptyopbital is then capable  The energy for carbonyl loss from the phosphine-coordinated
of acceptingr-donation from a heteroatom substituent or from phosphinidene is lower by 3.5 kJ/mol than the energy of
filled metal d orbitals (Figure 9). carbonyl loss from the base-free phosphinidene. The optimized

Discussion
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Scheme 8 phosphinidene ligand follow a clear trend. As carbonyl ligands
® are sequentially replaced by phosphine ligands, the metal
‘Séz:l ® phosphorus bond grows shorter. This change reflects the
oc—lvlo\co -CO | increasing electron density at the metalmaacceptor carbonyl
< by T OC’,M"\P-. ligands are replaced by donor phosphine ligands. This increased
© ! o® h electron density results in an increase in thback-donation
\g v ;Y < from the metal to the phosphinidene, resulting in a shortening
AE = 8.6 KJ/mol of the M—P bond. The PN bond of the aminophosphinidene
also shows a clear trend, lengthening as carbonyls are replaced
@j@ j@“ @ by phosphines. This change is also a result of increased metal
| - to phosphinidener-back-donation, which reduces the amount
OCC’/M?;.CO g OC’/MOKF,/PEt3 of nitrogen to phosphorus-donation, lengthening the-MN
NIV TPEts o° | distance.
r ~Nx These trends demonstrate that the aminophosphinidene ligand
7 B acts as an effective-acceptor ligand, given sufficient electron
AE =51 KJ/mol density at the metal. An increase in the amountreback-
Table 7. Structural Parameters for Phosphinidene donation to the phosphinidene is expected to reduce its
Complexes [Cp*M{ PN(i-Pr)2} (CO)mLn] " electrophilicity, thus altering its chemical reactivity. We are
compd d(M—P) d(P-N) M m n cmrj]rren:]I.y ' ((j:omparing Ithe reactri]ons [cg p'\r;lo?g(g;ebigas(tituted
phosphinidene complexes such as [Cp*Mo i-
3 s Terd  Me 5 3 PAICIY (5 and [Cp*Mo(CO)PNI Pry)(dmpex?P))-
17 2.3568(4) 1.651(1) Mo 1 2 [AICI4] (17) with those of the unsubstituted phosphinidene
4 2.4503(6) 1.629(2) w 3 0 complexes [Cp*Mo(COY PN(i-Pr)}J[AICI 4] (3) and [Cp*W-
6 2.3846(7) 1.634(2) W 2 1 (CO){PN(-Pry}[AICI 4] (4) to see how different electron
14 2.386(1) 1.635(4) w 2 1

densities at the metal influence the reactivity at phosphorus.

structure of intermediatB also shows a short MeP bond of
2.32 A, consistent with an MeP double bond, and a planar

geometry at the Mo-bound P. In contrast, intermedfateas a This study has demonstrated the reactivity of stable cationic
long Mo—P bond (2.44 A) and a bent geometry at P, indicating terminal molybdenum and tungsten aminophosphinidene com-
that the P lone pair does not stabilize the 16-electron |ntermed|-|[,|exes toward phosphines. These complexes are electrophilic
ate. at phosphorus, but in contrast to the well-studied transient
In the case of Pkt CarbOﬂy' loss from the metal results in a phosphinidene Comp|exes W(Q;BR’ phosphine coordination
migration of the phosphine from the phosphinidene phosphorusis reversible and the-PP bond formed is weaker. Lengthening
to the metal, leading to the regeneration of the base-free terminalof the metat-phosphorus and phosphorusitrogen distances
phosphinidene. Phosphine coordination to the terminal phos-ypon phosphine coordination to the phosphinidene shows that
phinidene ligand is thus reversible, suggesting that thdP  the phosphinidene acts asraacceptor from both the metal and
interaction is substantially weaker than that observed in the amino substituent. Phosphine substitution at the metal has
W(COXP(Ry=PE&. The weaker interaction indicates that the peen used to demonstrate that electron density at the metal
terminal phosphinidene complexg@and4 are less electrophilic  significantly affects the extent ofr-back-donation to the

than the transient phosphinidene complexes WgER) as can  phosphinidene and indirectly affects the extent of nitrogen to
be expected on the basis of the ancillary ligands and the aminephosphorusz-donation.

substituents, which stabilize the base-free phosphinidene through
sr-donation.

