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I. Introduction and Scope of the Review

The first dicoordinate phosphorus cations 1 and 2
were reported by Dimroth and Hoffmann! in 1964.
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1, Ri=Me, Et; R = H, OMe
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2,Ri=Et; Rz = H, Me

Since that time, many other so-called phosphamethine
cyanines have been prepared and this exciting field has

been reviewed.? However, the P NMR chemical shifts
and patterns of reactivity of these cations suggest ex-
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tensive charge delocalization as exemplified by canon-
ical forms 3a,b. Since the positive charge is not located
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primarily at phosphorus, the phosphamethine cyanines
are considered to fall outside the scope of the present
review. Similar reasoning has been used to exclude a
novel series of triphosphorus cations represented by 4
whaich have been reported recently by Schmidpeter et
al.

EBP/P\ /R

PL-R

R/ R
4,R:=alkyl,ary!. R2N, RO

We use the term phosphenium ion*® to imply a high
degree of positive charge accumulation at the two-co-
ordinate phosphorus center. From the standpoint of
31IP NMR spectroscopy, the localization of charge at
phosphorus is evident from a chemical shift in the range
+200 to +500 ppm (vide infra).

Phosphenium ions can be considered to constitute
one member of an isoelectronic series that extends from
silicenjum® to chloronium?’ ions.

8
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An alternative view recognizes the parallel between the
singlet states of phosphenium ions, carbenes, and si-
lylenes and focuses attention on the lone pair of elec-
trons and the formally vacant 3p orbital at phosphorus.

R\Q R\Q R\Q
R/Ol R/d R/d

Phosphenium ions have been invoked as reactive in-
termediates for several years.® Moreover, these species
are responsible for the presence of prominent peaks in
the mass spectra of, e.g., phosphinous halides and di-
phosphines.® The first example of a stabilized phos-
phenium ion, 5, was reported by Fleming, Jekot, and
Lupton.!® This development was followed closely by
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a paper by Maryanoff and Hutchins!! in which a second
stabilized cation, 6, was described. Both cyclic phos-
phenium ions 5 and 6 were prepared by halide ion ab-
straction from precursor diaminohalophosphines. The
scope of this approach was broadened significantly by
Parry and co-workers!? who were able to prepare
[(Me;N),P]* and [(Me,N)(C1)P]*, the first examples of
acyclic phosphenium ions.

Interest in phosphenium ion chemistry has grown
steadily since the mid1970s, and it is already clear that
these cations are useful reagents. Versatility is a key
feature in the reactivity patterns of phosphenium ions.
As anticipated, many reactions can be attributed to the
electrophilic character of these cations. On the other
hand, dative action by the phosphorus lone pair is ev-
ident inter alia from their reactivity toward azides and
from the fact that phosphenium ions exhibit a rich
coordination chemistry.

I1. Preparation of Phosphenium Ions

Reference to Table I indicates that the list of phos-
phenium ions is quite extensive. Various synthetic
approaches to phosphenium ions have now evolved, and
these are discussed under separate sub-headings.

A. Phosphorus—Halogen Bond Heterolysis

So far, the most widely used method of phosphenium
ion synthesis involves chloride ion abstraction from
precursor chlorophosphines. As shown in eq 1, Cl™ ab-
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Fc: R'=R"s Fc

straction by AL, Cl; has proved to be the most versatile
approach. However, there are instances when chloride
ion acceptors such as GaCls,!?2 FeCl,,!3 and PCl;!! have
been employed. In general, the preparation of phos-
phenium ions is effected by allowing a mixture of the
appropriate phosphorus chloride and a stoichiometric
quantity of Al,Cl; in CH,Cl, solution to warm slowly
from —78 °C to room temperature. In many instances
the reactions are complete at —78 °C. The progress of
the reaction can be monitored conveniently by 3!P
NMR spectroscopy (vide infra). Methylene chloride is
the solvent of choice for these reactions because it is
noncoordinating yet possesses a sufficiently high di-
electric constant to permit solubilization of the phos-
phenium salts. In this context, caution should be ex-
ercised when SO, is used as a solvent because, in the
absence of Al,Clg, it causes oxidation of (RyN),PCl to
(R,N),P(0)CL.16

In the case of the reaction of Fc,PCl with Al,Clg, it
was not clear what the product would be because ele-
gant work by Bock and co-workers® has demonstrated
that Al,Clg in CH,Cl, can function as an oxidizing agent
if the binding energy of the valence electrons is 7.9 eV
or less. Since the first ionization potential of ferrocene
is ~6.9 eV, the possibility of oxidation of Fc,PCl to
the mixed-valence bridged ferrocene 5 had to be con-
sidered. However, an 5"Fe Méssbauer study!® of the
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product of the reaction of Fc,PCl with AL Clg revealed
that it is the phosphenium ion Fe¢,P*, and not 5.
+
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Fluoride ion abstraction from P-F bonds also repre-
sents a very useful approach to phosphenium ion syn-
thesis, PF; and BF being particularly effective in this
regard.!®!? Caution should be exercised with this
technique, however, when AsF}; is used because of the
oxidizing ability of As®*. Thus, the reaction of
(Me;N)(R)PF (R = Me;N, ¢t-Bu) with AsF; results in
the formation of four-coordinate difluorophosphonium
cations rather than a phosphenium ion.%®
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R = MezN, 7-Bu

Me2N
[AsFql”

While the mechanism of this net F* transfer is not
known, it is speculated that at least two steps are in-
volved, viz., oxidative fluorination of the fluoro-
phosphine forming a trifluorophosphorane, followed by
fluoride ion abstraction by AsF; or (AsFyj).

B. Protic Attack of Phosphorus-Nitrogen Bonds

Cleavage of P-N bonds with strong acids represents
a promising new approach to phosphenium ion syn-
thesis.? Trifluoromethanesulfonic acid was selected as
the proton source because of the low nucleophilicity of
the [CF3S0;]" anion. However, even with this anion,
covalent products are formed unless the phosphenium
ion is stabilized extensively by delocalization, e.g., X =
Y = Me,N. A complex set of equilibria appear to be
involved as shown in Scheme I.

C. Electrophiliic Attack of Element-Phosphorus
Double Bonds

In principle, the electrophilic attack of element-

phosphorus double bonds should represent a general
synthetic pathway to phosphenium ions, viz.

