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Modern nomenclature uses the term “ylide” for a 
class of compounds which was first considered by 
Staudingerl in the 1920’s and was later developed by 
Wittig2 and his collaborators after World War 11. 
The most important representatives of this class are 
the phosphorus ylides, bonding in which is depict- 
ed12 

~ ~ 6 - 2 ~ ~  - R,P=CH, 
ylid; ylene 

According to this representation, two canonical 
formulas are of principal significance for proper de- 
scription of the structure and bonding. One of these, 
the ylide formula in the narrow sense, emphasizes 
the dipolar zwitterionic nature involving an onium 
center a t  elements like phosphorus, sulfur, nitrogen, 
or arsenic, next to a carbanionic function, which may 
be at  least partially delocalized into suitable substit- 
uents. In the ylene formula, on the other hand, a 
true double bond is postulated between the onium 
center and the ylidic carbon, thus reducing or even 
eliminating the formal charges a t  these at0ms.3,~ 

The application of modern physical techniques5 
and the results of sophisticated theoretical calcula- 
t i o n F  have made it increasingly clear that the 
ylide formula predominates in the ground states of 
these and related molecules. Most of the early inves- 
tigators successfully used this description for most of 
their problems of structure and reactivity and for the 
rationalization of reaction mechanisms.2-4 Therefore 
it is with justification that the term “ylide” is used 
nowadays almost exclusively in the literature. 

When working with ylides we are, therefore, deal- 
ing with stable compounds containing a special type 
of carbanion! These carbanions are not associated 
with metallic cations, as in many organometallic re- 
agents, but with an onium group fixed in a certain 
position of the system and giving rise to new specific 
features. 

It is only 20 years since ylides, predominantly 
those of phosphorus and sulfur, were introduced as 
reagents into organic synthesis. Today they rank 
among the most important tools of the preparative 
organic chemist both in research and in industry, as, 
e . g . ,  in the Wittig olefin synthesis. 

Until recently, however, inorganic and organome- 
tallic chemists seem to have neglected the great po- 
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tential of ylides. To judge from the literature, there 
was no more than preliminary‘study of the role of yl- 
ides in reactions with inorganic components before 
1965. Various groups have since been attracted more 
and more by the many fascinating aspects of this 
new branch of organometallic chemistry. 

Starting from simple silicon and other main-group 
derivatives of ylides, this chemistry has now expand- 
ed to transition metals as possible coordination cen- 
ters for ylidic carbanions. Ylides are considered as 
versatile ligands to metals in their various oxidation 
states. Ylide chemistry with silicon was first applied 
to organic and organometallic synthesis, and the lat- 
ter aspect has been found promising in the field of 
transition-metal catalysis. 

Silicon in Ylide Chemistry 
In view of the many successful applications of yl- 

ides in organic chemistry, it must have appeared log- 
ical to extend this chemistry to silicon, the homolog 
of carbon. Experienced organometallic chemists 
made this first important step and discovered the 
high affinity of ylidic carbanions toward silicon,g-13 
germanium,13 and tin.9,12,13 It soon appeared, how- 
ever, that silicon exerted a pronounced stabilizing ef- 
fect on these c a r b a n i ~ n s l ~ , ~ ~  which was contrary to 
all expectations based on electronegativity argu- 
ments and the relative inductive effects of alkyl and 
silyl groups. 

This phenomenon is particularly obvious from a 
comparison of the structures of some corresponding 
alkylated and silylated ylides15 (Scheme I). The de- 
protonation of phosphonium and sulfoxoniuml6~17 
cations by organometallic bases occurs selectively at  
the least alkylated a-carbon atom, (1 - 2, 3 -+ 4). 
On the other hand, silylated onium cations are con- 
verted into ylides having the silicon substituent di- 
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3 4 

CH3 
I‘ -H+ I 

CH3-P-CHzSiR3 - CH,-P=CHSiH3 

CH3 1 AH, 
5 6 

CH3 
I 

3-11 

CH3 
I‘ -H+ 

II 
CH3-S-CH&iR3 - CH S=CHSiR, 

0 0 
7 8 

rectly attached to the carbanion generated in the 
process ( 5  - 6, 7 - S), even if alternatives are avail- 
able. This phenomenon does not have its origin in a 
steric effect, since simple SiH3 substituentsls behave 
the same as bulky SiR3 groups.l3,14 

Essentially the same behavior is encountered with 
arsenic ylides13318 and with various organosilicon, 
-germanium,l4 -tin,14 -phosphino,l9~20 -arsino,lg 
-stibino,lg and -phosphonium or - a r ~ o n i u m l g * ~ ~  sub- 
stituents a t  the ylidic carbon. 

