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Abstract

The chemistry of low-valent organophosphorus compounds such as phosphaalkenes has undergone rapid development in the last three
decades. These developments also include the organometallic and coordination chemistry of such species. Metallophosphaalkenes are com
pounds in which one or more of the organic substituents on the P=C unit are replaced by metal fragnaeat€-metallophosphaalkenes
have emerged from laboratory curiosities to versatile and useful synthons in organoelement chemistry. Particular exar@ples are
lithiophosphaalkenes ar@magnesiophosphaalkenes (phospha-Grignard reagents).
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1. Introduction 1122 1|a2 1|a2
—_R3 —R3 —R3
The chemistry of compounds with low-coodinate phos- RJ_P//C R RJ_P//S\ R R.I_P//C R
phorus atoms involved in phosphorus—carbon multiple bond- N M n
ing has been rapidly developed since the discovery of ther- *
molabile HG= P by Gier in 19611,2]. Shortly after, cationic
phosphamethyne cyanines were synthesized by Dimroth and
Hofmann[3], while Markl [4] reported on the first repre-
sentative of phosphabenzene. In the latter species,te P
multiple bonds are stabilized by extensiwedelocalization lliz R?
(Scheme 1 _C—R? C—R?
The formal replacement of one methylene group in alkenes R—p” R*—P
R2R3C=CR*R® by the phosphanediyl unit® leads to the ¥\ //\, M?]
class of phosphaalkeneslR=CR2R3, the first representa- M'T [M?] M'T—_ [M/3]
tives of which were presented by Becker in 1976. Numerous
papers on phosphaalkenes have highlighted the remarkable Dpum'-P) E u,(m*-P.C)
ability of phosphorus to mimic the chemistry of carlj@h
The rapid development of phosphaalkene chemistry dur- Scheme 2. Basic types of phosphaalkene transition metal complexes.
ing the last three decades also includes their coordination
chemistry. Five types of complexes are now known featuring R2 [M] )M "
phosphaalkene ligand8{E) (Scheme 2 [M]szci R~ P=C R ~p=C !
In metallophosphaalkenes, one or more of the substituents R? R} [M2]
R at the PC backbone are replaced by transition metal I e I
complex fragments or main group metals; thus five basi-
cally different types of compoundV) can be differentiated /[M g /[M ]
(Scheme R M ']~P=C_ [M'|~P=C_ 1
The first metallophosphaalkenes of the typaadll were R’ M3
synthesizedin 1985 by our gro{f. In 1996, areview article v v
gave an account on synthesis, structure, bonding and reactiv-
ity of the various classes of phosphaalkehdd [6]. It is Scheme 3. Basic types of metal-functionalized phosphaalkenes (metal-
now evident that the vast majority of metallophosphaalkenes lophosphaalkenes).
belong to the classésandll , whereas representatives of type
V still remain elusive. First investigations on their reactivity lights the remarkable richness of the chemistry exhibited by
disclosed metallophosphaalkenes as valuable and versatil&uch species and covers the literature of the years 1996-2003.
starting materials for a wide range of chemical transforma- Almost all papers published in that period of time are re-
tions. stricted to metallophosphaalkenes of the typaadlIl.
Whereas the previous review provided an overview of
metal-functionalized £C systems with particular emphasis
placed on synthetic and structural aspects, this report high-2. Synthetic methods

(M?]
M']

Anm'-P B n2-P.C C u(n'-Pn*-P,0)

2.1. P-Metallophosphaalkenes

For the synthesis d?-metallophosphaalkenes, three gen-
eral principles (a—c) are discernabf&cheme %

In syntheses following route (a), the=€ bond is con-
phosphamethyne cyanine cations structed from precursors such as metallophosphanes. In
route (b), a metal-phosphorus bond is formed between a

Ph
2
= , R
RI—P— C\
NS 3
Ph P Ph R
2,4,6-triphenylphosphabenzene phosphaalkenes

Scheme 1. Molecules featuring#2 multiple bonding. Scheme 4. Routes to metallophosphaalkenes ofltype



L. Weber / Coordination Chemistry Reviews 249 (2005) 741-763 743

n-CsH vl " e
(FITPEMey, -+ %’ [Fe] —P=C(SSiMe,), _NMe, e [Fel_ N~ NMe,
o I ;
[Fe]—P=C ¥ / o i 7
1 2 A N C - Co,
NMe, O No” \\O P H/c\ _N
24h . |
+ g +LCr(CO), . I
(Fe] —P=C—sS - (Me,Si),$
-L aryl =4-XC(H, (X =H, F, Cl, Br) 8
¢ [Fe] = [(n°-CsMes)(CO),Fe]
[FelP=e=s [Fel SSiMe, | |
4 p—=c" ’ Scheme 6. Reaction of 1{f-CsMes)(COypFe—P=C(NMey),] with 3-
i “SSiMe, arylsydnones.
[3+2] (CO),Cr :

composition. When compourglwas allowed to react with
two molar equivalents of carbene complefesind9b in di-
ethyl ether the novel ferriophosphaalkene compleb@ssb
andp-aminoalkenyl(ethoxy)carbene complexeksa,bwere

self-dimerization

and [Fe]-migrations

[Fe] = [(1°-C;Me;)(CO),Fe]

p—P produced9] (SchemeY.
[Fe]4< »—S—[Fe] From a formal point of view, the formation dfOa,b
§ can be regarded as a metathesis process. This protocol for
5 novel phosphaalkenes, however, suffers from severe limi-
tations. No metathesis products were obtained from treat-
Scheme 5. Reaction ofijf-CsMes)(CO),FeP(SiMeg),] with CS,. ment of6 with [(CO)sW=C(OEt)R] (R = Ph, CHCH,, C=

CH). In contrast to this, metal-free inversely-polarized phos-

functionalized phosphaalkene and an appropriate metal com-Phaalkenes ®=C(NMe,), (R'=H, tBu, Me;Si) and selected
plex and in route (c), phosphaalkynes are reduced within thearyl(ethoxy)carbene complexes afforded the expected novel

coordination sphere of a transition metal complex. phosphaalkenes'R=C(OEt)arylm*-ligated to the W(CQy-
fragment (aryl = GHs, 2-MeGsHg, 2-MeOGsHy) [10].

2.1.1. Synthesis by route a .

Reaction of iron phosphanide 7{-CsMes)(CO)Fe— 2.1.2. Sy.ntheS|s by.rquteb .
P(SiMe&)2] (1) with an equimolar amount of carbon disul- A particularly efficient n_1ethod.for the p.reparatlon. .Of
fide inn-pentane at 26C produced ferriophosphaalkeRas metallophosphaalikenes Wlth amino substituents utilizes
indicated by a singlet & = 509 ppm in thé®!P{1H} NMR the re_actlon of tr|methyIS|Iyl(amlnor_nethylene)phospglanes
spectrum. Compound@ could not be isolated without de- MesSIP = C(NRL?)RZ (1_3a—d) with complex [fn°-
composition. The metallophosphaalkene, however, was in- C5Me5)(CO)2F_eCI] In a mixture of DME andw-pgntane.
tercepted successfully as a stable pentacarbonylchromiumStable crystallllne fernophosphaalkemd were isolated
complex 3 by treating the reaction mixture with{(2)- In moderate yilelds (34—67%).Therequwed.precurs;ea}d .
cyclooctendCr(CO]. (Scheme 5 were synthesized as thermolabile orange 0|I§ from carbenium

iodides [R(R?2N)(MeS)C]I (12a-d) and LiP(SiMe),-DME

Metallophosphaalkene complexati@n—~ 3 was accom-
pnosp b in the same solvent mixture (38—-62%) yi¢ld] (Scheme 3

panied by a small high-field shift of 43.3 ppm. After stirring
a mixture ofl and C$ for 24 h at ambient temperature the
singlet of metallophosphaalkeBead disappearedand 1,3,4- 2-1.3. Syntheses by route ¢
thiadiphospholé was obtained as a red powd@t. A very prominent access t&-metallophosphaalkenes
Electron-rich and inversely polarized metallophos- is based upon the 1,2-addition of suitable transition
phaalkenes are good precursors for novel metallophos-Mmetal complexes across the PC triple bond of phos-
phaalkenes when treated with mesoionic compounds orPhaalkynes. During the reaction of the hydridoruthe-
Fischer-type carbene complexes.

