
8486 

Photoelectron Spectra and Molecular Properties. 58.!-2 

Phosphorus Ylides: Gas Phase Ionization Potentials 
and Charge Distribution 

K. A. Ostoja Starzewski and H. Bock* 

Contribution from the Department of Chemistry, University of Frankfurt, 
Frankfurt am Main 70, Germany. Received November 10, 1975 

Abstract: By an elaborate experimental technique, photoelectron spectra have been recorded of 17 salt-free phosphorus ylides, 
R3PCXY, with substituents R = CH3, C6H5 and X, Y = H, CH3, Si(CHj)3, C6H5, -(CH)4-, CH=CH2 , CR'=CH2, 
CH==CHR' (R' = CH3, C6H5). For the smallest parent system known, (H3C)3PCH3, the ionization potentials verify the 
charge distribution P + -C - in full accordance with the results of extensive CNDO calculations. The first PE band at only 6.81 
eV, assigned to predominantly carbanion ionization, is shifted to even lower energy in most derivatives. The effect of various 
substituents, R, X, and Y, are rationalized as follows: (i) exchange R = CH3 by C6H5 delocalizes the P+ charge, and (ii) sub
stitution of X = H by CH3 reduces the C - charge; (iii) no PE band shift is noticed on silylation X = H^* Si(CH3)3 and in 
analogy to the "perfluoro effect", which leaves 7r ionizations unaffected, a "silyl effect" towards anion centers can be defined; 
(iv) the PE splitting pattern of the benzylidene derivative (X = CbH5, Y = H) evidences strong inductive as well asconjugative 
perturbation of the benzene ir system; (v) the C - charge derealization in the cyclopentadiene ylide (R = C6H5, X/Y = 
-(CHi)4-) leads to enhanced P+ charge as manifested by increased phenyl ir ionization energies; (vi) largest substituent ef
fects are exhibited if the smallest 7r system (X: CH=CH2) is attached to the C" carbanion center; the resulting unsymmetrical 
charge distribution can be demonstrated by additional methyl perturbation (X: (H3C)C=CH2 and HC=C(CH3)H). The 
PE spectroscopic observations on the phosphorus ylides investigated are in accordance with the results of CNDO calculations. 
In addition the CNDO atomic charges not only yield an empirical linear correlation with 13C NMR chemical shifts but also 
shed some light on the varying reactivity of differently substituted ylides. 

Phosphorus ylides, discovered by Staudinger and Meyer 
in 19193 and used in "Wittig reactions" since 1953,4 have 
stimulated numerous investigations on their interesting 
structure and reactivity.-"1 In the meantime, photoelectron 
spectroscopy has become a most powerful tool to yield—cou
pled with MO calculations—information on bonding in mol
ecules. *'9 As a starting point for the following discussion Figure 
1 displays combined helium(I),9 and helium(II),10 (for ESCA, 
cf. ref 11) spectra of (H 3C^PCH 2 , 1 2 the simplest phosphorus 
ylide known, and an assignment of its ionization energies IE,, 
based on modified CNDO eigenvalues « j C N D O assuming va
lidity of Koopmans theorem IEn = ejSCF. I3 

The molecule (H3Q3PCH2 contains 32 valence electrons 
giving rise to 16 ionizations, of which 4 are attributed to mo
lecular orbitals with predominant C(2s) character and there
fore partly expected8 outside the helium(I) measurement re
gion >21.21 eV. Eye-catching is the singled out first PE band 
at only 6.81 eV being indicative for a high negative charge at 
the ylidic carbon center. The charge distribution P + - C - is 
confirmed by the ESCA ionization energies:" P(2p) increased 
by 1.24 eV relative to P(CH3)3 and C(Is) lowered by 2.6 eV 
relative to the internal methyl group standard. The second PE 
band corresponds to <rpc skeleton ionizations, and mainly due 
to the P+ charge, their center of gravity is shifted by 0.5 eV to 
higher energies relative to P(CH3)j. The next PE band hill 
contains several ionizations mainly from the trimethylphos-
phorus moiety, followed by bands stretching into the heli-
um( 11) region and assigned to s-type valence electron ioniza
tions starting with the one of predominant 3sp character 
(Figure 1). 

Additional MO calculations (see Experimental Part) yielded 
the correlation diagrams dependent on the bond distance rfp+c-
as shown in Figure 2, which provide some clues as to why tri-
methylphosphorus methylene does not readily decompose to 
yield a carbene like the arsenic analogue, R3AsCHa "^- R3As 
+ CH 2 . ' 4 

The changes in e,C N D O and f ^ P 0 with increasing bond 
distance dp+Q- (Figure 2) have been calculated under the as
sumptions that (H3C)3P + CH2 <=* (H3C)3PCH2 possibly 
represents a valley in the hypersurface, and that the transition 

from the carbene singlet ground state to a higher singlet state 
can be simulated using the lowest unoccupied orbital. Opening, 
the angle /CPC = 100° to 109.5° yields the minimum of 
CNDO total energy at dp+c- ~ 1.7 A in close correspondence 
to the experimental value of 1.66 A found for (H5Cj)JPCH2;15 

the stabilization A f ^ P 0 amounts to ~10 eV. CNDO calcu
lations without 3dP orbitals in the basis set lead to only A£1

