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One striking inconsistency with the proposed scheme
is the very negative entropy of activation. A 1,5 hy-
drogen shift in a planar cyclic diene should occur with
little reorganization in the transition state and conse-
quently should have AS¥ =~ 0. Actually, large negative
entropies of activation for 1,5 hydrogen shifts have been
noted for a number of other cyclic dienes such as 7-
deuterio-,3 7-phenyl-,® and 7-methoxytropilidenes,®
1,4,6-cyclooctatriene,? and 1-deuterio-2,4-cyclooc-
tadiene.®®* These can be rationalized as involving a
lack of experimental precision in the kinetic measure-
ments;3* however, we believe this is unsatisfactory.
Clearly, the simple scheme proposed above for 4 re-
quires elaboration, and further studies are in progress.

One other interesting aspect of the 1,5 hydrogen shift
in cyclopentadienes is its fast rate even though there is
about a 50-keal difference between the activation en-
ergy for rearrangement and the corresponding carbon—
hydrogen bond dissociation energy. The enhanced
rates of hydrogen migration for the cyclopentadienes
can be ascribed to the unique closed cyclopentadienyl
molecular orbital pattern which is developed in the tran-
sition state.

Conclusion

In the above we have shown how a combination of
techniques involving a common pyrolytic process can be

(30) A, P. ter Borg, H. Kloosterziel, and N. van Meurs, Rec. Trav,
Chim., 82,717 (1963).

(31) T. Nozae and K. Takahashi, Bull. Chem. Soc. Japan, 38, 665
(1965).
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used to characterize directly a simple but relatively in-
accessible reactive free radical. The information ob-
tained encompasses thermodynamic, spectroscopic, and
chemical properties. Although our primary purpose
here is the illustration of the techniques of FVP by sum-
marizing our work on one species (1), some of the other
reactive intermediates or thermal processes currently
being studied in our laboratory can be listed. These
include cyclobutadiene® and its isomers, the thermal
decarbonylation of phenoxy radicals'* and a variety of
related thermal rearrangements,® simple = radicals such
as the benzyl radical,¥ and finally the synthesis and
characterization of some “unusual’”’ hydrocarbons.

The work described here has involved a number of collaborators.
The mass spectroscopic experiments were designed and carried out by
Paul Schissel with the help of D. J. McAdoo and P. F. D’ Angelo.
The esr and optical spectroscopic experiments were carried out by
P. H. Kasai, E. B. Whipple, C. L. Angell, and D. McLeod. In
the early stages of our work, W. Weltner, Jr., offered helpful en~
couragement and advice. The chemical experiments were carried out
by D.W.McNeiland M. E. Kent. Finally, F. P. Lossing has been
especially helpful throughout our work particularly with respect to
the interpretation of our mass spectral results.
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(33) D. 8. Glass, R. S. Boikess, and 8. Winstein, Tetrahedron Let-
ters, 999 (1968).

(34) K. Eggers, J. Am. Chem. Soc., 89, 3691 (1967).
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P. Schissel, bid., 91, 1875 (1969).
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Extensive research!—* on phosphonium ylides,
(CsH3)sP=CXY < (C¢H;);P +—C—XY, during the past
15 years has demonstrated broad synthetic utility re-
sulting from their reactivity in the manner of carban-
ions and the ability of phosphorus to assume pentaco-
valency and to form strong phosphorus~oxygen bonds.
These characteristics are particularly evident in Wittig
reactions!—4 in which nucleophilic attack of such ylides
on aldehydes or ketones yields olefins and triphenyl-
phosphine oxide by way of acyclic betaines and four-
membered-ring intermediates.

(1) A.W. Johnson, ‘Ylid Chemistry,” Academic Press, New York,
N. Y., 1966.

(2) A.Maercker, Org. Reactions, 14, 270 (1965).

(3) H. J. Bestmann, Angew, Chem. Intern. Ed. Engl., 4, 583, 645,
830 (1965).