Metallophosphaalkene }P-CsMes)(COyFeR=C _NMe, OEt [Fel( _OEt
(NMey),] (6) reacted smoothly with equimolar amounts of [Fel—P :C\NMC +2 (CO)SM:C\CH—’ /P:C\CH
the sydnone3-aryl-NNOC(O)CH (7) (aryl = Ph, 4-FGH4, 6 ’ %ap COM  Joap
4-Cl-CgHy4, 4-BrGsHs) in an ether/dichloromethane [Fe] = [(15-CMesHCOWFe] +
mixture (0-10°C) to afford the red—brown mi- ST OEt
crocrystalline  ferriophosphaalkene  EJ¢(n°-CsMes) M=Cr @), W (b) coymM=c, .
(CORFeP=CHN(aryl)N=C(NMe),] (8) in good yields \—\NM
(61-72%)[8] (Scheme & Hap

In contrast, the reaction & with the more electron-rich
3-methylsydnone or 3ptmethoxyphenyl)sydnone led to de- Scheme 7. Reaction 6fwith Fischer carbene complexes.



744

+
RZN_ T LiP(SiMe,),- DME NRZ,
C—SMe ! 1° ‘ Me,SiP=C
R n-CsH,, / DME ’ R
12 ~Lil 13
-Me,SiSMe,
~P(SiMe,),
NR?2,
,NR?,
12 + [Fe]—Cl [Fe]~P=C
-Me,SiCl Y

[Fe] = [(*-CsMes)(CO),Fel

12-14 R' NR?,
a Ph NMe,
b Bu NMe,
¢ (3,4,5-Me0),CH, NMe,
d Ph NC.H,,

Scheme 8. Synthesis of phosphaalket@s-d and14a-d.

nium complex 15a with tBuC= P in CHCl> solution
orange-red rutheniophosphaalkeltais smoothly formed
in 92% vyield. Similarly hydrometalation of the phos-
phaalkyne with [RUHCI(CS)(PRbg] (15b) provided the or-
ange crystalline thiocarbonyl analogdéb in 89% yield
(Scheme ¥ [12]. Both processes are regioselectigis-
additions.

Rutheniophosphaalkeriais also available by reacting
a 2,1,3-benzothiadiazole ruthenium complex analogous to
15awith an excess of the phosphaalkyne. Reaction of the
acetonitrile ruthenium compleksc with tBuC= P gave the
same pattern providing the new phosphaalkenyl compfiex
(Scheme 1P[13]. Similarly, the triptycene derived diphos-

L. Weber / Coordination Chemistry Reviews 249 (2005) 741-763

rl‘%u
L _ prCH
ocC,, | ,\\H BuC—P | L
—_— Ru
1/ | 'SNeMe - MeoN L7 >co

15¢

[Ru] = RuCl(CO)(PPhs),; L = PPh;
Scheme 10. Formation d6cand16d.
t]‘3u
_~C—H
_ P~
| /H BuC =P Cl_| /L
_—
/]|d SBTD slow L7 \CO
18
17
thC =P
L = PPh, rapid
BTD = 2,1,3-benzothiadiazole
< P
/(l)\ /C—tBu
?—tBu
19 H

Scheme 11. Formation of phosphaalkenyl-phosphaalkene coilex

phaalkyne was converted into the bis-rutheniophosphaalkene

16d by treatment withl5a(Scheme 1p[14].

Contrasting the chemistry of the ruthenium complexes
15a and 15b, treatment of [OsHCI(CO)(PRks] with an
excess oftBuC= P failed to result in any appreciable re-
action, which was attributed to the lack of phosphine la-
bility under mild conditions. However, prior conversion
of OsHCI(CO)(PPk)3 to the more reactive compourid
provides the conditions where ttas-1.2-hydroosmiation
of the PC triple bond occured. Instead of the antici-
pated osmiophosphaalkene [Os@EHtBu)CI(CO)(PPh),]

18 the final product was found to incorporate two equiv-
alents of the phosphaalkyne. Obviously, the putative ini-

tial product 18 was added across the=sRC bond of a
second molecule of phosphaalkyne via its—-®sbond
(Scheme 11[13].

Hydrozirconation of am?-coordinated phosphaalkyne by
Schwarz’s reagent gave rise to the quantitative formation of
the synthetically usefi®-zirconated phosphaalkene complex
20, which was formed as a single isom&cheme 1P[15].

Treatment of [(°-CsMes)>Zr(py)(=S)] (218 with one
equivalent otBuC=P in toluene led to the ready elimination
of pyridine, affording the red crystalline [2 + 2] cycloaddition
product £28) in 61% yield. Similarly, red crystalline2bwas
formed in 47% yield from [§>-CsMes),Zr(py)(=Se)] @1b)

L L N
c1,,,| L BuC =P C1,,,,I|{ P//C—fBu BuC=P 0C,, | o
—_— u— -
| "Sex cHcL xc” | -BTD 1/ | ~BTD
-L X=0 L
15a,b 16a,b

(a): X =0; (b): X =S; L =PPh;, BTD = 2,1,3-benzothiadiazole

Scheme 9. Formation of the rutheniophosphaalkéesh
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I’ -CHy),

P
(dppe)Pt = ||

N
tBu/ H

+ [(M°-C5Hy),Zr(H)CI]

P
(dppe)Pt = Ié\ 20

AN
Bu

Scheme 12. Hydrozirconation gf-ligatedtBuC=P.

_ BuC =P ; /EZ Bu

\
/r. _—

‘; / \py - py : \P
21a,b 22a,b

E =S (a), Se (b)

Scheme 13. [2 + 2] Cycloaddition of chalcogenidozirconium complexes
with tBuC=P.

and an equimolar amount of the phosphaalky®ehéme 18
[16].

The generation oP-metallophosphaalkenes from phos-
phaalkynes via addition reactions is not restricted to d-block
metals. Addition of PhSeX (X = Cl, Br) to REP (R =tBu,
1-adamantyl) at-78°C in diethylether or dichloromethane
followed by slow warming to room temperature furnished the
P-selenophosphaalken@8a-c in moderate to high yields
(Scheme 1%

In each reaction, a small amount of tRehalogenated
phosphaalkene®4a (8%), 24b (2%) and24c (12%) were
produced by reverse additi¢h7]. Product23 and24 could
not be separated on a preparative scale.