C
0^|D0 

~ 1 eV at the fictitious bond distance dp^c- ~ 2 A, thus indi
cating the importance of the latter within the model chosen. 
The simultaneous movement of the CNDO orbital energies 
(Figure 2) reveals that nc~ is continuously stabilized, whereas 
apc passes through a minimum. Finally, comparison of Figures 
1 and 2 illustrates that the difference in ionization potentials 
AIEi.2 is best reproduced at the minimum energy distance 
dp+c--

The detailed description of the parent ylide, trimethyl-
phosphorus methylene, allows discussion of the effects of P+ 

and C - substituents on ionization potentials and charge dis
tribution in derivatives R3PCXY investigated subsequently. 

Experimental Section 

General. Preparation, purification, and handling of all ylides except 
cyclopentadienylidene were carried out in flamed Schlenk-tubes under 
nitrogen or argon or in a high vacuum line. The solvents were dried 
using, consecutively, molecular sieves, LiAlH4, and sodium wire and 
then saturated with nitrogen. Rigorous exclusion of air and moisture 
is essential because phosphorus ylides and especially the trimethyl 
derivatives are extremely sensitive to oxidation and hydrolysis. 

Synthesis, (i) Phosphonium Salts.16 The phosphonium salts corre
sponding to the investigated ylides were all accessible in high yields 
by direct reactions in stoichiometric amounts of phosphines R'R2

2P 
(R1, R2 = CH3, C6H5) and the appropriate organic halide. Methyl 
bromide was bubbled through a solution of the phosphine in benzene. 
Propenyl and butenyl halides were reacted with trimethylphosphine 
without solvent at 70 0C in sealed tubes. 1 -Chlorobutene (2) as well 
as 3-chlorobutene (1) yielded mixtures of r/.v/rra/w-7-methylallyl-
trimethylphosphonium salts. The resulting white crystalline precipi
tates were filtered off, only in the case of methylphosphines under 
nitrogen. The trimethylphosphonium salts then were simply washed 
with ether and dried in vacuo. Phenylphosphonium salts where re-
crystallized twice from methanol after addition of ether and washed 
thoroughly with benzene and ether before drying. All phosphonium 
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Figure 1. HeIiUm(I)9 and - ( I I ) 1 0 photoelectron spectra of trimethylphosphorus methylene as well as C N D O eigenvalues (modified C N D O multiplied 
b\ 0.86). 

salts were identified by their 1 H and 1 3 C N M R spectra in C D 3 O D / 
Me 4 Si . 

(ii) Phosphorus YIides. Phosphoranes can be prepared salt-free by 
depro tonat ing the phosphonium salt with sodium amide in boiling 
T H F ( A ) . ' 6 Precipi ta t ing sodium halide was filtered off and the sol
vent evaporated. T h e thermal ly sensitive a l ly l idenetr imethylphos-
phorane is preferably prepared by low-temperature deprotonation with 
butyl l i th ium in ether ( B ) ' 7 and subsequent short -dis tance high-vac
uum distillation. Trimethylsi lylmethylenetr iphenylphosphorane was 
obta ined by pyrolysis of the corresponding phosphonium salt ( C ) . ' s 

Cyclopentodienylidenetriphenylphosphorane was synthesized from 
pure m-3,5-dibromocyclopentene by deprotonating the biphospho-
nium salt with aqueous sodium hydroxide (D)19 and the crude ylide 
recrystallized from DMF. The phorphorus ylides have been purified 
as listed in Table I either by recrystallization from benzene or pref
erentially by distillation in vacuo. Identity and purity were established 
by 1H NMR, 13C NMR,2 0 or PE spectroscopy (see below). 

Photoelectron Spectra. Two Perkin-Elmer PS 16 with 127° elec
trostatic deflection-type analyzers (He(I) excitation = 21.22 eV), and 
one of them equipped with a heated inlet system, have been used, and 
a resolution better than 0.04 eV was achieved. For measurement, yl
ides of high volatility have been sealed off in evacuated NMR tubes, 
which after checking the NMR spectra were decapitated in the vac
uum line of the PE spectrometer and evaporated via the gas inlet 
system. Allylidenetrimethylphosphorane had to be measured imme
diately after preparation, because its ready decomposition prevents 
storage. Ylides of low volatility had to be introduced into the spec
trometer using the heated inlet system to provide the necessary vapor 
pressure. A special procedure was developed to avoid decomposition 
by contact with air, because only the cyclopentadienylide is stable 
under aerobic conditions: Liquids are sucked into an argon-flushed 
capillary, and then transferred into a Schlenk apparatus containing 
a sample tube of 1 mm diameter and 15 mm long. The first drop is 
discarded and the tube filled to about three-quarters. Solids may either 
be melted under argon or the crystals directly filled into the sample 
tube. Shortly before measurement the sample inlet tube is "sealed" 
with a drop of nitrogen-saturated hexane (L'vasol), which protects 
sufficiently against air if the sample is inserted without delay into the 
spectrometer inlet system. There, the covering hexane layer is pumped 
off immediately. For several triphenylphosphorus ylides, nevertheless, 
only the first ionization potentials could be obtained due to thermal 
decomposition yielding triphenylphosphine. Fortunately, even traces 
of impurities are detectable in the PE spectrum, especially if decom
position products are more volatile than the parent ylide. e.g., toluene 
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H3C \ t 
p + c«rfL 
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Figure 2. CNDO correlation diagrams: e j C N D O or £^|D Ovs. bond distance 
f/p+c -

