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can-9-one (12) was produced in a 70% yield. The structure 
assignment of 12 is based upon elemental analysis and IR, 1H 
NMR, and 13C NMR spectra.17 The structure is also consis
tent with a finding that 12 is treated with HCl in chloroform18 

to afford l-methylbicyclo[5.3.0]-7-decen-9-one (7).12 

At the present moment it is very difficult to explain the 
reason why the oxidation of a-\-(trans-fused bicyclo[5.3.0]-
decan-9-one)methylpalladium(II) complex (4g) takes a dif
ferent reaction course from that of oM-(cis-fused bicy-
clo[«.3.0]alkanone)methylpalladium(II) complexes (4e and 
4f). Consideration with CPK molecular model suggests that 
the 1,2 shift of carbon bond C7-C1 to carbon bond C7-C11 in 
the oxidative cleavage of the palladium carbon bond of 4g 
leading to the expected l-chlorobicyclo[5.3.1]undecan-9-one 
(9g) is susceptible to severe steric hindrance owing to the bond 
C7-H. A detailed understanding of the reaction mecha
nism19'20 must await further study. 
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Structure and Bonding in 
a Phosphenium Ion-Metal Complex, 
CH3NCH2CH2N(CH3)PMO(T;S-CSHSXCO)2. An Example 
of a Molybdenum-Phosphorus Multiple Bond 

Sir: 

Heterolytic cleavage of the phosphorus-halogen bond in 
aminohalophosphines, induced by halide ion acceptors, has 
been shown to result in the formation of novel dicoordinate 
aminophosphenium ions, (R2N)2P+.1-6 The molecular 
structure of only one aminophosphenium ion has been deter
mined,6 and the bonding and coordination chemistry displayed 
by these cations have not been extensively explored.7 We have 
previously reported the synthesis of several neutral metallo-
phosphenium ion coordination complexes;10 however, the 
molecular structures of these complexes have not been un
ambiguously determined, and the nature of the metal atom-
phosphorus cation interaction is open to question.9'11"13 

We report here the determination of the exact composition 
and molecular structure of a neutral metallophosphenium 
ion complex (1), isolated from the reaction of 
CH3NCH2CH2N(CH3)PF (2) with Na(^-C5H5)Mo(CO)3. 
An informative description of the bonding in 1 is also provided 
by quantitative molecular orbital calculations. 

Compound 1 was prepared as described previously11'14 ex
cept that the addition of the ligand 2 to the THF solution of 
NaCpMo(CO)3 was accomplished in vacuo. Carbon monoxide 
was evolved and quantitatively recovered with a Toepler pump 
system. The amount of CO produced is consistent with a re
action summarized by the following equation: 

CH3NCH2CH2N(CH3)PF + NaCpMo(CO)3 

THF _ 
- » - C H 3 N C H 2 C H 2 N ( C H 3 ) P M O C P ( C O ) 2 + CO + NaF 

1 
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Table I. Selected Interatomic Distances (Angstroms) and Angles 
(Degrees) 

CCl 13 

Figure 1. Molecular structure for C H 3 N C H 2 C H 2 N ( C H 3 ) P M O -
(rj5-C5H5)(CO)2 (50% probability ellipsoids). 

The crude yellow product was purified by extraction into 
benzene and single crystals of 1 were grown at 0 0 C from a 
THF-pentane solution.15 The compound crystallizes in a 
monoclinic cell, P2\/n, with four molecules per unit cell. 
Crystal data are as follows:16 a = 8.239 (2), b = 12.447 (4), 
c = 13.236 (5) A; /3 = 98.59 (3)e

LV = 1342.1 (7) A3; pcaicd = 
1.64 g cm"3; Mo Ka radiation (X = 0.71069 A); ^t(Mo Ka) 
= 10.7 cm - 1 ; F(OOO) = 672. The monomeric molecular 
structure of 1 is shown in Figure 1, and the significant inter
atomic bond distances and angles are summarized in Table 
I. 