2.2. C-Metallophosphaalkenes

Synthetic methods forC-lithio- and C-magnesio-

745
/Cl nBuLi /Li (solv),
/P:C P=C
Mes* cl THForDME 1 S
24 - 80°C
Z-25a: solv. = DME with n =2
Z-25b: solv. = THF with unknown n
Scheme 15. Lithiation of Mes*PCCl,.
Mes*C=P
% B A dec. z
/P—C\ P=C — 4
i g ~—80°C 7 .
Mes Mes* Li (solv), BuP=C(Li)Mes*
E-26 E-25

28

Scheme 16. Formation and decompositiofEef5.

aryl(dichloromethylene)phosphar24 with an excess ofi-
butyllithium at —80°C cleanly afforded th&-configurated
lithiophosphaalkene®5aand25b (Scheme 15[19].

Single crystals of the DME solvat25a were grown at
—60°C, and were subjected to an X-ray diffraction study

—150°C (see below). Interestingly, the-isomer E-25,
generated by metalation oE)f-Mes*P=C(H)CI (26) with
an excess ofi-butyllithium under analogous conditions was
found to be unstable and decomposed to give MesfC
(27) andnBuP=C(Li)Mes* (28) as the main producf{48,19]
(Scheme 1p

C-Lithiophosphaalkenes were usually generated at low
temperature and subsequently subjected to further transfor-
mations. At this point, it seems reasonable to also discuss
transmetalation processes @flithiophosphaalkenes which
lead to a series of novel phosphaalkenes functionalized by
main group metals3cheme 1y

The magnesium-, zinc- and mercury-derivatiz9s-31,
which may be also considered as carbenoids, were quan-
titatively prepared by transmetalation reactions gf-25

phosphaalkenes and transmetalation processes thereof argith 1 equiv. of magnesium bromide, zinc chloride or mer-
discussed in this section. The latter transformations ConStitUtecury(||)Ch|oride in the temperature range ofi10 to 15°C

prominent routes to other main-group metal functionalized
phosphaalkenes. One approachQdithiophosphaalkenes
is based upon the lithium/halogen exchange ©f
halogenated phosphaalkenes by means of alkyllithium
reagents. Treatment of THF or DME solutions of the

R—C=P
Et,0 or CH,CL, X ,Seph
P=C + P=C
“78C020C, 1 pse” R xR
PhSeX
23a-¢ 24a-c
2324 R X 2324
a Bu  Cl 928
b Bu Br 982
c Ad Cl 8812

Scheme 14. Formation &Fselenophosphaalkenes.

Mest Cl iy THE Mest_ CI
P=C__ — P=C_
i THE —110°C MX
725
MX = MgBr (29)
0,5 MX, ZnCl (30)
THF HeCl (31)
- 110°C
Mest Cl
P=C_
M
“c=p
TN
Cl/ Mes*

M = Mg (32), Zn (33), Hg (34)

Scheme 17. Preparation of compou8s34 by transmetalation ofZ)-25.
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Mes* Br ; Mes* Li Mes* SAr
AN 7/ nBuLi AN / \ /
P T | P Tl S
SAr e SAr 100°C Li
35a,b
Ar = Ph (a), p-Tol (b) lO.S HgCl,
Mes*\ - /SAr
P=C_
g
/C:P\
ArS Mes*
36a,b

Scheme 18. Preparation 8ba,h

(29) or at room temperature3(, 31). Analogously, the ad-
dition of 0.5 equivalents of the metal halide furnished a
solution of the bis(phosphaalkenyl) metal specis-34
(Scheme 1y [20]. Similarily, Ito and Yoshifuji[21] suc-
ceeded in the preparation @-lithio-C-arylthiophospha-
alkenes 85) at —100°C and their subsequent transformation
into mercury derivative86a,b by treatment with 0.5 equiv.
HgCl, (Scheme 18

Accordingto a previously published procedure for the syn-
thesis of Mes*B-C(Cl)MMes (M = Si, Ge, Sn) from Z)-25
and the chlorotrimethyl derivatives of group 14, lithiophos-

phaalken@8was generated from the dibromophosphaalkene

37 and n-butyllithium in diethyl ether at—100°C, and
then quenched with dimesityldifluorogermane—t20°C.

volves 1,2-addition of Grignard reagents to the PC triple
bonds of stable phosphaalkynes. All of these approaches suf-
fer to some extent from the limitation, that bulky substituents
must be present in the precursors to provide sufficient stabil-
ity.

In the first method (as depicted8theme 1), transmeta-
lation of lithium derivative Z)-25depends on the availability
of the organolithium compound or of its precursor, namely
suitably halogenated phosphaalkenes. In these starting mate-
rials, the substituent at the phosphorus atom is almost always
the supermesityl group.

Similar restrictions are valid for the second method which
parallels the classical synthesis of Grignard reagents, namely
the reaction of phosphavinyl halidél with magnesium

White crystals of germanium-functionalized phosphaalkene metal in an ether solvent. Here, the resulting phosphavinyl-

39were isolated in 35% yield. Analogously Mes*€HI was
lithiated byn-butyllithium in diethyl ether at-90°C to give
Mes*P=CHLi, which was trapped with Me§&eF, to afford
germylated phosphaalkeA® (Scheme 1P[22].

Grignard compound2was not isolated, but rather quenched

with an appropriate electrophil&¢heme 2p[23].
Isomerically pure E)-Mes*P=C(H)SnMe; (45) was pre-

pared by the reaction oEj-Mes*P=C(H)Br with magne-

In addition to organolithiums, Grignard reagents also play sium metal and trimethylchlorostannane under Barbier con-

an important and sometimes complementary role in organic ditions. It is conceivable that a magnesium functionalized
synthesis. Phosphavinyl-Grignard reagents, which may alsophosphaalkene serves as an intermediate in this process
be regarded af€-magnesiophosphaalkenes, are emerging (Scheme 2)1[23].

valuable synthetic reagents in organophosphorus chemistry A general, very elegant and efficient pathway to phospha-
as well. There are generally three synthetic approaches toGrignard reagents is based upon the regio- and stereo-
those species, two of which are based upon modification of selective addition of organomagnesium halides to the PC
the substitution pattern at thes2 moiety of a phosphaalkene triple bond oftBuC= P [24,25] Under the reaction condi-
and the youngest, and possibly most powerful method, in- tions employed the products are stable to further transforma-

Br

nBuLi, Et,0 Y Mes,GeF,
Mes*P—=CBr,————> | Mes*P=C ——————— > Mes,Ge—C=PMes*
: NLi [T120°Cto =80°C L]
37 38 F Br
39
1) nBuLi, Et,0,-90°C
Mes*P=—CHI Mes,Ge—C=—PMes*
2) Mes,GeF, 1
F H
40

Scheme 19. Synthesis of C-germaniophosphaalke®asd40.
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Mes*\ B ,Br Mg/THF Mes*\ B _SiMe;, D,0 Mes*\ B _SiMe,
P___(:\ —_— P___(:\ —_— P__ij\
SiMe, MgBr D
41 ‘ 42 43
cat = 5% PdCl,(tppb) Br SN
NI — , cat
Mes*\ _SiMe,
P=C

PJ —

Scheme 20. Synthesis and quenchin@ehagnesiophosphaalkeAg.

Mes*  H Mg cisnMe, Mes* ~ H /1Bu _
P=C _— P=C 2 P=C + 4 Bu—C=P
N THEF, rt N\ N N
Br SnMe, iPr MgClI-Et,O
45 46e EL,0, 50°C, 5d

- MgCl,

Scheme 21. Synthesis 6fstanniophosphaalked®.

iPr tBu
o
tions and can be isolated in the solid state in excellent yields P|_P
(Scheme 2p /‘;P
Treatingd6a,b,dwith a further equivalent of the respective Bu B
Grignard reagent did not lead to a second addition across the e .