Carbonyl loss from the intermediates containing a diphosphine
coordinated to the phosphinidene phosphorus does not result General Comments. All procedures were carried out using
in phosphine migration. Instead, the dangling end of the standard Schlenk techniques or in a glove-box under a nitrogen
diphosphine ligand coordinates to the resulting unsaturated metalatmosphere. THF was distilled from Na/benzophenone. Dichlo-
center. The resulting coordination mode, in which the diphos- romethane and hexane were purified using solvent purification
phines form a bridge between the metal and the phosphinidenecolumns containing alumina (dichloromethane) or alumina and
phosphorus, is apparently stabilized by the chelate effect, sinceCOPPer OX|d§ catalyst (hexane). Deut'erfitecll chloroform was distilled
an excess of PEbr PMe; does not result in coordination of 2 from P,Os via trap-to-trap vacuum distillation. The NMR spectra
equiv of the phosphine, one to the metal and a second to"V'® gcfcolrded_ at 400 or 300 MH#H) and 161.975 or 121.516
phosphorus. The only exception to this reactivity pattern is in MHZ C*P{*H}) in CDC, except as indicated. Infrared spectra were

the f fi £1 CO*W(COW(PN(i-P -d AlC recorded in CHCI, solution. The compounds [Cp*Mo(C®)
14 b e dpmpe( Iiga)lzrgd b?idg%;}tzv(\/fo e e {PICONG-POR}] (1) and [CpW(COYPCING-PI] (2) were

repared using the published procedufés. Triethylphosphine
The complexes [Cp*Mo(C@)PN(-Pri}[AICI ] (3), [Cp*Mo- ?PEZ), bis(dimgthylphposphino)mrt)ethane (dmpm), gn% bisp(dimeth-
(COR(PEE)(PN(-PrR)I[AICI 4] (5), and [Cp*Mo(CO)(PNi ylphosphino)ethane (dmpe) were purchased from Strem and stored
Pr))(dmpe«°P)][AICI 4] (17) provide a useful illustration of the  ynder nitrogen. Aluminum chloride was purified by sublimation
effect of carbonyl for phosphine substitution on the phosphin- prior to use. Elemental analyses were carried out by Guelph
idene ligand. The three compounds represent successive subchemical Laboratories. Compounds 8, 11, 15, and 16 are
stitution of z-acceptor carbonyl ligands for strong donor thermally unstable intermediates and thus could not be characterized
phosphine ligands. For comparison, parameters for the threeby elemental analysis.
compounds are summarized in Table 7, along with parameters (a) [Cp*Mo(CO) »(PEtz)(PN(i-Pr))][AICI 4] (5). The compound
for related tungsten compounds. The—# distances of the  [Cp*Mo(CO)x{ PN(-Pr)}][AICI 4] (3) was prepared by dissolving

Conclusion

Experimental Section
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[Cp*Mo(CO){ P(CI)N(-Pr)}] (1; 200 mg, 0.415 mmol) and Algl
(55 mg, 0.415 mmol) in 5 mL of CKCl,. To the resulting dark red
solution was added PE{49 mg, 61uL, 0.415 mmol), resulting in
a rapid color change, initially to yellow-brown and finally back to

Sterenberg et al.

KK?PLPHAICI 4] (9-[AICI4]) were grown by slow diffusion of
hexanes into a C}l, solution. Yield: 120 mg, 40%. IR/(CO)):
1959, 1890 cmt. 31P{*H} NMR: ¢ 109.3 (dd,%J(PP)= 532 Hz,
2)(PP)= 13 Hz, McPP), 41.2 (dd2J(PP)= 98 Hz,2J(PP)= 13

dark red. The solvent was removed in vacuo, and dark red crystalsHz, MoPCH,P), 10.8 (dd,:J(PP) = 532 Hz, 2J(PP) = 98 Hz,