Among the most striking consequences of the “sili- 
con effect” in ylides is the course of some transylida- 
tion15,22 reactions. TransylidationZ3 occurs between 
ylides and onium salts when the competing ylides 
differ significantly in basicity or when there are large 
differences in lattice energies of the onium salts. 
Equation 1 gives an example which demonstrates the 
reduced basicity of an ylide bearing a silicon substit- 
uent as compared to the alkylated,.analog. (The lat- 
tice energies of the salts in this particular case 
should be very similar.) 

(C2H5)3P=CHCH3 + [(C2H5),hH2SiH,]C1‘ - 
100% 

(C,H,),P=CHSiH, + [(C2H,),$21‘ (1) 

The stabilizing effect of main-group elements like 
silicon in ylides and the related reduction of ylide 
basicity have been interpreted in terms of a d-orbital 
participation in the Si-carbanion bonding13J4 and 
on simple electrostatic grounds.l5 The latter concept 
emphasizes the increase in space around the carban- 
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ionic center and the corresponding reduction of re- 
pulsive forces between the high electron density of 
the ylidic carbon and the bonding electrons of the cr 
framework upon introduction of the larger third-row 
elements. 

Though neither of these pictures is very satisfacto- 
ry, i t  is gratifying that such recent physical data as 
l3C resonance studiesz4 and photoelectron 
fully support the more qualitative findings from syn- 
thesis and chemical reactions. 

Most of the questions about the bonding of silicon 
in ylides concern the general problem of interactions 
between this element and atoms like fluorine, oxy- 
gen, and nitrogen, which are known to form exceed- 
ingly strong bonds to silicon.26 All of these have a t  
least one lone pair of electrons. 

silyl carbanion silyl ylide 

‘ The Role of Silyl Ylides in  Synthesis 
Shortly after their first preparation, silylated yl- 

ides were found to be very useful in synthesis. In fact 
it appeared that some very important basic members 
of the ylide series were initially accessible only uia 
their silyl derivatives.18,27 

Salt-free trialkylphosphonium alkylides were ob- 
tained for the first time in a pure state through a 
desilylation process using alcohols or silanols27 (eq 
2).  (Since then, the more traditional methods of syn- 

R,P=CHSiMe, + MeOH - R3P=CH2 + Me,SiOMe 
(2 ) 

R = CH3, C2H5, i-CBH7, n-CsH7, n-CdH9, CgH5 
Me = CH, 

thesis have been developed further and, with some 
modifications, are now also applicablez8 .) The same 
was true for the initial synthesis of trimethylarsenic 
methylide, (CH&AsCHz, which was obtained 
through desilylation of a silylated precursor.l8 Di- 
methylsulfoxonium methylide, (CHz)zS(O)CH2, is 
accessible via various routes, one of which is again a 
desilylation process .29 

The silylated precursors, representing the starting 
materials for eq 2, are now readily available with a 
large variety of substituents.l4~15,22,26~27,30,31 Be- 
sides trialkylsilyl groups, a number of di-, tri-, and 
even tetrafunctional silyl components have been 
used as ligands to the ylidic carbanions attached to 
phosphorus and sulfur. These lead to new types of 
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(25) K. A. Ostoja-Starzewski, H.tom Dieck, and H. Bock, J.  Organomet- 
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difunctional open-chain and cyclic ylides, as indicat- 
ed by examples 9-16. Among these compounds the 

Me2 
Si 

g30 (bp 79-81" (0.5 mm)) 

Me,P=CH/ 'CH=PMe, Me, Me, 
,Si-Si 

'CH=PMe, 
lo3' (mp 4-6") 

Me, 

Al 

Me,P=C /Me2 

Me, 
/Si--CH2, 

'Si -CH 
Me, 

1433 

12,' imp 80-81") 

H 
C 

M e , P H  'SiMe2 
\ I  

H,C--SiMe, 
1535 Ibp 53" (0.5 mm)) 

Me, Me, SiMen 
,Si-Si I 

Me,P=C 'si-si 'C=PMe, / 
Me,#'\PMe2 

Me, Me, H,'C-&Me, 
(mp(l26-128°C)) 1625 (bp 65"(0.1 mm))  

bis(phosphorany1idene)disilacyclobutanes of type 11 
are of special interest.32 Here two carbanions are 
members of a small strained ring system, but ob- 
viously the presence of the two silicon atoms pro- 
vides stabilization to the system.25 The carbon ana- 
logs have never been observed. 