and trimethylphosphine oxide from benzylidene trimethylphospho-
rane. 
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Table I. Phosphorus Ylides Investigated and Methods Used for Synthesis, Purification, and Recording of PE Spectrum 

Ylide 
Synthesis 
method0 

Purification 
method6 Color 

PE spectra recorded via 

Gas inlet ("C) Heated inlet (0C) 

(HjC)3PCH, 
( H J C ) 3 P C H C H = C H , 
(H3C)3PCHC(CH3)=CH, 
(H3C)3PCHCH=CH(CHj) 
(H3C)3PCHCH=CH(C8HO 
(H3C)3PCHC6H5 

(H3C)2(C6H5)PCH, 
(H3C)(C6HJ2PCH2 

(C6HJ3PCH2 

(C6HJ3PCHSi(CH3), 
(C6HJ3PCHCHj 
(C6HJ3PC(CHJ2 

( C 6 H J J P C H C H = C H ( C H 3 ) 
(C6HJ3PCHC6H5 

(C6HJ3PC5H4 

A 
B(A) 

A 
A 
A 
A 
A 
A 
A 
C 
A 
A 
A 
A 
D 

'.ey: dist. 

Dist. 
Dist. 
Dist. 
Dist. 
Dist. 
Dist. 
Dist. 
Dist. 
Dist. 
Dist. 
Crvst. 
Cryst. 
Cry st. 
Cryst. 
Cryst. 

= distillation, cryst. 

Colorless 
Colorless 
Colorless 
Colorless 
Yellow-
Yellow 
Yellow 
Yellow 
Yellow 
Yellow 
Red 
Red 
Deep purple 
Orange 
Light yellow 

= crystallization. 

20 
20 
20 
20 

35 

45 
50 

55 
103 
115 
-104 dec 
405 dec 

115-117 dec 
150 
190 

97-
95-

a See text for identification of A - D . b Key 

Table II. Vertical Ionization Potentials IE„V (eV) of Trimethyl- and Triphenylphosphorus Ylides 

Compound 
Ionization"'6 

n P ^ - C / a PC 
0 CC/ 0 CH-

(HjC)3P 
(H3C)3PCH2 6.81 
(H3C)3PCHCH=CH2 6.20 
(H3C)3PCHC(CHJ=CH, 6.20 
(H3C)3PCHCH=CH(CH3) 6.02 

(H3C)3PCHCH=CH(C6HJ 6.20 

(H3C)3PCHC6H5 6.19 

(H3C)2(H5C6)PCH, 6.85 

(H3C)(H5CJ2PCH, 6.70 

(H5CJ3PCH, 
(H5CJ3PCHSi(CHJ3 

(H5CJ3PCHCHj 
(H5C6)PC(CH3), 
( H 5 C J 3 P C H C H = C H ( C H J ) 
( H 5 C J J P C H C 6 H 5 

(H5CJ3PC5H4 

(H5CJ3P 

6.62 
6.71 
6.15 
6.04 
5.95 
6.01 

6.66/ 
6.91 

8.60 

7.80 

9.20 
8.83 
9.06 
8.44 
8.90 
9.86 
8.32 
8.90 

/9.32N 
\ 9 . 6 9 / 

9.13 
9.32 
9.52 
9.27 

11.3 
11.8 
10.9/11.8 
10.8/11.9 
10.7/12.0 

10.7/12.3 

10.7/11.9 

(11.4)11.8 

(10.9/11.3) 

11.0 

(10.9/11.5) 

10.8 

12.9 

12.4 

12.0 

11.9 

11.9 

12.3 

11.7 

(1 
13.7, 14.7 { 

3.1, 13.6, 14.2, 
13.6 
13.6 
13.5 

13.7 

13.6 

3.1, 13.9, 14.6 

3.0, 14.1. 14.7 

13.9, 14.6, 

14.5. 15.1, 

2.4, 13.3. 13.8. 

16.5) (19.5) 
14.9) 17.1 

16.4 

13.9. 14.6, 16.6 

16.9 

14.5. 16.4 

a Characterized according to main CNDO calculated contribution. b Values in parentheses ( ): overlapping bands. c AU remaining well-
separated peaks with distinct maxima arc listed. ^Compound contaminated with triphenylphospliine due to synthesis method chosen. '' Ther
mal decomposition during record of PE spectrum.-'' IE1 is assigned -n by CNDO calculation for the trimethyl derivative. 