+
RP==ML, + £} —= R—P—ML,
E

However, at the present time there are only two exam-
ples of this approach. Thus, Niecke and Kroher®
prepared the acyclic zwitterion 8 by AL,Clg attack of a
phosphorus—nitrogen double bond as shown. In turn,

2{Me3Si)pN—P=—N(SiMe3) + Al2Cl¢

SiMes P
. + N ,
2(Me3S|)2N——-P—N\_ fpvrey 2Me3S|—N\£‘/N—S|Me3
AICI3
AN
8 Cl/ C!
9

8 was converted to the cyclic zwitterion 9 upon ther-
molysis at 70 °C. Although zwitterionic, it is clear from
the 3P NMR chemical shift data (vide infra) that both
8 and 9 involve considerable localization of positive
charge at phosphorus.

In a second example, it is believed that protic attack
of the phosphorus—phosphorus double bond of (2,4,6-
(t-Bu)3;CsH,P=P(2,4,6-(¢-Bu);C;H, resulted in the
phosphenium ion 10% as the initial product. It was
proposed further that labile 10 forms 11 via intramo-
lecular C-H oxidative addition of an o-t-Bu group to
the P* center. Although 11 is detectable by multinu-
clear NMR experiments at =78 °C, the isolated product
is the monophosphonium salt 12.BF,.

CH3
ﬁHg CH3
or 9 N
+ - + CH -
/F’——P p—p- chez
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N/
Me—C —-C—H
\ 4
R(:H
H
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Figure 1. Structure of [(i-Pr,N),P]* showing the atom numbering
scheme. Imgortant parameters: P-N(1) = 1.611 (4) &; P-N(2)
= 1.615 (4) A; N(1)-P-N(2) = 114.8 (2)°.

D. Miscellaneous Methods

Schmidpeter et al.?’?*%® have reported a novel situa-
tion in which a halide anion is apparently extruded in
a spontaneous fashion from a cyclic halophosphine
derivative. For example, reaction of the hydrazone 13
with PCl, afforded the interesting cyclic cation 14.
Inferentially, 14 is the precursor of 15, and the stability
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of the latter evidently stems from the fact that it is a
6m-electron system. A subsequent study has shown that
the equilibrium 12 = 13 is substituent dependent.?

Finally, novel bis(cations) of the type R,NP*—N=
P*(NR,)(X) (X = Cl, N;) have been observed in the
reaction of phosphenium ions with azides (vide infra).??

II1. Structures of Phosphenium Ions

So far, three phosphenium ions have been charac-
terized by X-ray crystallography. The skeletal geometry
of [(i-PrsN),P]* (Figure 1) is consistent with the view

Cowley and Kemp

that the phosphorus atom is approximately sp? hy-
bridized.’® Diminution of the N(1)-P-N(2) angle from
the ideal value to 114.8 (2)° can be understood on the
basis of repulsions between the phosphorus lone pair
and the P-N bonds. The subunit C(1)C(2)N(1)PN-
(2)C(3)C(4) is approximately planar, a conformation
which maximizes dative = bonding between the nitrogen
lone pairs and the formally vacant P(3p) orbital.
Conjugation of this type is supported by the fact that,
within experimental error, the endo C-N-P angle is
considerably wider than the other two (16). However,

+ +
2.3 P 2.5 9.9 P

C H H
4.8 ' WN/
115.4 3.0 \H

1ne.7 g 1329 435§ H
¢ 17
16
ab initio calculations on the virtually strain-free model
cation [(HyN),P]* revealed a similar trend of bond
angles (17).5%® Moreover, it is interesting to note that
a similar pattern of bond angles is evident in the iso-
valent N,N,N’,N~tetramethylformadinium cation [.%

|
c 8.8 C C
/
nr.e 131.4 N
c 126.8 \C
I

The structure of the zwitterionic phosphenium ion
9 has been determined by Pohl.?8 Both nitrogen atoms
adopt a trigonal-planar geometry, and, within experi-
mental error, the P-N bond length (1.614 (6) A) is the
same as that in [(i-Pr,N),P]*. The relatively small
N-P-N bond angle in 9 (97.4 (4)°) is obviously a con-
sequence of the cyclic structure.

In the diazaphospholium cation II, the bond angle at
phosphorus is even smaller (90.4 (1)°) and the P-N
bond length is somewhat longer (1.674 (2) A) than in
[(i-ProN),P]* or 9.2 The planarity of the ring and the
pattern of the bond length in II are consistent with
6w-delocalization.
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IV. NMR Data for Phosphenium Ions

A. *'P NMR Data

3IP NMR spectroscopy is an ideal tool both for the
identification of phosphenium ions and for the eluci-
dation of subsequent reactions. As might be anticipated
from the low coordination number and the presence of
a formal positive charge at phosphorus, the 3P chemical
shifts of phosphenium ions are rather deshielded and
fall in the range +111.0 to +513.2 ppm (Table I). With
the exception of [(Me;Cs)(Me,N)P]*, the 3P chemical
shifts of phosphenium ions are ~100 ppm downfield
of those of the precursor halophosphines. In the case
of [(MesC;)(Me,N)P]*, the 33.8 ppm upfield shift ac-
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Figure 2. Transition state for P-N rotation of [(R;N),P]* cations.

companying chloride ion abstraction was attributed to
multihapto bonding between P* and the Me;C; ring.?!
Other trends can also be interpreted on the basis of
conjugative effects. For example, the downfield shifts
which are observed when an R,N group is replaced by
Cl can be explained by the inferior conjugating ability
of the latter. Moreover, the observation that
[(Me,N)(t-Bu)P]* possesses the most deshielded 3P
chemical shift can be ascribed to the inability of the
t-Bu to m-donate.

Another conspicuous feature of the 3P NMR data is
the fact that ferrocenyl-substituted phosphenium ions
are relatively shielded. This observation has been at-
tributed!® to the well-known ability of the ferrocenyl
moiety to disperse positive charge.?®

Steric effects also play a role in determining the 3P
chemical shifts. Note, for example, that the 3'P chem-
ical shifts of the bis(amido)-substituted cations increase
with increasing ligand size. This trend has been in-
terpreted on the basis of progressive twisting of the R,N
groups with respect to the P* center, thereby reducing
the N(2p)-P(3p) overlap with increasing ligand bulk.!”