At elevated temperature and in the presence of ex- 
cess ylide as a catalyst, the four-membered ring 
undergoes an isomerization through ring expansion33 
(11 - 14). The mechanism of this catalysis involves 
the excess ylide simply as a deprotonating and repro- 
tonating agent (eq 3) .  The consequence of this new 

11 
-BHtl tB 14 

A 

type of carbanionic rearrangement involving silicon34 
is to provide an even better separation of the two 
centers of negative charge. 

The disilanyl species 10, 12, 13, 1.5, and 1635J6 
were investigated to obtain information on possible 

(32) H. Schmidbaur and W. Malisch, Chem. Ber., 103,97 (1970). 
(33) W. Malisch and H. Schmidbaur, Angew. Chem., 86,554 (1974). 
(34) R. West, R. Lowe, H. F. Stewart, and A .  Wright, J .  Amer. Chem. 

(35) H. Schmidbaur and 14'. Vomberger, Angeu. Chem., 82,  773 (1970); 

(36) H. Schmidbaur and W. Vornberger, Chem. Ber . ,  103, 3173 (1972); 

SOC., 93, 282 (1971), and earlier papers. 

Angew. Chem., Int. Ed.  Engl., 9,737 11970). 

105,3187 (1972). 

delocalization of the carbanionic charge into the 
Si-Si moieties, a potential (p  - d -* d) system, but 
no direct evidence was found.36'25 

A broad variety of compounds was obtained 
through the new process of transsilylation.20 This 
method provides a means of introducing more com- 
plicated substituents, starting from the simple tri- 
methylsilyl ylides: 

R,P=C(SiMe,), -t 

2MezSiClz - a M e 3 S i C 1  * R,P=C(SiMe,CI), 

2 M e S I C I S  R,P=C[SiMeC12]2 
z s i c 1 *  * R,P=C[SiCl,], 

2MeSI (CH2C1 ,,,," R,P=C[SiMe(CH,C1)Cllz 
2pc13 * R ~ P = C [ P C ~ Z I Z  

The last example20 shows that other elements can, 
like phosphorus, be easily attached to the ylides by 
this technique. All of these are high-yield reactions, 
and the sole by-product is the volatile trimethylchlo- 
rosilane. Other phosphorus-, arsenic- and antimony- 
substituted ylides available14,21%37 are of the fol- 
lowing types. 

X- H 
Me,P==CH-PMe, C 4 .\ 

Me3P + PMe, 

- x- H 
MeSP=CH-AsMe2 

_ _  A.?. Me3P + AsMe, Me,P=CH-SbMe, 

SiMe, 
I X- 

In this connection it should be pointed out that 
the heavy group IV and V elements are found to 
occur almost exclusively as disubstituted ylides. 
Thus, whereas a species of formula 18 is easily pre- 
pared, the corresponding compound 17 could not be 
isolatedl4 (eq 4). It is probably not simply a coinci- 

2Me,P=CHSnMe, --+ Me,P=C(SnMe3), + Me3P=CH2 
17 3t8 (4 1 

dence that similar findings have been reported for 
stannyldiazoalkane~:3~ IN=N+--C- [Sn(CH3)&. 
Further work on this problem is desirable. 

Desilylation-Generated Salt-Free Ylides 
The isolation of salt-free high-purity ylides through 

desilylation (eq 2) provided an excellent basis for a 
new systematic investigation of the properties of 
these fascinating compounds. For example, 
(CH3)3P=CH2, shortly after its preparation as a 
salt-free substance, was subjected to detailed IH, 
13C, and 31P nmr,39-41 infrared and R a m a r ~ , ~ ~  dipole 

(37) K.  Issleib and R. Lindner, Justus Liebigs Ann. 'Chem., 699, 40 

(38) M. F. Lappert, J .  Lorberth, and J .  S. Poland, J.  Chem. SOC. A, 2954 

(39) H. Schmidbaur and W. Tronich, Chem. Ber.,  101,604 (1968). 
(40) H. Schmidbaur, W.  Buchner, and D. Scheutzow, Chem. Ber., 106, 

(41) K .  Hildenbrand and H. Dreeskamp, Z. Naturforsch. B, 28, 226 

(42) W. Sawodny, 2. Anorg. Allg. Chem., 368, 284 (1969). 
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1251 ( 1973). 