(4) 8. Trippett, Quart. Rev. (London), 17, 406 (1963).
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For the special case of phosphoranes having the gen-
eral structure (C¢Hs);sP—=C==Z, heterocumulene reac-
tivity is also significant. Research on such carbophos-
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phoranes was initiated independently by Ramirez’ and
by Matthews® with the synthesis of a bis ylide, hexa-
phenylearbodiphosphorane, (CeH;)s P=C=P(CsH;);
(1). Other cumulated phosphoranes have since been
obtained from 1 including triphenylphosphoranylidene-
ketene, (C¢Hs)sP=C=C=0 (2),” and triphenyl-2,2-bis~
(trifluoromethyl)vinylidenephosphorane,  (CeH;)sP==
C=C(CFy); (3).2
The existence of these carbophosphoranes with molec-

ular skeletons of types

N0l Nppem = Sp—g—”

/P——C—P\ /P——C——C-— /P—C—C\
has made available new classes of compounds possessing
P-C bonds with bond orders ranging from 1 to 2, in-
cluding mesomeric salts having two or three phosphorus
atoms bonded to a single carbon atom
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and cyclic phosphoranes with four-membered-ring
structures such as

A\ A\ \\
P\T_(I/ P\T_T/é P\\T__C/
/C'——' (|3 — -_ (IJ —0 /C——-i

In this Account we discuss the results—often unex-
pected—obtained from synthetic, mechanistic, and
structural studies of these intriguing organophosphorus
compounds.

Hexaphenylcarbodiphosphorane
Hexaphenylearbodiphosphorane (1)%:%°—? is a stable,

(CeHy)sP==C=P( CeHy)s
-+
(CHy),P==C—P(C:Hj),

+ -
(CeH);P—C=P(CsH;);
1

() F.Ramirez, N. B, Desai, B. Hansen, and N. McKelvie, J. 4m.
Chem. Soc., 83, 3539 (1961).

(6) C. N. Matthews, U. 8. Patent 3,262,971 (July 26, 1966).

(7) C. N. Matthews and G. H. Birum, Tetrahedron Lett., 5707
(1966).

(8) G. H. Birum and C, N. Matthews, J. Org. Chem., 32, 3554
(1967).

(9) C.N. Matthews, J. 8. Driscoll, J. E, Harris, and R. J. Wineman,
J. Am. Chem. Soc., 84,4349 (1962).

(10) J. 8. Driscoll, D. W. Grisley, Jr., J. V. Pustinger, J. E. Harris,
and C. N, Matthews, J. Org. Chem., 29, 2427 (1964).

(11) G, H. Birum and C. N. Matthews, J. Am. Chem. Soc., 88, 4198
(1966).

(12) F. Ramirez, J. F, Pilot, N. B, Desai, C. P. Smith, B. Hansen,
and N. McKelvie, ¢bid., 89, 6273 (1967).
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reactive solid that has the uncommon property of being
triboluminescent—a bright green flash is emitted when
yvellow crystals of 1 are prodded under nitrogen.® In
water, 1 dissolves completely to form a diacid base.
Colorless crystals of the phosphoranylphosphorane 4
are eventually deposited.5:12

Br~ Br™
+ + -9HB
(CHy);P—CH—P(CHy), ——
5
1,0 I
1 —— (GiH;),P=CH—P(C;H;),

4

Hexaphenylearbodiphosphorane is readily pre-
pared?®®9—12 by successive dehydrobromination of meth-
ylenebis (triphenylphosphonium bromide) (5). Asweak
a base as sodium carbonate converts 5 to the stable
salt 62 which then yields 1 after more drastic treatment
with lithium butyl® ¥ or potassium metal.5-12

_H H

X | [ x
+ C Cal+

(CH)P” SP(CH,)s Ml (CH)PZ  P(CHy)s

H

(CaH) PP S NP(CH),
o

6a, X = Br
b, X = 13
c, X = FeCh
4, X = BC;Hy),
e, X = BH4
f, X=CN

Physical and chemical evidence shows that 6 is better
represented as a mesomeric phosphoranium!? salt than
as an ylide with a phosphorane-phosphonium salt strue-
ture. A single phosphorus nmr absorption® (%P
—21.2 ppm) for 6a (compare —18.4 ppmfor 5 and 4.3
ppm for 1) indicates equivalency of the two phos-
phorus atoms while the stability expected of the sym-
metrical structure 8 was demonstrated by inertness of
the salts toward reaction with acetone or hot aqueous
carbonate.!