B. 2’Al NMR Data

27A1 NMR spectroscopy can play a highly useful role
when phosphenium ions are prepared by Al,Clg-pro-
moted chloride ion abstraction techniques. In these
cases, phosphenium ion formation is accompanied by
the production of the highly symmetrical AICl,” anion
which is manifested as a sharp singlet at § 102.2 (w;, ~
0 Hz) in the 2’Al{'H} spectrum.*

C. Variable-Temperature NMR Studies

Variable-temperature !H and *C{'H} NMR studies
have provided information pertinent to the static and
dynamic stereochemistry of acyclic bis(amido)phos-
phenium ions (III). Typically, anisochronous R groups

+
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Ra / \ Ra

~

N N<R

Ry b

IIT

are detectable at lower temperatures.!316174 The av-
eraging of the R, and Ry, environments, which occurs
at higher temperatures, could arise from N-P bond
rotation and/or inversion at the P* center becoming
rapid on the NMR time scale. This question was
probed!® by investigating the variable-temperature 'H
NMR spectra of [(Me,N)(i-Pr,N)P1*. Interestingly,
separate coalescence phenomena were detected for the
Me,N and i-Pr,N groups (Table II), thus indicating that
P-N bond rotation is the rate-determining process.
Furthermore, it appears that as rotation around a given
P-N bond occurs, the rest of the cation remains fixed
in order to minimize the loss of pm—p= conjugation. The
implied rotational transition state is depicted in Figure
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2. The foregoing conclusions are in accord with theo-
retical studies on [(H,;N),P]* and [(H,N)(H)P]* which
indicate that the barrier to inversion at phosphorus is
significantly higher than that due to P-N bond rota-
tion.??#? Interestingly, the variable-temperature 'H and
13C NMR spectra of [(MeyN)((Me;Si),N)P]* indicated
that, while the Me,N was fluxional, the Me;Si groups
of the (Me;Si);N moiety remained equivalent
throughout the temperature range studied.!” These
observations were explained by the postulate that the
Me;Si groups are rotated out of the N-P-N plane to
a sufficient degree that anisochrony is not detectable.
A similar explanation has been advanced by Nielson
and Wells*® to explain the equivalence of Me;Si groups
in (MeySi);N-substituted boranes. The diminution of
the P-N rotational (Table II) barrier in proceeding from
[(Me,N),P]* to [(Me,N),PFe(CO),]* (Table II) is con-
sistent with competitive r-donation for the formally
vacant P(3p) orbital by filled N(2p) and Fe(3d) orbitals.

V. Theoretical Aspects of Phosphenium Ions

Harrison et al.* have investigated the electronic
structures of the model phosphenium ions [HyP]™,
[(H)(F)P]*, and [F,P]* using generalized valence bond
(GVB) wave functions. These GVB calculations predict
that each cation possesses a singlet ground state.
Moreover, as expected, the singlet—triplet separations
increase with increasing ligand electronegativity:
[HyP]* (20.4 keal/mol), [(H)(F)P]* (42.6 keal /mol), and
[FoP]* (84.0 kcal/mol). These results are in accord with
the available structural data and the fact that NMR
spectra can be recorded for all isolable phosphenium
ions.

First principles calculations®#2 on the model systems
[(HN),P]* and [(H,N)(H)P]* produce satisfactory
agreement both with the observed ground-state geom-
etry of [(i-Pr,N),P]* and with earlier extended Hiickel
calculations!® on [(Me,N),P]*. Furthermore, all the
calculations support the view that dative w-bonding
takes place between the nitrogen lone pair(s) and the
formally vacant P(3p) orbital. Ab initio®® and
Fenske-Hall calculations*># on [(H,N),P]* and

[PN(R)CH,CH;NR]* (R = H, Me), respectively, pro-
duced the orbital sequence shown in Figure 3. The
HOMO, which is nonbonding, possesses a, symmetry
and comprises an out-of-phase combination of N(2p)
AQ’s. The LUMO, which possesses b; symmetry, is
m-antibonding in character. The a; MO is essentially
phosphorus lone pair in character and is directed per-
pendicular to the N(2p) AO’s. At lowest energy, the 4b,
level is best described as a three-center m-bonding MO.

VI. Comments on the Stabilitles of
Phosphenium Ions

With the exception of [(Fc),P]* and [(Me;C5)(t-
Bu)P]*, all isolable phosphenium ions feature at least
one amido substituent. In conjunction with the above
discussion of structural, theoretical, and spectroscopic
data, this observation highlights the necessity for the
thermodynamic stabilization of phosphenium ions by
means of ligand—P* r-bonding. In the case of diaza-
phospholium cations, this =-bonding constitutes part
of a more extensive 6m-delocalization. As with the
corresponding carbocations, the ferrocenyl substituent
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Table I. Synthetic Methods and *P Chemical Shifts for Phosphine Ions®
cation synth method? 3P chem shifts ref
[(Me,N),P]" A, B 264 12,13
[(Et,N),P]* A 263 14,15
[(i-Pr,N),P]* A 313 16
[((Me,Si),N),P]* A 450.3 17
[(Me,N)(i-Pr.N)P]* A 290 16
[(Me,N)((Me,Si),N)PJ* A 354.3 17
[(Me,N)((t-BuMe,Si),N)P]* A 370.1 17
[(Me,N)(C1)P]* A 325 12,13
[(i-Pr,N)(CL)P]" A 334 18
[(Fe),P]* ¢ A 183.7 19
[(Me,N)(Fc)P]* ¢ A 258.5 19
[(Me.C,)(Me,N)P]* A 111.0 21
[(Me,N)(t-Bu)P]* A 513.2 17
[(Me,C.)(t-Bu) | A 168 20
[(Me.C. )(Me,Si),CHP* A 265.9 20
. A
C v
!
™ A 264 10
L
L e
- P‘h -
N
o A 254 29
N
|
e
‘" hfe -V
\ CH—N
Mezc\/\ S A 222 11
CHz—‘N/ !
i v
r-I‘iu _1*
C'—P/N\P !
Wi A P,, 365.7 17
L )-E‘u J
)'Eu W
i :
‘MQZN_p/N\pAg A P4, 334.5 23
\N/ !
‘L r-I‘iu J‘
T
N
| Me_<N/PA A Py, 252 24
1\ r-I‘iu _l
I’_ \E N/Me
"y
i Me N\ N/ A 302 25
P
Me Me
&F e |
N A 228.0 25
L /N\/ ‘
Me _J
IVM s—N/P\N—SMj
e3Si \\S/ iMe3 C 343 26
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cation synth method? 3P chem shifts ref
SiMes
( MesSi N—P—N C 450 26
AlCI3
;
Me;S\—N<_>N—S'\Me3 C 379 26
CI/ \CI
PN,
P,
st D Py, 311.3 292, 32
o N
\;'/
/-PlzN/
MezN\ .
% P 5 22, 32
c|\;/N D A 293. ;
/ )
Me2N
/-Per\P‘
A
Nee N D Py, 301.4 22, 32
\;/
B
/-PraN
H Me '