( 1973). 
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moment,43 and photoelectron ~ t u d i e s . ~ 5 , ~ ~  From 
this careful work a better insight into the nature of 
bonding,25 and also into the features of the rapid 
inter- and (possibly) intramolecular proton ex- 
change, was obtained. Although much information 
has been accumulated to date, no specific mecha- 
nism for this prototropy has been established, nor 
has a solution been found by theoretical calcula- 
tions.6,8 

CH3 I 
CH3 
I 

CH3-M=CH2 CH3-M-CH, 
I II 

CH3 
I 

CH2 

CH2=M-CH3 4 CH,-M-CH, ( 5 )  
I 
CH3 

I 
CH3 

M = P , A s  

Tetraalkylalkoxyphosphoranes and 
-fluorophosphoranes 

The desilylation-generated salt-free ylides gave ac- 
cess, for the first time, to tetraalkylalkoxyphospho- 
ranes and related compounds, through carefully con- 
trolled addition of alcohols, hydrogen fluoride, 

CH, 

ck, 

(6b) 

etc.45-48 Some of these molecules were easily charac- 
terized as containing pentacoordinate phosphorus 
at0ms.~7 At low temperatures they are rigid on the 
nmr time scale and axial and equatorial alkyl groups 
can be clearly distinguished by 1H and 13C tech- 
niq~es.~7*49 This is the first case in which a direct 
compa,rison of axial and equatorial P-CH3 bonding 
was possible. Excess alcohol' converts R4POR' com- 
pounds into phosphonium salts of hydrogen-bonded 
hydropolyalkoxide anions of types R4P+H- 

Silylated .ylides react similarly with organic car- 
bonyl compounds rather than paralleling the classic 
Wittig olefination process, because of a successful 
competition of silicon with phosphorus for the car- 
bonyl oxygen atoms. Some typical examples have 
been described and can be explained on this 
basis.10351 The underlying principle is therefore the 

HF 
(C,HS&P=CHCH3 - ( C 2 H d P  

(OR')2 .47950 

(43) H. Schmidbaur, unpublished experiments. 
(44) Esr studies have been carried out on arylated ylide radicals. 
(45) H. Schmidbaur and H. Stuhler, Angew. Chem., 84, 166 (1972); 

(46) H. Schmidbaur, K. H. Mitschke, and J .  Weidlein, Angew. Chem., 

(47) H. Schmidbaur, H. Stuhler, and W. Buchner, Chem. Ber., 106, 

(48) H. Schmidbaur, K. H. Mitschke, W. Buchner, H. Stuhler, and J. 

(49) H. Schmidbaur, W. Buchner, and P. H. KOhler,J. Amer. Chem. SOC., 

(50) H. Schmidbaur and H. Stuhler, Chem. Ber., 107,1420 (1974). 
(51) H. Schmidbaur and H. Stuhler, Angew. Chem., 88, 344 (1973); 

Angew. Chem., Int. Ed. Engl., 11,145 (1972). 

84,165 (1972);Angew. Chem., Int. Ed.  Engl., 11,144 (1972). 

1238 (1973). 

Weidlein, Chem. Ber., 106, 1226 (1973). 

96,6208 (1974). 

Angew. Chem., Int. Ed. Engl., 12,320 (1970). 

same as in the desilylation reactions with alcohols 
(see examples 1 and 2).  

Example 1 

3(C&)2C==o + 2(CH3),P=CHSi(CH3), - 
(CH3),P=0 + (CH3),SiOSi (CH,), t 

2 (C&S)~C=CH~ + (CH3)2P<H=C(C6H,)2 
II 
0 

Example 2 

3 (CH,),C=O + 2 (CH3),P=CHSi(CH3)3 * 
2(CH3),P0 + (CH,),SiOSi(CH,), + 

(CH,),C=CH2 + CH,--CsCH--C=CH, 
I I 

CH3 CH, 

Ylide Derivatives of Other Main-Group Elements 
Apart from the homologs of silicon and phospho- 

rus, some of the group 111 and group 11 metals appear 
to be suitable partners for reactions with ylides. 
Whereas with boron compounds only straightforward 
addition reactions had been observed in previous 
work,52-54 there is now evidence for a much more 
complicated system with the compounds of alumi- 
num, gallium, indium, and thallium. In addition to 
simple 1:l adducks of the classical type,27 a new 
variation of the transylidation process is observed55 
(eq 8) in secondary reactions. In this case, unlike the 

I c1 

L 
Me2 

sublimes 90" (0.1 mm) 

behavior of the silylated phosphonium salts (eq l), 
the deprotonation occurs a t  one of the alkyl groups 
attached to phosphorus, followed by ring closure 
through intercomplexation. Thus, the ylidic function 
is shifted away from the initial metal substituent. 