Other phosphoranium salts were prepared by me-
tathesis reactions of 6a and by direct addition of proton
acids or alkyl halides to 1.9 Phosphoranium halides
can further be converted to deeply colored salts pos-
sessing complex anions by the addition of halogens or
metal halides.’® For example, dark brown crystals of
the triiodide 6b are formed from the iodide and iodine,
and a red-gold tetrachloroferrate (6¢c) from the chloride
and ferric chloride. Some of the phosphoranium com-

(13) In this Account we are using the term ‘‘phosphoranium’ more
broadly than in the past?'12 to designate mesomeric phosphorane-phos-
phonium salts having two or three phosphorus atoms bonded to a
single carbon atom. The systematic name of the phosphoranium
bromide 6a is [(triphenylphosphoranylidene)methyl]triphenylphos-
phorium bromide.
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pounds are photochromie, particularly the colorless
tetraphenylboronate 6d which rapidly becomes orange-
red when exposed to ultraviolet light, the appearance of
color being accompanied by the formation of a radical
species with an epr g value of 2.0065.9-1

A possible use of phosphoranium cations for solubili-
zation is suggested' by the ease with which the boro-
hydride 6e effected reduction of organie compounds in
mixed solvents such as benzene—ethanol (10:1) and hex-
ane—ethanol (1:1). Ready metathesis reactions with
the cyanide 6f as well as smooth halogenation reactions
with complex halogen salts should similarly be facili-
tated in a variety of solvents.

The first characterized examples of compounds
having three phosphorus atoms bonded to a single
carbon atom were synthesized!! from 1 by nucleophilic
displacement® of chloride from -chlorodiphenylphos-

phine. Reaction of the resulting tertiary phosphine 7
P(CoH;), RP(CHy), |*
g (2 [
(CsHy)P? + SP(CH,)s (CHP? ™ SP(CeHy)s
X" 8a, R =CH,
7 b, R = CHQCGH5
¢, R=H

(X = Cl) with alkyl or benzyl halides yielded the
doubly charged salts 8. Phosphorus nmr spectra of 7
contain characteristic multiplets for spin coupling of
two equivalent phosphorus atoms with an unlike phos-
phorus atom, 7.e., a doublet (8*'P —26.0 ppm) for the
two equivalent atoms and a 1:2:1 triplet (8P 1.5
ppm) for the single trivalent atom. For the dication
salt 8a two moderately broad peaks (6P —25.1, —22.0
ppm) with a 2:1 area ratio indicated that the dications
have mesomeric struetures in which two positive charges
are delocalized over three pentavalent phosphorus
centers.

Further evidence for mesomeric structures possessing
maximum delocalization of charge lies in the stability of
the dications in strong acid solutions. In trifluoro-
acetic acid, nmr spectra of 8a gave no indication that
triphosphonium salts 9a were present. The dication

¥ P(CH b
RP(C(;H5)2 ( 6! 5)3 _
| 2X
_ + + - #Cx
X (CsHs)sP"‘—$"—P(CGHs)3 X7 [CHs):P?" " TP(CeHy),
H 10
9a, R =CH,
b,R=H
¢, R=CgH;

could be dissolved in solutions containing hydriodic acid
or fluoroboric acid and then recovered unchanged.
When 7 was dissolved in trifluoroacetic acid, nmr
spectra showed that a proton had been taken up readily

(14) C. N. Matthews and J. 8. Driscoll, Chem. Ind. (London), 1282
(1963).

(15) A. J. Kirby and 8. G. Warren, “The Organic Chemistry of
Phosphorus,” Elsevier Publishing Co., New York, N. Y., 1967.
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to form the dication 8¢ but there was no evidence that
further protonation had occurred to give the triphos-
phonium salt 9b.