Computational Details. The SCF MO calculations with s,p and s,p,d 
basis were carried out using either the CNDO/2 QCPE program or 
a modified version21 reparametrize to fit PE spectra. Whereas for the 
parent system ( H J C ) S P C H T both versions yield nearly the same orbital 
sequence (Figure 1), CNDO/2 fails for ylides with -K substituents 
placing numerous a orbitals inbetween the -IT levels. In addition, 
Koopmans deviations13 were approximated-2 for upper x and a le'vels 
of several test compounds. The similar magnitude of the calculated 
corrections suggests that the CNDO (ground state) orbital sequence 
may be used for the assignment of the individual radical cation states 
within the same molecular system as well as for comparison within 
the series. The successive ax-coupling of the phsphoranyl unit 
[ (CH 3 )3P=CH-] with methyl, vinyl, and phenyl groups was simu
lated by setting the appropriate ir off-diagonal elements of the Har-
tree-Fock matrix equal to zero (subroutine SCFCLO). The calculations 
were based on standard geometries (rfp+c- = 1.74 A, /CPS = 109° 
ZPCX = 120°) unless stated otherwise. 

Discussion 
Representative photoelectron spectra of substituted ylides 

are displayed in Figure 3; and the vertical ionization potentials 
are summarized in Table II. The effects of the various sub
stituents R, X, and Y in ylides R3PCXY are discussed in the 
following order. 

(i) Methyl/Phenyl Exchange at Phosphorus. The P-phenyl 
substitution of the parent ylide (HjC^PCF^ lowers the first 
ionization potential assigned to electron removal from the 
carbanion electron pair nc- stepwise to 6.62 eV, and simulta
neously shifts the center of gravity of the phenyl -K\ ,2 ionizations 
closer to that of triphenylphosphine (Table II) for which a 
tentative deconvolution of the second PE band (Figure 3) fa
vors a 2:2:1:1 split around 9.2 eV in accord with qualitative 
perturbation arguments based on its (!^-structure.24 Especially 
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Figure 3. Helium(l) PE spectra of trimethyl- and triphenylphosphorus ylides in comparison to the corresponding phosphines. 

in the monophenyl derivative both 7rs and 7ras phenyl ionizations 
are increased relative to triphenylphosphine due to the P + 

charge. On the other hand, starting from the trimethylphos-
phorus ylide, successive methyl/phenyl exchange improves the 
P + charge distribution, thereby reduces back-bonding P+—C~ 
and leads to the observed decrease of the first ionization po
tential. 

(ii) Effects of Methyl and Trimethylsilyl Substituents at the 
Carbanion Center. Methyl group effects can be only investi
gated in ylides prepared from phosphonium salts with three 
substituents, from which proton abstraction is energetically 
less favorable, e.g., [ (H 3C) 3P+CH 2CH 3 ] would yield a 
methylene ylide. For this reason the triphenyl derivatives have 
been chosen but because they proved to decompose thermally 
under measurement conditions yielding triphenylphosphine, 
only the first ionization potentials are listed in Table II. 
Methyl- and trimethylsilyl substituents at the carbanion center 
shift the first ionization potential of phosphorus ylides differ
ently: whereas trimethylsilyl substituents leave the ionization 
potential unaffected or even—within the measurement limi
tations for extremely sensitive compounds—seem to slightly 

increase it, methyl groups cause quite a decrease. Stepwise 
assemblance simulated by CNDO calculations for separated 
units, after their formal connection under hydrogen elimination 
but without IT interactions, and for the resulting methyl sub
stituted ylide (R = CH3) clearly emphasize a hyperconjugation 
model (Figure 4). 

The CNDO atomic charges attached to the > P - C - C < 
centers in Figure 4 illusrate that hyperconjugtive destabili-
zation of the highest occupied orbital is not accompanied by 
an intramolecular H3C —«• C - charge transfer. For the orbital 
mixing in the ethylidenephosphorane model (symmetry C\) 
two corbitals, i/-i2andi/'i(), both with predominant >C"—CH2 

contributions have to be considered (Aei9 = 0.51 eV; Aei2 + 
Aeio = 0.62 eV). Whereas the corresponding bands in the PE 
spectra of the C-methylated ylides are unfortunately hidden 
under broad ionization humps, they can be observed, e.g., for 
the IT conjugation in benzylidenephosphorane (cf. iii), lending 
some support also to the CNDO hyperconjugation model 
(Figure 4). 