PC double bond. In the presence of at least two equivalents

of tBuC= P, however46e underwent further reaction even

at room temperature. At 5, the reaction took 5 days and

afforded the red crystalline organomagnesium comgiéx

by the incorporation of two equiv. of the phosphaalkyne (72  Magnesiophosphaalkend6a-f are excellent precursors

% yield) (Scheme 2B[25]. for a series of novel group 13 and group 14 metallophos-

In contrast to the phosphavinyl compounds phaalkenes via transmetalation processes. The use of vinyl

Mes*P=C(R)MgBr (R = halide, MgSi), the substituent R  boronic-acids and -esters in transition metal catalyze@ C

at the P atoms im6a-f is derived from the organomag- bond forming reactions, such as the Suzuki cross coupling, is

nesium halide employed and thus may be varied largely well established. It was obvious to envisage the preparation of

[24,25] Other kinetically stabilized phosphaalkynes are also phosphavinyl equivalents as building blocks in organophos-

amenable to this reactid5]. phorus synthesis. Thus, treatment of bromocatecholborane
with one equivalent of CyRC(tBu)MgCl (469) cleanly af-
forded compound8as a waxy solid. Analytically pure sam-

Scheme 23. Formation df7.

Bu ples of the borylated phosphaalkene were obtained by subli-
_ RMgX, solvent .
Bu—C=P — o e o P=C_ mation Scheme 2)1[26].
C R MgX(OEt,) The preparation of a series of homoleptic triphosphavinyl-
46 group 13 compounds was attempted by reaction of three
equivalents of46a with the appropriate group 13 halide
46 | R X solvent (Scheme 2p [27]. Unexpectedly, the reactions afforded
a | CH,, C  Eu0 the novel diphospha-metallobicyclo[1.1.1]pentane deriva-
b | «CHy Cl  Et,0 tives5la-cin low to moderate yields.
c Et Br Et,0
d Mes Bi Et,0 Bu
|
e iPr Cl EL0 e S BHB/O _BO O\B/CQP
¢ o N —78°Ctort / |
Bu Br THF Cy MgCl [¢] 0 Cy
46a 48

Scheme 22. Addition of Grignard reagents to phosphaalkynes. Scheme 24. Formation of borylated phosphaalkene.
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/Bu MX,, PhMe
p=C{_ —M_
Cy MgCI(OEL,) ToMgcix v/ C P’

Bu
46 Bu gy
@ 5la-c

lMC13 T+ 46a

| | |
P M_ P —O 5 %M\Cl
Cy\
Bu Bu Bu
49 50

Scheme 25.
tBu
/
P=C

/ \
Cy MgCl

0.5 CylnBr, / \Gal
¥

Cy Cy Cy

R
PYIHYP
tBu tBu Bu
52 49d

Scheme 26. Preparation of compoud&sl and52.

54 + 55

l [W(CO)s(THF)], THF

P
Bu /\\Cy C)’\p
Me,Sn
Me,Sn W(CO), + 27 ~Bu
- E / Cy\p
—P_ F tBu
tBu s Cy (CO),W

Scheme 28. Carbonyl tungsten complexeS4é&nd55.

equivalents ofl6awith in situ generated CyInBrin toluene
afforded the bis(phosphaalkenyl)indium derivatb2 as a
thermally stable compound in 40% vyield. It was assumed
that the bulky cyclohexyl groups prevented the compound
from the type of cyclization, encountered witBa— [27].

An iodo analogue o#9b resulted wherd6a was al-
lowed to react with an equimolar amount of the so-called
galliummonoiodide. This was freshly formed via the son-
ication of gallium metal and half an equivalent of in
toluene Gcheme 2B During the course of this transfor-
mation gallium metal was deposited indicating that redis-
tribution and disproportion reactions of the postulated ini-
tial product G4C(tBu)=PCy} occurred. The corresponding
monohalides InCl and TICI did not exhibit such a behav-
ior. In both cases, the reaction wiitaled to metal deposi-
tion and high yield formation of 2,4-diphosphabicyclobutane
Cy2P,CotBus. Clearly, this synthetic principle of transmeta-
latingC-magnesio-phosphaalkenes has limits. Itis interesting
to note that iodine derivativ49d resists reaction witd6ato
give 51b[26].

Treatment of46a with trimethyl- or tributyl-chloro-
stannane in diethyl ether a{78°C led to the straightforward
formation of the stannylated phosphaalkeb@éScheme 2y

Although there was no spectroscopic evidence for any [26]. Reaction of SnMgCl» with two equivalents o46ain di-
intermediate, it was believed that the metal halide initially ethyl etheryielded an inseparable mixture of prod&étand

reacted with two equivalents a@f6ato yield intermediate

55. Reaction of this mixture with an excess of [W(GOHF]

49, which subsequently underwent an intramolecular phos- in THF and chromatography of the products led to the isola-

phavinyl coupling reaction to give0. Reaction o650 with a

tion of orange crystalline bis(phosphavinyl)tin derivatbh@

third equivalent of the phospha-Grignard reagent furnished and the yellow crystalline complex7 of the stannadiphos-

the final product$la—c. Molecules featuring the structural

phabicyclo[2.1.0]pentane in moderate yiel&clieme 28

motif of 49were synthesized independently. Treatment of two [28].

JBU R SnCl, Et,0
P=C ~———

7/ AN _ Qe
Cy SnR3 78°C tort Cy/

53

R =Me (a), nBu (b)

JBU 0.5 Me,SnCl,, ELO
B —— e

?y l\lfle2 $y

p ﬁ/Sn\(P

tBu tBu
54

+

AN
MgCl Cy

Me,Sn F
Cy\ll) Bu

55 tBu

Scheme 27.
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o 0
I J
< BuC=P \
N—SePh N—F,
& THF, ~78°C to 1t J C—Bu
[l |
lOI le} SePh
58 59

Scheme 29. Preparation of phosphaalkenyl selenium compsfund

CH,CI, BuC=p tBu N
(PhSe), + XeF, ——> 2[PhSecF] —————> C=P ~SePh
©o-20°C —20°C, 20 min PhSe
T Xe 1-AdC=P 60a
—20°C to rt, > 40 min
1-Ad N
C=P ~SePh

PhSe
60b

Scheme 30. Synthesis 60a,h

The 1,2-addition of organometallics to the PC triple bond
as a synthetic principle f@-metallophosphaalkenes was ex-
tended to selenium chemistry. A 62% yield of the yellow
crystalline phosphaalkenyl selenium derivath@was ob-
tained by treatment aBuC=P with an equimolar amount
of N-phenylselenylphthalimid®8in THF in the temperature
range —78 to 20°C (Scheme 2p[26].

The phosphaalker@awas observed within 20 min when

749
SiMe SiMe
Ir/ 3 /\T/ zB
Bu
. BuC=P, rt ) /
N--.Ti=N—1Bu ST _/@T—Ti—N
MeRSi/ N 66 Me,Si /N/ é:]lb
| Me,Si /
SiMe, 3 Bu
62a 63a
tBu
|
BuC=P, rt /N\
N—Ti P
P Y%
tolucnc};yIZh Me Me,Si /N/ Y
Me,Si Bu

63b
Scheme 32. Synthesis Gftitaniophosphaalkené3aand63b.

Similarly, the co-thermolysis of zirconium amido com-
plex 64 andtBuC= P in toluene at 100C afforded theC-
zirconiophosphaalken@6 as orange crystals in 45% yield.
This process invoked the intermediacy of the highly reactive
zirconium imide65 (Scheme 3B[30].