The inertness of mesomeric dications in strong acids
contrasts with the behavior of mesomeriec monocations
6. Protonation of 6 to give diphosphonium salts 5
occurs readily as shown by equilibrium studies (pK, =
4.5),%12 by isolation of diphosphonium salts in high
yield from hydrochloric acid,'® and by nmr spectral evi-
dence in trifluoroacetic acid. The dication 8 appar-
ently possesses considerably more resonance stabiliza-
tion than the monocation 6, and, in addition, would be
expected to exhibit greater coulombie repulsion. As a
result of these factors it seems likely that triphos-
phonium salts—if they can exist at all—would be
among the strongest of organie acids.

Further reactions with the tertiary phosphine 7
(X = Cl) were attempted in order to synthesize the
symmetrical mesomeric dication 10 related to the hy-
pothetical triphosphonium salt 9¢. While alkyl halides
and benzyl halides react readily with 7 to give meso-
meric dications, as already described, it was found that
aryl halide reactions did not yield 10. For example,
iodobenzene and 7 under various conditions gave com-
plex mixtures in which the cleavage product 6 could be
detected. Reaction of 7 with diphenyliodonium chlo-
ride also yielded uncharacterized mixtures containing 6.
Addition of benzenediazonium fluoroborate to 7 led to
formation of a red salt 11, which decomposed at 220° to
yield 7 (X = BF,) instead of 10, presumably through
elimination of nitrogen, boron trifluoride, and fluoro-
benzene. Other tertiary phosphine reactions carried
out on 7 (see Figure 1) included complex formation, as
with mercuric chloride to give 12, oxidation by t-butyl
hydroperoxide to give the phosphine oxide 13, reaction
with elemental sulfur to give the phosphine sulfide 14,
and addition of chlorine to give the dichlorophosphine
15 which can be readily hydrolyzed to 13. Attempts to
convert some of these compounds to 10 by applying
known methods'” of phosphonium salt synthesis have
so far been unsuceessful, probably because the erowded
phosphorus functional groups of the mesomeric pre-
cursors are sterically shielded from attack by the various
bulky phenylating agents used.

In a more direct approach, displacement of halogen
from trihalomethanes by excess triphenylphosphine
might be expected to yield 10 by spontaneous dehydro-
halogenation of initially formed triphosphonium salts
9¢. In past research on the reactions of triphenylphos-
phine with polyhalomethanes, however, no evidence for
the formation of 9 or 10 has been reported. In some
cases major products obtained were diphosphonium
salts 5 and mesomeric salts 6 which presumably re-
sulted from nucleophilic attack of triphenylphosphine

(16) D. W. Grisley, Jr., J. C. Alm, and C. N. Matthews, Tetrahe-
dron, 21,5 (1965).

(17) Houben-Weyl, “Methoden der Organische Chemie,”’ Band
12/1, “Organische Phosphorverbindungen,” Part 1, Georg Thieme
Verlag, Stuttgart, 1963, p 79.
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(CeHs)sP= 1 > P(CoHy)s
ClI”
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Figure 1.
chloride (7).

on the positive halogen centers of dihalomethyltri-
phenylphosphonium intermediates. 618,19

Triphenylphosphoranylideneketene

Phosphoranium inner salts 16 and 17 are readily
formed by nucleophilic attack of 1 on Lewis acids such
as boron triphenyl,? or on cumulated compounds such
as carbon dioxide,?® carbon disulfide,® carbonyl sul-
fide,® carbodiimides,'? isocyanates,’? and isothiocy-
anates.?> For example, when gaseous carbon dioxide
is dispersed in a stirred solution of 1 in dry diglyme
under nitrogen at room temperature, a white solid (17a)

= Y \—¢’Y
T(CSH5)3 (I]/
,Cs Loy
(CeHy)sP? +NP(CHs), (C:Hy)sP? % SP(CH, )
16 172, X=0; Y=0
b,X=0;Y=S
¢, X=8,Y=S
d,X=NR;Y=NR
e, X=NR; Y=0
f, X=NR;Y=S

is precipitated and can be converted to the ester 18 by
reaction with methyl iodide.? In hot diglyme 17a

O - OCH;
CH,I
1 2% 17 L pt SN,
-
18

(18) H. Hoffman and H. J. Diehr, Angew. Chem. Intern. Ed. Engl.,
3, 737 (1964).