The resulting heterocyclic species have alternating 
onium and metalate centers bridged by alkylene 
groups. In this structure, which is also widespread in 
transition-metal chemistry (see below), all the car- 
banionic centers can be accommodated a t  the accep- 
tor sites of the metals, a feature masking the inher- 
ent ylidic character of the species and converting 
them into a special type of organometallic com- 

(52) M. F. Hawthome, J.  Amer. Chem SOC., 80, 3480 (1958); 83, 367 

(53) D. Seyferth and S. 0. Grim, J.  Amer. Chem. SOC., 83,1613 (1961). 
(54) D. Seyferth, S. 0. Grim, and T. 0. Read, J.  Amer. Chem. SOC.. 82 ,  

(1961). 

1510 (1960). 
(55) H. Schmidbaur and H. J. Fuller, Chem. Ber., 107,3674 (1974). 
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pound. The lack of a suitable acceptor site a t  the 
group IV elements obviously makes a similar reac- 
tion pathway unfavorable, and generation of a free 
ylidic function is the sole alt#ernative. 

Magnesium alkyls have also recently been found to 
undergo reactions of this type with phosphorus yl- 
ides.56 With these reagents the even higher acceptor 
capacity of the metal leads to the formation of a 
novel organomagnesium polymer: 

Mer Me? 

Me, Me2 

The products of this reaction are themselves ex- 
tremely reactive, and their chemistry is currently 
under more extensive investigation. Reactions with 
transition metal halides lead to  ylide derivatives of 
these elements, as illustrated in eq. 9. The products 
of this type are discussed below. 

[Mg((CH,),P(CH,),},I, + 2flCuCl 

~CU(C&)~P(CH,),I~ (9) 

The alkali metals have, for a long time, been 
known to form addition compounds with ylides;1,3 , 4  

indeed the stability of some of these adducts is a 
major problem in the synthesis of "salt-free'' yl- 
i d e ~ . 3 , ~  Lithium salts in particular are strongly 
bonded to the ylidic carbanions, but little has been 
reported on the nature of these adducW7 (eq 10). An 
nmr study of lithiated ylides58 has, however, shown 
that metalation again occurs in the side chains and 
that there is equivalence of the two carbanionic cen- 
ters in solution (see eq. 11). From studies of the IH- 

(10) (CH3XPCH2 7 (CH,),PCH&i+L;;X- 

(L, = solvation shell) 

Ll+x- 

LiR 4"'. , /LiL, (11) 
CHZ(C2HMCH2 (C,Hi)2 

CH2 

13C and 1H-31P couplings a direct covalent interac- 
tion between the metal and the carbon atoms58 was 
deduced. The state of oligomerization is unknown. 

Ylide complexes of the salts of the heavier alkali 
metals are of much lower thermal stability, and the 
metalation products with these metals are very salt- 
like in character. A cesium derivative probably con- 
tains true (CH3)2P(CHz)z- anions in a lattice with 
Cs" cati0ns.~9 
Transition Metal Chemistry of Ylides 

Though a confusing variety of different types of 
products was initially obtained from reactions of yl- 

(56) H. Schmidbaur and J. Eberlein, Chem Ber., in press. 
(57) A. Piskala, M. Zimmermann, G. Fouquet, and M. Schlosser, Col- 

(58) H. Schmidbaur and W. Tronich, Chem. Ber., 101,3556 (1968). 
(59) H. Schmidbaur, unpublished observations. 

iect Czech. Chem. Commun, 36, 1482 (1971). 

ides with transition-metal derivatives, a general 
scheme which allows their classification is now slow- 
ly appearing. Again, the ylides may occur as simple 
terminal ligands (as in A),  as bridging groups (as in 
B), or as chelating moieties (as in C). Both A and B 
had been previously found with main-group ele- 
ments, but C is a new configuration. 

A B C 

The most remarkable feature of transition-metal 
ylide chemistry is, however, the unusual thermal sta- 
bility of the underlying organometallic bonds, M-C - 
P+, -S+, etc. This is not particularly striking with 
the new ylide derivatives of the d1'J metal ions of 
zinc, cadmium,56@J and mercury9,61-63 because the 
organometallic compounds of these elements are 
generally very stable anyway. Indeed, t,he high ten- 
dency toward formation and the stability of the Zn 
and Cd ylides merely reflects these characteristics. 
The general scheme for their formation parallels that 
of the magnesium species, and it is assumed that the 
principal products involve the B-type structure. 

n(CH,),Zn + 2n(CH,),PCH2 - -2CH, 

Me2 MeL 

With mercury, simple addition to give A-type prod- 
ucts is observed in most cases,61,62 

The inherent instability generally associated with 
coinage metal organometallics is, however, not re- 
flected by the properties of the ylide complexes of 
copper, silver, and g 0 l d . ~ ~ - 6 ~  Copper(1) halides and 
their phosphine complexes were shown64 to form 1:2 
coordination compounds containing two Cu-C 
bonds, which are thermally stable well above room 
temperature, e .g .  