of [Cp*Mo(CO),(PEE)(PN(-Prp)[AICI 4] (5) were grown by slow
diffusion of hexanes into a Gi€l, solution. Yield: 180 mg, 61%.
IR (»(CO)): 1976, 1902 cmt. 31P{1H} NMR: ¢ 957 (d,2J(PP)=
15 Hz, MAPN(i-Pr)), 36 (d,2J(PP)= 15 Hz, McPEts). 'H NMR:
0 5.00 (sept, 1H3J(HH) = 6.7 Hz, GH(CHj),), 4.60 (bm, 1H,
CH(CHg),), 2.03 (dg, 6H3I(HH) = 7.7 Hz,2J(HP) = 7.7 Hz, PG,
CHs), 1.97 (s, 15H, Cp*), 1.56 (d, 6HJ(HH) = 6.6 Hz, CH-
(CH3)2), 1.43 (d, 6H2J(HH) = 6.7 Hz, CH(H3)), 1.21 (dt, 9H,
3J(HH) = 7.7 Hz,3J(HP) = 8.2 Hz, PCHCH3). Anal. Calcd for
CosHaNOPLAICI,Mo: C, 40.87; H, 6.29; N, 1.99. Found: C,
40.83; H, 6.66; N, 2.00.

(b) [Cp*W(CO) »(PEt3)(PN(i-Pr)2)][AICI 4] (6). The compound
[Cp*W(CO)s{ P(CI)N(-Pr)}] (50 mg, 0.088 mmol) was dissolved
in CH.CI, (0.6 mL), and PEt(10.4 mg, 12.8«L, 0.088 mmol)

MoPP). 'H NMR: ¢ 3.37 (sept, 2H2J(HH) = 6.6 Hz, GH(CHjy),),
2.49-2.69 (m, 2H, PEI,P), 1.99 (dd, 3H2J(HP) = 11.9 Hz 3J(HP)
= 1.3 Hz, PP(®l3)), 1.95 (15 H, Cp*), 1.86 (dd, 3HRJ(HP) =
11.5 Hz,3)(HP) = 3.7 Hz, PP(€l3)), 1.78 (d, 3H,2J(HP) = 8.0
Hz, MoP(H3), 1.76 (d, 3H2)(HP) = 7.4 Hz, MoPC3), 1.18 (dd,
12H,2J(HH) = 6.6 Hz,*J(PH) = 1.6 Hz, CH(CH3),). Anal. Calcd
for C23H4302P3NA|C|4MO: C, 38.20; H, 5.99; N, 1.94. Found: C,
37.82; H, 6.14; N, 2.08.

(e) Anion Exchange The compoun®-[AICI 4] (50 mg, 0.069
mmol) and Na[BPJ] (0.24 g, 0.69 mmol) were dissolved in GH
Cl, (5 mL). The solvent was removed in vacuo, and the residue
was extracted into toluene (20 mL) and filtered. The solution was
concentrated to 5 mL, and yellow-orange crystals of [Cp*Mo(£0)
{P(N(-Pr})P(Me,)CH,P(Mey)-«?P, P} |[BPhy] - CeHsCH; (9-[BPhy])

was added. There was no reaction at this point, as confirmed bywere grown by slow evaporation. Yield: 60 mg, 99%.

31P NMR spectroscopy. The resulting solution was mixed and then

added to AIC} (12 mg, 0.09 mmol), resulting in a color change

(f) [CP*W(CO) o P(N(i-Pr)2)P(Mez)CHP(Me2)-«PLPE]IAICI 4]
(10). The compound [Cp*W(CQJ P(CI)N(-Pr)}] (50 mg, 0.088

from yellow to red. The solution was transferred to a Teflon-capped mmol) was dissolved in C}l, (0.6 mL), and dmpm (11.9 mg,

sealed tube and heated to ®Dfor 1 h, resulting in a darkening of

13.9uL, 0.088 mmol) was added. There was no reaction at this

the red solution. The product was isolated as dark red crystals by point, as confirmed by!P NMR spectroscopy. The solution was