(19) B. Miller in “Topics in Phosphorus Chemistry,” Vol. 2, M.
Grayson and E. J, Griffith, Ed.,, Wiley-Interscience, New York,
N.Y., 1965, p 133.

(20) C. N. Matthews, J. 8. Driscoll, and G. H. Birum, Chem.
Commun., 736 (1966).

) (21) G. H. Birum and C. N, Matthews, Chem. I'nd. (London), 653
1968).

+ NP(CH,),

2+

(CiHy):PCl
|

LCag
(CH)P? SSPCH,), |20

15

Phosphoranium salts synthesized from [(diphenylphosphino)(triphenylphosphoranylidene)methyl]triphenylphosphonium

vielded equimolar amounts of triphenylphosphine oxide
and triphenylphosphoranylideneketene (2).1% The
inner salts 17¢ and 17f can similarly be decomposed to

(CsH5)3P=C =(C=0

+ -
(CeH),P—C=C=0

+ -
(CH;),P—C=C—0
2

triphenylphosphoranylidenethioketene  (19)1%%  and
triphenylphosphoranylideneketenimine (20),%! respec-
tively,

(CeH; ), P==C==C=8 (CeH;);,P==C=C==NR
19 20

Crystal structure studies?? show that 2 is monomerie.
The bond lengths in the cumulated chain are remark-
ably short and, instead of being linear, the chain is bent
to an angle of 145.5° at the carbon atom nearest the
phosphorus. For 19 the corresponding angle is 168.0°
(see Figure 2), a further structural difference being that
the approximately linear C==C==S group is staggered
whereas the C=C=0 group in 2 eclipses a P—C
bond.??:22  The difference in the P=C==C angle and in
the P—C length in 19 compared with 2 can be attrib-
uted???® to the decrease in d,—m, bonding?* brought
about by the greater electron-withdrawing power of
sulfur. Phosphorus nmr absorption might therefore be
expected to ocour further downfield with the sulfur
analog, as in triphenylphosphine sulfide (8P —43.9
ppm) compared with triphenylphosphine oxide (§%'P
—23.4 ppm). The reverse is actually the case for 2

(22) J.J. Daly and P, J. Wheatley, J. Chem. Soc., 4, 1703 (1966).

(23) J.J. Daly, 2bid., 1913 (1967).

(24) R. F. Hudson, “Structure and Mechanism in Organo-Phos-
phorus Chemistry,” Academic Press, New York, N. Y., 1965.
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Figure 2. Bond lengths and bond angles of triphenylphosphor-
anylideneketene (2) and triphenylphosphoranylidenethioketene
19).

(6P —2.6 ppm) and 19 (6*'P +7.7 ppm). Correla-
tion of chemical shifts with structure in quadruply con-
nected organophosphorus compounds® continues to be
problematic, the most obvious anomaly® being the near
identity of shifts (8°'P —20 ppm region) due to phos-
phonium salts, phosphoranium compounds, and related
ylides derived from triphenylphosphine.

Addition reactions take place readily with these ver-
satile heterocumulenes.” For example, in cold ethanol
2 was converted to the ylide 21, while in methanol-d the
corresponding deuterated ylide 22 was obtained.
These facile additions of active hydrogen (or deuterium)
compounds illustrate a general method for forming

H D
(CeH5)3P=C< (CeHs);P==C 7

COOCH, coocH,
21 22
B-ketoalkylidenetriphenylphosphoranes, ylides that

have been shown to be useful synthetic interme-
diates.!=* Imidazole and methyl mercaptan, for ex-
ample, add to 2 and 19 to yield ylides that are not easily
obtainable by standard methods.