The molecular structure determination unequivo
cally ___defines__the_^ composition of 1 as 
C H 3 N C H 2 C H 2 N ( C H 3 ) P M O ( J 7 5 - C 5 H 5 ) ( C O ) 2 . The structure 
is clearly related to the structure of the anion in the isoelec
t r i c complex [(77-C4Hg)4N+][CpMo(CO)3-] (3).18 The 
molybdenum atom has a pseudooctahedral, Cs-m, coordination 
geometry made up by a pentahapto cyclopentadienyl ligand, 
two carbonyl ligands, and the coordinated phosphenium ion. 
The average molybdenum-carbonyl distance, 1.945 A, is 
similar or slightly shorter than this distance in several 
CpMo(CO)3X complexes (1.95-2.00 A);20 however, the 
Mo-CO distance in 1 is longer than the corresponding dis
tances in the isolated anion of 3 (1.91 A ) ' 8 or in [Cp2Mo(H)-
CO+ ] [CpMo(CO) 3 - ] (1.93 A).19 The average C-O bond 
distance in 1, 1.152 A, is slightly shorter than this distance in 
3.1 8 Although force constants have not been evaluated for 1 
and 3, the CO infrared stretching frequencies correlate qual
itatively with the C-O bond distance variations. The average 
Mo-C (ring) distance, 2.35 A, also is comparable with this 
distance in several related compounds.20 ' 

The more important stereochemical and bonding features 
involve the molybdenum atom and the phosphenium ion ligand. 
The molybdenum atom and all of the nonhydrogen atoms of 
the phosphenium ion lie in a plane which is nearly perpendic
ular (89.5°) to the Mo(CO)2 plane. Hence, the geometry about 
the phosphorus atom and each nitrogen atom is trigonal planar. 
The Mo-P bond distance, 2.213 A, is quite short compared 
with the usual range of Mo *— P dative bond distances, 
2.40-2.57 A,21 which suggests that there is a significant degree 
of multiple Mo^=P bond character in 1. The bond angles and 
distances within the phosphenium ion ring are similar to those 
found by Parry and co-workers in the neutral ligand coordi
nation complex CH3NCH2CH2N(CH3)P(F)Fe(CO)4 .2 2 '2 3 

In both compounds the mean P-N bond distance is shorter 
than the commonly accepted P-N single bond distance, 1.78(3) 
A,24 yet longer than the P-N distance in (CH3)2NPF2 , 1.628 
A,25 and (/-Pr2N)2P+ , 1.613 A.6 

Based upon the structural and existing spectroscopic data,11 

it is now possible to understand the nature of the metal 

Mo-C(I) 
Mo-C(2) 
Mo-C(3) 
Mo-C(4) 
Mo-C(S) 
Mo-C(6) 
Mo-C(7) 
Mo-P 

C(l)-Mo-C(2) 
C(I)-Mo-P 
C(2)-Mo-P 
N(I)-P-Mo 
N(2)-P-Mo 
N(l)-P-N(2) 
P-N(l)-C(8) 
P-N(2)-C(9) 

Distances 
1.944(6) 
1.946(7) 
2.342(8) 
2.346(7) 
2.356(8) 
2.358 (9) 
2.353 (7) 
2.213(1) 

C(I)-O(I) 
C(2)-0(2) 
P-N(I) 
P-N(2) 
N(I)-C(IO) 
N(2)-C(ll) 
N(I)-C(S) 
N(2)-C(9) 
C(8)-C(9) 

Angles 
85.3(3) 
87.3 (2) 
88.5(2) 

132.4(2) 
135.5(2) 
92.1 (3) 

116.1 (5) 
116.3(4) 

C(8)-C(9)-N(2) 
C(9)-C(8)-N(l) 
P-N(I)-C(IO) 
P-N(2)-C(ll) 
C(8)-N(l)-C(10) 
C(9)-N(2)-C(ll) 

1.150(7) 
1.155(9) 
1.641 (5) 
1.650(5) 
1.454(9) 
1.444(10) 
1.420(9) 
1.438(8) 
1.498(11) 