colorless crystals, doc 80" 

L -I 

colorless crystals, dec 124' 

(60) B. T .  Kilbourn and D. Felix, J .  Chem. Soc. A, 163 (1969). 
(61) H. Schmidbaur and K.  H. Rathlein, Chem. Rer., 106,102 (1973). 
(62) N. A.  Nesmeyanov, V. M.  Novikov, and D. A. Reutov, J .  Organo- 

(63) D. R. Mathiason and N. E. Miller, Inorg. Chem., 7,709 (1968). 
(64) H. Schmidbaur, J. Adlkofer, and W .  Buchner, Angew. Chem., 83, 

(65) H. Schmidbaur and R. Franke, Angem:. Chem., 8.5,449 (1973); Angew. 

metal. Chem., 4, 202 (19651, and references contained therein. 

4 4 8  (1973);Angew. Chem., Int. E d .  Engl., 12,415 (1973). 

Chem., Int. Ed .  Engl., 12,416 (1973). 
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CH3 
Figure 1. 

Even molecular species, such as the ylide complex 
of trimethylsilylmethylcopper(I), are easily prepared 
and may be kept a t  20" either as a solid or in solu- 
tion: ( C H ~ ) ~ S ~ C H ~ C U C H ~ P ( C H & ,  dec 30". The 
structures of these compounds are illuminated by 
analytical and spectroscopic data, and a linear ar- 
rangement of the two Cu-C bonds was proposed. 
This proposal has now been confirmed in an X-ray 
analysis of the secondary product of the reaction of 
CuCl with excess (CH3)3PCH2. Transylidation is 
again observed,G4 leading to a cyclic dimer: 

2cuc1 + 

H3C 

mp 132-136"; subl 100" (01 mm) 

The two C-Cu-C linkages of this eight membered 
heterocycle are linear and parallel to each other, and 
the ylidic bridges are in the form of strictly tetrahe- 
dral PC4 moieties66 (see Figure 1). The thermal sta- 
bility of this compound is sufficient to permit subli- 
mation at  temperatures around 120" with only slight 
decomposition, and the molecular ion is observed.64 

A similar compound is also obtained with silver 
chloride.64 For this species 1H and 31P nmr are of 
special interest, because the 1H-C-107J09Ag and 
31P-C-107JogAg couplings can be observed directly, 
providing evidence for the presence of covalent Ag-C 

Figure 2. 

metal ylides of square-planar ds configurations. In 
Scheme I1 appear several examples and the simple 
relations between some of them.65.68 

From divalent nickel a whole series of stable or- 
ganometallic compounds has been detected through 
the reaction of various nickel alkyl and nickel halide 
complexes with ylides.69 These range from simple di- 
methylnickel monomers70 to bridged and cage-type 
molecules, in which the ylides sometimes occur as 
the only ligands to the meta171 (Scheme 111). 

The products of the reaction of [( CH3)3P]3NiC12 
with (CH&PCH2 are particularly interesting be- 
cause, depending on the conditions of crystallization 
or sublimation, several isomers may be 0btained.7~ 
The gas phase contains monomers or dimers, where- 
as two different dimers were observed (and isolated) 
from solution. One of the isomers (20) was subjected 
to a crystal structure determination and its constitu- 
tion fully establishedT2 (see Figure 2).  This isomer 
contains the ylidic ligands (CH&P(CH2)2- both in 
the bridging position (B) and in the chelating posi- 
tion (C).  It is, therefore, a very important example 
for illustrating the variety of ways in which ylides 
can interact with metals. 

Zerovalent nickel had been previously shown73 174 
to accommodate ylide molecules in its coordination 
sphere, but to date only the terminal (monodentate) 
mode of interaction (A) has been confirmed. A crystal 
structure75 has been reported for a compound in the 
carbonyl series, and the spectra of these complexes 
have been carefully studied.74 

(C&ll),P--CHCH, 
1 
Ni(CO), 

The reactions of palladium and platinum com- 
plexes with (CH3)3PCH2 have yielded only salt-like 

mp 153-155"; subl 150" (0.1 mm) 

bonds. Similar compounds have been obtained from 
C H ~ ( C ~ H & P C H Z  and C6H5(CH3)2PCH2.67 

Gold is found to form an even wider range of ex- 
ceedingly stable ylide compounds, and with this ele- 
ment the +3  oxidation state is also found in novel 

(66) G. Nardin, L. Randaccio, and E. Zangrando, J.  Organometal. 