slow diffusion of hexane into the Gl solution. Yield: 36 mg,
62%. IR ¢(CO)): 1946, 1879 cmt. 3P{H} NMR: o 878 (b,
WPN(i-Pr)), 6.2 (d,2J(PP)= 21 Hz,*J(WP) = 228 Hz, WPE).
IH NMR: 6 5.07 (sept, 1H3J(HH) = 6.6 Hz, GH(CHs),), 4.63 (d
sept, 1H,3J(HH) = 6.9 Hz,3J(HP) <2 Hz, CH(CHa)), 2.20 (s,
15H, Cp*), 2.05 (dq, 6H3J(HH) = 7.8 Hz,2J(PH) = 8 Hz, PCH,-
CHg), 1.54 (d, 6H,3)J(HH) = 6.5 Hz, CH(GH3),), 1.42 (d, 6H,
3J(HH) = 6.6 Hz, CH(GH3),), 1.18 (dt, 9H,3J(HH) = 7.8 Hz,
3J(PH) = 16.2 Hz, PCHCH3). Anal. Calcd for G4H44NO.P»-
AICI,W: C, 36.34; H,5.59; N, 1.77. Found: C, 36.72; H, 5.88; N,
1.73.

(c) [Cp*Mo(CO) 5{ P(PEt)N(i-Pr) 2} J[AICI 4] (7). The compound
[Cp*Mo(CO)s{ PN(-Pr)}[AICI 4] (3) was prepared by dissolving
[Cp*Mo(CO)s{ P(C)N(-Pr)}] (1; 20 mg, 0.041 mmol) and AlGl
(5.5 mg, 0.041 mmol) in 0.5 mL of CiZl, in an NMR tube. The
dark red solution was cooled t680 °C, and triethylphosphine (5
mg, 6uL, 0.041 mmol) was added, resulting in an immediate color

change to yellow. The tube was transferred to an NMR spectrometer

that had been precooled 630 °C, and3P and'H NMR spectra

then added to AIGI (12 mg, 0.09 mmol), resulting in a slight
darkening of the yellow solution. This solution was then transferred
to a Teflon-capped tube and monitored¥y NMR spectroscopy
for 2 days, resulting in the formation of [Cp*W(C@P(N(-Pr),)P-
(Me;)CH,P(Mey)-«2PL, P4 [AICI 4] (10). The product was isolated
as orange crystals by slow diffusion of pentane into the;@
solution. Yield: 43 mg, 60%. IRWCO)): 1944, 1862 cm. 31P-
{*H} NMR: 6 91.4 (dd,"J(PP)= 570 Hz,2)(PP)= 38 Hz,J(WP)
= 136 Hz, WPP), 15.3 (dd2J(PP)= 108 Hz,2J(PP)= 38 Hz,
LJ(WP) = 249 Hz, WPCH,P), 14.4 (dd}J(PP)= 570 Hz,2J(PP)
= 108 Hz,2)(WP) = 27 Hz, WRP). 'H NMR: § 3.33 (m, 2H,
CH(CHj3),), 2.96 (ddd, 1H2J(HH) = 15 Hz,2J(HP) = 2J(HP) =
11 Hz, PGH,P), 2.55 (ddd, 1H2J(HH) = 15 Hz,2J(HP) = 11 Hz,
2)(HP) = 8 Hz, PGH,P), 2.04 (s, 15 H, Cp*), 1.92 (d, 6BJ(HH)
= 8.1 Hz, CH(QHy),), 1.85 (d, 6H2J(HH) = 6.3 Hz, CH((H3)>),
1.28 (b, 12H, P(El3)). Anal. Calcd for GsH430.PsNAICIW: C,
34.06; H, 5.34; N, 1.73. Found: C, 34.31; H, 5.37; N, 1.67.
() [CP*MOo(CO) 3{ P(N(i-Pr))P(Me,) CH,P(Me,)-«P3 J[AICI 4]
(11). The compound [Cp*Mo(CQ]PN(-Pr)}][AICI 4] was pre-

were recorded. When the mixture was warmed to room temperature,pared by dissolving [Cp*Mo(CQJP(CI)N(-Pr)}] (20 mg, 0.041

evolution of gas was observed and compoéndas formed. A
similar procedure was used to record the IR spectrum inGTH
IR (»(CO),—80°C): 2013, 1947, 1917 cm. 3P{*H} NMR (—30
°C, CD.Clyp): 78.9 (d, MdPP, 1J(PP)= 512 Hz), 32.3 (d, MoP,