In contrast to the analogous sulfido- and selenido-
zirconium complexes Scheme 1B the reaction of
[Cp5Zr(Te)(py)] (219 with tBuC= P in toluene produced the
heterocycle67 featuring a Z+~C bond instead of the Zr-P
linkage observed in phosphaalker®2a (E = S) and22b (E

a solution of equimolar amounts of dipheny! diselenide and = Se) Scheme 3}4{16].

xenondifluoride in dichloromethane was treated-20°C
with two equivalents ofBuC=P. The corresponding reaction

Reactions of equimolar amounts of a phosphaalkyne
R—C= P (68) with tbutylimido-vanadium(V)trichloride pro-

with the sterically more crowded adamantylphosphaethyne ceeded through [2 + 2] cycloaddition of the=FC triple

was considerably slower. After warming to 20 and stirring
for 40 min, the conversion t60b was only 75%. Due to the

bond to the metal-nitrogen multiple bond to give the 1,2,4-
azaphosphavanada(V)cyclobute®®s—e, which are stable

thermolability of these products, their characterization was at room temperaturesScheme 3p[32].

limited to spectroscopic evidenc8g¢heme 3P[29].
As already discussed iScheme 14C-selenated phos-

The success of this protocol is dependent on the sub-
stituents at the nitrogen atom of the imido compound and

phaalkenes were formed as minor products during the re-on the stoichiometry. Thus, the complexe$NR= VClz .
action of phosphaalkynes with phenylselenyl halides, the with tertiary alkyl groups on the N atom form stable addi-

main products being thB-selenated isomers. Interestingly
P-selenated phosphaalke@8a was converted into th€-
selenated derivativél by reaction withitBuLi. This transfor-
mation was rationalized by the initial replacement of phenyl
selenide and the intermediacy of LiSePh &é®dP=C(CI)tBu
[17] (Scheme 31

[2 + 2]-Cycloaddition reactions of bulky titanium imides
62a,b and tBuC= P gave rise to the formation of four-
membered heterocyclé&8a,bwith the structural features of
C-titaniophosphaalkeneS¢heme 3p[30,31]

tion products with the phosphaalkynes, whereas with pri-
mary and secondary substituents they initially formed four
membered rings, analoguous &9. Then, they underwent
decomposition to affordH-1,2,4-azadiphospholes. Cycliza-
tion reactions can also be applied to the easily accessi-
ble bistert-butylimido)chromium(VI)dichloride70. Treat-
ment of 70 with an equimolar amount ofBuC= P re-
sulted in the quantitative formation of metallocycd.

In contrast to the related vanadium chemistry, neither the
reaction temperature nor the stoichiometry has a signifi-

B
S B Bu — C LisePh U ScPh
pP=c — > P=C_ = P=C
PhSe/ But LiScPh Bu LiCl Bu
23a 61

Scheme 31. Synthesis 61.
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@
\ /I\”-IC(’I-IRNI%_Z’6 toluene, 100°C \
Zr Zr—N
/" “NHCH;Me,-2,6 ~ 2:6-Me;CH;NH, /
@ D .
64 — 65 -
Me
BuC =P VN .
- > z P
) N
@ tBu
66
Scheme 33. Preparation Gfzirconiophosphaalkerngg.
3. Structures and bonding properties
U _Te muc=p /Te\ 3.1. Molecular structures of metallophosphaalkenes
Z B Zr\ 4 i . i
! (|: As previously discussed, the most noticeable structural
change that a classical phosphaalkene undergoes on exchang-
ing an organic substituent on the phosphorus atom for a tran-
sition metal complex fragment is the opening of the valence
angle on the phosphorus atgéj.
Scheme 34. Preparation Gfzirconiophosphaalkersy. In HP=CHj, the calculated value for the angle H-P-C
is 97.4# [33], whereas in P-metallophosphaalkenes
Bu the angle M-P-C varies from 113.8{2)in [(2)-
. toluene N—P" Cp(COpFeR-C(OSiMes)(tBu)] [34] to 126.2(3) in
= =
RITC=P + BuN=VC, - 78Ct025°C (31~--\|/4 the complex [Cp*(CO)FeRP-C(SiMe3),] [35]. This region
68a-e Cl/(|jl R! includes the angles Fe-P—-C13 1da [118.9(1)] and in
Oace 14b [117.0(1)] [11]. For comparison in phosphaalkenes

68, 69 ‘ a b ¢

RI

Bu 1-Ad  CMe,Et Q( O(
Me Me

Scheme 35. Synthesis of cyclizvanadiophosphaalkenes.

cant effect. The possible second addition to the remain-
ing multiple bond in71 was not observed, even in the
presence of a large excess tBuC= P (Scheme 3p
[32].

fBu
(1BuN),CrCl, (70) “N—P '
tBu—C=P | —Ik
toluene, —78°C to 25° C CLCr
|| tBu
N
tBu 7
71

Scheme 36. Preparation of a cydiechromiophosphaalkene.

with organic substituents, this angle usually varies between
100 and 114 depending on the steric demand of the
substituents[36]. In the C-lithiophosphaalkene Zj-25e
[18] and in theC-magnesiophosphaalkedéa[24] C—P-C
angles of 115.36(7)and 106.49(8), respectively, have been
measuredKig. 1).

Ferriophosphaalkene®4a and 14b differ significantly
about the geometry at the-E double bond. 1144 a trigonal
planar dimethylamino group is located firans-disposition
to the iron atom, which allows efficient-conjugation of
the lone pair of the electrons at the N-atom and the dou-
ble bond. This leads to an elongated PC bond length of
1.717(4)A, when compared with the calculated bond length
in HP=CH, (1.673A) and the corresponding value irE}¢-
Cp*(CO)FeP=C(SiMe3)Ph] [1.665(6)4] [11]. Transfer of
electron density onto the P-atom Dbda causes a repulsion
between the electron abundant atoms P and Fe which is ev-
ident by a lengthened Fe—P bond [2.316%1)n compari-
sontothatin[E)-Cp*(COxFeR-C(SiMe3)Ph] [2.269(2)&].

In contrast, the sterically demanding substituents at the
P=C—-bond in 14b are in trans-disposition. This prevents
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the amino group from attaining a coplanar arangement with
the P=C bond and fronmr-conjugation. Accordingly, the
P=C bond in14b [1.697(3),&] is shorter. Due to the lack
of additional electron density on the P atom the bond length
Fe—P inl4b [2.276(1),&] is significantly shorter than in4a
and is similar to that in [)-Cp*(CO)xFe—R-C(SiMe3)Ph].
The P-C1 and C1-CI separations if)-@5a [1.6769(15)
and 1.778(2)"\] compare to the corresponding bond lengths
in the phosphaalkene Mes*=E(CIl)PCh, which exhibits
the sameZ-configured Gr—P=C—Cl skeleton as that of
(2)-25a The bulky aryl substituent and the Li-atom oc-
cupytrans-positions. The Li atom is further ligated by two
DME molecules whose four oxygen atoms are located at the
basal positions of a square pyramid. The apical C1-Li bond
length of 2.128(3f matches with the corresponding dis-
tances in structurally comparable lithium organyls and sug-
gests a weakly bonding interaction between these atoms. The
molecule was interpreted as a donor—acceptor complex be-
tween a phosphavinylidene anion and the lithium|[ib®y.
Magnesiophosphaalked@ais dimeric through symmet-
rical Mg—CIl-Mg bridges and crystallizes as i&){somer.
The P-C1 bond length [1.6725(1§)] is in the normal range
for fully localized P=C double bonds and close to that seen
in (2)-25a The Mg-C bond lengths iml6a [2.1126(19)&]
compare to that in the structurally characterized Grig-
nard compound {Mg(Et)(iPrO)Br};] [2.094(11)A]
[37].