In general, the smaller effects of trimethylsilyl substituents 
compared to those of methyl groups can be rationalized either 
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17.08 
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17.91 

Figure 4. CN DO results for stepwise ait coupling of the partial systems 
of ethylidenetrimethylphosphorane. 

by reduced hyperconjugation23 or by additional x —• Si 
back-bonding.23 The latter model will be preferred to interpret 
the nearly constant first ionization potential after silylation 
of the ylide carbanion center9-14 (Table II) because of the 
CNDO atomic charges (R = CH3): 

4 •*— ^~»/0( 

+.22 -.39 +.24 

R 3 P - C H 2 + SiR4 

• .19 -.52 ».39 

R,P-C- ; SiR, 3 H Il 3 
•.25 -.42 +.25 

R, P - C - S i R , 

Contrary to the results for methyl substitution (Figure 4), both 
large <x donation and counteracting 7r back-bonding are cal
culated. In close analogy to the "perfluoro effect"25 towards 
7T systems, i.e., fluorine substituents acting simultaneously as 
a acceptors and -K donors, therefore a "silyl effect" towards 
"anion centers" might be defined, i.e., trimethylsilyl groups 
exerting a donor plus TT acceptor properties to achieve optimum 
charge distribution. 

(iii) TT Interactions in Benzylidenephosphoranes.26 The PE 
spectroscopic differences measured for methylation at the 
carbanion center (Table II) suggest considerable conjugative 
interaction also with -K substituents, which should be directly 
observable in case of separated 7r ionization PE bands. Par
ticularly suited is the phenyl derivative, since in the antisym
metric one of the degenerate benzene ejg orbitals a nodal plane 
passes through the substitution site, and thus 7ras as an internal 
standard permits the splitting Air to be read off directly from 
the PE spectrum (Figure 3). The assignment of the lowest three 
T ionizations and the orbital movements on stepwise coupling 
of the partial systems as revealed by modified CNDO calcu
lations analogous to Figure 4 are self-explanatory (Figure 
5). 

Again (cf. Figure 1) a reasonable numerical correspondence 
-0.86ejCNDO/IE„ is achieved, satisfactorily reproducing the 
PE spectroscopically determined split Ar = IE3 — IE2 = 0.56 
eV. Relative to benzene, the 7ras ionization is lowered by 9.25 
eV — 8.34 eV = 0.91 eV and reflects the extreme inductive 
perturbation by the adjacent carbanion. Comparison of CNDO 
atomic charges calculated both for benzyl anion and benzyli-
denephosphorane adds another point of view. The carbon atom 
charge in the benzyl anion is reduced to about half the amount 
after coupling to the (H3C)3P+ unit, and the ring carbon 
charge to about one fifth. Toward the C - center, the phenyl 
ring (2<?f

 nns = +0.01) acts as an acceptor, and it is illustrative 

D a 
- 88 t\""^ IE 

(•VI + 

9.27 

9 46 

>? 

W) 

619 

681 

Figure 5. CNDO results for stepwise air coupling of the partial systems 
of benzylidenetrimethylphosphorane. 

R3P-CH 

zq. 

Zq ring 

.7 7 

.26 

.40 

-.06 

to confront the impressive -K ionization changes for phenyl 
substitution at C - with the almost negligible ones for 
methyl/phenyl exchange at the P+ center (Table N). Never
theless, the small effects discussed in section i show up also for 
trimethyl- and triphenylbenzylidenephosphoranes (Table II): 
due to better P+ charge derealization in the phenyl derivative 
and correspondingly enhanced C - charge, the ionization po
tentials decrease further, IEi from 6.19 to 6.05 eV and IE2 
from 8.32 to 8.2 eV, respectively. 

(iv) Charge Derealization in Cyclopentadienylidenephos-
phorane. Incorporating the carbanion center into a (An + 2)ir 
electron system like cyclopentadiene anion leads to the known 
drastic changes in molecular properties: the resulting phos
phorus ylide is no longer sensitive to moisture or air and be
comes a non-Wittig ylide with respect to its reactions.3a Nev
ertheless, the first PE band is centered at ~6,7 eV. The ten
tative deconvolution using an expanded record suggests that 
it hides two ionizations separated by ~0.3 eV, which according 
to CNDO calculations for the methyl derivative27 are assigned 
to predominantly cyclopentadiene TT orbitals: 

'25 -7 .59 (eV) 

K§ 
E 2 4 = - 7 . 9 3 (eV) 

Relative to cyclopentadiene anion with its highest occupied 
orbitals at fi2,i3CNDO = — 2.3 eV, a considerable inductive 
lowering is calculated, whereas the conjugative split of their 
degeneracy AejCND0 = 0.34 eV seems moderate and correlates 
with the estimated difference of the ionization potentials IP2 
- IPi ~ 0.3 eV. The third occupied w orbital of the ylide is 
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Figure 6. CNDO eigenvalues, T orbital diagrams, and atomic charges for allylidenetrimethylphosphoranes. 

calculated AeT
C N D O ~ 5 eV below. The CNDO atom charges 

H-.06 
H - 0 2 

L-.06 H -.01 

• 24 - . 1 1 / ^ - ^ C =P-
lq£nfl -.70 -.35 

emphasize an extensive C - charge derealization over the ring 
carbons, and analogous to the benzylidene derivative about half 
the cyclopentadiene anion charge is transferred on formal 
coupling with the ( F h C h P + moiety. Consequently, the P + 

charge remains quite high, a CNDO prediction, which is nicely 
supported by the largest increase of the phenyl ir ionization 
center of gravity observed PE spectroscopically for triph'en-
ylphosphorus ylides: up to 9.6 eV (Table II). Summarizing in 
comparison to the benzylidene derivative discussed in section 
iii, the cyclopentadienylidene phosphorane shows due to in
corporation of the C - center into a (4« + 2) 7r system a smaller 
7Tp+c- interaction, a stronger C - derealization, and corre
spondingly a larger P + charge. 