Nod D 230.7 (CI" salt) 27
Me~N__ & 232.0 (Br salt) 28
— H —7*

\N_c? D 209.3 27
Me—r‘i\P,\\C
B H Me

Nod D 237.7 (CI" salt) 29
L“e—"’\p/\\c—"e 228.5 (Br" salt) 28

Me Me '

N D 211.0 30
H—N/ \\C—H

7
I Me\ D 5.2 30

195,
-C
5
F Me Me )
\ D 230.3 31
N—C
7
_Me—N\P,c H
r H Me )
\— D 220.0 28
[
Me—N\P/C—SMe
r H Me ' _

N/ D 231.1 (Cl" salt) 28

" S 229.9 (Br salt) 28
Me—N. C—SPh

@ 3P chemical shifts referenced to 85% H,PO, (external), positive values to high frequency. ® Method A: phosphorus-
halogen bond heterolysis. Method B: protic attack of phosphorus-nitrogen bonds. Method C: electrophilic attack of
element-phosphorus double bonds. Method D: miscellaneous methods. ¢ Fc = ferrocenyl.

effects stabilization via the dispersion of positive In principle, other substituents such as halogens and
charge.®® The (marginal) stability of [(Me;C;)(¢-Bu)P]* RO should be capable of conjugatively stabilizing
is attributable to multihapto bonding between the phosphenium ions. However, unless the phosphenium
Me;C; ligand and P* and the concomitant delocaliza- ions are coordinated to a transition metal moiety (vide
tion of positive charge.? infra), these groups have insufficient r-donor character
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TABLE II. P-N Rotational Barriers for Acyclic
Phosphenium Ions®

cation barrier, kcal/mol ref
[(Me,N),P]* 14.6° 13
13.6° 41
[(i-Pr,N),P]* 11.1 16
Vool * 11.9 (i-Pr) 16
( KN 1 14.1 (Me)
; P,
;' /-PlzN/ i
oN * 16.4 (Me) 17
e2
\P
l (Me3Si)zN
* 11.5
{‘MezN _1 41
; PFelcon,
LMezN/

2There is evidence for the dependence of the magnitude of the
rotational barrier in the nature of the counterion. See ref 13.

Figure 3. Some molecular orbitals for the model cation
[(HoN),P]*.

to impart the necessary thermodynamic stabilization.
Thus, the reactions of PX; (X = Cl, F) with AL,Clg
resulted in donor-acceptor complexes of the type
X3PAICI; rather than phosphenium ions.4

The necessity for adequate retro-bonding is also ev-
ident from attempts to prepare polyphosphenium cat-
ions. Thus, treatment of 18 with an excess of AL,Clg

7-Bu h|r1e hfe
N N—N
/
c1— P/ \P—CI O—rR ?P—CI
N )
’_IBU Me Me
18 19

results in the abstraction of only one chloride ion and
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\CM
S

1407(5) c1

Cc20

Figure 4. View of [(MesCs),As]* showing the atomic number
scheme and important bond lengths (A).

formation of the monocation (Table I). Interestingly,
however, N6th and Ullmann® have discovered that 19
forms a bis AlCl; adduct which can be regarded as the
AICl," salt of the corresponding bis(phosphenium) ion.
Evidently, at least four nitrogen atoms are necessary
to satisfy the conjugative requirements of two phos-
phenium ion centers in the same molecule.

VII. Heavier Congeners of Phosphenium
Ions —Arsenium and Stibenium Ions

There is X-ray crystallographic evidence*® for con-
tributions from the ionic form [F,As]*[SbF¢]™ in the
solid state of the adduct of AsF; and SbF;. However,
the environment around arsenic is somewhat complex,
there being two nearest-neighbor fluorine atoms at 1.64
A, two intermediate neighbors at 2.01 and 2.39 A, and
two long contacts at 2.73 A. Moreover, the octahedral
array around antimony is significantly distorted, with
one Sb-F distance being appreciably longer than the
other five.

The first clear-cut examples of arsenium ions were
produced by chloride ion abstraction reactions from
(Me;sCs)(Me,N)AsCl and (Me;C5)(CsHs)AsCL22 A bis
n° geometry, 20, was proposed for [(Me;C;)(CsH;s)As]*

Q.

As

20

on the basis of theoretical calculations and NMR
spectroscopic evidence. In a highly significant publi-
cation, Jutzi et al.®® have described the isolation of
[(MesCs);E]* (E = As, Sb) cations as their BF,™ salts.
An X-ray crystal structure of the arsenium cation
(Figure 4) revealed that, like the isovalent neutral group
1419 ¢compounds (Me;Cs).E (E = Ge, Sn, Pb),%! it
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possesses a bent-sandwich structure®? with a somewhat
distorted bis n° attachment of Me;Cj; rings.

VIII. Reactions of Phosphenium Ions

A. Reactions with Lewis Bases

Given that phosphenium ions possess a formal pos-
itive charge and a sextet of electrons at phosphorus,
they are expected to function as Lewis acids. This
expectation was verified by Parry et al.1?® several years
ago when they formulated materials of composition
[2(Me,N),PCl]-AlCl; and (Me,N);P-(Me,N),PCl-A1Cl,4
as phosphine adducts of the phosphenium ion
[(Me;N),P]*, 21 and 22. Since that time, other

+ +
Me N NMe 2 Me2N NMez
MeoN——P—P, MezN—P—*P/
MeaN C! Me2N \NMez
2t 22

phosphine adducts 237 and 241°® have been prepared.

+ +
Me 2N r-Bu_} n-Bu /Fc
?-Bu—P—=F n-Buy—pP——~F
/N /N
F NMe;z n-Bu Fc
23 24

An interesting facet of the 3P NMR spectra of these
diphosphorus cations is that both phosphorus nuclei are
more shielded than those of the individual components.
This observation has been attributed by Parry et al.}1?®
to the fact that coordination numbers at both phos-
phorus centers increase upon formation of the P—P
dative bond. The one-bond 3'P-!P coupling constants
for 21-24 fall in the range 336-506 Hz.