3.2. NMR spectra

CharacteristiéP and'3C NMR spectra for selected com-
pounds are summarized Table 1

Generally, the3P NMR chemical shifts of phos-
phaalkenes vary in the wide range betwden —99.9 ppm
for (2)-HP=C(F)NMe, [38] and § = 740.5ppm for the
nickel compound [Cp*(PEB)Ni—P=C(SiMe3),] [35]. The
31p NMR data of compounds featuring low-coordinate phos-
phorus are compiled in several reviey2d,6,39,40] In
spite of the problems associated with the theoretical col-
lation and interpretation of these large differences in shift,
some trends can be discerned for phosphaalkenes in gen-
eral and for such representatives with metal-substituents
in particular. Basically, there are two major contributions
to the 31P chemical shift, namely a diamagnetic contribu-
tion reflecting the electron density associated with the low-
coordinate P-atom and another contribution, which is deter-

Fig. 1. Crystal structures of the metallophosphaalkeivs 14b, (2)-

25a and 46a Selected bond Iengths&I and angles q]: 14a P-C13
1.717(4), Fe—P 2.316(1), N-C13 1.399(4), Fe—P-C13 118 P4h)P—-C13
1.697(3), Fe—P 2.276(1), N-C13 1.448(4), Fe—P-C13 117.00)-R5a
P-C1 1.6769(15), C1-ClI1 1.7779(15), C1-Li 2.128(3), P—C2 1.8723(14),
C1-P1-C2 115.36(7), P1-C1-Cl 120.52(8), P1-C1l-Li 122.44(10),
CI-C1-Li 117.01(10)46a P-C1 1.6725(19), C1-Mg 2.1126(19), P-C(6)
1.861(2), Mg—Cl1 2.4177(18), Mg—Cl2.4132(14), C1-P—C6 106.49(8).
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Table 1
13C and31P NMR spectroscopic data of selected metallophosphaalkenes
Compound s31p s13C 1Jpc (H2) Reference
[Fe]-P=C(SSiMey), @) 509 nd. 7]
(E)-[Fe]-P=CH-N(Ph)N=C(NMe»), ®) 2049 176.0 69.2 8]
[Fe]-P=C(NMe), (62) 1355 199.5 99.4 [41]
[RUl-P=C(NMe»), (6b) 1212 201.4 92.6 [41]
(E)—[Fe]-R=C(Ph)NMe; (14a) 2320 199.8 84.3 [11]
(2)-[Fe]-P=C(tBu)NMe> (14b) 4090 217.3 75.3 [11]
(E)—[Fe]-R=C(Ph)NGH1o (14d) 2564 201.3 82.9 [11]
[RU(P=CHtBU)CI(CO)(PPh),] (16a) 4504 184.9 58.9 [12]
[Ru(=CHBU)CI(CS)(PPH)2] (16b) 4452 183.2 57.1 [12]
[RU(P=CHtBU)I(CO)(PPh)z] (16¢) 4627 nd. nd. [13]
[{RU*]}2{ p—P=CH—C(GsH4)sCC(H)=P}] (16d) 5167 nd. [14]
[RU(P=CHtBU)CI(COR(PPh)] (16€) 3695 196.8 62.5 [12]
[Ru(P=CHtBU)CI(CNCMes)(CO)(PPh)2] (16) 3898 nd. nd. [12]
[RU(P=CHtBU)CI(CNCsH3Mey-2,6)(CO)(PPB)2] (16g) 3910 195.1 64.2 [13]
[Ru(P=CHtBu)(CNCMes)2(CO)(PPh),]Cl (16h) 3368 nd. nd. [12]
[RU(P=CHtBU)(CO)(PPh)([9]aneS)]Cl (16i) 3577 204.5 64.3 [12]
[Ru(P=CHtBU)(SCNEbL)(CS)(PPh)] (16)) 3876 190.0 62.5 [12]
[Ru(P=CHitBu)(O,CH)(CO)(PPh),] (16k) 4265 187.4 59.2 [12]
[Cp*,Zr-P=C(S)Bu] (22a) 380 191 104 [16]
[Cp*,Zr—P=C(Se)iBu] (22b) 388 184.3 110 [16]
(E)-PhSeR=C(Cl)tBu (23a) 1805 192.6 94.3 [17]
[(2)-Mes*P=C(Cl){Li({dme)}] (2)-25a) 2403 257.4 99.2 [19]
(E)-Mes*P=C(CI)(HgCl) (31) 281 178.6 98.1 [20]
{(E.E)-Mes*P=C(Cl)},Hg (34) 277 197.1 91.7 [20]
{(E.E)-Mes*P=C(SPh),Hg (36a) 2312 211.1 84.3 [21]
(E)-Mes*P=CH-Ge(F)Mes (40) 3347 169.9 86.6 [22]
[(2)-cCsHeP=C(tBU)MgCI(OEb)]» (46b) 328 198.4 43 [24]
[MesP=C(tBu)MgBr(OEb)], (46d) 309 203.9 44 [24]
[iPrP=C(tBu)MgCI(OE®)]» (46€) 3394 262.1 72.1 [25]
[tBUP=C(tBu)MgBr(OEL)]> (46f) 3551 258.9 69.6 [25]
[cCeH11P=C(tBu)Bcat] (48) 3223 198.3 45.0 [26]
(cCsH11P ) (tBUCAI-C(tBU) = PeCgH11 (49a) 353 nd. nd. [27]
(cCgH11P)(tBuC),Ga—C(Bu) = PcCgH11 (49b) 333 n.d. n.d. [27]
(cCsH11P)(tBUC)IN-C(tBU) = PeCsH11 (49c) 329 nd. nd. [27]
{cCeH11P=C(tBu)},Gal (49d) 3072 226.0 64.6 [26]
{CCGH11P=C(tBu)}2In—cC6H11 (52) 329 n.d. n.d. [27]
cCeH11P=C(tBu)SnMe; (53a) 3252 219.5 68.1 [26]
{cCsH11P=C(tBU)},SnMe> (54) 299 nd. nd. [26]
(2)-N-phthalimido—P=C(tBu)(SePh) (59) 2377 166.0 64.2 [26]
tBUP=C(tBu)(SePh) (61) 3605 191.9 79.3 [17]
1
ClV-N(#Bu)P=C(rBu) (69a) —730 314.2 [32]

[Fe] = [(n°-CsMes)(CO)Fe]; [Ru] = [(m°-CsMes)(COLRu]; [Ru*] = [RUHCI(CO)(PPh)2]; n.d. not determined, [9]ang$ 1,4,7-trithiacyclononane.

mined by the HOMO-LUMO gap of the molecule. Small tion. As a consequence of the three-center fotelectron
HOMO-LUMO gaps inP-metallophosphaalkenes, such as system, the phosphorus at@rto the nitrogen atom experi-

in the previously mentioned nickel complex or the complex ences additional negative charge, which causes a pronounced
[Cp*(CO)FeR=C(SiMe&3)Ph] (§ = 520.7 ppm)[35b], give shielding.

rise to significant low-field shifts. The large valence angle

at phosphorus [119.3(2)in the latter compound indicates . NR, _ NR,
that the energy of the non-bonding orbital as the HOMO " P=C P
is raised by sp~ hybridization, whereas the energy of the
LUMO, thew* orbital, remains essentially unaffected. A sec-
ond component to th&P NMR shift has to be considered in Thisis evidentin compounds [Cp*(CeHeRP-C(NMe2)2]
amino- and bis(amino)-functionalized representatives where (6a) (3P = 135.5 ppm), E)-[Cp*(CO),FeP-C(Ph)NMe]
w-conjugation of the nitrogen lone pair with the=€ dou- (143 (s3P = 232.0ppm) and H)-Cp*(CO)Fe—R-C(Ph)
ble bond operates in addition to the paramagnetic contribu-NCsH10] (14d) (§3!P = 256.4 ppm), where planar three-
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center foursr-electron systems are given. It is also obvi- 4. Reactivity

ous that replacement of one amino group with a phenyl

substituent is accompanied by a low-field shift A = Metallophosphaalkenes of the typesandll are poly-

96.5 ppm. Deshielding of thé!P NMR signal by As = functional molecules featuring a number of reactive sites for

24.4 is observed in going from a dimethylamino group chemical transformations.