Other reactions of 2 lead to a variety of cyclic organ-
ophosphorus compounds.?® Because 2 can be regarded
as both a ketene and an ylide it was of particular in-
terest to investigate reactions with aldehydes and ke-
tones, carbonyl compounds that normally give S-lac-
tones with ketenes?” and olefinic products with phos-
phorus ylides.! Phosphorane-substituted 1,3-cyclo-
butanediones were obtained as final products, indi-
cating that 2 had reacted successively first as an ylide
and then as a ketene. The initial step, presumably,
was a Wittig reaction leading to previously unknown
methyleneketenes (23) which then added rapidly to 2
to give the 1,3-cyclobutanediones 24.2% The over-all
reaction proceeded readily at room temperature with al-
dehydes (e.g., p-nitrobenzaldehyde) and with active

(CGH5)3P\C_C P
R>c=c=c=o 2. (IJ_(]j
23 e Ne—r
h
24

(25) J. R. Van Wazer and J. . Letcher in ““Topics in Phosphorus
Chemistry,” Vol. 8§, M. Grayson and E. J. Griffith, Ed., Wiley-Inter-
science, New York, N. Y., 1967, p 169.

(26) G. H. Birum and C. N, Matthews, J. Am. Chem. Soc., 90, 3842
(1968).

(27) H. Ulrich, “Cycloaddition Reactions of Heterocumulenes,”
Academic Press, New York, N. Y., 1967.

(28) The question remains open as to whether these heterocumulene
cycloadditions proceed stepwise or in a concerted manner following the
Woodward-Hoffmann rules.
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ketones (e.g., hexafluoroacetone) but not with less ac-
tive ketones such as acetone and fluorenone.

Evidence that the products have carbocyelic rather
than lactone structures was provided by ir, uv, nmr,
and mass spectra; by the resistance of the compounds to
attack by reagents such as concentrated trifluoroacetic
acid, aniline in boiling benzene, and hot acidified meth-
anol; and by the marked similarity of 24 to the products
25 obtained by cycloaddition of 2 to ketenes (e.g., 25,
R = C:H;),* by addition of earbon suboxide to di-
phenylmethylenetriphenylphosphorane followed by
rearrangement (25, R = C¢Hj;),?® and by displacement
reactions of triphenylphosphine with 1,2-dichloroper-
fluorocyclobutene (25, R = F).%

(CHMP 0 (Cab ), 0
N T T/ \T T/
C~—C—R C—C
/ AT
o o P(CeHy)s

25 26

The symmetrical cyclic dimer of 2 would also be ex-
pected to be stabilized by resonance between conjugated
cyclobutanone and eyclobutenone structures.® At-
tempts to synthesize 26 directly from 2 by uv irradia-
tion, heating, or treatment with acids and bases, how-
ever, were unsuccessful, although a methyl iodide ad-
duct of the hypothetical dimer was unexpectedly formed
when 2 was treated with methyl iodide.”® This phos-
phonium salt is apparently the end product (27) of a
reaction sequence involving ylide formation from 2 and
methy! iodide followed by further attack on 2 and sub-
sequent ring closure. Analogous salts (28) were pre-
pared from methyl iodide and triphenylphosphoranyli-
deneketenimines (20).21  Other types of cyelic phospho-

oo CH,
NR
+ P * Z
(CeH,)p—C—C7 (CGH5)3P—(|3——(IJ/
C—C C—C
S AN a AN
0 P(CH;), RN P(CeH;)s
27 28

ranes formed from 22 include stable six-membered-ring
2:1 adducts (29) synthesized from aromatic isocyanates
and an unstable thiolactone (80) resulting from treat-
ment of 2 with carbon disulfide.

o, R 0
\C N C/ (CeHs)aP\C . /S

| |

Cu o NR | ]
¢

CHYET S8

0 o

29 30

(29) H.F.van Woerden, H. Cerfontain, and C. F. van Valkenburg,
Rec. Trav. Chim. Pays-Bas, 88, 1568 (1969).