(67) H. Schmidbaur, J. Adlkofer, and M. Heimann, Chem. Ber., 107, 
Chem. in press. 

3697 (1974). 

(68) Dissertation, R. Franke, University of Wurzburg, 1974. 
(69) Dissertation, H. H. Karsch, University of Wurzburg, 1974. 
(70) H. H. Karsch, H. F. Klein, and H. Schmidbaur, Chem Ber., 106, 93 

(71) H. H.. Karsch and H. Schmidbaur, Angew. Chem., 85, 910 (1973): 

(72) D. J. Brauer, C. Kruger, P. J. Roberts, and Y. H;Tsay, Chem. Ber., 

(73) Dissertation, K .  Zinkgrif, University of Heidelberg, 1968. 
(74) F. Heydenreich, A. Mollbach, G. Wilke, H. Dreeskamp, E. G. Hoff- 

mann, G. Schroth, K. Seevogel and W. Stempfle, Isr. J.  Chem., 10, 293 
(1972). 

(75) C. Kliiger, Angew. Chem., 84, 412 (1972); Angew. Chem., Int. Ed.. 
Engl., 11,387 (1972). 

(1973). 

Angew. Chem., Int. Ed. Engl. 12,853 (1973); Chem. Ber., 107,8684 (1974). 

107,3706 (1974). 
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/ I LiCH, 
ylide 

ClAuP(CH,), --+ [(CH,),PCH,AuP(CH,),]CI 

Schmidbaur Accounts of Chemical Research 

-[(CH,),PICI 

Scheme 11" 

HCl LiCH, mp 205" It  

fylide 

CH,AuP(CH,), 
A 

ylide / 
dec 170" 

f I I ylide 

mp 178-181" 
v 

X mp 246-248" 

4 LiCH 1 I dec 143" 

dec 153" 

"Ylide = (CH,),PCH,, X = halogen. 

products,76 in which two different modes of interac- 
tion of ylidic carbanions with the metals are encoun- 
tered. Though here the ylides fully occupy the first 
coordination sphere of the metals, there is only par- 
tial transylidation by excess ylide. Two of the lig- 
ands are left as monodentate groups, and one is con- 
verted into a bidentate moiety. The products are 
stable to air and moisture and have comparatively 
high decomposition temperatures (eq 12). In all of 
these compounds the metal atoms are again found to 
form no less than four stable u bonds to carbon. 

Recent work has also demonstrated that palladi- 
um can function as a coordination center for weakly 
basic77 or unstable ylides78-80 of sulfur and nitrogen. 

(76) J. Adlkofer, Dissertation, University of Wiirzburg, 1974. 
(77) P. Bravo, G. Fronza, G. Gaudiano, and C. Ticozzi, Gazr.  Chim. 

(78) M. Keeton, R. Mason, and D. R. Russell, J.  Organometal. Chem., 

(79) N. A. Bailey, R. D. Gillard, M. Keeton, R. Mason, and D. R. Rus- 

(80) R. D. Gillard, M. Keeton, R. Mason, M.  P. Pillrow, and D. R. Rus- 

Ital., 103,623 (1973);J. Organometal. Chem., 74, 143 (1974). 

33,259 (1971). 

sell, Chem. Commun., 396 (1966). 

sell, J.  Organometal. Chem., 33,247 (1971). 

X 

M = Pd, Pt; X = C1, Br 

The interaction in these cases has been clearly estab- 
lished by careful X-ray diffraction studies. 

Of the elements in the cobalt group, only cobalt it- 
self has been studied with respect to its behavior in 
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Scheme I11 

CH3 
I -  + 

(CH3)&+Ni-CHz-F'(CH3)3 

AH3 
orange crystals dec 70" 

r r l  

yellow powder dec 95" 

orange liquid mp -5" 

21, yellow crystals dec 87" 

19 (gas phase) 

(ch3)Z 
20, yellow crystals dec 123" 

reactions with ylides.69 An important example of 
ylide coordination to an octahedral de metal center 
was detected-as part of a broader series of experi- 
ments, and its structure has been investigated in 
considerable detail by spectroscopic and diffraction 
methods.72-81 As with some of the complexes of the 
chromium group, the ylide in 22 was found to func- 
tion as a chelating ligand occupying one octahedral 
edge but with significant stereochemical differences 
in the configuration of the four-membered ring com- 
pared to that in the nickel compound 20. Whereas 
the tilted structure in 20 suggests a pseudo-phos- 
phaallyl type of interaction, the planarity of the 

PFT-'3C.NMR 

co Figure 3. 

ring for the cobalt species suggests a more regular u- 
type bonding (Figures 3 and 4). 