(v) Allylidenephosphoranes: Allylanion Perturbations. In 
conclusion, PE spectroscopic findings are reported on the 
attchment of the smallest7r system ethylene to the carbanion 
center forming a phosphonium substituted allyl anion. Besides 
large and translucent effects observed, additional information 
can be gathered by further methyl and phenyl perturbations. 

The PE spectrum of allylidene trimethylphosphorane (Figure 
3) displays two bands at lower ionization potentials (Table II: 
6.20 and 9.20 eV) which are straightforwardly assigned either 
by CNDO calculations or by the additional substituent per
turbations to predominantly nc- and 7rcc orbitals (Figure 
6). 

Figure 6 shows that the differences in CNDO eigenvalues, 
AejC N D O , reasonably resemble those in ionization potentials 
AIPi 2- The calculated atomic charges display the following 
characteristics: P + remains constant both on coupling on the 
subunits and in all four derivatives, C - is reduced relative to 
allyl anion 

-.48 +15 
[H2C C-CH 2 ] " 

H 

by x coupling, and the substituent dependent effects at /3 and 
7 carbons can be rationalized by methyl groups pushing charge 
to the adjacent unsubstituted vinyl carbon center—in close 
analogy to the (3-effect discussed for 13C NMR shifts.28 The 
changes in the ir ionization potentials IEi and IE2 are best 
interpreted starting from the (CH3C)3P+ perturbed allyl anion 
T orbitals (Figure 6). According to the squared orbital coef
ficients cj/, the highest occupied orbital 1̂ 22 still almost pos
sesses a node through the central carbon, and correspondingly 
IE] is not lowered on 0 methyl substitution (Figure 6). The 
shifts AIE| and AIE2 on 7 methyl substitution can be com
prehended by first-order perturbation AIP ~ 5«j ~ CjM

2<5acH3 

with 8acHy ~ 0.6 eV. The relatively large decrease AIE2 = 
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q"(e-i <f13C/q" = 240ppm/e-

Figure 7. 13C NMR spectrum of allylidenephosphorane32 and changes 
in chemical shifts20 and in CNDO atomic charges due to methyl substi
tution. 

-0.38 eV on /3-methyl substitution (AIEi being too small to 
detect any deviation) requires an additional explanation: For 
analogous observations concerning methyl substituted buta-
dines29 and hexatrienes30 a "through space" TT interaction with 
the double bond opposite has been proposed.29 Finally, the 
phenyl substituent effect in cinnamylidene phosphorane 
(Figure 6) becomes transparent looking at benzene 7ras ion
ization potential shifts along the series 

8.90 eV 8 32 eV /£fras) 9.25 eV 

which is evidence for the perturbation of the benzene ring by 
an adjacent allylic anion center: therefore cinnamylidene 
phosphorane also might be considered an l-phenyl-3-tri-
methylphosphonium substituted allylanion. 

Summarizing the PE investigations and the CNDO results, 
the allylidenephosphorane ir system can be fully rationalized 
on the basis of an allyl anion model with its orbitals "visual
ized" by substituent perturbations. 

(vi) 13C NMR Chemical Shifts. Throughout the preceding 
discussions CNDO atomic charges have been used to further 
rationalize ionization energy changes cf. Figures 4 and 6). n 
order to support these arguments, an empirical correlation with 
'3CNMR chemical shifts has been attempted in spite of res
ervations justified in other cases31 with presumably less pro
nounced charge domination as to be expected for ylides. To 
begin with, Figure 7 shows the '3C NMR spectrum of allyli
denephosphorane and the changes in chemical shifts due to 
methyl substitution.20 

Obviously, the 13C chemical shifts of allylidenephosphorane 
and methyl derivatives are reflected even in some detail by the 
calculated CNDO atomic charges (cf. also Figure 6). Within 
the "sp2-hybridized" carbons, the C„ signals display the largest 
high-field shift, followed by C7 and the almost normal C^ (cf. 
ethylene 8' 3C = +122 ppm28). Methyl substitution in 0 posi
tion increases and in 7 position reduces the charge differences 
in the allyl system. Even some of the calculated smaller 
changes, e.g., for C^ or the near-constancy for C„ are in accord 
with the observed 13C NMR signals.20 The correlation 
5'3C/gc

CNDO can be generalized to comprise also the other 
trimethylphosphorus ylides; for the conjugated derivatives 
listed in Table III an optimum regression results if CNDO -K 
partial charges, qc*, are employed (Figure 8). 