B. C-H Insertion Reactions

As noted above, phosphenium ions possess (i) an
electropositive center, (ii) a formally vacant (P(3p))
orbital at phosphorus, and (iii) they are coordinatively
unsaturated. As such they might be expected to cause
C-H bond activation. Interestingly, the first example
of C-H activation occurred somewhat by accident. Our
original intent in exploring the reactions of (7>-CsH;),Sn
or (n5-CsH;),Pb with [(i-Pr,N),P]* was to prepare
compounds with formed double bonding between Sn
or Pb and P*. However, the reaction of stannocene or
plumbocene with [(i-Pr,N),P]* results in phosphonium
salt formation via oxidative addition of a cyclo-
pentadienyl C-H bond to the P* center (or, alterna-
tively, via electrophilic aromatic substitution),’ viz.

H H
R2N
'+ H
RgN H
H
H
H H
H H

Subsequently, other examples of C-H activation by
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phosphenium ions have materialized. Thus, aluminum
chloride promoted chloride ion abstraction from (n!-
Me;C;)(t-Bu)PCl affords initially the phosphenium ion
[(MesCs)(¢-Bu)P]*. On standing for ~5 days at am-
bient temperature in CH,Cl, solution [(Me;C;)(t-Bu)-
P]* rearranged to the cyclic phosphonium salt 25.° The
intramolecular nature of this rearrangement was es-
tablished by the observation that no P-D bond for-
mation took place when the reactions were conducted
in CD2C12.

Me
Me Me
4
M / R
€ cH, 7-Bu
25

Another example of C-H activation is provided by
halide ion abstraction from (1°-C;Me;)Fe(CO),(PCIN-
(i-C3H,),) (26). Thus, treatment of 26 with Al,Clg or

4

— 7
Fe o F —o .
Ve e
oc |\co oc” | o
P P
-Pra. / 7-Prw /
N o N
o
i-Pr : /=Pr
26 27
—~ -t
Fe
oc” l Sco
LP—H
/'-Pr—NW>
— -
28

Phy;C*BF, is believed (on %P spectroscopic evidence)
to produce 27, which can be regarded as a cationic
phosphinidene complex or a metallaphosphenium
ion.54% Although the final product 28 could conceivably
arise from radical byproducts and/or precursors to 27,
it is reasonable to suggest that it arises from insertion
of P* into a C-H bond of an i-Pr,N group as suggested
above.

Finally, and to set the foregoing in a broader context,
we note that several other ring closures of 2,4,6-(¢-
Bu)3;C¢H; moieties have been observed.%6:%

C. Reactions of Phosphenlum Ions with
Unsaturated Organic Molecules

Over 3 decades ago, McCormack® recognized that
dihalophosphines react with 1,3-dienes and upon hy-
drolysis produce phospholene oxides. While repre-
senting a useful synthesis of phosphorus heterocycles,
the McCormack reaction is somewhat sluggish and re-
action times can be as long as days or weeks for the less
reactive dienes. SooHoo and Baxter®® and our group®®
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Figure 5. View of the 3-phospholenium cation 29h showing the
atom numbering scheme.

recognized that, being electrophilic carbenoids,?
phosphenium ions might react much more rapidly with
1,3-dienes. This is indeed the case and reaction times
are reduced dramatically. The actual reaction times are
dependent on steric and electronic factors. For exam-
ple, [(Me,N),P]* reacts completely with 2,3-dimethyl-
1,3-butadiene and isoprene in ~1 h upon warming from
-78 to +25 °C. On the other hand, the more sterically
encumbered dienes trans-1,3-pentadiene and trans-2-
trans-4-hexadiene react with the bulkier phosphenium
ion [(i-PryN),P]* in 3 and 9 days, respectively. Re-
activity can be increased by (a) decreasing the bulk of
the phosphenium ion substituents and (b) increasing
the electrophilicity at phosphorus. Thus, [(i-Pr,N)-
(CI)P]* reacts with 2,3-dimethyl-1,3-butadiene in ~30
min at ambient temperature. The overall reaction of
phosphenium ions with 1,3-dienes is summarized in (2).

R2 Ra Ry
N H/ﬁ/
P+ — — (2)
v Hﬁ/\
R3

29+
Y= MeaN; Rz » Me; Ri»Rz»Rq=H
Y= Et;N;: Rz» Me; Ry» Ra» Rg=H
Y= EtaN: Ry=Rg® H; R2*R3* Me
Ys /-PraN; Ry2R2» Rz»RqsH
Y= /~PraN; Ry= Me; Rz» R3sRas H
Y= /- PraN; Ry» Rg» Me; R2* RasH

g. X2Ys /-ProN; Rz' Me: Ry» Ra» Rg*H

h, X 2Ys /-PraN; Rys Rgs H; Rzs R3» Me

i.X= j-PraN; Y s Cl, Rj=Rg; R2» R3» Me

Note that in each case, 1,4 addition is observed. This

assignment was confirmed by an X-ray crystal structure
determination® on a representative phospholenium ion
(Figure 5). This study showed that the double bond
is located between C(2) and C(3). Interestingly, the
[(i-PryN),P]* unit changes only modestly upon coor-
dination; e.g., the P-N bond lengths increase by 0.013
(4) A and the N-P-N angle widens by 1.3 (2)°. As
pointed out by SooHoo and Baxter,® there are several
possible mechanisms for the reaction of phosphenium
ions with 1,3-dienes. As demonstrated for transient
phosphinidene complexes of the type PhP=M(CO); (M
= Cr, Mo, W),%! the reaction could proceed via a two-
step process, the first of which would be the 1,2 adduct
30 which could then rearrange to the 1,4 produect 31.
Alternatively, reaction could proceed in one step by a

a.
b,
c.
d.
8.
f.

KX XK XK XX

Cowley and Kemp

30 3t

concerted [2 + 4] cheletropic addition. Of these two
mechanisms, we prefer the [2 + 4] cheletropic process
because the reaction of phosphenium ions with ¢rans-
2-trans-4-hexadiene is highly stereospecific and results
in only one product. In principle, one should also
consider the possibility of biradical intermediates
emanating from triplet phosphenium ion. However,
MO calculations* indicate that phosphenium ions are
ground-state singlets hence this mechanism is unlikely.