(149 to the related speciesl4d) featuring a piperidyl

ring further. For steric reasons, suchmeconjugation be- 4.1, Reactivity of P-metallophosphaalkenes

tween the amino group and the® bond is absent in Z)-

Cp*(CO)RFeP=C(tBU)NMez] (14b) (5*'P = 409.0ppm), re- 411, Protic reagents

sulting in a significant low-field shift of th&'P resonance, in The nucleophilicity of the phosphaalkenyl ligand of the

comparison tdl4a (A6>'P = 177 ppm)ar-Conjugation be-  complex 15a has been demonstrated in its reactivity with

tween lone pairs of electrons of the sulfur atoms and 8 P 1| to provide the phosphaalkene compX(Scheme 3y

bond in2 seems ineffective and leads to a low-field resonance [1 ],

ats>'p =509 ppm. . The coordinatively saturated rutheniophosphaalkéde
The influence of the substituent at phosphorus on the is protonated by ethereal HBRo afford the cationic phos-

31p chemical shift is obvious in the homologous compounds phaalkene compler4[12]. Treatment oF 4with KHF, lead

[Cp*(CO)Fe-R-C(NMey);] (63) (6°'P = 135.5ppm) and g the addition of HF across the=e double bond resulting

[Cp*(CO)RU-P-C(NMey)2] (6b) (6°'P = 121.2ppm). in the formation of phosphane comples[42] (Scheme 3y,

Such a shielding in going from 3d via 4d to 5d- The reaction of equimolar amounts of n
metallophosphaalkenes was already described in a preViOU%5Me5)(CO)2Fe—P—-C(Nng)RZ] (6a, 1l4a<c) and
review. ethereal HBE gave rise to the formation of +f-

Particularly interesting is the role of the coordination cgMes)(COY,FeP(H)C(NR,)R|BF, (76a-d), which were

number at the ruthenium atom in rutheniophosphaalkenesiso|ated as light red powders (59-769%)cheme 3B[43a,b]
16 plays with respect to the'P chemical shift. Complexes

[Ru(P=CHtBu)CI(CO)(PPh)2] (163 (5°'P = 450.4 ppm),

[Ru(P=CHtBuU)CI(CS)(PPb)2] (16b) (5*P = 445.2 ppm), | N’
[Ru(P=CHtBu)-I(CO)(PPh),] (160 (s3'P = 462.7 ppm) oc PPh C—iBu PPh, ]

and [{(PhsP)(CO)CIRU}2{n-P=C(H)C(CsH4)CC(H)=P} Sre—p” _Hd Rus" TN
(16d) (3P = 516.7 ppm) with five-coordinate Ru-atoms €7 bpy cl PPECI

in a square-pyramidal environment give rise3{® NMR ’
signals for the BC unit at much lower field than in re-
lated molecules with six-coordinate ruthenium, such as " —‘+

u

[Ru(P=CHtBu)CI(CO)(PPh),] (166 (s31P =369.5ppm), HL B A
[Ru(P=CHtBu)CI(CNCMe;)(CO)(PPh),] (16f) (3P = —_— - |
389.8ppm) and [Ru@CHIBU)(SCNEbL) (CS)(PPh)] Cn_| P HBROE, O | 2P
(16j) (53P = 387.6 ppm). A > R
The unipositive charge on six coordinate ruthenio- PPh,

phosphaalkenes such as [Ra@HtBu)(CNCMe;)2(CO) 73 74
(PPh),]+CI~ (16h) (831P = 336.8 ppm) gives rise to an ad-
ditional high field shift of A§ = 53 ppm. InC-metallated (’B“—‘ * J

pph, o~ KHF,

-

XyINC Co XyINC

phosphaalkene$lP NMR chemical shifts range froa¥1P
= 231.2 ppm in{(E/E)-Mes*P=C(SPh},Hg (364) to s31P NP
= 360.5ppm intBuP=C(tBu)SePh §1). Interestingly, in xyINC™ | ¢

the cyclic C-vanadiophosphaalkene 3P NMR signal at
8 = —73.0ppm indicates a considerable accumulation of 75

negative charge at the phosphorus atom and a positive . _

charge on the ring carbon atorﬁlic = 314.2 ppm) as Scheme 37. Protonation of rutheniophosphaalkenes (Xyl = 2 8=¥ts).

it is familiar in phosphaalkenes with an inverse distri-

bution of electron density about the=€ bond. Gener- NR',  HBE, /ELO H_ /NR‘;‘ *
ally, the 13C NMR spectra of metallophosphaalkenes show [Fel~ P=C_ —_— P BF,”
characteristic doublets for the tricoordinate carbon atom R’ 0¢c [Fe] R?

of the PC double bond ranging frodt3C = 176.0 ppm 6a, 14a-c 76a-d

in [Cp*(CO)2FeR=CHN(Ph)N=C(NMey),] (8) to 262.1 in

. 1 .

[i PrFtC(tBu)MgC_:I(OEb)]Z (464). “Jp,c-coupling constants Scheme 38. Protonation of ferriophosphaalkedzes(NRL; = R2 = NMey),
vary from 43 Hz in ECsHgP=C(tBu)MgCI(OEb)]» (46b) to 14a(R! = Me, R = Ph),14b (R! = Me, R = tBu), 14c (NRL, = NCsHio,
110 Hz inCp*:Zr—P=C(Se)Bu (22h). R? = Ph).
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tBu 0
PPh, ,_ /7 PPh =
Cl 3 P—C 3 _P
fBuNC ~.| = \_ fBuNC,0, MBuNC | 2P
15a ——— /Ru H —— 2% Ru X Bu
BuNC” L >Co ~HA N 1>
PPh, PPh, %O
71 78
Scheme 39. Formation GB.
H tBu
+ N
T ¢
PPh B PPh
XCo | 2P P XC 3P
16a,b CH—J> \Ru/ c [N — \Rlu/ \CH
a \Cl | [ 7 \Cl 3
PPh, H PPh,
79a,b

Scheme 40. Reaction &ba,bwith methyl iodide (X = O, S).

4.1.2. Chalcogens in 80 and 81 the P—C distances have a bond order of
Reaction of the rutheniophosphaalkenekba or unity.
[{Ru(P=CHtBU)CI(CNtBu)(CO)(PPR)2] (77) with an
excess of tert-butylisocyanide under aerobic condi-
tions afforded the noveh®-phosphaalkenyl complex8
(Scheme 3P Notably the conversion ofl5a to 78 is
accelerated by addition of a non-nucleophilic base such as
DBU [44].