As evident from Figure 8, the 513C shifts group themselves 
according to a, /3, and 7 positions around a regression line with 

Figure 8. Correlation of chemical shifts ' 3C (ppm relative to Si(CH O4) 
vs. CNDO ir charges (/<_•' (cf. Table III). 

a slope of 240 ppm/unit charge, which incorporates in addition 
to benzene also ethylene28 as well as other -K hydrocarbons. The 
satisfactory heuristic correspondence suggests that it is pre
dominantly the carbon charge and the related \jrl dependence 
of the paramagnetic term,31 i.e., the radius of the carbon pv 
orbital, which are responsible for the direction and magnitude 
of the observed shifts. Accordingly, CNDO partial ir and/or 
net atomic charges reliably approximate the actual electon 
distribution in ylides, and therefore contribute another aspect 
to the interpretation of PE spectra. 

A critical test of the CNDO predictions (Figure 8) is the 13C 
NMR chemical shifts of cyclopentadienylidenephosphorane, 
the ylide with the most peculiar molecular properties (iv): 

-® 
q£ (R= CH3) 

(T13C (R= C6H5) 

ca 

-.28 

78.3 

C/> 

- I 2 5 

II4.6 

C, 

-.IO 

II7.2 

Although 13C chemical shifts for the trimethylphosphorane 
are not yet available,27 the literature values for the phenyl 
derivative33 already fit the trend (Figure 8). Relative to 
"normal" ylides, the 13C NMR signal is shifted ca. —80 ppm 
relative to the parent compound into the C7 region, in full 
agreement with the diminished charge. In addition, C^ and C7 
charges are reduced relative to the cyclopentadienide system 
(iv). Both P charge and TT derealization add to a most effective 
stabilization of the ir anion. 

(vii) Concluding Remarks: Ylide-Stabilzed Carbanions. 
Thrughout the preceding chapters, several independent models 
have been emphasized: the coupling of carbene and phosphine 
to yield phosphorane, the stepwise assemblance of substituted 
ylides introducing a and 7r interactions consecutively, and the 
stabilization of carbanions due to adjacent R3P+ centers. For 
the latter approach, the orbital energy changes, which ac
company the charge redistribution in the typical systems dis
cussed (cf. ii through v) have been calculated. The resulting 
CNDO orbital movements do have in common: a large stabi
lization due to the (HsC^P+ substitution, a small lowering on 
inclusion of 3d orbitals into the basis set, and shifts of com
parable magnitude within the same system, i.e., no orbital 
crossings. Eventually, a satisfactory correlation with the cor
responding PE ionization energies results. In this connection, 
the convincing empirical relation between 13C NMR chemical 
shifts and CNDO charges (Figure 8) has to be mentioned 
again, because it further supports the above stressed ration
alization of ylides as polarized carbanions. 

The chemical reactivity of zwitterions like ylides presumably 
is governed by their charge distribution. Assuming further that 
the CNDO charges adequately approximate the electronic 
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Table IH. CNDO n Partial Charges qc* and 13C Chemical Shifts 6'3C (ppm relative to Si(CH3)J for the sp2 Carbons of 
Trimethylphosphoranes 

No. Ylide ci/> Cv C4 

(H3C)3PCH 

(H1C)1PCx,, ., 
,,C = CH. 

H 
(HD0PC. 

HC 

(HD1PC 

(HD,(PC 

(HChPC 

/ 
C=CH 

qc" 
613C 

QC77 

613C 

qcn 

613C 

qz" 
6'3C 

qcn 

613C 

qc" 
613C 

-0.491 
-2 .4 

-0.457 
-32 .3 

-0.462 
+29.8 

-0.453 
+27.7 

-0.452 
-49.0 

-0.463 
+27.9 

+ 0.057 
+137.5 

+ 0.081 
+ 146.2 

+ 0.024 
+131.9 

+ 0.050 
+136.7 

-0 .150 
+83.9 

-0.183 
+83.5 

-0.123 
+94.5 

-0.148 
+94.0 

+ 0.041 
+142.4 

+ 0.096 
+147.3 

-0.020 
+ 119.0 

-0.089 
+ 121.5 

+ 0.003 
+ 129.2 

+ 0.023 
+ 128.3 

-0.013 
+ 125.1 

-0.067 
+115.2 

structure of ylides, they will be tentatively taken as a basis, to 
derive some systematic aspects on ylide reactivity. To avoid 
stereochemical complications, a simple proton transfer reaction 
will be considered, i.e., one of the so-called "transylidations" 
first reported by Bestmann and co-workers5b, e.g. 