Phosphenium ions are also reactive toward 1,4-dienes.
In fact, several years previously, Kashman and co-
workers®? reported that complexes of the type RPX,-
AlX; (R = Me, Ph; X = Cl, Br) react with, e.g., 1,4-
dienes to afford phosphorus-containing heterocycles. It
was quite conceivable that phosphenium ions are in-
volved in these reactions; however, we were unable to
detect [MePX]* or [PhPX]* by *'P NMR spectroscopy
when PRCI, was treated with Al,Cl, We were therefore
curious regarding the reactivity of stabilized phosphe-
nium ions toward 1,4-dienes. Indeed, [i-Pr,NPCIl]*
reacts readily with 1,4-pentadiene or 1,4-hexadiene to
afford two configurational isomers in each case (32 and
33).18 An X-ray crystallographic study of the predom-

Ry Ry
\;;/
R
b
g ﬁbk

33

32
Ry or R2= Cl or /-Pr2N

inant isomer from the 1,4-pentadiene reaction demon-
strated a proximal relationship between the i-Pr,N and
cyclopropane moieties.!®

More recently, the phosphenium ion reactions have
been extended to the heteroatom systems MeCH=
CHCH=NNDMe, (34), Me,C—=NN=CMe, (35), and
Me,NN=C(Me)C(Me)=NNMe, (36). Compound 34
reacts readily with [i-ProNPCI]* to afford the hetero-
cycle 37.% Presumably, 37 is formed as a result of

A w
Me” >PZ NMe,

0”7 \N(i-Pr),

Clz Al -

37

partial hydrolysis of the initial product. For the reac-
tions of 35 or 36 with [i-Pr,NPCI]*, large quantities of
i-PryNPCI, were detected by 3'P NMR spectroscopy in
each case. These reactions are presumably caused by
the attachment of AlCl; units to imino or amino ni-
trogen lone pairs, i.e., AICl;- — AICl; + CI". In turn,
Cl” attack of the phosphenium ion affords the neutral
dihalophosphine. A similar reaction was observed® in
attempting to prepare amido-substituted silicenium
ions.

Fongers, Hogveen and Kingma®® were the first to
demonstrate that alkynes will react with phosphonous
dichlorides in the presence of aluminum chloride to
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afford phosphirenium cations as indicated in (3).
R’ R"

RPCIp*AICly + R'—C==C—R" —= ;g; (3)

R e

R=R'sR"= Me: R=R'sMe; R"=H; R=Me; R's R"sH; R Ph,
R'sR"sMe; R=Ph, R'sMe; R"sH; R*Ph, R'sR"=H

Subsequently, this methodology was extended to the
reactions of R,PCl (R = Ph, Et) with EtC=CEt and
PhC=CPh by Breslow and Deuring.® These authors
noted that phosphirenium cations are of considerable
theoretical interest because P(3d) orbital participation
permits three-orbital, two-electron delocalization
characteristic of cyclopropenyl cations. Given that
transient phosphenium ions such [MePCl]* and
[Ph,P]* can be implied in the foregoing reactions, it was
of interest to determine whether stabilized phosphe-
nium ions would react with alkynes. Indeed, prelimi-
nary work® indicates that [i-ProNCIl]* reacts with
MeC=CMe and PhC=CPh to afford phosphirenium
cation 38. Moreover, recognizing the isolobal rela-

C
\;/
VAN
R—C=C—R
38,R=*»Me,.Ph

/-PraN !

tionship of alkynes to compounds with metal-metal
triple bonds,® we have also explored the reactivity of
[i-Pro,NPCIl}* toward CsH5(CO);Mo=Mo(CO),(C;H;).
Spectroscopic evidence has led us to the preliminary
conclusion that the product is the dimetal-
laphosphirenium cation 39.

/~PraN Cl
CsHs 3 CsHs
0C——Mo=—Mo—C0

co co
39

D. Reactions of Phosphenium Ions with Azides

In an interesting extension of the Staudinger reaction,
it has been found that bis(dialkylamino)phosphenium
ions react with azides to afford the corresponding bis-
(dialkylamino)iminophosphonium ions 40.22%28° Con-

ReN__,

—NR'

40

trasting with this observation is the report that in the

reaction of the zwitterionic phosphenium ion 9, with

t-BulNj it is impossible to isolate the iminophosphonium
cation 41 because of subsequent reaction with azide to
produce the spiroheterocycle 42.26

Yet another reaction pathway has been observed
when chloro(amido)phosphenium ions are treated with
Me;SiN;. The first step of the reaction is believed to
be a metathesis reaction resulting in the azido-
phosphenium ion 43.32 In turn, 43, being itself an azide,
reacts with the halophosphenium ion to produce novel
phosphenium-iminophosphonium dications 44. In in-
dependent experiments it was established that azido-
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7-Bu
INI/
P f-BuN
9 + 7-BuNy —- Me;Si—N(R‘:N—SiMes i)
~Ng
o’ N
4
=N
/ \
r-Bu——N“_/N——-r-Bu
Me3Si N/P\N SiM
e3Si— \A_‘/ —SiMes
/
¢t Ne
42

phosphenium ions 43 will self-condense to afford
polymers and bis(cations) analogous to 44.%

R2N RzN\
Net s Me3SiNg ——— '

/ - MesSiCl /

C N3
43

R Me, /-Pr ‘

E. Coordination Chemistry of Phosphenlum Ions

The presence of a lone pair and a vacant =-orbital
renders phosphenium ions excellent ligands. In the case
of amido-substituted cations, MO calculations on the
model systems® 4 suggest that o-donor behavior stems
from utilization of the second MO (3a;) and that -
acceptance results from interaction of occupied nd or-
bitals with the 5b; LUMO (Figure 3). As noted by
Paine® and Parry!® et al., intriguing parallels exist
between phosphenium ions, carbenes, SO,, NO, and
other small molecules.