J(PP) = 512 Hz).'H NMR (—30 °C, CD,Cl,): 6 3.3 (b, 2H,
CH(CHg),), 2.0 (b, 6H, PEI,CHs), 1.95 (s, 15H, g(CHs)s), 1.3
(bm, 12 H, CH(®3),), 1.14 (b, 9H, PCHCH3). Compound was
observed using the same experimental procedure. Dagdia as
follows. IR (»(CO)): 2012, 1941, 1909 cm. 3'P{1H} NMR (—70

°C, CD,Clyp): 48.8 (d, WPP, 1J(PP)= 503 Hz,XJ(WP)= 116 Hz),
31.0 (d, WRP, LJ(PP)= 503 Hz,2J(WP) = 22 Hz).'H NMR (—70

°C, CDCly): o0 3.28 (bm, 1H, ®(CHg)y), 3.13 (bm, 1H,
CH(CHz),), 1.85-2.18 (m, 6H, PEI,CHj), 2.00 (s, 15H, g(CHs)s),

1.28 (m, 12H, CH(El3),), 1.06 (m, 9H, PCHCH3).

(d) [Cp*Mo(CO) o P(N(i-Pr)2)P(Me2)CHP(Mey)-«2P,P7}]-
[AICI 4] (9-[AICI4]). The compound [Cp*Mo(CQJPN(-Pry}]-
[AICI 4] (3) was prepared by dissolving [Cp*Mo(C@P(CI)N(-
Pr)x}] (200 mg, 0.415 mmol) and AlGK55 mg, 0.415 mmol) in 5
mL of CH,Cl,. To the resulting dark red solution was added dmpm
(57 mg, 67uL, 0.415 mmol), resulting in a color change to yellow-

mmol) and AIC} (5.5 mg, 0.041 mmol) in 0.5 mL of CiZl, in an
NMR tube. The dark red solution was cooled+80 °C, and dmpm
(6 mg, 7uL, 0.041 mmol) was added, resulting in an immediate
color change to yellow. The tube was transferred to an NMR
spectrometer that had been precooled-80 °C, and3'P and!H
NMR spectra were recorded. When the mixture was warmed to
room temperature, evolution of gas was observed and com@und
was formed. A similar procedure was used to record the IR spectrum
in CH,Cl,. IR (»(CO), —80°C): 2004, 1935, 1919 cm. 31P{1H}
NMR (=30 °C): ¢ 97.2 (d,*J(PP)= 506 Hz, MdP), 17.1 (dd,
1J(PP)= 506 Hz,2J(PP)= 34 Hz, MoFP), —49.6 (d,2J(PP)= 34
Hz, MoPPCHP). H NMR: ¢ 3.27 (b, 2H, G1(CHg)), 1.96 (s,
15H, Cp*), 1.87 (bm, 2H, P8B,P), 1.44 (dJ(HH) = 6 Hz, CH-
(CH3)2), 1.3 (b, 12H, P(El3),), 1.2 (b, 2H, CH(®3),).
()[Cp*Mo(CO) A P(N(i-Pr)2)P(Mez) CH,CH,P(Mey)-«2PLP%} -
[AICI 4] (12). The compound [Cp*Mo(CQJ PN(-Pr)} JJAICI 4] was
prepared by dissolving [Cp*Mo(C@P(CI)N(-Pr)}] (200 mg,
0.415 mmol) and AIG (55 mg, 0.415 mmol) in 5 mL of C§Cl,.
To the resulting dark red solution was added dmpe (62 mg,L69
0.415 mmol), resulting in a color change to yellow-orange and

orange and evolution of gas. The solvent was removed in vacuo, evolution of gas. The solvent was removed in vacuo, and crystals

and crystals of [Cp*Mo(CQJP(N(-Pr))P(Me)CH,P(Me,)—

of [CP*M0(CO)A{ P(N(-Pr))P(Me,) CH,CH:P(Mey)-«2PL,P5} JJAICI 4]
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(12) were grown by slow diffusion of hexanes into a &H,
solution. Yield: 244 mg, 80%. IRW(CO), CHCI,): 1973, 1905
cm L 31P{1H} NMR: 6 56.8 (d,"J(PP)= 614 Hz, Md®P), 2.3 (d,
3J(PP)= 39 Hz, MAPCH,CH,P), —2.7 (dd,}J(PP)= 614 Hz 3)(PP)
= 39 Hz, MoFP). 'H NMR: ¢ 3.40 (bm, 2H, Ei(CHg),), 2.42
(bm, 2H, P®,CH,P), 2.08 (bm, 2H, PCKCH,P), 1.94 (s, 15H,
Cp*), 1.69 (d, 6H3J(HH) = 8 Hz, CH(MH3),), 1.65 (d, 6H2I(HH)