(30) (a) 8. E. Elzey, Jr., U. 8. Patent 3,359,321 (Dec 19, 1967);
(b) R. F. Stockel, F. Megson, and M. T. Beachem, J. Org, Chem., 33,
4395 (1968),

(31) For convenience we have represented the carbocyeclic products
as cyclobutanediones rather than ionic cyclobutenones although be-
taine structures may more accurately describe the electron distribu-
tion for these g-carbonyl-stabilized ylides.
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: P(CaH),

1335°
(CeH,),pLT8% /1.75A

C
71.3° 98.0° °
c>\ \1.57A
201A 96.1°
Jos 10 2 C(CFa
139A
Figure 3. Bond lengths and bond angles of 4,4-bis(trifluoro-

methyl)-2,2,2-triphenyl-3-(triphenylphosphoranylidene)-1,2 - oxa-
phosphetane (31a).

Triphenyl-2,2-bis(trifluoromethyl)-
vinylidenephosphorane

The few intermediates that have been isolated from
Wittig reactions of alkylidenetriphenylphosphoranes
and carbonyl compounds have been shown to have acy-
clic phosphobetaine structures.’3? Examples include
an adduct of methylenetriphenylphosphorane and
benzaldehyde—isolated as a hydrobromide salt??— and
a stable inner salt from isopropylidenetriphenylphos-
phorane and diphenylketene which could be alkylated on
carbon by methyl iodide.??® These ionic intermediates
subsequently yielded Wittig products as expected, pre-
sumably by electron redistribution following intramolec-
ular ring closure.

The only stable cyclic Wittig intermediate so far re-
ported was obtained by the reaction of hexaphenylcar-
bodiphosphorane (1) with hexafluoroacetone.?® The
oxaphosphetane structure 3la was assigned to this 1:1

/P(CsHs)s X

(CeHy),P—C (CeHadaPro PG,
HX
O—C'—'CF;; F3C_C_CF‘3
CF; OH
31a 32

adduct on the basis of its phosphorus nmr spectrum.
Two doublets (83'P —7.3 ppm, +54.0 ppm) of equal
areas and coupling constants are consistent with spin-
spin coupling of two nonequivalent phosphorus atoms,
the doublet at —7.3 ppm having a chemical shift close
to the value found for exocyclic phosphorus ylides? and
the other at +54.0 ppm being in the region character-
istic of eyclic structures having phosphorus covalently
bonded to five substituents.?® Although X-ray crys-
tallographic studies®® (see Figure 3) show that the
planar four-membered-ring system has a long P-O bond
and essentially equal bonds from the phosphorus atoms
to the carbon atom, substantial contributions from
ionie structures such as 31b and 3le¢ appear to be ruled
out by the nmr evidence (3*P, 'H, °F) as well as by the
failure of the adduct to be alkylated by methyl iodide.
Ring opening of 31a could be effected by acid treatment
to give phosphoranium salts (32) having equivalent
phosphorus atoms (8P —22 ppm).

(32) (a) G. Wittig and U. Schsllkopf, Chem. Ber., 87, 1318 (1954);
(b) G. Wittig and A. Haag, 1bid., 96, 1535 (1963).

(83) G. H. Birum and C. N. Matthews, Chem. Commun., 137
{1967).

(34) G. Chiocolla and J. J. Daly, J. Chem. Soc., 4, 568 (1968).
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Warming 31a in inert solvents to complete the Wittig
sequence yielded equimolar amounts of triphenylphos-
phine oxide and triphenyl-2,2-bis(trifluoromethyl)vinyl-
idenephosphorane (3),%3% a reactive phosphorane that
possibly has carbenoid as well as ylide character.

(CeHs);P==C=C(CF>),

+ =
(CeHs )P —C=C(CFy),

+ X
(CeHy)sP—C—C(CFy),
3

Addition of strong acids such as anhydrous hydrogen
chloride to 3 gave bis(trifluoromethyl)vinylphos-
phonium salts (33). With malononitrile, the inner salt
34 was obtained instead, presumably through rearrange-
ment of an ylide formed by way of a salt (33, X = CH-
(CN)2) possessing a highly nucleophilic anion.