4.1.4. Alkenes

Reaction of equimolar amounts of the ferriophos-
phaalkene [Cp*(CQ}eR=C(Ph)NMe] (148 and fumaro-
dinitrile in diethyl ether afforded the ferriophospheta82a
(77% vyield). Analogously, [Cp*(CQFeR=C(tBu)NMey]
(14b) was converted into82b (53% vyield). Whereas

) 1 , the phosphetane ring of82b is retained in solu-
Complex79a,bfeaturing an*-phosphaalkene ligand was {5y 'in CH,Cl, solution 82a quantitatively isomer-

obtained by alkylating rutheniophosphaalkefh6aand16b ized to give the acyclic secondary ferriophosphane

with methyliodide. Obviously, methylation occurred at phos- [Cp*(CO)FeP(H)-CH(CN)-C(CNYC(Ph)NMe)] (83) as a
phorus resulting in a transient complex cation which subse- i+ \re of isomers. The ferriophosphagéwas isolated in

quently adds the iogide iorstheme 4p[45]. 1 oo less than 1% yield from the reaction b4b and the alkene
Alkylation of [(n>-CsMes)(CORFeP-C(NR™2)R] (6a, (Scheme 4p[46]. The formation o4 invokes an interme-
14a—<) to afford salts80a-d was achieved by reaction

with methyl trifluoromethanesulfonate. Similarlga and

4.1.3. Alkylations

H CN
14a—c were converted to compourgll by treatment with el Ph e (Fels ™
Me3SiCH,OSO,CF;3 (Scheme 4)1[43a,b] PIC\NMC T RO . NC e
In contrast to alkylation produc?9a with the trig- ” ’ H CN
onal planar coordinated P-atom in sal8 and 81, 82a
the phosphorus adopts'a trigonal—pyramidal gonfiguration. CH,Cly 1t
Whereas in79a a genuine BRC double bond is present, 24h
ll-l Ph
/I\IRI2 CH,0S0,CF,; [Fe]\ ',/‘NRIQ—‘ + B [Fe]—P. g Y/ NMe,
[Fe]~ P=C_ —_— P—C_ SO,CF,
R2 EL0 H,C R? N
6a, 14a-c 80a-d ¥
CN
H CN H2(|
= [Fe] NMe, .
Me,SiCH,0S0,CF, [Fe]\ /_.}.\IMGZ—‘ + . [Fc]\ch/NMcZ NC H :Ti’Bu [Fc]\]_}c CII\\IIMCZ
6a, 14a B0 /P—Cg_« SO;CF, “Bu B0 . H =Nt P~
2 Me,SiCH; NMe, NC ‘H HC—C
' 14b 42b NC CN
8la,d 84

Scheme 41. Alkylation of ferriophosphaalker@sand14a—c. Scheme 42. Reaction @fta,bwith fumarodinitrile.
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tBu
\ )\
//Fckp NMe,
C
o
HCEC—Cy PN TH
EnO COR
\ 85a (R = Me)
P NMe, 85b (R = Et)
o€ p=c
o tBu
14b

tBu

Et,0
Rozc—czc—cozR\x

\

_Fe=-P7" “NMe
Cc/
e}
0FNF

2

COR
CO,R

86a (R = Me)
86b (R = Et)
86¢ (R = Bu)

Scheme 43. Reaction @#b with alkyne esters.

diate analogous t83the PH bond of which adds across the
C=C bond of a second molecule of fumarodinitrile.

4.1.5. Alkynes

Compoundl14b was smoothly converted to the metal-
laheterocycles85a,b by treatment with propiolates H=C
C—COR (& R = Me, 56%; R = Et, 72%) in diethyl ether.
Similarly, complexes86a-c result from the phosphaalkene
and acetylene dicarboxylates (66—-85% yiel8ttieme 48
[47].

4.1.6. Azo and diazo compounds
From the reaction of equimolar amountddband diethyl
azodicarboxylate complex

[(CsMe.CH,)(CO)FeP{CHP(Ph)NMe- }N—(CO>EN=C(COEDO]

755

Ph
/Ph N—~—CHCO,R [Fel~_ NMe,
[Fe]—P=C_ ~ ——— > p H
NMe, N CO,R
14a ~N
i - NHMe,
[Fel~_-P<__Ph b
N O ~ 1,5 [Fe] [Fel<_
\ ~~—— P \
N | COR
COR Nxy :
89a (R = rBu)
89b (R = Ef)

Scheme 45. Reaction @#tawith diazoacetates.

This finding clearly contrasts the reaction of the azo com-
pound with6areported previously, which furnished the con-
densation product

H

< N

o e\PN

(@) / “NHCO,Et
EtO,C
88
88[49].

The diazoacetates MCHCO;R (R = tBu, Et) and
14a gave rise to the formation of the N-metallated 1,2,3-
diazaphosphole®9a,b(Scheme 45[48].

It is conceivable that the generation of produ8ga,b
was initiated by a [3 + 2] cycloaddition, which was followed
by amine elimination and a 1,5-shift of the complex iron
fragment to form a G-electron system.

NMe,

4.1.7. Metallations
The nucleophilicity of the phosphaalkenyl ligand in
the complex Ru(PCHtBuU)CI(CO)(PPh), 16a has been

(87) was isolated as the result of a cheletropic [1 + 4] cy- demonstrated in its reactivity towards HCI and methyl io-

cloaddition with subsequent transprotonati@clieme 4y
[48].

EtO,CN=NCO,Et . Ph
149 ——— 2 » e —
! 0C7 N+
0¢ P
E0,c—N~ o
N—

dide. In terms of isolobal considerations, the fragment
AuPPR* has come to be viewed as the organometal-

CH,
/
~ H* \/
NMe, | —>
& OCC//Fe\P/CH(Ph)NMeZ
o
EtOZC—N\ o
\—
CO,Et CO.Et
— 87

Scheme 44. Reaction @#awith diethyl azodicarboxylate.
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H\C/tBu
B |
PPh, PPh
XC ] 2AP=C XC 5 _P
~. — N AuCI(PPh,) | ~
Re H & >Ru< Au
1 |
pph, © C” ppn, @ FPhs
16a,b 90a (X = 0)
90b (X =S)
H\ﬁ/tBu
tBu
PPh, ,__ ./ PPh
XC_ R| 2AP=C AuC=C-p-TolPPh, XC R| P~
u H / u
| I PPh
pph, ¢! G ey, @ 3
’ pd
p-Tol
16a,b
90c (X =0)
90d (X = S)
Scheme 46. Auration df6a,h
Bu Bu R [Fe]\P_C JPh [LCr(COo),), BL,0, n-C4H), [Fel\P_C Ph
XNp H)%P/Hg “NMe, =30°C tort, 4h “NMe,
_ (CO)sCr )
Phqp\ | /Cl RHeY thp\ ¢ /Y 14a L )
‘ Ru — Ru
xc” pph xc” PPh
PPh, | 3 Scheme 48. Formation of compl@g; [Fe] = Cp*(CO)Fe, L =cyclooctene.
16a,b cl
la-g 4.2. Reactivity of C-metallophosphaalkenes
91 X Y R
a o Cl Cl 4.2.1. C-Lithiophosphaalkenes
b S cl al Reaction of the dibromophosphaethene MesZBr, (37)
with two equivalents oftert-butyllithium at —78°C pro-
¢ o I Me vided the lithium derivative88. Warming the reaction mix-
d ¢} Cl Ph ture to ambient temperature led to