= 8 Hz, CH(M3),), 1.19-1.16 (b, 12H, P(El3),). Anal. Calcd
for CoaH450,PsNAICIsMo: C, 39.10; H, 6.15; N, 1.90. Found: C,
38.57; H, 6.68; N, 1.83.

31P NMR at—90 °C (CD,Cl,): isomerl2a ¢ 50.8 (bd,1J(PP)
= 617 Hz, MdPP), 2.9 (dd,}3J(PP)= 617 Hz,3J(PP)= 15 Hz,
MoPP), 2.1 (b, MAPCH,CH,P); isomerl2b, ¢ 44.8 (d,%J(PP)=
623 Hz, MdPP), —1.2 (bd,3J(PP)= 77 Hz, MdPCH,CH,P), —6.8
(dd, JY(PP)= 623 Hz,3)(PP)= 77 Hz, MoFP).

(i) Reaction of [Cp*W(CO)3{PN(i-Pr)2}][AICI 4] (4) with
dmpe. The compound [Cp*W(CQJ PN(-Pr)} JJAICI 4] was pre-
pared by dissolving [Cp*W(CQJ P(CI)N(-Pr)}] (100 mg, 0.175
mmol) and AIC (23 mg, 0.175 mmol) in 5 mL of CKLCl,. To the
resulting dark red solution was added dmpe (23 mgu[290.175
mmol), resulting in a color change to yellow-orange. The solvent
was removed in vacuo. THéP NMR spectrum revealed a mixture
of products. Two major products were isolated from the mixture
by fractional crystallization and were identified as [Cp*W(GO)
{P(N(-Pr))P(Me&)CH,CH,P(Me&y)-«2PL, P} [AICI 4] (13; yield 15
mg, 10.8%) and{[Cp*W(CO)(PN(-Pr))} 2(«-dmpe)][AICL], (14;
yield 22 mg, 8.38%).

(i) [Cp*W(CO) A P(N(i-Pr)2)P(Mez) CH,CH2P(Mey)-«*P", P%} -
[AICI 4] (13). The compound [Cp*W(CQ) P(CI)N(-Pr)}] (50 mg,
0.088 mmol) was dissolved in GBI, (0.6 mL), and dmpe (13
mg, 14.6uL, 0.088 mmol) was added. The resulting solution was
mixed and then added to Al€{12 mg, 0.09 mmol), resulting in a
slight darkening of the yellow solution. The solution was transferred
to a Teflon-capped tube and heated to°@0for 1 h. The product
was isolated as orange crystals by slow diffusion of pentane into
the CHCI, solution. Yield: 38 mg, 52%. IR(CO), CHCl,):
1932, 1853 cmt. 31P{1H} NMR: ¢ 34.7 (bd,*J(PP)= 607 Hz,
WPP), =5 (bd,2J(PP)= 607 Hz, WHP), —30 (bm,*J(WP) = 243
Hz, WP). IH NMR: d 3.4 (bm, 2H, Gi(CHy),), 2.44 (bm, 2H,
PCH,CH.P), 2.22 (bm, 2H, PB,CH,P), 2.03 (s, 15H, §CHy)s),

0 1.71 (b, 12H, CH(®l3),), 1.14 (b, 12H, PE3). Anal. Calcd for
CosHasNOPAICI\W: C, 34.93: H, 5.50; N, 1.70. Found: C, 34.81;
H, 5.78; N, 1.64.