Iron, manganese, and vanadium and their homo- 
logs have attracted relatively little attention and only 
the reactions of their carbonyl compounds with yl- 
ides have been thoroughly studied .s2-84 Much more 
information is rapidly becoming available, however, 
on the ylide complexes of chromium, molybde- 
num, and tungsten. Among syntheses of a wide 
range of compounds, a recent report83 on that of 

(81) H. H. Karsch, H. F. Klein, C. G. Kreiter, and H. Schmidbaur, 

(82) H. Alper and R. A. Partis, J .  Organometal. Chem., 44,371 (1972). 
(83) D. K .  Mitchell, W .  D. Korte, and W.  C. Kaska, Chem. Commun, 

(84) S. Z. Goldberg, E. N. Duesler, and K. N. Raymond, Chem. Com- 

(85) E. Kurras, U. Rosenthal, H. Mennenga, and G. Ohme, Angew 

Chem. Ber., 107,3602 (1974). 

1384 (1970); J.  Amer. Chem. SOC., 96,2847 (1974). 

nun. ,  826 (1971). 

Chem., 85,913 (1973); Angew. Chem., h t .  Ed. Engl., 12,854 (1973). 
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chromium(II1) tris(dimethy1phosphonium bis- 
methylide) seems to be of special significance. In 
this octahedral d3 complex, (CHs)ZP(CHz)Z- again 
appears as the sole ligand comprising all six Cr-C o 
bonds. The stability of‘this molecule shows the great 
potential of metal ylide chemistry, from which many 
more exciting results are expected. 

The author gratefully acknoicledges the cooperation of a series 
of coworkers, who have contributed to  the bark from his own lab- 
oratory reported in  this Account. 
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The imidazole ring of histidine plays a critical role 
in the function of numerous proteins. The unusual 
importance of this amino acid stems from its acid- 
base properties. Histidine is the only amino acid 
whose side chain can serve either as an acid (I) or as a 
base (11) in the physiological pH range. 

C C 
I I  

-NH<H-C- 
I1 

-NHGH-C- 

I L  
H 
I 

H 
I1 

Knowledge of the environments and pK values of 
key histidine groups in proteins’ is of interest for 
learning how proteins work. In many cases one can 
obtain inferential data from pH-rate profiles of en- 
zymes or from the p H  dependence of the chemical 
modification of histidine residues. However, direct 
spectroscopic observation of the histidine residues is 
preferable whenever possible. Only limited success 
has been achieved with uv spectroscopy of histidine 
residues, because the histidine spectrum is weak and 
overlaps the region of stronger aromatic transiti0ns.l 

John L. Markley was born in Denver, Colorado, in 1941. He received his 
B.A. degree from Carleton College and the Ph.D. from Harvard University. He 
worked as a research chemist at Merck Institute, then as NIH Postdoctoral 
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University. His research interests largely concern the structure and function 
of biological macromolecules, especially proteins. Aside from research, he is 
a mountaineer and a photographer, and was a member of the first party to 
kayak the length of the Mahaweli Ganga River in Ceylon. 

In 1964, as part of the first proton NMR investiga- 
tion of proteins a t  100 MHz, M. Mandel reported the 
detection of a composite signal from the imidazole 
C-2 protons of the histidine residues of ribonuclease 
A2a In a prophetic statement, he concluded that, 
“This provides us with a window to observe the ac- 
tive site [histidines] under various conditions.” A 
year later, J. H. Bradbury and €3. A. Scheraga re- 
solved peaks corresponding to three of the four indi- 
vidual histidines of ribonuclease A (using computer 
averaging a t  60 MHz) and published titration curves 
for t h e ~ e . ~  

Encouraged by these successes, D. H. Meadows, J. 
S. Cohen, 0. Jardetzky, and I embarked on extensive 
NMR studies a t  100 MHz of the histidine residues of 
several proteins. This led to the elucidation of titra- 
tion curves for all four histidines of ribonuclease A, 
the four histidines of staphylococcal nuclease, and 
the single histidines of chicken and human lyso- 
~ y m e . ~  These and subsequent studies carried out in a 
number of laboratories concretely exemplify the 
value of NMR spectroscopy in protein chemistry. 

Detailed reviews of much of this work have been 
p ~ b l i s h e d . ~ - ~  In recent years, investigations have 
been extended to other proteins, and it is clear that 
NMR spectroscopy is the method of choice for observ- 

(1) J. W. Donovan, Methods Enzymol., 27,497-525 (1973). 
(2) M. Mandel, Proc. ,Vat. Acad. Sei. U.S.A., 52,736-741 (1964). 
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