106.8 (6) 
108.7(6) 
124.7(5) 
124.5(5) 
118.8(6) 
119.2(6) 

atom-phosphenium cation interaction. Qualitative electron 
counting for 1 provides an interesting picture. Normally a 
neutral phosphine ligand acts as a two electron donor toward 
an organometallic fragment, and it has been assumed that 
phosphenium ions also have available an electron pair for 
coordinate bond formation.5'8'9 Yet for a closed-shell complex 
belonging to the class CpMo(CO)2L, L should be a 3-electron 
donor. This dilemma is dismissed if 1 is conceptually formed 
by two electron donation from the dicoordinate cation 
[CH 3 NCH 2 CH 2 N(CH 3 )P + ] (4) to the coordinatively un
saturated, 16-electron fragment [CpMo(CO)2-] . A more 
thorough understanding of the bonding in 1 including the 
unexpectedly short Mo-P bond distance, is provided by ap
proximate nonparameterized MO calculations.26,27 The results 
of the calculations are summarized in the MO energy level 
diagram (Figure 2). Three phosphenium ion ligand MO's are 
significant with regard to the Mo-4 interactions.28 The 8ai 
ligand MO is an in-plane sp2-type orbital which possesses 
predominately phosphorus lone-pair character. This MO forms 
a P —* Mo dative a bond in the complex through overlap with 
the molybdenum dz2 orbital. The 3a2 ligand HOMO is a 
nonbonding out-of-plane orbital localized on the two nitrogen 
atoms, and it does not interact with any of the metal orbitals 
in the complex. The 4b2 ligand LUMO is an out-of-plane 
three-center antibonding orbital which is delocalized over the 
N - P - N unit of the free ligand ion. Overlap of the 4b2 MO of 
4 with the molybdenum dxz orbital results in a synergic inter
action between the molybdenum atom and the N - P - N unit. 
This unique interaction simultaneously strengthens the Mo-P 
bond and weakens the two P-N bonds. This quantitative model 
is in accord with the short Mo-P bond distance in 1 and the 
trend in P - N bond distances outlined above. 

A Mulliken population analysis reveals that 0.58 electron 
is transferred from the phosphenium cation to the metal atom 
via the phosphorus-metal a donation (2a' MO). The charge 
transfer is offset by the metal-phosphorus ir interaction (5a" 
MO) which transfers 0.77 electrons from the metal atom to 
the phosphorus atom thereby leaving a net +0.73 electronic 
charge on the phosphorus atom in the coordinated phosphen
ium ion complex 1. The 4a' and 5a' MO's for the complex are 
predominately metallic orbitals which are involved in back-
bonding to the carbonyl ligands.29 The LUMO (6a") is a IT 
symmetry Mo-P antibonding MO. The relative energy of the 
latter orbital suggests that a reduced species ( I - ) may be 
available and electrochemical studies of 1 are in progress. The 
bonding model also indicates that the phosphorus atom in 1 
would be strongly deshielded in relation to the phosphorus 
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Figure 2. Molecular orbital diagram for CH3NCH2CH2N(CH3)P-
Mo(?;5-C5H5)(CO)2. The outside columns represent the orbital eigen
values of the ligand fragments and metal. The center column represents 
the orbital energies of the complex. 

atom in 2, which is in part responsible for the large downfield 
31P N M R shift.11 The combined results of the structural and 
theoretical studies of 1 show that the novel ligation properties 
of phosphenium ions warrant additional intensive study. 
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Hydroxyphosphorane Intermediates in 
Substitution Reactions at Phosphorus in 
Acyclic Phosphonofluoridates: Evidence from 
Nuclear Magnetic Resonance 

Sir: 

It is widely accepted that trigonal bipyramidal (TBP) hy-
droxyphosphoranes (such as 3) or their conjugate bases, 
phosphoranoxide anions (such as 2), are intermediates in 
nucleophilic displacements at tetracoordinate phosphorus in 
cyclic P = O bond containing compounds.1 Thermally2 and 
hydrolytically3 stable cyclic hydroxyphosphoranes and phos
phoranoxide anions have recently been prepared. Spectroscopic 
evidence for equilibrium between a cyclic hydroxyphosphate4 

or hydroxyphosphinate3 and five-membered-ring hydroxy
phosphoranes in solution has been reported. However, with 
acyclic phosphorus substrates5 it has been more difficult to find 
compelling evidence for existence of such conformationally 
mobile pentacoordinate species as intermediates in substitution 
at phosphorus. It has been suggested that the stability of such 
intermediates is determined by the relative apicophilicity6 of 
the nucleophile7 and the leaving group,8 in addition to the 
structural features known3 to stabilize hypervalent species. 
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