(k) [{Cp*W(CO)2(PN(i-Pr)2)} 2(u-dmpe)][AICI 4> (14). The
compound [Cp*W(COX P(CI)N(-Pr)}] (200 mg, 0.35 mmol) and
AICl; (47 mg, 0.35 mmol) were dissolved in GEl, (0.6 mL).
The resulting dark red solution was cooled-t80 °C, and dmpe
(23 uL, 26 mg, 0.17 mmol) was added, resulting in an immediate

Sterenberg et al.

was cooled t0—-80 °C, and dmpe (8.&L, 8.0 mg, 0.053 mmol)
was added, resulting in a color change from red-orange to yellow.
The solution was transferred to an NMR tube-&80 °C, and the

31P and'H NMR spectra were recorded a0 °C. 31P{'H} NMR
(—80 °C, CD,Cly): 0 52.9 (d,"J(PP)= 493 Hz,.J(WP) = 113

Hz, WP), 17.8 (dd,}J(PP)= 493 Hz,3J(PP)= 33 Hz, WHP), —42.2

(d, 3J(PP)= 33 Hz, WPPCHCH,P). IH NMR (—80°C, CD,Cl,):

0 3.19 (bm, 2H, N®1(CHjy),), 2.1 (bm, 2H, PPE,CH,P), 2.0 (s,
15H, Cp*), 1.6 (d, 6H, NCH(E3),), 1.4 (bm, 2H, PPCKCH,P),
1.23 (d, 6H, NCH(E®i3)), 1.09 (s, 6H, PE3), 0.99 (s, 6H, PE3).

(m) [{ Cp*W(CO) 2} 2(u-P(N(i-Pr)2) P(CH3)2CH>CH2P(CHg)2P-
(N@-Pr)2)IAICI 42 (16). The compound [Cp*W(CQ)PN(-Pry} -
[AICI 4] was prepared by dissolving [Cp*W(CEP(CIN(-Pr)y}]

(30 mg, 0.053 mmol) and AlGI(7.1 mg, 0.053 mmol) in CELCI,

(0.5 mL). The solution was cooled t680 °C and dmpe (3.mL,

3.1 mg, 0.021 mmol) was added, resulting in a color change from
red-orange to yellow. The solution was transferred to an NMR tube
at—80°C, and the’'P and'H NMR spectra were recorded aB80
°C.31P{H} NMR (—80°C): ¢ 58 (b), 17.9 (d}J(PP)= 523 Hz).

IH NMR (=80 °C): 6 3.1 (b, 2H, NGH(CHzy),), 2.2 (bm, 4H,
PCH,CH,P), 2.0 (s, 15H, Cp*), 1.4 (b, 12H, NCHG),), 1.1 (b,
12H, P(Hy).

(n) [Cp*Mo(CO)(PN(i-Pr),)(dmpe+?P)][AICI 4] (17). The com-
pound [Cp*Mo(COX P(N(-Pr))P(Me)CH,CH,P(Mey)} [AICI 4]

(12, 100 mg, 0.135 mmol) was dissolved in THF (20 mL) and
irradiated f@ 2 h (mercury vapor lamp, Pyrex cutoff), resulting in
a color change to dark orange-brown. The solvent was removed in
vacuo and the residue extracted into £ (1 mL). Dark orange
crystals of [Cp*Mo(CO)(PN¢Pr))(dmpex2P)][AICI 4] (17) were
grown by slow diffusion of hexane into the GEl, solution.
Yield: 12 mg, 12.6%. IR#(CO), CHCl,): 1883 cntl. 31P{1H}
NMR: 6 1057.7 (b), 52.99 (d&?J(PP)= 37 Hz,2)J(PP)= 11 Hz),
44.87 (dd,2)(PP)= 37 Hz,2J(PP)= 13 Hz).'H NMR: ¢ 4.6
(sept, IHREI(HH) = 8.4 Hz, (H(CHz),), 4.5 (bm, 1H, GI(CHy)y),
2.01 (s, 15H, Cp*), 1.79 (d, 6HI(HH) = 8.4 Hz, CH(TH2),),
1.54 (d, 6H,3J(HH) = 8.4 Hz, CH(Ma3),), 1.45 (m, 4H,
PCH,CH,P), 1.29 (s, 12H, P(85).). Anal. Calcd for GH4NO,P-
AICI,W: C, 38.95; H, 6.39; N, 1.97. Found: C, 38.42; H, 6.09; N,
1.85.