3
V WN)Z
- CF.

X 3
+ + /CN
(CeHs)ap\ — /CFs (CeH;)sP —CH;—C—C Q\\CI:I
) CF,
33 34

Reactions of 3 with aleohols, phenols, mercaptans, and
amines followed a different course. High yields of
vinyl  compounds  (35)—bis(trifluoromethyl)vinyl
ethers and vinyl sulfides and enamines—were obtained,
possibly by spontaneous elimination of triphenylphos-
phine from adducts (36) formed by carbenoid insertion
of 3. Three types of products can thus be synthesized

H
X cr H CF.
(ceH5>3Py—7({'—Cc< — >o=c " + mcHy,
CF, R CF,
R
3
36

RH = alcohols, phenols, mercaptans, amines

from active hydrogen compounds and 3: vinylphos-
phonium salts, phosphonium inner salts, and olefins.?

Reactions with ketones and aldehydes also take place
readily to give complex mixtures of products not yet
characterized. Differences from the behavior of 2
would be expected, as has been shown with diphenyl-
ketene which, with 3, yielded a stable butatriene (37)
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P(CeHs)s
(CH;);P—C
O_C‘—'CFa

CF;
phosphoranylidene-
oxaphosphetane (31a)

CF,
(CaHy)P=C=C
CF,

vinylidenephosphorane (3)

!

X o+ /CF3
(CSH5)3P_ CH =C\
CF,
vinylphosphonium

salt (33)
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1
205
(CeHs)1,P* + SP(CH;);
X~
phosphoranium salt
(mesomeric cation) (6)

! O\ax/’o
(CHy);P=C=P(C;H;); —» |
carbodiphosphorane (1) Cs

| (CHo)P? + P(CiHy),

phosphoranium
inner salt (17a)

f(CGHs)z l

sy

(CH)P? + SP(CH,),
x-

phosphoraniumphosphine (7)  phosphoranylideneketene (2)

! }

(CGH5)3P=C=C=O

RP(CH,): CHIPS o c?”
: ]
P W -
(CH)P™  SP(CHy) [2X . /C-—--—(IJ—R
phosphoranium salt R
(mesomeric dication) (8) phosphoranylidene-

1, 3-cyclobutanedione (25)

Figure 4. Representative phosphoranes, phosphoranium salts, and phosphonium salts synthesized from hexaphenylcarbodi-

phosphorane.

(CeH; ),C==C==C=C((CF,),
37

via a Wittig reaction instead of a cyclic adduct.®

Summary

Interrelationships of the major types of compounds
discussed in this Account are outlined in Figure 4.

Starting with the triboluminescent bis ylide hexa-
phenylearbodiphosphorane (1), other carbophospho-
ranes have been synthesized, including triphenylphos-
phoranylideneketene (2) from an inner salt adduct
(17a) of 1 and carbon dioxide, and triphenyl-2,2-bis-
3) by a
Wittig reaction between 1 and hexafluoroacetone that
proceeded »ia a stable four-membered-ring interme-
Phosphoranium salts 6, 7, and 8—meso-
meric phosphorane-phosphonium salts with two or
three phosphorus atoms bonded to a single carbon

(trifluoromethyl)vinylidenephosphorane

diate (31a).

atom—were also prepared by nuecleophilic reactions of 1.
Some phosphoranium salts are photochromie. Sur-
prisingly, 2 and its thioketene analog, 19, are not linear
but have very short multiple bonds with P=C=C
angles of 145.5 and 168.0°, respectively. Cyeclic phos-
phoranes with substituted 1,3-cyclobutanedione struc-
tures such as 25 result from reactions of 2 with active
carbonyl compounds and, unexpectedly, when 2 is
treated with methyl iodide. Alcohols, mercaptans, and
amines readily add to 2 to form B-ketoalkylidenetri-
phenylphosphoranes whereas with 3 the products ob-
tained are bis(trifluoromethyl)vinyl ethers and vinyl
mercaptans and enamines, together with triphenyl-
phosphine.

The availability of these structurally diverse organo-
phosphorus compounds should be a stimulus to fur-
ther experimental and theoretical investigations of the
nature of double bonding betwen carbon and phos-
phorus.