It is convenient to divide the discussion into cationic
and neutral phosphenium ion complexes. The first
examples of the former were reported by Parry et al.,”
who abstracted fluoride ions from precursor fluoro-
phosphine complexes as represented in (4). Interest-

+
ReN A

P——Fe(CO)y + PFs —= P—Fe(CO)4 | [PFg1” (4)

R2N Rz2N

F
————
R2N = MeaN or MeNCH,CH,NMe

ingly, the same complexes can be formed by direct re-
actions of the phosphenium ions with Fe(CO); or Fe,-
(C0)4.7° Chloride ion abstraction also represents a vi-
able approach to cationic phosphenium ion complexes
45-50.15 Note, however, that only one halo-
phosphenium ion complex has been prepared by this
route. Other attempts to generate such ions were un-
successful.1> For example, Me,NP(F),Fe(CO), failed
to react with PF; and the reaction of Cl;PFe(CO), or
F,P(C1)Fe(CO), with Al,Cl; resulted in the production
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R| Rl

Rp——P—Fe(CO), + FAlClg — P——Fe(CO)4 | CAICI4T

o R2

45, Rp= Ry Fe

46, Ry=MezN,Rz2=C!

47. Ry*Rz2s Et2N

48, Ry * Rz=/-PraN

49, Ry» R2=(Me3Si)2N

50. Ry= 7-Bu, Rz *» MezN
of PCl;. Inferentially, retro-bonding from the halogen
substituents is insufficient to impart thermodynamic
stability to the complexed PX,* entity. It is interesting
to note, however, that a complex of [(MeQ),P]* (51)
has, in fact, been prepared” by protic attack of Mo[P-
(OMe)g]ﬁ.

MO[P(OMe)3]6 + H+ g
CH,0H + {(Meo)szg[IP(OMe)s]s}+

X-ray crystal structure data have been reported for
two cationic phosphenium complexes. Within 0.036 A,
the MPO, framework for the phosphenium ion ligand
of 51 is planar, suggesting multiple order for this Mo-P
bond.”" Supportive of this idea is the fact that the
Mo-P bond length for the cation (2.229 (4) A) is sig-
nificantly shorter than the average of those for the
neutral (MeO),P ligands (2.428 A).

The solid state of 47 is fairly complex and involves
four crystallographically unrelated cations.”” However,
the geometries of all four cations are similar. In con-
trast to axially substituted (halophosphine) Fe(CO),

complexes such as [CH;NCH,CH,N(CH;)PF]Fe(C-
0),,"® the phosphenium moiety adopts an equatorial
site of a local trigonal-bipyramidal geometry at iron.
The phosphorus geometry is planar and the average
Fe-P bond length (2.10 (5) A) is quite short. The metric
parameters for the coordinated [(Et,N),P]* ligand are
quite similar to those of unligated [(i-Pr,N),P]*, the
only major change accompanying coordination being
diminution of the N-P-N angle by ~10°. Equatorially
substituted Fe(CO), complexes are, in fact, quite rare,
the only examples of which we are aware being
(PhyP),(Ph)PFe(CO),,”* [trans-{[Fe(CO),];[PCH-
(SiMey),]},” and (2,4,6-t-BuyCeHy)oP,Fe(CO),."® Clearly,
it is a subtle interplay of steric and electronic factors
that is responsible for the observed site preferences. In
the case of the phosphenium complex, the equatorial
preference probably stems from the m-acceptor nature
of the phosphenium ligand since theoretical studies by
Rossi and Hoffmann”” have demonstrated that for
d®-d!° trigonal bipyramidal systems m-acceptor ligands
prefer an equatorial location. Interestingly, Sosinsky
et al.”® have interpreted Mossbauer data for [(Fc,PFe-
(CO),]* in terms of axial substitution of the phosphe-
nium ion ligand. This observation would suggest that
o-donation is more important than w-acceptance for
[Fc,P]*, while for the amido-substituted ligands, the
reverse is true.

The w-acceptor nature of cationic phosphenium ion
ligands can also be inferred from other lines of evidence.
For example, the CO stretching frequencies of coordi-
nated phosphenium ions are ~80-100 cm™ greater than
those of the precursor halophosphine complexes.!>"
Another manifestation of the =-acceptor character of
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TABLE I11. Comparison of P NMR Data of
Uncoordinated Phosphenium Ions, Cationic Phosphenium
Ion Complexes, and Precursor Chloride Complexes

hosphenium ion® Fe(CO), coordinatn  (R,PCH-
phosphenium lon complex chem shiftt Fe(CO),
r * 325 286.8° -38.2 192.2¢
I Me N ~] .
Lo
[(Me,N),P]* %4  311¢ +47 194¢
[(Et,N),P1* 263 307.6° +44.6 183.8°
[(i-Pr,N),P}* 313 311.3° -1.7 182.5°
[{(MesSi),NL,P]*  450.3  349.7° -100.6 268.0°
[(¢-Bu)(Me,N)P}* 513.2 441.5¢ -71.7 219.3¢
[N * 264 3004 +36
i \P
';N/
[Fe,P1* 183 280¢ +97 161°

®Data from Table I. ®8eomplex ~ Oljgana. ¢ Data from ref 15. ¢Data
from ref 70. ¢Data from ref 19.

phosphenium ion ligands is provided by the fact that,
at ambient temperature, it is not possible to record 13C
NMR resonances for the CO ligands of R,PFe(CO),*
complexes. This interesting observation was made first
by Bennett and Parry’® and attributed to rapid inter-
molecular CO exchange in complexes of this type. This
conclusion was confirmed qualitatively by 1*CO studies
which showed that for phosphenium ion complexes,
statistical exchange was complete in <0.5 h at 25 °C.™

The 3P NMR chemical shifts of cationic phosphe-
nium ion complexes have been assembled in Table III
along with the available data for uncoordinated phos-
phenium ions and precursor chlorophosphine com-
plexes. Asin the case of unligated phosphenium ions,
a substantial deshielding (~80-230 ppm) accompanies
halide ion abstraction. However, the coordination
chemical shifts (i.e., the differences in chemical shifts
of the coordinated and free phosphenium ions) can be
either positive or negative. Such a pattern is difficult
to understand by considering only the diamagnetic
contributions to the 3P chemical shift. It is therefore
possible that anisotropic contributions are important
in these Fe(CO), complexes.