Computational Studies. Calculations were carried out using
Gaussian 08 using B3LYP and a mixed basis set: LanL2DZ for
Mo and 6-31G* for light atoms. Geometries were optimized and
energies were calculated for [Cp*Mo(CHPN(G-Pr)}]* (3) and
[Cp*Mo(CO){ P(PEE)N(i-Pr)}]* (7) and for the proposed inter-
mediates that result from carbonyl loss fr@dmand 7, [Cp*Mo-
(COX{PN(-Prp}1* (A) and [Cp*Mo(COX} P(PE§N(-Pr)}] ™ (B).

The AE value for carbonyl loss was calculated by subtracting
energies oB or 7 from the energies of the dicarbonyl intermediates
and CO. Optimized energies are given in Table 9. Conformers of

color change to orange and formation of an orange precipitate. The[Cp*Mo(CO)z{ P(N(i-Pr),)P(Mey) CH,CH,P(Mey)-k2PL, PS5} ]-
suspension was warmed to room temperature and stirred for 3 days[A|C| 4] (12) were optimized using the same method and basis set.

resulting in formation of a dark red solution. Addition of hexane
(10 mL) resulted in the precipitation of a dark red oil, which was

Two minima, which correspond to chair and boat conformations
of the six-membered MPPCCP ring, were identified.

washed with hexane and dried under vacuum. Red-orange crystals

of 14 were grown by slow diffusion of hexane into a g,
solution. Yield: 52 mg, 20%. IR(CO), CHCl,): 1964, 1890
cm~L 31p{1H} NMR: ¢ 889 (d,2)(PP)= 12 Hz),—5.6 (d,2J(PP)

= 12 Hz,1J(WP) = 225 Hz).'H NMR: ¢ 5.03 (sept2J(HH) =
6.6 Hz, 1H, GH(CHg),), 4.68 (b, 1H, Gi(CHs),), 2.24 (s, 15H,
Cp*), 2.11 (s, 6H, PEl), 2.08 (d, 6H,2J(PH) < 1, P(H5), 1.94
(m, 4H, PQH,), 1.55 (d, 6H,2J(HH) = 6.9 Hz, CH(QH3),), 1.42
(d, 6H,2J(HH) = 6.6 Hz, CH(®H5),). Anal. Calcd for GoH74N,04Ps-
Al,ClgW,: C, 33.63: H, 4.97; N, 1.87. Found: C, 33.21; H, 4.78;
N, 1.79.

(1) [Cp*W(CO) A P(N(i-Pr)2)P(Mez) CH2CH P (Me,)-«P}[AICI 4]
(15). The compound [Cp*W(CQJPN(-Pr)} JJAICI 4] was prepared
by dissolving [Cp*W(CO¥} P(CI)N(-Pr)}] (30 mg, 0.053 mmol)
and AICk (7.1 mg, 0.053 mmol) in CECI, (0.5 mL). The solution

(25) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Montgomery, J. A., Jr.; Vreven, T.; Kudin, K.
N.; Burant, J. C.; Millam, J. M.; lyengar, S. S.; Tomasi, J.; Barone, V.;
Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G. A,;
Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.;
Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Klene, M.; Li,
X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.; Bakken, V.; Adamo, C.;
Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J,;
Cammi, R.; Pomelli, C.; Ochterski, J. W.; Ayala, P. Y.; Morokuma, K.;
Voth, G. A.; Salvador, P.; Dannenberg, J. J.; Zakrzewski, V. G.; Dapprich,
S.; Daniels, A. D.; Strain, M. C.; Farkas, O.; Malick, D. K.; Rabuck, A.
D.; Raghavachari, K.; Foresman, J. B.; Ortiz, J. V.; Cui, Q.; Baboul, A.
G.; Clifford, S.; Cioslowski, J.; Stefanov, B. B.; Liu, G.; Liashenko, A;
Piskorz, P.; Komaromi, |.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham,
M. A.; Peng, C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.;
Johnson, B.; Chen, W.; Wong, M. W.; Gonzalez, C.; Pople, dussian
03, revision C.02; Gaussian, Inc.: Wallingford, CT, 2004.
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Table 9. Optimized Energies and refined by successive least-squares cycles. Data collection and
compd energy (kJ/mol) structure solution parameters are given in Table 8.
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