R 3 P - C H 2 

+ R3P-CH2-<g> 

R 3 P-CH 3 

q?: 

- .39 

- .49 

R 3 P - C H - © > 

.34 

.46 

Obviously, both CNDO net and ic charge (cf. Figure 4 and 
Table III) are reduced in the product. For the analogous 
generation of a trimethylsilylphosphorane5d 

<%•• 

R 3 P - C H 2 

.39 

.49 

9 
+ R3P-CH2SiR3 

R 3 P - C H 3 

¥ R3P-CHSiR3 

-.42 

-.44 

only a reduced ir charge, is calculated while the net charge of 
the ylidic carbon even slightly increases due to the a donor 
property of R3Si substituents (cf. ii). Furthermore, in certain 
ylide reactions an increase of the P+ charge, which stabilizes 
the carbanion, may play an important role. 

Summarizing, ylides are the more stable and the more fa
vored, the better the C - charge is delocalized in the carbanion 
part and the larger the P+ charge. The most striking example 
represents the air-stable non-Wittig triphenylcyclopentadi-
enylidenephosphorane, which exhibits the highest P+ charge 
observed so far, i.e., the largest increase in phenyl ionizations 
(Table II), as well as the most effective C~ derealization by 
forming a 6ir electron system, i.e., the largest 13Cn NMR 
downfield chemical shift (Figure 8). 

Numerous other observations concerning ylide reactivity 
can also be easily incorporated in the carbanion charge concept. 

To quote just a few examples: Many reactions at the 7 position 
of allylic ylides are known in the meantime,34 in full accord 
with the considerable CNDO net charge (Figure 6) or the 13C 
NMR chemicalshift (Figure 8). The same argument would 
predict allylidenephosphoranes to be bidentate and 7r-type Ii-
gands35-36 as proven, e.g., by the x-ray structure determina
tion37 of ( O C ) 4 M O ( R 3 P C H C H = C H 2 ) . The cyclopentadi-
enylidenephosphorane expectedly reacts as a tridendate ligand 
and its 6x electron system forms sandwich complexes like 
(OC)3MO(R3PC5H4).38 

Conclusions drawn from a simplifying model, and especially, 
regarding an overall reactivity without corroborative mecha
nistic information should only be accepted with reservation. 
Nevertheless, several predictions of our model concerning, e.g., 
carbene generation from phosphoranes, proved to be quite 
valuable in the meantime. 
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Abstract: Tetrakis(methoxycarbonyl)palladiacyclopentadiene cyclic diolefin complexes. Pd[Ci(COOCHi)-I]L. for L = 1,5-
cyclooctadiene and norbornadiene have been prepared. The latter complex has been characterized crystallographically. The 
material crystallizes with two molecules in space group C, l-Pl in a cell of dimensions a = 10.560 (2), b = 10.583 (2), c = 
9.710(2) A, a = 99.33 (I),/?= 113.24 (1), and 7 = 85.53 (2)°. The structure has been refined by standard methods to a con
ventional R index of 0.027, based on 3646 reflections above background. There is a nearly symmetrical coordination of the di
olefin to the palladium atom of the metallocycle. The olefinic C=C bond lengths of 1.352 (4) A in the norbornadiene fragment 
together with spectroscopic results suggest a net transfer of electrons from the electron-rich norbornadiene to the metallocycle 
which has electron-withdrawing substituents. The fact that the diolefin bonds more strongly to the metallocycle than docs an 
activated acetylene is brought to bear on mechanisms of cyclotrimerization of acetylenes and cyclocotrimerization of two acet
ylene and one olefin molecule. The parent oligomeric Pd[Ci(COOCHj),!] complex is an efficient catalyst for the cyclocotrim
erization of two dimethylacetylenedicarboxylate molecules with norbornadiene to give 1,2,3,4-tetrakis(methoxycarbonyl)ben-
zene. Use of norbornene in place of norbornadiene leads to the palladium-catalyzed stereoselective production of a cyclohexa-
1,3-diene derivative in 94% yield. 

The catalytic cyclotrimerization of acetylenes to form 
benzene derivatives (reaction 1) has been intensively investi-

R 
R r ^ 1 R 

3RC=CR 
R R (D 

R 
gated.- 4 The cyclocotrimerization of two acetylene molecules 
with an olefin molecule to form cyclohexa-1,3-diene derivatives 
(reaction 2) has also been the subject of a number of studies,5~9 

R R' 

R R' 

2RC=CR + HR'C=CR'H 

but apparently no highly selective, catalytically efficient re
actions have been found. This is because reaction 1 is com
monly a competitive, fatal side reaction for (2). These two 
reactions have been postulated to proceed, at least in some 
instances, via a metallocyclopentadiene complex as the key 
intermediate,4'7 as shown in Scheme I. Thus, in principle, high 
selectivity for the cyclocotrimerization reaction of acetylenes 
and an olefin may be achieved if the olefin binds much more 
strongly to the metallocyclopentadiene than does the acetylene. 
Indeed, Chalk5 has reported the selective cyclocotrimerization 
between terminal or conjugated acetylenes and N-substituted 
maleimides. Such activated olefins are expected to bond very 
strongly to the metallocycle. 

Another approach for preventing reaction 1, the cyclo-
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