Complexes of the type represented by 52 were first
isolated by Paine et al.*% from the reaction of [(Cs-
H;)Mo(CO);]~ with the corresponding cyclic diamino-
halophosphine. Complexes 53-56 have been prepared®!

h]Ae
@ N @ 0
/ /

,,Mo——-P\ ]
: N oc” 4 N
. of ]
oc Me R

, R=Me
54 . R-Et

, R® r-Bu

56 , R= CgHs

by similar reactions with the analogous aminohalo-

phosphites RNCH,CH,OPCl (R = Me, Et, t-Bu, C¢H;).
X-ray crystallographic studies have been performed on
52 and 55. The structure of 52 is illustrated in Figure
6. For both complexes the sums of angles at the
phosphorus and nitrogen atoms are ~360° and the
Mo-P distances (2.13 (1) A) in 52 and 2.207 (1) A in 55
are significantly shorter than normal P-Mo single bond
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lengths which fall in the range 2.40-2.57 A.%2 The Mo
geometry in each complex is pseudooctahedral and the
PN, and PNO rings are perpendicular to the plane of
the (n5-CsH;)Mo(CO), group. More recently, Paine et
al.® have extended their approach to the synthesis of
the bimetallic derivative 57, which also features planar
phosphorus atoms and relative short P-Mo bond
lengths (2.245 (1) A). Related complexes of the type

7-Bu
oc‘ IJI 7-Bu
0Cq } v -
\Mo::_' \P";Mp  M==A s/
\N/ i Vo o, -8y
I \ oc 4
co
7-Bu 58%.&:&0
57

58 have been prepared by Malisch et al.¥ via thermo-
lysis or irradiation of the precursor tricarbonyl com-
plexes (n5-CsH;5)(CO);sMAs(t-Bu),. It should be noted,
however, that when the arsenic substituents are less
bulky than ¢-Bu, it is necessary to resort to matrix
isolation techniques to detect the desired compounds.®
Very recently, the range of these complexes has been
increased significantly by the development of a novel
1,2 elimination methodology summarized in (5).

H X R R’
]
- -C5R5)(CO)2M——F’<

l
(n°- CsRs)(CO)zM—P/
AN "

R
R=H.Me: M= Cr.Mo.W: XaCl, Me2N

Complexes 59-61 have been prepared by using this
technique.® An X-ray crystal structure analysis of 59¢
revealed that the structure was very similar to those of
52 and 55 but with an even shorter metal-phosphorus
bond length (2.181 (1) A).%

C‘ OC;
59g.M- r
, MsMo
C. M= W 60
R
R R
NMez
R y
R Mo===P
- \
oc oc NMe2
61

From an electron counting standpoint all the com-
plexes 52-61 require three-electron donation on the part
of the planar phosphorus ligand. Conceptually they
may be regarded as [R,P]* complexes of 16-electron
anions [(n°-CsH;)(CO),M]; i.e., the phosphenium ion
functions as a two-electron donor.®” Alternatively, these
species can be regarded as featuring metal-phosphorus
or metal-arsenic double bonds, i.e., L,M=ER,. The
question as to whether they be regarded as phosphe-
nium ion or phosphido complexes will obviously depend
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Table IV,
{Neutral Phosphenium) Complexes

P Chemical Shifts for Terminal Phosphido

3P chem
compd shift ref
ne
i >PL‘"Mo(c5H5)(CO)z
\ +271 45, 80
Me
(O\PEMO(Cg Hs)CO )2
N/ +266 81
b
N
[N/p--:Mo(csHs)(co)z +266 81
L
N
EN/pL"'MO(CgHg)(CO)Z ' +258 81
7-Bu
[:>p=Mo(c5H5)(co)z +260 81
h
0
@w_< :é +226.8 86
oc"oc‘ 0
o o co
"’,‘Mo—P\ pzizpg -8 CO +358.0 86
oc 0 0
oc
@\ NMe 2
o +298 86
oc ocl NMe,
Me Me
Me Me NMe2 +283 88
Me
 Mo==
OC”é)c‘ NMez
@\H/P,(Can)z gAy 270 88
, B —-15.3 88
@d \PA(CSH”)z
o0 o¢ @
@M( \Mn
oc” g P/ Neo 77 89
P
(CO);F:/\\\Fe(CO)g,
FoP Me
\h“/
P.
CsHs\ /’\ /CsHs 404.1 90
oc—/M'o’ ~Me—C0
oc co
Me Me
| o |
[N\P/ \P/Nj 307 91
N Neo” N
| oy |
R R
Pa, ,.Pa/
7 Swom=mwd n Pa, 335 93
\ // Pg, 334.9
Py Py
YA
R=7-Bu
TEY3
eI ,/,CCMea
w 233 95
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Figure 6. View of MeNCH,CH,;N(Me)PMo(5>-C;H;)(CO),
showing the atom numbering scheme. Important parameters:
Mo-P = 2.213 (1), P-N(1) = 1.641 (5), P-N(2) = 1.650 (5) &;
N(1)-P-Mo = 132.4 (2), N(2)-P-Mo = 135.5 (2), N(1)-P-N(2)

= 92.1 (3)°.
SCHEME II®*+*°
6; R 3§<‘ R
/ /
= P E\
oc oC (%), R 0Coc’ S Mg
W’ y
\ /R
',M:E\
CH2N2 OC/ oc R CS,
e
R
R
] /
P
VAN
,/M——/ //M\ /C:::S
e l \C \ R e l S
oc oc K, oc” oc

M=Mo, E=P,R=MeaN:Ms W, E=»As, R=7-Bu

on the nature of the ligands L. and R and the transition
metal M. Fenske—Hall type calculations on 524 indi-
cate that the charge on phosphorus is +0.73. Qualita-
tively, a positive charge of this magnitude in accord with
the observation that the 3'P chemical shifts of the
trigonal-planar phosphorus complexes (Table IV) are
similar to those of the cationic complexes (Table III).
On the other hand, the reactivity patterns®® of these
complexes (Scheme II) are best understood in terms of
metal-phosphorus or metal-arsenic double bonding.

Finally, to set the foregoing results in a somewhat
broader context, we note that other compounds 62-72
have been prepared with trigonal-planar phosphorus.
The extreme deshielding of the 3P chemical shift of 63
(Table IV) is particularly noteworthy. Finally, we draw
attention to the similarity in the structure of 67 and
analogous amido and sulfido complexes such as Mo-
(NMe,),” and Mo(t-BuS),.*® Like an RyN group® the
R,P can function as a three-electron donor by using a
P(3p) lone pair to supplement the P-metal ¢-bond.
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In this paper the periodic group notation is in accord with
recent actions by IUPAC and ACS nomenclature committees.
A and B notation is eliminated because of wide confusion.
Groups IA and IIA become groups 1 and 2. The d-transition
elements comprise groups 3 through 12, and the p-block ele-
ments comprise groups 13 through 18, (Note that the former
Roman number designation is preserved in the last digit of
the new numbering: e.g., III — 3 and 13.)



